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Abstract

Given polynomials f(x), gi(x), h;(x), we study how to minimize f(z) on the set
S={zeR": hi(x)="=hm, () =0,91(x) >0,...,gm,(z) > 0}.

Let finin be the minimum of f on S. Suppose S is nonsingular and f,;, is achievable on
S, which are true generically. This paper proposes a new type semidefinite programming
(SDP) relaxation which is the first one for solving this problem exactly. First, we con-
struct new polynomials ¢1,. .., ¢,, by using the Jacobian of f, h;, g;, such that the above
problem is equivalent to

min  f(x)

IGR’H
st hi(x) =0, pj(z) =0,1<i<my, 1 <5<,
g ()" g, ()2 >0, Vv € {0,1}™2.

Second, we prove that for all N big enough, the standard N-th order Lasserre’s SDP
relaxation is exact for solving this equivalent problem, that is, its optimal value is equal
to finin. Some variations and examples are also shown.

Key words determinantal varieties, ideals, minors, polynomials, nonsingularity, semidefi-
nite programming, sum of squares

AMS subject classification 14P99, 65K05, 90C22

1 Introduction

Consider the optimization problem

min  f(z)
st. hi(z)=-=hp,(x) (1.1)

91(x) >0, gmy (2) >

where f(x),gi(x), hj(x) are polynomial functions. When m; = 0 (resp. mgo = 0), there are
no equality (resp. inequality) constraints. Let S be its feasible set and f,;, be its global
minimum. We are interested in computing fy,in. The problem is NP-hard [16].
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A standard approach for solving (1.1) is the hierarchy of semidefinite programming (SDP)
relaxations proposed by Lasserre [16]. It is based on a sequence of sum of squares (SOS) type
representations of polynomials that are nonnegative on S. The basic idea is, for a given
integer N > 0 (called relaxation order), solve the SOS program

max
mi ma
st. flz)—vy= > ¢ihi + ZlUjgja
i=1 j=

O1y...,0m, are SOS.

(1.2)

In the above, go(z) = 1, the decision variables are the coefficients of polynomials ¢; and o;.
Here a polynomial is SOS if it is a sum of squares of other polynomials. The SOS program
(1.2) is equivalent to an SDP problem (see [16]). Let px be the optimal value of (1.2). Clearly,
PN < fmin for every N. Using Putinar’s Positivstellensatz [21], Lasserre proved pny — fmin
as N — oo, under the archimedean condition. A stronger relaxation than (1.1) would be
obtained by using cross products of g;, which is

max vy
s.t. f(.’L') —7= Z (blhz + Z Oy - Gu,
i=1,...,.mq ve{0,1}m2 (13)
deg(¢p;h;) < 2N, deg(o,9,) < 2N Vi, v,
o, are all SOS.

In the above, g, = ¢7* - -gmm2 . Let gy be the optimal value of (1.3). When S is compact,
Lasserre showed gy — fmin as N goes to infinity, using Schmiigen’s Positivstellensatz [24].
An analysis for the convergence speed of py, gy t0 fiin is given in [19, 25]. Typically, (1.2)
and (1.3) are not exact for (1.1) with a finite V. Scheiderer [23] proved a very surprising
result: whenever S has dimension three or higher, there always exists f such that f(x)— fiin
does not have a representation required in (1.3). Thus, we usually need to solve a big number
of SDPs until convergence is met. This would be very inefficient in many applications.
Furthermore, when S is not compact, typically we do not have the convergence py — finin OF
gN — fmin. This is another difficulty. Thus, people are interested in more efficient methods
for solving (1.1).

Recently, the author, Demmel and Sturmfels [18] proposed a gradient type SOS relaxation.
Consider the case of (1.1) without constraints, i.e., m; = mg = 0. If the minimum f,,;,, is
achieved at a point u, then V f(u) = 0, and the problem is equivalent to

min f(z) s.t. ﬁ—..._ﬁ:

— = 0. 1.4
zER? 0x1 oxy, (1.4)

In [18], Lasserre’s relaxation is applied to solve (1.4), and it was shown that a sequence of
lower bounds converging to f.;, would be obtained. It has finite convergence if the gradient
ideal, generated by the partial derivatives of f(x), is radical. More recently, Demmel, the
author and Powers [7] generalized the gradient SOS relaxation to solve (1.1) by using the
Karush-Kuhn-Tucker (KKT) conditions of (1.1)

mi mo
Vi) =Y NVhi(@)+ > 1;Vgi(@),  pjgi() =0, =1,...,mo.
i=1 j=1



If a global minimizer of (1.1) is a KKT point, then (1.1) is equivalent to

min  f(x)
T A
st. hi(xz)=--=hp,(x) =0,

Vi(x) = gil/\thi(:c) + gﬂjvgj(m), (1.5)

J
pigi(z) =0, gj(x) >0,5=1,...,ma.

Let {vn} be the sequence of lower bounds for (1.5) obtained by applying Lasserre’s relax-
ation of type (1.3). It was shown in [7] that vxy — finin, no matter S is compact or not.
Furthermore, it holds that vy = f, for a finite N when the KKT ideal is radical, but it
was unknown in [7] whether this property still holds without the KKT ideal being radical. A
drawback for this approach is that the involved polynomials are in (z, A, ). There are totally
n + m1 + me variables, which makes the resulting SDP very difficult to solve in practice.

Contributions This paper proposes a new type SDP relaxation for solving (1.1) via using
KKT conditions but the involved polynomials are only in . Suppose S satisfies a nonsingu-
larity assumption (see Assumption 2.2 for its meaning) and f,,;, is achievable on S, which
are true generically. We construct new polynomials ¢1(x), ..., ¢, (x), by using the minors of
the Jacobian of f, h;, gj, such that (1.1) is equivalent to
min  f(z)
st. hi(x) =01 <i<my), gj(x)=0(1<j<r),
g1(x)" - g, (x)Pm2 >0, Ve {0,1}m2.

Then we prove that for all N big enough, the standard N-th order Lasserre’s relaxation for
the above returns the minimum f,,;,. That is, an exact SDP relaxation for (1.1) is obtained
by using the Jacobian.

This paper is organized as follows. Section 2 gives the construction of this exact SDP
relaxation by using Jacobian. Its exactness and genericity are proved in Section 3. Some
efficient variations are proposed in Section 4. Some examples of how to apply it are shown
in Section 5. Some conclusions and discussions are made in Section 6. Finally, we attach an
appendix introducing some basics of algebraic geometry and real algebra that are used in the
paper.

Notations The symbol N (resp., R, C) denotes the set of nonnegative integers (resp., real
numbers, complex numbers). For any ¢t € R, [¢] denotes the smallest integer not smaller than
t. For integer n > 0, [n] denotes the set {1,...,n}, and [n]; denotes the set of subsets of [n]
whose cardinality is k. For a subset J of [n], |.J| denotes its cardinality. For x € R™, x; denotes
the i-th component of z, that is, z = (x1,...,2,). For @ € N  denote |a] = a3 + -+ + ap.
For x € R" and o € N, 2% denotes x7" ---2%". The symbol R[z] = Rlzy,...,z,] (resp.
Clz] = C|x1, ..., zy]) denotes the ring of polynomials in (z1, ..., z,) with real (resp. complex)
coefficients. A polynomial is called a form if it is homogeneous. The Rlz]<4 denotes the
subspace of polynomials in R[x] of degrees at most d. For a general set T C R", int(T)
denotes its interior, and 0T denotes its boundary in standard Euclidean topology. For a
symmetric matrix X, X > 0 (resp., X > 0) means X is positive semidefinite (resp. positive
definite). For u € RY, ||u/|2 denotes the standard Euclidean norm.



2 Construction of the exact Jacobian SDP relaxation
Let S be the feasible set of (1.1) and
m = min{my +ma,n — 1}. (2.1)

For convenience, we denote h(z) = (hi(x),...,hpm,(x)) and g(z) = (g1(x), ..., gmy(x)). For
a subset J = {j1,...,jr} C [m2], denote

9(x) = (95, (%), - - -, g5, (T)).

Let x* be a minimizer of (1.1). If J is the active index set at =* such that g;(z*) = 0 and
the KKT conditions hold at z*, then there exist A; and p;(j € J) such that

h(z*) =0, gs(z*)=0, Vf()= Y NVhi(a*)+) n;Vg;(z*).

1€[m1] jeJ

The above implies the Jacobian matrix of (f, h, gs) is singular at 2*. For a subset J C [ma],
denote the determinantal variety of (f,h,gs)’s Jacobian being singular by

Gy={zeC":rank B’ (z) <my +|J|}, B'(z)=[Vf(z) Vh(z) Vgs(x)]. (22)

Then, z* € V(h,gs) NGy where V(h,g;) := {z € C": h(z) = 0,g;(z) = 0}.

This motivates us to use gj(x) = 0 and G to get tighter SDP relaxations for (1.1). To
do so, a practical issue is how to get a “nice” description for G ;7 An obvious one is that all
its maximal minors vanish. But there are totally (ml—:}k +1) such minors (if m; +k+1 <n),
which is huge for big n, m1, k. Can we define Gy by a set of the smallest number of equations?
Furthermore, the active index set J is usually unknown in advance. Can we get an SDP
relaxation that is independent of J7

2.1 Minimum defining equations for determinantal varieties

Let K <n and X = (Xj;;) be a n x k matrix of indeterminants X;;. Define the determinantal
variety

Df;kl = {X e C™F : rank X < t}.

For any index set I = {i1,...,i;} C [n], denote by det;(X) the (i1,...,ix) x (1,..., k)-minor
of matrix X, i.e., the determinant of the submatrix of X whose row indices are i1, ...,7; and
column indices are 1,..., k. Clearly, it holds that

DMt = {X e C™ . dety(X)=0 VIe [n]k}.

The above has (z) defining equations of degree k. An interesting fact is that we do not need

(Z) equations to define DZfl. Actually, this number would be significantly smaller. There
is very nice work on this issue. Bruns and Vetter [3] showed that nk — 2 + 1 equations are
enough to define Dt”_’kl. Later, Bruns and Schwiinzl [2] showed that nk —t2+1 is the smallest

number of equations for defining Df_’kl. Typically, nk—t>+1 < (Z) for big n and k. A general



method for constructing nk — t2 4 1 defining polynomial equations for D?;kl was described in

Chapt. 5 of [3]. Here we briefly show how it works for DZ’_kl.

Let I'(X) denote the set of all k-minors of X (assume their row indices are strictly
increasing). For convenience, for i; < --- < i, denote by [i1,...,ix] the (i1,...,dg) X
(1,...,k)-minor of X. Define a partial ordering on I'(X) as follows:

[iv, . yik] < [, ikl =i < ik Sk it F i <gi o+ ke

If I ={i1,... i}, we also write I = [i1,..., 4] as a minor in I'(X) for convenience. For any
I € T'(X), define its rank as

rk(I) = max {e T=10> ... > 10 every I0 ¢ P(X)} .

The maximum minor in T'(X) is [n — k + 1,...,n] and has rank nk — k? + 1. For every
1 < /¢ <nk—k>+1, define

n(X) = > dety(X). (2.3)

Ien|g,rk(l)=¢

Lemma 2.1 (Lemma (5.9), Bruns and Vetter [3]). It holds that
Dk = {X e T p(X) =0, £=1,.. nk— K 41}

When k = 2, D{L’2 would be defined by 2n — 3 polynomials. The biggest minor is [n — 1, n]
and has rank 2n — 3. For each £ =1,2,...,2n — 3, we clearly have

ne(X) = > [i1, i2].
1<iy <io<n:iy+ig=~0+2

Every 2-minor of X is a summand of some 7,(X).

When k = 3, Dy 3 can be defined by 3n — 8 polynomials of the form n¢(X). For instance,
when n = 6, the partial ordering on I'(X) is shown in the following diagram:

125 126/7 136>< 146>< 156 256
123 —— 124 135>< 145>< 236>< 246 356 — 456.
134 234 235 245 345 346

In the above, an arrow points to a bigger minor. Clearly, we have the expressions
m(X)=11,2,3], m(X)=1[1,2,4], n3(X)=][1,2,5]+[1,3,4],

7]4(X) = [172’6]+[17375]+[27374]7 775(X) [1 3 6] [17475]+[2’3a5]7

776(X) - [17476]+[27376]+[27475]7 777( ) [1 5 6] [ 7476]+[37475]7
778(X) = [27576] + [33476]a 779(X) = [3 D 6] nlO(X) = [47576]



Every above 7;(X) has degree 3. Note that the summands [i1, i2,43] from the same 7;(X)
have a constant summation i1 + ¢ + i3. Thus, for each £ =1,...,3n — 8, we have

ng(X) = Z [il,ig,ig}.

1<i1 <ig<izg<n:i1+ig+iz=~¢+5

When k > 3 is general, szl can be defined by nk —k?+1 polynomials of the form n,(X).
For each £ =1,2,...,nk — k% + 1, we similarly have the expression

UZ(X): Z [il,...,ik].

1<iy <o <i<neig o=+ (M) -1

2.2 The exact Jacobian SDP relaxation

For every J = {j1,...,jk} C [m2] with & < m — m;, by applying formula (2.3), let
ni],...,nl‘]en(J) (len(J) =n(mi+k+1)— (m1+k+ 1)2—f—1>

be the set of defining polynomials for the determinantal variety G; defined in (2.2) of the
Jacobian of (f, h,gs) being singular. For each i = 1,...,len(J), define

ol@) =n!(B'@) T] 9s(@). where J°= [ma]\J. (2.4)
jeJe

Using the product ;¢ e gj(x) in the above is motivated by a characterization of critical
points in [15]. For simplicity, list all possible ! in (2.4) sequentially as

O1y P2y -y Or, where 1= Z len(J). (2.5)

JC[ma],|J|<m—my

Now define the variety
W={zeC": h(z)="=hn(z)=pi(z) = =@ (x) =0}. (2.6)

If the minimum f,;, of (1.1) is achieved at a KKT point, then (1.1) is equivalent to

min  f(z)
s, hi(x) =0(1 <i<my), pj(z) =0(1<j<r), (2.7)

=0

gu(z) >0, Vv e {0,1}m2.

In the above, each g, = ¢* - - gms2. Let f* be the minimum of (2.7). If (1.1) has a minimizer
that is a KKT point, then fp, = f*. If (1.1) does not have a minimizer (i.e., fyin is not
achievable in (1.1)), or if (1.1) has one or several minimizers but none of them is a KKT
point, then we might have fi, < f* (e.g., for f(x) = 2% + (1 — 2122)? and S = R?
fmin =0 < f* =1 [18]). But in any case the minimum f* is always finite as will be shown
by Theorem 2.3, while f,,;, might not.



To construct an SDP relaxation for (2.7), we need to define localizing moment matrices.
Let ¢(z) be a polynomial with deg(q) < 2N. Define symmetric matrices AP such that

g(z)[zlalzlg = Y Az, where d=N —[deg(q)/2].
aeN":|a|<2N

Then the N-th order localizing moment matrix of ¢ is defined as

LM = > A

aeN":|a|<2N

Here y is a moment vector indexed by a € N with |a| < 2N. Moreover, denote

Li)= Y faya for flo)= D fa™

a€N":|al<deg(f) a€eNm:|a|<deg(f)

The N-th order Lasserre’s relaxation for (2.7) is the SDP

M. in L
N i=min f]\([y) N
st LYV () =01 <i<m), L0 (y) =01 <j<r), (2.8)

LY (y) = 0, ¥w € {0,172, yo = 1.

Compared to Schmiidgen type Lasserre’s relaxation (1.3), the number of new constraints in
(2.8) is r = O<2m2 “n - (mg + mg)) by (2.5). That is, r is of linear order in nm; for fixed

mg, but is exponential in mg. So, when mg is small or moderately large, (2.8) is practical,
but for big ma, (2.8) becomes more difficult to solve numerically. Now we present the dual
of (2.8). Define the truncated preordering PWN) generated by gj as

P(N) = Z Ovgv deg(augu) < 2N, (2'9)
ve{0,1}m2

and the truncated ideal IV) generated by h; and ©; as
deg(pih;) <2N Vi
szh +ZQJ¢] deg ) <2N V] : (210)
Then, as shown in Lasserre [16], the dual of (2.8) is the following SOS relaxation for (2.7):

2
f](\/) ‘= max v (2.11)
st flx)—vyeIW) 4 p(V),

Note the relaxation (2.11) is stronger than (1.3). Then, by weak duality, we have

2 <P < (2.12)

We are going to show that when N is big enough, (2.8) is an exact SDP relaxation for
(2.7), i.e. f N = (1) = f*. For this purpose, we need the following assumption.



Assumption 2.2. (i) m; < n. (i) For any u € S, at most n —my of g1(u),. .., gm,(w)
vanish. (iii) For every J = {j1,...,jk} C [ma] with k < n — my, the variety V(h,g5) =
{x € C": h(z) =0, gj(x) = 0} is nonsingular (its Jacobian has full rank on V(h,gys)).

Theorem 2.3. Suppose Assumption 2.2 holds. Let f* be the minimum of (2.7). Then
f* > —oo and there exists N* € N such that fj(\}) = fj(\?) = f* for all N > N*. Furthermore,
if the minimum fpin of (1.1) is achievable, then f](\}) = f](\?) = fmin for all N > N*.

The proof of Theorem 2.3 is based on a new kind of Positivstellensatz using Jacobians
of the objective and constraining polynomials: there exists an integer N* > 0, which only
depends on polynomials f, h;, g;, such that for all e > 0

fla)—f"4e e IO 4 pW0NT,

Note that the order N* in the above is independent of e. This new Positivstellensatz is given
by Theorem 3.4 in the next section. Theorem 2.3 as well as this Positivstellensatz will be
proved in Section 3. We would like to remark that in Theorem 2.3, for N > N*, the optimal
value of (2.11) might not be achievable (e.g., see Example 5.1), while the minimum of (2.8) is
always achievable if (1.1) has a minimizer (e.g., [z*]on is one for any optimizer z* of (1.1)).

When the feasible set S of (1.1) is compact, the minimum f,;, is always achievable.
Thus, Theorem 2.3 implies the following.

Corollary 2.4. Suppose Assumption 2.2 holds. If S is compact, then f](vl) = ](\,2) = fmin for
all N big enough.

A practical issue in applications is how to identify whether (2.8) is exact for a given
N. This would be possible by applying the flat-extension condition (FEC) [6]. Let y* be a
minimizer of (2.8). We say y* satisfies FEC if

rank Léév) (y*) = rank Lgév_dS) (y*), where

{ Tdeg(h)/2], [deg(p;)/2], [deg(g,)/2] }.

max
i€[ma],j€[r],ve{0,1}m2
Note that go =1 and Lgév) (y*) reduces to an N-th order moment matrix. When FEC holds,
(2.8) is exact for (1.1), and a finite set of global minimizers would be extracted from y*. We
refer to [13] for a numerical method on how to do this. A very nice software for solving SDP
relaxations from polynomial optimization is GloptiPoly 3 [14] which also provides routines
for finding minimizers if FEC holds.

Now we discuss how general the conditions of Theorem 2.3 are. Define
By(5) = {f € R[z]<q : inf f(u) > —oo}.
- uesS
Clearly, By(.S) is convex and has nonempty interior. Define the projectivization of S as

Sprj:{iER’H—l . E1(£>:"':ﬁm1(£):07 f}l(i)zo,...,gmz(i)ZO}. (2.13)



Here p denotes the homogenization of p, and & = (xg, x1,...,%,), i.e., p(T) = xgeg(p)p(x/:co).

We say S is closed at oo if
SPTI 0 {zg > 0} = closure (S N {zy > 0}).

Under some generic conditions, Assumption 2.2 holds and the minimum f,;, of (1.1) is
achievable. These conditions are expressed as non-vanishing of the so-called resultants Res
or discriminants A, which are polynomial in the coefficients of f, h;, gj. We refer to Appendix
for a short introduction about Res and A.

Theorem 2.5. Let f,h;, g; be the polynomials in (1.1), and S be the feasible set.
(a) If mi > n and Res(h;,, ..., hi, ) # 0 for some {i1,... int1}, then S = 0.
(b) If mi <n and for every {ji,..., jn—mi+1} C [ma]

Res(hl, ey hm17gj17 e 7gjn—m1+1) 7§ 0,
then item (ii) of Assumption 2.2 holds.

(c) If m1 <n and for every {j1,...,Jx} C [ma] with k <n —my

A(hl, .. whmpgjp v 7g]k) 7é 07
then item (iii) of Assumption 2.2 holds.

(d) Suppose S is closed at oo and f € By(S). If the resultant of any n of hho™, g?om is
nonzero (only when my +mg > n), and for every {ji1,...,jx} withk <n—mq —1

A(fhom nhem, . nhem ghom L ghomy £ 0,

then there exists v € S such that fmin = f(v). Here p™™ denotes p’s homogeneous part
of the highest degree.

(e) If f € Bg(R™) and A(f"™) # 0, then the minimum of f(x) in R™ is achicvable.

Theorem 2.5 will be proved in Section 3. Now we consider the special case of (1.1) having
no constraints. If fy,;, > —oo is achievable, then (1.1) is equivalent to (1.4). The item (e)
of Theorem 2.5 tells us that this is generically true. The gradient SOS relaxation for solving
(1.4) proposed in [18] is a special case of (2.11). The following is an immediate consequence
of Theorem 2.3 and item (e) of Theorem 2.5.

Corollary 2.6. If S = R”, f(z) has minimum fpni, > —oo, and A(f"™) # 0, then the
optimal values of (2.8) and (2.11) are equal to fumin if N is big enough.

Corollary 2.6 is stronger than Theorem 10 of [18], where the exactness of gradient SOS
relaxation for a finite order N is only shown when the gradient ideal is radical.



3 Proof of exactness and genericity

This section proves Theorems 2.3 and 2.5. First, we give some lemmas that are crucially used
in the proofs.

Lemma 3.1. Let K be the variety defined by the KKT conditions

_cnrmm | VI@) = SAVhi(a) + 395
=1 7j=1
ha() = yg5(@) = 0, ¥ (i, ) € [ma] x o)

K = ¢ (z,\ 1)

If Assumption 2.2 holds, then W = K, where
Ky, ={xe€C": (z,\, ) € K for some A\, u}.

Proof. First, we prove W C K. Choose an arbitrary v € W. Let J = {j € [mg] : g;(u) = 0}
and k = |J|. By Assumption 2.2, m; + k < n. Recall from (2.2) that

B'(x) = [Vf(z) Vh(z) Vgs(@)].

Case my +k =n By Assumption 2.2, the matrix H(u) = [Vh(u) Vgy(u)] is nonsingular.
Note that H(u) is now a square matrix. So, H(u) is invertible, and there exist \; and
w;(j € J) such that

mi
Vf(u) =D AVhi(u) + )5V (u). (3:2)
i=1 jeJ

Define p; = 0 for j ¢ J, then we have u € K.

Case m; + k <n By the construction of polynomials ¢;(x) in (2.5), some of them are

ol () == n(B7 () [] g95(x), i=1,...,n(mi+k+1)—(mi+k+1)>+1.
jeJe
So the equations ;(u) = 0 imply every above 7 (u) = 0 (see its definition in (2.4)). Hence
BY(u) is singular. By Assumption 2.2, the matrix H(u) is nonsingular. So there exist \; and
wi(j € J) satisfying (3.2). Define p; = 0 for j ¢ J, then we also have u € K.

Second, we prove K, C W. Choose an arbitrary v € K, with (u,\,u) € K. Let
I ={j€[msg: gju) =0} If I =0, then p = 0, and [Vf(u) Vh(u)] and B’(u) are
both singular, which implies all p;(u) = 0 and uw € W. If I # (), write I = {iy,...,i;}. Let
J ={j1,...,Jk} C [m2] be an arbitrary index set with m; + k < m.
Case I ¢ J At least one j € J¢ belongs to I. By choice of I, we know from (2.4)

¢! (w) = mi(B7(w) - [T 9i(w) = 0.

jeJe

Case I C J Then p; = 0 for all j € J° By definition of K, the matrix B”(u) must be
singular. All polynomials ¢} (z) vanish at u by their construction.

Combining the above two cases, we know all ¢/ (x) vanish at u, that is, ¢1(u) = -+ =
or(u) =0. Soue W. O
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Lemma 3.2. Suppose Assumption 2.2 holds. Let W be defined in (2.6), and T = {x € R" :
gj(x) > 0,5 =1,...,ma}. Then there exist disjoint subvarieties Wo, W1,..., W, of W and
distinct vy, ...,v, € R such that

W=WoUWiU---UW,, WonT=0, W;NT#0,i=1,...,r,
and f(x) is constantly equal to v; on Wy fori=1,... r.

Proof. Let K = Ky U ---U K, be a decomposition of irreducible varieties. Then f(z) is
equaling a constant v; on each Kj;, as shown by Lemma 3.3 in [7]. By grouping all K; on
which v; are same into a single variety, we can assume all v; are distinct. Let /V[Z be the
projection of K; into x-space, then by Lemma 3.1 we get

W=W,U---UW,.

P

Let W; = Zar(W;). Applying Zariski closure in the above gives
W =Zar(W)=WrU---UW,.

Note that f(x) still achieves a constant value on each W;. Group all W for which W;NT = 0
into a single variety Wy (if every W; N'T # () we set Wy = (). For convenience, we still write
the resulting decomposition as W = Wy U Wy U --- U W,. Clearly, WoN'T = (), and for i > 0
the values v; are real and distinct (because ) # W; N T C R™ and f(z) has real coefficients).
Since f(x) achieves distinct values on different W;, we know W; must be disjoint from each
other. Therefore, we get a desired decomposition for W. ]

Lemma 3.3. Let Iy, I1, ..., Ii be ideals of Rlz] such that V(I;) NV (I;) = 0 for distinct i, j,
and I = IoNIyN---NIg. Then there exist ag,as,...,ar € Rlz| satisfying

ag—&-‘--—i-az—lef, a; € ﬂ I;.
i#j€{0,...k}

Proof. We prove by induction. When k = 1, by Theorem A.2, there exist p € Iy, q € I; such
that p+ ¢ = 1. Then ap = p, a; = ¢ satisfy the lemma.

Suppose the lemma is true for & = ¢t. We prove it is also true for ¥ = ¢ + 1. Let
J =1IpN---NI. By induction, there exist by, ...,b € R[z] such that

Rt +b2—1€J b e ﬂ I, i=0,...,t
i#j€{0,...,t}

Since V (I¢41) is disjoint from V (J) = V (Ip)U- - -UV (1), by Theorem A.2, there exist p € I
and q € J such that p+q¢=1. Let a; =b;p for i =0,...,t and a;y1 = ¢q. Then

ai € (N L. i=0,...t+L
i#5€{0,...,t+1}

Since (p+¢)? = 1,1 = I;;1 N J, we have pg € I, (b3 + -+ b7 — 1)p? € I, and
ag+af+-+ajy —1= (b + -+ b —1)p” —2pg € I,

which completes the proof. O
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Theorem 3.4. Suppose Assumption 2.2 holds and let f* be the minimum of (2.7). Then
f* > —oo and there exists N* € N such that for all e > 0

fl@)=f +ee 10D 4 pN7), (3.3)

Proof. Note that the feasible set of (2.7) is contained in the variety W defined by (2.6).
Decompose W as in Lemma 3.2. Thus, f(z) achieves finitely many values on W and

[ =min{vy,...,v.} > —oc.
So, we can generally assume f* = 0. Reorder W; such that v1 > vy > --- > v, = 0. The ideal
Iy = (hi,.. . hmy, 01, ) (3.4)
has a primary decomposition (see Sturmfels [28, Chapter 5])
Iw=FENEnN---NE

such that each ideal E; C R[z| has variety W; = V(E;).

When i = 0, we have Vg(FEo) NT = @ (T is defined in Lemma 3.2). By Theorem A.3,
there exist SOS polynomials 7, satisfying

—1= Z T, gu(x) mod Ejp.
ve{0,1}m2

Thus, from f = 1(f + 1)2 — (f — 1), we have

1
fEZ (f+1)2+(f_1)2 Z Ty Gu mod EO
ve{0,1}m2
= Z o -9, mod Ey
ve{0,1}m2

for certain SOS polynomials 7,,. Let

og =€+ Z ﬁ/ *Gu-
ve{0,1}m2

Clearly, if Ny > 0 is big enough, then og € PXo) for all € > 0. Let gqo = f + € — 09 € Ep,
which is independent of e.

Foreachi=1,...,r—1,v; > 0 and vi_lf(a:) — 1 vanishes on W;. By Theorem A.1, there
exists k; > 0 such that (v; ' f(z) — 1)*¥ € E;. Thus, it holds that

si(z) = \/172<1 + (v f(@) — 1))1/2 = \/vjklz:l <1§2> (v ' f(z) — 1) mod E;.
=0

Let 0; = s;(z)2 + ¢, and ¢; = f + € — 0; € E;, which is also independent of € > 0.

12



When ¢ = r, v, =0 and f(z) vanishes on W,. By Theorem A.1, there exists k, > 0 such
that f(z)* € E,. Thus we obtain that

kr—1
sr(z) =ve(l+e'f 1/2 \/Z (1/2> e f(x)? mod E,.

Let 0, = 5,.(z)?, and ¢, = f + ¢ — 0, € E,. Clearly, we have

kr—2

gr(z) = Y eie) fla)

j=0
for some real scalars cj(€). Note each f(z)k+7 € E,.
Applying Lemma 3.3 to Ey, E1,. .., E,, we can find ag, ..., a, € R[z] satisfying
a+-+al-1ely, as€ (] Ej
i#5e{0,1,...,r}

Let 0 = aoa% + ala% + .-+ oraf, then

r

f@)+e—o =3 (f+e—o)ad +(f+ 0 —af - —a).

i=0
Since ¢; = f + € — 0; € Ej;, it holds that
T
(f+e—0y)a? € ﬂEj = Iw.
§=0
For each 0 < i < r, ¢; is independent of €. There exists N7 > 0 such that for all ¢ > 0
(f+e—oi)a? € IV, =0,1,...,r—1.

For i =7, q, = f + ¢ — 0, depends on €. By the choice of ¢,, it holds that

(f+6_ar Z ferrja

=0
Note each f**ia2 € Iy, since f*+ € E,. So, there exists No > 0 such that for all € > 0

(f+e—op)a? € T2,

Since 1 —af — -+ — a2 € Iy, there also exists N3 > 0 such that for all € > 0
(F+e)(1—ad— o —a) € ),

Combining the above, we know if N* is big enough, then f(z) + € — o € IN") for all
€ > 0. From the constructions of ¢; and a;, we know their degrees are independent of €. So,
o € PWY) for all € > 0 if N* is big enough, which completes the proof. O
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Theorem 3.4 is a kind of Positivstellensatz of representing f(z) — f* + ¢, which is positive
on S for all € > 0, by the preordering generated by g; modulo the ideal Iy in (3.4) of variety
W. Usually, we can not conclude f(z) — f* € TN 4 pP(N™) by setting € = 0, because the
coefficients of the representing polynomials of f(z) — f* 4 € in IV + P(V") go to infinity as
€ — 0 (see s,(z) in the proof). It is possible that f(z) — f* ¢ IN) 4 PO for every N > 0.
Such a counterexample is Example 5.1. However, Theorem 3.4 shows that the degree bound
N* required for representing f(z) — f* + € is independent of e. This is a crucial property
justifying the exactness of the SDP relaxation (2.8). Now we present its proof below.

Proof of Theorem 2.3 By Theorem 3.4, we know f* > —oo and there exists N* € N such
that for all € > 0
fla)=(f*—e) e 1IN 4 p0),

Since f](\}*), f](\?z are the optimal values of (2.8) and (2.11) respectively, we know
froe<iil <<

Because € > 0 is arbitrary, the above implies f](vl) = f](\?) = f*. Since the sequence { f](\?)} is
monotonically increasing and every f](\?) < f](\}) < f* by (2.12), we get f](\,l) = f](\?) = f* for
all N > N*. If the minimum f,,,;,, of (1.1) is achievable, then there exists z* € S such that
fmin = f(z*). By Assumption 2.2, we must have z* € W. So z* is feasible for (2.7), and

F* = fmin. Thus, we also have £\ = f%) = fou, for all N > N*. O

Last we prove Theorem 2.5 by using the properties of resultants and discriminants de-
scribed in Appendix.

Proof of Theorem 2.5 (a) If Res(hy,,...,h;,,.,) # 0, then the polynomial system
hll(x) == hin+1 (J:‘) =0

does not have a complex solution. Hence, V' (h) = () and consequently S = .
(b) For a contradiction, suppose n —my + 1 of g; vanish at u € S, say, g, -+, G, 11
Then the polynomial system

hi(@) = -+ = him, (1) = g5, (2) = -+ = Gjo_pny 42 (€) = 0

has a solution, which contradicts Res(h1, ..., mi, 5, - - - ,gjn_m1+1) #0.
(c) For every J = {j1,...,jk} C [m2] with k& <n —my, if

A(hlu"'7hm17gj17"'7gjk) #07

then the polynomial system

hi(z) = -+ = hm, (2) = gj () = - = gj,(x) = 0

has no singular solution, i.e., the variety V'(h, g) is smooth.
(d) Let fo(z) = f(x) — fimin- Then fy lies on the boundary of the set

Py(S) = {peBd(S) :p(z) >0Vzx e S}.
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Since S is closed at oo, by Prop. 6.1 of [20], fo € OP;(S) implies

0= min fo(2).
ZESPTI || Z]|2=1,2020

Let @ = (ug,u1,...,u,) # 0 be a minimizer of the above, which must exist because the feasible
set is compact. We claim that ug # 0. Otherwise, suppose ug = 0. Then u = (u1,...,u,) #0
is a minimizer of
0 =min fhom(x)
s.t. hpem(x) = - = hlom(z) =0,
Grom(z) > 0,...., ghom(z) > 0.

Let j1,...,Jx € [m2] be the indices of active constraints. By Fritz-John optimality condition
(see Sec. 3.3.5 in [1]), there exists (Ao, A1y. -y Ay, f1, - - -, i) 7 0 satisfying

mi k
MoV (u) + S NVAET(w) + -+ 3 Vg™ (u) = 0,
i=1 =1
Frem(u) = o (u) = - = W0 (u) = g (u) = - = gho™ (u) = 0.
Thus, the homogeneous polynomial system

from(@) = pem(z) = - = hp (@) = gj™ (@) = -+ = gj™ (2) = 0

has a nonzero singular solution. Since the resultant of any n of h?om, géwm is nonzero, we

must have m1 +k <n — 1. So the discriminant
h h h h
A R R Gy e ,gjk"m)

is defined and must vanish, which is a contradiction. So ug # 0. Let v = u/ug, then @ € SP"J
implies v € S and f(v) — fmin = ug *fo() = 0.
Clearly, (e) is true since it is a special case of (d). O

4 Some variations

This section presents some variations of the exact SDP relaxation (2.8) and its dual (2.11).

4.1 A refined version based on all maximal minors

An SDP relaxation tighter than (2.8) would be obtained by using all the maximal minors
to define the determinantal variety G in (2.2), while the number of equations would be
significantly larger. For every J = {j1,...,jx} C [mo] with my +k < m, let 7{,...,7/ be all
the maximal minors of B”(z) defined in (2.2). Then define new polynomials

o =1 [ i=1...¢ (4.1)

jeJe

List all such possible 2/);] as

n
wla 1?2; ERE wta where t = Z <|J +my + 1)

JC[mgHJ\gm—ml
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Like (2.7), we formulate (1.1) equivalently as

min  f(z)
st hi(x) = ¥i(x) = 0,4 € [ma), j € [1], (4.2)

gu(z) >0, Vv e {0,1}m2.

The standard N-th order Lasserre’s relaxation for the above is

min Ly (y)
st Ly (y) =0,L3(y) =0, i € [mi], j € [t], (4.3)

Ly (y) = 0, ¥v € {0,1}™, yo = 1.

Note that every ¢/ in (2.4) is a sum of polynomials like ¥y in (4.1). So the equations
ng)(y) = 0 in (4.3) implies Lgy) (y) = 0 in (2.8). Hence, (4.3) is stronger than (2.8). Its
dual is an SOS program like (2.11). Theorem 2.3 then implies the following.

Corollary 4.1. Suppose Assumption 2.2 is true, and the minimum fpin of (1.1) is achiev-
able. If N s big enough, then the optimal value of (4.3) is equal to fuin.

4.2 A Putinar type variation without using cross products of g;

If the minimum f,;, of (1.1) is achieved at a KKT point, then (1.1) is equivalent to

min  f(z)
st. hi(z) = @i(x) =0, i € [mi],5 € [r], (4.4)

gl(x) > O,...,ng(x) > 0.

The standard N-th order Lasserre’s relaxation for (4.4) is

min  L¢(y)
st Ly (y) = 0,28 (y) = 0, i € [ma), j € [7], (4.5)
L“gi\[)(> O :017 7m27y0_1

The difference between (4.5) and (2.8) is that the cross products of g;(z) are not used in
(4.5), which makes the number of resulting LMIs much smaller. Similar to PN, define the
truncated quadratic module M) generated by g¢; as

MW = {%Uigi

1=0

deg(oig;) < QN} . (4.6)

The dual of (4.5) would be shown to be the following SOS relaxation for (4.4):

max -y

st. f(z)—~v€ I 1 pp(N) (4.7)

Clearly, for the same N, (4.7) is stronger than the standard Lasserre’s relaxation (1.2). To

prove (4.5) and (4.7) are exact for some N, we need the archimedean condition (AC) for S,
i.e., there exist R > 0, ¢1,...,¢m, € Rz] and SOS sp, ..., Sm, € Rlz] such that

mi mo
— 23 = > dihi+ Y 559,
i=1 =0
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Theorem 4.2. Suppose Assumption 2.2 and the archimedean condition hold. If N is big
enough, then the optimal values of (4.5) and (4.7) are equal to fuin.

To prove Theorem 4.2, we need the following.

Theorem 4.3. Suppose Assumption 2.2 and the archimedean condition hold. Let f* be the
optimal value of (4.4). Then there exists an integer N* > 0 such that for every e > 0

flx)—f*+ee IV 4 V), (4.8)

Proof. The proof is almost same as for Theorem 3.4. We follow the same approach used
there. The only difference occurs for the case i = 0 and Vg(Ep) N T = (). By Theorem A.3,
there exist SOS polynomials 7, satisfying

—2= Z -9, mod FEy.
ve{0,1}m2

2

Clearly, each 2%2 +n gyt g,y,{z is positive on S. Since AC holds, by Putinar’s Positivtel-
lensatz (Theorem A.4), there exist SOS polynomials 6,,; such that

ma2

gy = Ouigi mod (hi,... Bum,).
=0

2m

Hence, it holds that

-1

1
Z <2m2 —I—ny-gV) mod  (hi,...,hm,) + Eo
ve{0,1}m2

m2

Z Z eu,i g; mod Eo.

i=0 \ve{0,1}m2

The second equivalence above is due to the relation
(hi,...,hm,) C Iy C Ejp.
Letting 7; = ZVE{O,I}’"Z 6,.,i, which is clearly SOS, we get
—1l=71+701+  + TmyGm, mod Ejp.
The rest of the proof is almost same as for Theorem 3.4. 0

Proof of Theorem 4.2  For convenience, still let f ](\} ), f](\? ) be the optimal values of (4.5) and
(4.7) respectively. From Theorem 4.3, there exists an integer N* such that for all e > 0

f@)-(fF—g e T4 ut,

Like in the proof of Theorem 2.3, we can similarly prove f](vl) = ](\?) = f* for all N > N*.
Since AC holds, the set S must be compact. So the minimum fy,,;, of (1.1) must be achievable.
By Assumption 2.2, we know f* = f,:,, and the proof is complete. O
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4.3 A simplified version for inactive constraints

Suppose in (1.1) we are only interested in a minimizer making all the inequality constraints
inactive. Consider the problem

min  f(z)
st hy(z) == hp, (z) =0, (4.9)
G1(2) > 0, ga() > 0.

Let v be a minimizer of (4.9). If V(h) is smooth at u, there exist \; such that

Vfiu) =AM Vhi(u)+ -+ Ay Vg, (u).
Thus, u belongs to the determinantal variety

Gp = {z :rank [Vf(z) Vh(z)] <mi}.
If mi1 < n, let ¢1,...,¢s be a minimum set of defining polynomials for G, by using formula

(2.3). If m; = n, then G, = R™ and we do not need these polynomials; set s = 0, and [s] is
empty. Then, (4.9) is equivalent to

min  f(z)
st hi(z) = ¢;(x) = 0,4 € [m],j € [s], (4.10)
g1(z) > 0,...,gm,(x) > 0.

The difference between (4.10) and (2.7) is that the number of new equations in (4.10) is
s = O(nml), which is much smaller than r in (2.7). So, (4.10) is preferable to (2.7) when

the inequality constraints are all inactive. The N-th order Lasserre’s relaxation for (4.10) is

min  L¢(y)
t Ly (y) =0, szff) (y) = 0,4 € [mi],j € [s], (4.11)
L!(717V)(y) t()’.j:lv , Mo, yo_l

A tighter version than the above using cross products of g; is

min  L¢(y)
st Ly (y) = o,szij) (y) =0, i€ [m],j € [s], (4.12)

L (y) = 0, ¥ € {0,1}™2, yp = 1.

Define the truncated ideal J¥) generated by h;(z) and ¢ as

szh + Z ]¢]

The dual of (4.11) is the SOS relaxation

deg(pihi) <2N Vi
deg(qjp;) <2N Vj

max

st. flx)—~v€ JWN) L pp(N) (4.13)
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The dual of (4.12) is the SOS relaxation

max vy

st. flx)—~ve€ JWN) 4 p(N), (4.14)

The exactness of the above relaxations is summarized as follows.

Theorem 4.4. Suppose the variety V(h) is nonsingular and the minimum fpin of (4.9) is
achieved at some feasible u with every gj(u) > 0. If N is big enough, then the optimal values
of (4.12) and (4.14) are equal to fuin. If, in addition, the archimedean condition holds for
S, the optimal values of (4.11) and (4.13) are also equal to fun for N big enough.

Proof. The proof is almost same as for Theorems 2.3 and 4.2. We can first prove a decom-
position result like Lemma 3.2, and then prove there exists N* > 0 such that for all ¢ > 0
(like in Theorem 3.4)

f(@) = fmin+e € JV) 4 POV,

Furthermore, if AC holds, we can similarly prove there exists N* > 0 such that for all € > 0
(like in Theorem. 4.3)
F() = fmin +€ € JE) 4 MV,

The rest of the proof is almost same as for Theorems 2.3 and 4.2. Due to its repeating, we
omit the details here for cleanness of the paper. ]

5 Examples

This section presents some examples on how to apply the SDP relaxation (2.8) and its dual
(2.11) to solve polynomial optimization problems. The software GloptiPoly 3 [14] is used to
solve (2.8) and (2.11).

First, consider unconstrained polynomial optimization. Then the resulting SOS relaxation
(2.11) is reduced to the gradient SOS relaxation in [18], which is a special case of (2.11).

Example 5.1. Consider the optimization problem

i%ié% o} + 28 + af + 2i23 + 2ia) + 2§ — 3ziadad.
This example was studied in [18]. Its global minimum is zero. The SDP relaxation (2.8) and
its dual (2.11) for this problem are equivalent to gradient SOS relaxations in [18] (there are
no constraints). We apply (2.8) of order N = 4, and get a lower bound —9.7 - 1079. The
resulting SDP (2.8) has a single block of size 35 x 35. The minimizer (0,0) is extracted. In
[18], it was shown that f(z) is not SOS modulo its gradient ideal Iy,44. But for every e > 0,
f(x)+€e = sc(x) modulo 444 for some SOS polynomial sc(x), whose degree is independent of
€ (see equation (10) of [18]). But its coefficients go to infinity as € — 0. This shows that the
optimal value of (2.11) might not be achievable. On the other hand, if (1.1) has a minimizer
(say, 2*) that is a KKT point (then z* € W), then its dual problem (2.8) always achieves its
optimal value f,i, for N big enough, e.g., [2*]2 is a minimizer. Thus, for this example, the
minimum of the dual (2.8) is achievable. O
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Second, consider polynomial optimization having only equality constraints:

afrel]il{% f(z) st hi(x)=---=hp(x)=0. (5.1)

When V' (h) is nonsingular, its equivalent version (2.7) reduces to

min  f(x)
zeR”
st. hi(z)=--- = hn(z) =0, (5.2)
S det;F(z) =0, (= ("1),....(n—2)(m+1). '
Ie[n]7rL+1
sum(I)=¢

In the above sum(I) denotes the summation of the indices in I, F(z) = [V f(z) Vh(z)],
and dety F'(x) denotes the maximal minor of F'(z) whose row indices are in /. When m > n,
there are no minor equations in (5.2).

Example 5.2. Consider the optimization problem

mi@ 2§ + 2§ + 2§ + 32i23ad — (21(2] + 23) + 23(25 + 21) + 23 (2] + 23))
€

st. x14+xo+a3—1=0.

The objective is the Robinson polynomial, which is nonnegative everywhere but not SOS
[22]. So the minimum fy,;;, = 0. We apply SDP relaxation (2.8) of order N = 4, and get
a lower bound —4.4600 - 107°. The resulting SDP (2.8) has a single block of size 35 x 35.
The minimizer (1/3,1/3,1/3) is also extracted. Applying Lasserre’s relaxation (1.2) of orders
N =3,4,5,6,7, we get lower bounds respectively

—0.0582, —0.0479, —0.0194, —0.0053, —4.8358-1077.

We can see that (1.2) is weaker than (2.8). It is not clear whether the sequence of lower
bounds returned by (1.2) converges to zero or not, because it is not guaranteed when the
feasible set is noncompact, which is the case in this example. The objective f(z) here is not
SOS modulo the constraint. Otherwise, suppose there exist polynomials o(z) being SOS and
¢(x) such that

f(x) =o(x) + ¢(x)(x1 + 22 + 23 — 1).
In the above, replacing every z; by z;/(x1 + x2 + x3) gives
f@) = (21 + w2+ 23)%0 (/ (21 + 22 + 23)).
So, there exist polynomials p1,...,pk, q1, .- .,qe such that
a a
g Tt 20"
(z1 + 22 + 23) (z1 + z2 + x3)

fl@)y=pi+ - +pp+

Since the objective f(z) does not have any pole, every ¢; must vanish on the plane 1 + z2 +
x3 = 0. Thus ¢; = (x1 + 2 + x3)"w; for some polynomials w;. Hence, we get

f@)=pi+-+p+uwi+ - +uw]

is SOS, which is a contradiction. O
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Third, consider polynomial optimization having only a single inequality constraint.

nelliRI}L f(z) st g(x)>0. (5.3)
Its equivalent problem (2.7) becomes
;2%@% f@)
g@) % =0, i=1,....n, g(z)>0, (5.4)
Of(x) 99(z) _ 0f(x) dg(x) —
gjg(am et o ng> 0, ¢=3,...2n—1.
i+j=

There are totally 3(n — 1) new equality constraints.

Example 5.3. Consider the optimization problem
min zjz3 + 232) + x3 Sx%xga:%
z€R3

s.t. 1‘% —i—:v% +x§ <L

The objective is the Motzkin polynomial which is nonnegative everywhere but not SOS [22].
So its minimum fy,;, = 0. We apply SDP relaxation (2.8) of order N = 4, and get a lower
bound —1.6948 - 10~8. The resulting SDP (2.8) has two blocks of sizes 35 x 35 and 20 x 20.
The minimizer (0,0, 0) is also extracted. Now we apply Lasserre’s relaxation (1.2). For orders
N =4,5,6,7,8, (1.2) returns the lower bounds respectively

—2.0331-107%,-2.9222 - 1075, —8.2600 - 1076, —4.2565 - 107, —2.3465 - 107°,

Clearly, (1.2) is weaker than (2.8). The sequence of lower bounds given by (1.2) converges
to zero for this example, because the archimedean condition holds. The feasible set has
nonempty interior. Hence, for every N, there is no duality gap between (1.2) and its dual,
and (1.2) has an optimizer. The objective does not belong to the preordering generated
by the ball condition. This fact was kindly pointed out to the author by Claus Scheiderer
(implied by his proof of Prop. 6.1 in [23], since the objective is a nonnegative but non-SOS
form vanishing at origin). Therefore, for every NN, the optimal value of (1.2) as well as its
dual is strictly smaller than the minimum f,,;,. ]

Example 5.4. Consider Example 5.3 but the constraint is the outside of the unit ball:
min x%zQ + xlcz:Q + ac3 Bx%:vgxg
z€R3
s.t. x% —i—m% —i—a;g > 1.
Its minimum is still 0. We apply SDP relaxation (2.8) of order N = 4, and get a lower bound
1.7633 - 1079 (its sign is not correct due to numerical issues). The resulting SDP (2.8) has
two blocks of sizes 35 x 35 and 20 x 20. Now we compare it with Lasserre’s relaxation (1.2).

When N = 4, (1.2) is not feasible. When N = 5,6,7,8, (1.2) returns the following lower
bounds respectively

—4.8567-10%, —98.4862, —0.7079, —0.0277.

So we can see (1.2) is much weaker than (2.8). Again, it is not clear whether the sequence
of lower bounds given by (1.2) converges to zero or not, because it is only guaranteed when
the feasible set is compact, which is not the case in this example. O
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Last, we show some general examples.
Example 5.5. Consider the following polynomial optimization

min x} + 23
zeR?2
st. 23 —1>0,
x% — Mzxizo —12>0,
SU%—i—M:ElSUQ —1>0.

This problem was studied in [7, 12]. Its global minimum is 2 + M (M + VM2 +4). Let
M =5 here. Applying (2.8) of order N = 4, we get a lower bound 27.9629 which equals the
global minimum, and four global minimizers (£5.1926,+1.0000). The resulting SDP (2.8)
has eight blocks whose matrix lengths are 15,10, 10, 10, 6, 6, 6, 3 respectively. However, if we
apply the Lasserre’s relaxation either (1.2) or (1.3), the best lower bound we would obtain
is 2, no matter how big the relaxation order N is (see Example 4.5 of [7]). The reason for
this is that its feasible set is noncompact, while Lasserre’s relaxations (1.2) or (1.3) are only
guaranteed to converge for compact sets. O

Example 5.6. Consider the polynomial optimization

min  xir + 2323 + v32? — 3222322
z€eR3
st. 1—2%>0,1-23>0,1-2%>0.

The objective is a nonnegative form being non-SOS [22, Sec. 4c]. Its minimum f,,;, = 0. We
apply SDP relaxation (2.8) of order N = 6, and get a lower bound —9.0752-10~?. A minimizer
(0,0,0) is also extracted. The resulting SDP (2.8) has eight blocks whose matrix lengths are
84, 56, 56, 56, 35, 35, 35, 20 respectively. Now we apply Lasserre’s relaxation of type (1.3). Let

9 be the optimal value of (1.3) for an order N, and f3/°™ be the optimal value of its
dual optimization problem (an analogue of (2.8) by using moments and localizing matrices,
see Lasserre [16]). Since the feasible set here has nonempty interior, the dual optimization
problem of (1.3) has an interior point, so (1.3) always has an optimizer and there is no duality
gap, Le., fx 0 = fue™ for every order N (cf. [16]). For N = 6,7,8, (1.3) returns the lower

bounds fy"? respectively
—3.5619-107°, —1.0406-10"°, —7.6934-1075.

The sequence of lower bounds given by (1.3) converges to zero, since the feasible set is com-
pact. However, the objective does not belong to the preordering generated by the constraints,
which is implied by the proof of Prop. 6.1 of [23] (the objective is a nonnegative but non-SOS
form vanishing at origin). Because (1.3) has an optimizer for every order N, this implies that

9= RO < frmin = 0 for every N. Thus, the relaxation (1.3) and its dual could not be
exact for any order N. O

6 Some conclusions and discussions

This paper proposes an exact type SDP relaxation (2.8) and its dual (2.11) for polynomial
optimization (1.1) by using the Jacobian of its defining polynomials. Under some generic
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conditions, we showed that the minimum of (1.1) would be found by solving the SDP (2.8)
for a finite relaxation order.

A drawback of the proposed relaxation (2.8) and its dual (2.11) is that there are totally
O(2™2 - n - (my + ma)) new constraints. This would make the computation very difficult to
implement if either m; or msy is big. Thus, this method is more interesting theoretically.
However, this paper discovers an important fact: it is possible to solve the polynomial opti-
mization (1.1) exactly by a single SDP relaxation, which was not known in the prior existing
literature. Currently, it is not clear for the author whether the number of newly introduced
constraints would be significantly dropped while the exactness is still wanted. This is an
interesting future research topic. On the other hand, the relaxation (2.8) is not too bad
in applications. For problems that have only a few constraints, the method would also be
efficiently implemented. For instance, in all the examples of Section 5, they are all solved
successfully, and the advantages of the method over the prior existing ones are very clear.
Thus, this method would also be computationally attractive in such applications.

The results of this paper improve the earlier work [7, 18], where the exactness of gradient
or KKT type SOS relaxations for a finite relaxation order is only proved when the gradient
or KKT ideal is radical. There are other conditions like boundary hessian condition (BHC)
guaranteeing this property, like in [15, 17]. In [17], Marshall showed that the gradient SOS
relaxation is also exact for a finite relaxation order by assuming BHC, in unconstrained
optimization. In this paper, the exactness of (2.8) and (2.11) for a finite N is proved without
the conditions like radicalness or BHC. The only assumptions required are nonsingularity of
S and the minimum f,;, being achievable (the earlier related work also requires this), but
they are generically true as shown by Theorem 2.5.

We would like to point out that the KKT type SOS relaxation proposed in [7] using
Lagrange multipliers is also exact for a finite order, no matter the KKT ideal is radical or
not. This would be proved in a similar way as we did in Section 3. First, we can get a
similar decomposition for the KKT variety like Lemma 3.2. Second, we can prove a similar
representation for f(x) — f* 4 € like in Theorem 3.4, with degree bounds independent of e.
Based on these two steps, we can similarly prove its exactness for a finite relaxation order.
Since the proof is almost a repeating of Section 3, we omit it for cleanness of the paper.

The proof of the exactness of (2.8) provides a representation of polynomials that are posi-
tive on S through using the preordering of S and the Jacobian of all the involved polynomials.
A nice property of this representation is that the degrees of the representing polynomials are
independent of the minimum value. This is presented by Theorem 3.4. A similar representa-
tion result using the quadratic module of S is given by Theorem 4.3.

An issue that is not addressed by the paper is that the feasible set S has singularities.
If a global minimizer z* of (1.1) is singular on S, then the KKT condition might no longer
hold, and z* ¢ W. In this case, the original optimization (1.1) is not equivalent to (2.7), and
the SDP relaxation (2.8) might not give a correct lower bound for f,;,. It is not clear how
to handle singularities generally in an efficient way.

Another issue that is not addressed by the paper is the minimum f,;, of (1.1) is not
achievable, which happens only if S is noncompact. For instance, when S = R?, the poly-
nomial 22 + (7179 — 1)? has minimum 0 but it is not achievable. If applying the relaxation
(2.8) for this instance, we would not get a correct lower bound. Generally, this case will not
happen, as shown by items (d), (e) of Theorem 2.5. In unconstrained optimization, when
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fmin is not achievable, excellent approaches are proposed in [9, 10, 26]. It is an interesting
future work to generalize them to constrained optimization.

An important question is for what concrete relaxation order N* the SDP relaxation (2.8)
is exact for solving (1.1). No good estimates for N* in Theorem 2.3 are available currently.
Since the original problem (1.1) is NP-hard, any such estimates would be very bad if they
exist. This is another interesting future work.

Acknowledgement The author is grateful to Bernd Sturmfels for pointing out the refer-
ences on minimum defining equations for determinantal varieties. The author thanks Bill
Helton for fruitful discussions.

A Some basics in algebraic geometry and real algebra

In this appendix, we give a short review on basic algebraic geometry and real algebra. More
details would be found in the books [4, 11].

An ideal I of R[z] is a subset such that I -R[z] C I and I + I C I. Given polynomials
Ply---yPm € Rlz], (p1, -+ ,pm) denotes the smallest ideal containing every p;, which is the
set p1R[z] + - -+ + pmR[z]|. The ideals in Clz| are defined similarly. An algebraic variety is a
subset of C" that are common complex zeros of polynomials in an ideal. Let I be an ideal of
R[z]. Define

VI)={ze€C": p(x)=0 Vpel},

W({I)={x€R": p(z)=0 Vpel}.
The V() is called an algebraic variety or just a variety, and Vr([) is called a real algebraic
variety or just a real variety. Every subset T' C C" is contained in a variety in C". The
smallest one containing 7" is called the Zariski closure of T', and is denoted by Zar(T'). In the
Zariski topology on C", the varieties are called closed sets, and the complements of varieties

are called open sets. A variety V is irreducible if there exist no proper subvarieties V7, V5 of
V such that V = V; U V,. Every variety is a finite union of irreducible varieties.

Theorem A.1 (Hilbert’s Strong Nullstellensatz). Let I C R[z] be an ideal. If p € R|x]
vanishes on V(I), then pF € I for some integer k > 0.

If an ideal I has empty variety V(I), then 1 € I. This is precisely the Hilbert’s weak
Nullstellensatz.

Theorem A.2 (Hilbert’s Weak Nullstellensatz). Let I C R[x] be an ideal. If V(I) =0, then
lel.

Now we consider I to be an ideal generated by polynomials having real coefficients. Let
T be a basic closed semialgebraic set. There is a certificate for Vg(I) N T = (). This is the
so-called Positivstellensatz.

Theorem A.3 (Positivstellensatz, [27]). Let I C R[z] be an ideal, and T = {z € R" :
g1(xz) >0,...,g9-(x) > 0} be defined by real polynomials g;. If V(1) NT = 0, then there exist
SOS polynomials o, such that

—-1= Z oy g{t---gr7  mod I
ve{0,1}7
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Theorem A.4 (Putinar’s Positivstellensatz, [21]). Let I be an ideal of R[x] and T = {z €
R™: gi(z) > 0,...,9-(x) > 0} be defined by real polynomials g;. Suppose there exist R > 0
and SOS polynomials so(x),. .., sm(x) such that (the archimedean condition holds)

R— |zl = so(z) + s1(2)g1(x) + -+ - + sm(2)gm(x)  mod 1.
If a polynomial f(x) is positive on Vr(I) NT, then there exist SOS polynomials o; such that
f(x) = oo(z) + o1(x)g1(2) + -+ + om(@)gm(z)  mod I
In the following, we review some elementary background about resultants and discrimi-

nants. More details would be found in [5, 8, 28].
Let f1,..., fn be homogeneous polynomials in = (z1,...,x,). The resultant Res(fi,..., fn)

is a polynomial in the coefficients of fi,..., f, satisfying
Res(fi,...,fn) =0 <= 3J0#uecC" fi(u)="---= fu(u)=0.
The resultant Res(f1,..., fn) is homogeneous, irreducible and has integer coefficients. When
f(x) is a single homogeneous polynomial, its discriminant is defined to be
of of
A = Res(=——,...,=—).
(f) 68(81;1’ Y axn>

Thus, we have the relation
A(f)=0 <= 3F0#ueC" Vf(u)=0.

The discriminants and resultants are also defined for inhomogeneous polynomials. Let
fos f1,..., fn be general polynomials in x = (x1,...,2,). Their resultant Res(fo, f1,-.., fn)
is then defined to be Res(fo(&), f1(Z), ..., fu(Z)), where each fi(&) = xgeg(fi)f(x/xo) is the
homogenization of f;(x). Clearly, if the polynomial system

fo(@) = fi(z) = = fulz) =0
has a solution in C", then the homogeneous system
fo@) = fi@) =-- = ful@) =0
has a nozero solution in C"*!, and hence Res(fo, f1,...,fn) = 0. The reverse is not always

true, because the latter homogeneous system might have a solution at infinity zo = 0. If f (x)
is a single nonhomogeneous polynomial, its discriminant is defined similarly as A(f).
The discriminants are also defined for several polynomials. More details are in [20, Sec. 3].

Let fi(Z),..., fm(Z) be forms in z = (z1,...,x,) of degrees dy,...,d,, respectively, and
m < n — 1. Suppose at least one d; > 1. The discriminant for fi,..., f;, denoted by
A(f1,..., fm), is a polynomial in the coefficients of f; such that

A(fiy.oosfm) =0

25



if and only if the polynomial system

fil@) = - = fula) =0
has a solution u # 0 such that the matrix [V fi(u) -+ V/fm(u)] does not have full rank.
When m =1, A(f1,..., fm) reduces to the standard discriminant of a single polynomial.
When fi,..., fn are nonhomogeneous polynomials in x = (z1,...,z,) and m < n, the

discriminant A(f1,..., fm) is then defined to be A(f1(Z), ..., fm(%)), where each f;(&) is the
homogenization of f;(x).
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