CERTIFYING CONVERGENCE OF LASSERRE’S HIERARCHY
VIA FLAT TRUNCATION

JIAWANG NIE

ABSTRACT. Consider the optimization problem of minimizing a polynomial
function subject to polynomial constraints. A typical approach for solving it
globally is applying Lasserre’s hierarchy of semidefinite relaxations, based on
either Putinar’s or Schmiidgen’s Positivstellensatz. A practical question in ap-
plications is: how to certify its convergence and get minimizers? In this paper,
we propose flat truncation as a certificate for this purpose. Assume the set of
global minimizers is nonempty and finite. Our main results are: i) Putinar type
Lasserre’s hierarchy has finite convergence if and only if flat truncation holds,
under some generic assumptions; the same conclusion holds for the Schmiidgen
type one under weaker assumptions. ii) Flat truncation is asymptotically sat-
isfied for Putinar type Lasserre’s hierarchy if the archimedean condition holds;
the same conclusion holds for the Schmiidgen type one if the feasible set is
compact. iii) We show that flat truncation can be used as a certificate to
check exactness of standard SOS relaxations and Jacobian SDP relaxations.

1. INTRODUCTION

Given polynomials f, g1, ..., gm, consider the optimization problem

min T
(1.1) zER™ f@)
st g1(x) >0,...,9m(z) >0.
Let K be its feasible set, and f,,,;,, be its global minimum value. The k-th Lasserre’s
relaxation [6] for solving (1.1) is (k is also called the relazation order)

(1.2) max v st f—v€ Qi(g).
Here, the set Q(g) denotes the k-th truncated quadratic module generated by the
tuple g := (g1,---,9m) (for convenience, denote go = 1 and say a polynomial is

SOS if it is a sum of squares of polynomials with real coefficients):

m
Qr(g) == Zgiai o; is SOS, deg(g;o;) < 2k for every ¢

i=0
The relaxation (1.2) is equivalent to a semidefinite program (SDP), and thus could
be solved efficiently by numerical methods like interior point algorithms. Let fj be
the optimal value of (1.2) for a given order k. Clearly, every fr < finin and the
sequence {fx} is monotonically increasing. Under the archimedean condition (i.e.,
there exists ¢ € Q¢(g) for some ¢ such that the inequality ¢(z) > 0 defines a compact
set in ), Lasserre proved the convergence fr — fmin as k — oo [6]. An estimation
of its convergence rate is given in [14]. The sequence of (1.2) as k — oo is called
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Lasserre’s hierarchy in the literature. As demonstrated by extensive numerical
experiments, it occurs quite a lot that fr = f.:n for a finite order k in applications.
If this happens, we say Lasserre’s hierarchy has finite convergence. This raises a
very practical question: since fi,;, is typically unknown, how do we certify its
finite convergence if it happens? If it is certified, how do we get minimizers? A
frequently used sufficient condition for this purpose is flat extension introduced by
Curto and Fialkow (cf. [3]), but it is a strong condition that might not be satisfied,
i.e., it is not necessary. To the author’s best knowledge, there is very little work
on proving a certificate for checking finite convergence of Lasserre’s hierarchy, and
the question is almost completely open. The motivation of this paper is to address
this issue. Our main result is that a more suitable condition called flat truncation
could generically serve as such a certificate.

1.1. Background. Typically, to extract a global minimizer, one needs to consider
the dual optimization problem of (1.2) whose description uses localizing matrices.
Define degree integers

(1.3) d; = [deg(9:)/2], dy=max{l,dy,...,dn}, dy=[deg(f)/2].

(Here [a] denotes the smallest integer that is greater than or equal to a.) Let
y be a sequence indexed by « := (ai,...,a,) € N* (N is the set of nonnegative
integers) with |a| := a1 + -+ + a, < 2k, ie., y is a truncated moment sequence
(tms) of degree 2k. Denote by .5, the space of all tms whose degrees are 2k. A
tms y € Aoy, defines a Riesz functional .Z}, on Rlx]ax (the space of real polynomials
in x:=(x1,...,2,) with degrees at most 2k, and denote Rlz] := Y. Rlz];) as

a an | .
2z (E Dai! xn”> = E Dala-
[e3% (e
For convenience, denote z* := z{* --- 2% and

(p,y) = Z,(p)

The k-th localizing matriz Lgk) (y) generated by a polynomial h and a tms y € .#ay,
is a symmetric matrix satisfying (denote dj, := [deg(h)/2])

P L (y)q == Z,(hpg) Vp.q € Ralia,.
(Here, for convenience, we still use p to denote the coefficient vector of the polyno-
mial p.) When h =1, L;Lk)(y) is called a moment matriz and is denoted as

M(y) = L (y).

The columns and rows of L;Lk) (y), as well as My (y), are indexed by integral vectors

a € N" with |a] <k — dp,.
The dual optimization problem of (1.2) is (cf. [6, 9])
min ,
Jin - (f,y)
st. L) =06=0,1,...,m), (1,y) = 1.
In the above, X > 0 means a matrix X is positive semidefinite. Let f; be the
optimal value of (1.4) for order k. By weak duality, f < fi for every k. If K has

nonempty interior, then (1.4) has an interior point, (1.2) achieves its optimal value
and f; = fi, i.e., there is no duality gap between (1.2) and (1.4) (cf. [6]). Clearly,

(1.4)
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every fr < fmin, and the sequence { f;'} is also monotonically increasing. We refer
to Lasserre’s book [9] and Laurent’s survey [11] for related work in this area.
Suppose y* is an optimizer of (1.4). If the flat extension condition (cf. [3])

(1.5) rank My_q,(y*) = rank My(y")

holds (dg is from (1.3)), then we can extract r = rank M} (y*) global optimizers for
(1.1). By Theorem 1.1 of Curto and Fialkow [3], if y* is feasible for (1.4) and (1.5)
is satisfied, then y* admits a unique r-atomic measure supported on K, i.e., there
exist (A1,...,Ar) > 0 and r distinct points vy, ..., v, € K such that

(16) y* = )\1[@1}2;@ +"'+)\r[vr}2k~
Here, for z € R", [z]s, denotes the vector defined as
T
[x]ak = [1 ry - Ty, X2 T1T9 - :Eflk] .

In (1.6), the constraint (1,y*) = 1 implies Ay +--- + A, = 1. If (1.5) holds, then
f& = fmin (suppose there is no duality gap between (1.2) and (1.4)), all vy,..., v,
are global minimizers of (1.1), and they could typically be obtained by solving some
SVD and eigenvalue problems, as shown by Henrion and Lasserre [5]. Generally,
(1.5) is a sufficient but not necessary condition for checking finite convergence of
Lasserre’s hierarchy.

For a tms z € Mo, we say z is flat with respect to g if z is feasible in (1.4) for
k =t and satisfies the condition rank M; 4, (2) = rank M;(z) (cf. [3]). If the tuple
g is clear in the context, we just simply say z is flat.

1.2. Flat truncation. To get a minimizer of (1.1) from an optimizer y* of (1.4),
the flat extension condition (1.5) would be weakened. For instance, if y* has a flat
truncation, i.e., there exists an integer ¢ € [max{dy,d,}, k] such that

(1.7) rank M;_q,(y*) = rank M(y*),

then we could still extract » = rankM;(y*) minimizers for (1.1). Let z = y*|o
(denote y*|or := (¥ )|a|<2t) be the truncation. Then, the tms z is flat, and there
exist r distinct points wuq,...,u, € K and scalars A1, ..., A, such that

z = Aui]ar + -+ Apfug]o,
M >0, >0, A +--+ A =1
Clearly, (f,z) = (f,y*) = fi < fmin (note 2t > deg(f)) and
Alf(ul) + -+ )\rf(ur) = <fa Z> = <.f7 y*> < fmin~
Since every f(u;) > fmin, each u; must be a global minimizer of (1.1). Hence, if an
optimizer of (1.4) has a flat truncation, then f} = foin, and fi = fimin if there is
no duality gap between (1.2) and (1.4).
The flat extension condition (1.5) and flat truncation condition (1.7) are different

in checking convergence of Lasserre’s hierarchy. We show the difference in the
following example.

Example 1.1. Consider the univariate cubic optimization problem

min 2% s.t. z>0,1—22>0.

z€R
The feasible set is compact and has interior points, and the archimedean condition
holds. The global minimum f,,;, = 0 and the origin is the unique global minimizer.
It could be easily seen that f; = fi = 0 for all £ > 2. So, its Lasserre’s hierarchy
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has finite convergence. Both (1.2) and (1.4) achieve their optimal values. However,
the flat extension condition (1.5) is violated for almost all optimizers of (1.4), while
the flat truncation condition (1.7) is satisfied for all the optimizers. To see this,
let y* be an optimizer of (1.4), then y5 = 0. It could be easily shown that the
constraints of (1.4) implies that y* = 0 for all |o] < 2k — 1. (For instance, for
k = 2, its constraints are

1
M _ g 92 - (2) Y1 Y2 -
2(y) = |y1 y2 ws| =0, L7 (y) = v Us =0,
Y2 Yz Ya

G oy (1= y1—w
LiZaly) = Y1 —Yy2 Y2 — ya] =0,
and y3 = 0 implies y; = y3 = 0.) Thus, for each k > 2, every optimizer of (1.4) is
in the form
y*(€) :==(1,0,...,0,¢)
with a paramter € > 0. If (1.4) is solved by interior-point methods, then typically
a value € > 0 is returned. For instance, for k¥ = 2, a numerical value 0.7908 of ¢
is returned when (1.4) is solved by the SDP package SeDuMi [24]. Clearly, (1.5) is
violated for y*(e€) with ¢ > 0, while (1.7) is always satisfied for y*(¢) with every
€ > 0and 1 <t < k—1. This shows that flat truncation is a more suitable condition
than flat extension in certifying convergence of Lasserre’s hierachy. O

The rank condition (1.7) was used in [9, 11] as a sufficient condition to ver-
ify exactness of Lasserre’s relaxations in polynomial optimization and generalized
problems of moments. When the feasible set K is defined by polynomial equalities
hi(xz) = -+ = hs(z) =0, if the equations h;(x) = 0 have finitely many zeros, then
Lasserre’s hierarchy has finite convergence (cf. [10, §3] or [11, §6.5]), and for k
big enough every tms y that is feasible for the resulting (1.4) has a flat truncation
(cf. [7, Prop. 4.6] or [11, Theorem 6.20]). For general polynomial optimization
problems, there are no such results in the existing literature.

As we have seen earlier, for an optimizer of (1.4) to have a flat truncation,
a necessary condition is fr = fiin (suppose (1.2) and (1.4) has no duality gap).
That is, flat truncation is a sufficient condition for Lasserre’s hierarchy to have finite
convergence. Thus, one is wondering whether flat truncation is also necessary: if
Lasserre’s hierarchy converges in finitely many steps, does every ! optimizer of (1.4)
have a flat truncation? If so, flat truncation can be used as a certificate for checking
its finite convergence and some minimizers of (1.1) can also be obtained. This issue
was addressed very little in the literature.

Another important issue in applications is how to certify asymptotic convergence
of Lasserre’s hierarchy. Under the archimedean condition, we know fr — finin as
k — oo (cf. [6]), but the convergence to the set of global minimizers of (1.1) is not
known very well. When (1.1) has a unique global minimizer u*, Schweighofer [23]
showed that the subvector consisting of linear moments of a nearly optimizer of
(1.4) converges to u* as k — oco. However, for the more general case that (1.1) has
more than one global minimizer, there are no such results in the existing literature.
It is possible that fi = f; < fmn for every k, i.e., Lasserre’s hierarchy may have
no finite convergence, as implied by Scheiderer’s work [20]. For instance, for the

it fk = fmin and (1.1) has a minimizer, say =*, then (1.4) always has an optimizer that is
flat, e.g., [x*]2k. Thus, it is more sensible to ask whether every optimizer has a flat truncatioin.
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problem of minimizing the Motzkin polynomial over the unit ball, the Lasserre’s
hierarchy does not converge within finitely many steps (cf. [16, Example 5.3]). In
such cases, one should not expect any minimizer of (1.4) to have a flat truncation.
However, how about the limit points of truncations of minimizers of (1.4) as k — oo?
Is every such limit point flat, or does it have a flat truncation? There is very little
work on this issue.

1.3. Contributions. This paper focuses on proving a certificate for checking con-
vergence of Lasserre’s hierarchy. We assume (1.1) has a nonempty set S of global
minimizers and its cardinality |S| is finite. Our main result is that flat truncation
can generically serve as such a certificate.

First, we study how to certify finite convergence. For Lasserre’s hierarchy of
(1.2) (it is also called a Putinar type one), we show that: it has finite convergence
if and only if every minimizer of (1.4) has a flat truncation when k is sufficiently
large, under some generic conditions (e.g., Assumption 2.1). For Schmiidgen type
Lasserre’s hierarchy, which is a refined version of (1.2) by using cross products
of g; (cf. (2.6)), we show the same conclusion holds under some slightly weaker
conditions. This will be shown in Section 2.

Second, we study how to certify asymptotical convergence. Let {y(k)}zczl be
a sequence of asymptotically optimal solutions of (1.4). We prove that: under
the archimedean condition, for any fixed order ¢ > max{ds,d, + |S| — 1}, the
truncated sequence {y*)|5;}5° | is bounded, and its every limit point is flat, i.e.,
flat truncation is asymptotically satisfied for both Lasserre’s hierarchies. The same
conclusion holds for the Schmiidgen type one when K is compact (the archimedean
condition is not required). This will be shown in Section 3.

Third, we show that flat truncation can be used as a certificate to check exactness
of standard SOS relaxations and Jacobian SDP relaxations. This will be shown in
Section 4.

Last, we make some discussions about flat truncation in Section 5.

2. CERTIFYING FINITE CONVERGENCE

As we have seen in §1.2, flat truncation is a sufficient condition for Lasserre’s
hierarchy of (1.2) to converge in finitely many steps. In this section, we show that
flat truncation is also a necessary condition in the generic case. Thus, it could
generically serve as a certificate for checking finite convergence of (1.2). Lasserre’s
hierarchy of (1.2) is also called a Putinar type one, since it uses Putinar’s Positivstel-
lensatz [19] in representing positive polynomials. A refining of (1.2) is Schmiidgen
type Lasserre’s hierarchy, which uses cross products of the constraining polyno-
mials. Similarly, flat truncation could also be generically used as a certificate for
checking finite convergence of the Schmiidgen type one. We present the results in
two separate subsections.

2.1. Putinar Type Lasserre’s relaxation. The quadratic module generated by
the tuple g is

Qg = J@xr).
k=1

The archimedean condition requires that there exists ¢ € Q(g) such that the in-
equality ¢(z) > 0 defines a compact set in z. Note that the archimedean condition



6 JIAWANG NIE

implies the feasible set K is compact. The convergence for Lasserre’s hierarchy of
(1.2) is based on Putinar’s Positivstellensatz [19]: if a polynomial p is positive on
K and the archimedean condition holds, then p € Q(g). To certify finite conver-
gence of Putinar type Lasserre’s hierarchy, we need the following assumption on

91, 9m-
Assumption 2.1. There ezists p € Q(g) such that for every J C {1,...,m} and

Vy={z eR": gj(z) =0 (Vj € J), rankG ;(x) < |J|},
the intersection Vy N MNP is finite. Here, denote J = {j1,...,41},

Gy(x) = [Vf(x) Vgu@) - Vgi(a)],
and M :={z € R": f(z) = fmin}, P:={z € R": p(x) > 0}.
Assumption 2.1 requires that for every J the optimization problem
min  f(z) st gj(x)=0( e J)

has finitely many critical points lying on MNP (if u is a critical point of the above,
then rank G y(u) < |J|, cf. [15, §2]). Let S be the set of global minimizers of (1.1)
and

Vi :=UyV;.
Clearly, S C V, and Assumption 2.1 implies that S is finite.

We would like to remark that Assumption 2.1 is generically true. (Here, we say a
property is generically true if it holds in the space of data except a set of Lebesgue
measure zero, cf. [15]). As shown by Proposition 2.1 of [15], if f and every g; have
generic coefficients, then V; is finite for every index set J, and Assumption 2.1 is
satisfied by simply choosing p = 0.

Assumption 2.1 also holds in the following cases:

e Suppose S is finite, V¥ N M is infinite, but (V N M)\K is contained in a
compact set T not intersecting K. Then, there exists § > 0 such that

dist(x, K) > Va €T, dist(z, K) =0Vzx € K.

(Here dist(z, K) = mingeck ||z — ull2 and || - |2 denotes the standard 2-
norm.) The function 7(z) := dist(x, K) — §/2 is continuous in z. Then,
by the compactness of K and T, there exists a polynomial 7 that is an
approximation of 7 and satisfies

n(z) >6/4VzeT, n(z) < =§/4Vx e K.

Clearly, —n is positive on K. Assume the archimedean condition holds
for g, then —n € Q(g) by Putinar’s Positivstellensatz. Assumption 2.1 is
satisfied by choosing p = —n, because VN MNP = S is finite.

e Suppose V N M is unbounded but, except finitely many points, lies on a
real algebraic variety

{x eR" :wyi(z) =+ = w,(x) =0}

not intersecting K. Suppose the archimedean condition holds for g, then
K is compact and there exists € > 0 such that the polynomial w := w? +
--+ +w? — € is positive on K. By Putinar’s Positivstellensatz, w € Q(g).
Assumption 2.1 is satisfied by choosing p = w.

Our main result of this subsection is the following theorem.
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Theorem 2.2. Suppose Assumption 2.1 holds, the set S of global minimizers of
(1.1) is nonempty, and for k big enough the optimal value of (1.2) is achievable and
there is no duality gap between (1.2) and (1.4). Then, Lasserre’s hierarchy of (1.2)
has finite convergence if and only if every minimizer of (1.4) has a flat truncation
for k sufficiently large.

Remark 2.3. In Theorem 2.2, 1) if K has nonempty interior, then for every order
k (1.2) achieves its optimum, and it has no duality gap; 2) if finite convergence
occurs, then (1.4) always has a minimizer for k big enough (e.g., [x*]2x is one for
any z* € S), and there is no duality gap; 3) when k is big enough, for every
minimizer y* of (1.4), y*|ak—2o is always flat, as shown in the proof later; 4) we do
not need to assume K is compact or the archimedean condition holds.

Remark 2.4. As pointed out in Laurent’s survey [11, §6.6], we could get the
following properties about flat truncation. 1) In Theorem 2.2, Assumption 2.1
implies S is finite. If rank My (y*) is maximum over the optimizers of (1.4), then
for any flat truncation of y*, say, y*|e;, rank M;(y*) = |S|. This means that all
the minimizers of (1.1) could be extracted from y*|s;. 2) When S is infinite and
rank My (y*) is maximum over the optimizers of (1.4), then y* could not have a
flat truncation. 3) When (1.2) and (1.4) are solved by primal-dual interior-point
algorithms, a minimizer y* near the analytic center of the face of optimizers of
(1.4) is usually returned and rank My (y*) is typically maximum. Therefore, if the
conditions of Theorem 2.2 are satisfied, by solving a sufficient high order Lasserre’s
relaxation via interior point methods, then we could typically find all minimizers
of (1.1) if S is finite, and flat truncation could not be satisfied if S is infinite.

To prove Theorem 2.2, we need some properties about the kernels of moment
and localizing matrices. (Given a polynomial p, we also denote its coefficient vector

by p, for convenience of notations.) For a localizing matrix ngk)(y)7 recall that if
deg(hp?) < 2k then

pTL ) p = Z(hp?).
It Lgf) (y)-p =0, we say p € kerLElk) (y). When My (y) = Lgk) (y) is a moment
matrix , we similarly say p € ker My (y) if My(y)-p = 0.

Lemma 2.5. Let y € #ay,h € R[x] be such that Lglk) (y) = 0.

i) ([7, 11]) Suppose My(y) = 0. Let p,q € Rlz]. If deg(pq) < k — 1 and
q € ker My (y), then pq € ker My (y). If ¢* € ker My(y) and 2[¢/2] deg(q) <
k —1, then g € ker My(y).

ii) ([4]) Let s be an SOS polynomial with deg(hs) < 2k. Then, (hs,y) > 0. If
(hs,y) = 0, then for any ¢ € Rlx]op with deg(hs) + 2¢ < 2k — 2 we have

(hs¢,y) = 0.
iii) Let {p;}72, C R[] be a sequence such that each deg(hp?) <2k and

L}P(y).pj%o as j — oo.
If g € Rlz] and every deg(p;q) < k — [deg(h)/2] — 1, then
L) (pja) »0 as  j— oo
iv) Let {s;}32; be a sequence of SOS polynomials such that
deg(hs;) <2k (Vj), and <(hsj,y) =0 as j— oo.
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If ¢ € Rlz]oe and every deg(hs;) + 2¢ < 2k — 2, then
(hsj¢,y) =0 as j— oo.
Proof. 1) The first part is basically from [11, Lemma 5.7] or [10, Lemma 21]. For
the second part, if £ is even, the result follows Lemma 3.9 of [7]; if ¢ is odd, then

¢t € ker My, (y) from the first part, and the result is still true.
ii) Write s = >, s?, then

(hs,y) = Z(hsf,y) = Z sZTLEIk) (y)s; > 0.

Now, assume (hs,y) = 0. One could always write ¢ = >, p;q; with all p;,q; €
R[z]¢. Then, we have

k k
(hs,y) = ZSiTLEz )(?J)Si, (hso,y) = z:(sz‘pj)TL;(1 )<y)(5iqj>-
i ij
Since L;Lk)(y) = 0, (hs,y) = 0 implies every Lék)(y)si = 0. Then, by Lemma 2.3 of

(4, every Ly (y)(sia5) = 0 and (sip;)" Li” (4) (s145) = 0. So, {hsé,y) = 0.
iii) Let r = k — [deg(h)/2]. By a simple induction on deg(q), it suffices to prove
the lemma for ¢ = 2; (1 < i < n). Note that every deg(p;) +1 <r — 1. Let

j k j k
WD =L ) 0 = L) ().
They are indexed by integral vectors oo € N™, and could also be expressed as
u(j):fy(pj~h~mr), v(j):fy(xi'pj~h~mr).
(Here, m,. is the vector of monomials of degrees < r.) Then u{) — 0 implies

limfy(pj~h~xﬁ) =0 if | <r

joroo
The a-th entry of v() is

o) = Zy(pj b x).
If deg(x® - z;) <, then o) = ug) — 0 (& is the exponent of z% - x;). So,

limo@) =0 if |a| <r—1.
j—o0

This implies that (note L;Lk_l)(y) is a leading principal submatrix of L;Lk) (y))

lim (Lgv*l)(y)) “(pj-a) = jligfy (zi-pj-h-mu._1) =0.

j—o0

Since L;Zkfl)(y) is symmetric and positive semidefinite, there exist orthogonal vec-

tors ay,...,a; such that Lgfﬁl)(y) =ajal + -+ a;al. So, we have
af(pj-xzi) =0 asj—oo, L=1,...,L

By the above, it holds that

lim (p; - ;)" - (sz_l)(y» (py-wi) = jhj{}oz (af(p; - 2:))" = 0.
/=1

j—o0
When |a| > r — 1, the coefficient of 2 in the polynomial p; - z; is zero. So

;-2 (L7 @) - 0y 2) = (s -2)™ - (L0 W)) - (0 ).



FLAT TRUNCATION AND LASSERRE’S HIERARCHY 9

Hence, we also have

lim (p, ~xi)T . (Lglk)(y)) “(pj-x;) =0.

j—o0
Since L;lk) (y) = 0, the above implies that
. k
lim (7)) - (s - @) = 0.
j—o0
iv) Write s; = >°, p? ; (the length of summation is at most ("Zk), since deg(s;) <
2k). By item ii), (hs;,y) > (hp?)t,y) > 0. So, (hs;,y) — 0 implies that for each ¢

(2 ) = ()T L (W)pse =0 as j — oo

Since L;Lk)(y) >~ 0, we have Lglk) (y)pj+ — 0 as j — oo. Like in item ii), one could
write ¢ = >, u;v; with all u;,v; € Rlz],. By item iii), it holds that for all ¢, 4

L (9)(pj.ui) = 0, L ) (pjvi) = 0 as j — .

So, we also have

1 1

(Lﬁlk) (y)) * (pjaui) = 0, (Lﬁf) (y)) “(pjevi) >0 as j— oo

(The X 3 denotes the standard matrix square root of a symmetric positive semidef-
inite matrix X.) The above implies that

(1.0s) LD W) p1.0) = (r.00)” (L )

1
2

1
k 2
(L) piav) 0
and
(hsjo,y) = Z<hp?,tuivi,y> = Z(Pj,tui)Tsz) (y)(pj,evi) = 0,
ti ti
as j — oo. ([l

Proof of Theorem 2.2 The sufficiency of flat truncation was observed in §1.2, if
there is no duality gap between (1.2) and (1.4). We only need to prove its necessity.
Suppose fr, = fmin for ko big enough. Since (1.2) has a maximizer when its order is
big enough, we could assume (1.2) achieves its optimum f,,;, for order kqy (otherwise

increase ko), i.€., f — fimin € Qk,(g). So, there exist SOS polynomials sg, $1, ..., Sm
such that every deg(g;s;) < 2ko and
(21) fffminzso + 9151+ + ImSm-

Let y* be an arbitrary minimizer of (1.4) (it always has one when k > ko, e.g.,
[2*])ak, for any z* € S). Clearly, (f,y*) = fmin- Let C be the semialgebraic set
defined as (p is from Assumption 2.1)

(22)  C={zeR": so(x) = q1(@)s1(x) = -+ = gm(x)sm(z) = 0, p(z) = 0}.
We complete the proof in three steps.

Step 1 We show that C is a finite set. In the identity (2.1), differentiating its
both sides in x results in (note go = 1)

Vf= i (31 Vg + giVSi)~

=0
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Choose an arbitrary u € C, then clearly u € M NP. Let J(u) = {i : g;(u) = 0}.
Note that for every ¢ € J(u), s;(u) = 0, and it implies Vs;(u) = 0 (because s; is
SOS and w is a minimizer of s;). So, by the above, it holds that

Viw) = Y si(u)- Vgi(u).
i€ J(u)
Hence, u € V() N M NP. Since there are at most 2™ active index sets like J(u),
by Assumption 2.1, C' must be finite.

Step 2 We show that every generator of the vanishing ideal of C belongs to the
kernel of My (y*) for k big enough. Since C' is finite, its vanishing ideal

IC) :={peR[z]: plu)y=0 YVuel}

is zero dimensional. Let {hi,...,h,} be a Grobuner basis of I(C) with respect to
a total degree ordering. Clearly, each h; vanishes on C. By Real Nullstellensatz
(cf. Corollary 4.4.3 of [1]), there exist £ € N, ¢1,..., 0, € Rlz], and ¢ € Q(p) (the
quadratic module generated by the single polynomial p, which is also equal to the
prepordering generated by p) such that

h?e + 2 + glsl(bl +- 4+ gm3m¢m =0.

Applying the Riesz functional .Z- to the above (suppose 2k is bigger than the
degrees of all the products there), we get

(2'3) <h12£a * Z gjsj¢j) =0.
Applying .2~ to (2.1) results in (note (f,y*) = fimin)

J

Since each s; is SOS, every (g;js;,y*) > 0, by item ii) of Lemma 2.5. Thus, from
the above, we know every (g;s;,y*) = 0. Again, by item ii) of Lemma 2.5, if
2k > 2 4 deg(g;5;0;), then every (g;s;0;,y*) = 0. So, from (2.3), we can get
(2:5) (hy*) +{py*) = 0.
Since h2* is SOS, we similarly have (h2¢,y*) > 0. Since Q(p) C Q(g), ¢ € Q(g) and
one could write ¢ = 37" gjo; with each o; being SOS. Hence,

(0, y") = (9000, y") + (9101, ¥") + (gmom, y") > 0,
by item ii) of Lemma 2.5. Then (2.5) implies (h?¢,y*) = 0, i.e., hf € ker My (y*).
By item i) of Lemma 2.5 and My (y*) = L,(J];)(y*) > 0, if k is big enough, we get

h; € ker My (y™).

Step 3 It’s enough to show that y*|ox_o is flat. Since C' is finite, the quotient
space R[z]/I(C) is finitely dimensional. Let {b1,...,br} be a standard basis of
R[z]/I(C). Then, for every a € N, we can write

x* =n(a) + Z O;hi, deg(0:h;) <la|, n(a) € span{by,...,br}.

=1
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Because every h; € ker My (y*), we know
O:h; € ker My (y*) if ol <k -1,
by item i) of Lemma 2.5. Thus,
x® —n(a) € ker My (y*) if |of <k -—1.

Set dp, := max; deg(b;). Then, every a-th column (dy +1 < |a| < k —1) of My(y*)
is a linear combination of S-th columns of My (y*) with || < dp, so

rank My, (y*) = rank My(y*), t=dp+1,...,k—1.
Hence, if K — 1 —dy > dy, then
rank My_1_q,(y") = rank My_1(y").

That is, y*|2x—2 is flat and y* has a flat truncation, when k is big enough. O

2.2. Schmiidgen type Lasserre’s relaxation. Now we consider Schmiidgen type
Lasserre’s hierarchy, which refines (1.2) as:

(2.6) max vy s.t. f—v¢€ Pri(g).

The above Pr(g) denotes the k-th truncated preordering generated by the tuple g
(denote g, := g -+ gim):

Pri(g) :== Z 9v0.| 0, 18 SOS, deg(g,0,) < 2k for every v
ve{0,1}m

The dual optimization problem of (2.6) is (cf. [6, 9])
{ Join - (f.y)

(2.7) ot L_gﬁ)(y) =0(we{0,1}™), (1,y) = 1.

Let f, and ﬁj be the optimal values of (2.6) and (2.7) respectively, for a given
order k. By weak duality, fk < f,’g for every k. If K has nonempty interior,
then ﬂ = ﬁ“, i.e., there is no duality gap. Clearly, every f,j < fmin. Both
sequences {f,} and {fv,j} are monotonically increasing. The relaxation (2.6) is
stronger than (1.2), because Qx(g) C Prr(g), so we have f < ]?k for every k. By
Schmiidgen’s Positivstellensaz (if K is compact and a polynomial p is positive on
K, then p € Pry(g) for some ¢, cf. [21]), f~’k converges to fiin, and so does f,j, when

K is compact. If fi, = fmin for some order ki, we say Schmiidgen type Lasserre’s
hierarchy has finite convergence.

Suppose y* is an optimizer of (2.7). If y* has a flat truncation, say y*|at, then,
as shown in §1.2, one could not only extract rank M;(y*) global optimizers of (1.1)
from y*, but also get a certificate for fk = finin if there is no duality gap between
(2.6) and (2.7). So, flat truncation is also a sufficient condition for Schmiidgen type
Lasserre’s hierarchy to have finite convergence. Is it also a necessary condition? If
so, flat truncation could serve as a certificate for checking finite convergence of the
hierarchy of (2.6). Like for the Putinar type one, this is also generically true. A
similar result like Theorem 2.2 holds, and weaker conditions are required.
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Theorem 2.6. Suppose the set S of global minimizers of (1.1) is nonempty and
finite, and there is no duality gap between (2.6) and (2.7) for k big enough. Then,
Schmiidgen type Lasserre’s hierarchy of (2.6) has finite convergence if and only if
every minimizer of (2.7) has a flat truncation for k sufficiently large.

Remark 2.7. The comments in Remarks 2.3 and 2.4 for Theorem 2.2 are all
applicable to Theorem 2.6. Here, we point out some differences: 1) Theorem 2.6
does not require the optimum of (2.6) to be achievable. 2) Assumption 2.1 is slightly
stronger than that S is finite, although they are both generically true. 3) If it occurs
that Qr(g) = Pri(g) (e.g., this is the case when (1.1) has equality constraints
and/or a single inequality constraint), then in Theorem 2.2 Assumption 2.1 could
be replaced by |S| < co and (1.2) is not required to achieve its optimum.

Proof of Theorem 2.6 Like in the proof of Theorem 2.2, we only need to prove the
necessity of flat truncation. Suppose fi, = fmin for some order k;, then for every
e >0 we have f — foin + € € Prg, (g). Write

(28) f = fmin +e= Z Uf, *gu
ve{0,1}m

for some SOS polynomials of with deg(ctg,) < 2k;. Note that as e — 0 some
coeflicients of of might go to infinity while its degree is bounded. Let y* be an
arbitrary minimizer of (2.7) (if k > ki, (2.7) always has one, e.g., [2"]ox, for any
z* € 8). Then Ly (f) = fr = fmin. Applying £~ to (2.8), we get
(2.9) e= Y. (059my")
ve{0,1}m

Since every of is SOS, by item ii) of Lemma 2.5, (65g,,y*) > 0 and
(2.10) ll_rg% (0590,y") = 0.
We complete the proof in three steps.
Step 1 The set S is finite, so its vanishing ideal

I(S) = {peR[z]: pluy=0 VueS}

is zero dimensional. Let {hq,...,h,} be a Grobner basis of I(S) with respect to a
total degree ordering. Clearly, each h; vanishes on

S = {LU eER™: —(f(l‘) - fmzn) = 0,91(1’) >0,... 7gm(x) 2 0}
By Real Nullstellensatz (cf. Corollary 4.4.3 of [1]), there exist £ € N, ¢ € R[z] and
SOS polynomials ¢, (v € {0,1}™) such that
ve{0,1}m

Applying .Z,« to the above (suppose 2k is bigger than the degrees of all the above
products) results in

(2.11) By )+ Y (Gugesy) = ((f = Fmin)o )
ve{0,1}m

By (2.8), for every € > 0, we get

(2.12) (f = fin + )0, 5") = > {gu050,07)-

ve{0,1}m
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Step 2 By (2.10) and item iv) of Lemma 2.5, we can get
lim ((g,07,y") =0
e—0
for k big enough. Hence, from (2.12) and the above, it holds that
<(f - .fmin)(Pa y*> = lg% <(.f - fmin + 6)@7y*> =0.
So, (2.11) results in the equality
Ry + Y (bugesy) =0

ve{0,1}m
Since h? and every ¢, are SOS, each (¢,g,,y*) > 0 and (h?¢,y*) > 0, by item ii)
of Lemma 2.5. Hence, (h?‘,y*) = 0, i.e., hf € ker My(y*). Again, by item i) of
Lemma 2.5 and My (y*) = Lg’;)(y*) > 0, if k is big enough, then

h; € ker]\/[k(y*).

Step 3 Like Step 3 in the proof of Theorem 2.2, we would prove y*|o_o is flat by
repeating the same argument there, and omit it here for cleanness. ([l

3. ASYMPTOTICAL CONVERGENCE

In this section, we consider the case that Lasserre’s hierarchy of (1.2) has as-
ymptotic but not finite convergence. Under the archimedean condition, Lasserre
proved fr — fmin as k — oo. Since it is possible that fi = f; < fmin for every k,
we should not expect flat truncation holds in such a case. When (1.1) has a unique
global minimizer u*, Schweighofer [23] proved: the subvector consisting of linear
moments (indexed by o € N” with |a| = 1) of an almost optimizer y*) of (1.4) for
order k converges to u* as k — co. When (1.1) has more than one minimizer, do we
have a similar convergence result? To the author’s best knowledge, there is little
work on this question. This section is addressing this issue. Generally, we need to
use a higher order truncation of y*), and consider its limit points. The main result
of this section is that every limit point of a truncation of y*) is flat if (1.1) has
finitely many global minimizers. In other words, flat truncation is asymptotically
satisfied when Lasserre’s hierarchy has asymptotic convergence.

We assume the archimedean condition holds for the tuple g: there exist R > 0
and kg € N such that

(3.1) Rz} € Qrl(9)-

For a Borel set T C R™, denote by Prob(T) the set of all probability measures
supported on T. Let S be the set of global minimizers of (1.1). For each integer
t > 0, denote

(3.2) Fyy = {/ []ordp = p € Prob(S)} .

s
Proposition 3.1. Let S and Fy; be defined as above. If 0 < |S| < 0o, then for any
integer t > max{dy,dy + |S| — 1}, every tms z € Fy, is flat.

Proof. Let ¢ := |S| and write S = {(a;1,...,a;n) 1 ¢ =1,...,¢}, and I be the ideal
generated by the following polynomial equations

((Eil — aLil)(miQ — (12_’2'2) e (iL'i[ — al,in) = 0, Vil,. .. ,ig S {1, . .,TL}.
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Clearly, the zero set of the above equations is S. For each a € N™ with |«| = ¢, the
x® is a leading monomial in one of the above defining polynomials, so there exists
Pa € R[z]e—1 such that

(3.3) 2% —pa =0 mod I.
Choose an arbitrary z € Fy, then there exists u € Prob(S) satisfying

o= [loldn, M) = [ (ehlolfdn
5 s
By a simple induction on |a|, one could show that for every || € [¢,t], there exists
Do € R[z]s—1 satistying (3.3). Clearly, 2® — p, vanishes on S and
% — po € ker My(2).

This means that every a-th (|a| > £) column of M;(z) is a linear combination of
its B-th columns (]3] < ¢ —1). So, it holds that

rank My_1(z) = rank M,.(z), for r=0,0+1,... ¢.
Thus, for all ¢t > d, + ¢ — 1, we have
rank M;_q,(2) = rank M;(z).
Clearly, every Lg.)(z) = 0, and hence z is flat by the definition. O

Denote by .#,, the space of all full moment sequences w = (w,) indexed by
vectors o € N”. For all w, 2z € .#, define

(w, z) = Zwazm lwllz = v/ {w,w).

This induces a Hilbert space
ME ={w € My : w2 < o0}

If we think of .2, as a Banach space, then it is self-dual. Clearly, (1.1) is equivalent
to the optimization problem:

(3.4) min  {f,y) st ye { /K [2]oodp < 1 € prob(K)}.

YEMoo
The set of its optimizers is precisely Prob(S).
Lemma 3.2. Suppose (3.1) holds. If y is feasible for (1.4) and k > ki > ko, then
(3.5) yl2gk, ko) I3 < 1+ R+ -+ RM o
Proof. By (3.1), there exist SOS polynomials sg, s1, ..., Sy, such that
R—|zll3 =" gisi, each deg(gis:) < 2ko.
i=0

(Here ||z||2 := /2% + -+ + 22.) Thus, for every j = 1,..., k1 — kg, we have
m
2j—2 2j 2j—2
Rl = lllly = gi - si- llll’
=0

By item ii) of Lemma 2.5, applying .Z, to the above gives
RZ,(lally’ ™) = Z,(lzl5) 20, j=1,....k — ko.
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Therefore, it holds that
Z,(I=l3) <R, Z(l=]3) < B*.... Z(|]5)) < R,

The moment matrix My(y) = Lg’;)(y) > 0 implies its submatrix My, _k,(y) = 0.
In the below, we denote by ||Al|r the Frobenius norm of a matrix A, i.e., ||Al|r =

v Trace(AT A). Recall that ||A]|p < Trace(A) if A > 0. Clearly,
Yo lval® S IMi ke W)IF < (Trace(My, -1, (v)))?,

la|<2(k1—ko)
k1 —ko k1 —ko - ki—ko
Trace(My, k() = Y., > va< >, ZLlzl3) < > R
J=0 |a|=2j 3=0 j=0
So, the inequality (3.5) is true. O

It is possible that (1.4) might not have a minimizer, i.e., the optimal value f; of
(1.4) may not be achievable (cf. [23, Example 4.8]). Thus, we consider an almost
optimizer of (1.4). Let {y*)} be a sequence such that y*) is feasible for (1.4) with
order k. We say {y®)} is asymptotically optimal if

lim (f,y*)) = lim f}.

k—o0 k— o0
(A different notion nearly optimality was used in [23].) Note that if (3.1) holds and
{y™)} is asymptotically optimal, then (f,y®*)) = f,.i, as k — oo.

Theorem 3.3. Assume the archimedean condition (3.1) holds and the set S of
global minimizers of (1.1) is nonempty and finite. Let {y®} be asymptotically
optimal for (1.4). Then, for everyt > max{dys,d,+|S|—1}, the truncated sequence
{y®)|;} is bounded, and its every limit point belongs to Fa, and is flat.

Proof. If we replace ki — ko by t in (3.5) of Lemma 3.2, then the sequence {y*)|5,}
is clearly bounded. One could generally assume R < 1, because otherwise we can
scale z in (3.1) so that R < 1 and Lasserre’s hierarchy remains equivalent.

Let v be an arbitrary limit point of {y*)|5;}. One could generally assume

y(k)|2t — v. We need to prove v € Fy. Suppose otherwise v ¢ Fb;. For every
k, define

2®) = y(k)|2(k—ko)~
Each z(®) could be treated as a vector in M2 by adding zero entries to the tailing.
So, for k > ko, the inequality (3.5) implies

[:®)2<1+R+R*+R*+---=1/(1 - R).

The sequence {z(®} is bounded in .#2. By Alaoglu’s Theorem (cf. [2, Theo-
rem V.3.1] or [9, Theorem C.18]), it has a subsequence {z(*s)} that is convergent
in the weak-* topology. That is, there exists z* € .#2 such that

(e,2F)y = (¢,2*)  asj— o0
for every ¢ € 42, If we choose ¢ as (¢, w) = w, for each a, then one could get
(36) y(kj)|a = Z(kj)|a — Z*|a» Z*‘Zt = .
Note that every Lf]:)(z(kf)) = 0if k; > 2r. By (3.6), it holds that for all r

L (z*) =0, i=0,1,...,m.
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Hence, z* € .#2 is a full moment sequence such that the corresponding localizing
matrices of all orders are positive semidefinite. By Lemma 3.2 of Putinar [19] and
(3.1), z* admits a probability measure (note .Z,~(1) = 1) supported on K, and it
is feasible for (3.4). The polynomial f defines a continuous linear functional acting
on .#2 as (f,w). By the weak-* convergence of z(¥5) — 2* it holds that

(f,2%) = lim (f,209)) = lim (£,y")) = lim £, = Fnin.
j—o0 j—oo j—oo " Y

The above last two equalities are because (3.1) holds and the sequence {y*)} is
asymptotically optimal. This means that z* is also a minimizer of (3.4). Hence,
v = 2|9y € Fy. But, this contradicts the earlier assertion that v & Fy;. Therefore,
every limit point of {y*)|o;} belongs to Fy;. By Proposition 3.1, we know every
v € Fy, is flat if ¢ > max{dy,d, + |S| — 1} O

In Theorem 3.3, for a fixed ¢, it is possible that the truncation y(k')|2t is not flat
for every k. But, for every € > 0, if k is big enough, there exists a z € Fy; such
that [|y® | — 2|2 < €. In other words, flat truncation is asymptotically satisfied
when S is finite. Theorem 3.3 also implies that the distance between y(k)|2t and
F5; tends to zero as k — co. Therefore, in numerical computations, flat truncation
has a good chance to be satisfied, even if Lasserre’s hierarchy does not have finite
convergence.

Remark 3.4. A similar version of Theorem 3.3 also holds for Schmiidgen type
Lasserre’s hierarchy. This is because (2.7) can be thought of as a Putinar type one
applied to the 2™ constraints g, (z) > 0 (v € {0,1}™). The archimedean condition
(3.1) for the corresponding constraints is automatically satisfied for compact K,
by Schmiidgen’s Positivstellensatz. Hence, when K is compact and S is finite, flat
truncation is also asymptotically satisfied for the hierarchy of (2.7).

4. SOME APPLICATIONS

In this section, we consider two interesting cases of semidefinite relaxations for
solving polynomial optimization, for which flat truncation could serve as a certifi-
cate to check their exactness and be used to get minimizers.

4.1. Standard SOS relaxations. For a polynomial f € R[xz], consider the un-
constrained polynomial optimization problem

(4.1) min - f(x).

To have a finite minimum f,;,, assume f has an even degree 2d. The standard
SOS relaxation (cf. [6, 17]) for solving (4.1) is

(4.2) max vy s.t. f—~ isSOS.

Its dual optimization problem is

(4.3) min  (f,y) s.t. Ma(y) =0, (1,y) = L.
YEM2a

Lasserre [6] showed that (4.2) and (4.3) have the same optimal value (there is no
duality gap), which we denote by fs,s, and (4.2) achieves its optimum if fs,s > —00,
because (4.3) has an interior point. Clearly, fsos < fmin. As demonstrated by the
numerical experiments of [17], it occurs quite a lot that fi.;n = fsos. Thus, one is
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wondering: how do we check fsos = fmin, and if so how do we get minimizers of
(4.1)? This issue could be solved by using flat truncation.

The whole space R™ would be defined by the trivial inequality 1 > 0. Thus, the
associated k-th truncated quadratic module and preordering coincide and

Qr(1) = Pri(1) = Xy, 2k,

where X, o5, denotes the cone of SOS polynomials having n variables and degree
2k. Like (1.2) and (1.4), the k-th order Lasserre’s relaxation for (4.1) is

(4.4) max v st f—v€ X,
and its dual optimization problem is

(4.5) min  (f,y) st My(y) =0, (Ly) =1.

yEMay,
Clearly, for every k > d, (4.4) is equivalent to (4.2). However, (4.5) and (4.3) are
different in satisfying flat truncation, though they have the same optimal value.
Theorem 2.6 implies the following.

Corollary 4.1. Let fs,s be the optimal value of (4.2). Suppose fimin = [sos and
(4.1) has a nonempty set of finitely many global minimizers. Then, for k big enough,
every minimizer y* of (4.5) has a flat truncation.

If finin > —o0, then f generically has finitely many minimizers (cf. [15, Prop. 2.1]).
Note that for the case fsos = fimin, if ¥* is an optimizer of (4.3) instead of (4.5),
then y* might not have a flat truncation. In this sense, (4.5) is stronger than (4.3),
though their optimal values are same. We show the difference between (4.5) and
(4.3) in satisfying flat truncation as follows.

Example 4.2. Consider the polynomial optimization problem

min (2129 — 1)® + (2123 — 1)? + (2223 — 1),

z€R3
Let f be the objective. Clearly, fsos = fmin = 0. The global minimizers are
+(1,1,1). However, not every minimizer of the corresponding (4.3) has a flat
truncation. For instance, for all ¢ > 0, the tms 2

y*(a)) = (1’ 0’ 0’ 07 3 ?

1,1, 1 ,1,0,0,0,0 00,0, 0,0, 0,
l4a, 1,1, 1,1, 1, 1

1
,1,1+4a, 1,1, 1, 1+a)

) )

1,1
C1,01

is a minimizer of (4.3). For all a > 0, one can verify that
rank My(y*(a)) =1, rank My(y*(a)) =2, rank Ms(y*(a)) = 5.

Thus, y*(a) does not have a flat truncation if a > 0. If we solve (4.3) by SeDuMi, a
numerical value 2.7232 of a is returned, and the computed minimizer does not have
a flat truncation. For k = 3, the numerical optimizer of (4.5) returned by SeDuMi
does not have a flat truncation. However, for k = 4, the numerical optimizer of
(4.5) returned by SeDuMi has a flat truncation, and we are able to get the two global
minimizers. ]

2Its entries are listed in graded lexicographical ordering.
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4.2. Jacobian SDP relaxation. Now we consider Jacobian SDP relaxations for
polynomial optimization introduced by the author in the earlier work [16]. It is a
refining of relaxation (2.6). Its basic idea is to introduce some redundant polynomial
equalities, say,

pr(z) = =pr(x) =0,

which are constructed from the minors of Jacobians of f,g1,...,gmn. For instance,
when (1.1) has a single inequality constraint, say g(z) > 0, the newly introduced
equalities are

g((E) fzz(x) =0,i=1,...,n,
S (fu@)ge, @)~ fo (29 (@) =0, £=3,.. 20— 1.

1<i<j<n,i+j=C

When (1.1) achieves its minimum and some generic nonsingularity conditions (see
Assumption 2.2 of [16]) holds, (1.1) is equivalent to

min  f(z)
(4.6) st p1(x) = =pr(r) =
gi1(x) > ~-79m( )2

Let PJy denote the k-th truncated preordering for (4.6) (cf. [16, Sec. 2.2]). Then,
the resulting version of relaxation (2.6) for (4.6) is

(4.7) max vy st. f—~vy€PJ.

Similarly, its dual optimization problem is (cf. [16, Sec. 2.2])

mi ,
in. <fky>
(4.8) st LP(y)=0,j=1,...,L,

L (y) = 0 (Vv € {0,1}™), (1,y) = 1.

An attractive property of the hierarchy of (4.7) is that it always has finite con-
vergence. Thus, a practical concern in applications is: how does one identify its
finite convergence? Interestingly, flat truncation could serve as a certificate for this
purpose when (1.1) has finitely many minimizers.

Corollary 4.3. Suppose (1.1) has a nonempty set of finitely many global minimiz-
ers and its feasible set is nonsingular (Assumption 2.2 of [16] is satisfied). Then,
for all k big enough, the optimal value of (4.7) equals the global minimum of (1.1)
and every minimizer of (4.8) has a flat truncation.

Proof. As before, denote by ﬁ the optimal value of (4.7). By Theorem 2.3 of [16],
there exists kq such that fkl is equal to the global minimum of (4.6), which is also
equal to fpin, when Assumption 2.2 of [16] is satisfied. So, there is no duality gap
between (4.7) and (4.8) when k is big. Clearly, (4.6) also has finitely many global
minimizers, since it is equivalent to (1.1). Thus, the conclusion of this corollary
just follows from Theorem 2.6. O

In particular, if a polynomial has finitely many global minimizers in the whole
space R™, then its minimizers could be obtained by using gradient SOS relaxation
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[13], which is a special case of Jacobian SDP relaxation (see Corollary 2.6 of [16]).
Its dual version of (4.8) becomes

i (f,y)
(4.9) st. LY () =05=1,....n,
zj
Mk(y) = 0, <1>y> =1

Hence, we could also get the following.

Corollary 4.4. Suppose a polynomial f has finitely many global minimizers in R™.
Then, for all k big enough, the optimal value of (4.9) equals the global minimum of
f in R™, and its every minimizer has a flat truncation.

5. SOME DISCUSSIONS

Our main result is that, in the generic case (e.g., Assumption 2.1 holds), Putinar
type Lasserre’s hierarchy has finite convergence if and only if the flat truncation
condition (1.7) is satisfied at every minimizer of the dual optimization problem (1.4)
for k big enough. Under the archimedean condition, we also showed that (1.7) is
always asymptotically satisfied if there are finitely many global minimizers. (We
have similar conclusions for Schmiidgen type Lasserre’s hierarchy.) This result has
applications in solving polynomial optimization problems of the form (1.1). One
could solve (1.4), starting with an order k > max{dy,d,}. If (1.7) is satisfied, then
we stop and can get one or several global minimizers; if (1.7) is not satisfied, then
increase k by one and solve (1.4) again. By repeating this procedure, we solve (1.4)
and then check (1.7) iteratively. In the generic case, when Lasserre’s hierarchy has
finite convergence, our result implies that this procedure must terminate within
finitely many steps; when Lasserre’s hierarchy has only asymptotic convergence,
our result shows that this procedure will terminate asymptotically. Therefore, flat
truncation would be used in the solution extraction mechanism in polynomial op-
timization packages like GloptiPoly 3 [8], YALMIP [12] and SOSTOOLS [18].

We would like to make some further remarks about the difference between the
flat truncation condition (1.7) and the flat extension condition (1.5). Consider
the case that Lasserre’s hierarchy has finite convergence, say, fi = fr = fmin
for all k& > ko. Assume kg > d := max{ds,d,}. Suppose y* is a minimizer of
(1.4) with order k > ko and (1.7) is satisfied for t € [ko + dg4,k]. Clearly, the
truncation § := y*|ax, is also a minimizer of (1.4) with order ko, and § has a flat
extension y*|o;. One is thus interested in the question whether every minimizer
of (1.4) with order k¢ is a truncation of a minimizer of (1.4) with order k& > ko
that satisfies (1.7)? Or equivalently, does every minimizer of (1.4) with order kg
has a flat extension? Unfortunately, this may not be true. We show this by using
Example 1.1. By SeDuMi, the computed optimizer z* of (1.4) with order 2 is
z* := (1.0000, 0.0000, 0.0000, 0.0000, 0.7908), and

1.0000 0.0000 0.0000
Ms(z*) = | 0.0000 0.0000 0.0000
0.0000 0.0000 0.7908

The tms z* is not recursively generated (cf. [3, Section 2]), because the coefficient
vector of the polynomial z — 1 belongs to the kernel of M3(z*) but the coefficient
vector of the multiple z(x — 1) does not. So, z* does not admit any representing
measure (cf. [3, Corollary 2.11]), and hence z* has no flat extension.



20 JIAWANG NIE

It is interesting to know for how big k£ every minimizer of the dual optimization
problem (1.4) satisfies the flat truncation condition (1.7). The existence of such
a k is guaranteed by Theorem 2.2 for the generic case, but there is no estimate
on it. Clearly, any bound on such k£ depends on f. Thus, one is interested to
know whether there is a uniform bound N, which only depends on the defining
polynomials g; of the set K and the degree of f, such that every minimizer of
(1.4) with order N satisfies (1.7) for all generic f with the given degree? If such
a uniform bound N would exist, it would be very useful in applications. This is
because one would only need to solve (1.4) for a fixed order N; if (1.7) is satisfied, we
know Lasserre’s hierarchy has finite convergence; if not, then Lasserre’s hierarchy
has no finite convergence in the generic case. However, such a uniform bound
N typically does not exist. For instance, there is no such an N when K is the
three dimensional unit ball and deg(f) = 6. Consider the Motzkin polynomial
M := z}x3 + 2323 + 2§ — 3232323, There exists a sequence of generic polynomials
pr of degree six such that ppy — M as k — oo. Let v be the minimum value of
pr on the unit ball. Clearly, v — 0. The unit ball has nonempty interior, so (1.2)
achieves its optimal value for every k (cf. [6]). If, otherwise, such N would exist,
then py — v, € Qn (1 — ||z]|3) for all k. Since the cone Qn (1 — ||z||3) is closed (cf.
[11, Theorem 3.33]), the Motzkin polynomial M, which is the limit of py, — v as
k — oo, must also belong to Qn(1 — ||z]|3). However, this is not true (cf. [16,
Example 5.3]). Therefore, such a uniform bound N does not exist. Any bound on
k, for which every minimizer of (1.4) satisfies (1.7), must depend on f, even if f
has generic coefficients. The dependence relation between such a bound on k and
a generic polynomial f is an interesting future research question.
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