PeSRE N _ i
A8 UNIVERSITA
(g0 Sl il o) _

e ¥ 54l <IZ)  DEGLI STUDI
S b Pabova
ORI ALDOY

Universita degli Studi di Padova

Padua Research Archive - Institutional Repository

Compression of multivariate discrete measures and applications

Original Citation:

Availability:
This version is available at: 11577/3186240 since: 2020-02-08T11:44:58Z

Publisher:
Taylor and Francis Inc.

Published version:
DOI: 10.1080/01630563.2015.1062394

Terms of use:
Open Access

This article is made available under terms and conditions applicable to Open Access Guidelines, as described at
http://www.unipd.it/download/file/fid/55401 (Italian only)

(Article begins on next page)




Compression of multivariate discrete
measures and applications *

Alvise Sommariva and Marco Vianello'
Department of Mathematics, University of Padova (Italy)

July 11, 2016

Abstract

We discuss two methods for the compression of multivariate discrete
measures, with applications to node reduction in numerical cubature and
least-squares approximation. The methods are implemented in the Matlab
computing environment, in dimension two.
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1 Node reduction

Consider a multivariate discrete measure v supported at a finite set X = {P;} C
R?, i =1,..., M, with correspondent weights (masses) w = {w;} (to speak of a
measure the weights should be positive, but the construction can be used also
in general). “Compression” of the measure means that we try to compute the
finite sum corresponding to integration of a function, by extracting a subset of
the mass points and re-weighting them

M N
SW) = [ FPYdv =3 wif(B)~ D wif(Qu) (1)
i=1 k=1

where
{Qr} € X, N =card({Q1}) <V =dim(P%) < M ,

in such a way that the formula is exact, or nearly exact, on total-degree polyno-
mials up to a degree n. Here and below, P¢ denotes the space of d-variate total-
degree polynomials of degree not exceeding n, with dimension ¥V = V(n,d) =
n+d
("3")-
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The discrete measure could typically correspond itself to a cubature formula
for some absolutely continuous measure on a compact domain containing the
points, possibly exact on polynomials of the same degree, but also to different
situations, e.g. discrete least-squares approximation at the set X; see Sections
3-4 below.

As it well-known from cubature theory, the quality of approximation ()
depends mainly on two features: that > |wg| remains bounded, or at least
increases very slowly with n, and how accurately the function can be (uniformly)
approximated by polynomials of a given degree, say in some compact domain
K D X. The first property, which ensures also stability, certainly holds when the
weights are positive, since in this case Y |wg| = Y wy, is equal to Y w; = [ 1dv.
The second property can be related to multivariate Jackson-type results, which
in turn depend on the geometry of K and on the regularity of f; cf., e.g., [30].

From the computational point of view, we should find an algorithm that
extracts points and computes weights, such that

S(p) =Y wip(P) =Y wip(Qx), VpeP). (2)
=1 k=1

A possible approach is to require moment matching on a total-degree poly-
nomial basis, say {¢;}, 7 =1,...,V, which gives the Vandermonde-like system
in the unknowns w* = {w}}

Viw* =m , V= (vy) = (¢;(F)), m=Vw, (3)

1<i< M,1<j <YV, where m = {m;} are the discrete moments of the
basis {¢;}. Observe that such a system is underdetermined., and that V' (and
hence V*) has full rank if and only if the discrete set X is P¢-determining, i.e.,
a polynomial in P4 vanishing there is identically zero.

A first way to solve the system, is to ask that it be satisfied in the classical
sense, by setting to zero M — N components of w*. This can be conveniently
done via the QR algorithm with column pivoting proposed in 1965 by Businger
and Golub [6], which is implemented for example by the Matlab “backslash”
operator. It is equivalent to a greedy selection of the columns in order to
maximize the successive volumes, and eventually the (absolute value of the)
determinant (the column selection problem being NP-hard, cf. [§]). If the
matrix has full rank, the final result is a weight vector w* where only N <V
components are nonzero, so that we can extract the points {Qx} from X by
the column indexes corresponding to such components. A drawback is that the
resulting weights w = {wy} are not all positive, in general, but typically the
negative ones are few and of small size, so that the relevant stability parameter
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is not far from 1.

We recall that this is exactly the approach adopted in [32] in the framework
of multivariate polynomial interpolation, to extract the so-called “Approximate
Fekete Points” from a given mesh of points of a compact set, in particular from
a polynomial “admissible mesh” in the sense of Calvi and Levenberg [7].



This approach has been further developed for example in [3], 4], where it is
also proved that (Fekete and) Approximate Fekete Points extracted from ad-
missible meshes behave asymptotically like the true Fekete points, in the sense
that the corresponding discrete probability measures with equal weights con-
verge weakly to the pluripotential theoretic equilibrium measure of the compact
set.

The use of Approximate Fekete Points in cubature formulas has already been
explored for example in [21], but still in the framework of polynomial admissible
meshes. Here we extract Approximate Fekete Points directly from the support
of a discrete measure, for example from the nodes of an algebraic cubature
formula as in Section 2, in order to reduce by re-weighting the number of nodes.

A second way to extract the points, which ensures positivity of the weights,
is to solve the NNLS (Non Negative Least Squares) problem

[m — Viw* ||y = min|m — Viuly, ueRY  uw>0. (5)

This quadratic programming problem can be conveniently solved in Matlab by
the 1sqnonneg function, which is based on a variant of the active set optimiza-
tion algorithm by Lawson and Hanson [25], and ensures sparsity of the solution
w™*. The residual of such a solution, say

N
Emom = |lm — plla, p={u} =V'w*, pj=> wed;(Qx),  (6)
k=1

will not be zero, in general, but if it is sufficiently small we can speak of a
“nearly exact” formula (whose nodes {Q} and weights w = {wy} are extracted
correspondingly to the nonzero components of w*). Of course this does not
mean that we expect the same error size in the integration of any polynomial,
as it will be clear from the error analysis developed below, cf. (IT)-(IG]).

This kind of approach for positive formulas is of course not new in numer-
ical quadrature. It dates back at least to the 50’s and 60’s, cf., e.g., [15, [37]
and the survey [9] with references therein. Recently, it has been successfully
adopted for example in [24], where univariate instances are considered and Mat-
lab 1sgnonneg is used in the implementation. Here we apply the method sys-
tematically for the first time to the compression of general multivariate discrete
measures.

Both the approaches sketched above suffer from ill-conditioning of the ma-
trix V, so the use of a well-conditioned polynomial basis, especially at increasing
exactness degrees, becomes mandatory in practice. Finding well-conditioned
polynomial bases is still a challenging problem, in multivariate instances. It
is well-known that the standard monomial basis becomes rapidly extremely ill-
conditioned. Better results are obtained with bases orthogonal with respect to
some measure, for example the total-degree Chebyshev basis of a rectangle con-
taining the computational domain, but still the conditiong of the Vandermonde
matrix becomes intractable already at moderate degrees. We recall that the
total-degree Chebyshev orthogonal basis of a rectangle [ay, b1] X - - - X [ag, bg] D X
is (cf. [17])

—a;

d d
2z —b; —a;
{”Thi(ti)},tizti(%)=7xb_ a,hiZO,OSE hi<n, (7)
i=1 ! i



where T (-) = cos(harccos(+)) is the Chebyshev polynomial of the first kind of
degree h.

A possible approach to get a well-conditioned basis is to orthogonalize with
respect to a discrete measure, computing discrete orthogonal polynomials. In
our case, it makes sense to orthogonalize with respect to a discrete measure
with the same support X of v, for example the measure with unit mass at each
point of X. Some clever numerical linear algebra algorithms have been proposed
for discrete orthogonalization of the bivariate monomial basis, e.g. in [23] and
more recently in [36]. However, they become slow already at moderate degrees
when the support cardinality is high, and in addition, [23] can suffer of loss of
orthogonality (and thus needs some kind of re-orthogonalization), so their use
should be probably reserved to situations where no alternative is possible.

In this paper, we start from the total-degree Chebyshev orthogonal basis of
a rectangle (parallelepiped) containing the (P%-determining) discrete set X, and
manage ill-conditioning by a standard QR orthogonalization of the multivariate
Chebyshev-Vandermonde matrix. If

7(P) = (1(P),...,v(P)) (8)

is the suitably ordered (for example lexicographically) total-degree Chebyshev
basis of the rectangle (in a row vector notation) and V' its Vandermonde matrix
at the discrete set X, V = (1;(P;)) € RM*Y we compute the QR factorization

V=QR, QeR"Y ReRVYV, (9)

and replace the matrix V' with @ in @)-(&l), which corresponds to work with the
discrete orthogonal basis
Y(P)=T(P)R™. (10)

In contrast to interpolation processes where a similar approach has been used,
(cf., e.g., [4[32]), there is no need to compute the new orthogonal basis out of X,
so there is no need to compute and store the inverse matrix R~! (observe that
R retains the conditioning of V). In practice, due to increasing ill-conditioning
of V with the degree, the matrix @ (and thus the basis ) might not be or-
thogonal, but in any case is much better conditioned than V. If orthogonality
is seeked, a second QR factorization Q = Q1 R; suffices to get orthogonality up
to machine precision, a phenomenon known as “twice is enough” in numerical
Gram-Schmidt orthogonalization, cf., e.g., [22]. Such an approach works until
the conditioning of V' is not too far from the reciprocal of machine precision,
and in our numerical experiments allows to reach moderate exactness degrees
(order of the tens) with an acceptable computing time, as it is shown in the
next Sections.

The core of the Matlab implementation of the two compression algorithms in
the bivariate case is given by the Matlab functions in the appendix. In the next
Sections, we first give some error estimates, showing in particular the effect of
the moment error €,,om. Then, we discuss two applications of the compression
procedures just described, with several examples.

The first one concerns node reduction of algebraic cubature formulas, where
we consider recently proposed formulas for integration over polygons, and over
circular sections. An interesting situation is when we have a finite disjoint (even
disconnected) union of domains, where we know an algebraic cubature formula



on each. We stress that our approach to node reduction is based on the under-
determined linear system (3)), where the unknowns are the weights. Nonlinear
node reduction techniques have been explored in numerical quadrature, which
compute minimal or near minimal formulas by considering also the nodes as
unknowns of a nonlinear system. These techniques are usually based on a clever
use of Newton’s method, have some heuristic features, and typically require the
use of orthogonal polynomial bases, together with good low cardinality initial
guesses to reduce the computational effort; see, e.g., [I8] 28] 29, 35, B8] and
references therein. From this point of view, both the algorithms discussed in
the present paper can be seen as an initial step for such more sophisticated node
reduction methods. Indeed, being implemented by basic Matlab routines, they
provide low cardinality cubature formulas with a reasonable computational cost.

The second application is devoted to compression of standard polynomial
least-squares on suitable meshes, in order to obtain a weighted least-squares
method with comparable error estimates, and a great reduction of the number
of sampling points.

All the numerical tests have been made in Matlab 7.7.0 with an Athlon 64 X2
Dual Core 4400+ 2.40GHz processor. The relevant Matlab codes are available
at [11].

2 Error estimates

Computing the weights by solving ([B])-(B]) in an orthogonal polynomial basis
with respect to some measure A supported in a compact set 2 O X, allows also
to estimate the effect of the moment error in integrating a function, at least
when the integrand f is defined on the whole 2. For this analysis, the measures
v supported in X C € and A supported in €2 could be even arbitrary. We term
¢ = (é1,...,¢n) such an orthogonal basis in d\, for convenience, having in
mind the Chebyshev case ¢ = 7 with Q = [a1,b1] X -+ X [aq,bq) D X and dA
the product Chebyshev measure of the rectangle

2d 1
d d > dPa
[Tici (s —ai) [Timy VI8

cf. [@). On the other hand, we can consider also the fully discrete case Q = X,
A=vand ¢ = .
First, observe that

V= V= V= (C, M d
| e = [ ppyav= [ pPrav=(com). vperi. )
c={¢}, m={m;}, 1 <j <V, where

 Jop(P)g;(P) dA . | o | )
¢j = (fgqﬁ?(P)d)\)l/Q’ J—/Q%(P)d —/X¢J(P)d ,

are the Fourier coefficients of p in the d\-orthogonal basis ¢ and the dv-moments
of ¢, respectively. Moreover,

d\ =

S wep(Q) = fesm) | (12)
k=1



where p are the approximate moments, the moment error being estimated by
Emom, ¢f. ([@). Then we can write the “near ezactness” estimate

/Q p(P)dv =3 wip(@Qi)| = (e, m — )|

k=1

< llellz [lm — pllz = llpllr2, (@) Emom - (13)
Now, take f € C(Q), and define

Ey(f;Q) = min ||f — pllre@) = | — phlle=(9) - (14)
pePd

i.e., p} is the best uniform approximation polynomial of degree not greater than
n for f on Q. By a classical chain of inequalities in quadrature theory and (3]

we get
< ‘/Qf(P> v [ Py

N
[ ey > (@) +
( + Z |wk|> f Q) + HanL2 () Emom -

Using the inequality
Ipnllzz, @) < 11ph = fllez @) + 1 fllez, @) < VAQ) If = prllze@) + 1 fllzz, @) »

we obtain the final cubature error estimate

P du—Zwkf Q)

+ n(@Qr) = wi f(Qr)
k=1

P) dl/ — Zwkf(Qk)
k=1

< CE(f;Q)+ HfHLi)\(Q) Emom , Vf € C(Q),

(15)
with

N
Q)+ ) Jwk + VAQ) Emom = v(Q) + 0 + VM) Emom
k=1

N
S
k=1

<v()+o (V(Q) + Zwk —/ 1dv ) + VAQ) Emom
k=1 Q
v(Q)+o (V(Q) VAN smom)Jm/)\(Q) Emom = (140) (V(Q) VAN smom)

where (I3) has been used with p = 1 and the roles of the moment error &,,om
and of the stability parameter o are explicit, cf. (6) and ). Observe that (T3]
englobes (3] since E,(f;) = 0 for f € PZ. Moreover, dividing the right-hand
side of (IH) by the dv-integral of f when it does not vanish, we see that

2( 1/2
Emom(f) = a(f) Emom » a(f) = (fof dl/‘ / f dV 7& 0, (16)
Q

gives an upper bound for the moment error effect in a relative cubature error
estimate.



3 Compressed algebraic formulas

Consider an algebraic cubature formula with positive weights on a domain K C
Rd

VvV = w;i i) = = w , d,
/X PP v =3 wiplP) = 1) /K p(P)w(P)AP, Ype P!, — (17)

with respect to some absolutely continuous measure with density w(P), where
X C K, M and v (i.e., the weights) depend on n, M > V = dim(P%). We
can try to reduce the cardinality of such a formula, by extracting nodes and re-
weighting as in (3) or (E)). Below we present some examples in dimension d = 2
with w(P) = 1, related to recently developed cubature formulas on nonstandard
domains.

3.1 Circular sections

In some recent papers, algebraic cubature formulas have been obtained for sev-
eral domains related to circular arcs, such as circular segments, sectors, zones,
lenses, lunes; cf. [10, 13, [14]. These formulas are of product Gaussian type, and
are based on “subperiodic” trigonometric approximation (cf. [5]), namely new
trigonometric Gaussian quadrature formulas on subintervals of the period [12],
like

s n+1
/ t(0)do = Njt(0;), VteTn,

1

where T denotes the 2n+ 1-dimensional space of univariate trigonometric poly-
nomials of degree not greater than n. The angular nodes {;} are obtained by
a nonlinear transformation of algebraic Gaussian nodes for a suitable measure
on [—1,1], and the weights {\;} are positive.

The construction of the product Gaussian formulas exact on bivariate poly-
nomials relies on the observation that many circular sections, say K, are suitable
blending transformations K = T'(R), R = [0, 1] x [a1, az], of the form

T(s,0)=sPi(0)+ (1 —5)P(0), s€][0,1], 0 € [a1,aq],

with P;(6) and P5(0) first degree trigonometric polynomials with vector coeffi-
cients (linear trigonometric arcs), and constant sign Jacobian J(s, 0) € P{ Q@ T3
(i.e. the transformation is injective). Then, for any total-degree bivariate poly-
nomial p € P2 we have that poT € P, ®T;, and (poT)|J| € P;; Q@ T} o, sO

that o
/Kp(P) dP:/O /a p(T(s,0))|J(s,0)| dsdb

n+3 [(n+2)/2]

=3 > Wi p(T(s,60;) . Whj =i (sn,0;)] (18)
j=1 h=1

where {s,} and {7} are the Gauss-Legendre nodes and weights for [0, 1], cf.
19, [20).

Then we have a formula of the form () with {w;} = {W};} and {F;} =
{T'(sn,0;)} (by a suitable bi-index ordering), and M = [(n + 3)[(n + 2)/2].



In some situations M could be slightly smaller, namely when the Jacobian is
independent of s or 6, but still greater than V = dim(P2) = (n + 1)(n + 2)/2;
we refer the reader to [I0] for a full discussion and several examples of such
blending formulas.

Now, we can reduce the number of nodes by compression and re-weighting
as in as in ([B)) or (@), the compression ratio being N/M < (n+1)/(n+3). A first
example appears in Figure 1 and Tables 1-2, concerning a circular zone of the
unit disk (the region cut by two parallel lines) with angular interval [7/6, 7/2].
In this case, a suitable transformation is T'(s,0) = (scosf,1 4 2ssinf) with
J(s,0) = 2s. We report all the relevant parameters, including the coefficient «
in ([{6)), rounded to the displayed digits: notice that E,,om, is a large overestimate
of the actual effect of the moment error. Moreover, the value of « stabilizes, as
it is expected since

b a(f) =t Yo PPV (o PPN
A ST R P TS

by positivity of the weights {w;} and exactness in PZ, which ensure conver-

gence of the denominator (the numerator has been computed by a high-degree
Gauss-Chebyshev product formula, 2 being the smallest rectangle containing
the domain).

In Table 2 we show the behavior of the compressed formulas on three test
functions with different degree of regularity, a polynomial, a Gaussian, and a
C? function with a singularity of the third derivatives

fila,y) = @+y)", folw,y) = e (T

f3(z,y) = ((z — 900)2 +(y — 90)2))3/2 , (z0,90) = (0.5,0.5) . (19)

The reference values of the integrals I(f;) are computed at machine preci-
sion by the original exact blending formula, whereas the reference values of
the other two integrals, computed adaptively by the blending formula, are
I(f2) = 0.9461023217911515 rounded to 16 digits and I(f3) = 0.88384114
rounded to 8 digits.

Here, and in all the examples below, the singularity (xo, yo) for f3 lies inside
the integration domain and is bounded away from the boundary (where the
cubature nodes cluster). We stress that in this example, and also in all the
ones below, the behavior of compression by QR with column pivoting (QRpiv)
is quite satisfactory. The moment error is extremely small, the weights are
not all positive but the stability parameter () remains close to 1, and the
computing time is significantly lower than that of NNLS-based compression
(which, however, guarantees positivity).

As a second example, with a more consistent node reduction, we consider
special circular sections arising in the framework of optical design. Recently,
Bauman and Xiao [I] have introduced quadrature methods based on prolate
spheroidal wave functions, to treat for instance optical apertures (pupils) that
are obscured and vignetted (a feature that occurs in optical astronomy). We
consider an example of circular pupil (the unit disk) which is obscured by a
central smaller disk and clipped by a circular arc of larger radius, similar to
that appearing in [I]; see Figure 2.



The resulting domain can be split into a standard annular sector (the un-
vignetted portion) and a vignetted region that cannot be treated directly by a
blending formula (I8]), since the arcs correspond to different angular intervals.
Such a region, however, can be conveniently split for example into three gener-
alized sectors, as shown in Figure 2. Collecting together nodes and weights of
the corresponding blending formulas, we obtain a composite cubature formula
of polynomial degree of exactness n on the obscured and vignetted pupil, with
4(n?/2 + O(n)) = 2n% + O(n) nodes and positive weights. Our compressed
formulas for the pupil have then a compression ratio N/M < 1/4.

The numerical results appear in Tables 3 and 4. In this example I(f2) =
0.8508514261060272 rounded to 16 digits and I(f3) = 3.2003163 rounded to 8
digits. We note that the compressed formulas on the obscured and vignetted
pupil seems even slightly more efficient with respect to the number of sampling
points, than the formulas proposed in [I]. Indeed, for n = 13 the results in
[T, §2.4] give a set of 112 nodes, whereas we have N = dim(P?;) = 105 nodes.
On the other hand, the numerical results in Table 3 show high accuracy of the
compressed formulas, with a moment error not exceeding 10~ up to degree
n = 30.

3.2 Polygons

In the recent literature on cubature methods, some attention has been devoted
to integration over polygouns; see, e.g., [21] 26] B1] [34, 38]. Indeed, despite the
importance of polygons (and polyhedra) in computational geometry as well as
in a wide range of applications, there was a gap in the numerical literature
concerning cubature formulas tailored on polygons, emerged in particular in
connection with the recent field of polygonal finite elements [28§].

For the purpose of illustration, we apply the compression algorithms to the
cubature formula proposed in [31]. As already observed, the present compression
procedure can be seen as an initial step for more sophisticated node reduction
methods, for example that proposed in [38].

The cubature formula of [31] is based on Green’s integration theorem (the
divergence theorem) and product Gaussian quadrature, and works by implicit
trapezoidal panelization, avoiding explicit a priori partition of the polygonal
domain into triangles or quadrangles. It applies to convex polygons, and more
generally to a class of polygons (even nonconvex) with the following geometric
property: there exists a special line (say £), termed reference line, whose in-
tersection with the polygon is connected, and such that in addition each line
orthogonal to it (say ¢) has a connected intersection (if any) with the polygon,
containing the point ¢ N ¢q. Clearly such class contains all convex polygons, for
example by taking the line connecting a pair of vertices with maximal distance.
Observe that necessarily the reference line can intersect a polygon side only at
a vertex.

The aspect of such formulas is the following. Given a polygon K with vertices
Vi = (an, Br), h =1,..., L (counterclockwise ordered), and a suitable reference
line, that up to a rotation we can identify with a line x = £ parallel to the
y-axis, we have

L np [n/2]

/KP(P) dP =" Wiy f(Snjismg) » Vp € P, (20)

h=1j=1 I=1



where np, = [n/2] if Aap, =0 or np = [n/2] + 1 if Ay, # 0, and the nodes and
weights are given by

zp(si") =€ xi(s™) 4+ & A +
Ehit = (37) Slf /2] + % . on(s) = ap 54 ap + apy1 . (21)
2 2 2 2
n App B + Bn
Mhi = yn(s;") s yn(s) = 5 St 5 = (22)
1 n n n
Whji = 1 AB (xh(th) —&) ;" ’Y[ a (23)

A denoting the usual forward difference operator, and {s}, {7}'} the nodes and
weights of the Gauss-Legendre quadrature formula of degree of exactness i on
[-1,1], cf. [19]. By a suitable multi-index ordering, (20)) is of the form (7)) with
{wi} = {Whji} and {P;} = {(&nji,mn;)}. Tt is easily checked that the weights
are all nonnegative, in view of the reference line properties and counterclockwise
ordering of the vertices.

We present two examples, where we apply the compressed formulas to inte-
gration of the three test function ([9) over the nonregular convex hexagon of
Figure 3, and over the nonconvex nonagon of Figure 4. The numerical results
are collected in Tables 5-8. Since M > L[n/2]? and N <V = (n+1)(n+2)/2,
we expect a compression ratio N/M < 2/L. The reference values of the integrals
are I(f2) = 0.4850601470247102 rounded to 16 digits and I(f3) = 0.020571741
rounded to 8 digits for the hexagon, and I(f2) = 0.4374093366938109 and
I(f3) = 0.017301869 for the nonagon (again, the values of I(f1) are computed
at machine precision by the original exact cubature formula).

Remark 1 (disconnected union). It is worth observing that nothing prevents
using the compressed formulas on domains that are disconnected finite union of
compact subregions. If an algebraic cubature formula is known on each subre-
gion, we can collect together nodes and weights to get a “composite” cubature
formula on the whole union. In order to reduce the number of nodes, we can
then apply the compression algorithms, obtaining a formula for the union which
much fewer nodes than before on each subregion. An example of this type is
given in Figure 5 and Tables 9-10, where the union of six disconnected disks of
different radius is concerned. A new phenomenon here appears. While the QR-
piv algorithm gives results similar to those of the previous examples, the NNLS
approach shows at degree 25 a moment error much larger than the others, of the
order of 1078, This occurrence of course affects the integration errors of Table
10, even though, as already observed numerically, the moment error effect is
much lower than .., in (I6).

4 Compressed least-squares

Consider the classical discrete least-squares polynomial approximation in P2 of
a function f at a discrete set X C R?,

X ={Ph<i<m, M =card(X), (24)

10



where X is P4-determining (or equivalently the Vandermonde like matrices cor-
responding to the polynomial space P¢ have full rank). The discrete least-
squares polynomial approximation is an orthogonal projection L, f on the poly-
nomial space, with respect to the scalar product induced by the discrete measure
v with unit mass at each point

If = Lufllezxy = min [ f = pllex) - (25)
pEPS

The discrete error of such an approximation is easily estimated

If = Lafllex)y < \f = pillecy S VMf = phlleex)

<SVM||f = pilleiry = VM B, (f;K), KD X, (26)

for f € C(K), where p} is the best uniform approximation polynomial for f
on a compact domain K containing X (for example K could be the closure of
the convex hull of the points). If K is a Jackson compact, (20]) estimates the
approximation quality through the regularity of f, cf. [30].

If M > V(2n,d) = dim(P4,), and X is P§, -determining, we can approximate
the scalar product in ¢£2(X) by the scalar product induced by the NNLS com-
pression procedure for (near)exactness degree 2n (the resulting weights being
positive). Let us term

A= {Qkhgkg]\/ cX, M> V(2n,d) = (Qn;— d) >N (27)

the set of extracted nodes, and w = {wy} the corresponding weights: the
compressed scalar product is

N M
P = S we f@9Q0) ~ [ fadv =Y F(RP)(P) = (. g)ex)
k=1 1=1

(28)
and the corresponding FEuclidean norm

I flle2,(a) = \/(f, Hew = \/(f, Hex) = 1fllex) - (29)

In practice, (Z8) and (29) are not exact even when f and g are in P¢, but
the error can be bounded by ([[3) with p = fg in the fully discrete case Q = X,
A=r.

Then, we can consider, instead of the orthogonal projection L, f in ¢?(X),
the orthogonal projection L, f in £2,(A), that is

If = Lnfllez,a) = min || f —pllez (a) - (30)
pePd

Such an orthogonal projection is well-defined and unique, whenever the square
Vandermonde-like matrices in P4, corresponding to the extracted node set A
have full rank, since their rectangular restriction to PZ has still full rank. Ob-
serve that [B0) is a weighted least-squares approximation at the discrete set A,
cf. [2].

In order to compare L, f with L, f, let us now estimate the error made by
L, f in reconstructing f at the original discrete set X. In this respect, we assume
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that the weights are computed working with the discrete orthogonal basis ¢ = v
in the analysis of Section 2, namely in the fully discrete case 2 = X, A = v.
First, we estimate the ¢2(X)-norm of £, f. Observe that, setting

N
5:/ ([,nf)QdI/*Zwk (Enf)Q(Qk) )
X k=1

we have by ([I3)
N
2oy = [ (Gl e =€+ 3 wn (£01(Q)
k=1
= E4LaflZe cay S ENFNLnflZe (a)
<L f)?llez(x) Emom + ||£nf||§%u(.,4) :
Moreover,

I(Lnf)Nezxy < VM Laf gy < VMLl x) -
where we have used the fact that we are in a fully discrete situation, so we get

1L flez, )
1—vVMenmom

provided that v M €p0m < 1. Now, L, itself is an orthogonal projection oper-
ator on P¢, and hence by the Pythagorean theorem

[Lnfllezcx) < (31)

ILnfllez,ay < N fllez,cay < VM || fllesoay < VM || fllesoxy < VM [ fll Lo (i)

which gives
M

Ly Y| ———
H foz(X) 1_ mgmom

fll Lo sy - (32)
Finally, we obtain the estimate

If = Lafllezxy < = Polleeoy + 1£a(f = PRty < VM = palles )

M 1
—————— || =Pl ) S VM (14 | ———=—— | Ea(f;K),
1- \% Mgmom Hf P HL (K) < 1-—- Mgmom ) (f )

(33)
that is, the reconstruction error in £2(X) by the “compressed” least-squares
operator L, can be bounded by E,(f; K) times a constant that has the same
order of magnitude of that appearing in (26]) for the original “complete” least-
squares operator L,,.

We stress two facts. First, we have obtained for compressed least-squares a
reconstruction error estimate in the original space £?(X) comparable to that of
“complete” least-squares, with a reduction of the sampling points, which can
be extremely relevant when N < M, as in the examples below. Moreover, it is
clear that the constraint v M eom < 1 is quite weak, since it does not require
extremely small residuals to keep the approximation quality, differently from the

12



compression of algebraic cubature formulas of Section 3. These features make
compressed polynomial least-squares attractive in applications.

An example of the behavior of compressed least-squares is given in Figure
6 and Table 11. The domain K is the union of three overlapping disks, and
the discrete set X is made by the intersection of 5000 Halton points (a low-
discrepancy sequence, cf. e.g. [I6])) of the smallest rectangle containing the
domain, with the domain itself (the resulting cardinality is about 3700).

In Table 11 we display the relative ¢?(X)-errors in the reconstruction of
the three test functions ([I9), by least-squares on the whole X, and by com-
pressed least-squares via the NNLS algorithm, as discussed above. To compute
the least-squares approximants, we have solved the overdetermined Chebyshev-
Vandermonde system Ve = f = {f(F;)} with V = (7;(P)) (cf. [@)-@)), and
the weighted system DW ™" = D f"P" = D{f(Qx)} with W = (7;(Q%)),
D = diag(,/wy), by the standard Matlab backslash operator [27]. The relative
(*(X)-errors on f are ||f = Lo flleec)/ [ flleeey = |If = Vell2/ £ll2 for stan-
dard least-squares and [|f — Lo f i)/ F ) = £ = Ve o/ | £l for
compressed least-squares.

It is manifest that the errors have the same order of magnitude (often they
are very close to each other, closer than what could be expected from the error
estimates). Observe that the moment error €,,o,; is not as small as in the
cubature examples of Section 3. Nevertheless, this does not affect the quality of
the compressed approximation, in practice a much higher moment error could
be allowed until vVMepom < 1.

Compressed least-squares turn out to be quite efficient: at degree n = 12 we
have a reasonable error even for the less regular function f3 with 325 nodes, as
if we had sampled on 3700 nodes, that is with only about 9% of the sampling
values. We stress that the compression procedure is function independent, so
we can select a priori the re-weighted sampling sites on a given region, and
then apply the compressed LS formula to different functions. This approach to
polynomial least squares could be very useful in applications where the sampling
process is difficult or costly.

Remark 2 (LS approximation on Weakly Admissible Meshes). An
interesting situation occurs when X = X, is a Weakly Admissible Mesh (WAM)
of a compact set K, because in such a case we are able to get an estimate of the
uniform norm of the least-squares projection operators. We recall that WAMs
are sequences of finite norming sets for a compact set K C R¢ (or more generally
K c C%), such that a polynomial inequality holds of the form

Ipllz=(x) < Cullpllem(x,) » ¥p € Py, (34)

where both C,, and card(X,,) increase at most polynomially with n. When C,
is bounded we speak of an Admissible Mesh. Among their properties, we quote
that WAMs are preserved by affine transformations, and can be constructed
incrementally by finite union and product. Moreover, they are well-suited for
uniform least-squares approximation, and for polynomial interpolation at suit-
able extremal subsets, which are approximate versions of Fekete and Leja points.
Concerning these and other basic features of WAMs, we refer the reader to the
seminal paper [7], and to [3, [4] among recent developements.
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Observe that from the definition of WAM and the Pythagorean theorem we
get the chain of inequalities

| LonfllLoe iy < CullLnflles(x,) < CullLnflle2(x,)

< Callfllez(x,) € CoVM || flle(x,) < CaVM | fllLooxy » Vf € C(K),

which gives immediately an estimate of the norm of L,, as a projection operator
(CE), - lloo) — B,
[Lnll < CoVM . (35)

On the other hand, concerning the compressed least-squares operator £,,, from
the definition of WAM and (32) we have

In fllLoe(r) < CullLnflleex,) < CullLnfllex,)

M
<Cpy| —————— o , VfeC(K),
< O\ e Mlimw » S € CUR)

from which we obtain the operator norm bound

M
1—vVMéepmom

which is close to (B8) when emem < 1/VM. A standard computation for
projection operators P, : (C(K),| - [ls) — P2 shows that

1£a] < C (36)

where either P, = L,, and (38]) applies, or P,, = L,, and ([B6]) applies.
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Figure 1: 21 = 3 x 7 product quadrature nodes (-) of algebraic exactness degree
4 on a circular zone of the unit disk with, and compression into 15 points, by
QR with column pivoting (top, (O)) and NNLS (bottom, (o)).
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Figure 2: 69 cubature nodes (-) of algebraic exactness degree 4 on an obscured
and vignetted pupil, and compression into 15 points (o) by NNLS.
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Figure 3: 72 cubature nodes (-) of algebraic exactness degree 4 on a convex
hexagon, and compression into 15 points (o) by NNLS.
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Figure 4: 108 cubature nodes () of algebraic exactness degree 4 on a nonconvex
nonagon, and compression into 15 points (o) by QR with column pivoting.
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Figure 5: 90 cubature nodes (-) of algebraic exactness degree 4 on the union of
six disconnected disks, and compression into 15 points (o) by QR with column
pivoting.
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Figure 6: 153 nodes (o) for compressed least-squares of degree 8, extracted by
NNLS from about 3700 Halton points (-) of the union of three disks.
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Table 1: Compression of the algebraic cubature formula on the circular zone of
Figure 1; M is the cardinality of the original formula, N that of the compressed
formula, €,,0m the moment reconstruction error in (@l).

deg n 5 10 15 20 25 30
old card M 24 78 144 253 364 528
new card N 21 66 136 231 351 496
QRpiv > |wl/| D wk|  1.02 1.08 1.11 1.41 1.08 1.06

Emom, le-15  1le-15 2e-15 2e-15 2e-15 3e-15
cputime (sec) 0.01 0.02 0.07 010 0.14 0.79
NNLS Emom, le-15  1le-15 2e-15 3e-15 6e-15 8e-15

cputime (sec) 0.16 0.04 0.26 159 7.83 3230

Table 2: Relative error in the integration of the three test functions on the
circular zone of Figure 1 by the compressed formulas.

deg n 5) 10 15 20 25 30
f o 2.3e02  9.3e01 7.0e02 1.6e03 6.3e03 1.7e04
QRpiv  le-15  1le-15  2e-15 3e-15 le-14  3e-15
NNLS  2e-15  2e-15 T7e-16  9e-15  9e-15  bHe-15
fa «a 2.2e00 2.1e00 2.1e00 2.1e00 2.1e00 2.1e00
QRpiv  3e-04 1le-07 2e-10 5e-15 1le-16  le-15
NNLS  3e-04 1e-07 2e-10  be-15 0 2e-15
fs o 3.7¢00  5.0e00 5.3e00 5.5e00 5.6e00 5.6e00
QRpiv  3e-03  4e-05 1le-05 9e-08  1le-06  3e-07
NNLS  3e-03 6e-05 1le-05 2e-06 1e-06  2e-07

Table 3: As in Table 1 for the obscured and vignetted pupil of Figure 2.

deg n 5 10 15 20 25 30
old card M 108 282 603 957 1498 2032
new card N 21 66 136 231 351 496
QRpiv > Jwp|/[ > we] 1.64 115 128 151 114 1.22

Emom 3e-15 5e-15 be-15 7Te-15 8e-15 1le-14
cputime (sec)  0.01  0.07 0.22 053 0.88 2.03
NNLS Emom le-15 3e-15 5He-15 1le-14 9e-15 1le-14

cputime (sec)  0.02 0.10 043 235 9.17 42.20
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Table 4: Relative error in the integration of the three test functions on the
obscured and vignetted pupil of Figure 2 by the compressed formulas.

deg n 5 10 15 20 25 30
f @ 8.0e01 1.1e02 4.8¢03 6.2¢03 2.2e05 2.9e05
QRpiv  9e-15  5e-15  4e-14  3e-14  3e-12  3e-12
NNLS  9e-15  6e-15  1le-13  1le-13  6e-13  3e-12
fa @ 1.9¢00 1.8e00 1.8e00 1.8e00 1.8e00 1.8e00
QRpiv  2e-03  3e-07 4e-12  be-15  6e-15  Te-15
NNLS  1e-03  2e-07 9e-12  8e-15  Te-15  T7e-15
f3 e} 2.6e00 3.0e00 3.0e00 3.1e00 3.1e00 3.1e00
QRpiv  6e-04  5e-05  3e-07 7e-07 8e-08 1le-07
NNLS  6e-04 4e-06 1e-06 4e-08  2e-08  5e-08

Table 5: As in Table 1 for the convex hexagon of Figure 3.

deg n 5 10 15 20 25 30

old card M 72 252 432 792 1092 1632

new card N 21 66 136 231 351 496

QRpiv_ > Jwel/[ > wk] 1.20 1.09 1.05 1.16 120 1.25
Emom 4e-16  T7e-16 8e-16 1le-15 1le-15 1le-15

cputime (sec)  0.01 0.08 0.13 055 145 3.57
NNLS Emom 2e-16  T7e-16 le-15 2e-15 3e-15 be-15
cputime (sec) 0.02 0.06 043 247 10.83 45.71

Table 6: Relative error in the integration of the three test functions on the
convex hexagon of Figure 3 by the compressed formulas.

deg n 5 10 15 20 25 30
i a 18001 8.8e0l 3.7¢02 1.5e03 5.8¢03 2.1e04
QRpiv  2e-15  8e-15 le-ld 6e-l5 le-ld  le-13
NNLS 3e-15 8e-15 214 5el5 3eld  5e-15
o« 5300 52000 52000 5.1e00 5.1e00 5.1e00
QRpiv 2605 4e-11  3e-15 lel5 3e-15  3e-15
NNLS  3e-05 1lel0 215 215 3el5 215
fs @  2.0e01 2.4e01 2.4e0l 2.5e01 2.5e01 2.5e01
QRpiv  4e-03  1le-04 4e-06 2006 306 8e-07
NNLS 603 4e-04 2e05 3e06 3e07 1e-06

20



Table 7: As in Table 1 for the nonconvex nonagon of Figure 4.

deg n 5 10 15 20 25 30
old card M 108 378 648 1188 1638 2448
new card N 21 66 136 231 351 496
QRpiv > |wl/| D wk]  1.20 1.09 1.05 1.16 1.20 1.25

Emom, 4e-16 T7e-16 8e-16 1le-15 1le-15 1le-15
cputime (sec) 0.01 0.06 012 254 147  3.59
NNLS Emom, 2e-16  5e-16 2e-15 3e-15 be-15  6e-15

cputime (sec) 0.01 011 050 2.85 1143 47.97

Table 8: Relative error in the integration of the three test functions on the
nonconvex nonagon of Figure 4 by the compressed formulas.

deg n 5 10 15 20 25 30
f @ 2.0e01 1.0e02 4.7¢02 2.0e03 8.4e03 3.3e04
QRpiv  2e-15  3e-15  3e-15  3e-15  3e-14  2e-13
NNLS  2e-15  2e-15  5e-15 le-14  3e-14  2e-13
fa Q 5.9e00 5.7e00 5.7¢00 5.7e00 5.7e00 5.7e00
QRpiv  1e-05  3e-11 0 le-15  2e-15  2e-15
NNLS  4e-06 3e-11 1le-16  1le-15  2e-15  2e-15
f3 @ 2.3e01 2.8e01 2.9¢01 2.9e01 2.9e01 3.0e01
QRpiv  2e-03  1le-04 1e-05 4e-06 1e-07  2e-06
NNLS  2e-03  9e-05 8e-05 1le-05  5e-07  4e-07

Table 9: As in Table 1 for the disconnected disk union of Figure 5.

deg n 5 10 15 20 25 30
old card M 144 396 864 1386 2184 2976
new card N 21 66 136 231 351 496
QRpiv > |wgl/| D wk|  1.05 1.13 1.20 1.09 1.22 1.15

Emom, le-16  2e-16 4e-16 8e-16 4e-16 2e-15
cputime (sec)  0.01 0.10 0.14 046 2.65 3.17
NNLS Emom, 9e-17  2e-16 bHe-16 9e-16  2e-08 2e-15

cputime (sec) 0.02 017 046 235 1242 42.35
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Table 10: Relative error in the integration of the three test functions on the
disconnected disk union of Figure 5 by the compressed formulas.

deg n 5 10 15 20 25 30
f e 1.1e02 3.4e02 9.6e02 2.7e03 7.6e03 2.1e04
QRpiv  2e-15  9e-16  4e-15  6Ge-15  9e-15  8e-15
NNLS 6e-16 2e-16  5e-15  4e-15  4e-08  Ge-15
fo «Q 7.0e01 7.4e01 7.4e01 7.5e01 7.5e01 7.5e01
QRpiv  2e-05  2e-12  2e-15  4e-15 2e-14  le-14
NNLS 2e-05 4e-11  3e-15 5e-15  9e-09 le-14
f3 @ 3.6e01 3.5e01 3.5e01 3.5e01 3.5e01 3.5e01
QRpiv  4e-03  9e-05 8e-06 Te-06 2e-06 1e-06
NNLS 3e-03 1le-04 7e-06 2e-06 5e-06 7e-07

Table 11: Relative errors in ¢£2(X) for least-squares approximation of the three
test functions on the disk union of Figure 6; here M = card(X) = 3700.

deg n 2 4 6 8 10 12
N 15 45 91 153 231 325
N/M 0.004 0.012 0.015 0.041 0.062 0.088
Emom  4.9e-14  1.2e-13 3.4e-13 4.3e-13 8.8e-13  2.5e-12
f LS 1.2e-15 1.8e-15 1.3e-15 1.5e-15 3.7e-15 4.7e-15
compr 3.le-16 6.2e-16 8.3e-15 1.2e-15 1.6e-15 2.7e-15
fa LS 3.0e-03 8.2e-05 1.7e-06 2.7e-08 3.5e-10 3.9e-12
compr 3.3e-03 8.6e-05 1.7e-06 2.7e-08 3.5e-10 3.9e-12
f3 LS 1.2e-01 1.5e-02 4.2e-03 1.6e-03 7.2e-04 3.7e-04
compr 1.3e-01 1.6e-02 4.4e-03 1.7e-03 7.6e-04 3.8e-04
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Appendix: Matlab functions for the compression of a bivariate discrete measure

function [pts,w,momerr] = compresscub(deg,X,omega,pos)

INPUT:

deg: polynomial exactness degree

X: 2-column array of point coordinates

omega: l-column array of weights

pos: NNLS for pos=1, QR with column pivoting for pos=0

OUTPUT:

pts: 2-column array of extracted points

w: 1-column array of corresponding weights (positive for pos=1)
momerr: moment reconstruction error

ST ST ST s s s

==

total-degree Chebyshev-Vandermonde matrix at X
rect=[min(X(:,1)) max(X(:,1)) min(X(:,2)) max(X(:,2))];
V=chebvand(deg,X,rect);

% polynomial basis orthogonalization
[Q,R]=qr(V,0);

% tiny imaginary parts may appear

Q=real(Q);

% possible re-orthogonalization

% [Q,R1]1=qr(Q,0);

% moments of the orthogonal basis
orthmom=Q’*omega;

% weigths computation

if pos ==

weights=1sqnonneg(Q’ ,orthmom) ;

else

weights=Q’\orthmom;

end;

% indexes of nonvanishing weights and compression
ind=find(abs(weights)>0);

pts=X(ind,:);

w=weights(ind);

% moment reconstruction error

% bivariate Chebyshev basis

mom=V’*omega;

momerr=norm(V(ind, :) ’*w-mom) ;

% discrete OP basis

% momerr=norm(Q(ind, :) ’*w-orthmom) ;

end

function V = chebvand(deg,X,rect);

% INPUT:

% deg = polynomial degree

% X = 2-column array of point coordinates

% rect = 4-component vector such that the rectangle
% [rect(1),rect(2)] x [rect(3),rect(4)] contains X
% OUTPUT:

% V = Chebyshev-Vandermonde matrix at X

% couples with length less or equal to deg
j=(0:1:deg);

[j1,j2]=meshgrid(j);
good=find(j1(:)+j2(:)<deg+l);

couples=[j1(good) j2(good)];

% mapping X in the square [-1,1]72

a=rect (1) ;b=rect(2) ;c=rect(3) ;d=rect(4);
map=[(2%X(:,1)-b-a)/(b-a) (2%X(:,2)-d-c)/(d-c)];
% total-degree Chebyshev-Vandermonde matrix at X
Vi=cos(couples(:,1)*acos(map(:,1)’));
V2=cos(couples(:,2)*acos(map(:,2)’));
V=(V1.%V2)’;

end
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