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Abstract

We consider the problem of computing the minimum value fyin x of a polynomial
f over a compact set K € R", which can be reformulated as finding a probability
measure v on K minimizing [ fdv. Lasserre showed that it suffices to consider such
measures of the form v = gu, where ¢ is a sum-of-squares polynomial and u is a
given Borel measure supported on K. By bounding the degree of g by 2r one gets
a converging hierarchy of upper bounds ) for fun x. When K is the hypercube
[—1, 11", equipped with the Chebyshev measure, the parameters £ are known to
converge to fmin, x ataratein O (1/ r2). We extend this error estimate to a wider class of
convex bodies, while also allowing for a broader class of reference measures, including
the Lebesgue measure. Our analysis applies to simplices, balls and convex bodies that
locally look like a ball. In addition, we show an error estimate in O (logr/r) when
K satisfies a minor geometrical condition, and in O (log® r/r%) when K is a convex
body, equipped with the Lebesgue measure. This improves upon the currently best
known error estimates in O (1/4/r) and O(1/r) for these two respective cases.
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1 Introduction
1.1 Lasserre’s measure-based hierarchy

Let K € R” be a compact set and let f € R[x] be a polynomial. We consider the
minimization problem

fmin,K = ?22 fx). (1)

Computing fmin x 1s a hard problem in general, and some well-known problems
from combinatorial optimization are among its special cases. For example, it is shown
in [13,24] that the stability number o (G) of a graph G = ([n], E) is given by

m—mmZx +2 Z XiXj,

xekK
{i,jleE

where we take K = {x € R" : x > 0, >7'_, x; = 1} to be the standard simplex in
R".

Problem (1) may be reformulated as the problem of finding a probability measure
v on K for which the integral || x Jdv is minimized. Indeed, for any such v we have
Jx fdv = fmin.k [ dv = fmin,k - On the other hand, if @ € K is a global minimizer
of f in K, then we have fK fdé, = f(a) = fmin k., Where §, is the Dirac measure
centered at a.

Lasserre [21] showed that it suffices to consider measures of the form v = gu,
where ¢ € X is a sum-of-squares polynomial and p is a (fixed) reference Borel
measure supported by K. That is, we may reformulate (1) as

Fuink = inf / FEOq@dRG) st / ¢ dp(x) = 1. %)
q€x Jg K

For each r € N we may then obtain an upper bound f’ ,(;)M for fmin, x by limiting our
choice of ¢ in (2) to polynomials of degree at most 2r:

K= jnf / F)g)dux) st / g0dpu(x) = 1. 3)

Here, X, denotes the set of all sum-of-squares polynomials of degree at most 2r. We
shall also write ) = f ,(;)M for simplicity. As detecting sum-of-squares polynomials
is possible using semidefinite programming, the program (3) can be modeled as an
SDP [21]. Moreover, the special structure of this SDP allows a reformulation to an
eigenvalue minimization problem [21], as will be briefly described below.

By definition, we have fiin x < f("H) < f(’) for all » € N and

lim f(r) Smin, K -

r—00
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Improved convergence analysis of Lasserre’s measure-based bounds 833

In this paper we are interested in upper bounding the convergence rate of the sequence
(f(’))r to fmin, x in terms of r. That is, we wish to find bounds in terms of r for the
parameter:

EQ ()= f" = fuinx,
often also denoted £ (f) for simplicity when there is no ambiguity on K, .

1.2 Related work

Bounds on the parameter E %)/ ,(f) have been shown in the literature for several dif-
ferent sets of assumptions on K, i and f. Depending on these assumptions, two main
strategies have been employed, which we now briefly discuss.

Algebraic analysis via an eigenvalue reformulation The first strategy relies on a refor-
mulation of the optimization problem (3) as an eigenvalue minimization problem
(see [12,21]). We describe it briefly, in the univariate case n = 1 only, for simplicity
and since this is the case we need. Let {p, € R[x], : r € N} be the (unique) orthonor-
mal basis of R[x] w.r.t. the inner product (p;, p;) = fK pipjdu. Foreachr e N, we
then define the (generalized) truncated moment matrix M, y of f by setting

M, ¢(i, ) :=/ pipjfdu forO<i,j<r.
K

It can be shown that f ) = Amin (M, 1), the smallest eigenvalue of the matrix M, r.
Any bounds on the eigenvalues of M,  thus immediately translate to bounds on f @),

In [10], the authors determine the exact asymptotic behaviour of Ayin (M, ) in the
case that f isaquadratic polynomial, K = [—1, 1]Janddu(x) = (l—xz)_%dx,known
as the Chebyshev measure. Based on this, they show that E?)(f) = O(1/r?) and
extend this result to arbitrary multivariate polynomials f on the hypercube [—1, 1]"
equipped with the product measure du(x) = [} (1 — xi)~2dx;. In addition, they
prove that E)( f) = @(1/r?) for linear polynomials, which thus shows that in some
sense quadratic convergence is the best we can hope for. (This latter result is shown
in [10] for all measures with Jacobi weight on [—1, 1]).

The orthogonal polynomials corresponding to the measure (1 — x2)~1/2dx on
[—1, 1] are the Chebyshev polynomials of the first kind, denoted by 7,.. They are well-
studied objects (see, e.g., [25]). In particular, they satisfy the following three-term
recurrence relation

To(x) =1, T1(x) =x, and T, (x) = 2xT,(x) — T,—1(x) forr > 1. 4)

This imposes a large amount of structure on the matrix M, y when f is quadratic,
which has been exploited in [10] to obtain information on its smallest eigenvalue.
The main disadvantage of the eigenvalue strategy is that it requires the moment
matrix of f to have a closed form expression which is sufficiently structured so as to
allow for an analysis of its eigenvalues. Closed form expressions for the entries of the
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834 L. Slot, M. Laurent

matrix M, y are known only for special sets K, such as the interval [—1, 1], the unit
ball, the unit sphere, or the simplex, and only with respect to certain measures.

However, as we will see in this paper, the convergence analysis from [10]in O (1/r?)
for the interval [—1, 1] equipped with the Chebyshev measure, can be transported to a
large class of compact sets, such as the interval [—1, 1] with more general measures,
the ball, the simplex, and ‘ball-like’ convex bodies.

Analysis via the construction of feasible solutions A second strategy to bound the
convergence rate of the parameters £ (f) is to construct explicit sum-of-squares
density functions g, € X, for which the integral f x 9rfdp is close t0 fiin k. In
contrast to the previous strategy, such constructions will only yield upper bounds on
ED(f).

As noted earlier, the integral || x Jfdv may be minimized by selecting the probability
measure v = §,, the Dirac measure at a global minimizer a of f on K. When the
reference measure u is the Lebesgue measure, it thus intuitively seems sensible to
consider sum-of-squares densities g, that approximate the Dirac delta in some way.

This approach is followed in [12]. There, the authors consider truncated Taylor
expansions of the Gaussian function e~t*/20
squares polynomials

, which they use to define the sum-of-

2r 2

k
"5’([):25(?) € %, forreN.

k=0

Setting g, (x) ~ ¢,(||x —al||) for carefully selected standard deviation o = o (r), they
show that fK fx)gr(x)dx — f(a) = O(1//r) when K satisfies a minor geometrical
assumption (Assumption 1 below), which holds, e.g., if K is a convex body or if it is
star-shaped with respect to a ball.

In subsequent work [8], the authors show that if K is assumed to be a convex body,
then a bound in O(1/r) may be obtained by setting g, ~ ¢,(f(x)). As explained
in [8], the sum-of-squares density ¢, in this case can be seen as an approximation
of the Boltzman density function for f, which plays an important role in simulated
annealing.

The advantage of this second strategy seems to be its applicability to a broad class
of sets K with respect to the natural Lebesgue measure. This generality, however, is
so-far offset by significantly weaker bounds on £ ( f). Another main contribution of
this paper will be to show improved bounds on £ ( f) for this broad class of sets K .

Analysis for the hypersphere Tight results are known for polynomial minimization
on the unit sphere §"~! = {x € R" : Y xi2 = 1}, equipped with the Haar surface
measure. Doherty and Wehner [15] have shown a convergence rate in O (1/r), by using
harmonic analysis on the sphere and connections to quantum information theory. In the
very recent work [11], the authors show an improved convergence rate in O (1/r?),
by using a reduction to the case of the interval [—1, 1] and the above mentioned
convergence rate in O (1/r?) for this case. This reduction is based on replacing f by
an easy (linear) upper estimator. This idea was already exploited in [8,12] (where a
quadratic upper estimator was used) and we will also exploit it in this paper.
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Improved convergence analysis of Lasserre’s measure-based bounds 835

1.3 Our contribution

The contribution of this paper is showing improved bounds on the convergence rate
of the parameters Eg)u( f) for a wide class of sets K and measures u. It is twofold.

Firstly, we extend the known bound from [10] in O(1/r?) for the hypercube
[—1, 11" equipped with the Chebyshev measure, to a wider class of convex bodies.
Our results hold for the ball B”, the simplex A”, and ‘ball-like’ convex bodies (see
Definition 3) equipped with the Lebesgue measure. For the ball and hypercube, they
further hold for a wider class of measures; namely for the measures given by

w; (X)dx = (1 _ ||x||2)kdx (= 0)

on the ball, and the measures

n

B (dx =[] (1 — x,?)A dx <x > —%)

i=1

on the hypercube. Note that for the hypercube, setting A = —% yields the Chebyshev
measure, and that for both the ball and the hypercube, setting & = 0 yields the Lebesgue
measure. The rate O (1/r?) also holds for any compact K equipped with the Lebesgue
measure under the assumption of existence of a global minimizer in the interior of K.
These results are presented in Sect. 3.

Secondly, we improve the known bounds in O(1/./r) and O(1/r) for general
compact sets (under Assumption 1) and convex bodies equipped with the Lebesgue
measure, established in [8,12], respectively. For general compact sets, we prove a
bound in O (logr/r), and for convex bodies we show a bound in O(log2 r/r?). These
results are exposed in Sect. 4.

For our results in Sect. 3, we will use several tools that will enable us to reduce to
the case of the interval [—1, 1] equipped with the Chebyshev measure. These tools are
presented in Sects. 2 and 3. They include: (a) replacing K by an affine linear image
of it (Sect. 2.3); (b) replacing f by an upper estimator (easier to analyze, obtained via
Taylor’s theorem) (Sect. 2.4); (¢) transporting results between two comparable weight
functions on K and between two convex sets K, K which look locally the same in
the neighbourhood of a global minimizer (Sects. 3.1, 3.2). In particular, the result of
Proposition 1 will play a key role in our treatment.

To establish our results in Sect. 4 we will follow the second strategy sketched
above, namely we will define suitable sum-of-squares polynomials that approximate
well the Dirac delta at a global minimizer. However, instead of using truncations of the
Taylor expansion of the Gaussian function or of the Boltzman distribution as was done
in [8,12], we will now use the so-called needle polynomials from [19] (constructed
from the Chebyshev polynomials, see Sect. 4.1). In Table 1 we provide an overview
of both known and new results.

Finally, we illustrate some of the results in Sects. 3 and 4 with numerical examples
in Sect. 5.
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836 L. Slot, M. Laurent

Table 1 Known and new convergence rates for the Lasserre hierarchy of upper bounds

K € R" compact E ;(r)# f) nw Reference
General o(1) Borel [21]
Assumption 1 O(1/4/7) Lebesgue [12]
Convex body o(l/r) Lebesgue [8]
Hypersphere o(l/r) Haar [15]
Hypersphere o/ r2) Haar [11]
Hypercube o1/ r2) Chebyshev [10]
Hypercube O(l/rz) wy (x)dx(A > —1/2) Theorem 3
Ball O(l/rz) wy (x)dx (x> 0) Theorem 4
Simplex ol/r 2 Lebesgue Theorem 9
Ball-like convex body o1/ r2) Lebesgue Theorem 6
Global minimizer in the interior o/ r2) Lebesgue Theorem 5
Assumption 1 O(logr/r) Lebesgue Theorem 10
Convex body o (log2 r/ r2) Lebesgue Theorem 11

2 Preliminaries

In this section, we first introduce some notation that we will use throughout the rest
of the paper and recall some basic terminology and results about convex bodies. We
then show that the error E)( f) is invariant under nonsingular affine transformations
of R". Finally, we introduce the notion of upper estimators for f. Roughly speaking,
this tool will allow us to replace f in the analysis of E7)(f) by a simpler function
(usually a quadratic, separable polynomial). We will make use of this extensively in
both Sects. 3 and 4.

2.1 Notation

For x,y € R", (x,y) denotes the standard inner product and ||x||*> = (x, x) the

corresponding norm. We write B;’ (c) :={x e R": ||lx—c|| < p}forthe n-dimensional

ball of radius p centered at c. When p = 1 and ¢ = 0, we also write B" := B} (0).
Throughout, K € R" is always a compact set with non-empty interior, and f is an

n-variate polynomial. We let V f(x) (resp., V2 f(x)) denote the gradient (resp., the
Hessian) of f at x € R", and introduce the parameters

1
= v d == v?2 . 5
Brx =max|[Vf(0)] and s :=Zmax|[V-fx)] ®)
Whenever we write an expression of the form

“EQ(N =0 (1),
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Improved convergence analysis of Lasserre’s measure-based bounds 837

we mean that there exists a constant ¢ > 0 such that E (’)( f) <c/ r2 forall r € N,
where ¢ depends only on K, 1, and the parameters Br g, . k. Some of our results
are obtained by embedding K into a larger set K C R™. If this is the case, then ¢ may
depend on R YFRAS well. If there is an additional dependence of ¢ on the global
minimizer a of f on K, we will make this explicit by using the notation “O,”.

2.2 Convex bodies

Let K € R” be a convex body, i.e., a compact, convex set with non-empty interior.
We say v € R" is an (inward) normal of K ata € K if (v, x — a) > 0 holds for all
x € K. We refer to the set of all normals of K at a as the normal cone, and write

Ng(a) ={veR":(v,x —a) >0forall x € K}.

We will make use of the following basic result.

Lemma1 (e.g., [2, Prop. 2.1.1]) Let K be a convex body and let g : R" — R be
a continuously differentiable function with local minimizer a € K. Then Vg(a) €
Nk (a).

Proof Suppose not. Then, by definition of Nk (a), there exists an element y € K such
that (Vg(a), y — a) < 0. Expanding the definition of the gradient this means that

. gy + (1 —1a) —gla)
0> (Vgla),y —a) = ltlfg ; ,

whichimplies g(ty+(1—t)a) < g(a) forallt > Osmallenough. Butty+(1—¢t)a € K
by convexity, contradicting the fact that a is a local minimizer of g on K. O

The set K is smooth if it has a unique unit normal v(a) at each boundary point
a € 0K. In this case, we denote by 7, K the (unique) hyperplane tangent to K at a,
defined by the equation (x — a, v(a)) = 0.

Fork > 1, we say K is of class C K if there exists a convex function ¥ € Ck (R", R)
suchthat K = {x e R" : U(x) <0}and 0K = {x € R" : W (x) = 0}. If K is of class
C* for some k > 1, it is automatically smooth in the above sense.

We refer, e.g., to [1] for a general reference on convex bodies.

2.3 Linear transformations

Suppose that ¢ : R” — R” is a nonsingular affine transformation, given by ¢ (x) =
Ux + c. If g is a sum-of-squares density function w.r.t. the Lebesgue measure on
¢ (K), then we have

/ g f@ ' ()dy = |detU| - / q(¢p(x)) f(x)dx and
¢ (K) K

1=/ q(y)dy = IdetU|~/ q(¢(x))dx.
$(K) K
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838 L. Slot, M. Laurent

As a result, the polynomial ¢ := (g o ¢)/ fK q(@d(x))dx = (qo¢)-|detU]isasum
of squares density function w.r.t. the Lebesgue measure on K. It has the same degree
as ¢, and it satisfies

/ 30 f()dx = / 40 £ @~ ()dx.
K ¢(K)

We have just shown the following.

Lemma2 Let ¢ : R" — R”" be a non-singular affine transformation. Write g :=
f o¢~L. Then we have

EQ () = E ().
2.4 Upper estimators

Given a point ¢ € K and two functions f, g : K — R, we write f <, g if f(a) =
g(a) and f(x) < g(x) for all x € K; we then say that g is an upper estimator for f
on K, which is exact at a. The next lemma, whose easy proof is omitted, will be very
useful.

Lemma3 Let g : K — R be an upper estimator for f, exact at one of its global
minimizers on K. Then we have EY) (f) < E®)(g) forall r € N.

Remark 1 We make the following observations for future reference.

1. Lemma 3 tells us that we may always replace f in our analysis by an upper
estimator which is exact at one of its global minimizers. This is useful if we can
find an upper estimator that is significantly simpler to analyze.

2. We may always assume that fiin x = 0, in which case f(x) > 0 forall x € K
and EO(f) = f©). Indeed, if we consider the function g given by g(x) =
S (x) — fmin,kx, then gmin, x = 0, and for every density function g on K, we have

/Kg(X)q(X)du(X)=/Kf(X)q(X)dM(x)—fmm,K,

showing that EO(f)=E"(g) = g™ forall r € N.

In the remainder of this section, we derive some general upper estimators based on
the following variant of Taylor’s theorem for multivariate functions.

Theorem 1 (Taylor’s theorem) For f € C>(R",R) and a € K we have
f@) < f@+ (V@) x —a)+yk sllx —al* forallx € K,

where yk | ¢ is the constant from (3).
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Lemma4 Leta € K be a global minimizer of f on K. Then f has an upper estimator
g on K which is exact at a and satisfies the following properties:

(i) g is a quadratic, separable polynomial.
(i) g(x) > f(a) + vk, sllx —all® forall x € K.
(iii) Ifa € int K, then g(x) < f(a) + vk, rllx — a||® forallx € K.

Proof Consider the function g defined by

g(x) == f(@) + (Vf(a),x —a)+yk rlx —al? (©6)

which is an upper estimator of f exact at a by Theorem 1. As we have ||x — all> =
Yol — a;)?, g is indeed a quadratic, separable polynomial.
As a is a global minimizer of f on K, we know by Lemma 1 that V f(a) € Nk (a).
This means that (V f(a), x —a) > O forall x € K, which proves the second property.
Ifa € int K, we must have V f(a) = 0, and the third property follows. O

In the special case that K is a ball and f has a global minimizer a on the boundary
of K, we have an upper estimator for f, exact at a, which is a linear polynomial.

Lemma5 Assume that f(a) = fmin,Bg (c) for some a € BBZ (c). Then there exists a
linear polynomial g with f <, g on B} (c).

Proof Write K = Bj(c) and y = yk ¢ for simplicity. In view of Lemma 4, we have
f(x) < g(x) for all x € K, where g is the quadratic polynomial from relation (6).
Sincea € 9K is aglobal minimizer of f on K, wehave V f(a) € Nk (a) by Lemma 1,
and thus V f(a) = A(c — a) for some A > 0. Therefore we have

(Vf@),x —a)= (A(c—a),x—a):kp2+k(x—c,c—a).
On the other hand, for any x € K we have
Ix —all* = lx = cl* + llc —al* + 2(x — c,c —a) < 2p* +2(x —c,c —a).

Combining these facts we get

) =800 = f@+ 642 (02 + (x —ecc—a) =2 h(x).

So h(x) is a linear upper estimator of f with h(a) = f(a), as desired. O

Remark2 As can be seen from the above proof, the assumption in Lemma 5 that
a € 9K = 9Bj(c) is a global minimizer of f on K may be replaced by the weaker
assumption that V f(a) € Nk (a).

Finally, we give a very simple upper estimator, which will be used in Sect. 4.

Lemma 6 Recall the constant Bk ¢ from (5). Let a be a global minimizer of f on K.
Then we have

f(x) <a f@@) + Bk flix —all forallx € K.
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3 Special convex bodies

In this section we extend the bound 0(1/r2) from [10] on Eg’)ﬂ(f), when K =
[—1, 11" is equipped with the Chebyshev measure du(x) = []'_, (1 — xiz)_%dxi, to
a broader class of convex bodies K and reference measures /.

First, we show that, for the hypercube K = [—1, 1]", we still have E ) ( f) =
0(1/r?) forall polynomial f and all measures of the formdu(x) = []/_,(1— xiz))‘dxi
with A > —1/2. Previously this was only known to be the case when f is a linear
polynomial. Note that, for A = 0, we obtain the Lebesgue measure on [—1, 1]". Next,
we use this result to show that Eg'?,u(f) = 0(1/r2) for all measures w on the unit
ball B" of the form du(x) = (1 — ||x||?)*dx with 1 > 0. We apply this result to also
obtain Eg?u(f) = O(l/rz) when u is the Lebesgue measure and K is a ‘ball-like’
convex body, meaning it has inscribed and circumscribed tangent balls at all boundary
points (see Definition 3 below). The primary new tool we use to obtain these results is
Proposition 1, which tells us that the behaviour of E ) u( f) essentially only depends

on the local behaviour of f and p in a nelghbourhood of a global minimizer a of f
on K.

3.1 Measures and weight functions

A function w : int K — R is a weight function on K if it is continuous and satisfies
0</ x wx)dx < oo. A weight function w glves rise to a measure [, on K defined
by dpy (x) := w(x)dx. We note that if K C K and w is a weight function on K it
can naturally be interpreted as a weight function on K as well, by simply restricting
its domain (assuming f % w(x)dx > 0). In what follows we will implicitly make use
of this fact.

Definition 1 Given two weight functions w, w on K and a point a € K, we say that
W <, w on K if there exist constants €, m, > 0 such that

maw(x) < w(x) forall x € Bl (a) Nint K. @)

If the constant m, can be chosen uniformly, i.e., if there exists a constant m > 0 such
that

mw(x) < w(x)forall x € int K, 8)

then we say that w < w on K.

Remark 3 We note the following facts for future reference:

(1) As weight functions are continuous on the interior of K by definition, we always
have w <, wifa € intK.

(ii) If w is bounded from below, and w is bounded from above on int K, then we
automatically have W < w.
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Improved convergence analysis of Lasserre’s measure-based bounds 841

K

Fig. 1 Some examples of sets K, K for which K €, K. The dot indicates the point a, and the gray area
indicates B/ (a) N K

3.2 Local similarity

Assuming that the global minimizer a of f on K is unique, sum-of-squares density
functions g for which the integral f x 4() f(x)dp(x) is small should in some sense
approximate the Dirac delta function centered at a. With this in mind, it seems rea-
sonable to expect that the quality of the bound f” depends in essence only on the
local properties of K and p around a. We formalize this intuition here.

Definition 2 Suppose K C K C R Givena € K, we say that K and K are locally
similar at a, which we denote by K C, K, if there exists € > 0 such that

B'(a)NK = B'(a)NK.
Clearly, K <, K for any pointa € int K.

Figure 1 depicts some examples of locally similar sets.

Proposition 1 Ler K < KSR letacKbea global minimizer of f on K and
assume K C, K. Let w, ® be two weight functlons on K, K, respectively. Assume
that W(x) > w(x) for all x € int K, and that W <, w. Then there exists an upper
estimator g of f on K which is exact at a and satisfies

2
") ")
Exw(@® = =Eg 5 ()

forallr € N large enough. Here m, > 0 is the constant defined by (7).

Recall thatif g is an upper estimator for f which is exact at one of its global minimizers,
we then have E (r) w() = Eg (r) » (&) by Lemma 3. Proposition 1 then allows us to bound

Eg)w (f)in terms of E %)w (g). For its proof, we first need the following lemma.

Lemma7 Leta € K, and assume that K C, K. Then any normal vector of K at a is
also a normal vector of K. That is, Nk (a) € Ng(a).
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842 L. Slot, M. Laurent

Proof Let v € Nk (a). Suppose for contradiction that v ¢ Nz (a). Then, by definition
of the normal cone, there exists y € K such that (v,y —a) < 0. As K <4 K,
there exists € > 0 for which K N B/(e) = KN B! (¢). Now choose 1 > n > 0
small enough such that y’ := ny + (1 — n)a € Bl (¢) . Then, by convexity, we have
yekn B!'(¢) = K N B!(¢). Now, we have (v, y' —a) = n{v, y — a) < 0. But, as
y' € K, this contradicts the assumption that v € N (a). O

Proof (of Proposition 1) For simplicity, we assume here f(a) = 0, which is without
loss of generality by Remark 1. Consider the quadratic polynomial g from (6):

g0) = (Vf(@),x —a) +yllx —all?,
where y := yg ; is defined in (5). By Taylor’s theorem (Theorem 1), we have that

g(x) > f(x) forallx I?, and clearly g(a) = f(a). Thatis, g is an upper estimator
for f on K, exact at a (cf. Lemma 4). We proceed to show that

2
EY,(8) < m—aE;g?@@.
We start by selecting a degree 2r sum-of-squares polynomial g, satisfying
/ G ()W(x)dx =1 and / ()G ()W (x)dx = EL_(g).
e e ow

We may then rescale g, to obtain a density function ¢, € X, on K w.r.t. w by setting

qr ‘= —é;

" [k rwx)dx
By assumption, w(x) < w(x) for all x € int K. Moreover, g(x) > f(a) = 0 for all
x € int K. This implies that

= 0h @
) f]? g(x)gr x)w(x)dx _ El?’ﬁ(g)
s /K 8 O = T e dy T @ @windy

and thus it suffices to show that f % ¢ (Xw(x)dx > %ma. The key to proving this
bound is the following lemma, which tells us that optimum sum-of-squares densities

should assign rather high weight to the ball B! (a) around a. O

Lemma 8 Let € > 0. Then, for any r € N, we have

ED_(g)
/ GOB@)dx > 1 -
B (a)NK Y€
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Proof By Lemma 1, we have V f(a) € Nk (a) and so Vf(a) € Ng(a) by Lemma 7.
As a result, we have g(x) > y|lx — al|? for allx € K (cf. Lemma 4). In particular,
this implies that g(x) > y||x — a||> > ye? forall x € K\Bg(a) and so

EQ ()= / 0GB (x)dx > ye? /A 3 ()W (x)dx
K\B!(a) K\B} (a)

= y62<1 - / AZ]?(x)@(x)dx).
BI'(a)NK

The statement now follows from reordering terms. O

As K C, K there exists €] > 0 such that B¢, (a) N K = B{ (a) NK.As® <4 W,
there exist €2 > 0, m, > 0 such that m,w (x) < w(x) forx e B! (a) Nint K. Set
€ = min{eq, €2}. Choose rg € Nlarge enough such that E%)a (g) < % forallr > ro,

which is possible since E%)@ (g) tends to 0 as » — oo. Then, Lemma 8 yields

N =

f _grwx)dx >
B (a)NK

for all » > ry. Putting things together yields the desired lower bound:
~ ~ i~ 1
/ grx)wx)dx > / gr(X)wx)dx > ma/ _grwx)dx = zmg.
K B (@)K Br(@)NK 2

forall > ro. O

Corollary 1 LetK < K CR" leta € K be a global minimizer of f on K, and assume
that K C, K. Let w, W be two weight functzons on K, K, respectively. Assume that
w(x) > w(x) forall x € int K and that w < w. Then there exists an upper estimator
gof fon K, exact at a, such that

2
EQw(®) < —EQo(2)

forall r € N large enough. Here m > 0 is the constant defined by (8).

3.3 The unit cube

Here we consider optimization over the hypercube K = [—1, 1]* and we restrict to
reference measures on K having a weight function of the form

B = [ Jwion =[] (1-) ©)

i=1 i=1
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with A > —1. The following result is shown in [10] on the convergence rate of the
bound Eg?@(f) when using the measure wy (x)dx on K = [—1, 1]".

Theorem 2 ([10]) Let K = [—1, 11" and consider the weight function wj, from (9).
G Ifr= —%, then we have:

" _ofL
Eg's ()= O(ﬂ)‘ (10)

(ii) Ifn = 1 and f has a global minimizer on the boundary of [—1, 1], then (10) holds
forall » > —1.

The key ingredients for claim (ii) above are: (a) when the global minimizer is a bound-
ary point of [—1, 1] then f has a linear upper estimator (recall Lemma 5), and (b) the
convergence rate of (10) holds for any linear function and any A > —1 (see [10]).

In this section we show Theorem 3 below, which extends the above result to all
weight functions w;, (x) with A > — % Following the approach in [10], we proceed in
two steps: first we reduce to the univariate case, and then we deal with the univariate
case. Then the new situation to be dealt with is when n = 1 and the minimizer lies
in the interior of [—1, 1], which we can settle by getting back to the case A = —%
through applying Proposition 1, the ‘local similarity’ tool, with K = K= [—1, 1].

Reduction to the univariate case Let a € K be a global minimizer of f in K =
[—1, 1]*. Following [10] (recall Remark 1 and Lemma 4), we consider the upper
estimator f(x) <, g(x) = f(a) +(Vf(a),x —a)+ yrkllx — al|?. This g is
separable, i.e., we can write g(x) = > |, g; (x;), where each g; is quadratic univariate
with a; as global minimizer over [—1, 1]. Let qﬁ be an optimum solution to the problem
(3) corresponding to the minimization of g; over [—1, 1] w.r.t. the weight function
wy(x) = (1 — xl.z))‘. If we set ¢, (x) = H?:l q;' (x;), then g, is a sum of squares with
degree at most nr, such that fK qr(x)wy (x)dx = 1. Hence we have

x5~ (@ S/Kf(x)qr(x)@(x)dx — f(a)

=< /Kg(X)qr(X)@(X)dx —g(a)

-y ( / g ) ) — g (a»)
i=1 -

n
= Z ((gi)Er_)l,l],wA - gi(ai)) = Z E[(:)l,l],wx(gi)'
i=1

i=1

As a consequence, we need only to consider the case of a quadratic univariate poly-
nomial f on K = [—1, 1]. We distinguish two cases, depending whether the global
minimizer lies on the boundary or in the interior of K. The case when the global
minimizer lies on the boundary of [—1, 1] is settled by Theorem 2(ii) above, so we
next assume the global minimizer lies in the interior of [—1, 1].
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Case of a global minimizer in the interior of K = [—1, 1] To deal with this case we
make use of Proposition 1 with K = K = [—1, 1], welght function w(x) := wy (x)
on K, and weight function w(x) = w_1,2(x) on K. We check that the conditions
of the proposmon are met. As K = K, clearly we have K <, K. Further, for any

A > —5, we have

1

m = (1-2) = (1-2) 7 = w1

for all x € (=1,1) = intK. As a € intK, we also have wy =<, w_1,2 [see
Remark 3(i)]. Hence we may apply Proposition 1 to find that there exists a polynomial
upper estimator g of f on [—1, 1], exact at a, and having

2
EY "
w(8) = - Ep 58

for all r € N large enough. Now, (the univariate case of) Theorem 2(i) allows us to
claim E%)@(g) = O(l/rz), so that we obtain:

EQ (N = EQ,, @) = 04 (EL, () = 04 (1/77).

In summary, in view of the above, we have shown the following extension of
Theorem 2.

Theorem3 Let K = [—1, 1]" and ) > —%. Let a be a global minimizer of f on K.
Then we have

(r) 1
EY () = 0a<r—2).

The constant m, involved in the proof of Theorem 3 depends on the global minimizer
a of f on [—1, 1]. It is introduced by the application of Proposition 1 to cover the
case where « lies in the interior of [—1, 1]. When A = 0 (i.e., when w = wy = 1
corresponds to the Lebesgue measure), one can replace m, by a uniform constant
m > 0, as we now explain.

Consider K := [-2,2] D [—1,1] = K, equipped with the scaled Chebyshev
weight @()Q =woqpx/2)=(0- x2/4)~1/2_ Of course, Theorem 2 applies to this
choice of K, w as well. Further, we still have w(x) > w(x) = wo(x) = 1 for all
x € [—1, 1]. However, we now have a uniform upper bound w(x) < w(1) for w on
K, which means that w < w on K [see Remark 3(ii)]. Indeed, we have

wx)/w(l) <1=wo(x) =w(x) forallxe[-1,1].

We may thus apply Corollary 1 (instead of Proposition 1) to obtain the following.

@ Springer



846 L. Slot, M. Laurent

Corollary 2 If K = [—1, 11" is equipped with the Lebesgue measure then
EP () = 0(
K = 2 )

3.4 The unit ball

We now consider optimization over the unit ball K = B" C R” (n > 2); we restrict
to reference measures on B” with weight function of the form

w;. (x) = (1 — ||x||H)*, (11)
where A > —1. For further reference we recall (see e.g. [16, §6.3.2]) or [3, §11]) that

TID(A+1)

i A 12
F(A+1+1%) (12)

Cua ::/ wy (x)dx =

For the case A > 0, we can analyze the bounds and show the following result.
Theorem4 Let K = B" be the unit ball. Let a be a global minimizer of f on K.

Consider the weight function w),_from (11) on K.

(i) If » =0, we have

1
En=0(3)

(ii) If » > 0, we have

(r) 1
EQ, (f) = oa(r—z).

For the proof, we distinguish the two cases when a lies in the interior of K or on its
boundary.

Case of a global minimizer in the interior of K Our strategy is to reduce this to the case
of the hypercube with the help of Proposition 1. Set K:=[-1,11"2>B"=K.Asa €
int K, wehave K C, K. Consider the weight function w(x) := w; (x) = (1— x5
on K, and w(x) := 1 on the hypercube K. Since A > 0, we have wy(x) <1 <w(kx)
for all x € K. Furthermore, as a € int K, we also have W <, w. Hence we may apply
Proposition 1 to find a polynomial upper estimator g of f on K, exactata, satisfying

2
") R
Exw(@® = =Eg5 ()
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for all » € N large enough. Here m, > 0 is the constant from (7). Now, Theorem 3
allows us to claim E%)@ (g) = 0a(1/r2). Hence we obtain:

EQ, (1) = EQ,(0) = 04 (EL, () = 04 (1/72).

As in the previous section, it is possible to replace the constant m, by a uniform
constant m > 0 in the case that A = 0, i.e., in the case that we have the Lebesgue
measure on K . Indeed, in this case we have W = w (= wo = 1), and so in particular
w =< w. We may thus invoke Corollary 1 (instead of Proposition 1) to obtain

Eg),(9) <2EQ(9)
and so

EQ,(h=0(EL @) =0(1/?).

Note that in this case, we do not actually make use of the fact that K = B". Rather,
we only need that a lies in the interior of K and that K C [—1, 1]". As we may freely
apply affine transformations to K (by Lemma 2), the latter is no true restriction. We
have thus shown the following result.

Theorem 5 Let K C R”" be a compact set, with non-empty interior, equipped with the
Lebesgue measure. Assume that f has a global minimizer a on K with a € int K.
Then we have

) 1
EV(f) = 0(72)'

Case of a global minimizer on the boundary of K Our strategy is now to reduce to
the univariate case of the interval [—1, 1]. For this, we use Lemma 5, which claims
that f has a linear upper estimator g on K, exact at a. Up to applying an orthogonal
transformation (and scaling) we may assume that g is of the form g(x) = xj. It
therefore suffices now to analyze the behaviour of the bounds for the function x
minimized on the ball B". Note that when minimizing x; on B” or on the interval
[—1, 1] the minimum is attained at the boundary in both cases. The following technical
lemma will be useful for reducing to the case of the interval [—1, 1].

Lemma9 Let h be a univariate polynomial and let ). > —1. Then we have

1
[ nwiwdx = G [ b,
n -1
where C,_1 y is given in (12).
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Xj

Proof Change variables and set u; = for2 < j < d. Then we have
g J m =J=

A A A
w;h(x)=<1—x%—x%+~-—x3) =(1—x%) (l—u%—...—ufl)

and dxp...dx, = (1 — x%)%duz ...duy. Putting things together we obtain the
desired result. m]

Let ¢, (x1) be an optimal sum-of-squares density with degree at most 2r for the
problem of minimizing x; over the interval [—1, 1], equipped with the weight function
w(x) == w, 4ot (x). Then, its scaling Cn__ll, ,.4r(x1) provides a feasible solution for
the problem of minimizing g(x) = x; over the ball K = B". Indeed, using Lemma 9,
we have [, Cn__ll’qu(xl)wk(x)dx = f_ll gr(x)w(x)dx; = 1, and so

1
gg,)w < f xlc;_llgqu (xDwy(x)dx = / x1gr (xpw(x)dx;.
B" —1
The proof is now concluded by applying Theorem 2(ii).

3.5 Ball-like convex bodies

Here we show a convergence rate of E g) (f)in O(1/r?) fora special class of smooth
convex bodies K with respect to the Lebesgue measure. The basis for this result is a
reduction to the case of the unit ball.

We say K has an inscribed tangent ball (of radius €) at x € 9K if there exists e > 0
and a closed ball B of radius € such that x € 3 Bj,s. and Bj,sc € K. Similarly, we
say K has a circumscribed tangent ball (of radius €) at x € dK if there exists € > 0
and a closed ball B;,. of radius € such that x € 9B and K C Bgjyc.

Definition 3 We say that a (smooth) convex body K is ball-like if there exist (uniform)
€inscs €cire > 0 such that K has inscribed and circumscribed tangent balls of radii
€insc, €cire, respectively, at all points x € K.

Theorem 6 Assume that K is a (smooth) ball-like convex body, equipped with the
Lebesgue measure. Then we have

) 1
EV(f) = 0(72)'

Proof Let a € K be a global minimizer of f on K. We again distinguish two cases
depending on whether a lies in the interior of K or on its boundary.

Case of a global minimizer in the interior of K This case is covered directly by
Theorem 5.
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Case of a global minimizer on the boundary of K By applying a suitable affine
transformation, we can arrange that the following holds: f(a) = 0,a = 0, ¢; is an
inward normal of K at a, and the radius of the circumscribed tangent ball B.;,. at a
isequal to 1, i.e., Bejrc = B (e1). See Fig. 2 for an illustration. Now, as a is a global
minimizer of f on K, wehave V f(a) € Nk (a) by Lemma 1. But Ng (a) = N3, (a),
and so V f(a) € Np,,.(a). As noted in Remark 2, we may thus use Lemma 5 to find
that f(x) <, c{e1, x) = cx1 on B, for some constant ¢ > 0. In light of Remark 1(i),
and after scaling, it therefore suffices to analyze the function f(x) = xi.

Again, we will use a reduction to the univariate case, now on the interval [0, 2]. For
any r € N, let g, € X, be an optimum sum-of-squares density of degree 2r for the
minimization of x; on [0, 2] with respect to the weight function

n—1 n—1

W () = wat (v — 1) = [1 —(x) — 1)2]T - [2x1 —xlz]T .

That is, g, € X, satisfies

2 2
/0 x1gr(xn)w'(x1)dx; = O (1/r2) and /0 gr(xpw'(xpdxy =1, (13)

where the first equality relies on Theorem 2(ii). As x > g (xl)/(fK gr(x1)dx) is a
sum-of-squares density on K with respect to the Lebesgue measure, we have

./K x1qr(x1)dx

f[( qr(x)dx (19

EQ() <

We will now show that, on the one hand, the numerator f x X1qr(x1)dx in (14) has an
upper bound in O (1/ r2) and that, on the other hand, the denominator f x 4r(x1)dx in
(14) is lower bounded by an absolute constant that does not depend on r. Putting these

two bounds together then yields Eg) (f) = 0(1/r?), as desired.

The upper bound We make use of the fact that K C B;,. to compute:

/ x1qr(x1)dx < f x1q,(x1)dx
K B(‘irc
= / 1 + Dgr(n + Ddy [y=x—ei]
Bn
1
= Cumto [ 014 Dg:01 4+ Dy (1) Tby Lemma 9
-
2
— Coiro /0 20w (2)dz e =y +1]

—0 (1 /r2> : [by (13)]
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“Beirc

1
1
1
1

Fig.2 An overview of the situation in the second case of the proof of Theorem 6

The lower bound Here, we consider an inscribed tangent ball B;,sc of K ata = 0.
Say Binsc = Bj(pe1) for some p > 0. See again Fig. 2. We may then compute:

/Qr(xl)de/ qr(x))dx
K B

insc

7 X — pej
=/ ar(p(y1 + 1) p"dy [y = ]
B" 0

1
="Comto [ a(p0 + D)y G [by Lemma
—1
2p
= P”flCn—l,O/ ar(Dwa1 (z/p — Ddz [z=pO1+ D]
0
] o wat(z/p—1)
> "' Corg f 4r@w'@—————dz [0/ =waiz - 1]
0 w%(z =D 2
P ﬂ%%l 14 ,
> — Cn—l,O/ gr(Dw'(2)dz,
2—p 0
1-(z/p—1)° L forz e [0. pl.

where the last inequality follows using the fact that —— DT 2 50—

It remains to show that

for all r large enough.

N =

p
/ gr(DQw'(z)dz >
0

The argument is similar to the one used for the proof of Lemma 8. By (13), there is a
constant C > 0 such that f02 2qr(Qw'(z)dz < r% for all r € N. So we have

C 2 2 P
= 2/ zqr(DQw'(z)dz = p/ gr(Qw'(2)dz = p<l —/0 qr(z)w/(z)dz)
p

P
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which implies fop ¢r@Qw'(2)dz > 1 — pi > % for r large enough.

72
This concludes the proof of Theorem 6. O

Classification of ball-like sets With Theorem 6 in mind, it is interesting to understand
under which conditions a convex body K is ball-like. Under the assumption that K
has a C2-boundary, the well-known Rolling Ball Theorem (cf., e.g., [17]) guarantees
the existence of inscribed tangent balls.

Theorem 7 (Rolling Ball Theorem) Let K € R" be a convex body with C?- boundary.
Then there exists €jpsc > 0 such that K has an inscribed tangent ball of radius €ipng¢
foreach x € K.

Classifying the existence of circumscribed tangent balls is somewhat more involved.
Certainly, we should assume that K is strictly convex, which means that its boundary
should not contain any line segments. This assumption, however, is not sufficient.
Instead we need the following stronger notion of 2-strict convexity introduced in [4].

Definition 4 Let K C R” be a convex body with C2-boundary and let ¥ € C*(R", R)
such that K = W™ ((—00,0]) and 3K = ¥~1(0). Assume VW (a) # 0 for all
a € 0K . The set K is said to be 2-strictly convex if the following holds:

xI'V2W(a)x >0 forallx € T,K\{0} anda € 9K.

In other words, the Hessian of W at any boundary point should be positive definite,
when restricted to the tangent space.

Example 1 Consider the unit ball for the £4-norm:
K ={ 0 W m) = +ad < 1] c B2

Then, K is strictly convex, but not 2-strictly convex. Indeed, at any of the points
a = (0, £1) and (%1, 0), the Hessian of W is not positive definite on the tangent space.
For instance, for a = (0, —1), we have VW (a) = (0, —4) and x7 ¥2(a)x = 12x%,
which vanishes at x = (1,0) € T, K. In fact, one can verify that K does not have a
circumscribed tangent ball at any of the points (0, £1), (£1, 0).

It is shown in [4] that the set of 2-strictly convex bodies lies dense in the set of
all convex bodies. For K with C2-boundary, it turns out that 2-strict convexity is
equivalent to the existence of circumscribed tangent balls at all boundary points.

Theorem 8 ([5, Corollary 3.3]) Let K be a convex body with C*-boundary. Then K is
2-strictly convex if and only if there exists € irc > 0 such that K has a circumscribed
tangent ball of radius €.;,. at all boundary points a € K.

Combining Theorems 7 and 8 then gives a full classification of the ball-like convex
bodies K with C2-boundary.

Corollary 3 Let K C R" be a convex body with C*-boundary. Then K is ball-like if
and only if it is 2-strictly convex.
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Fig.3 From left to right: the curve Cy fork =0, 1,2, 8

A convex body without inscribed tangent balls We now give an example of a convex
body K which does not have inscribed tangent balls, going back to de Rham [14].
The idea is to construct a curve by starting with a polygon, and then successively
‘cutting corners’. Let Cg be the polygon in R? with vertices (—1, —1), (1, —1), (1, 1)
and (—1, 1), i.e., a square. For k > 1, we obtain Cy by subdividing each edge of Cy_1
into three equal parts and taking the convex hull of the resulting subdivision points
(see Fig. 3). We then let C be the limiting curve obtained by letting k tend to co. Then,
C is a continuously differentiable, convex curve (see [6] for details). It is not, however,
C? everywhere. We indicate below some point where no inscribed tangent ball exists
for the convex body with boundary C.

Consider the pointm = (0, —1) € C, whichis an element of Cy forall k. Fixk > 1.
If we walk anti-clockwise along Cj starting at m, the first corner point encountered is
sk = (1/3%, —1), the slope of the edge starting at s; is [y = 1/k and its end point is

e = ((Zk 1 1)/3k,2/3k — 1).

Now suppose that there exists an inscribed tangent ball B, (c) at the point m. Then,
€ >0,c=(0,€e — 1) and any point (x, y) € C lies outside of the ball B¢ (c), so that

W+ OG+D*—2e(y+1)>0 forall (x,y) eC.

As C is contained in the polygonal region delimited by any Cy, also e ¢ B¢(c) and

2 2 . ..
thus (%) + (3%) — ;‘—i > (. Letting k — oo, we get € = 0, a contradiction.

3.6 The simplex

We now consider a full-dimensional simplex A" := conv({vg, vy, v2, ..., v,}) € R",
equipped with the Lebesgue measure. We show the following.

Theorem 9 Let K = A" be a simplex, equipped with the Lebesgue measure. Then
EQ( =0
An = 2 )

Proof Let a € A" be a global minimizer of f on A”. The idea is to apply an affine
transformation ¢ to A" whose image ¢ (A") is locally similar to [0, 1]* at the global
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Vi

vo v ¢ (vo) P (v2)
Fig.4 The map ¢ from the proof of Theorem 9 for n =2

minimizer ¢ (a) of g := f o ¢!, after which we may ‘transport’ the O(1/r?) rate
from the hypercube to the simplex.

Let F := conv(vy, va, ..., v,) be the facet of A" which does not contain vy. By
reindexing, we may assume w.l.o.g. that a ¢ F. Consider the map ¢ determined by
¢(vg) = 0and ¢ (v;) = ¢; for alli € [n], where ¢; is the i-th standard basis vector of
R". See Fig. 4. Clearly, ¢ is nonsingular, and ¢ (A") < [0, 1]". O

Lemma 10 We have ¢ (A") Cp(x) [0, 11" for all x € A"\ F.

Proof By definition of F, we have

n n
A"\F = {Z’\i”i > ki< 1laz o},
i=0 i=1

and so

P(A"\F) = {y €0, 11": ) yi < 1},
i=1

which is an open subset of [0, 1]*. But this means that for each y = ¢(x) € ¢ (A"\ F)
there exists € > 0 such that

Bl (y») N0, 11" € BZ (y) N$(A"\F),

which concludes the proof of the lemma. O

The above lemma tells us in particular that ¢ (A") Cgq [0, 1]". We now apply
Corollary 1 with K = ¢(A"), K = [0, 11" and weight functions w = w = 1 on
K.K, respectively. This yields a polynomial upper estimator 4 of g on [0, 1]* having

E(r)

soan (@) = 2E) () = 0(1/r),

for r € N large enough, using Theorem 3 for the right most equality. It remains to
apply Lemma 2 to obtain:

EQ() = EY (@) =0 (1/r%).
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which concludes the proof of Theorem 9. O

4 General compact sets

In this section we analyze the error £ (f) for a general compact set K equipped
with the Lebesgue measure. We will show the following two results: when K satisfies
a mild assumption (Assumption 1) we prove a convergence rate in O (logr/r) (Theo-
rem 10), which improves on the previous rate in O (1/4/r) from [12], and when K is a
convex body we prove a convergence rate in O ((logr/r)?) (Theorem 11), improving
the previous rate in O(1/r) from [8]. As a byproduct of our analysis, we can show
the stronger bound O ((logr /r)) when all partial derivatives of f of order at most
B — 1 vanish at a global minimizer (see Theorem 14). We begin with introducing
Assumption 1.

Assumption 1 There exist constants €g, ng > 0 such that
vol (Bg‘(x) N K) > ng vol (Bg’(x)) =8"ng vol(B") forallx € K and0 < § < eg.

In other words, Assumption 1 claims that K contains a constant fraction ng of the full
ball B (x) around x for any radius § > 0 small enough. This rather mild assumption
is discussed in some detail in [12]. In particular, it is implied by the so-called interior
cone condition used in approximation theory; it is satisfied by convex bodies and,
more generally, by sets that are star-shaped with respect to a ball.

Theorem 10 Let K C R” be a compact set satisfying Assumption 1. Then we have

E(r)(f) — 0(10]%]’).

Theorem 11 Let K C R” be a convex body. Then we have

E(r)(f) — 0<]0g22r>'
-

Outline of the proofs First of all, if f has a global minimizer which lies in the interior
of K, then we may apply Theorem 5 to obtain a convergence rate in O(1/r?) =
O((logr /r)?) and so there is nothing to prove. Hence, in the rest of the section, we
assume that f has a global minimizer which lies on the boundary of K.

The basic proof strategy for both theorems is to construct explicit sum-of-squares
polynomials g, giving good feasible solutions to the program (3). The building blocks
for these polynomials g, will be provided by the needle polynomials from [19]; these
are degree r univariate polynomials vf‘, ﬁf’ parameterized by a constant & € (0, 1),
that approximate well the Dirac delta at 0 on [—1, 1] and [0, 1], respectively.

For Theorem 10, we are able to use the needle polynomials vf’ directly after applying
the transform x +— || x|| and selecting the value i = h(r) carefully. We then make use

of Lipschitz continuity of f to bound the integral in the objective of (3).
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For Theorem 11, a more complicated analysis is needed. We then construct g,
as a product of n univariate well-selected needle polynomials, exploiting geometric
properties of the boundary of K in the neighbourhood of a global minimizer.

Simplifying assumptions In order to simplify notation in the subsequent proofs we
assume throughout this section that 0 € K € B” € R", and fnin.x = f(0) =0, so
a = 0 1is a global minimizer of f over K. As K is compact, and in light of Lemma 2,
this is without loss of generality.

We now introduce needle polynomials and their main properties in Sect. 4.1, and
then give the proofs of Theorems 10 and 11 in Sects. 4.2 and 4.3, respectively.

4.1 Needle polynomials

We begin by recalling some of the basic properties of the Chebyshev polynomials.
The Chebyshev polynomials 7, € R[], can be defined by the recurrence relation (4),
and also by the following explicit expression:

T.(t) = cos(r arccos t) for |f] <1, (15)

" T+ =1 + 3 — /2= 1) for|t| > L.
From this definition, it can be seen that |7, (f)| < 1 ontheinterval [—1, 1], and that T} (¢)
is nonnegative and monotone nondecreasing on [1, c0). The Chebyshev polynomials
form an orthogonal basis of R[#] with respect to the Chebyshev measure (with weight
(1 —t*)71/2) on [—1, 1] and they are used extensively in approximation theory. For
instance, they are the polynomials attaining equality in the Markov brother’s inequality
on [—1, 1], recalled below.

Lemma 11 (Markov Brothers’ Inequality; see, e.g., [27]) Let p € R[t] be a univariate
polynomial of degree at most r. Then, for any scalars a < b, we have

2

/
max |p'(t)| < - max_|p(1)|.
max P ()] < b_q max lp(®)]

Kro6 and Swetits [19] use the Chebyshev polynomials to construct the so-called (uni-
variate) needle polynomials.

Definition5 Forr € N, h € (0, 1), we define the needle polynomial vf’ € R[t]4, by

Tr2 (1 + h* — tz)

hpy —

Additionally, we define the %-needle polynomial V! € R[t]s, by
24+h—2t 2+4+h
~h 2 )
o =13 (355) A (55)
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0.5

1.5

-1.5 -1 -h 0 h

2
Fig.5 The needle polynomials vff (dashed), vé’ (solid) and the %—needle'ﬁi’ (dotted) for h = 1/5

By construction, the needle polynomials v,h and ’v\f' are squares and have degree 4r.
They approximate well the Dirac delta function at 0 on [—1, 1] and [0, 1], respectively.
In [26], a construction similar to the needles presented here is used to obtain the best
polynomial approximation of the Dirac delta in terms of the Hausdorff distance.

The needle polynomials satisfy the following bounds (see Fig. 5 for an illustration).

Theorem 12 (cf. [18-20]) Foranyr € Nand h € (0, 1), the following properties hold
for the polynomials vi’ and 'v\f’

vhoy =1, (16)
0<v'(t) <1 forte[-1,1], (17)
Wity < 473 fort e [—1, 1) with |t] > h, (18)
o) =1, (19)
0<7'(t) <1 fortelo, 1], (20)
(1) < 4e= ™V fort € [0, 1] witht > h. 1)

As this result plays a central role in our treatment we give a short proof, following the
argument given in [22]. We need the following lemma.

Lemma 12 Foranyr € N, t € [0, 1) we have T, (1 +1t) > %e“ﬁl"g(”ﬁ) > %e%“ﬁ.

Proof Using the explicit expression (15) for 7, we have
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2 +0z (14 +V/T+07 1) = (14142 +22)

> (1 + \/Z_t)r _ erlog(l+ﬁ'«/;>.

By concavity of the logarithm, we have

log (1+v2vr) =log (Vi (14+v2) + (1 - 1) - 1)

2«/?-10g<1+\f2>+< \f)log(l)_«[log(l—i-f)zzxf
and so, using the above lower bound on 7 (1 + ), we obtain
(41 > L oe(2) L b
2 2
O

Proof (of Theorem 12) Properties (16), (19) are clear. We first check (17)—(18). If |¢]| <
hthen 14+h% > 14+h>—1? > 1, giving v (t) < v"(0) = 1 by monotonicity of 7, (¢) on
[1,00). Assumenow i < |¢| < 1. Then T>(1+h?—1?) < las 1 +h*—1? e [—1, 1],
and T,Z(l +hY) >1 (again by monotonicity), which implies vf’ (t) < 1. In addition,
since T, (1 4+ h%) > Lei" by Lemma 12, we obtain v/ (1) < T,72(1 + h2) < e~ 27",

We now check (20)-(21). If r € [0, h] then 'ﬁf’(t) < 'v\f‘(O) = 1 follows by mono-
tonicity of 75, (¢) on[1, 00). Assumenow i < ¢t < 1. Then, % € [—1, 1] and thus
T22r(2+h 2’) < 1. On the other hand, we have T2 (M) > 1, which givesAh(t) <1.

h 2—h
In addition, as %*h > 14 h > 1, using again monotonicity of 7, and Lemma 12, we
get T22r(2+h) > T2 (14+h) > e2“f which implies (21). O

We now give a simple lower estimator for a nonnegative polynomial p with p(0) = 1.

This lower estimator will be useful later to lower bound the integral of the needle and

%-needle polynomials on small intervals [—#, #] and [0, /], respectively.

Lemma 13 Let p € R[t], be a polynomial, which is nonnegative over R>q and satisfies
p0) =1, p(t) < 1forallt € [0, 1]. Let A, : R>o — Rxg be defined by

A) = 1=2r2t ifr <5,
7o otherwise.

Then A, (t) < p(¢t) forallt € Rx.

Proof Suppose not. Then there exists s € R>¢ such that A,(s) > p(s). As p > 0
on R>g, p(0) = 1 and A,(¢z) = O for¢ > 2%2’ we have 0 < 5 < 2+2 We find that

pis) —p0) < Ar(s) — 1 = —2r2s. Now, by the mean value theorem, there exists
an element z € (0, s) such that p’(z) = ‘"(S);p(o) < _ZS’ZS = —2r2. But this is in
contradiction with Lemma 11, which implies that max, (.1 |p’ ()| < 2r2, O
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Corollary 4 Let h € (0, 1), and let v D" as above. Then A4y (t) < vh () = vh( 1)
and A4y (t) <VI(t) forall t € [0, 1]

4.2 Compact sets satisfying Assumption 1

In this section we prove Theorem 10. Recall we assume that K satisfies Assumption 1
with constants ex and ng . We also assume that 0 € 9K is a global minimizer of f over
K, f(0) =0,and K C B",sothateg < 1. By Lemma 6, we have f(x) <o Bk, rllxl
on K. Hence, in view of Lemma 3, it suffices to find a polynomial g, € X, for each
r € N such that [, g,(x)dx =1 and

logr
f qr (@) lxlldx = 0< >
K r

The idea is to set g, (x) ~ o,h (x) := vf’(||x ) and then select carefully the constant
h = h(r). The main technical component of the proof is the following lemma, which
bounds the normalized integral f x Or (x)||x||ﬁdx in terms of r, h and § > 1. For
Theorem 10 we only need the case 8 = 1, butallowing 8 > 1 permits to show a sharper
convergence rate when the polynomial f has special properties at the minimizer (see
Theorem 14).

Lemma14 Letr e Nand h € (0, 1) witheg > h > 1/64r2. Let B > 1. Then

! B B wm —ip
[y ol(x)dx /cf ) |x|Bdx < kP + Cr¥ne=2hr, )

where C > 0 is a constant depending only on K.
Proof Set p = 1/64r2, so that p < h < ex. We define the sets
By := B;j(0) N K and B, := B, (0) N K C By.
Note that vol(By) > vol(B,) > nkp" vol(B") by Assumption 1. For x € B, we
have the bounds ¢/ (x) < 1 (by (17), since [|x|| < 1 as K € B") and ||x||f < hP.

On the other hand, for x € K\Bj,, we have the bound ||x|# < 1, but now orh (x) is
exponentially small (by (18)). We exploit this for bounding the integral in (22):

[ atonsitax = [ ateopifax+ [ ofwiifas
K By, K\By

5hﬂ/ o,h(x)dx+/ ol (x)dx.
By K\By,

Combining with the following lower bound on the denominator:

/Urh(x)dxzf orh(x)dx z/ orh(x)dx,
K By, B

P
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we get

1

fK\B;, Urh(x)dx
h
k 07 (X)dx

h B B
o () x1Fdx < h” + .
/K " pr o) (x)dx

It remains to upper bound the last term in the above expression. By (18) we have
al(x) < 4e= 2" for any x € K\Bj, and so

/ o (x)dx < e~ . yol(K\By) < 4e™ 2" . vol(BM).
K\By,

Furthermore, by Lemma 13, we have o/ (x) > A4, (||x[) = 1 — 32r?|x|| > 1 for all
x € B,. Using Assumption 1 we obtain

/p o (x)dx > %vol(Bp) > %nKp" vol(B™) = %. (23)
Putting things together yields
—fK\Bh o (x)dx < 4e=3hr . vol(B") 2- 64 = 804 p2e=1hr,
th ol(x)ydx ~ nk vol(B") nK
This shows the lemma with the constant C = %. O

It remains to choose & = h(r) to obtain the polynomials g,. Our choice here is
essentially the same as the one used in [18,26]. With the next result (applied with
B = 1) the proof of Theorem 10 is now complete.

Proposition2 Forr € Nand B > 1, set h(r) = 2(2n + B)logr/r and define the
polynomial q, = Grh (r)/ i} K Urh (r)(x)dx. Then q, is a sum-of-squares polynomial of
degree 4r with fK qr(x)dx =1 and

log? r
/qr(x)llxllf’dx:0< gﬁ )
K r

Proof For r sufficiently large, we have h(r) < ex and h(r) > 1/64r> and so we may
use Lemma 14 to obtain

/ @ Q) IxliPdx < h(r)P + Cr2ne=2hr
K

logr\? ¢ log? r
=<2(2n+ﬂ)_g ) '|‘—/3=0<—g/3 )
r r r
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4.3 Convex bodies

We now prove Theorem 11. Here, K is assumed to be a convex body, hence it still
satisfies Assumption 1 for certain constants €x, ng. As before we also assume that
0 € 9K is a global minimizer of f in K, f(0) =0 and K € B".

If V £(0) = 0, then in view of Taylor’s theorem (Theorem 1) we know that f(x) <g
VK. f lx||? on K. Hence we may apply Proposition 2 (with 8 = 2) to this quadratic
upper estimator of f to obtain E O(f) = O(log2 r/r?) (recall Lemma 3).

In the rest of this section, we will therefore assume that V £(0) # 0. In this case,
we cannot get a better upper estimator than f(x) <o Bk, rllx|| on K, and so the choice
of g, in Proposition 2 is not sufficient. Instead we will need to make use of the sharper
%-needles V,'. We will show how to do this in the univariate case first.

The univariate case If K C [—1, 1] is convex with 0 on its boundary, we may assume
w.lLo.g. that K = [0, b] for some b € (0, 1] (in which case we may choose ex = b).
By using the z-needle instead of the regular needle v , we immediately get the
following analog of Lemma 14.

Lemma 15 Letb € (0, 1]and K = [0, b]. Letr € Nandh € (0, 1) withb > h > 64—2
Then we have

1

/ S () |xldx < b+ Crie 2V, (24)
fK h(x)dx
where C > 0 is a universal constant.

Proof Same proof as for Lemma 14, using now the fact that T)\f’(x) < lon K and
P (x) < 4e~ 2V on K\ By, from (20) and (21). o

Since the exponent in (24) now contains the term “J/h’ instead of ‘h’, we may
square our previous choice of /() in Proposition 2 to obtain the following result.

Proposition 3 Assume K = [0, b]. Set h(r) = ( 10g(r4))2 = (8loﬁ)2 and define the

polynomial g, := v, (r)/f Ah(r)(x)dx Then g, is a sum-of-squares polynomial of
degree 4r satisfying fK qr(x)dx =1 and

log? r
/ qr(x)xdx = O — -
K r

Proof For r sufficiently large, we have h(r) < b and h(r) > 1 /64r% and so we may
use Lemma 15 to obtain

e I 2 c log?
/ qr(X)xdx < h(r) + Crle= 3 Vh0) — <8£> + == 0( ng r>.
K r

r r
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Since f(x) <o Bk, f-x on K we obtain EDO(f) = O ((log r/r)?), the desired result.

The multivariate case Let v := V £(0)/||V f(0)| and let wy, wa,...w,—1 be an
orthonormal basis of v. Then

U=U(f) :={v,w,w, ..., wy—1} (25)

is an orthonormal basis, which we will use as basis of R”".

The basic idea of the proof is as follows. For any j € [n — 1], if we minimize f
in the direction of w; then we minimize the univariate polynomial f ®) = fGw)),
which satisfies: f "(0) = (Vf(0),w 7) = 0. Hence, by Taylor’s theorem, there is a
quadratic upper estimator when minimizing in the direction w ;, so that using a regular
needle polynomial will suffice for the analysis. On the other hand, if we minimize
f in the direction v, then min,yex f(tv) = minsepo,1) f(tv), since K € B" and
v € Nk(0). As explained above this univariate minimization problem can be dealt
with using %—needle polynomials to get the desired convergence rate. This motivates
defining the following sum-of-squares polynomials.

Definition 6 Forr € N, i € (0, 1) we define the polynomial Urh € Yo, by

n—1
ol Gy =D (e v)) - T vl (e wy).
j=1

This construction is similar to the one used by Krod in [ 18] to obtain sharp multivariate
needle polynomials at boundary points of K.

Proposition 4 We have arh 0) =1and

o/(x) €[0,1] forx €K,

h —Lnr . 2
o, (x) <4e 2" forx € K with (x,v) > h”, (26)
arh(x) < 4e_%h’ for x € K with <rr[1axl] [{(x,w;)| > h. 27
jeln—

Proof Note that for any x € K wehave 0 < (x, v) < |lx|| < L and [{x, w;)| < x| <
1 for j € [n — 1]. The required properties then follow immediately from those of the
needle and %-needle polynomials discussed in Theorem 12. O

It remains to formulate and prove an analog of Lemma 14 for the polynomial U,h.
Before we are able to do so, we first need a few technical statements. For 4 > 0 we
define the polytope

Py = {x eR":0<(x,v) < n?, [{(x,w;)| < hforall j € [n— 1]}.
Note that for 2 € (0, 1), the inequalities (26) and (27) can be summarized as
h —Lhr
0, (x) <4e 2" forx € K\ Py,
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which means orh (x) is exponentially small for x € K outside of P,. When instead
x € K N Py, the following two lemmas show that the function value f(x) is small.

Lemma 16 Let h € (0, 1). Then || x|| < /nh forall x € Py.
Proof Let x € Pj. By expressing x in the orthonormal basis U from (25), we obtain

n—1
Il = (e, )% 4+ Y, wi)? <k,

i=1
using the definition of P, for the second inequality. O
Lemma 17 Leth € (0, 1). Then f(x) < (ﬂK,f +ny1<,f)h2 forallx € KN Py.

Proof Using Taylor’s Theorem 1, Lemma 16 and (x, v) < h? forx € P;,, we obtain

F) < (VFO), x) + vk rlIxI? < IV FO){x, v) +nyk, ch* < (Bk, s +nyk, f)h*.
O

We now give a lower bound on f KNP, arh (x)dx [compare to (23)]. First we need
the following bound on vol(K N Py).

Lemma 18 Leth € (0, 1). If h < € then we have: vol(K N Py,) > ngh>" vol(B").

Proof Consider the halfspace H, := {x € R" : (v, x) > 0}. As v € Nk (0), we have
the inclusion K € H,. We show that BZ2 (0)N H, € Py, implying that BZZ O)NK <
B;’z O)NH, C Py.Letx € BZZ (0) N H,. By expressing x in the orthonormal basis
U(f) from (25), we get ||x|?> = (v, x)? + Z’};}(wj,x)Z < h*. Since x € H,
and 0 < h < 1,weget0 < (v,x) < h? and (wj,x)| < h? < h, thus showing
x € Py. See Fig. 6 for an illustration. We may now apply Assumption 1 to find
vol(Py) > Vol(BZZ(O) N K) > ngh* vol(B"). O

Lemma 19 Letr e N, h € (0, 1). Assume that exg > h > p = 1/64r2. Then
ol (x)dx > i 2% yol(B™)
KnP, = on kP '
h

Proof The integral [ P, o' (x)dx is equal to

n—1
f 7 (e o)) - T vl (e wiydx [using Definition 6]
KNPy i=1
n—1
> / Agr ({x,0)) - 1_[ Agr ([{x, w;)|)dx [using Corollary 4]
KNPy

i=1
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Fig.6 Overview of the situation
in the proof of Lemma 18. Note
that as long as v € Nk (0), the
entire region BZZ (0)N K (in
dark gray) is contained in P

n—1

> [ dwteo - [T Autr. wax [since P, € Py]
KNP, Pl
n—1
> [ 2w [ Awoas [since A, (1) = Ags (o) ift € [0, pl]
KNP, Pl
>/ L= Lok npy) Aur(p) =
—dx = —vo as =
~ Jknp, 2" T r arip) =75
1
> 27771(,02" vol(B") [using Lemma 18]
O

We are now able to prove an analog of Lemma 14.
Lemma20 Letr e Nandh € (0,1). Ifex > h > 1/64r2 then we have

1

o (x)d r ﬂ —+ 4 1
m /I; o—h(-x)f(X)dx < ( K, nJ/K,f)h2 + C/r n 2h 7
K >r / o r

where C' is a constant depending only on K.

Proof Setp = 1/64r%. By Lemma 17, f(x) < (Bk. s +nyk, r)h*forallx € KN Py.
Moreover, by Proposition 4, we have o,h x) < 4e’%h’ for all x € K\ P,,. Hence,

[ teosear= [ ol [ ol raar
K KNPy, K\ Py
< (Bk.s +nyk.p)h* / o (X)dx + 4¢3 frax  VOL(B™),

KNPy

where fmax, k = maxyex f(x). Combining with
1
/ ol (x)dx = / ol ()dx > ~ng p? vol(B),
K KNP, 2"
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where we use Lemma 19 for the last inequality, we obtain

1
fK orh(x)dx

4.2" . 64 I
fmax,K r4ne—§hr

f ol () f (X)dx < (Bk.s +nyk. ) +
K nK

4.2" '642” fmax,K

This shows the lemma, with the constant C' = T

O

From the preceding lemma we get the following corollary, which immediately implies
Theorem 11.

Corollary 5 For any r € N, set h(r) = (8n + 4)10% and consider the polynomial

qr == o,h(r)/fK arh(r)(x)dx. Then q, is a sum-of-squares polynomial of degree 4nr,
which satisfies [y qr(x)dx = 1 and

2
/ gr(0) f (¥)dx = 0(1°g2 r).
K r

Proof For r sufficiently large, we have ex > h(r) > 1/64r? and so we may apply
Lemma 20, which implies directly

r

1 2
/ qr(x) f(x)dx < (Bk. s +I’l)/[(’f)h(r)2 + C/rne=1rh(r) _ 0( ng r).
K

5 Numerical experiments

In this section, we illustrate some of the results in this paper with numerical examples.
We consider the test functions listed below in Table 2, the latter four of which are
well-known in global optimization and also used for this purpose in [12].

We compare the behaviour of the error E ;;) (f) for these functions on different sets
K, namely the hypercube, the unit ball, and a regular octagon in R?. On the unit ball
and the regular octagon, we consider the Lebesgue measure. On the hypercube, we

Table 2 Polynomial test functions

Name Formula Jin,[=1.112
Linear Sii(x) = x1 fii(=1,0) = —1
Quadratic Squ(x) = x1 + x% Squ(=1,0) = —1
Booth Fro(x) = (10x] + 20xp — 7)2 + (20x] + 10x3 — 5)2 Tro(15. 15) =0
Matyas fma(x) = 26(x% + x%) — 48x1xp fma(0,0) =0
Camel Jea(x) = 50x7 — 268yt 4 13625,6 4 955 x) +25x3 fea(0.0) =0
Motzkin fmo(x) = 64xfx% + 64')c12x§1 - 48x%x% +1 fmo(i%, :I:%) =0
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consider both the Lebesgue measure and the Chebyshev measure. In each case, we
compute the Lasserre bounds of order r in the range 1 < r < 20, corresponding to
sos-densities of degree up to 40.

Computing the bounds As explained in Sect. 1, it is possible to compute the degree
2r Lasserre bound f 1((”“ by finding the smallest eigenvalue of the truncated moment

matrix M, r of f, defined by

Mr,f(a,ﬁ)=/Kfpapﬁdu(x) (a, B €N},

assuming that one has an orthonormal basis {p, : « € NI} of R[x], w.r.t. the inner
product induced by the measure p, i.e., such that f k Pappdin(x) = 8u.p.

More generally, if we use an arbitrary linear basis {p,} of R[x], then the bound

1(;’)# is equal to the smallest generalized eigenvalue of the system:

M, jv = AB,v, (28)

where B, := M, 1 is the matrix with entries B, (o, ) = fK Pappdi(x). Note that if
the p, are orthonormal, then B, is the identity matrix and one recovers the eigenvalue
formulation of Sect. 1. For details, see, e.g., [21].

This formulation in terms of generalized eigenvalues allows us to work with the
standard monomial basis of R[x],. To compute the entries of the matrices M, s and
B, , we therefore only require knowledge of the moments:

/ x%du(x) (a €N,
K

For the hypercube, simplex and unit ball, closed form expressions for these moments
are known (see, e.g., Table 1 in [9]). For the octagon, they can then be computed
by triangulation. We solve the generalized eigenvalue problem (28) using the eig
function of the SciPy software package.

The linear case We consider firstthe linear case f(x) = f;;(x) = xjand K = [—1, 1]2
equipped with the Lebesgue measure. Figure 7 shows the values of the parameters
E z) (fri)and E g) (f1i) -r2.In accordance with Theorem 3 [and 2(ii)], it appears indeed

that Eg)(fl,-) = 0(1/r2), as suggested by the fact that the parameter Eg)(f;i) r2
approaches a constant value as r grows.

The unit ball Next, we consider the unit ball B2, again equipped with the Lebesgue
measure. Figure 8 shows the values of the ratio

Eg(F)/E) 1 (f) (29)

for * € {li, qu, bo, ma, ca, mo}. In each case, the ratio (29) appears to tend to a
constant value, suggesting that the error Eg)( f+) has similar asymptotic behaviour
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0 I ? ¥ 0 I I I
1 5 10 15 20 1 5 10 15 20

T T

Fig.7 The error of upper bounds for f(x) = x; computed on [—1, 11? w.rt. the Lebesgue measure

—e— Linear —m— Quadratic —@— Booth
—+— Matyas Camel - -® - Motzkin

[—l,llz(ﬂ)

(r)

(f)/E

B2

RS2 = = 2 =5 B =5 = 5 =B N B BN

£

T

Fig.8 Comparison of the errors of upper bounds for the functions in Table 2 computed on [—1, 11? and the
unit ball BZ w.r.t. the Lebesgue measure

for K = [—1, 1]* and K = B2. This matches the result of Theorem 4 both in the case
of a minimizer on the boundary (x € {li, qu}) and in the case of a minimizer in the
interior (x € {bo, ma, ca, mo}).

The regular octagon Consider now the regular octagon (with the Lebesgue measure)
1 1
O = conv {(:tl, 0), (0, £1), (izﬁ, :i:;/i)} C[-1,17%, (30)

which is an example of a convex body that is not ball-like (see Definition 3). Note that
as aresult, the strongest theoretical guarantee we have shown for the convergence rate
of the Lasserre bounds on O isin O (log2 r/r?) (see Theorem 11). Figure 9 shows the
values of the ratio

EQ (F)/E) 1p(f) 31

@ Springer



Improved convergence analysis of Lasserre’s measure-based bounds 867

2.5
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2+

2 (f)

(r)
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l
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Fig.9 Comparison of the errors of upper bounds for the functions in Table 2 computed on [—1, 112 and the
regular octagon O [see (30)] w.r.t. the Lebesgue measure

for x € {li, qu, bo, ma, ca, mo}. As for the unit ball, the ratio (31) seemingly tends to
a constant value for each of the test polynomials. This indicates a similar asymptotic
behaviour of the error Eg)(f*) for K = [—1, 1]*> and K = O and suggests that the
convergence rate guaranteed by Theorem 11 might not be tight in this instance.

The Chebyshev measure Finally, we consider the Chebyshev measure du(x) = (1 —
xlz)_l/z(l — x%)_l/zdx on [—1, 1]2, which we compare to the Lebesgue measure.
Figure 10 shows the values of the fraction

E" o (FJED (£ (32)

for x € {li, qu, bo, ma, ca, mo}. Again, we observe that the fraction (32) appears to
tend to a constant value in each case, matching the result of Theorem 3.

6 Concluding remarks

Extension to non-polynomial functions Throughout, we have assumed that the function
f is a polynomial. Strictly speaking, this assumption is not necessary to obtain our
results. For the results in Sect. 3 and in Theorem 11, it suffices that f has an upper
estimator, exact at one of its global minimizers on K, and satisfying the properties
given in Lemma 4. In light of Taylor’s Theorem, such an upper estimator exists for
all f e C2(R", R). For Theorem 10, it is even sufficient that f satisfies f(x) <
f(a)+Mg||x —allforall x € f, where My > 0is a constant. That is, it suffices that
f is Lipschitz continuous on K. Finally, as shown in [11, Theorem 10], results on the
convergence rate of the bounds £ for polynomials f extend directly to the case of
rational functions f.
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3.5
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Fig. 10 Comparison of the errors of upper bounds for the functions in Table 2 computed on [—1, 112 w.rt
the Lebesgue and Chebyshev measures

Accelerated convergence results For the minimization of linear polynomials the
convergence rate of the bounds £ is shown to be in the order ®(1/r?) for the
hypercube [10] and the unit sphere [11]. Hence, for arbitrary polynomials, a quadratic
rate is the best we can hope for. On the other hand, if we restrict to a class of func-
tions with additional properties, then a better convergence rate can be shown. Indeed,
a faster convergence rate can be achieved when the function f has many vanishing

derivatives at a global minimizer. We will make use of the following consequence of
Taylor’s theorem.

Theorem 13 (Taylor’s theorem) Assume f € CP(R", R) with B > 1. Then we have

1
o= 3 SONN@E = + ok sllx —al’ forallx € K

aeN? Ja|<p—1 "
for some constant §g s > 0.

Theorem 14 Let f € CP(R",R) (B > 1) and let a be a global minimizer of f on K.
Assume that all partial derivatives (D* f)(a) vanish for 1 < |a| < 8 — 1. Then, given

any € > 0 we have
log? r 1
(r) — —
E (f)_0< v >_0(rﬂ€).

Proof This follows as a direct application of Proposition 2.

O
This applies, e.g., for the univariate polynomial f (x) = x? on the interval K = [0, 1].
As an application we can answer in the negative a question posed in [10], where the

authors asked about the existence of a ‘saturation result’ for the convergence rate of
the Lasserre upper bounds, namely whether
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1
EV(f) = 0(—2) &5 £ is a constant polynomial.
r

Application to the generalized problem of moments (GPM) and cubature rules As
shown in [7] results on the convergence analysis of the bounds E ) f) have direct
implications for the following generalized moment problem (GMP):

val := inf {/ fo(x)dv(x) : / fix)dv(x) =b; (i € [m])} ,
K K

where b; € R and f; € R[x] are given, and the variable v is a Borel measure on K.
Bounds can be obtained by searching for measures of the form ¢,du with u a given
Borel measure on K and g, € Z,. Their quality can be analyzed via the parameter

A(r) = min max
qrex, i=0

/ fio)qr (x)dp(x) — l' )

setting by = val. It is shown in [7] (see also [9]) that, if Eg,)u(f) = O(e(r)) for all
polynomials f,then A(r) = O(s/€(r)). Hence, our results in this paper imply directly
that A(r) = O(logr/r) for general convex bodies and O (1/r) for hypercubes, balls
and simplices (recall Table 1 for exact details). An important instance of (GMP) is
finding cubature schemes for numerical integration on K (see, e.g., [9] and references
therein). If {x/), A, : j € [N]} form a cubature scheme with positive weights 1; > 0
that permits to integrate any polynomial of degree at most d 4 2r on K w.r.t. measure
I, then, as shown in [23], we have

N

fl({r)u = 0(1:27 mlllf (x(j)> > fmin,K~

Hence any upper bound on f Ko n directly gives an upper bound on the parameter fc(r)
Conversely, any lower bound on fc(u ;, implies a lower bound on f Ko which is the fact
used in [10,11] to show the lower bound €2(1/r?) for the hypercube and the sphere.

Finally, let us mention that the needle polynomials are used already in [18] to
study cubature rules. There, the author considers degree r cubature rules for which
the sum ZjE[N] |A ;| is polynomially bounded in r. For all x € K, A C K, define the
parameters

p(x, A) :=sup {h >0:B(x)NA= (ZJ}, p(K,A):=sup p(x, A),
xekK

which indicate how densely A is distributed at x or in K, respectively. Kro6 [18] shows
that if X, is the set of nodes of a degree r cubature rule on a convex body K, we then
have

p(K, X;) = O(logr/r)
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and that, if xg € K is a vertex of K, we even have
p(x0. X,) = O (logr/r?).

Although the asymptotic rates here are the same as the ones we find in Theorems 10
and 11, we are not aware of any direct link between the density of cubature points and
the convergence rate of the Lasserre upper bounds.

Some open questions There are several natural questions left open by this work. The
first natural question is whether the convergence rate in O (1/r?) can be proved for all
convex bodies. So far we can only prove a rate in O (log® r /r?), but we suspect that the
log r term is just a consequence of the analysis technique used here. The computational
results for the octagon in Sect. 5 seem to support this. Another question is whether
this also applies to general compact sets under Assumption 1, since we know of no
example showing this is not possible.

In particular, it is interesting to determine the exact rate of convergence for poly-
topes. We could so far only deal with hypercubes and simplices. The main tool we used
was the ‘local similarity’ of the simplex with the hypercube. For a general polytope K,
if the minimum is attained at a point lying in the interior of K or of one of its facets, then
we can still apply the ‘local similarity’ tool (and deduce the O (1/r?) rate). However,
at other points (like its vertices) K is in general not locally similar to the hypercube, so
another proof technique seems needed. A possible strategy could be splitting K into
simplices and using the known convergence rate for the simplex containing a global
minimizer; however, a difficulty there is keeping track of the distribution of mass of
an optimal sum-of-squares on the other simplices.
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