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ABsTrRACT. We extend the theory and the algorithms of Border Bases to systems of Laurent
polynomial equations, defining “toric” roots. Instead of introducing new variables and new
relations to saturate by the variable inverses, we propose a more efficient approach which works
directly with the variables and their inverse. We show that the commutation relations and
the inversion relations characterize toric border bases. We explicitly describe the first syzygy
module associated to a toric border basis in terms of these relations. Finally, a new border
basis algorithm for Laurent polynomials is described and a proof of its termination is given for
zero-dimensional toric ideals.

1. INTRODUCTION

Polynomial equations appear naturally in many applications, as a way to describe constraints
between the unknown variables of a problem. These could be, for instance, geometric constraints
between objects (as in robotics, or CAGD) or physical constraints (as in chemistry). In such
problems, partial additional information may also be known: the unknown variables are not zero,
or real, positive, between 0 and 1, etc.

Finding the solutions by exploiting these constraints and this additional information is thus an
important operation, which usually requires dedicated and efficient methods.

An algebraic approach to get (all) the complex solutions of a polynomial system is based on
the computation of quotient algebra structures [4, 7]. These structures are described effectively
by a set of polynomials which represent the normal forms in the quotient structure and a method
to compute the normal form of any polynomial. This family of methods includes, for instance,
Grobuer basis [3, 6] or border basis computation [15, 18, 12]. A “fixed-point” strategy is involved in
these algorithms: starting with the initial set of equations, so-called S-polynomials or commutation
polynomials are computed and reduced. If non-zero remainders are found, the set of equations is
updated and the computation is iterated; otherwise, the process is stopped.

An important difference between Grobner bases and border Bases is that a monomial ordering
compatible with monomial multiplication is necessary in the first type of methods. This monomial
ordering is used to define the initial ideal associated to the ideal of the equations. The border basis
approach extends Grobner basis methods by removing the monomial ordering constraint, which
may induce numerical instability when the coefficients of the polynomials are known approximately
[15, 18, 11, 13, 12, 16, 19, 10, 20].

In this paper, we consider systems of polynomial equations defining (complex) solutions with
non-zero coordinates. In this case, variables can be inverted and a natural setting for normal form
computation is the ring of the Laurent polynomials. The extension of Grébner basis algorithm to
Laurent polynomials is difficult, due to the lack of monomial well-order and the fact that monomial
ideals are trivial. A classical way to handle this difficulty is to introduce new variables y; for the
inverse of the initial variables z; and new relations x;y; —1 = 0 and to compute with polynomials in
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this extended set of variables. Doubling the number of variables and adding new relations usually
significantly reduce the performance of algorithms whose complexity is at least exponential in the
number of variables (even doubly exponential in the worst case).

In the context of elimination and resultant theory, the approach of Macaulay [14] for the con-
struction of projective resultant matrices has been extended successfully to toric resultant for
Laurent polynomials [9, 1, 8, 21, 2, 5]. By analyzing the support of the Laurent polynomials,
resultant matrices of smaller size than for the projective resultant can be constructed. This leads
to more efficient algorithms to compute a monomial basis of the quotient algebra and the (toric)
roots for a square polynomial system, provided that it is generic for its support.

Our motivation is to develop normal form algorithms that can be performed with Laurent
polynomials in the same type of complexity bounds than for usual polynomials, using efficient
sparse linear algebra on Laurent polynomial spaces.

Contributions. We extend the border basis approach to Laurent polynomials and show that
a characterization similar to the criterion for classical border bases [15, 18, 19| applies in this
case: namely, the commutation relations (the product of two variables should commute) and the
inversion relations (the product of a variable by its inverse should be 1) can be used to check if a
set of polynomials is a toric border basis in a given degree. As a new result, this characterization
yields an explicit description of the first module of syzygies of a toric border basis, generalizing in a
natural way results from [19]. It is an extension of Schreyer Theorem which describes generators of
the first syzygy module of a Grobner basis in terms of the reduction of S-polynomials [6][Theorem
15.10]. We also deduce a new algorithm for computing a toric border basis, which requires light
modifications of the classical border basis algorithm. We prove its termination in the case of
zero-dimensional toric ideals.

Content. The paper is organized as follows. Section 2 describes the normal form criterion for
toric border bases. In Section 3, an explicit family of generators of the first syzygy module of a
toric border basis is given. In Section 4, we detail the algorithm for computing a border basis for
Laurent polynomials and prove its correctness for zero-dimensional ideals, before the concluding
Section 5.

Notation. Let M be the set of Laurent monomials in the variables z1,...,x,. An element of M
is of the form x® = z{* --- 20" with o = (a1,...,a,) € Z™.
Definition 1.1. The degree of a monomial x* = z{* -+ z&» € M is 6(x*) = |aa| + - + |anl,

which we also denote ().

We will use the following notation: =_; = z;', i = 1...n, zg = 1, [-n,n]* = {i € [-n,n] |

i # 0}. We say that a sequence (i1, ...,i),%; € [-n,n|* is canonical if |i1] < |ia] < --- < |ig| and
0(xi, -+ x4, ) = k. Tt corresponds to a canonical way to write a monomial as a product of variables.

For m € M, we denote by ((m)) the cone generated by m, that is, ((m)) = {m’ e M | m/ =
mm” sit.m” € M,5(m') =5(m)+06(m’)}. It corresponds to the set of monomial multiples of m,
which are in the same “quadrant” of Z™.

Let S = ]K[:cli, ...,xF] be the ring of Laurent polynomials in the variables 1,...,, with
coefficients in a field K, that is the set of finite linear combinations of monomials in M.

For p =3 c4PaXx®* €S with p, # 0, A is the support of p and 0(p) = maxaeca 0(a).

For F C S, let (F') be the K-vector space spanned by F'.

For d e Nand F C S, let F<y (resp. Fy) be the set of polynomials p € F such that §(p) < d
(resp. d(p) = d).

For d € Ny =N\ {0}, let F[gd] ={mf|lmeM,feFimf)<d}and F[d] = F[gd] \F[gd—1]~

For B C M, we denote B* = BUxz;BU- --Ux,, BUz] ' BU- - -Uz;, ' B and call it the prolongation
of B. Let 9B = B* \ B be the border of B. Let Bl = B and for k € N, let BI¥l = (BlF—1])x,

A set B C M is connected to 1if 1 € B and ¥m € B\ {1}, there exists i € [-n,n]* and m’ € B,
such that m = x; m’ and o(m’) < d(m).
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2. NORMAL FORM CRITERION

In this section, we describe normal form criteria for toric border bases. The purpose of these
criteria is to determine when we have a decomposition:

S<a=(B)<a® (F)<a

for a monomial set B connected to 1, a polynomial set F' and a degree d € N. The conditions
that we describe extend naturally those known for classical border bases, which are related to the
commutation property of multiplication operators.

Hereafter, B C M is a finite set of monomials connected to 1, V = (B) and V* = (B*).

Let 7 : V2, — V<4 be a projection such that mom = 7 and T|v., i the identity map, and which
is compatible with the degree &: Vb € (B*)<g4, 6(m(b)) < 6(b).

Let K = ker w be the kernel of 7, so that

V*=VaoK.

As each monomial of (9B)<4 can be projected by 7 in V<4, we can define a rewriting family as
follows:

Definition 2.1. For B C M connected to 1 and a projection  : (B*)<q — (B)<a, the rewriting
family for 7 is the set F' of polynomials of ker w of the form

(1) fOt =x" - boca
with by, = m(x*) € (B)<q, x* € (0B)<q.

We check that F' is a generating set of K = ker w. Conversely, a set F’ of polynomials of the form
(1) with by € (B)<a, x* € (0B)<q and (B*)<q = (F) & (B) defines a projection from (B*)<q
onto (B)<g.

Definition 2.2. For F C S and B C M, let Cg(F) be the set of polynomials in (B*) which are
of the form

(1) a;f for some f € F, i € [-n,n]* or

(2) zif —a;f for f,f'€eF, -1<i<j<n.
The set of polynomials of type 1 (resp. 2) is denoted Cy(F) (resp. C%(F)). The polynomials in

CL(F) (resp. C%(F)) are called the prolongation (resp. commutation) polynomials of F for B. Let
Cp(F) =CL(F)UCL(F).

From this definition, we see that C(F) C (F*) N (B*). Hereafter, the set B will be fixed and
we will simply write Cp(F) = C(F).

We define the operator of multiplication by z; associated to 7 as:

Xi:(Blca1 = (B)<a

As 7 is compatible with the degree, the image by X; of an element of degree < k < d is of degree
<k+1

For a monomial x* = z{" - -- 22" € M of degree < d, we define X := X" o---0 X%, It is an
operator from (B)<4_s(a) to (B)<4. We extend this construction by linearity and for any p € S<q4,
we define p(X) : (B)<q—s50) = (B)<a-

As B contains 1 which is of degree 0, we can then define

o Sgd — <B>§d
oo X))

Its kernel is denoted I 4.

Our objective is to relate properties of commutation and inversion of the operators X; with the
property that o defines a normal form, that is a projection on (B)<4 along the ideal generated by
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F in degree < d. We also relate it with a property which is easy to test algorithmically, namely
the polynomials Cg(F') reduce to 0 by the rewriting family F'.

The techniques used here are very similar to those developed in [15, 18, 19, 20|, but they require
specific adaptations to the toric case, which we need to detail.

Theorem 2.3. Let d > 2, let B be a subset of M connected to 1, let m : (B*)<q — (B)<q be a
projection and let F' be the rewriting family for w. The following conditions are equivalent:
(1) (X; oX_i)‘<B><d_2 =1d for1 <i<n,
(XioX; — XjoXi)Byey ,=0for1<i<j<m,
(2) the map o is a projection which defines the exact sequence

0— <F[§d]> — Sgd L) <B>§d —0
(3) Vr e CB(FSdfl), 7T(7') =0.

Proof. 1) = 2) : As the operators X; are commuting and X_; = X; ' in degree d — 2, for
any monomials m,m’ such that §(m) < d,6(m’) < d,6(mm’) < d, we have m(X) o m'(X) =
m/(X) om(X) and o(mm’) = m(X)(o(m')). The construction of ¢ is independent of the order in
which we compose the operators X; since they are commuting.

Let us show by induction on d(m), that for all monomials m € B*, we have o(m) = m(m).

The only monomial m € M such that §(m) = 0 is 1 € B and by definition o(1) = x(1) = 1.
The property is true for the degree 0.

Assume that it is true in degree 0 < k — 1 < d and let m € B with d(m) = k. As B* is
connected to 1, there exists i € [-n,n]* and m’ € B with §(m’) < k — 1 such that m = z; m’. By
induction, we have o(m') = w(m’) = m’, thus

a(m) =m(X)(1) = Xi(o(m)) = Xi(m') = 7(z;m') = m(m).

This shows, in particular, that Vm € B,o(m) = m and that 0 o 0 = 0. We deduce that the
image of ¢ is (B)<q and that the kernel I 4 of o is generated by p — o(p) for p € S<q4.

We now prove that (Fi<q)) C I 4. For any m € 9B, we have o(m) = m(m) and o(7(m)) = 7(m)
since m(m) € (B)<q. This implies that o(m — m(m)) = 0. We have shown that the elements
m —m(m), m € OB are in I q. We deduce that F' C I 4 and thus that (Fi<q)) C Ir a-

In the next step, we prove that I g C (Fi<g)). As I q is spanned by p — o(p) for p € S<q, it is
sufficient to prove that for a monomial m with é(m) < d, we have m —o(m) € (Fi<q)), which we do
by induction on §(m). The case 6(m) = 0 or m = 1 is obvious. For any monomial m € M<q4, we
can decompose it as m = x;m’ with i € [—n,n]* and §(m’) < é(m). By the induction hypothesis,
m' —o(m') € (Fi<q—1)). We deduce that

m—a(m) =z;(m' —o(m’)) + z;o0(m’) — w(z;0(m’))
is in (Fi<q)), since z;0(m') — w(x;0(m’)) € kerm = (F). This proves that I 4 C (Fi<q)-

This implies that I g = (Fi<g) and proves point (2).

2) = 3) : Let r € C(ng_l) then r € <(F§d_1)><> n <BX> As <(F§d_1)><> C <F[§d]> = kero we
have o(r) = 0. But o coincides with 7 on (B*) so that we have m(r) = 0, which shows that
r € kerm = (F).
3) = 1) : Let m € B of degree < d—2 and 1 < i < j < n. Suppose that m; := z;m € B and
meo = x;m € OB. Let fi = my —7w(my), fo = my — m(m2) € F<q_1. As xymg = x;m; = z,2;m,
we have
(XioX; — XjoXi)(m) = m(xim(ms)) — w(z;m(ms))

= m(zi(me — fo) —xj(m1 — f1))

= w(xjfi —xifa).
Asajfi—x;fo = x;m(me) —x;m(ma) € Cp(F<q—1), the hypothesis (3) implies that 7(x; fi —zif2) =
0. A similar argument applies if z;m € B or x;m € B. Consequently, we have (X; 0 X; — X o
Xi)|(B)<an = O-
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Similarly, we have
X_joXi(m) = m(z_ym(mi)) =m(z_i(m1— f1))
= W(m—$,if1)).

Asm—z_;f1 € (B*), we have z_; f; € (B*) and thus z_;fi € Cp(F<q—1), which implies that
m(x_;f1) = 0. We deduce that m(m—x_;f1) = 7(m) = m. A similar argument applies if z;m € B.
This proves that (X_; o X;)By_, , = Id and concludes the proof of point (3). O

If one of these (equivalent) conditions is satisfied, we say that F' is a border basis in degree d for
B.

Remark 2.4. If F is a border basis for B in degree d, then Theorem 2.3 implies that F<q is a
border basis for B in degree d' for any 2 < d' <d.

Remark 2.5. If Theorem 2.3 (2) is satisfied, then any element p € S<q is the sum of o(p) € (B)<q4
and p—o(p) € Ir.q = (Fi<q). Moreover, p € (B)<aN{Fi<q)) is such that p = o(p) = 0. We deduce
that

S<a = (B)<a ® (Fi<a)),

and o is the projection on (B)<q along (Fi<q)). It is also called a normal form on S<q modulo
(Fi<ap)-

3. SYZYGIES

Let F be a border basis in any degree for a finite set B of monomials, which is connected to 1.

For any monomial m € M, we define dg(m) as the smallest integer d € N such that m € B4,
If m € B, then dg(m) = 0. For any m1,ms € M, dg(mima) < d(mq)dp(ms2).

For any i € [—n,n|*, let u; be the multiplication by x; in S. We define the map

Vi (B) — (F)
m — (i — X;)(m) = x;m — w(x;m)

For a monomial m € B, if z;m € B then v¢;(m) = 0, otherwise ;(m) is an element of F.
Conversely, for any f € F of the form f = x* — b, with x* € 9B and b, € (B), there exist m € B
and ¢ € [-n,n]* such that x* = z;m. We deduce that f = ¢;(m). Therefore, the set of elements
i(m) #0 with m € B, i € [-n,n|" is F.

Using the relations between elements in F' and elements of the form );(m), we are going now to
associate to the set F' a basis of a free S module. The purpose of this construction is to describe
generators of the syzygies between the elements of F' explicitly. We denote by Y;,i € [—n,n]* the
canonical basis of the vector space Y = K?”. Let S; be the free S-module generated by Y; ® m
with i € [-n,n]*, m € B and z;m ¢ B. The basis of the S module &; is also denoted

Y;[m] :=Y; @ m.

By convention, Y;[m] = 0if z;m € Band forany b =3, A\;m; € (B), Y;[b] = ;@b =3, \;Y;[m;].
An element of S; is a sum of terms of the form Am;Y;[ms] with A € K\ {0}, m; € M, ms € B.
We extend the degree § to S; as follows: for any term of the form m,Y;[ms] with m; € M,
me € B, we set 6(m1Y;[mz]) = d(mq). For all r € Sy, §(r) is the maximum degree of its non-zero
terms.
We define now the map 9, : S; — S as

81181 — S
Yiim] —  ;(m).

The kernel of 9; is the set of syzygies between the elements ¢;(m) = f of F.



6 B. MOURRAIN & PH. TREBUCHET

Lemma 3.1. Vm = x;, - - - x;, € M, we have m = w(m) + 01(V;, .. ;. ) where

(2) 21, ik Zzll ER Y I[XiH-l 0---0 X'Lk(]‘)]

Proof. We prove the relation by 1nduct10n on k. For k =1 and i1y € [-n,n|*, m = z;; =

Assume that the property is true for z;, - - - z;, € M. Then, by induction hypothesis,

Liy Lig *** Liy, = Liy (xlé o xlk)

=y (m(ziy o 2,) + 01(Vis,. i)
= milXiZ ©---0 Xlk(l) + Ly inz ST 1’(/}11 © Xll+1 0 Xlk(]-)

= XiloXiQO"'OXik(l)

erh OXi2 S OXik(l) + Z‘Th T Ly 1w1l OX21+1 o OXik(l)'

= XiloXi2o~~ooXik(1)+inl~ caiy by 0 Xy, 0000 Xy, (1),

= ﬂ(xh : xlk + a1 lel ERR T L[Xi1+1 ©---0 X%(l)])

since by Theorem 2.3, m(x;, -+~ x;, ) = a(xil ey ) =X, 0 X4, 000X, (1), O
This construction allows us to relate any term of S; with an element of the form W, _ ; as
follows:

Lemma 3.2. For any term m,Y;[ms] of S; withmy € M, mg € B, there exists iy, ...,i € [—n,n]*
such that

Wi iy = maYi[mo] +1
with 6(r) < §(my) = §(m1Yi[ma)).

Proof. Let mq = z;, -~-,’Eik1 with d(m1) = k1 and mg = 25, ~ag, with @y -z, € B for 1 <

I <ky AsYj[Xj, o ~oXjk2(1)} Y [, --~acjk2] = 0, the expansion (2) of Wity st sy
yields
Wi gy visgining = M1 Yi[ma] +7
with
T_Z‘rll' BT I[Xiz+1o"'OXik1OXiOm2(X)(1)]'
The term r is such that (5( ) < ky —1 < d(my), which proves the lemma. O

Lemma 3.3. Vi # j € [—n,n]* and Ym € B, the element
i j(m) == 2;Y;[m] — x;Ys[m] — Y;[Xi(m)] + Y[ X; (m)]
1s in ker 0.
Proof. By definition of ;, we have
O (:Y;[m] — x;Yi[m] — Y;(Xi(m)] + Yi[X;(m)])
= wihj(m) — zjipi(m) — b (Xs(m)) + i(X;(m))
= wzi(zm — X;(m)) — zj(zim — Xi(m))
—(x; Xi(m) — X;(Xi(m))) + (z:X;(m) — Xi(X;(m)))
= X;(Xi(m)) — Xi(X;(m)) =0
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since X; and X; commute. O

By linearity, we extend the map ¢; ; to the vector space (B) spanned by B, so that ¢; ; (>, Axmi) =
2k Akbij (mi).
Lemma 3.4. Vi € [-n,n|* and Vm € B, the element
pi(m) = 2;Y_i[m] + Y;[X_;(m)]

is in ker 0.
Proof.
O (z, Y_;[m] + Y;[X_;(m)])
= xi—i(m) + 1 (X_i(m))
= zi(z_gm—X_(m)) + (x; X_s(m) — X;(X_i(m)))
= m—XZoX_z(m):()
since X; o X_; = Id. O

Let K1 C S be the S-module generated by the elements p;(m), ¢; ;(m) for i # j € [—n,n]*
and m € B.

We are going now to describe how a term m;Y;[ms] with m; € M, ms € B can be transformed
modulo K.

Lemma 3.5. Vim = x;, -+~ x5, = x4, -+ - 5, € M,
Wirroie = Vi € K1

Proof. By successive permutations of two adjacent indices and contraction of adjacent indices

—i,4, we can transform any sequence J = (j1,...,Jr/) into a canonical sequence I = (i1,...,1).
Thus it is enough to prove the property for the permutation of two consecutive indices: J =
(41, .-, 81, 0141, - - -, ix) and for the contraction of two indices J = (i1,...,%, —4,J, 4141, - -, %%). By
definition of ¥ and since the operators X; are commuting, we have
\IJ...,il,il+1,... - \IJ...,il+17il,...
= iy Ty, (IizYil+1 [Xiz+2 © Xiz+3 © 0 Xik (1)} — Lip, Yil [Xil+2 o Xil+3 0 Xik(l)]
_Y;l [Xiz+1 © Xiz+2 © Xiz+3 ©c0 Xik (1)} +Yviz+1 [Xiz © Xiz+2 © Xil+3 0 Xlk(l)])

= iy Ty, ¢i,j (Xil+2 O Adgpyg "0 Xlk(]-))

which is an element of K;. Similarly, for j € [-n,n]*

U idi—dviigrse = Yo i,
= Ty Ty ()/}[X*j o XiH—l o Xil+3 0 X%k(l)]
+ ;Y [ X, 0 Xy, 0 sz(l)])
= @iy @iy, (K, © Xy o0 Xy (1)
which is also an element of K. [l

Theorem 3.6. The first module of syzygies of F is generated by the elements
o pi(m) = z;Y_i[m] + Y;[X_;(m)],
o ¢ij(m) = z;Yj[m] — 2;Y;[m] + Yi[X;(m)] = Y;[Xi(m)]
fori#j€[—n,n]* and m € B.

Proof. Let s € ker 01 be a sum of non-zero terms of the form Am,Y;[ms] with A € K\ {0}, m; € M,
mo € B.

The monomial m = mjz;ma can be decomposed in a unique way as m = mjz;ym}, with
o0p(m) = d6(mj}) and m,, € B and (i',m)) the smallest possible for the lexicographic ordering.
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By Lemma 3.2 and Lemma 3.5, there exist i1, ..., 4, i},..., i}, € [-n,n]* withm ==z;, ---z;, =
xy ---xy and r € S with §(r) < d(my) such that
1 k!
maYi[ma] = miYy[mo] +r 4+ Wi i — W,

= m)Yy[mb]+r mod Kj.

Applying this relation inductively on the terms of r, any element m,Y;[ms] can be reduced modulo
K to a sum of terms of the form Am/|Y; [m}] with dg(mjxymb) = 6(m]) and (i,m)) the smallest
possible for the lexicographic ordering.

Thus we can assume that the terms of the decomposition of s € ker d; satisfy this property.
Hereafter, we call this decomposition a canonical decomposition of s. Suppose that the canonical
decomposition s is not zero. Then for any term (m;Y;[ms] of this canonical decomposition, we
have 91 (m1Y;[ms]) = mix;ms + p with dp(p) < dp(mix;ms).

Let us consider a term Am;Y;[ms] such that dg(miz; me) = §(my) is maximal. As s € ker 9y,
the monomial Amjx;ms must be cancelled by a monomial A'm/z;;m}, from the image 1 (m}Y; [m4)])
of a distinct term of the canonical decomposition s.

As there is a unique way to decompose a monomial m € M as m = myx;mg with m,Y;[ms] # 0,
dp(miz;mh) = 6(m}) and (i,m}) the smallest possible for the lexicographic ordering, this is not
possible. We obtain a contradiction, which shows that the canonical decomposition of s is zero
and that s € ker 9; can be reduced to 0 modulo K;. In other words, K7 = ker 07 which proves the
theorem. d

4. ALGORITHM

In this section we describe an algorithm based on the above properties to compute a border
basis for a system of Laurent polynomials. For the sake of simplicity, and as they were not needed
before, we introduce the following definitions:

Definition 4.1. The ball Ball(k) of radius k is the set of monomials m of M such that §(m) < k.

Definition 4.2. Let f be a Laurent polynomial. A monomial m of the support of f is said to be
extremal for f if §(m) = max(d(m'), m’ € supp(f)). In other words an extremal monomial is a
monomial of maximal degree.

We use the preceeding definitions to extend the notion of choice functions introduced in [18] to
the context of Laurent polynomials. We recall that in the context of usual polynomials, the choice
function generalizes the construction of the leading monomial for a monomial ordering. It is used
to the select a monomial of a polynomial in the reduction process.

Definition 4.3. A choice function ~y refining the degree § is a function such that, given a Laurent
polynomial | returns a monomial y(f) of the support of f that is extremal.

4.1. Description. We now describe the complete algorithm for computing a border basis for a
Laurent polynomial system. This algorithm follows the same approach as in [20], with adaptations
to be done for dealing with the fact that the prolongation operation -* can lead to degree drops.
It is a “fixed-point” method which updates a set of polynomials F' and a monomial set B until they
stabilize. The update is done so that if a fixed-point is reached, then F' is a border basis for the
monomial set B.

The monomial set B is represented as a finite union of differences of cones B = U; (((m;))
\((myg,)) -+ \((my,, ))) By construction, if 1 € B, then B is connected to 1. When a monomial
m is removed from B, the corresponding cone ((m)) is removed from the representation of B, so
that B remains connected to 1.

Let us detail how Algorithm 4.1 is running. The procedure Initialization(F) is used to find
the initial degree k and the initial relations F} of degree k and the associated monomial set B.
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Algorithm 4.1: Border basis

Input: A set of Laurent polynomials F = {fi,..., fs} and « a choice function refining the
degree.
Output: A border basis for I = (f1,..., fs)-
o [k, Fy, B] := Initialization(F)
e While not(is_empty(Fy)) or k < maxscr 0(f);
core loop
(1) Compute C},; := Cp(Fy) and Apy1 := (BX)<ppr.
(2) If there exists polynomials in C’,i_H of degree < k, then

— Compute the minimal ! such that the ball of radius [ contains polynomials of
Crtil

— Using v choose leading monomials for the polynomials of
{f € Oy, supp(f) C Ball(h)};

— Compute C} U{f € CL,,supp(f) C Ball(k)}

— Set k =1,

(3) Construct the matrix My := (Cp, [ Apg1)-

(4) Compute rgy1 := rank My 1.

(5) If (C},,) contains polynomials of degree < k + 1, add them to F and start a new
loop with & := minjecr | i(p).

(6) If #(Apt1 \ Bry1) # T,

— compute Aj | C Ayyq such that #A;, | = rp1 = rank (Fqq | A} ,); for
instance looking at the monomials indexing the columns of a maximal
invertible submatrix of My y1.

— compute By | = Apy1 \ Af s

— add the monomials B;_ ; to B;

(7) Define w11 : (B*)<k+1 — (B)<k+1 as the extension of 7y, such that
C’,%H C ker i1 and Fjy1 as the new polynomials in the ball of radius k£ + 1 in the
corresponding rewriting family.

(8) Compute CF, | := mps1(CE(Fr)) U g1 (Frs)-

(9) If CZ,, = {0}, then start a new loop with k :=k + 1.

10) If (C7,,) contains polynomials in the ball of radius < k + 1, add them to F and
start a new loop with k := min,ecz2 | 5(p).

(11) Apply v to (CZ, ), remove the monomial ideal generated by v((C7, ,)) from B and
update mpq1 0 (B*)<ps1 — (B)<p+1 and Fjpq, so that CF,; C ker mpq1.

The core of the algorithm is a loop where the set of polynomials Fj and the monomial set B
are updated. The variable k of each loop is the degree in which the polynomial operations are
performed.

After computing the prolongation polynomials C*(Fy) in step 1, the degree k is adjusted in step
2 to the maximal degree of these polynomials.

The coefficient matrix of these polynomials is computed in step 3, and used in step 4 and 5 to
determine their rank and the minimal degree of a polynomial in the vector space that they span.
The degree k is then adjusted to this minimal degree in a new loop.

Step 6 checks if there is a rank deficiency, that is, if the rank of the prolongation polynomials
CY(F}) corresponds to the number of new monomials of OB in degree k + 1. If there is a rank
deficiency, the monomial set B is extended by new monomials so that there is no rank deficiency.

Step 7 constructs the projection and the rewriting family in degree k + 1.

The steps 8, 9 compute the commutation polynomials C2(F}), the polynomial of degree k + 1
of F and their remainders by the rewriting family in degree k + 1.
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The steps 10 and 11 checks if there polynomials of degree < k + 1 in the vector space spanned
by these remainders and update the degree and the monomial set B if needed.

As we can see, the degree k can either increase or drop to a lower value (in steps 2, 5 and 10).

The degree k is adjusted so that throughout the algorithm, the leading monomial of the poly-
nomials in F}, is of degree < k.

The new algorithm does not required a large modification of the border basis algorithm of [20].

4.2. Correctness. We now prove that this algorithm stops and produces a border basis of the

generators of a zero dimensional ideal, that is, a system of Laurent polynomials F such that

dim A < oo where A = S/(F). A proof relying on the Noetherianity of monomial ideals (as for

Grobner bases) cannot be employed here since all non-zero monomial ideals of S are equal to (1).
We give here a lemma which is useful in the proof of correctness.

Lemma 4.4. Let k € N then ker(m)™ C ker mp41.
Proof. This comes from the fact that we construct 741 as a prolongation of 7 in step 7. O

We can now give the proof of termination and correctness of the algorithm. This proof relies
heavily on the fact that  refines the degree. It is new and simpler than the one given in [18].

Theorem 4.5. If F is zero dimensionnal, i.e. dim S/(F) < oo, then Algorithm 4.1 stops and
returns a border basis F of F for a monomial set B.

Proof. Let us first notice that if at anytime in the algorithm, the variable k is equal to 0 then the
algorithm stops and returns the polynomial 1, which allows us to define the null projection.

We now remark that the construction of B is not monotonic: B can increase or decrease.
However, the monomial set B is extended with new monomials only at step 6. At step 6, the
algorithm is operating on polynomials of degree k, performing the prolongation operation -* on
them, checking that no non-zero remainder of degree less than k + 1 have appeared and applying
linear algebra steps. If some monomials are added to B, these monomials are the leading monomials
of polynomials of degree £ + 1 and hence they are of degree k + 1. This means that one cannot
add to B a monomial of degree 1, otherwise we would have gone through degree 0. Hence there
are finitely many core loop turns where k = 1.

Let us now prove by induction that for all d € N there is finitely many core loop turns where
k = d. This is true for d = 1. Let us suppose this is true for some d and prove it for d + 1.
Consider one core loop turn after the last loop turn where k = d (this last turn exists due to
our hypothesis). Then as mentioned in the above paragraph, not going any further with k = d,
one will never add to B any monomial of degree d + 1. We now remark that at the core loop
considered, there are two possibilities:

e [ is strictly below d and due to our induction hypothesis one will never reach degree d + 1
since the degree d + 1 can only be reached after a step at degree k = d,

e k is greater than d. In that case, k can become equal to d+ 1 only in case of a degree drop
during subsequent core loop turns, and that dropping to degree d + 1 implies removing
from B at least one monomial of degree d + 1. As there is only finitely many monomials
of degree d + 1, k cannot take infinitely many times the value d + 1.

In these two cases, k can only be finitely many times equal to d + 1 which ends our induction.

Let us show now that & is bounded during all the computation.

First remark that the B constructed by this algorithm is connected to 1, hence if in the core
loop k = d, there is at least d monomials in B at that loop turn. Let D = dim S/(F) < oo. If
at any time k£ becomes greater than D + 1 then there exists a polynomial in the ideal I whose
support is included in the corresponding monomial set B. Let p = p1f1 + pafo + - - + psfs be
this polynomial. Applying Lemma 4.4 inductively starting from maz(deg(f;), ¢ € [1,s]) up to
k' = max(deg(p;f;), i € [1,5]), one has that p € ker(my/). Hence k' > k since my, is the identity on
B. Since p € ker(my/), there is at least one monomial of the support of p outside B when the core
loop is ran with k£ = k/. Let m be this monomial, one have deg(m) < D + 1 since B is connected
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to 1. Therefore between the initial step when & > D + 1 and the step when k& = &/, k must drop
to a degree less than D + 1. Since there is finitely many drops possible below degree D + 1 there
is finitely many moment when &k > D + 1.

We deduce that k£ remains bounded and for each degree d € N, there is finitely many steps when
k = d. This implies that the algorithm eventually stops.

The termination of the algorithm follows from the inductive application of Lemma 4.4.

As the algorithm stops, say with k = d, all the monomials of 0B, are the leading monomial
of an element of the rewriting family F,;. Since the monomial set By is not updated during the
last loop of the algorithm, the commutation polynomials Cj(Fy), C%(Fy) project to 0 by mg11. By
Theorem 2.3, we deduce that Fy is a border basis for By. O

4.3. Example. Let us examine the behavior of the previous algorithm on a generic quadratic
system of two equations in two variables, that is a system of generic Laurent polynomials which
support is the set of integer points A of the convex hull of (—2,0), (0, —2),(0,2), (2,0) € Z2.
Suppose that we use a Macaulay-like choice function, i.e., a function that chooses one monomial
of highest partial degree.
The Initialization procedure defines an initial monomial set B to be all the monomials except
those of higher partial degree than 2 which graphically looks like:
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The prolongation operation * on this initial configuration produces six new polynomials, obtained

by multiplying the equations by all the variables that either follow the border of B or get into it.
We have drawn there leading monomials and the Newton polytope of one of them.
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According to our test in the core loop, the new polynomial drawn is such that its leading
monomial is not among the maximal degree monomials of the support. The other polynomial is
also in this situation. So, according to the test done in step 2, two new leading monomials are
chosen for these two polynomials and B is update accordingly.

R R B Reee
oo
s
B I
B S
e eo oo
s
B SIS
B 838534
B IR
B R R RRRRIIXERK]
s
I
B S
B RS
BESEET I REEEEESEKEEE)

] e

RSN I

sl et

s s

sl I

[l e

RS PRI

RRSREEE08K] R

BRI I

RS L]

sy TSI

sl R385,

RSSO BRSRBEIIS]

sl rgagagacsee]

BRI fresagasises]

RRRESIEILELEKL R

RSN gL

e st S

BRI SRS

S s Rememe s S

S

e

R o S

e e

s

oot

s

s ssnss

RS o

RS ER RS s
i



12 B. MOURRAIN & PH. TREBUCHET

The rest of the computation consists in following the border of this monomial set B in the same
way as it is done in the generic polynomial setting [17].

The algorithm ends with a monomial set B = {z{*z5? | —2 < a1 < 2, -2 < ag < 2} of size 16,
which is the normalized volume of A (i.e. 2 x Vol(A)). The corresponding border basis F' is a set
of 16 polynomials, one for each monomial of 9B.

What occurs on this example of a generic 2 variate system can be generalized to n variate
systems. The following table shows the sizes N of the different linear systems that have to be
solved and the associated integer k in the main loop of the algorithm, for solving a system of n
generic n variate Laurent polynomials of d-degree 2 in each variable. For comparison, we give the
size M of the matrix to be inverted in the Schur complement computation involved in the sparse
resultant approach (see [1]).

n N M

2 2,6,6,2 39

3 3,15,30,30,15,3 475
4 4,28,84,140,140, 84, 28,4 5165
5 45,180, 420, 630, 630, 420, 180, 45, 5 54306
6 | 6,66,330,990,1980,2772,2772,1980, 990, 330,66,6 | 566461

In this table, we clearly see the improvement of the toric border basis algorithm, compared to
the sparse resultant method. Instead of solving one big linear system, the toric border basis
computation involves the solution of several much smaller linear systems. This improves both the
complexity and the numerical behaviour of the method.

5. CONCLUSION

Normal form methods provides an effective way to compute the quotient structure of a poly-
nomial ring by an ideal, and thus to solve polynomial equations. The Grobner basis approach
consists in completing a set of rewriting rules on the monomials which is driven by a monomial
ordering. Its extension to Laurent polynomials is difficult or expensive.

The border basis approach consists in imposing commutation relations to operators of multipli-
cation, extending the rewriting techniques to a wider class of problems. We show in this paper,
that the approach can naturally be extended to Laurent polynomials by imposing inversion and
commutation relations to the multiplication operators. The border basis approach provides also
a description of the first module of syzygies. This leads to a normal form algorithm for Laurent
polynomials, which performs linear algebra operations on monomials with exponents in Z".

If the ideal (F) is a zero-dimensional ideal, we have shown the termination of the new algorithm.
For ideal of positive dimension, we plan to investigate techniques based on regularity detection as
in [20].

In this paper, we have considered Laurent polynomial rings, in which all the variables are
invertible. We can check that the approach applies also to rings where only some of the variables are
invertible, by considering the inversion relations for these variables and the commutation relations
for all the pairs of variables.

This approach can be used to compute the solutions of a polynomial system outside a variety:
g(z1,...,2n) # 0. A new invertible variable x,,+1 and the equation z,1 — g(x1,...,2,) = 0 can
be introduced to compute the solutions of a system outside the hypersurface defined by g. We plan
to investigate further applications of this toric border basis approach such as residual intersections
and to compare it with saturation techniques for classical polynomial computation. We also plan
to provide an implementation of this new algorithm in the package BORDERBASIX'.
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