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Abstract

The problem of computing approximate GCDs of several polynomials with real or
complex coefficients can be formulated as computing the minimal perturbation such
that the perturbed polynomials have an exact GCD of given degree. We present
algorithms based on SOS (Sums Of Squares) relaxations for solving the involved
polynomial or rational function optimization problems with or without constraints.
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1 Introduction

The problem of computing approximate GCDs of several polynomials fi, ..., fs
€ Flz1,..., 2], where F' is R or C can be written as computing the minimal
perturbation such that the perturbed polynomials have an exact GCD of total
degree k > 1,

ro= min (|fi-prwl3 e —pwli o+ If-puld Q)
where p,uy,...,us € Flz1,...,2] are polynomials with the total degrees
tdeg(p) = k, tdeg(p - ;) < d; = tdeg(f;) for 1 < i < s. The minimization
problem has many different formulations, and various numeric optimization
techniques have been proposed, see (Chin et al., 1998; Kaltofen et al., 2006a)
and references therein. The optimization problem has a global solution under
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certain conditions given in (Kaltofen et al., 2006b). In particular, an algorithm
based on global minimization of rational function was proposed in (Karmarkar
and Lakshman Y. N., 1996, 1998) to compute approximate GCDs of univari-
ate polynomials. The most expensive part of their algorithm is to find all the
real solutions of two bivariate polynomials of high degrees. It has been shown
in (Nie et al., 2008) that SOS (Sums Of Squares) relaxation (Lasserre, 2001;
Parrilo, 2000) can be used to find the global minimum of the rational func-
tion that arises from the approximate GCD computation. The SOS programs
can be solved by reformulating them as semidefinite programs (SDP), which
in turn are solved efficiently by using interior point methods (Nesterov and
Nemirovskii, 1994; Vandenberghe and Boyd, 1996; Wolkowicz et al., 2000). In
the following sections, we apply SOS relaxations to solve different optimiza-
tion problems formulated in (Chin et al., 1998; Karmarkar and Lakshman Y.
N., 1996, 1998; Kaltofen et al., 2006a; Nie et al., 2008). The sparsity of the
optimization problem has also been exploited.

2 Minimization problems

In this section, we formulate the approximate GCD problem as polynomial or
rational function minimization problem with or without constraints. The SOS
relaxations are used to solve these optimization problems. We refer to (Parrilo
and Sturmfels, 2003; Parrilo, 2000; Lasserre, 2001; Nie et al., 2008; Jibetean
and de Klerk, 2006) for description of SOS relaxations and their dual problem.

2.1 Polynomial minimization problem

The minimization problem (1) is a nonlinear least squares problem. As shown
in (Chin et al., 1998), if a good initial guess is taken, then Newton-like opti-
mization method or Levenberg-Marquardt method can converge very fast to
the global optimum. However, if we start with poor initial guess, then these
methods may converge to local minimum after taking a large number of iter-
ations.

An entirely different approach was introduced by Shor (Shor, 1987; Shor and
Stetsyuk, 1997) and further developed by Parrilo (Parrilo, 2000; Parrilo and
Sturmfels;, 2003) and Lasserre (Lasserre, 2001). The idea is to express the
problem (1) as a polynomial minimization problem r* = minyegn f(X) and



relax it to the following SOS program:

Tsos = sup T
reR,W
st f(X) =1 = ma(X) Wma(X), (2)
W =0,

where W is a real symmetric positive semidefinite matrix.

The objective polynomial corresponding to the minimization problem (1) is

f(X)ZZ:Hfi—p'uiH%:Z . fia— D0 pouisl” (3)

i=1 |a|<d; B+v=a
Denote the numbers of indeterminates in the coefficients of p,uq,...,us by
n(p),n(uy),...,n(us) respectively (see Remark 2.1 for details). Then mgy(X)
is the column vector of all monomials up to degree d = [%1 = 2 in the
variables
X =A{pr, - P} U (Ui, - i })- (4)
i=1

The number of variables is n = n(p)+>.7_; n(u;). The length of real symmetric
matrix W is (";2) and there are ("14) equality constraints in (2).

Remark 2.1 If F' = R, the coefficients of p, u; are real numbers and therefore

n(p) = (ttk),n(ul) = (Hdg_k). If FF = C, we can assume that at least one

coefficient of p is a real number and have n(p) = Q(ttk) —1,n(u;) =2 t“lti_k)
by separating real and imaginary parts of each complex coefficient. In the
univariate case (¢ = 1), we can assume that p is monic, then n(p) is k in the
real case or 2k in the complex case.

Write f(X) =3, faX®, then the dual SDP problem of the SOS program (2)
can be described as (Lasserre, 2001):

Trom = ilgf za: faVa

s.t. Yo,....0 = 1, (5)
Md(y) = Oa
where My(y) = (Yat8)o<|al,|g<a 15 called the d-th moment matrix of the

real vector y. The SOS program (2) has a feasible solution with r = 0, and
r* >k =k according to (Lasserre, 2001). When the computed moment
matrix My(y*) satisfies some flat extension conditions, the global minimum is
achieved and some global minimizers can be extracted numerically by solving

an eigenvalue problem (Henrion and Lasserre, 2005).



2.2 Rational function minimization

Let f;, u;, p be the coefficient vectors of polynomials f;, u;, p respectively, and
let A; = A;(p) be the convolution matrices such that A;u; produces the coeffi-
cient vector of p-u;. Then the straight-forward formulation of the minimization
problem (1) can be written as

: 2 2
Cmin = Ay - (I - Al (6)

.....

If we fix the coefficients of p, the minimum is achieved at
u; = (A;kAZ)_lA;kfl, 1 S 1 S S, (7)

and the minimization problem becomes
N B A(ARA) LA
min ;(fl fi —£i7A (A7 A;) A, (8)

Here and hereafter A7 and f;* denote the conjugate transpose of A; and f; re-
spectively. This is an unconstrained minimization problem of rational function
with the positive denominator

lem(det(A%A,), . .., det(A7A,)).

It generalizes the formulations presented in (Chin et al., 1998; Hitz and Kaltofen,
1998; Karmarkar and Lakshman Y. N.,; 1996, 1998; Zhi and Wu, 1998; Zhi
et al., 2004) for computing approximate GCDs of univariate polynomials and
in (Hitz et al., 1999) for computing nearest bivariate polynomials with a linear
(or fixed degree) factor.

Express the minimization problem (8) as minycgn %, where f(X),g(X) €
R[X1,...,X,] and g(X) is a real positive definite polynomial. Similar to the
polynomial minimization problem, it can be transferred to a constrained SOS

program (Nie et al., 2008):

rri= sup T
reR,W
st f(X) = rg(X) = ma(X)TWma(X), (9)
W >0
Here X = {p1,...,Pn@)}, and mg(X) is the column vector of all monomials up
to degree d = [2(tdeal).Meel0)] where tdeg(f) < tdeg(g) < 235, (Hdg_k).

":d) and there are ("tlzd)

The length of the real symmetric matrix W is (
equality constraints in (9) for n = n(p). It can be seen that there is a trade

off between choosing the number of variables and the degrees of polynomials.



Example 2.1 Consider two polynomials
fi(2) = 2(2+1)? fa(2) = (2 = 1)(z+1)*+1/10
and k = 2, F' = R. Solving the SOS program (2) and its dual problem with

FX)=lfi—p-wllz + 1 fo = p-usll3 = plul, + (1 = pruss — pourr)?
+ (2 — p2u172 — U171)2 + (1 — u172)2 + (—9/10 — p1u271)2
+ (=1 = prugy —p2u271)2 + (1 — gy —p2u272)2 +(1— U2,2)27

we get the minimal value 7} . ~ 9.3876e — 4. The length of the matrix W in

S0Ss

the corresponding SDP problem (2) is 28. From the optimal dual solutions, we
find that the global minimum is achieved and the minimizer can be extracted:

X"~ (0.9335,1.9778,0.02569, 1.0013, —0.9739, 0.9975).
It corresponds to the monic approximate GCD
p(2) ~ 0.9335 4 1.97782 + 22

with cofactors u;(2z) =~ 0.02569 + 1.0013z2, us(2) ~ —0.9739 + 0.9975z.

Solving the SOS program (9) and its dual problem with

F(X) = 12/5papy + Tpy + 281/100p; — 281/50p5p: + 11/5pip;
— 6p5 + 9/5p} + 981/100p; + 581/100p3 + 281/100
— 6pap} — 9/5p5p1 +9/5p1 — 2p2 — 2pop},
9(X) = pi + pipy + 207 +py + 5 + 1 — 2popy,
we get the minimal value %, ~ 9.3876e — 4. The length of the matrix W
in the corresponding SDP problem (9) is 6. From the optimal dual solutions,
we can extract the minimizer X* ~ (0.9335,1.9778). Evaluating the rational
function at X* shows that

f(X7)
~ 9.3876c — 4 ~ ¥,
g(X*)

which implies that X* is the global minimizer. It corresponds to the same
monic approximate GCD p(z).

Example 2.2 Consider two polynomials

fl(Zl,ZQ) = Z% + 22122 + Zg - 1, f2(z1,22) = Z% + 2120 — 29 — 1.01



and k =1, F' = R. Solving the SOS program (2) and its dual problem with

FX) =lh—p-wll +1f2—p-ually = (=1 = prus)? + (—pruas — psusy)”
+ (=prug 2 — p2u171)2 + (2 — paur 3 — p3u172)2 + (1 - p3u1,3)2
+ (1 = paur)® 4+ (—1.01 — prusy)® + (—prugs — psuza)’ + pius,
+ (=1 - P1u22 — p2u2,1)2 + (1 - Pauz 3 — P3U2,2)2 +(1 - P3U2,3)2,

we get the minimal value 7}, ~ 3.89306e — 5. The length of the matrix W in
the corresponding SDP problem (2) is 55.

Solving the SOS program (9) and its dual problem with

F(X) = —20.02p,pip7 + 26.0804p3p3ps — 22.04pspap] — 22.02psp3p;
+ 5.98p % + 9p'p2 + 6.0001p%p% + 10.0201p%p4 + 13.0402plp?
+ 14.0402p3p3 + 8pb + 4.0201p5 + 4.0201p5 — 10p3ps — 6paps
— 4pspy — 6.04pspips — 2papipr — 6.02p1pspy — 4.02p1pips
— 2.02p7p3 — 2.02p1p3 + 2pap; + 257 + 2p1p3,

9(X) = p§ + 2p1p5 + 2p1p3 + 2pips + Spipips + 2pips + PS + 2503
+ 2p3ps + 5,

we get the minimal value
ri.s ~ 3.89306e — 5.

Here f(X),g(X) are homogeneous polynomials in the coefficients of p. The
length of the matrix W in the corresponding SDP problem (9) is 10. From the
optimal dual solutions, we get an approximate GCD

p(z) ~ 1.00199 + 0.9993725 + 2;.
Example 2.3 Consider two polynomials

fi(z) = (# — 0.3)(z2 + 4.6)(z — 1.45)(z + 10),
fa(2) = (2 — 0.301)(z 4+ 4.592)(z — 1.458)(2 — 0.6)(z — 15)(z + 2)

and k = 3, F = R. Solving the SOS program (2) and its dual problem we
get 7. ~ 0.0156. The length the of matrix W in the corresponding SDP
problem (2) is 55. Solving the SOS program (9) and its dual problem we
get the minimal value 7% . ~ 0.0156. The length of the matrix W in the
corresponding SDP problem (9) is 84.

Example 2.4 (Kaltofen et al., 2006a) Consider two polynomials

1
fi(z) = 100020 + 23 — 1, fo(z) = 2 ~ 100



and £ = 1, F = R. Solving the SOS program (9) and its dual problem we
get ri .~ 0.042157904. The length of matrix W in the corresponding SDP

S0S

problem (9) is 13. It was shown in (Kaltofen et al., 2006a) that after about
ten iterations in the average, the STLN algorithm converges to the following
local minima:

0.0421579, 0.0463113, 0.0474087,0.0493292, . ...

for different initializations.

Example 2.5 (Kaltofen et al., 2006b) Consider two polynomials
fi(z) =22+ 2241, folz) =2 — 22+ 2

and k=1, F =R. Let p(z) = p1 + 2z, u1(2) = u1 1 + u122, uz(2) = ug 1 + ug2z.
Solving the SOS program (2) and its dual problem we get ¥, . ~ 2.000569 and
an approximate GCD

p(2) &= z — 14686.677911.
Solving the SOS program (9) and its dual problem with

FX) (P =2p +1)° + (p] +2p1 +2)*  12p] +4p) +3 L
9(X) 1+ p? +pt 1+ pt +pt ’

*

we get the minimal value r} . ~ 2.000000, but extract no minimizers. The
global minimum 7* = 2 is only an infimum, f(X)—r*¢g(X) = 12(p1+1/6)?+8/3
is an SOS, and there are no global minimizers.

2.8  Minimization problem with constraints

As in (Kaltofen et al., 2006a,b), the problem of computing approximate GCDs
of several polynomials can also be formulated as

min || Ac||?
Ac (10)
st. Siplc+Ac)r =0, 3x#0,

where ¢ is the coefficient vector of fi,..., fs, the perturbations to the poly-

nomials are parameterized via the vector Ac, and Si(c + Ac) is the multi-
polynomial generalized Sylvester matrix (Kaltofen et al., 2006a). The min-
imization problem (10) is a quadratic optimization problem with quadratic
constraints.

Similar to the method used in (Kaltofen et al., 2006a,b), we can choose a



column of Sy and reformulate the problem as

min [ Ac]l3 + plll3
Ac,x 2 2 (11)
st. Alc+ Ac)z = b(c+ Ac).

Two alternative formulations are

min ||Ac]|§

Acyr
st. Sk(c+ Ac)x =0, (12)
]2 = 1,
and
in ([ Acl3 + gl
st. Sk(c+ Ac)xr =0, (13)
vle = 1,

where p is a small positive number and v is a random vector. The dimensions

of the vectors Ac, z are >;_, (ttdi) and >7 (Hdg_k) respectively.

Let us describe the polynomial minimization problem with constraints as:

min Z faX®

XeRn

st. hi(X)>0,..., h(X) > 0.

(14)

We can reformulate it as a convex LMI (Linear Matrix Inequality) optimization
problem (or semidefinite program):

inf Za: fala

st wo,..0=1, (15)

where w; := [%1 for 1 <i <l d> max([ww,wl,...,wl), the
moment matrix M,(y) and localizing matrices My_,, (h;y) of real vector y are

defined in (Lasserre, 2001).
Example 2.6 Consider two polynomials
fi(z) =22 =1, fo(z) = 22 — 1.01

and k = 1,F = R,p = 107% We choose the first column of S; to be b
and the remaining columns to be matrix A. For minimization problem (11),
the minimal perturbation computed by the first-order (d = 1) semidefinite
programs is 9.9673e—6. The length of the matrix involved in the corresponding



SDP is 152. The minimal perturbation computed by the second-order (d = 2)
semidefinite program is 2.0871e — 5. The length of the matrix involved in the
corresponding SDP is 6476. The minimizer can be extracted by the second-
order semidefinite program.

For minimization problem (12), the lower bounds given by the first and second
order semidefinite programs are 0 and 2.0852e — 5 respectively. Here we notice
that one feasible solution corresponding to the first-order relaxation in the
homogenous model (12) is Ac =0, z = [0, 1]7 with objective value zero.

As pointed out by Erich Kaltofen, if we want to compute the lower bound
for the minimization problem (10) by solving problem (11), we have to try
all the possible selection of b, which is very time consuming. So we suggest
the formulation (13). For minimization problem (13), the lower bounds given
by the first and second order semidefinite programs depend on the choice
of random vector v. The obtained lower bounds are around 107% and 1075
respectively.

The experiments show that the first-order semidefinite programs give us some
useful information on the minimal perturbations. Although we may compute
the global minimizer from high-order semidefinite programs, the sizes of the
matrices increase quickly.

3 Exploiting sparsity in SOS relaxation

In this section, we investigate how to reduce the size of the SOS program
by exploiting the special structures of the minimization problems involved in
the approximate GCD computation. Examples 2.1 and 2.2 show that the SOS
relaxations are dense for the rational function formulation. So in the following,
we only exploit the sparsity in the polynomial formulation SOS program (2).
The same technique can be applied to solve Problem (10).

3.1 FEaxploiting Newton polytope

There are algorithms in (Parrilo, 2000; Kojima et al., 2005; Waki et al., 2006)
that remove redundant monomials by exploiting sparsity in the SOS programs.
However, it is quite expensive to compute the structured sparsity for problems
having large size, whereas the sparsity structure of the approximate GCD
problem (1) is obvious and can be analyzed easily.

Given a polynomial p(z) = Y-, pax®, the cage of p, C(p), is the convex hull of



supp(p) = {a|p. # 0}. Denote the convex hull of the degrees @ by H(-).

Theorem 3.1 (Reznick, 1978) For any polynomial p, C(p*) = 2C(p); for
any positive semidefinite (PSD) polynomials f and g, C(f) C C(f + g); if
f =139} then C(g;) C 5C(f).

Corollary 3.2 For any PSD polynomials f and g, C(f + g) = H(supp(f) U
supp(g)); if f = ;g7 then C(f) = 2H(U; supp(g;))-

Proof. Since f and g are PSD polynomials, according to Theorem 3.1, we have
supp(f) Usupp(g) € C(f) U C(g) € C(f +g). From

C(f +g) = H(supp(f + g)) € H(supp(f) Usupp(g)) € C(f + g),
it is clear that C(f + g) = H(supp(f) Usupp(g)).

If f =397 we have C(g7) = 2C(g;) according to Theorem 3.1. Because

Cﬁgj) = H(supp(g;)) € H(U;supp(g;)), so H(U; C(g;)) = H(U;supp(g;))-
Then

C(f) = H(Usupp(g2)) = T Cg2)) = 20 C(g5)) = 21 supp(gy).

J J J

O

The SOS program (2) is to compute polynomials v;(X) such that

FOX) =7 = ma(X) Wing(X) = 3 v,(X)2

Let X? be any monomial in v;. By Theorem 3.1 and Corollary 3.2, we have

oe %C(f(X)—r) =H(O U ( U supp(fia — > Palin))),

i=1,|a|<d; B+y=a

where O is the origin. If there exists nonzero constant term in the coefficients
ps, the monomials existing in f; o — Y5100 Pplliy, 1 <0 < s, [af < d; are

]->p1u1,1> <oy P1Usn(us)s - - Pr(p)U1,15 « -« 5 Pn(p)Us,n(us)s W1,15 « + -5 s nus)s (16)
let pypy+1 = 1 and ny(p) = n(p) + 1. Otherwise all existing monomials are

17p1u1,17 <o P1Us n(ug)s - - - Pn@)UL,15 - - -5 Pn(p)Us,n(us)» (17>

let n1(p) = n(p). According to the property of convex hull, there exist \;; . > 0
for 1 <j<ni(p),1<i<s,1<k<n(u)such that 35, Aj;x < 1 and

X7 = [T (pjuin)Vir = Hpjj [Tuii

1,5,k J i,k

10



Because the exponents e, ;, are nonnegative integers and >, e; = 3, p €ix =
>igk Nk < 1, s0 the monomial X can only be 1 or pju; for some j, i, k and
only these monomials are needed in the SOS program (2). The sparse SOS
program of the approximate GCD problem (1) is:

Tisl = SUp T
reR,W
st f(X) =71 = mg(X)TWmg(X), (18)
W= 0,
where mg(X) = [Lplul,la sy P1Us n(us)y - -+ Pra(p)ULL, - - - >pn1(p)us,n(us)]T- Let

n(u) = >7_; n(u;), then the length of the real symmetric matrix W is 1 +

ni(p)n(u) and there are 1+ ny(p)n(u) + ("1(’;)“) ("(“2)+1) equality constraints.

3.2 FEaxtract solutions in sparse case

The dual SDP problem of the sparse SOS program (18) is:

inlf za: fala

s.t. Yo,...0 = 1, (19>
Mg(y) = 0,
where the moment matrix Mg(y) := (Ya+s)a,peg and its rows and columns

correspond to the monomial vector mg(X).

Suppose the moment matrix evaluated at the optimal solution y* is written

T

as Mg(y*) = tm , and we have the Cholesky factorization M; = VV7T,
1 My

For any vector v satisfying VT = 0, we have v [—~, I[|Mg(y*)[—1, [|Ty =

—(vF4)2 > 0, hence 41~y = 0. So there exists a vector v, such that y; = Vs,

and

1—737% 0

0 0
It can be seen that 1—~Z v, = v Mg (y*)y > 0 with v = [1, =3 (VIV)~1VT]T,
We denote ¢ = rank(M).

Vs

v

Mg (y*) = T

2

If rank(Mg(y*)) > ¢, then 1 — 42y, > 0 and y = [1,0,...,0]T is an optimal
solution of the sparse SDP problem (19). The global minimum is achieved
and X* = 0 is a global minimizer. If rank(Mg(y*)) = ¢, then 71, = 1. It
corresponds to the general case for the approximate GCD problem (1).

11



If c =1, we write V' as vector [v11,..., V1 n@w)s - -+ Uny(p)1s - - - ,vm(p),n(u)]T and
rearrange its elements to define a matrix B = (v;;)n, (p)xn(u)- From the struc-
ture of the moment matrix and M; = VVT, we have v, j,0i, j, = Vi) joVis s
for any 1 < i1,is < ny(p),1 < j1,j2 < n(u). Therefore any two columns of
the matrix B are linearly dependent. Hence rank(B) = 1, the global mini-
mum is achieved, and one global minimizer can be extracted by decomposing

B/’YQ = [pla s >pn1(p)]T[u1,la cee >us,n(us)]-

If ¢ > 1, we do not have sufficient conditions for global optimality like the
flat extension conditions in (5) for the sparse SDP problem (19). However, we
can assume that the global optimality is achieved (see Remark 4.2) and try
to extract some solutions X*(j) by a method similar to the one in (Henrion
and Lasserre, 2005). Therefore we apply Gauss-Newton iterations to refine
the solutions (see Remark 4.1). If f(X*(j)) is approximately equal to r ., we
know that the global minimum is achieved approximately since f(X*(j)) >
r*>r:

sosl*

The extracting method is described below. Suppose
o, VI [y, VI = VE(VA)T, V= [mmg (X7 (1)), - -, memg (X7 (0))].

We write V' as [Vi,..., Vo p]" and Vi,...,V, ) are ¢ x n(u) matrices. If
n1(p) = n(p) + 1, then set Vj = V,, (). Otherwise, we have n,(p) = n(p), let
Vo = Z?:(’i) 0,;V; be a random combination and assume Z?:(’i) 0;p; = 1 for all so-
lutions. Consider the matrix V = Vo, Vis ..o, Vi), 12)7 and its corresponding
monomial vector m(X) = [ui1, ..., Usn(u,), PLULL, - - - P1Us p(u)s - - 5 1] -

If rank(Vp) = ¢, we reduce V to column echelon form U by Gaussian elim-
ination with column pivoting, and suppose all the pivot elements in U (i.e.
the first non-zero elements in each column) correspond to monomial basis
w = (Ui ks Uiik)' - It holds m(X) = Uw for all solutions, so we can
extract from U the multiplication matrix NV; and the vector 3 such that
piw = Nyw and 1 =~Fw for i = 1,...,n(p).

As in (Henrion and Lasserre, 2005), in order to compute common eigenvalues
pi(3),5 =1,...,¢, we build a random combination N = S8\, N; and com-
pute the ordered Schur decomposition N = QT'QT (Corless et al., 1997), where
Q =lq,-..,q] is an orthogonal matrix and 7" is an upper-triangular matrix.
For j = 1,..., ¢, the j-th solution is given by p;(j) = quN,-qj, and we obtain
w11(5)s -+ Usn(ue (4) by solving Nw = Tjw, 74w = 1 and m(X) = Uw. It
should be noticed that the cofactors can also be computed by (7).

Example 3.1 Consider two polynomials

fiz) =2" =z, falz) =32 =1

12



and k = 1, F = R. Solving the SOS program (18) and its dual problem (19)
with

_ T
mg(X) = [17P1U1,1,P1U1,2,P1U1,37P1U2,1,P1U2,2,U1,1,U1,27U1,3,U2,17U2,2] )

we get the minimal value ¥ ; ~ 0.0991769059 and rank(Mg(y*)) = rank(M;)

S0s

= 2. We compute v, and V' = [V, V5]" via SVD. Since rank(V3) = 2, we can
reduce V = [Vy, V4, 72T to U and solve the common eigenvalue problem to get
the values of p; corresponding to two approximate GCDs z — 0.5878795 and
z 4 0.5878795 with cofactors

up ~ 1.05188912% + 0.7066490z — 0.4344338, uy ~ 2.99131642 + 1.7437641,
up =~ 1.05188912% — 0.7066490z — 0.4344338, uy ~ 2.99131642 — 1.7437641,

respectively. Applying the Gauss-Newton iterations to refine the results, we
get
F(X™*(1)) =~ 0.0991769059, f(X*(2)) =~ 0.0991769059.

The global minimum is achieved since f(X*(1)) = f(X*(2)) =

sosl*

3.3  Exploiting correlative sparsity

Since the polynomial f(X) in SOS program (2) is written as
FX) =2 M fi —p-will3,
i=1

we can define the subsets

Xa, =1{p1,- .- 7pn(p)} U{uiq, ... 7ui,n(ui)}-

The collections of variables Xa,, ..., Xa, satisfy the following running inter-
section property: for every k=1,...,s — 1,

k
Xap, N Xa, € X, forsome 1<i<k.
j=1

According to (Waki et al., 2006; Lasserre, 2006; Nie and Demmel, 2007), we
are going to find the maximum 7 such that

* Pyp—
Ts0s2 - — sup T

reR,Wi,..., W

st FX) =7 = Y malXa) Wima(Xs,). (20)

Wiz 0, 1<i<s,
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where mg(Xa,) is the column vector of all monomials up to degree d = 2. The
length of W; is ("(p )J”;(“i)“).

The following sparse SOS program is obtained by considering both the Newton
polytope and correlative sparsity:

*

Tre = Sup r
reR,Wi,...,.Ws
st. f(X)—r= zs:mgi(X)TVVimgi(X), (21)
W; =0, 1 SZ?S s,
where mg,(X) = [1,p1%i1; - D1Win(us)s - - - > Pra(p)Wisls - - - ,pnl(p)um(ui)]T and

the length of W; is 1 + ny(p)n(u;).
3.4 Comparison of sparsity strategies

The relation between the optimums of polynomial minimization problem (1),
the SOS program (2) and the three sparse SOS programs (18),(20),(21) is
B

* *
r 2 r =r sos2 = ! s0s3*

*
S0s sosl

The sizes of the SDP matrices in the three kinds of sparse SOS programs are:

s

my = (14 m (), my =Y (O SNy (p)u)

i=1 i=1

We have that

S-mg > S Mg = si(l +n1(p)n(w))? > (s +ni(p)n(u))* > my > ms.

i=1

We show in Table 1 experiments of applying four kinds of SOS relaxations
(2),(18),(20),(21) to compute an approximate GCD of three pairs of poly-
nomials f; and f,. We notice that the first and third kinds of sparse SOS
programs can reduce the size of the optimization problem remarkably. How-
ever, the third kind of sparse SOS program can only give a lower bound in
general.

4 Implementation and experiments

The methods described above have been implemented by the first author in
Matlab based on algorithms in SOSTOOLS (Prajna et al., 2004), YALMIP

14



Table 1

Comparison of different sparsity SOS programs.

fi z(z 4+ 1)? (z +1)? 224222+ 25 — 1
fo |GE=1D(E+1)2+01]22+224+1.01 | 22 + 2122 — 20 — 1.01
k 2 1 1
Thos 9.3876e-4 3.3167e-5 3.8931e-5
size 785 442 3026
Thosl 9.3876e-4 3.3167e-5 3.8931e-5
size 170 82 362
oo 4.2616e-7 3.3167e-5 3.6525e-6
size 451 201 1569
Thoe3 1.2123e-10 3.3167e-5 3.6502e-6
size 99 51 201
Table 2
Experimental results of examples in (Chin et al., 1998).
d; | k | polynomial rational poly. sparse Newton STLN
5,4 1.620473e-8 | 1.579375e-8 | 1.560388e-8 | 1.560294e-8 | 1.560294e-8
4,6 | 3 | 1.561803e-2 | 1.561770e-2 | 1.561754e-2 | 1.561754e-2 | 1.561754e-2
3,3 | 2| 1.702596e-2 | 1.702596e-2 | 1.702596e-2 | 1.702596e-2 | 1.702596e-2
5,5 | 4 | 7.086761e-5 | 7.086331e-5 | 7.086312e-5 | 7.086311e-5 | 7.086311e-5
3,2,3 | 2| 1.729192e-5 | 1.729175e-5 | 1.729175e-5 | 1.729175e-5 | 1.729175¢e-5

(Lotberg, 2004) and SeDuMi (Sturm, 1999). We apply Gauss-Newton itera-
tions to improve the accuracy of the results computed by SDP solvers.

In Table 2, we compare the minimal residues achieved by different methods,
for examples in (Chin et al., 1998). The third through the fifth columns are
the minimum residues computed by SOS programs (2),(9),(18) respectively.
The sixth column consists of the minimum residues refined by applying Gauss-
Newton iteration. The last column consists of the minimal residues computed
by STLN method in (Kaltofen et al., 2006a).

Remark 4.1 In our experiments, the fixed precision SDP solvers in Matlab
often encounter numerical problems and the accuracy of the computed results
is not enough. Sometimes the lower bounds 7} . are even larger than the local
minima computed by STLN method (see the Tables). So we need to apply
Gauss-Newton iterations to refine the global minimizer.
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Table 3

Experimental results of random examples.

n d; | k | rational or poly. sparse Newton STLN
1]65,65 |1 7.85073312e-6 7.84895293e-6 | 7.84895293e-6
20,20 | 1 8.77479920e-6 8.72559736e-6 | 8.72559736e-6
19,19 | 2 6.90363904e-5 6.88055540e-5 | 6.88055540e-5
15,16 | 3 5.40141468e-5 5.40041186e-5 | 5.40041186e-5
15,15 | 4 2.03530157e-4 2.03408558¢e-4 | 2.03408558e-4
14,14 | 5 1.61530926e-4 1.61402027e-4 | 1.61402027e-4
13,14 | 6 3.20576318e-4 3.20568077e-4 | 3.20568077e-4
13,14 | 7 1.01396122e-4 1.01208845e-4 | 1.01208845e-4
13,13 | 8 2.71981668e-4 2.71825700e-4 | 2.71825699%¢-4
10,10 | 5 1.08249380e-4 1.08207747e-4 | 1.08207747e-4
6,4 | 3 1.13839852¢-2 1.13839851e-2 | 1.13839851e-2
3,3 |2 1.32223417e-5 1.32185834e-5 | 1.32185834e-5
322 5.07694667e-3 5.07694668e-3 | 5.07694668e-3
221 1.04706956e-4 1.04706621e-4 | 1.04706621e-4
2 5,5 | 1 4.28360491e-4 4.28336831e-4 | 4.28336831e-4
4,5 | 2 7.44701587e-4 7.44633647e-4 | 7.44633647e-4
4,5 | 3 4.94579319e-6 4.94240926e-6 | 4.94240926e-6
55| 4 1.20576057e-5 1.20467080e-5 | 1.20467080e-5
3312 4.09496306e-6 4.09320783e-6 | 4.09320783e-6
3,2 |2 3.51277009e-4 3.51276829e-4 | 3.51276829e-4

In Table 3, we show the experimental results of random examples generated
in the same way described in (Kaltofen et al., 2006a). The first example is
solved by the SOS program (9) and the other examples are solved by the SOS
program (18). For these random examples, the ranks of all moment matrices
are one and the global minimum is achieved.

Remark 4.2 In the last two tables, the minimum residues computed by
STLN method (Kaltofen et al., 2006a) are approximately equal to the minima
computed by solving SDP and Gauss-Newton iteration. However, as shown in
Example 2.4, for different initializations, the STLN method may not converge
to global minima, while the results computed by solving SDP are guaranteed
to be global minima since the ranks of the moments are all equal to one in
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these examples.

The results computed by solving SDP are lower bounds. In (Kaltofen et al.,
2008), an efficient algorithm is given to certify the exact lower bounds via
rationalizing SOS obtained from our SDPs for the approximate GCD problem
and other problems.

5 Conclusions

In this paper, we discussed how to solve approximate GCD problem which can
be formulated as an unconstrained quartic polynomial optimization problem
about the coefficients of factor polynomials. This is a nonconvex nonlinear least
squares problem and it is usually very difficult for finding global solutions. This
paper proposed various semidefinite relaxation methods for solving this special
polynomial optimization. The usual SOS relaxation is often very good for
finding global solutions, but it is expensive to solve problems of large sizes. By
exploiting the special sparsity structures of the quartic polynomial arising from
the GCD approximations, we proposed various sparse SOS relaxations based
on different formulations and sparsity techniques. Numerical experiments show
the efficiency of these relaxation methods.

There is a trade-off in choosing these various sparse relaxation methods. The
sparse SOS relaxation (18) is the best in quality (it has the same quality as the
dense SOS relaxations), but it is the most expensive one in these relaxations.
The sparse SOS relaxation (21) has the lowest quality, but it is the cheapest
one and can solve problems of large sizes. In practice, to solve GCD problems
of large sizes, we suggest applying relaxation (21) to find one approximate
solution, and then applying local methods like STLN to refine the solution.

The GCD problem can also be equivalently formulated as an unconstrained
rational function optimization (9). This formulation is faster than the poly-
nomial SOS program (2) when there are only few variables and the degree of
GCD is very small. However, the problem (9) is very difficult to solve when
the GCD problem has large size. It is also an interesting work to exploit the
special structures of (9) to obtain more efficient methods.

The strength of SOS relaxation methods is that they do not require an initial
guess of solutions and can always return a lower bound of the global minimum.
When this lower bound is achieved, we immediately know that the global
solution is found. Our preliminary experiments show that these SOS relaxation
methods work well in solving the GCD problems. They often return global
solutions.
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Our proposed sparse SOS relaxation methods are based on the nonlinear least
squares formulation (1). Since the GCD problem can also be equivalently
formulated as (10), it is also possible to exploit special structure of (10). An
interesting future work is to get more efficient semidefinite relaxations for
(11)-(13) based on their structures.
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