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SUM OF SQUARES DECOMPOSITIONS OF POLYNOMIALS OVER
THEIR GRADIENT IDEALS WITH RATIONAL COEFFICIENTS

VICTOR MAGRON, MOHAB SAFEY EL DIN, AND TRUNG-HIEU VU

Abstract. Assessing non-negativity of multivariate polynomials over the reals, through the
computation of certificates of non-negativity, is a topical issue in polynomial optimization. This is
usually tackled through the computation of sums-of-squares decompositions which rely on efficient
numerical solvers for semi-definite programming.

This method faces two difficulties. The first one is that the certificates obtained this way are
approximate and then non-exact. The second one is due to the fact that not all non-negative poly-
nomials are sums-of-squares.

In this paper, we build on previous works by Parrilo, Nie, Demmel and Sturmfels who introduced
certificates of non-negativity modulo gradient ideals. We prove that, actually, such certificates can
be obtained ezactly, over the rationals if the polynomial under consideration has rational coefficients
and we provide ezxact algorithms to compute them. We analyze the bit complexity of these algorithms
and deduce bit size bounds of such certificates.
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1. Introduction. We denote by Q (resp. R) the field of rational (resp. real)
numbers and by @ the n-tuple of variables (z1,...,z,). Let K be a field, we denote
by K[z] the polynomial ring with base field K and variables @. For a polynomial f of
degree d in Q[x], we consider the problem of computing certificates of non-negativity
of f over R™. This is a central issue in polynomial optimization.

Prior works. Computing certificates of non-negativity is usually done by decom-
posing f as a sum of squares (SOS) of polynomials or rational fractions. It is well-
known that all non-negative univariate polynomials with real coefficients can be de-
composed as a sum of squares of polynomials. Also, any non-negative univariate poly-
nomial f with rational coefficients can be decomposed as a weighted sum of squares
with rational coefficients, i.e. f=73", ¢;s? where s; has rational coefficients and ¢; is
a positive rational [20, 33]. Further, by SOS decomposition with rational coefficients,
we mean weighted SOS decompositions with rational coefficients. Several algorithms
already compute such SOS decomposition with rational coefficients of non-negative
univariate polynomials with rational coefficients (see [40, 10]) and bit complexity and
bit size estimates are given in [26].

The multivariate case is more difficult. Following the seminal works by [21, 30],
hierarchies of semidefinite programs yield approzimations of weighted SOS decom-
positions of positive polynomials. Several heuristics have been proposed to lift such
approximations to exact SOS decompositions of the input polynomial, starting with
[32] and followed by [17, 18, 19]. Note that algorithms in [17, 19] allow us to compute
SOS decompositions on some degenerate examples or compute SOS of rational frac-
tions. Complexity issues are studied through the prism of perturbation-compensation
techniques to compute SOS decompositions in the interior of the SOS cone [23, 24, 25].

Still, computing ezact certificates of non-negativity is especially hard because of
the two following reasons. The first one is that there exist non-negative polynomials
which are not SOS, for example, Motzkin’s polynomial and Robinson’s polynomial.
Moreover, Blekherman proved in [8] that there are many more non-negative poly-
nomials in R[z] than SOS polynomials. The second one is that, even if a given

1



2 MAGRON, SAFEY EL DIN, AND VU

polynomial with rational coefficients is SOS, there is no guarantee that there exists
an SOS decomposition involving rational coefficients, as established in [39].

Alternative certificates of non-negativity, for instance, SAGE/SONC polynomials
[27, 42] can also be used but they face similar issues to the ones met by SOS techniques
when it comes with generality.

Deciding non-negativity over an arbitrary semi-algebraic set of a polynomial f €
Q[x] can be done exactly using computer algebra algorithms. The best complexities
for such a decision procedure are achieved by algorithms making effective the so-
called critical point method [16, 6], further practical developments in [2, 3, 4, 37]
and their applications in polynomial optimization in [14, 15, 5]. Note that, even if
these algorithms are exact (i.e. their results are exact provided that no bug has been
encountered), they do not provide a certificate assessing non-negativity which can
be checked a posteriori since they are root-finding algorithms. Their complexities are
exponential in the dimension of the ambient space as they reduce the input problem to
computing finitely many critical points of some well-chosen maps, hence considering
gradient ideals.

Hence, all in all, such gradient ideals can be used to reduce the dimension of
the set over which certifying non-negativity can be done. Under some assumptions,
this idea is translated in [31] to an algorithm assessing the non-negativity of a given
f € Rlz]. Precisely, assuming the gradient ideal Zgaq(f) generated by all partial
derivatives of f is zero-dimensional and radical, and that f reaches its minimum
over R™, this algorithm computes an SOS decomposition of f in the quotient algebra
R[x]/ Zgraa(f) (or, in other words, an SOS decomposition of f modulo Zgad(f)), i-e.,
f is written as
of
8xi
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where the s;’s and the ¢;’s lie in R[x] and the ¢;’s are positive in R. A similar
result slightly relaxing the above assumptions is given in [29]. Note that when f
has coefficients in Q, there is no given guarantee that an SOS decomposition of it
in Q[x]/ Zgraa(f) will have rational coefficients too (i.e., the s;’s and the g¢;’s have
coefficients in Q and the ¢;’s lie in Q).

Contributions. We build on the results of [31, 29], to investigate this issue when
f € Q[z]. We assume in the whole paper that the gradient ideal associated to f is
radical and zero-dimensional and that f reaches its infimum over R". We summarize
our contributions as follows:

e Under the above assumptions, we prove (Theorem 3.1) that f is non-negative
over R™ if and only if f is an SOS of polynomials with rational coefficients
over the quotient ring Q[x]/Zgraa(f). Interestingly, Theorem 3.1 can be
applied to Robinson’s polynomial [35], which is not an SOS of polynomials
(see Example 3.5), as well as Scheiderer’s polynomial [39], which is an SOS of
polynomials with real coefficients but not an SOS of polynomials with rational
coefficients (see Example 3.6).

The next problem we tackle is to design algorithms computing such certificates of
non-negativity, estimate their bit complexity and the bit size of such certificates.

To measure the bitsize of a polynomial with rational coefficients, we will use
its height, defined as follows. The bitsize of an integer b is denoted by ht(b) :=
[logs(|b])| + 1 with ht(0) := 1, where log, is the logarithm in base 2. Given a € Z
and b € Z with b # 0 and ged(a,b) = 1, we define ht ($) = ht(a) + ht(b). For a
non-zero polynomial f with rational coefficients, the bitsize ht(f) is defined as the



SOS DECOMPOSITION OF POLYNOMIALS OVER THEIR GRADIENT IDEALS 3

maximal bitsize of the non-zero coefficients of f. For two mappings p,q : N — R,
the expression “p(v) = O(q(v))” means that there exists b € N such that p(v) < bg(v),
for all v € N™. We use the notation p(v) = O(g(v)) in order to indicate that p(v) =
O(q(v) log" q(v)) for some k € N.

e From the proof of Theorem 3.1, we derive an algorithm (Algorithm 3.1),
named sosgradientshape, to compute an SOS decomposition of polynomials
modulo the gradient ideal of f. This algorithm can certify non-negativity of
polynomials which cannot be tackled with a direct SOS approach. We also
investigate the bit complexity of sosgradientshape. We prove that, given
as input an n-variate polynomial f € Q[x] of degree d with maximal bitsize
of its coefficients 7, sosgradientshape uses

O((r + n+d)?d®™ + (7 + n + d)d™ )

boolean operations. This is better than the complexity estimates given in [25,
Theorem 12], where the reported number of boolean operations is: O(72(4d+
2)15n+6)

e We design a variant of Algorithm sosgradientshape, named sosgradient,
and which, on input f € Q[z] as above, decomposes it as a sum of rational
fractions modulo the gradient ideal associated to f. We prove that this
variant uses B

O ((r+n+dyd"t).
boolean operations and, consequently, has better complexity than Algorithm
sosgradientshape.
Both algorithms have been implemented using the MAPLE computer algebra sys-
tem. We report on practical experiments showing that it can already assess the non-
negativity of numerous polynomials which are out of reach of, e.g., hybrid methods
computing sums of squares decompositions such as [23].

Structure of the paper. In the next section, we recall basic notions and funda-
mental results used in the paper. In Section 3, we prove the existence of an SOS
decomposition of polynomials modulo the gradient ideal of f, introduce Algorithm
sosgradientshape and analyze its bit complexity. The results for decomposing f
as an SOS of rational fractions modulo the gradient ideal are presented in Section 4.
Practical experiments are given in the last section.

2. Preliminaries. This section recalls basic notions and results from algebraic
geometry, computational commutative algebra, and complexity analysis. Further de-
tails can be found in [11].

Let K be a field. An additive subgroup Z of K[z] is said to be an ideal of K[z] if
hg € T for any h € T and g € K[x]. Given ¢1, ..., g, in K[z], we denote by (g1, ..., gr)
the ideal generated by ¢1,...,¢g,. If 7 is an ideal of K[z] then, according to Hilbert’s
basis theorem (see, e.g., [11, Theorem 4]), there exist g1,...,g, € K[z] such that

T= <gl7 ce 7gr>~
Let Z be an ideal of R[z]. The algebraic variety associated to Z is defined as

V(Z):={xreC":VYgeIg(x)=0}

The real algebraic variety associated to Z is V®(Z) = V(Z)NR"™. Recall that the ideal
T is zero-dimensional if the cardinality of V(Z) is finite, and that Z is radical if

g* €T forsome ke N=geT.
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Let f be a polynomial in R[x]. Recall that the gradient ideal Zgraa(f) of f is the
ideal generated by all partial derivatives of f in R[], i.e.,

0 0
Igrad(f) = <(‘3xf1,...7 a:'[:'il> .

The (resp. real) gradient variety associated to f is respectively the (resp. real)
algebraic variety associated to Zgaa(f). We denote them respectively by Vgrada(f) and
V:gﬂfad(f). Let K be a real field contained in R. One says that f is a (weighted) sum
of squares (SOS) of polynomials in K[x] if there exist polynomials g, ..., ¢s in K[z]
and positive numbers c1, ..., ¢, in K such that f = 3>2°_, ¢;q7. Furthermore, f is an
SOS of polynomials over the quotient ring K[x]/ Zgraa(f) if there exists g € Zgpaa(f)

such that f — g is SOS in K[z], i.e., f can be decomposed as follows:
S n af
_ 02 LY
=Y+ S0k

for some polynomials ¢, ..., ¢s, ¢1,...,¢s in K[x] and positive numbers ¢y, ..., ¢, in
K.

Clearly, if f is SOS over R[x]/ Zgaa(f) then f is non-negative over Vgﬂfad(f). We
recall below [31, Theorem 1].

Let f be a polynomial in Rlx]. Suppose that the gradient ideal Zgaa(f) is zero-
dimensional and radical. Then, f is non-negative over Vg].lfad(f) if and only if f is
SOS over the quotient ring R[x|/ Zgraa(f).

We now recall useful results in the univariate case. It is well-known that f € R[t]
is non-negative over R if and only if f is SOS. This property holds also for polynomials
with coefficients in a subfield K of R. More precisely, we have the following theorem:

THEOREM 2.1 ([20, 33]). Let K be a subfield of R and f € K[t]. Then, f is non-
negative over R if and only if f admits a weighted SOS decomposition of polynomials
in K[t], i.e., there exists a positive integer s, non-negative numbers cy,...,cs € K and
polynomials g1, . ..,gs € K[t], such that f = Z‘;:l cjg?-.

Let K be a commutative field and < be a monomial ordering on K[z] and Z # {0}
be an ideal. We denote by LT (Z) the set of all leading terms LT (g) of g € Z, and
by (LT(Z)) the ideal generated by the elements of LT (7).

A subset G = {g1,...,9-} of T is said to be a Grobner basis of T w.r.t. some
monomial order < if

(LT<(91),---,LT<(gr)) = (LT<(Z)) .

Note that every ideal in K[x] has a Grobner basis. A Grobner basis G is reduced
if the two following conditions hold: the leading coefficient of g is 1, for all g € G;
there are no monomials of ¢ lying in (LT<(G) \ {g}). Every ideal Z has a unique
reduced Grobner basis. We refer the reader to [11] for more details. Further, when
the monomial order < is clear from the context, we omit as a subscript in the above
notation.

Assume that 7 is a zero-dimensional and radical ideal in Q[x] and that G is the
reduced Grobner basis of Z with respect to the lexicographical order x1 <jep - - <jex
Zp. One says that Z is in shape position if G has the following shape:

(2.1) G=[w,x3 —v2,...,Tn — vy,
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where w, va, ..., v, are polynomials in K[z;] and degw = V(7).
The following lemma, named Shape Lemma, gives us a criteria for the shape
position of an ideal.

LEMMA 2.2 (Shape Lemma, [13]). Let Z be a zero-dimensional and radical ideal
and <jer be a lexicographic monomial order in Q[x]. If V(Z) is the union of & points
in C" with distinct x1-coordinates, then I is in shape position as in (2.1), where
V2, ..., Uy are polynomials in Q[x1] of degrees at most 6 — 1.

Let V be a zero-dimensional algebraic subset of C", § := V. A zero-dimensional
rational parametrization Q@ = ((w,K1,...,kn),A) of V consists in n + 1 univariate
polynomials w, k1, ..., k, in Q[t], where w’ is the derivative of w, such that w is
monic and squarefree, degx; < degw, for ¢ = 1,...,n, and a Q-linear form A in n
variables satisfying A(k1,...,k,) = tw’ mod w, such that

= {(m/(t), e Hn(t)) cw(t) = 0}.
w'(t) w'(t)
The condition on the linear form A states that the roots of w are precisely the values
taken by A on V, and that \ separates V, i.e., A(x) # A(y) for any distinct pair x,y
inV.

Let f be in Q[z] of degree d and bitzise 7. Assume that Vgraqa(f) is finite. By
applying [38, Corollary 2] to the system of partial derivatives, we obtain the follow-
ing corollary (Corollary 2.3) which states that there exists an algorithm computing
a zero-dimensional rational parametrization of Vgada(f) and provides bit complex-
ity estimates for when applying the algorithm in [38] to gradient ideals. The proof
of Corollary 2.3 is straightforward from [38, Corollary 2] and is then postponed to
Appendix A.

COROLLARY 2.3. Assume that Vga(f) is finite. There exists an algorithm that
takes f as in input, and that produces one of the following outputs:

a) either a zero-dimensional rational parametrization of Veaa(f);

b) or a zero-dimensional rational parametrization of degree less than that of

‘/grad(f);
c) or fails.
In any case, the algorithm uses
(2 ony1 (N +d
(2.2) O(n(d+7ﬁi . )
boolean operations. Moreover, the polynomials w,k1,..., Kk, involved in the zero-

dimensional rational parametrization output have degree at most (d — 1)"™ and bitsize

O((d+T1+n)(d-1)").

Assume that @ = ((w, k1, ..., Kn), 1) is a zero-dimensional rational parametriza-
tion of Vgaa(f) given by the algorithm from Corollary 2.3. The following lemma
(Lemma 2.4) and its proof point out the explicit shape position of Zgraq(f). More-
over, the degree and the bit complexity of the involved polynomials are estimated.

LEMMA 2.4. There exist polynomials w,va,...,v, in Q[z1] satisfying degv; <
degw, fori=2,...,n, such that Zgaa(f) = (w, 2 —va,..., Ty — vy). Furthermore,
to compute w,va, ..., V,, WE USE

(2.3) O (T +n + d)?d™)
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boolean operations. Their degrees are at most (d —1)™ and their mazimal bitsizes are
bounded from above by O((T + n + d)d>").

Proof. Here we give only the proof of the degree estimate. The proof of the bit
complexity is routine but rather technical and then postponed to Appendix B.

Because w is squarefree and w’ is the derivative of w, one sees that the ged of
w and w’ is 1. From the extended Euclidean algorithm [41, Algorithm 3.14], there
exist two Bézout coefficients of w,w’, namely a,b in Q[z1], such that aw + bw’ = 1.
For i = 2,...,n, we see that w'z;(t) = k;(t) for any t satisfying w(t) = 0. As
deg k; < degw and the linear form A\ = x; separates V, we have w'z; = k;. This
yields bw’z; = bk;. Since bw’ = 1 — aw, we observe that xz; — awz; = bk; and, hence,
x; = brk; mod w. By denoting v; := bk; mod w, we obtain w,vs,...,v, which are
the desired polynomials. ]

The two following lemmas establish the bit complexity of Euclidean division algo-
rithm and the extended Euclidean algorithm for univariate polynomials over Z which
will be used later on (in Proposition 3.11) to investigate the bit complexity of our
algorithms.

LEMMA 2.5. Let a,b be polynomials in Z[t], with degb = m < dega = d, and T an
upper bound of ht(a) and ht(b). To compute the quotient g and the remainder r of the
division of a by b, we use the Euclidean division algorithm [}1, Algorithm 2.5]. Then,
this algorithm uses 9] (mT(d — m)2) boolean operations. Furthermore, both bitsizes of

q and 1 are bounded from above by O (ht(d —m)).
Again, the proof of Lemma 2.5 is routine but rather technical. We postpone it to

Appendix C.
Denote by Q(z1) the field of rational fractions in variable x; with coefficients in

Q. With the lexicographic monomial order x5 < -+ < x,, we consider the standard
(multivariate) division [11, Ch. 2, Sec 3.] of g € Q[z1][z2,..., 2] by the list [z —
T — Z—g], with ag, ag, ..., a, € Q[z1]. To compute the quotients ¢s, ..., ¢, €

Q(21)[x2,. .., 2,] and remainder 7 € Q(z1) such that g = Y70, ¢i(x; — 52) + 1,
we iterate classical univariate divisions by x; — g—; for 2 < i < n considering them
as univariate in x; so that we eliminate step by step the variables xo,...,z, in g.
The details of this algorithm, which we name Eliminate, are given in Appendix D
(Algorithm D.1). The inputs of Eliminate are g, ag, as, ..., a, and the output is the
list [@a, ..., ¢n] and the remainder r.

The bit complexity of Eliminate is given in the following lemma whose proof (which
is quite routine) is given in Appendix D.

LEMMA 2.6. Assume that g € Q[z1][xa,...,2,] has degree d in xa,..., 2z, and
bitsize 74, and that the polynomials ag,as,...,a, € Q[z1] have bitsizes at most 7,.
Then, Algorithm Eliminate runs in

O (nTg + n2d7'a)
boolean operations and the bitsizes of the outputs ¢o, ..., ¢, are in 9] (1g + ndr,).
3. SOS of polynomials modulo gradient ideals.

3.1. The existence of an SOS decomposition over the rationals. The
main result of this section is stated below.

THEOREM 3.1. Let f € Q[x] such that the following conditions hold:
a) The infimum f* =inf{f(x): x € R"} is attained.
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b) The gradient ideal Zgraa(f) is zero-dimensional and radical.
Then, [ is non-negative over R™ if and only if [ is an SOS of polynomials over the
quotient ring Q(x]/ Lgraa(f)-

Proof. Suppose that f is non-negative over R"” and §Vgraa(f) = 6. We prove that
f is an SOS of polynomials over the quotient ring Q[x]/ Zgraa(f). We consider the
two following cases:

CasE 1. Distinct points in Vgraa(f) have distinct x;-coordinates. Consider the
lexicographic monomial order 21 < x2 < --- < &, on Q[z]. Since the gradient ideal is
zero-dimensional and radical, according to Shape Lemma (Lemma 2.2), the reduced
Grobner basis of Zgaq(f) has the following shape:

(3.1) [w, xa — Vo, ..., Ty — Vy),
where v, ..., v, are polynomials in Q[z1] of degree at most § — 1. We denote
(3.2) h(zq) = f(x1,v2,...,0p),

where z; is replaced by v; in f for ¢ = 2,...,n. With the order <, we divide f — h by
the system in (3.1) by using the division algorithm in [11, Ch. 2, Sec 3.]. Then, there
exist ¢1,...,d, in Q[z], and r in Q[z1] such that

(3.3) f—h= ¢1w+z¢i($z‘ — i)+,
i=2

with degr < 0. Let & be in Vgaa(f). From (3.2) and (3.3), one sees that f(x) = h(z).
Hence, f — h vanishes on Vgpaa(f). Clearly, the value of ¢rw+ Y iy ¢ (2, — v;) is zero
on Vgraa(f). This implies that r also vanishes on the image set m(Vgrada(f)), where
7(z1,...,2,) = x1. Since distinct points in Vgyaa(f) have distinct zi-coordinates,
it holds that 7 (Varad(f)) = #Varaa(f) = §. As degr < 4, we conclude that r = 0.
Hence, from (3.3), we obtain the following representation:

n
(3.4) = h+¢1w+z¢i($i — ;).
i=2
The set {(x1,22,...,2,) € R" : 23 = va,...,2, = v, } defines a curve which is

parametrized by z1. Recall that f is non-negative over R". Hence f is non-negative
over this curve. Since f takes the same values over this curve as h takes over 1 when
x1 ranges in R, one can conclude that the univariate polynomial h is also non-negative
over R. According to the results on SOS decompositions of univariate polynomials
with rational coefficients in Theorem 2.1 h is a sum of s squares in Q[z1], i.e., there
exist q1,...,qs € Q[z1] and c1,...,cs in Q, such that h = ¢1¢i+- - -+c5q2. Therefore,
from (3.4), we assert that f is an SOS of polynomials over Q[x]/ Zgraa(f)-

CASE 2. There are two distinct points in Vgyaa(f) such that their x;’s-coordinates
are equal. According to [36, Lemma 2.1], there is j € {1,...,(n —1)6(d — 1)/2} such
that the linear function u := z1+jza+- - 45" 'z, separates Vgrad (f), i€, u(x) # u(y)
for any distinct points x,y in Vgrada(f). We consider the change of variables y = Tz,
where

1 j j2 jnfl
01 0 0
0 0 1 0

(3.5) T=
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We see that T is an invertible matrix. Then we obtain a polynomial g(y) = f(T'y)
in variables y1, Y2, . . ., y, having the following property: the infimum ¢g* = inf{g(y) :
y € R"} is attained. Because of the chain rule Vg = Vf o T~!, we have

V:grad(g) = {y eC": Y= T.T,LIZ‘ S Vrgrad(f)};

Thus, the gradient ideal Zgpaq(g) is zero-dimensional and radical. Moreover, since
y1 = u(x) separates Vgrada(f), distinet points in Viraa(g) have distinet yi-coordinates.
We observe that g € Q[y] is non-negative and satisfies the conditions of the theorem;
Case 1 happens to Vgad(g) as well. Hence, there exists an SOS decomposition of g
modulo Zgyad(g)

(3.6) chqj )+ Z&(y)%j’i,

where ¢ = (¢1,...,¢,) and ¢; € Q[y]. In (3.6), we replace y by Tz and aaTi by

gj o T~ we obtain an decomposition of f as follows:

(3.7 f(x) = Zc]q] (Tx) —|—2:gi>z (Tx ggi oT 1,

Jj=1

Because of (ng o T=H(Tx) = 5()97{2(95)7 (3.7) is an SOS decomposition of f modulo

Igrad(f) of f
We now prove the reverse conclusion. Suppose that f is SOS over the quotient
ring Q[x]/ Zgraa(f), i-e., f can be decomposed as follows:

S n af
_ 02 LY
os =S+ 3
j=1 =1
for some polynomials ¢1,...,¢s, ®1,...,¢n € Qz], and ¢1,...,¢s in Q. Let z* € R"

be such that f(x*) = f*. Then z* is a critical point of f over R", i.e., * belongs to
the variety Vigraa(f); thus, we have

Z@ axz z*) = 0.

From (3.8), we see that f(z*) = ijl ¢;q;(x*) and so this value is non-negative. By
assumption, for all z in R", f(x) > f(z*). Hence, f is non-negative over R™. |

REMARK 3.2. Assume that Q is a real field and R is the real closure of Q. All
arguments in the proof of Theorem 3.1 can be applied for f in Q[z]. Hence, the
conclusion of Theorem 3.1 holds for the case Q[x], i.e., f is non-negative over R™ if
and only if f is an SOS of polynomials over the quotient ring Q[x]|/ Zgraa(f) provided
that the two following conditions hold: the infimum f* = inf{f(x) : = € R"} is
attained; the gradient ideal Zgaq(f) is zero-dimensional and radical.

REMARK 3.3. In the proof of Theorem 3.1, one can see that f — h vanishes not
only on Vgyaq(f) but also on the variety defined by (zs — va, ..., %, — v,). Hence, ¢1
in (3.4) is zero and (3.4) becomes f = ci¢f 4+ -+ + % + Y1y Gi(@; — ;).
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REMARK 3.4. The condition a) in Theorem 3.1 is used only to prove the reverse
conclusion. Therefore, even without this condition, the following assertion still holds:
if Zgraa(f) is zero-dimensional radical and f is non-negative over R", then f is SOS
modulo Zgrad(f).

Theorem 3.1 provides certificates of non-negativity for polynomials in Q[x] which
satisfy its assumptions and which are not SOS of polynomials with real (or rational)
coefficients. We illustrate this with two examples.

EXAMPLE 3.5. We recall a polynomial of Robinson [35] that is non-negative but
cannot be represented as an SOS of polynomials,

7 6 6 6 4.2 4.2 4.2 4.2 4.2 4.2 2,22
fr=12a7 + x5 + x5 — xix5 — x]x; — Tx] — Tox5 — T3T] — T3T5 + 3TTTHX5.

By substituting the third variable 23 by 1 in fr, we get the following non-negative
polynomial:

fr =18+ 25 —ataed + 30222 — 222y — 2l — 2y —2? — 22+ 1.
Because fg is the homogenization of fr, fr cannot be represented as an SOS of
polynomials [28, Proposition 1.2.4]. The gradient ideal Zgrad(fr) is zero-dimensional
and radical. Therefore, Theorem 3.1 tells us that fr is an SOS of polynomials over
the quotient ring Q[x]/ Zgrad(fr)-

EXAMPLE 3.6. In [39], Scheiderer introduced the following homogeneous polyno-
mial:

7 4 3 .4 2 2 2,.2 3 3 4
fs =] + 2125 + o5 — 3x{zexs — dxix5ws + 22725 + 125 + X225 + X3,

that can be decomposed as an SOS of polynomials with algebraic coefficients but can-
not be decomposed as an SOS of polynomials with rational coefficients. By replacing
the third variable z3 by —1, we obtain the non-negative polynomial

fs = a1 +x123 + x5 + 32320 + 4oy 23 + 227 — 21 — 29 + 1.

Note that the conclusion in [28, Proposition 1.2.4] holds for polynomials with rational
coeflicients, i.e., g € Q[z] is SOS in Q[] if and only if its homogenization so is in
Q[x]. Hence, the polynomial fg is also SOS with algebraic coefficients but not SOS
with rational ones. The gradient ideal Zgaq(fg) satisfies the zero-dimensional and
radical condition. Hence, according to Theorem 3.1, fg is an SOS of polynomials over
the quotient ring Q[x]/ Zgraa(fs)-

An explicit SOS decomposition of fg will be given in the next section.

3.2. Description of the algorithm. Based on the proof of Theorem 3.1, we
design an algorithm to compute an SOS decomposition of polynomials modulo the
gradient ideal of a non-negative polynomial with rational coeflicients.

The input of sosgradientshape is a non-negative polynomial f € Q[x] whose
gradient ideal Zgyaq(f) is zero-dimensional and radical and satisfies the Shape Lemma
assumption, i.e., all points in Vgaq(f) have distinct a1-coordinates.

The output includes the cardinality ¢ of Vgaa(f), the lists of polynomials and
numbers

[w,v2,...,vn], [q1,...,qs], [D2,..., 0] CQlx], and [c1,...,¢c5] CQy
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satisfying the relation
F=YGad+) bilwi —vi)
j=1 i=2

In Step 1, we compute the reduced Grobner basis G for Zgaa(f) by relying on a
zero-dimensional rational parametrization of Vigraq(f) mentioned in Lemma 2.4. In
Step 2, we compute the quotients ¢o, ..., ¢, and the remainder r of the division
of f by G. In Step 3, we compute a rational weighted SOS decomposition of the
non-negative univariate polynomial h by using Algorithm univsosi or Algorithm
univsos2 described in [26, Fig. 1] or [26, Fig. 2], respectively.

ALGORITHM 3.1 Computing SOS of polynomials modulo the gradient ideal
sosgradientshape := proc(f)

Input: f € Q[z] non-negative over R" such that Zgaq(f) is zero-dimensional and
radical and all points in Vgrada(f) have distinct 21-coordinates

Output: 6 in N, [gr,...»qs], [10,0,--, 0] C Qza), [f..., 6] C Qlz], and
[c1,...,¢s) C Qy satisfying

(3.9) f= chqu +D il —v).
j=1 i=2

1: Compute the reduced Grébner basis G = [w, 23 — Vg, . .., Ty — U] of Zgraa(f),
with the lexicographical ordering x1 < 22 < --- < x,

2: Compute the quotients [¢a, ..., ®,] and remainder h of the division of f by

G by performing Eliminate(f,1,vo,...,vy)

Compute a rational weighted SOS decomposition h = ¢1¢? + - - - + csq?

4: Return 9, [q1,..-,4s], [P2,--, dn)], [w,v2, ... ,v,], and [c1, ..., cs]

@

REMARK 3.7. Suppose that the Shape Lemma assumption does not hold for
Zgrad(f), i.e., there are two distinct points in Vgraa(f) such that their x;’s-coordinates
are equal. As mentioned in the proof of Theorem 3.1, we can find an invertible matrix
T given by (3.5), change of variables y = Tz, and assign g(y) := f(T'y). Here,
we have y; = 2, + jxo + -+ + j7 'a, for some j > 0 and y; = z; for i = 2,...,n.
We get a new non-negative polynomial in n new variables with rational coefficients
9(y) whose gradient ideal satisfies Shape Lemma assumption. Now we can apply Al-
gorithm sosgradientshape for g(y) and obtain the output: the number §, two lists
[@1,---,s], [@,Da,...,0,] of polynomials in Q[y;], a list [¢1,. .., d,] of polynomials
in Q[y], and a list [cq,...,¢c5] C Q4. Since §Vgrad(f) = §Veraa(g), one has 6 = 4. The
new polynomial g can be decomposed as follows:

n

9(y) = Z @ (1) + é1(y)w(yr) + Z ¢i(y)(yi — vi(y1))-

Hence, f can be decomposed as:

g
=
)
4
Sa
=]
)
)
|
&
=
)

(3.10)  f(=) = Z ¢;; (u()) + ¢1(Tx)
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where u(x) = x1+jzo+- -+ 5" ta,. Clearly, [w(u),xs —2(u),. .., 2, —0,(u)] is also
a basis for Vgaa(f). Hence, (3.10) provides us an SOS decomposition of f modulo
the gradient ideal of f.

THEOREM 3.8. Let f be a non-negative polynomial in Q[x]. Suppose that f is
non-negative over R", Lgaq(f) is zero-dimensional and radical, and all points in
Varad(f) have distinct x1-coordinates. On input f, Algorithm sosgradientshape ter-
minates and computes an SOS decomposition of f modulo Lgwaa(f) with rational co-
efficients.

Proof. Assume that f € Q[x] is non-negative over R" and its gradient ideal is zero-
dimensional and radical. Here, we use the lexicographic monomial order z; < 2 <
-+ < xp. Because the Shape Lemma’s assumption holds, the reduced Grobner basis

of Zgraa(f) in Step 1 has the form G = [w,x9 — v, ..., 2, —vy], and can be computed
by using a zero-dimensional rational parametrization of Vgrad(f) as in Lemma 2.4. In
Step 2, we compute the quotients [¢, ..., ¢,] and the remainder r of the division of
f by G by performing Eliminate(f, 1,vs,...,v,) (as in Algorithm D.1). Here, we see
that r coincides with h, where h = f(x1,vs,...,2,) as in the proof of Theorem 3.1,
because of

r:fquSi(xifvi) = h.
=2

In Step 3, the univariate polynomial h is non-negative with rational coefficients,
so by using univsosl or univsos2 [26], we can compute an SOS decomposition of
h = c1¢? + - + csq?. Hence, according to the proof of Theorem 3.1, we get (3.9)
which is an SOS decomposition modulo the gradient ideal of f. ]

To illustrate how the algorithm works, we consider the following simple example.

ExAMPLE 3.9. Consider the polynomial f(x1,z2) = 22} + 27122 + 23 + 10. This
polynomial is non-negative over R". Firstly, the gradient ideal Zgraa(f) is given by
Zorad(f) = <8x§ + 229,21 + 2x2> which is zero-dimensional and radical with § = 3.
We compute the reduced Grobner basis of Zgaa(f), namely <:ri1)’ - ixl, To + ;101>7 here
va(x1) = —x1. Secondly, with the order 1 < z2, the quotients of the division of f
by the Grobner basis are ¢; = 0 and ¢o = =1 + x2, and the remainder is given by
h(z1) = f(x1,v2) = 221 — 22 +10. Thirdly, by using Algorithm univsos2 in [26], one

5

gets an SOS decomposition of b = 11 + 3 (27 — 2)? + 227 + 2. Finally, we obtain

the following SOS decomposition of f modulo its gradient ideal:

5
f=§x1+§x —I—Exl—i-g—i—(ml—kxg)x(xg—&—xl).

1, 3745 5\2 13
(+1-3)

3.3. Bit complexity analysis. This subsection investigates the bit complexity
of sosgradientshape. Assume that d and 7 are respectively the degree and an
upper bound of the bitsize of the coefficients of f € Q[x]. We provide estimates for
the bitsizes of polynomials in the output of sosgradientshape(f) as well as for the
number of required boolean operations required to execute it.

We use Algorithm univsos1 in [26, Fig. 1] or Algorithm univsos2 in [26, Fig. 2]
to compute an SOS decomposition of the non-negative univariate polynomial h. The
corresponding bit complexities are given as follows:

PROPOSITION 3.10. Letwvs, ..., v, be asin Lemma 2.4 and h(x1) = f(x1,v2,...,0,).}
To compute an SOS decomposition of h, Algorithm univsosl and Algorithm univsos2



12 MAGRON, SAFEY EL DIN, AND VU

run in
(3.11) 5((d“+1/2)3d"“/2(7 o+ d)d3"+1)
and

(3.12) O (7 +n+ d)d*"*+*)

boolean operations, respectively.

Proof. Let 7, = max;{ht(v;)}. Lemma 2.4 states that the bitsize of 7, is bounded
from above by 9] ((7' +n+ d)d3"), and that the polynomials w, vs, ..., v, have degree
at most (d — 1)". Since deg f = d and h(z1) = f(z1,v2,...,v,), the degree of h is at
most d(d — 1)™.

Let 8 be the minimal common denominator of all non-zero coefficients of h. Com-
puting an SOS decomposition of h boils down to computing an SOS decomposition of
Bh. In particular, the execution time of univsos1 (resp., univsos2) on h is the same
as for Sh. Now we estimate the bitsize of the polynomial Sh € Z[z;]. By the defini-
tion of h, we observe that ht(h) < 7 + dr,. It follows that ht(8h) < ht(8) + 7 + dr,.
By definition we have ht(8) < 7 + dr,. This yields

(3.13) ht(Bh) < 2 (7 +dry).
From (3.13) and above results, we obtain the following bitsize estimate for Sh:

O (2(r +d(r +n+d)d*")) = O ((r +n+d)d*"*').

To compute an SOS decomposition of Sh, we rely on univsosl or univsos2.
From [26, Theorem 17] and [26, Theorem 24], the boolean running time of univsos1
corresponds to the quantity given by (3.11). If we use univsos2, then the number of
boolean operations will be bounded from above by

O (d*(d —1)* + d*(r +n+d)(d—1)°"),
which can be further reduced to (3.12). |

ProroOSITION 3.11. Let wva,...,v, be as in Proposition 3.10. To compute the
list ¢2,. .., ¢y in the output of Algorithm sosgradientshape, Algorithm Eliminate
runs in O(n?(t + n + d)d>"*1) boolean operations and the bitsizes of ¢a, ..., ¢, are
O (n(r +n+ d)d>+1).

Proof. From Lemma 2.4, the polynomial v; has bitsize at most O((T 4+ n+d)d3").
We divide f by [z — va,. .., 2, — v,] while performing Eliminate(f,1,vo,...,v,) as
in Algorithm D.1 to obtain the list of quotients [¢2,. .., ¢,] and the remainder h =
h(z1,ve,...,v,). Applying Lemma 2.6 for this division, we conclude that Algorithm
Eliminate runs in O(n2(7 + n + d)d®"*') boolean operations, the estimate for the

bitsize of ¢; is O (n(r + n+d)d*" 1) as claimed. O
We are now ready to analyze the bit complexity of Algorithm 3.1.

THEOREM 3.12. Let f € Q[x] of degree d and let T be the maximum bitsize of its
coefficients. Assume that the two conditions in Theorem 3.1 hold. Then, on input f,
Algorithm sosgradientshape runs in

(3.14) 0o ((T +n+d)?d" + (T +n+ d)d3"+1(dn+1/2)3d"“/2)
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or
(3.15) 5((r+n+ d)2d™ + (r+n+d)d6"+4)

boolean operations if in Step 8 we use Algorithm univsosl or Algorithm univsos2,
respectively.

Proof. Assume that in Step 3 we use univsosl to compute an SOS decomposi-
tion of h. Then, the number of boolean operations that sosgradientshape uses to
compute the SOS decomposition of f is the sum of the four following ones:

1. the number of boolean operations required to compute the zero-dimensional
rational parametrization Q of Viaa(f) as in (2.2);

2. the number of boolean operations required to compute w,va, ..., v, € Q[z1],
defined in Lemma 2.4 as in (2.3);

3. the number of boolean operations required to compute an SOS decomposition
of h by using Algorithm univsosl as in (3.11);

4. the number of boolean operations required to compute ¢1,...,¢, in the
output of sosgradientshape by using Algorithm Eliminate (mentioned in
Proposition 3.11).

This sum equals

qnt1y3d"Tt/2
) +

~ d
O(n2(d + 7)d*" ! (n Z ) + (1 +n+d)%d™ + (1 + n + d)d>" ! (—2
(T+n+ d)n2d3"+2).

In this sum, the third term is larger than the first and last terms for large enough d
and n, yielding the estimate (3.14).

If in Step 3 we use univsos2, the number of boolean operations of the algorithm
is

n—+d

A 2 2n+1
o(n (d+7)d < :

) + (14 n+d)?d" + (1 +n+d)d*" T +n? (1 +n+d)d3”+2).

Noting that (";d) < (d+1)™ < d*" for large enough d and n, we obtain (3.15). O

THEOREM 3.13. Assume that f € Q[x] satisfies the conditions of Theorem 3.12.
Let w,va,...,v,, h be as in Proposition 3.10. Then, the mazimum bitsize of the coef-
ficients involved in the SOS decomposition of h obtained by using Algorithm univsos1
and Algorithm univsos2 are bounded from above, respectively, by

(3.16) O((T +n+ d)(d”+1/2)3d"“/2d3n+1)’
and

Proof. From the proof of Proposition 3.10, the estimates for degree and bitsize
of Bh are d(d — 1)" and O ((7 + n + d)d®"!), respectively. According to [26, Theo-
rem 16] and [26, Theorem 23], the maximum bitsize of the coefficients involved in the
SOS decomposition of Sh obtained by using univsosl and univsos2 are bounded
from above by (3.16) and (3.17), respectively. d
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4. SOS of rational fractions modulo gradient ideals. Artin’s Theorem [1]
states that if f € R[x] is non-negative then there exists a nonzero g € R[x] such that
g*f is SOS, yielding a decomposition of f as an SOS of rational fractions. In this
section, we explain how to decompose f € Q[z] as an SOS of rational fractions modulo
its gradient ideal. One says that f € Q[x] is an SOS of rational fractions in Q(x),
where Q(x) is the field of rational fractions in the variable & over Q, if there exist
rational fractions fi,..., fs in Q(z) and [ci1,...,¢;] C Q4 such that f =37, i f?.
Furthermore, f is an SOS of rational fractions over the quotient ring Q(x)/ Zgraa(f)
if there exists g € Zgraa(f) such that f — g is an SOS of rational fractions in Q(x),
i.e., f can be decomposed as follows:

F=Y e+ ot
j=1 i=1 ¢

for some rational fractions f1,..., fs,¢1,...,¢s in Q(x) and [¢1,...,¢5] C Q.

4.1. The existence of an SOS decomposition over the rationals. Denote
by Q(z1)[z2,...,z,] the vector space of polynomials in n — 1 variables (zs,...,2,)
with coefficients in Q(z1).

In the following theorem, we prove the existence of an SOS decomposition of
rational fractions modulo the gradient ideal for f.

THEOREM 4.1. Assume that f € Q[x] is a non-negative polynomial of degree d
and that Lgraa(f) is zero-dimensional and radical. Let Q = ((w, K1, ...,kn),21) be a
zero-dimensional rational parametrization of Vewaa(f). Then, f can be decomposed as
an SOS of rational fractions modulo the gradient ideal, namely

1 s ) n s
(4.1) f= i chqj + Z@(% - J)’
j=1 i=1
for some rational fractions q1,...,qs € Q(z1), ¢1,---,0n € Qx1)[x2,...,2s], and
[Cl,...,Cs] CQ+.
Proof. By substituting x; = k;/w’ in f, for i = 2,... n, one has
R2 Rn, 1 -
(42) f(xhwa"'ag) = (wl)dh’

where h(x;) is a univariate polynomial. Since f is non-negative with even degree d, h
is also non-negative. In addition, the coefficients of w’, k1,...,k, and f are rational
numbers, so the coefficients of h are also rational numbers. Applying Theorem 2.1 for

h, we conclude that there are ¢1,...,¢qs € Q[z1] and [c1, ..., ¢s] C Q, such that
(4.3) h= chq]?.
j=1

Next, one considers the division of (w')?f — h by [w'z1 — k1, ..., W'z, — k] With
the lexicographic order z; < --- < z,. Based on Buchberger’s Criterion [9], we can
show that this system is a Grébner basis of the ideal generated by this system w.r.t
the order < in Q[x]. Hence, there exist a (unique) list of quotients uy, ..., u, in Q[x],
and 7 in Q[z] such that

(4.4) (w)ef —h= i wi(w'x; — ki) + 1,
i=1
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with r of smaller degree than the cardinality ¢ of Vigraa(f). The gradient variety of f
can be represented as follows:

Varad(f) ={z € C" 1w =0,w'zy — k1 = -+ = w'x,, — K, = 0}.

From (4.2), one sees that (w’)?f — h vanishes on Vgaa(f). With the same arguments
as in the proof of Theorem 3.1, we conclude that » = 0. Hence, from (4.2), (4.3), and
(4.4), we obtain a representation of f as in (4.1), where ¢; = u;/(w’)4 1. 0

In Theorem 4.5, we assume that Q = ((w,k1,...,kKn),21) is a zero-dimensional
rational parametrization of Vigaa(f) which is a generic assumption. In this assump-
tion, the linear form A is given by A(x) = x;. If the assumption does not hold, we can
change the coordinate system such that the obtained polynomial (with new variables)
satisfies the assumption as in Case 2 of the proof of Theorem 3.1.

REMARK 4.2. From (4.2), we see that deg h does not exceed deg,, f+ ddeg(w’),
where deg, f is the degree of f in the variable z; and degw’ = degw — 1. Thus, the

degree of the univariate polynomial h is at most d(d — 1)".

4.2. Algorithm to compute an SOS of rational fractions. From the proof
of Theorem 4.1, we design an algorithm named sosgradient to compute the SOS
decomposition of rational fractions for f. Algorithm sosgradient is obtained by
a modification of Step 1 in sosgradientshape to get a zero-dimensional rational
parametrization of the gradient variety of f.

ALGORITHM 4.1 Computing SOS of rational fractions modulo the gradient ideal

sosgradient := proc(f)

Input: f € Q[z] of degree d such that f is non-negative over R" and Zgaa(f) is
zero-dimensional and radical

Output: [w,K1,...,kn], [q1,--.,4s] C Qz1], [p2,...,¢n] C Qx], and [c1,...,¢cs] C
Q, satisfying

R ~ i (K
(4.5) f_W;c]qva;W(% J)'

1: Compute a zero-dimensional rational parametrization [w,kK1,...,k,] of
Vgrad(f) _

2: Compute the quotients [¢da,...,¢,] and the remainder h of the
division of (w)?f by [r2 — .. .,Tp, — =] by performing
Eliminate((w')?f,w', ko, ..., Ky) B

3: Compute a rational weighted SOS decomposition of h = ¢1¢? + - - - + csq>

4: Return [w, K1, ..., Kn), [@1s---5Qs], [P2, ..., Dn], and [c1,. .., cq]

The input of sosgradient is a non-negative polynomial f in Q[x] whose gradi-
ent ideal Zgraa(f) is zero-dimensional. The outputs are a zero-dimensional rational
parametrization of Vgaa(f), a list of polynomials [g1,...,¢s] C Q[z1], and a list of
rational fractions [¢a, ..., ¢n] C Q(z1)[z2,. .., z,] satisfying (4.5).

In Step 1, we compute a zero-dimensional rational parametrization [w, K1, . . ., K]
of Vgraa(f). In Step 2, we compute the quotients [¢a, ..., ¢y,] of the division of (w’)?f

Ko Kn

by [ze — £2,..., 2, — 22] while using Algorithm Eliminate. Note that the remainder

w’? w

of this division coincides with h given in (4.2). In Step 3, we compute a rational
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weighted SOS decomposition of the univariate polynomial h by relying on univsos1
Oor univsos2.

The correctness of sosgradient is proved in a similar way as for sosgradientshapel]
in Theorem 3.8.

THEOREM 4.3. Suppose that f € Q[x] is non-negative over R" and Zgraa(f) is
zero-dimensional and radical. On input f, Algorithm sosgradient terminates and
the outputs provide us an SOS decomposition of f as in (4.5).

4.3. Bit complexity analysis. We now estimate the bitsizes of polynomials in
the output as well as the number of boolean operations required to perform Algorithm
sosgradient.

PROPOSITION 4.4. Assume that T is the mazimum bitsize of the coefficients of
f in the input of sosgradient. To compute the list P2, ..., ¢n] in the output, Al-
gorithm Eliminate runs in 9} (712(7' +n+ d)d”+1) boolean operations. Furthermore,
the bitsize of ¢; is O (n(r+n+ddtt),i=2,...,n
En

Proof. We compute the division of (w’)?f by [z — o, ...,y — 22| by perform-
ing Eliminate((w')ef,w’, Ka,...,ky,). We obtain the list of quotients [¢pg,. .., dy]
and the remainder h. The degree of (w')?f in x9,...,2, is d, and ht((w')?f) =
9] ((T+n+ d)d"‘“). The conclusions are obtained by applying Lemma 2.6 with

ht(k;) = O (1 +n+d)(d —1)™). 0

THEOREM 4.5. Let f € Q[x] of degree d and let T be the mazimum bitsize of its
coefficients. Assume that f is non-negative over R" and Zgraa(f) is zero-dimensional
and radical. Then, on input f, Algorithm sosgradient uses

(4.6) o ((d"“ /232 (o d)d"+1),
(4.7) O((1 + n + d)d***4)

boolean operations if in Step 8 we use Algorithm univsosl or Algorithm univsos2,
respectively.

Proof. From Corollary 2.3, the polynomials w, K1, ..., Ky, in the zero-dimensional
parametrization of the gradient variety Vgaa(f) have degree at most (d — 1)" and
bitsize O ((t +n+d)(d—1)"). We can see that the degree of the remainder A (as
defined in (4.2)) in Step 2 of sosgradient is at most d(d — 1)™ + d and its bitsize
is O ((’7’ +n+ d)d”“). To compute an SOS decomposition of h, by applying [26,
Theorem 17] and [26, Theorem 24|, Algorithm univsosl and Algorithm univsos2
use

(4.8) O((@1 /2y 2(r 4+ d)a+)
and
(4.9) O ((r + n + dyd**+*)

boolean operations, respectively.

The estimates (4.6) and (4.7) are obtained from Corollary 2.3, Proposition 4.4,
and the estimates (4.8) and (4.9) with the same line of reasoning as in the proof of
Theorem 3.12. |
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THEOREM 4.6. Assume that f € Qx] satisfies the conditions of Theorem 4.5.
Then, the mazimum bitsizes of the coefficients involved in the SOS decomposition of
h, obtained by using Algorithm univsos1 and Algorithm univsos1, are bounded from
above respectively by

(4.10) 5((d"+1 J23 2 (e g d)d"“)
and
(4.11) O (1 +n+d)d*+3).

Proof. From the proof of Theorem 4.5, the degree of h is at most d(d — 1)" and
the bitsize of h is O (( +n + d)d" ™). The conclusions follow from [26, Theorem 16]
and [26, Theorem 23]. 0

REMARK 4.7. In general, sosgradient is faster than sosgradientshape to cer-
tify non-negativity of polynomials with rational coefficients. When relying on univsos2,ii
by comparing the estimates in (3.15) and (4.7), we conclude that the number of
boolean operations to run sosgradientshape is O(d?") times larger than the one of
sosgradientshape. The underlying reason is that the maximal bitsizes of w, va, ..., v}
are (d — 1)?" times bigger than the ones of k1,...,#, that are obtained by a zero-
dimensional rational parametrization of the gradient variety.

To finish the section, we present an explicit SOS decomposition for the polynomial
fs obtained from Scheiderer’s polynomial given in Example 3.6. Here, we rely on
sosgradient to get the SOS decomposition.

ExaMPLE 4.8. We first compute a zero-dimensional rational parametrization Q
of the gradient variety Vgraa(fs):

w = 4z) + 2§ — 162 — 403 — 42 — 1,
k1 = 1527 — 3228 — 92 — 3623 — 611 — 4,

ko = =325 + 6427 + 2423 4 2827 + 9.

In fs, by substituting x5 = ko /w’ as in (4.2), we get the non-negative univariate
polynomial h = 16796162364-3359232234 — 559872233 — 13670208232 +11197440231 —32799168230 +
7301664x2° +40124160278 — 56581740227 4118393488236 —2903040022° — 11429649574 +91968984223
— 162286560222 + 52664472731 — 9547099220 — 51948224219 + 37314854218 — 36173624x17 +
103156448716 +2766070421° 494133752214 +56849248713 51186288212 +42348048x 11 +20765728x10
+17391200z9 4727316825 +460774427 +19461862¢ +-880960x5; +413632x5 48658023 + 7581622 +6561.

Based on Algorithm Eliminate, we obtain the quotients of the division in Step 3
of sosgradient: ¢ = 0 and ¢, given at polsys.lip6.fr/~hieu/phisos.mm.

By using univsos2 to compute an SOS decomposition of h, we obtain the list
sos given at above link such that h = Y/ | sos[2i — 1] * sos[2i]%, where sos]i] stands
for the i-th entry of sos, m is the half length of sos.

Combining the above results, we obtain an SOS of rational fractions modulo the
gradient of fg as in (4.5).

5. Practical experiments. This section is dedicated to show experimental re-
sults obtained by using the algorithms sosgradientshape (Algorithm 3.1 from Sec-
tion 3) and sosgradient (Algorithm 4.1 from Section 4). Both algorithms are im-
plemented in MAPLE, and the results are obtained on an Intel Xeon E7-4820 CPU
(2GHz) with 1.5 TB of RAM.


https://polsys.lip6.fr/~hieu/phisos.mm
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In practice, Algorithm univsos2 runs faster than Algorithm univsos1, which is
consistent with the theoretical results stated in [26, Theorem 17] and [26, Theorem
24]. In addition, as mentioned in Remark 4.7, it is practically faster to compute
SOS decompositions involving rational fractions than polynomials. We compare tim-
ings of the slowest algorithm, namely sosgradientshape using univsosl with the
fastest algorithm, namely sosgradient using univsos2. For each algorithm, the
first step consists of obtaining h by computing either the shape position (using the
procedure Basis in MAPLE) in sosgradientshape or the zero-dimensional ratio-
nal parametrization (using the procedure RationalUnivariateRepresentation in
MAPLE) in sosgradient. The runtime of this step is denoted by t;. The degree
and the bitsize of h are denoted by dj, and 7, respectively. The second step outputs
an SOS decomposition of the non-negative univariate polynomial i by using either
Algorithm univsosl in sosgradientshape or Algorithm univsos2 in sosgradient.
Here, ts.s is the runtime of the second step and 74,5 is the maximal bitsize of the
output polynomials.

sosgradientshape sosgradient
bitsize 105-bits time (s) bitsize 10%-bits time (s)
n T 0 dh Th Tsos tp tsos dh Th Tsos tp tsos
2 74 9 32 0.3 8.1 0.1 26 36 0.5 1.6 0.1 1.8
3 | 149 27 104 | 24 153 1.1 781 | 108 | 6.6 13.4 0.2 133
4 | 312 81 320 | 117 - 399 - 324 | 88 169 3.9 505
5 | 590 243 - 972 | 940 1306 169 4965

Table 1. Comparison results of output size and performance between Algorithm

sosgradientshape and Algorithm sosgradient

In Table 1, we consider random polynomials of fixed degree d = 4 with number of
variables n being between 2 and 5, generated as follows: a* + b3 + -+ + b2 + ¢ + 10°,
where a (resp., b;, ¢) is a dense linear (resp., quadratic, cubic) polynomial in n vari-
ables. Coefficients of a (resp., b;, ¢) are chosen randomly in {—1,1} (resp., {—3,...,3},
{—1,0,1}) with respect to the uniform distribution. For n > 4, sosgradientshape
failed to provide an SOS decomposition as the execution of univsos1 did not finish
after 12 hours of computation, as indicated by the symbol — in the corresponding
lines. The underlying reason is that 7, and dj are both very large and that the
complexity of univsosl is exponential in the degree of h [26, Theorem 17]. Note
that the intermediate polynomials correspond to worst cases, i.e., the maximal pos-
sible degree of w is attained, namely degw = (d — 1)", so the degree of h is also
maximal, i.e., degh = d(d — 1)™ — d (resp. d(d —1)") in sosgradientshape (resp.
in sosgradient). For such cases, sosgradient cannot compute decompositions for
n > 4 (corresponding to deg h > 324) within 12 hours.

Next, we compare the performance of sosgradient (using univsos2) and Algo-
rithm multivsos [24]. Recall that multivsos is designed to compute SOS decomposi-
tions of polynomials lying in the interior of the SOS cone. We report our experimental
results in Table 2, obtained with seven classes of 50 randomly generated polynomi-
als. The random polynomials corresponding to the four first rows, with d = 4 and
n =2,...,5, are obtained a similar way: a* 4 b? + b2 + ¢ + 10°, where a (resp., b;,
¢) is a dense linear (resp., quadratic, cubic) polynomial in n variables. Coeflicients
of a (vesp., b;, ¢) are chosen randomly in {+1,+2} (resp., {-3,...,3}, {-1,...,1})
with respect to the uniform distribution. The polynomials from the three last rows,
with d = 6 and n = 2,3,4, are constructed in a similar way: a® + b% + ¢ + 106,
where a (resp., b, ¢) is a dense linear (resp., cubic, cubic) polynomial in n variables.
Coefficients of a (resp., b;, ¢) are chosen randomly in {£1,+2} (resp., {-3,...,3},
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{-1,...,1}) with respect to the uniform distribution. Note that here the univariate
polynomials generated when running the algorithm do not correspond to the worst
case scenario in terms of degree and bitsize. For both algorithms, we denote by 7
(10%-bits) the average bitsize of the output and by ¢ the average runtime in seconds.

multivsos sosgradient
d,n | success T t T t
4,2 100% 1.3 0.16 2 2

4,3 94% 3.7 0.26 18 22

44 38% 8.9 0.18 78 153
4,5 8% 12,5 0.32 | 234 630
6,2 82% 3.5 0.24 45 142
6,3 0% 160 500
6,4 0% 744 4662

Table 2. Comparison of performance between Algorithm sosgradientshape and

Algorithm multivsos

From this table, we deduce that when the number of variables n increases, then
the rate of success of multivsos decreases. This fact is compatible with Blekherman’s
theorem [8] which says that if the degree d > 4 is fixed then, as the number of variables
n grows, the cone of non-negative polynomials is significantly bigger than the cone
of SOS polynomials. When multivsos succeeds in computing SOS decompositions,
then it provides more concise certificates than sosgradient while being more efficient.
However, when d = 4 and n = 5, multivsos can only decompose four polynomials
out of 50 while sosgradient succeeds for all of them. This demonstrates the need
of alternative procedures such as sosgradient for polynomials which presumably do
not lie in the interior of the SOS cone.

Conclusions and perspectives. We designed and analyzed two algorithms to
decompose a non-negative polynomial as an SOS of polynomials/rational fractions
modulo the gradient ideal with rational coefficients. The correctness of our framework
relies on a generic condition, namely that the gradient ideal of the input polynomial
is zero-dimensional and radical. We shall improve the scalability of our algorithms by
exploiting the specific structure of the input polynomial, such as correlative [22] or
term sparsity [43], symmetries [34] or by using recent improvements on the compu-
tation of critical sets when the related system is invariant under group actions [12].
Furthermore, we also plan to extend our algorithms to the constrained case by relying
on polar varieties as in [14].

Acknowledgements. This work has been supported by European Union’s Hori-
zon 2020 research and innovation programme under the Marie Sktodowska—Curie Ac-
tions, grant agreement 813211 (POEMA).

Appendix.

Appendix A. Proof of Corollary 2.3. Assume that the system of partial
derivatives 5%,..., % is given by a straight-line program I' of size L, i.e., the
program uses L elementary operations +, —, X to evaluate the system from variables
Z1,...,Z, and integers with bitsizes at most max?zl{ht(adj )}

We claim that L is O(d("?:d)). Indeed, f has at most (”;d) terms and each term
in f is defined by at most d + 1 multiplications. Hence, the size of a straight-line
program I'y which defines f does not exceed (d+1) (";d). By applying Baur-Strassen

Theorem [7, Theorem 1], the size L is O(d(”;d)).
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Recall that ht(ZL) <logd+ht(f) =logd+ 7, for i =1,...,n. By applying [38,
Corollary 2] for the system and a single group of variables, there exists an algorithm
that takes the system as in input, and that produces one of the outputs given as in
items a)— ¢) of Corollary 2.3. The number of boolean operations of the algorithm is
6(n2d2”(logd +74+(d- 1))(d(";d) +n(d-1)+ n2)) Reduce this formula, we get
(2.2). Furthermore, the polynomials in the output have degree at most (d — 1)" and
bitsize O ((d — 1)"(logd + 7 +n+ (d —1))) = O ((d + 7 + n)d") as claimed.

Appendix B. Proof of the bit complexity in Lemma 2.4. From Corol-
lary 2.3, the degree of w is at most (d — 1)", and then degw’ is at most (d —1)™ — 1.
Assume that 3 is the positive minimal common denominator of all non-zero coefficients
of w. Then, fw and fw’ belong to Z[t]. Clearly, deg(fw’) = deg(Bw) — 1, deg(Bw) <
(d —1)", and the bitsize of fw and Bw’ are bounded by O ((d + 7 +n)(d — 1)™). We
can apply [41, Theorem 6.52] to Sfw and fw’. The extended Euclidean algorithm

computes the Bézout coefficient, denoted by b, of Sw’ using

(B.1) O(t+n+d)*(d—1)%")
boolean operations. The bitzise of b is bounded by
(B.2) O ((r+n+d)(d—1)>").
Furthermore, one sees that the degree of b satisfies
(B.3) degb < degw — deg ged(w, w') = degw < (d — 1)".
For every i = 2,...,n, we will estimate the bitsize of the polynomial bx;. Recall

from Corollary 2.3 that deg x; < (d—1)™, hence from (B.3) one has deg bx; < 2(d—1)".
From (B.2), we obtain

ht(br;) < ht(b) + ht(k;) = O((T + n+ d)(d — 1)*") + O((T + n + d)(d — 1)").
After simplifying the last estimate, the bitsize of bx; is bounded from above by
O((t +n +d)(d — 1)®"). Hence, the bitsize of nbk;, where n is the minimal com-
mon denominator of all non-zero coefficients of bk;, can be estimated as follows

ht(nbr;) < 2ht(bg) < O((1 +n + d)(d — 1)>™).
In the proof of Lemma 2.4, we considered the division of bx; by w and defined

v; = bk; mod w. Thus, the degree of v; is at most degw < (d—1)". From Lemma 2.5,
the Euclidean division algorithm computes v; using at most

(B.4) O((t+n+d)(d—-1)"")

boolean operations. Thus, the bitsize of v; is O((T +n+d)(d—1)3"), for i = 2,...,n.
Therefore, computing [w, va, ..., v,] from the zero-dimensional rational parametriza-
tion Q of Vgraa(f), requires

O((r+n+d)*d—1)5" + (n—1)(r +n+d)(d—1)°")

boolean operations, as a consequence of (B.1) and (B.4). By applying further simpli-
fication, we obtain the desired result (2.3).

The bit complexity results of the two division algorithms used in Lemma 2.5 and
Lemma 2.6 are basic but we could not find their proofs in the literature. Here we
state these two algorithms and prove estimates for their bit complexities.

Appendix C. Proof of Lemma 2.5. Assume that a,b are polynomials in
Z[t] with dega = d > degb = m and that ht(a), ht(b) are bounded from above by 7.
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We recall the Euclidean division algorithm in Algorithm C.1 [41, Algorithm 2.5] to
compute the quotient ¢ and the remainder r of the division of a by b, i.e., a = ¢gb+ 7
with degr < degb.

ALGoRrITHM C.1 Euclidean division algorithm
Input: polynomials a,b € Z[t]
Output: polynomials ¢, € Q[t] such that a = ¢gb+ r and degr < degbd
1: Let g:=0and r:=a
2: While degr > degb do
3: Let h :=lc(r)/lc(b)tdesr—deg?
4: Let g:=q+h
5: Let r:=r—hb
6: Return ¢ and r

We denote by r; (resp. g;, h;) the value of r (resp. ¢, h) at the i-th iteration of the
while loop from Step 2. The initial values are ¢ = 0 and r; = a. After each iteration
of the while loop, the degree of r is strictly decreasing. Hence, the while loop will
terminate after at most d —m iterations. When the while loop terminates, the values
are ¢ = gqg—m and r = rq_p,. From Step 3, we observe that ht(h;) < ht(b) + ht(r;) =
7+ht(r;), and the number of boolean operations to perform this operation is bounded
by 7+ ht(r;). Since ¢;+1 = g; + h; and h; is a monomial satisfying deg h; > degq;,
one has

(C.1) ht(gi+1) < max{ht(g;), 7 + ht(r;)},

and the number of boolean operations to perform the operation in Step 4 is bounded
by O(1). For the operation in Step 5, since ht(hb) < 27 4 ht(r;), the bitsize of r;41 is
bounded by 27 + ht(r;). Moreover, the number of boolean operations to compute h;b
is O(m(7 +ht(r;))), 0 7441 is also computed in O(m(7 + ht(r;))) boolean operations.

We get the recurrence formula ht(r;41) < ht(r;) + 27, for each ¢ = 0,...,d —m,
with ht(rg) = 7. It follows that ht(r;) < 2i7+7, for each i = 0,...,d—m. This yields

ht(r) = ht(rg—m) < 2(d —m)7 + 7 = O(ht(d —m)).
From (C.1), the bitsize of ¢ = gq—m, is also bounded by O(ht(d — m)). Furthermore,

the number of boolean operations to perform the algorithm is
d—m _ _
> O((i + 1)2m7) = O(mht(d — m)?).
i=0

This yields the desired estimates.

Appendix D. Algorithm Eliminate and the proof of Lemma 2.6.

ALGORITHM Eliminate. Let us consider g € Q[z1][x2,...,2y], with degg = d (in
variables xs,...,x,) and ht(g) = 74, and the list of rational fractions:
G= [:EQ—%,...,[E”— %L
(1)) ao
where ag, as,...,a, are polynomials in Q[z;], ap # 0, and ht(a;) < 7, for ¢ =
0,2,...,n. Recall that Q(x1) is the field of rational fractions in variable x; with coeffi-

cients in Q. Let x5 < - -+ < x,, be a lexicographic monomial order on Q(z1)[za, . . ., z,].
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Algorithm Eliminate outputs the quotients ¢o,..., ¢, € Q(x1)[xa,...,x,] and the
remainder r € Q(z1) of the multivariate division of g by the list G satisfying

n
@
(D.1) QZZ@(%—;;)‘F“
=2
ALGORITHM D.1 Elimination algorithm
Eliminate := proc(g, ag, as, - - ., an)
Input: n + 1 polynomials g € Q[z1][z2,. .., Ty], ao,ag, - . .,a, € Qz1]

Output: ¢o,..., 0, in Q(z1)[xe,...,z,] and r € Q(z1) satisfying (D.1)
1: Set rpy1:=g
2: Fort =nto 2 do
3: Compute ¢; := quo(r;, x; — Z—é,wz)
4: Substitute x; by Z—O in r;41 to define r; := i1 (x1,..., -1, Z—O)
5: Set r := 19
6: Return ¢o,...,¢,, and r

In Step 3, ¢; is the quotient of the univariate division (in the variable ;) of r; by

T; — g—o Since the degree of x; in x; — Z—O is 1, ¢; belongs to Q(z1)[x2,...,x;]. The
remainder r; of the division in Step 3 is given in Step 4 after replacing z; by Z—; in
r;+1; hence one has r; € Q(z1)[x2,...,z;-1]. After Steps 3-4, we obtain

@
(D.2) ri = ¢i (% - i) + i1

Qo

Therefore, after Step 5, we get g = > 1, ¢;(z; — &) 47, with 7 € Q(z1). Based
on Buchberger’s Criterion [9], we can show that the system of n — 1 polynomials

[xo— Z—i, ..., Ty —22] is a Grobner basis of the ideal generated by this system w.r.t. the
order <jep in Q(z1)[z2,...,z,]). Hence, ¢a,..., ¢, are defined uniquely. The correct-

ness of the algorithm is proved.

THE PROOF OF LEMMA 2.6. Now we estimate the bitsizes of ¢;, for i = 2,... n.
From the definition of r; in Step 4, one sees that ht(r;) < ht(r;11) + 2d7,. Since
ht(rp41) = 74, the bitsize of r; is bounded from above by 7, + 2(n — 1)d7,. The
relation (D.2) leads to ht(¢;) < ht(ri41 —r;) +ht(z; — ¢+). Because of ht(ri41 —r;) <
max{ht(r;+1),ht(r;)}, and ht(3) < 27,, we get ht(¢;) < 75 +2(nd —d + 1)7a. It

follows that ht(¢;) = O(74 + ndry).

_ We see that the number of boolean operations to perform Steps 3 and 4 are
O(1y+ndr,) and O(1), respectively. The for loop in Step 2 has n—1 steps. Therefore,
the number of boolean operations to perform the loop is 6(7179 +mn2dr,). This is also
the number of boolean operations that Algorithm Eliminate uses.
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