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ABSTRACT

In this paper, we generalize Hironaka’s invariants, the ridge
and the directrix, of homogeneous ideals, to multihomoge-
neous ideals. These invariants are the minimal number of ad-
ditive polynomials or linear forms to write a given ideal. We
design algorithms to compute both these invariants which
make use of the multihomogeneous structure of the ideal
and study their complexities depending on the number of
blocks of variables, the number of variables in each block
and the degree of the polynomials spanning the considered
ideal. We report our implementation in MAPLE using FGB
library.

Keywords
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1. INTRODUCTION

In the field of homogeneous polynomial systems solving,
the problem of decomposing polynomials is classical. In-
deed, as the complexity is exponential in the number of
variables, decomposing the polynomials might be seen as
a way to reduce the number of variables involved in the
system. For instance, given a system of homogeneous poly-
nomials (F1(X1,...,Xn),..., Fr(X1,...,X5)), with coeffi-
cients in a field K. One would want to determine poly-
nomials (Gi,...,Gr) € K[Uy,...,U:] and (Hy,...,H.) €
K[Xl, e ,Xn} such that Fi(Xh ey Xn) = Gi(Hl, ey He)
for all i. In this case, if e < n, then Uy, ...,U. can be seen
as new variables. Then, it remains to solve new systems
involving H;(X1,...,X,) whose degrees are lesser than the
original system.

In [10, 11], the authors study the case where e = n and
all polynomials G; have the same degree. In [1], the authors
are interested in the case where H1, ..., H. are homogeneous
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additive polynomials or linear forms. They determine an al-
gorithm to compute the least number of additive polynomial
H,,...,H,, called the ridge, such that 3G;(U, ..., U.) such
that F; = Gi(Ha,..., He). Furthermore, whenever the field
of coefficients is perfect, then they can also determine the
least number of linear forms L1,..., L., the directriz, such
that F; = G;(L1,...,Lc). Therefore, it allows one to re-
trieve the least number of a polynomial system.

A motivation to compute the ridge and the directrix comes
from the desingularization problem. Thanks to Hironaka’s
work [16, 17, 18], the desingularization problem is well un-
derstood when Fi, ..., F,. are defined over a field K of char-
acteristic 0. However, because in characteristic p the ridge
can define a singular variety, Hironaka’s work cannot be eas-
ily transposed to the positive characteristic case. In conse-
quence, one cannot effectively desingularize any variety of
dimension 3 or more in characteristic p (see [5, 6] for a the-
oretical, but non effective, proof of threefolds desingulariza-
tion).

In this paper, we are interested in the case of multiho-
mogeneous polynomial systems [12, 21, 23, 24]. First of all,
it is not clear that the ridge and the directrix as defined
and computed in [1, 15] will preserve the multihomogeneous
structure of the ideal. For instance, let us take a bilinear
form F = X1)/1 +X2Y1 —|—X1Y2 —|—X2Y2. It is clear that F'is
bilinear in X = (X1, X2) and Y = (Y3, Y2). Furthermore, it
can be factored as F' = (X1 + X2)(Y1 + Y2) which is the first
step in the Gaussian reduction of quadratic form. However,
in this algorithm, one has to do one more step which is writ-
ing F = 1[(X1+X24Y1+Y2)>— (X1 + X2 —Y1—Y2)?]. While
at the end of the first step of the Gaussian reduction, F' is
written with two linear forms L1 = X1 + X, Lo = Y1 + Y5
which are themselves bihomogeneous in (X,Y), at the end
of the second step, because the variables are mixed alto-
gether, the two linear forms (X7 + X2) &+ (Y1 4 Y2) are not.
Furthermore, it must be noticed that this second step does
not reduce the number of variables to write the equation.

Another classical transformation on polynomials, namely
univariate ones, is Tschirnhaus transformation (see [28, 29]).
For instance, if F' is a univariate polynomial in X of degree n,
it can allow one to make the term in X"~ ! vanish. However,
problems occur if n — 1 is not invertible in K.

Our algorithm can be seen as a generalization of Tschirn-
haus transformation and Gaussian reduction of quadratic
forms, without the second step described above for the lat-
ter, yielding only multihomogeneous polynomial in the same



blocks of variables as the input.

In particular, our algorithm for computing the ridge makes
use of the multihomogeneous structure of the system to im-
prove the complexity compared to the algorithm of [1] and
and lead to important speed-ups.

1.1 Organization of the paper

In order to be self-contained, we recall the definitions of
the ridge and the directriz of a homogeneous ideal and ex-
tend their definitions to multihomogeneous ideals in Sec-
tion 2. In Section 3, we prove the existence and the unique-
ness of the ridge for the multihomogeneous case. We give an
algorithm to compute it in Section 3.2 and study its com-
plexity in Section 3.3. In Section 4, we show how to retrieve
the directrix from the ridge when the field of coefficients is
perfect and design an algorithm dedicated to this in Sec-
tion 4.2. Unfortunately, when the field of coefficient is not
perfect, computing the directrix can be difficult (see Sec-
tion 4.3) and we do not know any exact method to manage
this case. Finally, in Section 5, we give timings of our im-
plementation in MAPLE [20] using FGB library [9].

1.2 Notations

Let K be a field of any characteristic. Let X1, ...
n variables, we will denote X = (X1,...,Xn»).

For a multi-index a = (a1,...,a,) € N", we will write
la] = a1+---+a, and will denote X* = X! --- X3™. Then,
the degree of X® is |a].

We recall that a polynomial F' € K[X] = K[X1,..., X»] is
homogeneous of degree d if every monomials in F' has degree
d.

Let n1,...,nm, and di,...,dn be in N and let X; =
(X112, X1m1)y ooy Xen = (X1, - -+, Xmyny ) be variables
over K. We will say that F € K[X4,...,X,,] is multihomo-
geneous of multidegree (di,...,dm) if, for each i, F' is ho-
mogeneous of degree d; for the set of variables X;. This is
equivalent to asking that every monomial X! --- X% of F
has multidegree (d1,...,dm). An ideal I € K[Xqy,...,X]
is also said multihomogeneous if it can be spanned by mul-
tihomogeneous polynomials.

It is clear and classical that a multihomogeneous polyno-
mial in (Xi,...,Xsm) is homogeneous in all the variables
(Xl,h e 7X1,n17 e 7Xm7nm)7 of degree dl + -+ dm

Given any monomial ordering >, we denote lm(F'), the
leading monomial of a polynomial F' for >. For an ideal I,
Im(7) stands for the ideal spanned by monomials Im(F), for
all F € I. Unless specified otherwise, we will only use the
degree reverse lexicographic (DRL, see [7]) ordering such
that X11 > -+ > Xi,n; > -+ > Xim,n,, when computing
Grobner bases.

When talking about a polynomial of degree a p-power p*,
we will only mean “of degree 1” in characteristic p = 0.

, Xn be

2. RIDGE AND DIRECTRIX

2.1 Definitions

First of all, let us recall the definition of additive polyno-
mials.

Definition 1. A polynomial H € K[X4, ..., X,]is additive
fHX+Y)=H(X1+Y1,...,Xn+Yn) = HX)+ H(Y).

REMARK 1. [t is clear that linear forms are additive poly-
nomials. In fact, in characteristic 0, these are the only ones.

However, because in characteristic p Frobenius map is an en-
domorphism, many more polynomials are additive. Indeed,
n K[X1,...,Xy5], the K-vector subspace of additive polyno-

'l
mials is spanned by monomials {Xf ,...,Xﬁe le N}.

Let H=3" ., anfk be a homogeneous additive poly-
nomial over K of characteristic p > 0. Field K is perfect if,
and only if, every element of K is a pth power and thus a
pth power. In fact, each a € K is the pth power of a unique
element of K, and thus, the p‘th power of another unique
element of K. Therefore H is the p’th power of a unique
linear form

L= Y #/a;X,.
1<j<n
Definition 2. Let I be a multihomogeneous ideal of poly-
nomial ring K[X1, ..., X].
The ridge of I is the smallest set of additive polynomials
H1 = (1'?[1’17 ey H1,el), . ,Hm = (Hm’l, ey Hm,em) such
that

Vi,j, 1<i<m, 1<j<e, Hi; €KX,

I=(INKH,,... H,)KXi,. .., X

That is, the smallest set of additive polynomials allowing
one to write I.

Likewise, the directriz of I is the smallest set of linear
forms Ly = (L1,1,.-.,L1,¢1)s-+-sLm = (Lm,1,--+s Limen, )
such that

Vig, 1<i<m, 1<j<a, Lij € KX,

I=(INKLy,. .. Lo)KXy,. .., X

That is, the smallest set of variables allowing one to write
1.

EXAMPLE 2. Let I be the ideal of F3[X,Y] where X =
(Xl,XQ,Xg) and Y = (Yi,YQ,Yg) spanned by F1 = (X1 +
Xo 4+ X3)3YE2 + X5(Ya + Y3)? and Fo = (X1 + Xo)*(Y1 —
Yy — Y3)3.

Let 1 = X1 +X2, Loy = X3, My =Y: and Ms = Ys +
Y3, then one can write Fi = (L1 + L2)*M? + L3M5 and
Fy = L?(Ml — M2)3. Thus, the directriz of I is the set
{L = (L1, L2),M = (M1, M)}

Furthermore, as cubing is additive over F3, one can also
write Fy = (L3 + L3)M? + LiM3 and Fy = L3(M} — M3).
Thus, F1 and Fs are polynomials in Hy = L3, Hy = L3,
K1 = My and Ko = Ms. So that the ridge of I is {H =
(H17H2)7K = (Klﬂ KZ)}

REMARK 3. The original definitions of the ridge and the
directriz of a homogeneous ideal I C K[X1,...,Xn] (see [1,
15, 18]) only mention the existence of the smallest sets of
additive polynomials H1, ..., He and linear forms L1, ..., L.
such that

I=(INK[H,..., H)K[X1,...,X.],
I=(INK[Li,...,L)K[X1,...,X,]

We prove in Section 3, that the fact that a generator the
ridge or the directrix can be written in only one set of vari-
ables X; s true.

In Example 2, it seems that the directriz was computed
first and the ridge last. In fact, the ridge is easier to compute
and the directriz is retrieved from the ridge.



2.2 Hasse-Schmidt derivatives

The algorithm for computing the ridge is based on the
computation of the partial derivatives of the given polyno-
mials. This method is classical, see [4, 10, 11]. However, in
characteristic p, problems occur when computing the deriva-
tives of monomials with powers greater than p. This is why,
we rather use the defined below Hasse-Schmidt derivatives.

Definition 3. Let F € K[X] be a polynomial of degree
d. Hasse-Schmidt derivatives DX F of F are the coefficients
appearing in the following Taylor expansion:

FX+Y)= > DXFX)Y™

0<lal<d

REMARK 4. In characteristic 0, these are just classical
partial derivatives multiplied by the right factorial.

EXAMPLE 5. Let us give an example in positive charac-
teristic p # 2. Let F(X) = X??, then F(X +Y) = X 4
2XPYP 4 V2P,

Thus, DY F(X) = X*, D) F(X) = 2X? and D3, F(X) =
1, while BE(X) =0 if k > 0.

The following Giraud’s Lemma makes use of these Hasse-
Schmidt derivatives.

LEMMA 6 ([15], LEMMA 1.5.4.3). Given any monomial
ordering on variables X. If ', ..., F, are homogeneous gen-
erators of an ideal I C K[X], satisfying DX F;(X) = 0 when-
ever X* € (Im(1I)) and |a| < deg F;, for 1 <i < r, then the
ridge of I is spanned by the DX Fi(X) with a € N" and
la] < deg F;.

Such a family of generators is called a Giraud basis of I.

PROPOSITION 7. Let I C K[X] be an ideal spanned by ho-
mogeneous polynomials (Fi,...,Fy), all of degree d. Then,
(F1,..., Fy) is already a Giraud basis of I

Proor. This is a direct consequence of Lemma 6. Since
degFy = --- = degF,. = d, if X* € (Im(I)), then |a] >
d. Therefore, Fi,..., F; naturally verify the hypotheses on
DX F; and they form a Giraud basis. [

PROPOSITION 8. Any minimal reduced Grobner basis of
I is a Giraud basis.

PROOF. Let us assume that (F1,..., F,) is a minimal re-
duced Grobner basis of I such that deg F1 < --- < deg F;-.
Let a € N™ be such that |a|] < deg F;. If a monomial Y*?
appears in F;(X +7Y), then it is coming from the expansion
of (at least one) (X + Y)P, where X* | XP, and thus XP
appears in F;(X). If such a X* is in (Im(7)), then it is a mul-
tiple of one of the monomials Im(F}),...,lm(F;—1). There-
fore, so is XP. This contradicts the fact that (F1,...,Fy)is
a minimal reduced Grébner basis of 1. [

3. MINIMIZING THE NUMBER OF ADDI-
TIVE POLYNOMIALS

3.1 Main result

Let I be an ideal of K[X1,...,X»]. Let us recall that I
is multihomogeneous if it can be spanned by multihomoge-
neous polynomials (Fi, ..., Fy).

As a homogeneous ideal, the ridge of I exists. In this sec-
tion, we will prove that the ridge of I verifies the assump-
tions of Definition 1 and we will use the multihomogeneous
structure to compute this ridge.

THEOREM 9. The ridge of I as a multihomogeneous ideal
is the ridge of I as a homogeneous ideal.

ProoFr. We will prove that each generator of the ridge of
I computed as in [1] is a homogeneous polynomial in only
one set of variables X;.

For a multihomogeneous polynomial F' with multidegree
(di,...,dm), one can write

F(X+Y)=
> ) DI P(Xy, ., X)) Y Y

1<i<m 0<|a; |<d;

Since F(X+Y) = F(X1+ Y1,...,Xm + Ym) is multi-
homogeneous in ((X1,Y1),...,(Xm,Yn)) of multidegree
(di,...,dm), then each D;)a(ll,fﬁ'.;axn["F is multihomogeneous
in (Xi,...,X,,) of multidegree (di — |ail,...,dm — |am]).
Thus the ridge is spanned by a set of polynomials which are
both additive and multihomogeneous. But each monomial
of an additive polynomials is in one variable, therefore a
multihomogeneous additive polynomial must be in one set
of variables. [

3.2 Algorithm for computing the ridge

The main advantage of multihomogeneous ideals is that,
in this case, one does not need Hasse-Schmidt derivatives
which are polynomials in variables of two or more different
blocks. These are the ones obtained from the expansions of
all F‘(Yl7 . ,Yi_l,Xi —+ Yi,Yi+17 e ,Ym)

By switching X and Y, this means that mixed Hasse-
Schmidt derivatives with respect to variables from two differ-
ent blocks are not needed but that only such Hasse-Schmidt

. . Yi,0Yi-1,Y Y41,y
derivatives Dg ' "5, "0 " g F' are.

Algorithm 1 Computation of the ridge.

Input Multihomogeneous polynomials Fi, ..., F; verifying
Giraud’s Lemma hypotheses and spanning ideal I.

Output Generators of the ridge of (Fi,..., Fy).
1. M :=0.
2. For i from 1 to r

a. For j from 1 tom
LF i =F(Yy, . X +Y5 ., Y.
ii. For each monomial Y® in F ;
a. f = coeff(Fi;,Y®?).
B. If deg f = p® then M := M U {f}.

3. Return InterReduce(M)

THEOREM 10. Algorithm 1 is correct.

PRrOOF. By Theorem 9, it is clear that if, at step 2.a.i.,
one were to compute F; = F;(X1 4+ Y1,...,Xm + YY)
and take the innermost For loop away, the result would be



correct. Therefore, we just need to prove that we only need
to compute F1 = Fi(Yl, e ,Yj_l, Xj —|—Y]',Yj+17 RPN Ym)
for each j.

Let F' be a multihomogeneous polynomial of multidegree
(di,...,dm), then F can be decomposed as

FX)= Y Fea(X1) - Fem(Xm).

We may assume that for each j, the family (Fi j,..., Fk,j)
is interreduced. Thus,

FX4+Y)= Y ][] FeXi+Yy)

0<k<K 1<i<m

F(X+Y)= Z H Z Di’sz(Xz)Yf’

0<k<K 1<i<m 0<|a;|<d;

FX+Y)= > [I D& FrixayY:.
0<k<K 1<i<m
0<lai|<d1
0<| am [<dm

So that Y2, < DX Fi,1(X1) - - - DX Fye (X, is the co-
efficient of YJ'---Y&™. Let us fix k and as,...,a, such
that Im(Fr2) = X52,...,Im(Fk,m) = X5». Then, for all
j # 1, Da Fij(X;) € K*. Furthermore, for all £ # k and
j#1, D:]J F;;(X;) = 0. Therefore, for any ai, the coeffi-
cient of such a Y51 --- Yo is D;(ll Fj,1(X1). Analogously,
we can have all the DX Fy ;(X;).

It remains to prove that we do not miss important coef-
ficients by collecting only such Hasse-Schmidt derivatives of
degree a p-power.

If one were to apply Algorithm 3.10 of [1], then one would
also collect all Yy s DX Fr1(X1) -+ DX Fio o (Xim) of
degree a p-power. This polynomials are spanned by all the
ij Fy,;(X;) which are spanned, themselves as polynomials
in the ridge, by additive polynomials. Therefore, one only
needs to collect the D;(jj Fy,,;(X;) of degree a p-power.

Once we have all these derivatives, we need to find a min-
imal set of generators. Interreducing all of them starting
with those of minimal degree and going on by increasing
degrees ensures us to find such a minimal set. []

REMARK 11. As seen in Proposition 8, any minimal re-
duced Grébner basis of I is a family of polynomials verifying
Giraud’s Lemma hypotheses. However, as the ideal is multi-
homogeneous, it is not necessary to compute a full Grébner
basis. A truncated one is enough. In particular, one can
compute a basis up to multidegree (di,...,d,) where each
d; is the maximum of the degrees in X; of the polynomials
generating I. This means that during the Grobner basis com-
putation, when one computes the S-polynomial S(Fi, F2) of
two polynomials Fy and Fy, if for any j, degx S(F1, Fa) >
dj, then it is unnecessary to store it. Let us notice, that
in fact, one can add many more tests on the degrees but as
their number is 2™, they might lead to an unnecessary over-
head and are not so easy to implement. In practice, we only
compute a truncated Gribner basis up to degree di+---+d,
as in the homogeneous case.

3.3 Complexity of Algorithm 1

In this section, we study the complexity of the algorithm
for computing the ridge. In the following, we will denote by

K[X1,...,Xm](d,,...,dn) the K-vector space of multihomoge-
neous polynomials of multidegree (d1,...,dm) over K. The
notation M(d) will stand for the complexity of multiplying
two univariate polynomials of degree at most d — 1 over K.
It is classical that M(d) € O(dlogdloglogd) (see [3]).

THEOREM 12. Let us denote n = maxi<j<mn; and d =
maxi<i<ri<j<m di,j. Lhe number of operations done in K
by Algorithm 1 to output generators of the ridge of the ideal
spanned by the input polynomials is less than

m—1 w
O <T<d+3_ 1) M(Q"d")mnlogd—&—m(n:d) ) .

PROOF. Assuming one has generators Fi, ..., F, verify-
ing Giraud’s Lemma (see Lemma 6), then one needs to
compute all the compositions ﬁ'” =F(Y1,...,Y;-1,X; +
Y, Yjt1,...,Yp)for1<i<rand 1 <j<m.

In this case, we see F; as an element of vector space
K[Yl, ey ijh Yj+1, N 7Ym](d%l““’di‘m)[xj'] which is iso-

morphic to K243 [X;], where A;; = ngk;;;m (di”“c;:";kfl).

J
By [2], Chapter 1, Section 8, the shift of such a homoge-
neous multivariate polynomial over a field can be done in
O(M(2"d;%)n;log d; ;) operations in K. Thus, F; ; can be
computed in at most O(A; ;M(2"d;%)n; log d; ;) operations
in K. As there are at most A, ; (di*jdt_zrl) € O(A;;d;?%)

monomials Y* in Fj ;, the remaining part is not dominant.

Let d and n be the maxima defined as in the hypotheses,
then for all 4,7, 1 <i<r, 1<j<m, A < (P H™
Thus, each turn of the outermost For loop is done in at most

O ((dJrZ*l)milM(Z"d")mn log d) operations in K.

Finally, one needs to interreduce the polynomials in each
block of variables. This cost is bounded by the cost of the
computation of a Grobner basis in n variables truncated
to degree d which can be done with F5 algorithm [8] in

@) ((”Id)w) operations in K. [J

REMARK 13. Let us still assume that d and n are the
mazima defined in the hypotheses of the previous theorem.
We will give a lower bound and an upper bound of the com-
plezity of [1], Algorithms 3.5 and 3.10 applied to a multiho-
mogeneous ideal. First of all, one would have to compute the
shift of r homogeneous polynomials in mn variables. Each
polynomial has degree at most d in each variable and is itself
of degree md. Then, one would have to interreduce a set of
polynomials by computing a truncated Grobner basis in mn
variables.

On the one hand, this can be lower-bounded by the shifts
of homogeneous polynomials of degree d and a Grébner basis
computation up to degree d, which yield at least

o) (rM(Q"mdm”)mn log d + <m” + d) )

mn

operations in K.

On the other hand, this can be upper-bounded by the shifts
of homogeneous polynomials of degree md and a Grobner ba-
sis computation truncated up to degree md. Thus, the num-
ber of operations in K is at most

0 (rM(2m"(md)m")mn log(md) + (m” + md) ) .

mn



4. MINIMAL NUMBER OF VARIABLES

4.1 From the ridge to the directrix: the per-
fect field case

As stated in [1], the ridge and the directrix coincide in
characteristic 0. In this and the following subsections, we
assume that charK = p > 0. If K is perfect, the directrix
of I can be obtained directly from the ridge of I. We have
already seen that any polynomial of degree p’ spanning the
ridge is in fact a p°th power of a linear form. For all ¢, j, 1 <
i <m, 1< 5 < ey, let us assume that deg H; j = pfi and let
L; ; be the linear form ”e”\/fj Since the ridge is spanned
by polynomials ((H1,1,...,Hi,e;)y s (Hm,as-os Hmen)),
then the directrix of I is spanned by all the linear forms
((L1,1y- s Laey)ye ooy (Lmay e ooy Limseny )

PROPOSITION 14. Let Hy = (H11,...,H1e,),-.., Hm =
(Hm,1s.-y Hm,e,,) be minimal generators of the ridge of I
of respective degrees péiﬂ', as obtained as the output of Al-
gorithm 1. Let L;; be the linear form pei’{/Hi,j for all
i, j such that 1 < i < m, 1 < j5 < e. Then, Ly =
(L1,1y---yL1e) s ooy Lm = (Lmyiy -+ -y Limye,n) 1S a basis of
the directriz.

ProoOF. We may assume that for all i, 1 < i < m, and
all j, 1 < j < e, degH;,; < degH; j+1. As we use the
DRL ordering to interreduce the polynomials, which is in
fact equivalent to the degree lexicographic ordering in our
special case, if Im(H; ;) is a pth power of X, x, then X;
does not appear in H; s for s > j. Thus, after rearrang-
ing the variables, one can see that polynomials H; ; form a
triangular system and so do the L; ;. This concludes the
proof. [

REMARK 15. Although this result ensures that one ob-
tains a basis of the directriz, the linear forms can still be
interreduced.

Indeed, over Fa, the ridge of F = (X1 + X3)X2 + X3 is
spanned by (H1 = X1 + X3, Hy = Xo,Hs = Xg) as output
by Algorithm 1. However, linear form Ls = X3 can be used
to reduce L1 = X1 + X3 into a mere X;.

In general, an effective perfect field of characteristic p
is such that extracting a pth root of an element is effec-
tive. These are for instance finite fields F,, where ¢q is a
p-power. Quite the opposite, rational fractions fields in mul-
tiple variables K(¢1,...,ts) over an effective perfect field K
are not perfect, as pth roots ti/p, Lt g K(t1,...,ts).
In between, the field of Puiseux series [22, 25, 26, 27] in
one variable t over a perfect field K, which can be seen as
Unen K((t*/™)) is the perfect closure of the maximal tamely
ramified extension of K((¢)) (see [19]). This means it is a
perfect field in which one can compute any term of the pth
root of an element, however it is still not effective as zero-
testing is not effective for power series.

In fact, let us recall that, in general, a perfect field needs
not be effective as testing if an element is a pth power may
be not decidable (see [13], Section 7 and [14], Remark 5.10).

4.2 Algorithm for computing the directrix
over a perfect field

As stated above, to compute the directrix, one has to com-
pute the ridge first. This is why, in Algorithm 2, we take

as input additive polynomials spanning the ridge. Then, we
detail what was explained in Section 4.1 to compute gener-
ators of the directrix.

Algorithm 2 Computation of the directrix over a
perfect field of characteristic p > 0.

Input Homogeneous additive polynomials H, ..., He span-
ning the ridge of ideal I.

Output Generators of the directrix of 1.

1. M :=0.

2. For i from 1 to e
a. p* = deg H;.
b. L:=0.

c. For each monomial Xj’?[ in H;
i. f:= 7n/coeff(Hi, X¥).
ii. L:=L+ fX;.
d. M:=MU{L}.
3. Return M.

THEOREM 16. Let us assume that K is a perfect field of
characteristic p > 0. Let us denote n = maxi<j<mn; and
the direct?ix_o’f the ideal whose ridge is spanned by the input
polynomials in less than mn? log,, d extractions of pth roots
in K.

ProOOF. First, let us prove that Algorithm 2 is correct.
As proved in [1, 15] and in Proposition 14, a basis of the
directrix is obtained by taking all the linear forms which are
p‘th roots of the generators of the ridge.

Since each H;; is homogeneous and additive, it has, at
most, n; monomials. Then one has to extract p‘th roots
of at most e1ny + -+ + emnm < mn? coefficients for some
¢. Now, assuming p* = max deg <;<m 1<j<n, Hi,j; one has
¢ <log,d. That is, in the worst case, Algorithm 2 extracts
no more than mn? log,, d pth roots in K. []

4.3 The imperfect field case

Whenever K is not perfect, coefficients of monomials of
generators of the ridge need not be pth powers. This means
that if H is additive of degree p°, then the linear form L such

that LP' = H is in general in L[X], where L is an algebraic
extension of K. For instance let F' = X?7' X, 4+ X? +tX?
be a polynomial over the rational fractions field F,(¢). It is
clear that the ridge of the ideal (F') is spanned by X1, Xo
and X% 4+ tX7}. However, the directrix of (F') is spanned by
the three elements X1, X and X5 + t*/?X, only over the
field F,,(t'/7). Over F,(t), the directrix is spanned by Xi,
XQ, X3 and X4.

What we can see with this example is that, in the im-
perfect field case, to retrieve the generators of the directrix,
one might need to split any generator of the ridge of degree
p’, with £ > 1, as a linear combination of p‘th powers of
linear forms. Then, taking their p°th roots and reducing all
of them by linear algebra yields the directrix of the ideal.



But one has to be careful when splitting the generators of
the ridge (see [18]). Assume that the ridge of I is spanned
by H = X? +uX3 +vX? 4+ wXj;. Over K = Fa(u,v), it
seems clear that the directrix of I is spanned by X1, X2, X3
and X4. Let us denote KQ, the subfield of K formed by all
the squares of elements of K. Then, the directrix is indeed
spanned by X1, X2, X3, X4, if [K : K] = 4. Otherwise, if
v=1+u, then H = (X1 + X3+ uX4)? +u(Xs + X3+ X4)°.

Assuming H € K[X], a generator of the ridge, has degree
p’. The right idea seems to provide a p’-basis of K, that is

£
a basis (b1, ..., b ke) of K as a K” -vector space, to write

H= Y Hb, H K" [X],

1<i<phkt

then to return L, = ”m, vy Lpke = P,Z/Hpke and finally
to reduce by linear algebra all the obtained linear forms.

However, it is not clear that this yields the minimal num-
ber of linear forms. Furthermore, one would have to com-
pute a p-basis of K which is also a difficult problem in gen-
eral.

4.4 Computation of the outermost polynomi-
als in the composition

Let us assume that Hy = (Hi1,...,H1e,),...,Hm =
(Hm,1s.-.yHm,e,,) are a minimal set of generators of the
ridge. We must compute G1,...,Gr € K[U1,...,Uy] such
that, for all ’i, Fi(Xl, A ,Xm) = Gi(Hl, ey Hm)

Notice that, in this case, as polynomials H} ; need not all
have the same degree, polynomials GG; are not necessarily
homogeneous.

For instance, considering F/(X) = X1 X2 X3X4 + X2X2 +
X# € Fo[X]. Then,the ridge is spanned by (H;)i<i<z =
(Xi)lgigg, (Hi)sgigﬁ = (Xf)5§i§6 and H7 = X?, yielding
G(U) = U UxU3U4 + UsUg + Us.

Anyhow, since polynomials Hj j form a triangular set in
Xk, one can retrieve each Gj.

Assuming K is perfect. Since there is a one-to-one corre-
spondance between generators of the ridge and generators of
the directrix, then from a decomposition F;(Xy,...,Xm) =
G;(Hi,...,H,,), it is easy to deduce such a decomposition
Fi(X1,...,Xm) = Gi(Ly, ..., Lp).

S. IMPLEMENTATION AND TIMINGS

We report on performances obtained with our implemen-
tation in MAPLE 16 [20], using FGB library [9], for comput-
ing the ridge of multihomogeneous ideals. The source code
is available at http://www-polsys.lip6.fr/ berthomieu/.

In Tables 1, 2, 3 and 4, we display timings, in seconds ob-
tained using one core of an INTEL XEON E7220 at 2.93 GHz
running LINUX with 128 GB of RAM. We compare timings
for computing the ridge of a multihomogeneous ideal using
algorithms of both [1] and this paper, namely Algorithm 1.
In both cases, we assume that the generators of the ideal
form a Giraud basis because they all have the same degree
(see Proposition 7). First, we generated two random multi-
homogeneous polynomials over Fp,, with p = 2 or p = 65521,
using the randpoly function with v variables of degree d in
each block of variables. Then, each variable was replaced by
a linear combination of n = kv variables. Last, an ideal is
created, spanned by these polynomials.

In each table, one of the parameters: v, k, m and d varies
when all the other ones are fixed. Line Hom, stands for Al-

gorithm 3.10 of [1], whose complexity is both lower-bounded
and upper-bounded in Remark 13, while line M-H,, stands
for Algorithm 1 presented in here, whose complexity is given
in Theorem 12, both over F),. Grey cells mean that no com-
putations were run.

v 2 8 32 128 512 2048
Homo 0.12 | 0.43 2.0 10 39 117
M-H> 0.23 | 0.40 0.54 1.5 4.8 14

Homgss21 0.16 12 1200 5300 14 000
M-Hgs521 | 0.27 7 410 | 3200 8800

Table 1: Timings in seconds, for kK = 2, m = 2 and
d=2.

In the following Table 2, we do not give timings for p = 2
as difference of timings for increasing k were too small to be
relevant.

k 1.25 | 1.5 2 3 5 9
Hom65521 2.1 3.7 12 46 170 320
M-Hossor | 1.2 | 2.2 | 7] 20 | 59 | 110

Table 2: Timings in seconds, for v = 8, m = 2 and
d=2.

In the following Tables 3 and 4, symbol co means that the
computation was stopped before ending.

m 2 3 4 5
Homy 0.43 57 3200 00
M-H> 0.40 2.6 120 | 2300
Hom65521 12 oo

M-Hgs521 7 19000

Table 3: Timings in seconds, for » = 8, £k = 2 and
d=2.

d 1 2 3 4 5 6
Homo 0.13 | 0.43 6.2 97 | 1200 S
M-Hs 0.24 | 0.40 1.8 15 82 | 1300
Homgss521 0.16 12 oo

M-Hgs521 0.27 7 5800

Table 4: Timings in seconds, for v = 8, £ = 2 and
m = 2.

Acknowledgments

We would like to thank J.-CH. FAUGERE and L. PERRET for
very helpful discussions on multihomogeneous ideals and on
the decomposition problem.

6. REFERENCES

[1] J. Berthomieu, P. Hivert, and H. Mourtada.
Computing Hironaka’s invariants: Ridge and
Directrix. In Arithmetic, Geometry, Cryptography and
Coding Theory 2009, volume 521 of Contemp. Math.,
pages 9—20. Amer. Math. Soc., Providence, RI, 2010.

[2] D. Bini and V. Y. Pan. Polynomial and matriz
computations. Vol. 1. Progress in Theoretical
Computer Science. Birkh&user Boston Inc., Boston,
MA, 1994. Fundamental algorithms.


http://www-polsys.lip6.fr/~berthomieu/

3]

[4]

[10]

[12]

D. G. Cantor and E. Kaltofen. On fast multiplication
of polynomials over arbitrary algebras. Acta Inform.,
28(7):693-701, 1991.

G. Cheze. A recombination algorithm for the
decomposition of multivariate rational functions.
Math. Comp., posted on November 30, 2012, PIT S
0025-5718(2012)02658-5 (to appear in print).

V. Cossart and O. Piltant. Resolution of singularities
of threefolds in positive characteristic. I. Reduction to
local uniformization on Artin-Schreier and purely
inseparable coverings. J. Algebra, 320(3):1051-1082,
2008.

V. Cossart and O. Piltant. Resolution of singularities
of threefolds in positive characteristic. II. J. Algebra,
321(7):1836-1976, 20009.

D. Cox, J. Little, and D. O’Shea. Ideals, varieties, and
algorithms. Undergraduate Texts in Mathematics.
Springer, New York, third edition, 2007. An
introduction to computational algebraic geometry and
commutative algebra.

J.-C. Faugeére. A new efficient algorithm for computing
Groébner bases without reduction to zero (F5). In
ISSAC ’02: Proceedings of the 2002 international
symposium on Symbolic and algebraic computation,
ISSAC ’02, pages 75-83, New York, NY, USA, 2002.
ACM.

J.-C. Faugere. FGb: A Library for Computing
Grobner Bases. In K. Fukuda, J. v. d. Hoeven,

M. Joswig, and N. Takayama, editors, Mathematical
Software - ICMS 2010, volume 6327 of Lecture Notes
in Computer Science, pages 84-87, Berlin, Heidelberg,
September 2010. Springer Berlin / Heidelberg.
Available from
http://www-polsys.lip6.fr/~jcf/Software/.

J.-C. Faugere, J. v. z. Gathen, and L. Perret.
Decomposition of generic multivariate polynomials. In
ISSAC ’10: Proceedings of the 2010 international
symposium on Symbolic and algebraic computation,
ISSAC ’10, pages 131-137, New York, NY, USA, 2010.
ACM. isbn: 0747-7171 (updated version).

J.-C. Faugere and L. Perret. High order derivatives
and decomposition of multivariate polynomials. In
ISSAC ’09: Proceedings of the 2009 international
symposium on Symbolic and algebraic computation,
ISSAC ’09, pages 207-214, New York, NY, USA, 2009.
ACM.

J.-C. Faugere, M. Safey El Din, and P.-J.
Spaenlehauer. Grobner bases of bihomogeneous ideals
generated by polynomials of bidegree (1,1):
algorithms and complexity. J. Symbolic Comput.,
46(4):406-437, 2011.

A. Frohlich and J. C. Shepherdson. Effective
procedures in field theory. Philos. Trans. Roy. Soc.
London. Ser. A., 248:407-432, 1956.

J. v. z. Gathen. Hensel and Newton methods in
valuation rings. Math. Comp., 42(166):637-661, 1984.
J. Giraud. Etude locale des singularités. U.E.R.
Mathématique, Université Paris XI, Orsay, 1972.
Cours de 3eme cycle, 1971-1972, Publications
Mathématiques d’Orsay, No. 26.

H. Hironaka. Resolution of singularities of an algebraic
variety over a field of characteristic zero. I, II. Ann. of

(17]

(18]

(19]

20]

(21]

(22]

23]

(24]

(25]

[26]

27]

(28]

29]

Math. (2) 79 (1964), 109-203; ibid. (2), 79:205-326,
1964.

H. Hironaka. Characteristic polyhedra of singularities.
J. Math. Kyoto Univ., 7:251-293, 1967.

H. Hironaka. Additive groups associated with points
of a projective space. Ann. of Math. (2), 92:327-334,
1970.

K. S. Kedlaya. The algebraic closure of the power
series field in positive characteristic. Proc. Amer.
Math. Soc., 129(12):3461-3470, 2001.

M. B. Monagan, K. O. Geddes, K. M. Heal,

G. Labahn, S. M. Vorkoetter, J. McCarron, and

P. DeMarco. Maple 10 Programming Guide.
Maplesoft, Waterloo ON, Canada, 2005.

Y. V. Nesterenko and P. Philippon. Introduction to
algebraic independence theory, volume 1752 of Lecture
Notes in Mathematics. Springer-Verlag, Berlin, 2001.
With contributions from F. Amoroso, D. Bertrand,
W. D. Brownawell, G. Diaz, M. Laurent, Yuri

V. Nesterenko, K. Nishioka, Patrice Philippon,

G. Rémond, D. Roy and M. Waldschmidt, Edited by
Nesterenko and Philippon.

I. Newton. The correspondence of Isaac Newton, Vol.
1I: 1676-1687. Published for the Royal Society.
Cambridge University Press, New York, 1960.

P. Philippon. Lemmes de zéros dans les groupes
algébriques commutatifs. Bull. Soc. Math. France,
114(3):355-383, 1986.

T. Pruschke. On degrees in multihomogeneous ideal
theory. Acta Math. Univ. Comenian. (N.S.),
60(2):233-241, 1991.

V. Puiseux. Recherches sur les fonctions algébriques.
J. Math. Pures Appl., 15:365-480, 1850.

V. Puiseux. Recherches sur les fonctions algébriques.
J. Math. Pures Appl., 16:228-240, 1850.

I. R. Shafarevich. Basic algebraic geometry. 2.
Springer-Verlag, Berlin, second edition, 1994. Schemes
and complex manifolds, Translated from the 1988
Russian edition by Miles Reid.

E. W. v. Tschirnhaus. Methodus auferendi omnes
terminos intermedios ex data equatione. Nieuw Arch.
Wisk. (4), 11(1):67-83, 1993. With translation and
commentaries in Dutch by A. W. Grootendorst.

E. W. v. Tschirnhaus and R. F. Green. A method for
removing all intermediate terms from a given

equation. j-SIGSAM, 37(1):1-3, mar 2003.


http://www-polsys.lip6.fr/~jcf/Software/

	Introduction
	Organization of the paper
	Notations

	Ridge and Directrix
	Definitions
	Hasse-Schmidt derivatives

	Minimizing the number of additive polynomials
	Main result
	Algorithm for computing the ridge
	Complexity of Algorithm 1

	Minimal number of variables
	From the ridge to the directrix: the perfect field case
	Algorithm for computing the directrixover a perfect field
	The imperfect field case
	Computation of the outermost polynomials in the composition

	Implementation and Timings
	References

