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Abstract

This paper discusses the global minimization of rational functions with or without constraints.
We studied the sum of squares (SOS) relaxations and their properties to solve this kind of problem.
Some special features are studied. As an application, we show how to find the nearest common
divisors of polynomials via global minimization of rational functions.

keywords: Rational function, polynomial, global minimization, sum of squares (SOS), great-
est common divisor, quadratic module.

1 Introduction

Consider the problem of minimizing a rational function

r*=min r(x):= f=)
min (z): e (1.1)
s.it. hi(xz) >0, hm(x) > 0. (1.2)

where f(z), g(x), hi(x) € R[X]. Here R[X] is the ring of real polynomials in X = (z1,--- ,zn).
Our goal is to find the global minimum 7* of the rational polynomial r(x), and if possible, one or
more global minimizer(s) ™ such that r(z*) = r*. This contains a broad class of nonlinear global

optimization problems. Without loss of generality, assume that g(x) is not identically zero and
f@) 1 f@)e(@)
g@) Y Tg2(a) -
When n = 1 and there are no constraints, i.e., the case of one-dimensional unconstrained
minimization, the problem is simpler. As we can see, v is a lower bound for r(x) if and only if

the univariate polynomial f(x) — vg(z) is nonnegative, i.e.,

nonnegative on the feasible set, otherwise we can replace

f@)—~-g(x)>0 Vz eR.

As is well-known, a univariate polynomial is nonnegative if and only if it can be written as sum of
squares (SOS) of polynomials [25]. This poses a convex condition [22, 28] (actually it is a linear
matrix inequality (LMI)) on + for given f(x),g(z). Thus the problem (1.1) can be reformulated
as maximizing vy subject to a particular LMI. Therefore the problem (1.1) can be solved efficiently
as a semidefinite program (SDP) [5, 32].
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However, when n > 1, the problem (1.1) can be very hard even if there are no constraints, which
is due to the difficulty that a nonnegative multivariate polynomial might not be sum of squares of
polynomials [25]. Even in the special case that deg(f) = 4 and deg(g) = 0, that is, r(z) becomes
a multivariate polynomial of degree 4, to find its global minimum is NP-hard, as mentioned in
Nesterov [18]. So we need some approximations of nonnegative polynomials to find an approximate
minimum value (often a guaranteed lower bound) and extract approximate minimizer(s). One
frequently used technique in polynomial optimization is to approximate nonnegative polynomials
by sum of squares of polynomials, i.e., SOS relaxations. We refer to [14, 21, 22].

To test nonnegativity of a general polynomial of degree 4 or higher is NP-hard in n, the number
of variables. For instance, for a given generic n — by — n symmetric matrix A = (aij)n,n, t0 test
whether the quartic homogenous polynomial

[2*)T Al2?] := Z aijTi T

i,5=1

is nonnegative is NP-hard [7]. The matrix A is said to be co-positive if [2*]” A[z?] is nonnegative for
every vector z € R". However, to test whether a polynomial is a sum of squares of polynomial can
be determined efficiently by solving a semidefinite program [21, 22]. Recently, there has been much
work on finding the global minimum of polynomial functions via sum of squares (SOS) relaxations
(also called semidefinite programming or LMI relaxation). We refer to [11, 14, 19, 21, 22] and the
references therein for work in this area. Our goal is to use SOS relaxations to solve the global
minimization problem (1.1)-(1.2).

Recently, D. Jibetean and E. de Klerk [10] discussed the SOS methods to solve the global
optimization of rational functions. This nice paper showed how to find the lower bounds of rational
functions by SOS relaxations. In this paper, we revisit the SOS methods for problem (1.1)-(1.2),
and discuss the special features of SOS relaxations and their dual problems. Interestingly, from
the optimal dual solutions, we find that the minimizers can be extracted. As an example of
application, we show how to find the nearest GCDs by globally minimizing a rational function.

Throughout this paper, we will use the following notation. R (C) is the field of real (complex)
numbers. For any complex number z, Z denotes its complex conjugate. N is the set of nonnegative
integers. For any integer vector & € N”, define z® := x$! - 25" and |a| := a1+ +an. > RIX]?
denotes the cone of sums of squares of polynomials in R[X]. For any real matrix (or vector) A,
AT denotes its transpose. For a symmetric matrix W, W > (>)0 means that W is positive
semidefinite (definite). For any two given matrices U and V of the same size, their inner product
UeV is defined as U eV := 37, . Us;Vi;. For any z € R", its two norm ||z is defined as

Vai4 -+ 22,
This paper is organized as follows. Section 2 discusses the method of SOS relaxation and
the special features in minimizing rational functions without constraints. Section 3 shows one

application of minimizing rational functions in finding nearest GCDs. Section 4 then discusses
SOS relaxations and the special features in constrained case. In Section 5, we draw conclusions.

2 SOS relaxation

In this section, we discuss the global minimization of (1.1) without any constraints. The con-
strained case will be handled in Section 4.

Obviously, v is a lower bound for 7* if and only if the polynomial f(x)—~vg(x) is nonnegative.
By approximating the nonnegativity of f(z) — vg(z) by a sum of squares, we get the following



SOS relaxation

*
Tsos = Sup 7
Y

st f(z) —yglx) € Y RIX]%

For any feasible v, we immediately have r(x) > « for every x € R". Thus every feasible v
(including r3,s) is a lower bound for r(z), i.e., r5,; < r*. Also see [10] for SOS relaxations for
minimizing rational functions without constraints.

Let 2d = max(deg(f), deg(g)) (it must be even for r(z) to have a finite minimum) and m(z)
be the column vector of monomials up to degree d

m(z)T = [1,1‘1,"' ,Jin,%%,l‘ll‘z,"’ ,xi,x?,~-~ 7:C7dt]
Notice that the dimension of vector m(z) is (":lrd). Then f(x) — vg(x) is SOS if and only there
exists a symmetric matrix W > 0 of dimension ("ji'd) such that [22, 28] the identity holds:
(@) = v9(x) = m(z)" Wm(z). (2.1)

Now we write f(z) = Y cr fax™ and g(z) = > cp gax®, where F is a finite subset of N". i.e.,
F is the support of polynomials f(x) and g(z).

Throughout this paper, we index the rows and columns of matrix W by monomials up to
degree d, i.e., the indices for the entries in W have the form («,3) where o, 8 € N". For fixed
a € F, we define the monomial base matrix B, as follows (see [14])

1 ifn+7=«
Bua(n,7) =
(. 7) {0 otherwise.

When n = 1, the B, are Hankel matrices. Now we can see that (2.1) holds if and only if
fo —7Y9a = Bo oW, VYa € F.

Therefore the SOS relaxation of problem (1.1) is essentially the following semidefinite program:

Fios = SUD (2.2)
~, W

st. fo—7Y9a = BoeW, Ya€eF (2.3)

W= 0. (2.4)

Notice that the decision variables are v and W instead of . We refer to [5, 32] for the theory
and applications of SDP.

Now let us derive the dual problem of SDP (2.2)-(2.3). Its Lagrange function is

LOyWy,8) =7+ Y (fa = 79a— < Ba; W >)ya + W e §

acF

=D faya+t (1= gaya)y+(S =Y yaBa)e W

acl aclF acF
where y = (yo) and W are dual decision variables (Lagrange multipliers). Here S > 0 corresponds
to the constraint W > 0. Obviously it holds

Zaep faYa if ZaEF JalYa = 1,
sup L(y,W,y,S) = Ywcr YaBa =S
v, W .

+00 otherwise.



Therefore, the dual problem of (2.2)-(2.4) is

:nom::.f ala 2.5
T 1ry1 ny (2.5)

acF

s.t. Zgaya =1 (2.6)
My(y) = 0. (2.7)

where the matrix My(y) := )" YaBa is called the d-th moment matriz of y. For an integer k, the
k-th moment matrix My (y) of a monomial-indexed vector y = (yo) is defined as

My(y) = (Yats)o<|al,|8|<k-

We refer to [14] for a more detailed description of moment matrices. (2.5)-(2.7) can also be
considered as a generalization of moment approaches in [14], except the equality (2.6).

From the derivation of dual problem (2.5)-(2.7) we immediately have that 75,5 < 70m, Which
is referred to weak duality in optimization duality theory. Actually we have stronger properties
for the SOS relaxation (2.2)-(2.4) and its dual (2.5)-(2.7) as summarized in the following theorem,

which is similar to Theorem 3.2 in [14].

Theorem 2.1. Assume that the SOS relazation (2.2)-(2.4) has a feasible solution (v, W). Then
the following properties hold for the primal problem (2.2)-(2.4) and its dual (2.5)-(2.7):

(i) Strong duality holds, i.e., o5 = Thmom, and f(x) — riysg(z) is SOS.

(#) The lower bound r5,, obtained from SOS relaxation (2.2)-(2.4) is exact, i.e., 75, = 17, if
and only if f(z) —r*g(zx) is SOS.

(iii) When ri,s =1* and ey (j=1,---,%) are global minimizers, then every monomial indexed
vector y of the following form

t t
ES] {Z Qjmzd(u(j>) 10, >0, ZGJ = 1}
j=1 j=1

is an optimal solution to (2.5)-(2.7).

Proof. (i) The result can be obtained from the standard duality theory of convex programming
(26, §30], if we can show that there exists a vector § such that ) gafa =1 and My(g) > 0. Let p
be a Lebesgue measure on R" with strictly positive density everywhere on R™ and finite moments,
ie., | [2%du| < oo for all « € N" (e.g., one density function can be chosen as exp(— > 1, z7)).
Define the vector y = (ya) as follows:

Yo Z/xad,u< 0.

Then we claim that

0<7:= Zgaya = /g(x)d,u < oo.

The second inequality is obvious since all the moments of u are finite. For the first inequality, for
a contradiction, suppose 7 < 0, that is,

[ot@au <o.

Since g(z) is assumed to be nonnegative everywhere and p has positive density everywhere, we
must have that g(x) should be identically zero, which is a contradiction. Now we prove that



Myq(y) is positive definite. For any monomial-indexed nonzero vector ¢ with the same length as
Mga(y) (corresponding to a nonzero polynomial ¢(x)), it holds that

¢ Maly)g= yamqaqa:/ > 2" Pgags du:/q(I)Qdu>Ov

0<|al,|8|<d 0<|al,|B|<d

Now let § = y/7, which obviously satisfies that > gafa = 1 and Ma4(g) > 0. In other words,
the problem (2.5)-(2.7) has an interior point. Therefore, from the duality theory of convex opti-
mization, we know that the strong duality holds, i.e., r},, = r* and the optimal solution set of
(2.2)-(2.4) is nonempty.

As already shown in (i), the optimal solution set of (2.2)-(2.4) is nonempty, which implies the
conclusion in (ii) immediately.

(iii) When 73,, = r*, the optimal value in (2.5)-(2.7) is also r*, by strong duality as established
in (i). Now choose an arbitrary monomial-indexed vector y of the form

t
y=1_ Oimaa(u”)
Jj=1

for any 6 such that 6; > 0, 22:1 0; = 1. Then we have

Z faya = Zejf(u(j)) = Z@ﬂ'* =r*.

a€EF j=1

So y is a feasible solution with optimal

Obviously Mg(y) = 22:1 0;ma(u9)ma(w9)T = 0.
2.5)-(2.7). O

objective value. Thus y is a optimal solution to (

The information about the minimizers of (1.1) can be found from the optimal solutions to the
dual problem (2.5)-(2.7). Suppose y* = (ya) (where y(, ... o) # 0) is one minimizer of (2.5)-(2.7)
such that the moment matrix My(y*) has rank one. Then there is a vector w, with the same
length as Mg(y*), such that

Ma(y") /o, o) = ww"
where the left hand side is the called normalized moment matrix, with the (1,1) entry being 1.
Set z* := [w(2), w(3), -+, w(n+1)]. So for any monomial-index «, it holds that w(a) = (z*)“.
Now plug the point z* into the rational function r(x), evaluate it, then we can see that

T(CL‘*) — f(fl}'*) _ Za fa(m*)a — za faga * *

- A~ Tmom:Tsos'
glz*) Y4 ga(x®)™ 3. gaba

In other words, we get a point z* at which the evaluation of objective 7(z) equals the lower
bound r},,. Therefore, z* is a global minimizer and r},, equals the global minimum »*. When
Ma(y™) (with y{o.... o) # 0) has rank more than one, but it satisfies some flat extension condition
(rank(My(y*)) = rank(Mp41(y™)) for some integer 0 < k < d), there is more than one global
minimizer (the number equals the rank of the moment matrix), and they can be found numerically
by solving an eigenvalue problem. We refer to [4, 9] for more details about the flat extension
condition and extracting minimizers. When it happens that yfoym ,0) = 0, we can not normalize
the moment matrix Mg(y™) to represent some measure, which might be due to the case that the
infimum of r(x) is attained at infinity. For instance, consider the example r(z) := 1/(1 + ).
The optimal solution is y* = (0,0, 1), which can not be normalized.

Remark 2.2. When f(z) and g(z) have real common zeros, the solution to the dual problem
(2.5)-(2.7) is not unique. To see this, suppose w is such that f(w) = g(w) = 0, and y* is an
optimal solution to (2.5)-(2.7). Now let § = man (w), which is not zero since go,... 0y = 1. Then



Yoo fala =3, 9alia = 0 and My () = 0, My_1(m*xg) = 0. So we can see that ™ 47 is another
feasible solution with the same optimal value. In such situations, some extracted points from the
moment matrix My (y* + §) may not be global minimizers, but they might be the common zeros

of f(z) and g(x).

In the following we show some examples of minimizing rational functions via SOS relaxations.
The problem (2.2)-(2.4) and its dual (2.5)-(2.7) are solved by YALMIP [16] which is based on
SeDuM:i [31]. They can also be solved by softwares like SOSTOOLS [23] and GloptiPoly [8].

Example 2.3. Consider the global minimization of the rational function

(21 + 1)+ (@3 +1)°
(z1 + 22 + 1)2

Solving (2.2)-(2.4) yields the lower bound 7},, = 0.7639. The solution y* to (2.5)-(2.7) is

y™ =~ (0.2000, 0.1236, 0.1236, 0.0764, 0.0764, 0.0764, 0.0472, 0.0472,
0.0472, 0.0472, 0.0292, 0.0292, 0.0292, 0.0292, 0.0292).
The rank of moment matrix M2(y*) is one, and we can extract one point z* = (0.6180,0.6180).

The evaluation of r(z) at «* shows that r(z*) ~ 0.7639. So z* is a global minimizer and 0.7639
is the global minimum (approximately, ignoring rounding errors).

Example 2.4. Consider the global minimization of the rational polynomial

1 — 222xoms + (zoxs + 1)2

2
Ty

The lower bound given by (2.2)-(2.4) is 75,5 =~ 2.0000. The solution y* to (2.5)-(2.7) is

y" = (1.0859, —0.0000, —0.0000, —0.0000, 1.0000, 0.0000, —0.0000, 0.8150, —0.0859,
0.8150, —0.0000, —0.0000, —0.0000, —0.0000, 0.0000, —0.0000, —0.0000, —0.0000,
— 0.0000, —0.0000, 1.0859, 0.0000, —0.0000, 0.8150, 0.0859, 0.8150, 0.0000, 0.0000,
— 0.0000, —0.0000, 2.3208, —0.0000, 0.1719, 0.0000, 2.3208).

The moment matrix M2 (y*) does not satisfy the flat extension condition, and no minimizers can
be extracted. Actually one can see that 2 is the global minimum by observing the identity

f(z) = 29(2) = (a1 — waws — 1)’

The lower bound 2 is achieved at (1,0,0) and hence is the global minimum. There are infinitely
many global minimizers.

The relationship between the bounds is 7,0, = 750 < 7° But it may happen that rj,, < r*,
just as in SOS relaxations for minimizing polynomials. Let us see the following example.

Example 2.5. Consider the global minimization of the rational function

4.2 2 4 6
T1T3 + X1T2 + X3
ziviz]

The lower bound given by (2.2)-(2.4) is r5,, = 0, and the solution y* to (2.5)-(2.7) is

yZ2,2,2) = 17 y; = 07 Vo 7é (27 27 2)



The global minimum r* = 3 because
zias + 2ies + xg — 317%173317% >0 VzeR?

and r(1,1,1) = 3. So in this example, the SOS lower bound r},, < r*. Actually for any 0 < v < 3,
the polynomial ,
w173 + aiwsy + 2§ — yatwdad
is nonnegative but not SOS. The proof is the the same as to prove that the Motzkin polynomial
x%x% + x?mg + mg — 330?35%:3%

is not SOS [25].

2.1. What if r;,, <r* ?

From Theorem 2.1, we know that r;,, = r* if and only if the polynomial f(z)—r*g(x) is sum
of squares. But sometimes f(z) — r*g(x) might not be SOS, as we observed in Example 2.5. In
this subsection, we discuss how to minimize a rational function r(z) when r},, < r*. Here we
generalize the big ball technique introduced in [14], but we must be very careful about the zeros
of the denominator g(z) in r(z).

Suppose we know that at least one global minimizer of r(z) belongs to the ball B(c,p) :=
{z € R™: p*> — ||z — c||3 > 0} with center c and radius p > 0. Let 7(z) := p? — ||z — ¢/|3. Then

we immediately have that 7* = minr(z) = min r(z). In practice, we can often choose the
zeR™ xzE€B(c,p)

center ¢ = 0 and radius p big enough. So the original unconstrained minimization problem (1.1)
becomes the constrained problem
min r(x).
@€ B(c,p) ()

One natural SOS relaxation of this constrained problem is

TN = sgp v (2.8)
st f(x) —yg(z) = oo(z) + o1(x)7(x) (2.9)
deg(o1) < 2(N — 1), oo(z),01(x) € > R[X]*. (2.10)

Similar to the dual of (2.2)-(2.4), the dual problem of (2.8)-(2.10) can be found to be

Pxi=inf > fala (2.11)
acF

s.t Zgaya =1 (2.12)

Mn(y) =0 2.13

My_1(mxy) =0 2.14)

where 7 is the vector of the coefficients of polynomial 7(z). For a general polynomial p(z) =
> o Pax”, the generalized moment matrix My (p * y) is defined as

My(p*9)(8,7) == D Paysirtar 0 < |8l |7| < k.

We have the following theorem for the SOS relaxation (2.8)-(2.10) and its dual (2.11)-(2.14),
which is similar to Theorem 3.4 in [14].



Theorem 2.6. Assume that r* > —oo and at least one global minimizer of r(x) lies in the ball
B(c,p). If the numerator f(x) and denominator g(z) of r(z) have no common real zeros on
B(c, p), then the following holds:

(i) The lower bounds converge: lim ry =1".
N—oo

(i) For N large enough, there is no duality gap between (2.8)-(2.10) and its dual (2.11)-(2.14),
ie, ry =Tn.

(#i) For N large enough, ry = r* if and only if f(z) —r"g(x) = oo(z) + o1 (z)7(z) for some SOS
polynomials oo, 01 with deg(o1) < 2(N —1).

(w) If ry =" for some integer N and u (j=1,---,t) are global minimizers on B(c, p), then
every monomial indexed vector y of the following form

t t
ES {ZHjmgN(u(j)) : 6]' > 07 29] = 1}
j=1

j=1
is an optimal solution to (2.11)-(2.14).

Proof. (i) For any fixed 7 < r*, we can see that f(z) —yg(z) > 0 on B(c, p) if g(z) # 0 (we have
assumed that g(z) is nonnegative). When g(z) = 0, we must have f(z) > 0. Otherwise assume
f(u) < 0 at some point u with g(u) = 0. Then in a neighborhood of w, the rational polynomial
r(x) has a singularity at u, and hence is unbounded from below, which contradicts the assumption
that r* > —oo. Thus g(z) = 0 implies f(z) > 0 on B(c, p). So we have that

f(z) —~g(z) >0, Vz € Blc,p).

Since v < r*, f(z) —vg(z) = 0 implies that f(x) = g(z) = 0, which is not possible. Therefore, the
polynomal f(z) — vg(z) is positive on ball B(c, p). Now by Putinar’s Theorem [24], there exist
SOS polynomials ¢, 01 with degree high enough such that

f(x) —vg(z) = oo(z) + o1(2)7(2).

So in (2.8)-(2.10), v can be chosen arbitrarily close to r*. Therefore we proved the convergence
of lower bounds 7.

(ii) Similar to the proof of Theorem 2.1, it suffices to show that the problem (2.11)-(2.14) has
a strictly feasible solution. Let u be a probability measure with uniform distribution on B(c, p).
Define the monomial-indexed vector y = (yo) in the following way:

y ::/wadu.

Now we show that My (y) and My_1(7 * y) are positive definite. My (y) = 0 can be shown in
the same way as in the proof of (i) in Theorem 2.1. Now we show that My_1(m *y) > 0. For
any nonzero monomial-indexed vector ¢ of the same length as My_1 (7 * y) (it corresponds to a
nonzero polynomial g(x) up to degree N — 1), it holds that

I M-s (v = [ e e = s

which implies that My_1(7*y) is positive definite. In the above, Vol(B(c, p)) denotes the volume
of the ball B(c,p). Since g(z) is not identically zero and always nonnegative, g(x) can not be
always zero on B(c, p) and hence

/ q(z)?m(z)dz > 0,
B(c,p)

= z)dp = _ x)dx
zo;gaya —/g( )dp VolBe. ) /Bw) g(z)dz > 0.



Now set the vector § = 4/ > gaYa. Then can see that ¢ is an interior point for the dual problem
(2.11)-(2.14).

(iii) For any fixed 4 < r*, from the previous arguments we know that the polynomial f(z) —
vg(z) is positive on K. Then by Putinar’s Theorem, there exist SOS polynomials so(z), s1(x)
with deg(o1) high enough such that

f(@) =A49(x) = so(x) + s1(x)7(x).

This means that the primal convex problem (2.8)-(2.10) has a feasible solution. From (ii) we
know its dual problem (2.11)-(2.14) has a strict interior point. Now apply the duality theory of
standard convex programming, then we know the solution set of (2.8)-(2.10) is nonempty. And
notice that r* is obviously an upper bound for all r3.

When ry = r*, we know 7y is optimal. For N sufficiently large, by (ii), the primal problem
(2.8)-(2.10) is guaranteed to have a solution. So there exist SOS polynomials oo(z), o1 (x) with
deg(o1) < 2(N — 1) such that

f(@) =r"g(x) = o0(x) + 01 (2) ().

The “if” direction is obvious.
The proof of (iv) is the same as (iii) of Theorem 2.1. |

Remark 2.7. In Theorem 2.6, we need the assumption that the numerator f(z) and denominator
g(z) have no common real zeros on ball B(c, p) to show convergence A}im ry = r*. When they
— 00

have common real zeros, for any v < r*, the polynomial f(x) — vyg(z) is not strictly positive on
B(c, p) and hence Putinar’s Theorem can not be applied. In such situations, the convergence is
not guaranteed (see Remark 4.5). However, in case of two variables, i.e., n = 2, if f(z) and g(z)

have at most finitely many real common zeros on B(c, p), we still have lim rjy = r*; furthermore,
N —oo

if the global minimizers of r(x) are finite, then finite convergence holds, i.e., there exists N € N
such that ry = r*. Please see Theorem 4.7 in Section 4. Notice that the ball B(c, p) satisfies
both conditions (i) and (ii) there.

Remark 2.8. When f(z) and g(z) have common zeros on B(c,p), the solution to the dual
problem (2.11)-(2.14) is not unique. In such situations, some extracted points from the moment
matrix My (y*) may not be global minimizers and they might be the common zeros of f(z) and
g(z). See Example 2.10.

Example 2.9. Consider the global minimization of the rational function (obtained by plugging
z3 = 1 into Example 2.5)

m%m% + m%x% +1
Choose ¢ = 0 and p = 2. For N = 3, the lower bound given by (2.8)-(2.10) is 73 = 3, and the
solution to (2.11)-(2.13) is

y* =(1,0,0,1,0,1,0,0,0,0,1,0,1,0,1,00,0,0,0,0,1,0,1,0,1,0, 1).

The moment matrix Ms3(y*) has rank 4, and satisfies the flat extension condition. The following
four points are extracted:
(£1, £1).

They are all global minimizers.



Example 2.10. Consider the global minimization of the rational function (obtained by plugging
z2 = 1 into Example 2.5)
x‘f + xf + xg
wiw}
Choose ¢ = 0 and p = 2. For N = 4, the lower bound given by (2.8)-(2.10) is rj = 3.0000, and
the solution to (2.11)-(2.13) is

y" ~ (2.8377, 0,0, 1, 0, 0, 1.0008, 0, 0, 0, 0, 1, 0, 1, 0, 1, 0, 0, 0, 0, O,
1,0,1,0,1,0,1,0,0,0,0,0,0,0,0,1,0,1,0,1,0,1,0,1)

The moment matrix has rank 6 and satisfies the flat extension condition. Six points are extracted:
(£1.0000, +1.0000), (0.0000,+0.0211)

The evaluation of r(z) at these points shows that the first four points are global minimizers.
The last two points are not global minimizers, but they are approximately common zeros of the
numerator and denominator. See Remark 2.2.

3 Nearest greatest common divisor

This section discusses the application of minimizing rational polynomials to finding the nearest
common divisors of univariate polynomials.
Let p(z) and ¢(z) be two monic complex univariate polynomials of degree m such that

P(2) = 2" +Pm12" T A 22" T prz+po (3.1)
a(2) = 2" + gm-12"" H g2z T+ @z + qo. (3.2)

Their coefficients p;, q; are all complex numbers. When p(z), ¢(z) have common divisors, their
greatest common divisor (GCD) can be computed exactly by using Euclid’s algorithm or other
refined algorithms [2, 3]. These algorithms need to assume that all the coefficients of p(z) and ¢(z)
are error-free, and return the exact GCD. However, in practice, it is more interesting to compute
the GCD of two polynomials whose coefficients may not be known exactly. In such situations, we
often get the trivial common divisor (the constant polynomial 1) if we apply exact methods like
Fuclid’s algorithm.

So instead, we will seek the smallest possible perturbations of the coefficients of p(z) and
¢(z) that cause their GCD to be nontrivial, say z — ¢ for some c. See [12, 13] and [30, §6.4]
for a discussion of this problem. Our contribution is to solve the associated global optimization
problem by the methods we have introduced in the preceding section, instead of finding all the
real critical points (zero gradient) as suggested in [12, 13].

Throughout this paper, we equip the polynomials p(z), g(z) with ||-]]2 norm of their coefficients,

ie., |pllz2 = 4/ ;":701 o2, llgllz2 = 4/ ;":Bl |gx|2. The perturbations made to p(z),q(z) are

measured similarly. The basic problem in this section is what is the minimum perturbation
such that the perturbed polynomials have a common divisor? To be more specific, suppose the
perturbed polynomials have the form

2" 4 12" A P22 R4 iz + o

2™ 4 G122 o G224 iz + o

p(2)
(2)

with common zero ¢, i.e., p(c) = ¢(c) = 0. The perturbation are measured as

>

m—1 m—1
A A A~ 12 ~ 12
N(ep,d) = Ipi —pil* + Dl — 4
i=0 Jj=0

10



The problem of finding nearest GCD can be formulated as to find (¢, p, §) such that N'(c,p, q) is
minimized subject to p(c) = §(c) = 0.

We can see that N(c,p, §) is a convex quadratic function in (p,§). But the constraints p(c) =
G(c) = 0 are nonconvex. However, if the common root ¢ is fixed, the constraints p(c) = §(c) =0
are linear with respect to (p, §), and the reduced quadratic program has a solution with closed
form. N(c,p,q) is a convex quadratic function about (p,§). It can be shown that [13] that

2 2

min Nepg) = POl
($,4):B(c)=4(c)=0 Yoy e

Therefore the problem of finding nearest GCD becomes the global minimization of a rational

function

RO+l

ceC Z?Zﬁ 2|

(3.5)

over the complex plane. Karmarkar and Lakshman [13] proposed the following algorithm to find
the nearest GCD:

Algorithm 3.1 (Nearest GCD Algorithm, [13]).
Input: Monic polynomials p(z), q(2).

Step 1 Determine the rational function r(x1,x2)

T(l’17$2) ::M C:$1+\/—71x2'

—1 )
k0 (xF + x3)"

Step 2 Solve the polynomial system W = % = 0. Find all its real solutions inside the
1 1

box: —B < x1,22 < B where B := 5max(||p||?, ||¢||*). Choose the one (#1,42) such that
r(Z1,%2) is minimum. Let ¢ := &1 + v/ —122.

Step 3 Compute the coefficient perturbations

VTR C I
TS T S e

Output: The minimum perturbed polynomials with common divisors are returned as
m—1 m—1
m+2pk*/\k , m+z qr — k)2
k=0 k=0

The most expensive part in the algorithm above is Step 2. Karmarkar and Lakshman [13]
proposed to use numerical methods like Arnon and McCallum [1] or Manocha and Demmel [17]
to find all the real solutions of a polynomial system inside a box.

However, in practice, it is very expensive to find all the real solutions of a polynomial system
inside a box, although a polynomial complexity bound exists as stated in [13]. So in this section,
we propose to solve (3.5) by SOS relaxations introduced in the previous section instead of finding
all the real solutions of a polynomial system. The SOS relaxation of problem (3.5) is the following:

sup vy

m—1
s.t. f(z1,x2) Z ml +m2 ) is SOS
=0

11



where f(z1,22) = |p(x1 + vV=1a2)|* + |g(z1 + vV=Ta2)|*.

In the following examples, we solve the global optimization problem via SOS relaxation (2.2)-
(2.4) and its dual (2.5)-(2.7). In all the examples here, the global minimizers can be extracted
and the big ball technique introduced in Section 2.1 is not required.

Example 3.2 (Example 2.1,[13]). Consider the following two polynomials
p(z) =2 —62+5
q(z) = 2> — 6.30z + 5.72.

Solving SOS relaxation (2.2)-(2.4) and its dual (2.5)-(2.7), we find the global minimum and extract
one minimizer:

r* 2~ 0.0121, ¢ =27 ++vV—1z5 ~ 5.0971.
which are the same as found in [13].
Example 3.3. Consider the following two polynomials
p(z) =2 —62° +112 -6
q(z) = 2° — 6.242° +10.752 — 6.50.

Solving SOS relaxation (2.2)-(2.4) and its dual (2.5)-(2.7), , we get the lower bound and extract
one point
s~ 0.0563, (z7,23) ~ (3.5725,0.0000).

Evaluation of r(z) at «* shows that r(z*) ~ r5,,, which implies that ¢* & 3.5725 is a global
minimizer for problem (3.5).

Example 3.4. Consider the following two polynomials
p(z) =242 -2
q(z) = 2° +1.52° + 1.52 — 1.25.

Solving SOS relaxation (2.2)-(2.4) and its dual (2.5)-(2.7), we find the lower bound r},, ~ 0.0643
and extract two points

2"~ (—1.0032,1.1011) =™ ~ (—1.0032, —1.1011).

The evaluations of r(z) at * and z** show that r(z*) = r(z*") = r;,s, which implies that z*
and z** are both global minimizers. So ¢* = —1.0032 £ +/—1-1.1011 are the global minimizers of
problem (3.5).

4 Constrained minimization

In this section, we discuss the global minimization of a rational function subject to constraints
described by polynomial inequalities. Consider the problem

. R AC)
r’ = min r(x) = (@) (4.1)
st hi(xz) >0, -, hm(z) >0 (4.2)
where f(z),g(x), hi(x) are all real multivariate polynomials in x = (z1,- -+ ,z,). Without confu-

sion, we let r* still be the minimum objective value as in the unconstrained case. If some h; are
rational functions, we can reformulate the constraints h;(z) > 0 equivalently as some polynomial
inequalities (one should be careful with the zeros of h;(x)). Denote by S the feasible set. S is in

12



the form of a basic closed semialgebraic set. Here we assume that g(z) is not identically zero on
f(@)g(=)
92 () )-
When g(z) = 1 (or a nonzero constant), problem (4.1)-(4.2) becomes a standard constrained
polynomial optimization problem. Lasserre [14] proposed a general procedure to solve this kind
of optimization problem by a sequence of SOS relaxations. To be more specific, for each fixed

positive integer N, we seek v as large as possible such that f(z) — v has the representation

S, and g(x) is nonnegative on S (otherwise, replace % by

f(@) =7 =oo(x) + o1 () (z) + - + o (@) hn (2)

with all o;(z) SOS and deg(o;hi) < 2N. Obviously each « is a lower bound of f(z) on S. Denote
by v~ the maximum - under these conditions, which is also a lower bound. These lower bounds
converge to the minimum of f(x) on S under a certain constraint qualification condition (see
Assumption 4.1 below). A convergence rate is given in [20]. We refer to [9, 14, 15, 19, 21, 22] for
more introductions on SOS methods for polynomial optimization.

When g(z) is a nonconstant polynomial nonnegative on S, Lasserre’s procedure can be gener-
alized in a natural way. Also see [10] for SOS relaxations for minimizing rational functions subject
to semialgebraic constraints. For each fixed positive integer IV, consider the SOS relaxation

rN i=sup 7y (4.3)
s.t. f(z) —vg(x) = oo(x) + Z oi(z)hi(x) (4.4)
deg(gi) < 2N —d;, oi(x) € ¥ R[X] (4.5)

where d; = [deg(h;)/2]. For any feasible v above, it is obvious that f(z) —yg(z) > 0 on S and
so 7(x) > «. Thus every such v (including ry) is a lower bound of 7(z) on S.

We denote by M(S) the set of polynomials which can be represented as
o0(2) + 71(2)hi (2) + -+ + T () (@)

with all o;(z) being SOS. M (.S) is called the quadratic module generated by polynomials {h1, -+, hm}.
A subset M of polynomial ring R[X] is a quadratic module if 1 € M, M+ M C M and p?M C M
for all p € R[X]. Throughout this section, we make the following assumption for M (S):

Assumption 4.1 (Constraint Qualification Condition). There exist R > 0 and SOS poly-
nomials so(x), s1(x), -, sm(z) € Y R[X]? such that

R — |23 = so(2) + s1(2)ha(x) + - + sm (@) hum ().

Remark 4.2. When the assumption above is satisfied, the quadratic module M (.S) is said to be
archimedean. Obviously, when this assumption holds, the semialgebraic set S is contained in the
ball B(0,v/R) and hence compact, but the converse might not be true. See Example 6.3.1 in [6]
for a counterexample. Under this assumption, Putinar [24] showed that every polynomial p(x)
positive on S belongs to M (S).

Remark 4.3. When Assumption (4.1) does not hold, we can add in S one redundant constraint
like R — ||z||3 > 0 for R sufficiently large (e.g., a norm bound is known in advance for one global
minimizer). Then the new quadratic module is always archimedean.
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Similar to the derivation of (2.5)-(2.7), the dual problem of (4.3)-(4.4) can be found to be

inf > fala (4.6)

aclF

s.t. Zgaya =1 (4.7)

M (y) = 0 (4.8)
MN—dz(h'L*y)thZ: y T, M. (49)

The properties of SOS relaxation (4.3)-(4.5) and (4.6)-(4.9) are summarized as follows:

Theorem 4.4. Assume that the minimum r* of r(x) on S is finite, and f(z) = g(z) = 0 has no
solutions on S. Then the following holds:

(i) Convergence of the lower bounds: J\}imoor}; =r*.

If, furthermore, S has nonempty interior, then (ii) and (i) below are true.
(i3) For N large enough, there is no duality gap between (4.3)-(4.5) and its dual (4.6)-(4.9).
(iit) For N large enough, vy = r* if and only if f(z) —r*g(x) = oo(x) + DI~ 0ihi(x) for SOS
polynomials o;(x) with deg(o;h;) < 2N.

(iv) Ifry =r* for some integer N and u'9 (j = 1,--- ,t) are global minimizers on S, then every
monomial indexed vector y of the following form

t t
Yy S {Zejmzjv(u(j)) : Qj Z 0, 29] = 1}
j=1

j=1
is an optimal solution to (4.6)-(4.9).

Proof. (i) For any v < r*, we have that the polynomial

O (2) = f(z) = vg(x)

is nonnegative on S. When 9, (u) = 0 for some point v € S, we must have f(u) = g(u) = 0,
since otherwise g(u) > 0 (g(x) is assumed to be nonnegative on S) and r(u) = v < r*, which
is impossible. Therefore ¥, (x) is positive on S. By Putinar’s Theorem [24], there exist SOS
polynomials o;(z) of degree high enough such that

m

9y (z) = oo(x) + Z oi(z)hi(z).

Therefore the claim in (i) is true.

(ii), (iii) & (iv): The proof here is almost the same as for Theorem 2.6. In a similar way,
show that (4.3)-(4.5) has a feasible solution, and (4.6)-(4.9) has an interior point. Then apply
the duality theory of convex programming. In (iv), check every y with given form is feasible and
achieves the optimal objective value. |

Remark 4.5. In Theorem 4.4, we made the assumption that f(x) and g(x) have no common
zeros on S. But sometimes f(z) and g(x) may have common zeros, and it is also possible that
the minimum r* is attained at the common zero(s) (in this case, f(z) and g(z) are of the same
magnitude order around the common zero(s)). In such situations, we can not apply Putinar’s
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Theorem and might not have convergence. For a counterexample, consider the global minimization
(with n = 1)

1+
(1 —x2)?
st. (1—2°)%>0.

min r(z) =

. However, for any v < 27, there

The global minimum is 7* = 27 and the minimizer is z* = — ol

1
32 3
do not exist SOS polynomials oo (z), o1(z) such that

2 3

14+z—7(1—2°)° = oo(z) + o1 (z)(1 — 2*)°.

Otherwise, for a contradiction, suppose they exist. Then the left hand side vanishes at + = —1
and so does the right hand side. So z = —1 is a zero of g¢(z) with multiplicity greater than one,
since o¢ is SOS. Hence x = —1 is a multiple zero of the left hand side, which is impossible since
the derivative of 1 4+ — (1 — 22)? at = —1 is 1. This counterexample is motivated by the one
given by Stengle [29], which shows that the polynomial 1 — 2% does not belong to the quadratic
module M ((1 — 2?)?) since 1 — 22 is not strictly positive on {x : (1 — 2%)* > 0}. On the other
hand, if we can know in advance that the global minimum is not attained where the denominator
g(z) vanishes, one way to overcome this difficulty is to add more constraints which keep the global
minimizers but eliminate the zeros of g(x).

Remark 4.6. When f(z) and g(z) have common zeros on S, the solution to the dual problem
(4.6)-(4.9) is not unique. In such situations, some extracted points from the moment matrix
Mn (y* 4+ ) may not be global minimizers and they might be the common zeros of f(z) and g(z).
See Remark 2.2.

When n = 2, i.e., in case of two variables, the distinguished representations of nonnegative
polynomials by Scheiderer [27] are very useful. Under some conditions on the geometry of the
feasible set S, convergence or even finite convergence holds if f(x) and g(z) have finitely many
common zeros on S. This yields our next theorem.

Theorem 4.7. Suppose n = 2. Let Z(f,g) = {u € S : f(u) = g(u) = 0} and O be the set of
global minimizer(s) of r(x) on S. We have convergence A}im ry =1r" if Q= Z(f,g) is finite and
satisfies at least one of the following two conditions:

(i) Each curve C; = {x € C® : h;(x) =0} (i = 1,--- ,m) is reduced and no two of them share an
irreducible component. No point in ) is a singular point of the curve C1 U -+ - U Cpy,.

(ii) Each point of Q is an isolated real common zero of f(x) — r*g(x) in R?, but not an isolated
point of the feasible set S.

Furthermore, if Q@ = Z(f,g) U © is finite and satisfies at least one of (i) and (ii), then we have
finite convergence, i.e., there exists an integer N such that ry =1".

Proof. First, assume that Q = Z(f,g) is finite and satisfies at least one of (i) and (ii). For any
~v < r*, we have that the polynomial

Uy () = f(z) — v9(2)

is nonnegative on S. When 9, (u) = 0 for some point v € S, we must have f(u) = g(u) = 0,
since otherwise g(u) > 0 and r(u) = v < r*, which is impossible. By the assumption in the
theorem, the nonnegative polynomial ¥, (z) has at most finitely many zeros on S. Now applying
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Corollary 3.7(if (i) holds) or Corollary 3.10 (if (ii) holds) in [27], we know that there exist SOS
polynomials o;(z) of degree high enough such that

Second, assume that Q = Z(f, g) U®© is finite and satisfies at least one of (i) and (ii). Consider
the polynomial ¥, (z) := f(z) — r*g(z), which is nonnegative on S. When ¢,~(u) = 0 for some
u € S, we must have either f(u) = g(u) = 0 or 7(u) = r*. Thus polynomial 9, (z) has at most
finitely many zeros on S. Corollary 3.7(if (i) holds) or Corollary 3.10 (if (ii) holds) in [27] implies
that there are SOS polynomials o;(z) with deg(c;h;) < 2N (N is large enough) such that

m

O, (z) = 00(x) + Y os(@)ha()

=1

which completes the proof. O

Example 4.8. Consider the problem

4,2 2 4
. 1Ty + iy + 1
min - ———5
x :]3121,‘2
2 2
st. x,r2>0,1—2x]—25>0.

SOS relaxation (4.3)-(4.5) with order N = 3 yields lower bound r3 = 5.000, and we can extract
one point z* & (0.7071,0.7071) from the dual solution to (4.6)-(4.9). r(z*) ~ 5.0000 shows that

it is a global minimizer.
Example 4.9. Consider the problem
. at a4l
mn. ——5 5
© 33
st. x1,x3>0,1 —x% —x§ > 0.
SOS relaxation (4.3)-(4.5) with order N = 3 yields lower bound r3 & 3.2324, and we can extract
one point z* & (0.6276,0.7785) from the dual solution to (4.6)-(4.9). r(z*) ~ 3.2324 shows that

it is a global minimizer.
Example 4.10. Consider the problem
min o3 4 25 + 3riaa + 1
o x4+ 1) +23(1+x1) + a1+ 22
s.t. 2z — x? >0, 2zo — ch >0

> 0.

N | =

47m1m220,ﬁ+x§f

SOS relaxation (4.3)-(4.5) with order N = 2 yields lower bound 75 = 1 and we can extract three
points

0,1), (1,0, (1,1)
from the dual solution to (4.6)-(4.9). The evaluations of r(x) at these three points show that they
are all global minimizers.
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Example 4.11. Consider the problem

4 4 4 2 2 2

min 41 + x5 + a3 + 21 + x5 + 23 + 2x122w3 (21 + T2 + x3)
pS T3+ x5 + x5 + 2170273

4 4 4 2 2 2 2 2 2

st. x|+ 3o+ 23 =14+ 2725 + 2573 + T327

r3 > 22 >21 >0

SOS relaxation (4.3)-(4.5) with order N = 3 yields r3 = 2.0000 and we can extract two points
z* = (0.0000, 0.0000, 1.0000), ™" =~ (—0.0032,0.9977,0.9974)

from the dual solution to (4.6)-(4.9). x* is feasible and r(z*) = 2.0000 implies that z* is a global
minimizer. Now x™* is not feasible, but if we round z** to the nearest feasible point we get
(0,1,1), which is another global minimizer since r(0,1,1) = 2.

Example 4.12. Consider the problem

o3 + 23 + 23 + 25 + 2(w2 + T3 + 2123 + T124 + T274) + 1

min
z X1+ X4+ X122 + T2X3 + T34
2 2
st. x{+ x5 —2x32x4 =0

2 2 2 2
4—z)—a5—a3—23 >0

T1,%2,%3,%T4 2> 0.
SOS relaxation (4.3)-(4.5) with order N = 3 yields r5 = 2 and we can extract one point
z* =~ (0.0002, 0.0000, 0.0000, 0.9998).

from the dual solution to (4.6)-(4.9). r(z*) =~ 2.0000 implies that z* is a global minimizer
(approximately). Actually the exact global minimizer is (0, 0,0, 1).

5 Conclusions

We have studied the global minimization of rational functions. Sum of squares relaxations are
proposed to solve this problem. The convergence can be shown when the numerator and denom-
inator have no common zeros on the feasible set. When the numerator and denominator have
common zeros, the convergence might not hold. A counterexample is given in Remark 4.5. We
applied our technique to find the smallest perturbation of a pair of univariate polynomials that
makes them have a nontrivial common divisor.

Acknowledgement: The authors would like to thank Bernd Sturmfels for wonderful discussions
and useful comments.
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