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Abstract

We study the convergence rate of a hierarchy of upper bounds for polynomial optimization
problems, proposed by Lasserre [SIAM J. Optim. 21(3) (2011), pp. 864 — 885], and a related
hierarchy by De Klerk, Hess and Laurent [SIAM J. Optim. 27(1), (2017) pp. 347 — 367]. For
polynomial optimization over the hypercube we show a refined convergence analysis for the
first hierarchy. We also show lower bounds on the convergence rate for both hierarchies on a
class of examples. These lower bounds match the upper bounds and thus establish the true
rate of convergence on these examples. Interestingly, these convergence rates are determined
by the distribution of extremal zeroes of certain families of orthogonal polynomials.

Keywords: Polynomial optimization; Semidefinite optimization; Lasserre hierarchy; extremal
roots of orthogonal polynomials; Jacobi polynomials
AMS classification: 90C22; 90C26; 90C30

1 Introduction

We consider the problem of minimizing a polynomial f : R” — R over a compact set K C R"™.
That is, we consider the problem of computing the parameter:

fmimK = inellré f(%')
We recall the following reformulation for fuink, established by Lasserre [12]:
fmink = inf o(z) f(z)du(z) st. [ o(x)du(z) =1,
ocexz] Jk

where X[x] denotes the set of sums of squares of polynomials, and p is a signed Borel measure
supported on K. Given an integer d € N, by bounding the degree of the polynomial o € X[z] by

2d, Lasserre [12] defined the parameter:
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[ = mf | o) f(x)du(x) st [y o(@)dp(r) =1, (1)

oeX[z]qa JK

where X[x]; consists of the polynomlals in X[z] with degree at most 2d.
The inequality fmink < f () holds for all d € N and, in view of the identity (), it follows that
the sequence f (d converges to fmm K as d — oo. De Klerk and Laurent [2] established the following

rate of convergence for the sequence f , when p is the Lebesgue measure and K is a convex body.

Theorem 1.1. [2] Let f € R[z], K a convez body, and u the Lebesgue measure on K. There exist
constants Cyx (depending only on f and K) and dx € N (depending only on K) such that

C
ig) — fminK < % for all d > dx. (2)

That is, the following asymptotic convergence rate holds: i;g) — fminx = O (é) .

This result was an improvement on an earlier result by De Klerk, Laurent and Sun [5, Theo-
rem 3], who showed a convergence rate in O(1/v/d) (for K convex body or, more generallly, compact
under a mild assumption).

As explained in [I2] the parameter f (@) can be computed using semidefinite programming, as-
suming one knows the (generalised) moments of the measure p on K with respect to some polynomial
basis. Set

ma(K) = /Kba(x)du(x), ma,p(K) = /Kba(x)bﬁ(ac)du(ac) for o, 8 € N™,

where the polynomials {b,} form a basis for the space R[x1,...,z,]2q of polynomials of degree at
most 2d, indexed by N(n,2d) = {a € N" : 3"  «o; < 2d}. For example, the standard monomial
basis in R[z1, ..., Zy)2q 18 bo(2) = 2 := []_, 2" for @ € N(n,2d), and then mq g(K) = mas(K).
If f(2) = X pen(n.a,) fobs(2) has degree do, and writing o € Xz]q as 0(2) = 3 e n(n,2a) Taba (@),

then the parameter ii‘{i) in () can be computed as follows:

ig) = min Z fa Z oama g(K) (3)

BEN (n,do) a€N(n,2d)

s.t. Z cama(K) =1,

aeN(n,2d)

Z aba(z) € X4

a€eN(n,2d)

Since the sum-of-squares condition on ¢ may be written as a linear matrix inequality, this is a
semidefinite program. In fact, since the program (B]) has only one linear equality constraint, using
semidefinite programming duality it can be rewritten as a generalised eigenvalue problem. In

particular, ii’é) is equal to the the smallest generalised eigenvalue of the system:

Az = ABzx (x #0),



where the symmetric matrices A and B are of order ("Zd) with rows and columns indexed by

N(n,d), and

Aus= S Fs / o (2)b3(2)bs (€)dp(e),  Bays = /K ba(@)bs(2)du(z)  for a, B € N(n,d).

b
S€N(n,do) K
(4)

For more details, see [12, [5]. In particular, if the basis {b,} is orthonormal with respect to the
measure p, then B is the identity matrix, and f (4) is the smallest eigenvalue of the above matrix
A. For further reference we summarize this result, which will play a central role in our approach.

Lemma 1.2. Assume {by : @ € N(n,2d)} is a basis of the space Rlx1,...,%n]2q, which is or-
thonormal w.r.t. the measure i on K, i.e., [ bo(x)bg(x)du(x) = 0a,5. Then the parameter i;g) is
equal to the smallest eigenvalue of the matriz A in (J).

Under the conditions of the lemma, note in addition that, if the vector u = (ua)aeN(n,q) IS
an eigenvector of the matrix A in (@) for its smallest eigenvalue, then the (square) polynomial
o(x) = (ZaeN(n d) uar®)? is an optimal density function for the parameter ﬁ‘{i .

Related hierarchy by De Klerk, Hess and Laurent

For the hypercube K = [—1, 1]", De Klerk, Hess and Laurent [3] considered a variant on the Lasserre
hierarchy (), where the density function o is allowed to take the more general form

oz)= Y or@) ][]t -1} (5)

IC{1,...n} iel

and the polynomials o7 are sum-of-squares polynomials with degree at most 2d — 2|I| (to ensure
that the degree of ¢ is at most 2d), and I = () is included in the summation. Moreover the measure

u is fixed to be
n -1
du(z) = (H \/1— xf) dry -+ dry,. (6)
i=1

As we will recall below, this measure is associated with the Chebyshev orthogonal polynomials. We
let f(¥ denote the parametel@ obtained by using in () these choices (@) of density functions o(z)
and (@) of measure . By construction, we have

fing < f@ < ﬁ?)'

De Klerk, Hess and Laurent [3] proved a stronger convergence rate for the bounds f (d),

Theorem 1.3. [3] Let f € R[z] be a polynomial and K = [—1,1]". We have

1
f(d) - fmin,K =0 <E> .

1We drop the dependence on K which is implictly selected to be the box [—1,1]™.




Contribution of this paper

In this paper we investigate the rate of convergence of the hierarchies ii’é) and f(@ to fmin,x for
the case of the box K = [—1,1]". The above discussion raises naturally the following questions:

e Is the sublinear convergence rate f(4) — f min K = O (%) tight, or can this result be improved?

e Does this convergence rate extend to the Lasserre bounds, where we restrict to sums-of-squares
density functions?

We give a positive answer to both questions. Regarding the first question we show that the conver-
gence rate is (1/d?) when f is a linear polynomial, which implies that the convergence analysis
in Theorem for the bounds f(? is tight. This relies on the eigenvalue reformulation of the
bounds (from Lemma [[2) and an additional link to the extremal zeros of the associated Cheby-
shev polynomials. We also show that the same lower bound holds for the convergence rate of the
Lasserre bounds i;g) when considering measures on the hypercube corresponding to general Jacobi
polynomials.

Regarding the second question we show that also the Lasserre bounds have a O(1/d?) con-
vergence rate when using the Chebyshev type measure from (@). The starting point is again the
reformulation from Lemma in terms of eigenvalues, combined with some further analytical
arguments.

The paper is organised as follows. In Section 2l we group preliminary results about orthogonal
polynomials and their extremal roots. Then, in Section [3.I] we analyse the convergence rate of the
Lasserre bounds f i‘(i) when f is a linear polynomial and, in Section 3.2, we analyse the bounds f(%),
In both cases we show a Q(1/d?) lower bound. In Section [l we show a O(1/d?) upper bound for
the convergence rate of the Lasserre bounds f g), and this analysis is tight in view of the previously
shown lower bounds.

Notation

We recap here some notation that is used throughout. For an integer d € N, R[z]4 denotes the set of
n-variate polynomials in the variables x = (x1, ..., x,) with degree at most d and 3[x]4 denotes the
set of polynomials with degree at most 2d that can be written as a sum of squares of polynomials.

We use the classical Landau notation. For two functions f,g : N — R, the notation f(n) =
Olg(n)) (resp., f(n) = Qg(n)), f(n) = o(g(n))) means limsup, . f(n)/g(n) < oo (resp.,
liminf,, e f(n)/g(n) > oo, lim, o f(n)/g(n) = 0), and f(n) = ©(g(n)) means f(n) = O(g(n))
and f(n) = Q(g(n)). We also use this notation when f, g are functions of a continuous variable
and we want to indicate the behavior of f(z) and g(z) in the neighbourhood of a given scalar xg
when 2 — xo. So, f(z) = O(g(z)) as x — 2o means limsup,_,, f(z)/g(x) < oo, ete.

2 Preliminaries on orthogonal polynomials

In what follows we review some known facts on classical orthogonal polynomials that we need for
our treatment. Unless we give detailed references, the relevant results may be found in the classical
text by Szegd [16] (see also [8]).

We consider families of univariate polynomials {px(z)} (k = 0,1, ...,d), that satisfy a three-term
recursive relation of the form:
zpr(x) = arprir (z) + brpr(v) + ckpr-1(z)  (k=1,...,d—1), (7)



where pg is a constant, pi(x) = (z — bo)po/ag, and ax, by and ¢ are real values that satisfy
ap—1cp >0for k=1,...,d— 1. If we set ¢y = 0 then relation (@) also holds for k = 0).
Defining the k x k tri-diagonal matrix

bo ap 0 v 0
ct b1 ax 0
A= 0 . o T , (8)
: Ch—2 br_2 ap_2
0 0 - cp—1 br—1
one has the classical relation:

k—1

H a; | pr(z) = det(zly — Ap)po fork=1,...,d, 9)

=0

which can be easily verified using induction on k > 1 and the relation (@) (see, e.g., [I1]). Therefore,
the roots of the polynomial py are precisely the eigenvalues of the matrix Ay in (&).

Recall that the polynomials px (k= 0,1,...,d) are orthogonal with respect to a weight function
w: [—1,1] = R, that is continuous and positive on (—1, 1), if

1
(pi,pj) == /1pi(:c)pj (x)w(z)dz =0 for all i # j.

We denote by py := pr./+/(pk, pr) the corresponding normalized polynomial, so that (py,pr) = 1.

As is well known, if the polynomials py are degree k polynomials that are pairwise orthogonal
with respect to such a weight function then they satisfy a three-terms recurrence relation of the
form () (see, e.g., [8 §1.3]). Of course, the corresponding orthonormal polynomials py also satisfy
such a three-terms recurrence relation (for different scaled parameters ag, by, cx)-

By taking the inner product of both sides in (7)) with px—1 and pgy1 one gets the relations
ce(Ph—1,Pk-1) = Pk, TPr—1) and ag(pPr+1,Pr+1) = (Pkt1,TpPk), which imply cx(pr—1,pr-1) =
ak—1{pk,pr) and thus ar_1cx > 0. Moreover, when considering the recurrence relations associ-
ated with the orthonormal polynomials py, we have ay_1 = ¢x for any k > 1, i.e., the matrix Ay in
@) is symmetric. We will use later the following fact.

Lemma 2.1. Let {pr} be orthonormal polynomials for the measure du(x) = w(z)dz on [-1,1],
where w(x) is continuous and positive on (—1,1), and assume they satisfy the three-terms recurrence
relation (7). Then, the matriz

k—1

(tehi) = [ ' ep(@)i (@)u(o)io) (10)

-1 1,j=0

is equal to the matriz Ay in (8). In particular, its smallest eigenvalue is the smallest root of the
polynomial py.



Proof. Using the recurrence relation ([7l) we obtain

(xpi, Dj) = (@iDit1 + bipi + ciPi—1, D)
b ifj—i

0 otherwise.

Hence the matrix in (I0) is equal to Ay and the last claim follows from (). O

It is also known that the roots of pj, are all real, simple and lie in (—1, 1), and that they interlace
the roots of pr11 (see, e.g., [8l §1.2]). In what follows we will use the smallest (and largest) roots
to give closed-form expressions for the bounds ii‘(i) and f(9 in some examples.

We now recall several classical univariate orthogonal polynomials on the interval [—1,1] and
some information on their smallest roots.

Chebyshev polynomials
We will use the univariate Chebyshev polynomials (of the first kind), defined by:

Ty (x) = cos(karccos(z)), for ze€[-1,1], k=0,1,.... (11)
They satisfy the following three-terms recurrence relationships:
To(z) =1, Ti(z) =z, Try1(z) = 22T (x) — Tip—1(z) for k> 1. (12)

The Chebyshev polynomials are orthogonal with respect to the weight function w(z) = Vi and
the roots of T}, are given by

21 —1
cos( Z2k 7r> fori=1,...,k. (13)

Jacobi polynomials

The Jacobi polynomials, denoted by {P,S"ﬁ} (k=0,1,...), are orthogonal with respect to the weight
function

W p(z) = (1 —2)*(1+2)%, xe€(-1,1) (14)

where @ > —1 and § > —1 are given parameters. The normalized Jacobi polynomials are denoted
by P3P, so that fil(P,?’ﬂ(x))2wa7ﬂ(x)dx =1.

Thus the Chebyshev polynomials may be seen as the special case corresponding to a = 3 = —%.

Likewise, the Legendre polynomials are the orthogonal polynomials w.r.t. the constant weight
function (w(x) = 1), so they correspond to the special case « = 8 = 0.

There is no closed-form expression for the roots of Jacobi polynomials in general. But some
bounds are known for the smallest root of P’ B , denoted by 52"5 , that we recall in the next theorem.

Theorem 2.2. The smallest root, denoted 52"5, of the Jacobi polynomial Pko"ﬁ satisfies the following
inequalities:



s o,B 2(B+1)(8+3)
(0) () & < —1 + s—nmrat s+ F+IET 7

(ii) ())& > TAUYA pere

Fo= (B-a)((a+B+6)k+2(a+p)),
E = (2k+a+8)(k(2k+a+p8)+2(a+8+2)
A = FE+a+B+1)°+(a+ DB+ 1)(E + (a+ 5+ 4)k+2(a+f)).

The smallest roots {?’ﬁ of the Jacobi polynomials P,S"ﬁ converge to —1 as k — oo. Using the
above bounds we see that the rate of convergence is O(1/k?).

Corollary 2.3. The smallest roots of the Jacobi polynomials P,?’ﬁ satisfy
RGRSECY k
=1+ 2 as — 0.
Proof. The upper bound in Theorem 22(i) gives directly 5,?’6 = -1+ 0(5%). We now use the

lower bound in Theorem 22(ii) to show {?’ﬁ = —1+Q (). For this we give asymptotic estimates
for the quantities £, F, A. First, using the expansion /1+x =1+ 5 — %2 +o(x?) as z — 0 we

R 541, (arDBEY (1
+8+1  (a+1)(B+
A=k (142 —).
VA ( e %2 +o <k2)>
Second, using the expansion 37 = 1 — z + 2% + o(2?) as x — 0 we obtain
11 at+ 8 4a+B+2) 1
S (1- - —)).
E~ 1k ( k o o\

Combining these two relations gives

WPVE (1) (1 S SO o () (1 o o) o ()
- g to(d),

where we set C = (e +1)(8+1) —8(a+ f +2) — 2(ae+ B)(a+ 8+ 1) — 2. Finally, using

F  (B—a)(B+a+6) 1
E- 452 +0<ﬁ)’
we obtain ( )\/_ ( N
F—4(k-1)vA 1 B—a)(B+a+6) C 1
B —‘”ﬁ( 1 ‘5>+°(ﬁ)=

where the coefficient of 1/k? can be verified to be strictly positive, which thus implies the estimate
€ = 14+ Q(1/k2). O

It is also known that P®?(x) = (=1)%P*(—x). Therefore the largest root of P’ (x) is equal
to —E0% =1 - 0(1/k).



3 Tight lower bounds for a class of examples

In this section we consider the following simple examples

min {i iz x €[-1, 1]”} , (15)

i=1

asking to minimize the linear polynomial f(x) = Y"1, ¢;x; over the box K = [—1,1]". Here ¢; € R
are given scalars for i € [n]. Hence, fumink = — > 1y |cz| For these examples we can obtain
explicit closed-form expressions for the Lasserre bounds f 9 when using product measures with
weight functions wq, g on [—1, 1], and also for the strengthened bounds f (@) considered by De Klerk,
Hess and Laurent, which use product measures with weight functions w_; /5 _1/2. These closed-form
expressions are in terms of extremal roots of Jacobi polynomials.

3.1 Tight lower bound for the Lasserre hierarchy

Here we consider the bounds i;g) for the example ([IH), when the measure p on K = [—1,1]"
product of univariate measures given by weight functions.
First we consider the univariate case n = 1. When the measure p on K = [—1,1] is given by a

continuous positive weight function w on (—1, 1), one can obtain a closed form expression for ii‘(i)
in terms of the smallest root of the corresponding orthogonal polynomials.

Theorem 3.1. Consider the measure du(x) = w(x)dr on K = [—1,1], where w is a positive, con-
tinuous weight function on (—1,1), and let py be univariate degree k polynomials that are orthogonal
with respect to this measure. For the univariate polynomial f(x) = x (resp., f(x) = —x), the pa-
rameter ii‘(i) is equal to the smallest Toot (resp., the opposite of the largest root) of the polynomial

Pd+1-

Proof. Let po, . ..,DPa+1 denote the corresponding orthonormal polynomials, with p; = p;/+/(p:, Di)-
Consider first f(z) = x. Using Lemma [[.2] we see that f (@) is equal to the smallest eigenvalue
of the matrix A in (IQ) (for ¥ = d + 1), which coincides w1th the matrix Ag4q1 in (&), so that its
smallest eigenvalue is equal to the smallest root of pyy1.

Assume now f(x) = —z. Then ﬁ?) is equal t0 Apin(—A) = —Amax(A4), which in turn is equal to
the opposite of the largest root of pg41. O

Recall that {;‘fl denotes the smallest root of the Jacobi polynomial Py’ 41 and that the largest
o, . _
root of P is equal to de

Corollary 3.2. Consider the measure du(x) = wqa,g(x)dx on K = [—1, 1] with the weight function
we5(x) = (1 —2)*(1 + 2)? and o, > —1 For the unwariate polynomial f(x) = = (resp.,
f(z) = —x), the parameter ﬁ{) s equal to §d+1 (resp., to §d+1) and thus we have

[~ Fuinic = O(1/d?).
In particular, ii‘(i) = —cos (ﬁ) when = = —-1/2.

Proof. This follows directly using Theorem [BI] Corollary 23] the fact that the largest root of Py’ +Bl
is equal to § a+1, and the closed form expression (@) for the roots of the Chebyshev polynomials
of the first kind. O



We now use the above result to show ﬁg) — fmink = Q(1/d?) for the example (IH) in the
multivariate case n > 2.

Corollary 3.3. Consider the measure du(x) =[]}, wa, g, (z;)dz; on the hypercube K = [—1,1]",
with the weight functions wa, g,(v;) = (1 — 2;)% (1 + x;)% and a;,8; > —1 for i € [n]. For the
polynomial f(x) =Y~ cx;, we have

d s s
SO>S aggilt + > Jalgdys,

l:c; >0 l:c;<0
and thus ig) — fmink = Q(1/d?).
Proof. Assume i;g) = [ O az)o(x)du(z), where o € Rlz1, ..., 2,24 is a sum of squares of

polynomials and [, o(z)du(z) = 1. For each [ € [n] consider the univariate polynomial

oi(z) == / o(x1,...,2Tn) H Way;,8; () dxs,
=Lyt ien\{1}

where we integrate over all variables x; with ¢ € [n]\ {l}. Then we have fil o1(z1)wa, g, (z1)dr; = 1.
Moreover, o; has degree at most 2d and, as it is a univariate polynomial which is nonnegative on
R, it is a sum of squares of polynomials. Hence, using Corollary B.2] we can conclude that

1 1
/ 2101 (20)Way 5, (21)dzy > EG01 / (—20)o1(@1)way g, (x1)dz > €5V
—1 -1

Combining with the definition of f g) we obtain

n 1
b5 :ch/ wiov(e)wa, g, (T)dee > Y algi + Y lalégt
=1 1

l:c; >0 l:c; <0

and thus f1 — fuink = Ypie50 A(EGY 1) + Xy co lal (€45 +1) = Q(1/d?). O

3.2 Tight lower bound for the De Klerk, Hess and Laurent hierarchy

In this section we consider the hierarchy of bounds f(9) studied by De Klerk, Hess and Laurent [3],
which are potentially stronger than the bounds f @) since they involve the wider class of density
functions in (B)). Their convergence rate is known to be O(1/d?) ([3], recall Theorem [3).

For the example (&) we can also give an explicit expression for the bounds f (@) and we will show
that their convergence rate to fiin K is also in the order ©(1/d?), which shows that the analysis in
[3] is tight.

We first treat the univariate case, in order to introduce the main ideas, and then we extend to
the multivariate case.

Theorem 3.4. For the univariate polynomial f(x) = +x, we have
e—1/2,-1/2 (1/2,1/2
SO = minfeg {272 M,
the smallest value among the smallest roots of the Jacobi polynomials Pd__‘_ll/z’_l/2
particular, we have f(@) — fmink = O(1/d?).

and Pdl/z’l/z. In



Proof. Consider first f(z) = 2. We first recall how to compute f(?) as an eigenvalue problem.
By definition, it is the minimum value of f_llx(ao(x) + o1(x)(1 — 2?))w_1/9,_1/2(x)dx, where
oo € X[z]ad, 01 € X[x]2q—2 and fil(ao(x) + o1(x)(1 — 2?))w_y/2,_1/2(x)dx = 1. We express the

polynomial o( in the normalized Jacobi (Chebychev) basis {]5,; 1/2,-1/ 2} as
d A A
- Z Mi(]Q)Pif1/2,71/2pjf1/2,71/2
i,5=0

for some matrix M(® of order d+1, constrained to be positive semidefinite. Based on the observation
that (1 — $2)w_1/27_1/2($) = wy/2,1/2(7), we express the polynomial o in the normalized Jacobi

basis {P,:/Q’l/z} as
d—1
1) $1/2,1/2 51/2,1/2
i,j=0
for some matrix M) of order d, also constrained to be positive semidefinite. Then, we obtain

FO = min{(A727VE MO 4 (A2 MOy (M @) + T (D) = 1, MO = 0, MO = 0},

where Ai/ 21/2 and A;E{Zfl/ * are instances of (I0) defined as follows:

d

1
A%P = (/ xﬁ,f‘ﬁ(;v)lﬁgﬂ(x)wag(x)dx>
-1

h,k=0

for any a, 8 > —1 and d € N. Since strong duality holds we obtain
FD =max{t: A7V 41 =0, AYEY? 41 = 0} = min{min (A7 7%), Anin (A3

By Lemma [Z1] we have /\min(Agl/2’_1/2) = 5;11/2’_1/2 and )\min(All/_Ql’l/Q) = 53/2’1/2 and thus

+
f@ = min{f;:{z’*l/z, ;/2’1/2}. The same result holds when f(z) = —z. Finally, by Corollary 23]
these two smallest roots are both equal to —1 + ©(1/d?), which concludes the proof. (]

We now extend this result to the multivariate case of example (I3)):

Corollary 3.5. For the linear polynomial f(x) =Y ;" iz, we have

F@ > (Z |cl|> min{¢, {72 /P

=1
and thus f(9 — foimx = Q(1/d%).
Proof. The proof is analogous to that of Corollary B.3] with some more technical details. Assume
f@ = [ Oy @)o(x)dp(z), where o(z) = >orcim o1(@) [T (1 — x?), or(z) is a sum of squares

of degree at most 2d — 2|I| and [ o(x)dpu(z) = 1.
Fix [ € [n]. Then we can write

ox)= > or@ ][ -} + (1-af) Y or@) [[ (1-ad).

IC[n\ {1} i€l IC[nller ien\{1}

10



Next, define the univariate polynomials in the variable z;:

oro(xy) = Z / (1 —a? H w_1/2,—1/2(x;)dxs,

i zef ielnl\ {1}
o1,1(wr) Z / H (1—a? H w_1/3,_1/2(;)dx;,
ICInjlel ze[\{l} iem)\{1}
Ul(xl) = / U(I) H w,l/gy,l/g(:vi)d:vi = Ul)o(xl) + (1 — x?)am(xl).
e SO G

By construction, we have

1 1
/Ka:la(x)dlu(x) :/ zyoy(T)w_y /2,1 /2(21)dxy, /_1 or(x)w_1/2,—1/2(w1)dx; :/ o(x)du(z) = 1.

-1 K

Moreover, the polynomial 09 is a sum of squares (since it is univariate and nonnegative on R)
and its degree is at most 2d, and the polynomial o;; is a sum of squares of degree at most 2d — 2.
Hence, using Theorem 3.4] we can conclude that

1
/ (E20)or(m)w 12,12 () day > min{€, {372 /212,

-1
This implies that

1

d) = chxl ) = ZC[/ xlol(xl)w,l/gy,l/g(:vl)d:vl

K =1 =1 -1

is at least (3, |c]) min{&,, 1 1/2.-1/2 ;/2’1/2} and the proof is complete. O

4 Tight upper bounds for the Lasserre hierarchy

In this section we analyze the rate of convergence of the Lasserre bounds f when using the
measure dp(x) = [ w_1/2,_1/2(x;)dx; on the box K = [-1,1]" (correspondlng to the Chebyshev

orthogonal polynomials). For this measure, it is known that the stronger bounds f (d) _ that use a
much richer class of density functions - enjoy a O(1/d?) rate of convergence ([3], see Theorem [L3)).

We show that the convergence rate remains O(1/d?) for the weaker bounds ﬁg), which thus also
implies Thoerem [T.3

Theorem 4.1. Consider the measure du(x) = [ w_1/9,_1/2(xi)dx; on the hypercube K =
[—1,1]", with the weight function w_y /5 _1/2(xi) = (1 — x2)~Y2 fori € [n]. For any polynomial f
we have

i;g) - fmin,K = 0(1/d2)-

It turns out that we can reduce the general result to the univariate quadratic case. In what follows
we consider first the special case when f is univariate and quadratic (see Lemma [.2]) and then we
indicate how to derive the result for an arbitrary multivariate polynomial f. A key tool we use for
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this reduction is the existence of a quadratic upper estimator for f having the same minimum as
[ over K. In the quadratic univariate case we exploit again the formulation of f g) in terms of the
smallest eigenvalue of the associated matrix Ay in (I6]) (recall Lemma [[Z2). This matrix Ag4 is now
5-diagonal, but a key feature is that it contains a large Toeplitz submatrix, whose eigenvalues can
be estimated by embedding it into a circulant matrix for which closed form expressions exist for
the eigenvalues. This nice structure, which allows a simple analysis, follows from the choice of the
Chebyshev type measure. We expect that a similar convergence rate should hold when selecting
any measure of Jacobi type, but the analysis seems more complicated.

4.1 The quadratic univariate case

Here we consider the case when K = [—1, 1] and f is a univariate quadratic polynomial of the form
f(z) = 2% + az, for some scalar o € R.
We can first easily deal with the case when a ¢ (—2,2). Indeed then we have

fl@)<g(x) =ax+1 forallze[-1,1],

and both f and g have the same minimum value on [—1,1]. Namely, fminK = gmin,K s equal to
1—aifa>2, and to 1 4+ a if @ < —2. Therefore we have

ig) - fmin,K < gg{i) — Jmin, K = O(l/d2)7
where we use Corollary [3.3] for the last estimate.

We may now assume that f(z) = 22 + az, where o € [—2,2]. Then, fmink = —a?/4, which is
attained at © = —«/2. After scaling the measure p by 2/7, the Chebyshev polynomials T; satisfy

1
2
T;(x)T;(x) ———=dx =0ifi#j, 2ifi=45=0, 1ifi=45 > 1.
/71 ()]()ﬂ_ 1.2 #J J J

So with respect to this scaled measure the normalized Chebyshev polynomials are Ty =1 / V2 and
T; = T; for i > 1, and they satisfy the 3-terms relation:

. 1. 1 . A 1. 1.
.ITl = §T2 + ETO and ka = §Tk+1 + §Tk71 for k Z 2.

In view of Lemma we know that the parameter f g) is equal to the smallest eigenvalue of the

following matrix
d

Ay = (/_11 (22 + ax)Ti ()T (m)ﬁdw)l L

Using the above 3-terms relations one can verify that the matrix A, has the following form:

12



1 a1
R G
\45 1 2 1
2—\/5 5 a b C
% b a b c
c '. '. '. '.

c

T

c b a

where we set a =1/2, b= /2 and ¢ = 1/4.

Observe that if we remove the first two rows and columns of A then we obtain a principal
submatrix, denoted B, which is a symmetric 5-diagonal Toeplitz matrix. Now we may embed B
into a symmetric circulant matrix of size d + 1, denoted Cy, by suitably defining the first two rows
and columns. Namely,

a b c c b
b a b c c
b a b c
c b b c
b
Cy= ¢
c
c
. oy
b ¢ c b

Recall that the eigenvalues of a circulant matrix are known in closed form, see, e.g., [9]. In particular,
the eigenvalues of Cy are given by

a+ 2bcos(2mj/(d+ 1)) + 2ccos(272j/(d+ 1), j=0,...,d, (d>5). (17)
By the Cauchy interlacing theorem for eigenvalues (see, e.g., Corollary 2.2 in [I0]), we have
i;l(i) == )\min(Ad) S Amin(B> S )\B(Od);

where A3(Cy) is the third smallest eigenvalue of Cy. As noted above the eigenvalues of Cy are
known in closed form as in (Il and this is the key fact which enables us to conclude the analysis.

Lemma 4.2. For any « € [—2,2], the third smallest eigenvalue of the matriz Cy satisfies

o? 1

Xo(Ca) = == +0 (ﬁ) .

Therefore, if f(z) = 22 + ax with a € [—2,2] then i;g) — fmink = O(1/d?).

13



Proof. Setting ¥; = % for j € N, then by ([IT) the eigenvalues of the matrix Cy are the scalars

1 1
3 + acos(d;) + 3 cos(29;) = cos?(9;) + acos(d;) for 0 < j < d.

Consider the function f(9) = cos?(9) + a cos(d) for ¥ € [0,27]. Then f satisfies: f(9) = f(2m — 1),
and its minimum value is equal to —a?/4, which is attained at ¥ = arccos(—«/2) € [0, 7] and 27 —9.
Let j be the integer such that ; < ¢ < ¥;41. Then the smallest eigenvalue of Cy is Amin(Ca) =
min{ f(¥;), f(9;+41)} and its third smallest eigenvalue is given by A3(Cq) = min{ f(9;-1), f(I,41)} if
/\min(Cd) = f(”t%), and )\3(0(1) = mln{f(’t%), f(’l9j+2)} if )\min(Cd) = f(’l9j+1). Therefore, )\3(Cd> =
f(Uy) for some k € {j —1,4,5+ 1,7+ 2}.

Using Taylor theorem (and the fact that f/(¢) = 0) we can conclude that

M(C) + & = F0) — F() = £/ — 00"

for some scalar £ € (9,9y) (or (9g,9)). Finally, f”(§) = —2cos(§) — acos(§) and thus we have

[ <2+ |al. Also |9 — k| <|0j12 —Fj—1]| = dﬁ—fl. The claimed result now follows directly. [

4.2 The general case

As a direct application we can also deal with the case when f is multivariate quadratic and separable.

Corollary 4.3. Consider the box K = [—1,1]" and a multivariate polynomial of the form f(x) =
S @ + ax; for some scalars o € R. Then we have i;g) — fminkx = O(1/d?).

Proof. The polynomial f is separable: f(z) = >.1 fi(z;), after setting f;(x;) = 27 + a;z;. Hence
its minimum over the box K is fnink = Z?:l(fi)min)[_l)l]. Suppose o; € X[x;]q is an optimal
d)

—1,1]
which is a density function over K. Then we have

density function for the bound Lf and consider the polynomial o(z) =[]\, 0i(2i) € X[z]na,

n

16~ fuinc < [ F@o@dnte) =3 ([ faddute) = Fminior ) = 00/,

=1

where we use Lemma for the last estimate. This implies the claimed convergence rate for the

bounds iig). O
Assume now f is an arbitrary polynomial and let a € K = [—1,1]™ be a minimizer of f over K.

Consider the following quadratic polynomial
9(2) = f(a) + Vf(a)" (z - a) + Cs |z — a3,

where we set Cf = max,ek ||V2f(2)||2. By Taylor’s theorem we know that f(z) < g(z) for all
x € K and that the minimum value of g(z) over K is gmin,k = f(a) = fmin,k. This implies

ﬁ?) — frmink < g\ — gmink = O(1/d?),

where we use Corollary [4.3] for the last estimate. This concludes the proof of Theorem [£.1]
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5 Concluding remarks

Some other hierarchical upper bounds for polynomial optimization over the hypercube have been
investigated in the literature. In particular, bounds are proposed in [4], that rely on selecting
density functions arising from beta distributions:

/ f(z)z*(1 — 2)? da
.= min ,
(a,8)EN (2n,d) / (1 — 1) da
K

where, K = [—1,1]", and (1 — z)? =[], (1 — 2;)% for B € N". These bounds can be computed
via elementary operations only and their rate of convergence is f — fiinx = O(1/V/d) (or O(1/d)
for quadratic polynomials with rational data).

Other hierarchies involve selecting discrete measures. They rely on polynomial evaluations at
rational grid points [I] or at polynomial meshes like Chebyshev grids [14]. The grids in [I4] are
given by the Chebyshev-Lobatto points:

Cy = {cos(%)} i=0,...,d.

In particular the authors of [14] show that mingecn f(x) = fmink = O (d—lz), where
Og:CdX e x Oy C [—1,1]".

Note that |C%| = (d 4+ 1)", which is of course exponential in n even for fixed d.

The same O ( d2) rate of convergence was shown in [I] for the regular grid (using d + 1 evenly
spaced points). We also refer to the recent work [I5] where polynomial meshes are investigated for
polynomial optimization over general convex bodies.

Thus the Lasserre bound flg) has the same O ( dQ) asymptotic rate of convergence as the grid
searches, but with the advantage that the computation may be done in polynomial time for fixed
d.

Of course, the problem studied in this paper falls in the general framework of bound-constrained
global optimization problems, and many other algorithms are available for such problems; a recent
survey is given in the thesis [I3]. The point is that the

methods we studied in this paper allow analysis of the convergence rate to the global minimum.

We conclude with some unresolved questions:

e Does the O ( ) rate of convergence still hold for the Lasserre bounds if K is a general convex
body? (The best known result is the O(1/d) rate from [2].)

e What is the precise influence of the choice of reference measure p in () on the convergence
rate?

e Is is possible to show a ‘saturation’ result for the Lasserre bounds of the type:
1
ii’é) — fminkK =0 (d2> <= f is a constant polynomial?

In other words, is O(1/d?) the fastest possible convergence rate for nonconstant polynomials?
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