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ABSTRACT

Multivariate Lagrange and Hermite interpolation are examples of
ideal interpolation. More generally an ideal interpolation problem
is defined by a set of linear forms, on the polynomial ring, whose
kernels intersect into an ideal.

For an ideal interpolation problem with symmetry, we address
the simultaneous computation of a symmetry adapted basis of the
least interpolation space and the symmetry adapted H-basis of
the ideal. Beside its manifest presence in the output, symmetry is
exploited computationally at all stages of the algorithm.
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1 INTRODUCTION

Preserving and exploiting symmetry in algebraic computations is a
challenge that has been addressed within a few topics and, mostly,
for specific groups of symmetry; For instance interpolation and
symmetric group [23], cubature [4, 14], global optimisation [17, 32],
equivariant dynamical systems [15, 20] and solving systems of
polynomial equations [12, 13, 16, 19, 21, 31, 38]. In [33] we addressed
multivariate interpolation and in this article we go further with ideal
interpolation. We provide an algorithm to compute simultaneously
a symmetry adapted basis of the least interpolation space and a
symmetry adapted H-basis of the associated ideal. In addition to
being manifest in the output, symmetry is exploited all along the
algorithm to reduce the size of the matrices involved, and avoid
sizable redundancies. Based on QR-decomposition (as opposed to
LU-decomposition previously) the algorithm also lends itself to
numerical computations.

Multivariate Lagrange, and Hermite, interpolation are examples
of the encompassing notion of ideal interpolation, introduced in [2].
They are defined by linear forms consisting of evaluation at some
nodes, and possibly composed with differential operators, without
gaps. More generally a space of linear forms A on the polynomial
ring K[x] = K[x1, ..., x,] is an ideal interpolation scheme if

T=()kerd={peKx]:A(p)=0, forall \in A} (1)
AeA

is an ideal in K[x]. In the case of Lagrange interpolation, 7 is the
ideal of the nodes and is thus a radical ideal.

If A is invariant under the action of a group G, then so is 7. In
[33] we addressed the computation of an interpolation space for A
i.e., a subspace of the polynomial ring that has a unique interpolant
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for each instantiated interpolation problem, that is both invariant
and of minimal degree. An interpolation space for A identifies with
the quotient space K[x] /7. Hence a number of operations related
to I can already be performed with a basis of an interpolation
space for A: decide of membership to 7, determine normal forms
of polynomials modulo 7 and compute matrices of multiplication
maps in K[x] /7. Yet it has also proved relevant to compute Grobner
bases or H-bases of 1.

Initiated in [26], for a set A of point evaluations, computing a
Grobner basis of I found applications in the design of experiments
[29, 30]. As pointed out in [25], one can furthermore interpret the
FGLM algorithm [10] as an instance of this problem. The linear
forms are the coefficients, in the normal forms, of the reduced
monomials. The alternative approach in [11] can be understood
similarly.

The resulting algorithm then pertains to the Berlekamp-Massey-
Sakata algorithm and is related the multivariate version of Prony’s
problem to compute Grobner bases, border bases, or H-bases [1, 28,
35, 36]

All ,the above mentioned algorithms and complexity analyses
heavily depend on a term order and basis of monomials. These
are notoriously not suited for preserving symmetry. Our ambition
in this paper is to showcase how symmetry can be embedded in
the representation of both the interpolation space and the repre-
sentation of the ideal. This is a marker for the more canonical
representations.

The least interpolation space, defined in [6], and revisited in [33]
is a canonically defined interpolation space. It serves here as the
canonical representation of the quotient of the polynomial algebra
by the ideal. It has great properties, even beyond symmetry, that
cannot be achieved by a space spanned by monomials. In [33]
we freed the computation of the least interpolation space from
its reliance on the monomial basis by introducing dual bases. We
pursue this approach here for the representation of the ideal by H-
bases [24, 27]. Where Grébner bases single out leading terms with a
term order, H-bases work with leading forms and the orthogonality
with respect to the apolar product. The least interpolation space
then reveals itself as the orthogonal complement of the ideal of
leading forms.

As a result, computing a H-basis of the interpolation ideal is
achieved with linear algebra in subspaces of homogeneous polyno-
mials of growing degrees. Yet we shall first redefine the concepts at
play in an intrinsic manner, contrary to the computation centered
approach in [27, 34]. The precise algorithm we shall offer to com-
pute H-bases somehow fits in the loose sketch proposed in [5]. Yet
we are now in a position to incorporate symmetry in a natural way,
refining the algorithm to exploit it; A totally original contribution.

Symmetry is preserved and exploited thanks to the block diago-
nal structure of the matrices at play in the algorithms. This block



diagonalisation, with predicted repetitions in the blocks, happens
when the underlying maps are discovered to be equivariant and
expressed in the related symmetry adapted bases. The case of the
Vandermonde matrix was settled in [33]. In this paper, we also need
the matrix of the prolongation map, knowned in the monomial
basis as the Macaulay matrix. Figuring out the equivariance of this
map is one of the original key results of this paper.

The paper is organized as follows. In Section 2 we define ideal
interpolation and explain the identification of an interpolation
space with the quotient algebra. In Section 3 we review H-bases and
discuss how they can be computed in the ideal interpolation setting.
In Section 4 we provide an algorithm to compute simultaneously a
basis of the least interpolation space and an orthogonal H-basis of
the ideal. In Section 5 we show how the Macaulay matrix can be
block diagonalized in the presence of symmetry. This is then applied
in Section 6 to obtain an algorithm to compute simultaneously
a symmetry adapted basis of the least interpolation space and a
symmetry adapted H-basis of the ideal. All along the paper, the
definitions and notations comply with those in [33].

2 IDEAL INTERPOLATION

In this section, we consider the ideal interpolation problem and
explain the identification of an interpolation space with the quotient
algebra. We recall that the least interpolation space is the orthogonal
complement of the ideal of the leading forms, 7°°.

K denotes either C or R. K[x] = K[x1, ..., x,] denotes the ring
of polynomials in the variables xi, . . ., x, with coefficients in K;
K[x] <4 and K[x]; the K—vector spaces of polynomials of degree
at most d and the space of homogeneous polynomials of degree d
respectively. The dual of K[x], the set of K—linear forms on K[x],
is denoted by K[x]*. A typical example of a linear form on K[x] is
the evaluation e at a point £ of K": ez (p) = p(£).

K[x]* can be identified with the ring of formal power series
K[[0]] = K[[d1, . . ., 8r]], with the understanding that B (x%) = a!
or 0 according to whether @ = f or not. Concomitantly K[x] is
equipped with the apolar product that is defined, for p = 3, pax®
and ¢ = ¥y qax®, by (p.q) :=p(0)q = Xg a'ppqa € K.

If P is a (homogeneous) basis of K[x] we denote PT its dual
with respect to this scalar product. For A € K[x]* we can write
A= Spep Ap)p'(d).

An interpolation problem is a pair (A, ¢) where A is a finite dimen-
sional linear subspace of K[x]* and ¢ : A — K is a K-linear map.
An interpolant, i.e., a solution to the interpolation problem, is a
polynomial p such that A(p) = ¢(A) for any A € A. An interpolation
space for A is a polynomial subspace P of K[x] such that there is a
unique interpolant for any map ¢.

The least interpolation space A | was introduced in [7], and revis-
ited in [33]. The least term 1| € K[x] of a power series A € K[[d]] is
the unique homogeneous polynomial for which A — 4| (8) vanishes
to highest possible order at the origin. Given a linear space of linear
forms A, we define A | as the linear span of all 1| with A € A.

If £ ={A1,42,..., A, }isabasisof Aand P = {p1,p2,...,pr} C
K[x], then P is a basis for an interpolation space of A if and only if
the Vandermonde matrix

W/ = [ (py)] £)

1<i<r
1<j<r

is invertible. This latter is to be interpreted as the matrix in the
bases P and the dual of £ of the restriction of the Vandermonde
operator w : K[x] — A such that w(p)(1) = A(p). This is the adjoint
of embedding A — K[x]* and hence is surjective.

All along this paper we shall assume that

I =kerw =N)cpkerd

is an ideal. When for instance A = (eg,, ..., ez, )k then I is the
ideal of the points {1, ..., &} € K[x]. One sees in general that
dimK[x]/7 = dimA* = dimA =:r.

With Q = {q1,...,q,} C K[x], we can identify K[x]/Z with
(Q)x if (Q)r & I = K[x]. With a slight shortcut, we say that Q is
a basis for K[x]/7.

ProrosITION 2.1. Q ={q1,...,qr} C K[x] spans an interpola-
tion space for A iff it is a basis for the quotient K[x] /T .

Proor. If Q = {q1,...,qr} is a basis of K[x]/Z then for any
p € K[x] thereisaq € (q1, ..., gr)x such that p = g mod 7. Hence
Ap) = A(q) for any A € A and thus (@) is an interpolation space
for A. Conversely if (g1, ..., gr)k is an interpolation space for A
then {q1, ..., g, } are linearly independent modulo J and therefore
a basis for K[x]/7. Indeed if ¢ = a1q1 + ... + arq, € I then any
interpolation problem has multiple solutions in (Q)g, i.e, if p is
the solution of (A, ¢) so is p + g, contradicting the interpolation
uniqueness on (Q)x. O

For p € K[x] we can find its natural projection on K[x]/ by
taking the unique q € (Q)k that satisfies A(q) = A(p) for all A € A.
From a computational point of view, g is obtained by solving the
Vandermonde system, i.e.,

Ai(p)

q=(q,--- with £ = {41, ..., A, } abasis of A.

>qr) (WLQ ) :
Ar(p)
Similarly, the matrix of the multiplication map, in the basis Q, is
my: K[x]/T - K[x]/T,
lgf  +—  Ipdgl

is obtained as [my]q = (WLQ) ' WLQom,, where Lom, ={A10
Mp, ..., Ar o mp}.

When working with Grobner bases, one fixes a term order and
focuses on leading terms of polynomials and the initial ideal of
I . The basis of choice for K[x]/J consists of the monomials that
do not belong to the initial ideal. An H-basis of 7 is somehow
the complement of the least interpolation space A | and hence can
be made to reflect the possible invariance of A and 7. Instead of
leading terms, the focus is then on the leading homogeneous forms.

Hereafter we denote by p° the leading homogeneous form of p,
i.e., the unique homogeneous polynomial such that deg (p — p°) <
deg (p). Given a set of polynomials P we denote P? = {po | pe P}.

PROPOSITION 2.2. Let Q be an interpolation space of minimal
degree for A. Then Q ® I'° = K[x].

Proor. We proceed by induction on the degree, i.e, we assume
that any polynomial p in K[x] <4 can be written as p = q + [ where
g € Qand! € 7° Note that the hypothesis holds trivially when d
is equal to zero.



Now letp € K[x] <441 Since K[x] = (Q)g @I there exists g € Q
and [ € T such that p = g + . Since Q is of minimal degree, q and
lare in K[x] <. Writing I = I° + [; he have p = ¢ + I° + I; with
1 € K[x] <4 then by induction l; = q1 +lp withg; € Qand [ € 70
and thereforep=qg+q1 +I° + L e Q& I°. O

As a consequence we retrieve the result of [7, Theorem 4.8].

CoROLLARY 2.3. Considering orthogonality with respect to the

1
apolar product it holds that A | & 70 = K[x].

Proor. Follows from the fact that A(p) = 0 = (4|, =0 O

3 H-BASES

H-bases were introduced by [24]. The use of H-basis in interpolation
has been further studied in [27, 34]. In this section we review the
definitions and present the sketch of an algorithm to compute the
H-basis of 7 = () ep ker A.

Definition 3.1. A finite set H := {hy,...,hn} C K[x] is an
H-basis of the ideal 7 := (hi,...,hp) if, for all p € I there are
g1, - - - gm such that,

m
p =) higi and deg(h;) + deg(g;) < deg(p),i=1,...,m.
i=1
THEOREM 3.2. [27] Let H := {hy, ..
the following conditions are equivalent:
(1) H is an H-basis of I .
(@ 10:= ({K | heT}) = (h.....HD,).

hm} and I := (H). Then

Hilbert Basis Theorem says that 7 0 has a finite basis, hence
any ideal in K[x] has a finite H-basis. We shall now introduce
the concepts of minimal, orthogonal and reduced H-basis. The
notion of orthogonality is considered w.r.t the apolar product. Our
definitions somewhat differ from [27] as we dissociate them from
the computational aspect. We need to introduce first the following
vector space of homogeneous polynomials.

Definition 3.3. Given a set H = {hy, ..., hm,} of homogeneous

polynomials in K[x] and a degree d, we define the subspace V ;(H)
as

Va(H) = {Z gihi | gi € K[X]ddeg(h,-)} c K[x]q-
i=1
V4(H) is the image of the linear map y/4:

Van: KxXlag-ag X.. . xKlxlg-q,, — Kxlg

m

- Z gihi ~
i=1

We denote by M p(, o, (H) the matrix of ¢z in the bases My
and Py of K[x]g_g, X ... X K[x]4_g, and K[x]y respectively. It is
referred to as the Macaulay matrix for . We can write V ;(H) as

(91> --->9m)

[Pl

Va(H) = > aipi

i=0

(al, s alpdl) eR (MMdspd((]—{)) 5

where R (MMd’y)d (‘H)) denotes the column space of My, o, (H).

We shall use the notation Pg for the set of the degree d elements
of P0. In other words Pg =P’ NnK[x]y.

Definition 3.4. We say that an H-basis H is minimal if, for any
deN, ‘Hdo is linearly independent and

Va(12.)) @ (), - 13 o
Furthermore H is said to be orthogonal if <7-(§>K is the orthogonal

complement of V; (I;,l) in IC?.

Note that if h; and h; are two elements with deg h; > degh; of
an orthogonal H-basis we have

<h§?, ph?) = 0 for all p € K[xlgeg hy—degh;

Definition 3.5. Let H = {hy, ..., hm,} be an orthogonal H-basis
of an ideal 7. The reduced H-basis of H is defined by

o= B =10, G, — ) @

where, for p € K[x], p is the projection of p on the orthogonal
complement of 79 parallel to 7.

[27, Lemma 6.2] show how p can be computed given H.

Schematic computation of H-bases. In the next section we elabo-
rate on an algorithm to compute concomitantly the least interpola-
tion space and an H-basis for the ideal associated to a set of linear
forms A. As a way of introduction we reproduce the sketch of an
algorithm as proposed by [5] to compute an H-basis until degree
D. It is based on the asumption that we have access to a basis of
I1; =1 NK[x]<q4 for any d.

Algorithm 1 [5] H-basis construction

Input: - a degree D.
- basis for 7z for1 < d < D.
Output : - an H-basis until degree D
1 He{};
2: ford =0 to Ddo

3 C4 < a basis of Vz(H°);

4 B4 « abasis for the complement of Vz(H) in Ig;
5: éd « projection of B, in I,

6  He HUSBy;

7: return H;

The correctness of Algorithm 1 is shown by induction. Assume
that H;_; consists of the polynomials in an H-basis of 7 up to
degree d—1. Consider p € 7 with deg(p) = d. By Step 4 in Algorithm

1 we have

P’ = Z hlg; + Z aib; (5)

hijeH bieBy
with g; € K[x]g_deg(n,;) and a; € K. From (5) we have thatp € I
and Xp, e higi + Xp,e8,,, a;b; € I have the same leading form.
Thus
p- Z higi - Z aib; € Igy

hieHg_q bieBy

therefore using the induction hypothesis we get that

p= Z higi + Z ail;i + Z hiqi

hieHg_y bi€Bg hieHg_y



with g; € K[x]<g_1-deg(h;) and therefore H is an H-basis.

Algorithm 1 can be applied in the ideal interpolation scheme. In
this setting a basis of 7; can be computed for any d using Linear
Algebra techniques due to the following relation.

[P<al
I; = Z aipi | (al, AU a|7’sd|)t € ker (ngd) and p; € Peg s
i=1
for any basis P4 of K[x] 4.

In the next section we will give an efficient and detailed version
of Algorithm 1 in the ideal interpolation case. We will integrate the
computations of an H-basis for 7 = N, cx ker A and a basis for A|.

When the ideal is given by a set of generators it is also possible
to compute an H-basis with linear algebra if you know a bound on
the degree of the syzygies of the generators. A numerical approach,
using singular value decomposition, was introduced in [22]. Alter-
natively an extension of Buchberger’s algorithm is presented in
[27]. It relies, at each step, on the computation of a basis for the
module of syzygies of a set of homogeneous polynomials.

4 SIMULTANEOUS COMPUTATION OF THE
H-BASIS AND LEAST INTERPOLATION
SPACE

In this section we present an algorithm to compute both a (or-
thogonal) basis of A| and an orthogonal H-basis H of the ideal
I = Njep ker A. We proceed degree by degree. At each iteration
of the algorithm we compute a basis of A| N K[x]; and the set
(Hg = H° N K[x],. Recall from Corollary 2.3, Theorem 3.2, and
Definition 3.4 that

Klx] = A & 1% 10=(HO), and 10 =Vy (12_) & (), .

I is the kernel of the Vandermonde operator while A| can be
inferred from a rank revealing form of the Vandermonde matrix.
With orthogonality prevailing in the objects we compute it is natural
that the QR-decomposition plays a central role in our algorithm.

For a m X n matrix M, the QR-decomposition is M = QR where Q
is a mxm orthogonal matrix and R is a mXn upper triangular matrix.
If r is the rank of M the first r columns of Q form an orthogonal
basis of the column space of M and the remaining m — r columns
of Q form an orthogonal basis of the kernel of MT [18, Theorem
5.2.1]. We thus often denote the QR-decomposition of a matrix M
as

[Qlle]'[§]=M

where Q1 € K"™*" Qy € K™X(Mm=1) and R € K", Algorithms to
compute the QR-decomposition can be found for instance in [18].

In the Lagrange interpolation case, Fassino and Moéller [8] al-
ready used the QR-decomposition to propose a variant of the BM-
algorithm [26] so as to compute a monomial basis of an interpola-
tion space, the complement of the initial ideal for a chosen term
order. They furthermore study the gain in numerical stability for
perturbed data. We shall use QR-decomposition to further obtain a
homogeneous basis of A| and an orthogonal H-basis of the ideal.

Due to Corollary 2.3 the reduction p of p that appeared in Defi-
nition 3.5 is the unique interpolant of p in A|.

Definition 4.1. Given a space of linear forms A, we denote by
A4 the subspace of A given by

Asg = {A€A|/1i EK[X];d}U{O}.

Hereafter we organize the elements of the bases of K[x], A, or
their subspaces, as row vectors. In particular £ and P are dual
homogeneous bases for K[x] according to the apolar product. Their
degree part P; and 7’; are dual bases of K[x] .

A basis L4 of A5y can be computed inductively thanks to the
following observation.

PROPOSITION 4.2. Assume L4 is a basis of As 4. Consider the
QR-decomposition

Wi = [Q, |QZJ~[ fa ]

and the related change of basis [Lg | Lsgi1]1 = Lsa -[Q1 |1Q2]. Then

o Log41 isabasisof Asgiq;
e R;= szd has full row rank;

e The componentsof Ly = 7’; -RdT form a basis of A NK[x]g.

We shall furthermore denote by L4 = U;.i:() L; the thus con-
structed basis of a complement of A5 447 in A.

Proor. It all follows from the fact that a change of basis £’ =
LQ of A implies that WZ: = QTWLP. In the present case Q =
[Q1 | Q2] is orthogonal and hence QT = Q1.

The last point simply follows from the fact that, for 1 € A,
A=2pep A(p)pT(a)A Hence if T = WZ) then the j-th component
of Lis X;tjip' (). o

This construction gives us a basis of A| N K[x]y in addition to
a basis of A, 4,1 to pursue the computation at the next degree.
Before going there, we need to compute a basis 7{3 for the com-
plement of Vd(‘Hg d) in [;. For that we shall use an additional QR-
decomposition as explained in Proposition 4.5, after two prepara-
tory lemmas.

LEMMA 4.3. Letd > 0 and let P4 be a basis of K[x]4 then:
[Pal

Ia(l) = Z aipi | (al’""’a|7)d|)t € ker (Wf;) and p; € Py .

i=1

ProoF. Recall that 7 is the kernel of the Vandermonde operator,
and Wf is the matrix of this latter. The Vandermonde submatrix
P<a

WL o can be written as follows
P<d-1 Pa
W,
WPSd _ ngd _ LSd*l 'ngfl (6)
L<a [£<a-11Lal 0 wPd
La

where ngdd’l has full row rank.
<d-1
Assume first that p is a polynomial in ];. Then there is g € 7 of

degree d such that ¢° = p. Let q = ( qud—l ) and p = qq be the
d



coeflicients of g and p respectively in the basis P. As q € I; we
have that

PS(dfl) Pa
Wz)gd -q= ( WLsd—l ’ ngA * WLsd—l "4d ) =0
<d d .
Wﬁd qd

and therefore p = qg is in kernel of WZd. Now let v a vector

u

in the kernel of WLP:. A vector u such that ( v ) € K(n;d) and

WZ)S: . ( : ) = 0 can be found as the solution of the following
equation.
Pea-1.. _ wPdo P
WLSUH u= WLd v WLS}HV. (7)

As Wfé;dl_n has full row rank, Equation 7 always has a solution.

Then Py - ( 3 ) € I and therefore Py - v € I;. ]

LEMMA 4.4. Consider the row vector q of coefficients of a polyno-
mial q of K[x]4 in the basis P 4. The polynomial q is in the orthogonal
complement of V4(H) in K[x]y if and only if the row vector q is in
the left kernel OfMMd, P (H).

Proor. The columns of M M, pt are the vectors of coefficients,

a-P;
in the basis P;, of polynomials that span V(). The member-
ship of q in the left kernel of M My P (H) translates as the apolar
P

product of g with these vectors to be zero. And conversely. O

PROPOSITION 4.5. Consider the QR-decomposition

Pa

T R
(W) My 0 | =100 | |

The components of the row vector Py - Q2 span the orthogonal com-
plement of V4 (H) in I(;,).

t
. Pa )
Proor. The columns in Q span ker W-Cd N ker (MMd,P;) .

The result thus follows from Lemmas 4.3 and 4.4. o

We are now able to show the correctness and termination of
Algorithm 2.

Correctness. In the spirit of Algorithm 1, Algorithm 2 proceeds
degree by degree. At the iteration for degree d we first compute a
basis for A5 4,1 by splitting L 4 into L5 4,1 and L. As explained
in Proposition 4.2, this is obtained through the QR-decomposition
of Wde' From this decomposition we also obtain a basis for A| N

K[x]4 as well as Wf;. We then go after (Hg, which spans the

orthogonal complement of Vd(ﬂg de l) in I(?. The elements of 7{3

t
. ) Py
are computed via intersection of ker WLd and ker (M My, P ) as

showed in Proposition 4.5. Algorithm 2 stops when we reach a
degree § such that L s is empty. Notice that for d > § the matrix
ng is an empty matrix and therefore its kernel is the full space
K[x]4. Then as a consequence of Lemma 4.3, for all d > § we have

Algorithm 2
Input: - Labasisof A(r = |L| = dim (A))
- P abasis of K[x]<,
- T the dual basis of P w.r.t the apolar product.
Output: - H a reduced H-basis for 7 := ker A
- P a basis of the least interpolation space of A.
L H —{}, Pae{}
2:d«—0
3 Loog—{}, Lo L
4: while L4 # {} do

Rd _ Pa
> Q- 0 - Wde

6 Pre—PAUP,R]

7 [Lal Lear]l — Lsq-Q7

8: Legyy — Lca V LTd

o 1Qi1Ql-R=| Ri My 01 (H) |
10: H — HUPg Qo

11: de—d+1

12: for all p € H° do

130 H e ﬁU{p—PA (ng"d)_l (Lsd)T}

14: return (H, Py)

> QR-decomposition of Wf:d

P
> Note that Ry = WL:

that Vd([do—l) = Ic? hence (‘Hg) is an empty set. The latter implies
that when the algorithm stops we have computed the full H-basis
HO for 10,

We then obtain an H-basis of 7 by finding the projections, onto
A | and parallel to I, of the elements of H 0 These are the polyno-
mials of A| interpolating the elements of H 0 according to A.

Termination. Considering r := dim(A) we have that L5, is an
empty set, this implies that in the worst case our algorithm stops
after r iterations.

Complexity. The most expensive computational step in Algo-
Pa T
(W-L'd ) MMd,P;(M

with number of columns and rows given by

rithms 2 is the computation of the kernel of

>

row(d) = (4777) = @5 + 0 (d"7Y)

®)
H| (d-d;+n— H|d"! -
col(d) = S (44 4 | £g) = TALE 4 0 (@)
where dy, ..., d|4 are the degrees of the elements of the com-

puted H-basis until degree d. Then the computational complexity of
Algorithm 2 relies on the method used for the kernel computation
of VM(d), which in our case is the QR-decomposition.

We are giving a frame for the simultaneous computation of an
H-basis and the Least interpolation space, but there is still room
for improving the performance of Algorithm 2. The structure of
the Macaulay matrix might be taken into account to alleviate the
linear algebra operations as for instance in [1]. We can also consider
different variants of Algorithm 2. In Proposition 4.6 we show that
orthogonal bases for K[x]g N A| and I; can be simultaneously
computed by applying QR-decomposition in the Vandermonde

matrix (Wfdd)T. Therefore we can split Step 9 in two steps. First
>



we do a QR-decomposition (WZ;‘Z)T
K[x]gn A} and Ia?. Once that we have in hand a basis of I; we
obtain the elements of H; as its complement in the column space

of My, ot (H).

to obtain orthogonal bases of

T
PROPOSITION 4.6. Let [Q; | Q2] - [ Rod ] = (ijd) be a OR-

T T
decomposition of(WZ;dd) .Letr be the rank of (W.de) Let{q1...qr}
and {qr+1...qm} be the columns of Q; and Qa respectively. Then
the following holds:

(1) Ppa= {'P; “q1s .-, PZ . q,} is a basis of K[x]g N Ay.

2) N={Pq qr+1>--->Pa - qm} is a basis of[(g.

(3) Ifp € Pp,q andq € N then(p,q) = 0,i.e,K[x] = (A mK[x]d)éa

).

In the case where P is orthonormal with respect to the apolar product,
ie.? = PT, then Pa,a and N are also orthonormal bases.

Proor. Let D such that L>p = {} and let L<p = Ug<p L4

be a basis of A. Then the matrix ng}f

with non singular diagonal blocks. Consider {aj, ..

is block upper triangular
.as} € KIP=pl
the rows of WZ;SL'; . By Proposition [33, Proposition 2.3] we have

that P, {(PlD -af)l, R (PlD -af,)l} is a basis of A|, we can

D
rewrite P as U {le bl . ..,SD; ~b§d} where {bl,...,bgd} isa
d=1

basis of the row space of (WZ’). Since P, is a graded basis then

{7’2 bl ..., 7’:;, . bgd} is a basis K[x]g N A.

Part (2) in the proposition is a direct consequence of Lemma 4.3
and the fact that the columns of Q; form a basis of the kernel of
Pd Let now q € Pp,q and p € N. Then,

W-Czd'
<p,q>=< Z aipi, Z biqi>=zaibi=0-

SeP i=1
Pi€Pq qief’; i

Last equality stems from a and b being different rows in Q.

5 SYMMETRY REDUCTION

The symmetries we deal with are given by the linear action of a
finite group G on K". It is thus given by a representation ¢ of G on
K" It induces a representation p of G on K[x] given by

p(gIp(x) = p(3(g~")x). ©)
It also induces a linear representation on the space of linear forms,
the dual representation of p :

P @Ap) = Ap(g™p), p € K[x] and A € K[x]".  (10)
We shall deal with an invariant subspace A of K[x]*. Hence the
restriction of p* to A is a linear representation of G in A.

In the above Algorithm 2, to compute an H-basis of 7 = ker w,
we use the Vandermonde and Macaulay matrices. We showed in
[33, Section 4.2] how the Vandermonde matrix can be block diag-
onalized using appropriate symmetry adapted bases of K[x] and
A. We show here how to obtain such a block diagonalization on

the Macaulay matrix when the space spanned by H is invariant
under the induced action of a group G on K[x]. The key relies on
exhibiting the equivariance of the prolongation map ¥, 1, defined
in Section 3.

With notations compliant with [33], for any representation 6 of
a group G on a K-vector space V, a symmetry adapted basis P of V
is characterized by the fact that the matrix of the representation 0
inP is

[0(g9)]p = diag (Ri(9) ® ¢, - ., RN(9) ®Lcy) -

where R; = (rkjl) is the matrix representation of the irre-

1<k,l<n;

ducible representation p; of G and c; is the multiplicity of p; in
0. Hence P = Uj}\i P/ where P/ spans the isotypic component V;
associated to p;. Introducing the map 7; j; = % YgeG rkfl(g-l)e(g)

we can say that P/ is determined by p{ RN ng to mean that

p{, ... ,p{j. is a basis of 7j,11(V) and

Pl T (PDs - (8D} (11)
When dealing with K = R, the statements we write are for the
case where all the irreducible representations of G are absolutely
irreducible, and thus the matrices Rj(g) all have real entries. This
is the case of all reflection groups. Yet these statements can be
modified to also work with irreducible representations of complex
type, which occur, for instance, for the cyclic group C, with m > 2.

Consider now a set H = {hy, ..., h;} of homogeneous polyno-
mials of K[x]. We denote dy, . .., dy their respective degrees and

Pl={pl,...

h = [hy, ..., h/] the row vector of K[x]’. Associated to h, and a
degree d, is the map introduced in Section 3
Van: Kxlg-a, ... xK[xlg-aq, — Klxla w2
12
£=[fis....fe]" -~ h-f.

We assume that H forms a basis of an invariant subspace of
K[x] and we call 0 the restriction of the representation p to this
subspace, while @ is the matrix representation in the basis H: ©(g) =
[0(9)ly- Then [p(g)(h1),...,p(g)(he)] = ho d(g™!) = h-O(g).
Note that, since the representation p on K[x] preserves degree,
degh; # degh; = ©;j(g) =0, VgeG.

ProPOSITION 5.1. Considerh = [hy,...,he] € K[x]g X ... X
K[x]g, and assume thath o Hg™!) = h-O(g), for all g € G. For any
d € N, the map Y4 1, is T — p equivariant for the representation T on

K[xlg-a, X ... x K[x]4-q, defined by z(g)(f) = ©(g) - f 0 3(g7").

PROOE. (p(9) © Ygn)(f) = p(g)(h-f) =hod(g™")-fod(g™!) =
h-0(g)-fodg™!) = (Yn o r(9) (). o

By application of [9, Theorem 2.5], the matrix of ¢4 y, is block
diagonal in symmetry adapted bases of K[x]g_q, X ... xK[x]g_g,
and K[x]g. Yet, in the algorithm to compute symmetry adapted
H-basis, the set H increases with d at each iteration and 7 changes
accordingly. We proceed to discuss how to hasten the computation
of a symmetry adapted basis of the evolving space K[x]4_g, X . ..X
Klxlg-q,-

The set H = H'U. .. HN that we shall build, degree by degree,
is actually a symmetry adapted basis. In particular, for 1 <i < N,
' spans the isotypic component associated to the irreducible rep-
resentation p;. If the multiplicity of the latter, in the span of H, is



¢; then the cardinality of H I is ¢; n;. The matrices of the represen-
tation 6 in this basis are ©(g) = diag(Ri(9) ® Ip,|i = 1...N).

Assume H' is determined by hi1,..., hie,, of respective de-
grees d; 1,...,d; ¢,. In other words, for 1 <1 < ¢j,

h; = [k mio1(hi ). mionga(hy )]

is such that h; ; o g1 = h; ; - Ri(g). Hence the related product
subspace K[x]gl_ dis is invariant under 7. The symmetry adapted
bases for all these subspaces can be combined into a symmetry
adapted basis for the whole product space (K[x] dayy X Kixla; 4 )nl X

. X (KlXJdN,l X K[x]dly[N)nN. Note that the components K[x]’
with representation 7;  defined by 7;.¢(9)(f) = Ri(g) - f o H(g™?)
are bound to reappear several times in the overall algorithm of next

section. Hence the symmetry adapted bases for the evolving 7 can
be computed dynamically.

6 CONSTRUCTING SYMMETRY ADAPTED
H-BASIS

In this section we show, when the space A is invariant, an orthog-
onal equivariant H-basis H can be computed. In this setting, we
exploit the symmetries of A to build H. A robust and symmetry
adapted version of Algorithm 2 is presented. The block diagonal
structure of the Vandermonde and Macaulay matrices allow to re-
duce the size of the matrices to deal with. The H-basis obtained as
the output of Algorithm 3 inherits the symmetries of A.

PROPOSITION 6.1. Let I = Njycp ker A andd € N.IfA is invariant,
then soare I, I, Ia(l) ,Va (Igd). Also, if H is an orthogonal H-basis
of I, then (WS)K is invariant.

PRrOOF. Letp € I and g € G, since A is closed under the action of
G, Mp(9)(p)) = p*(g9) o A(p) = 0 for all A € A therefore p(g9)(p) € I
implying the invariance of 7. Considering d the degree of p we can
write pas p = p°+p1, with p; € K[x] 4. Then we have that p(g)p =
p(9)p° + p(g)p1 € I,as p is degree preserving then p(g)p° € Ig and
the invariance of 70 follows. Now for every ¢q = Zh,»e]é’ ) qihi €

Va (Igd), itholds that p(g)q = Xp,e 9 P(9)qiP(9hi < Va (I;’d),
thus Vy (I 2 d) is an invariant subspace. Finally recalling (3) we

conclude that (Wdo )k is also G-invariant for being the orthogonal
complement of a G—invariant subspace. O

Algorithm 3 is a symmetry adapted version of Algorithm 2. In
any iteration we compute 7{3 as a symmetry adapted basis of the
orthogonal complement of Vd(ﬂg pint 0,

This structure is obtained degree by degree. Assuming that the
elements of 7{2 4 form a symmetry adapted basis it follows from

[33, Section 4.2] and Proposition 5.1 that the matrices Wfd and
Mm,, 2, (7-{2 ) are block diagonal. Computations over the sym-
metry blocks leads to the symmetry adapted structure of 7{3. For

il
d
i1
o >d
M/ (H_ ;). i.e., only one block per irreducible representation.

any degree d we only need to consider the matrices W and

T
Once we have in hand H° = [hh, o h}nl, e, hé\;\mN and a

symmetry adapted basis for A |, we compute H by interpolation.
Since H° € K[x]g, by [33, Proposition 3.5], its interpolant in A | is
also J — 0 equivariant. Therefore

H=|n, —hl, .. R, —hl . AN kN

T
ing ~ Mpg - - fleyny CN”N] € K[X]g

The set H of its component is thus a symmetry adapted basis. The
correctness and termination of Algorithm 3 follow from the same
arguments exposed for Algorithm 2. Note that both Macaulay and
Vandermonde matrices split in Z?L 1 ni blocks. Assuming that the

blocks are equally distributed and thanks to [37, Proposition 5] we
wicty Vi
MH?) ~ WP T

Therefore depending on the size of G the dimensions of the

can approximate the dimensions of the blocks by
1
a1
matrices to deal with in Algorithm 3 can be considerably reduced.

Algorithm 3

Input: - LasabofA(r=|L]|= dim(A),r; = |.Ci’1|)
- # an orthonormal graded s.a.b of K[x]<,
- M; agraded sab of K[x]ZL,1 <i <N
Output: - H an orthogonal equivariant H-basis for 7 := ker A
- P as.a.b of the least interpolation space for A.
1 H (), P ()
2:d—0
3 Lo {} Looe= L
4: while L4 # {} do
5: fori =1 to N such that L;; # 0 do

i1 i1

; P P
. 0- Rai | _ w A > QR-decomposition of W ¢,
0 5} Li4
i1 i1 i1 AT
7: IL; | L] = £24°Q
i1 i1 i1
8 Ll =LV Ly
5 Qi Q2] -R=| RE, Mi(H")
10: fora =1 to n; do
. i i i,a npT
i Rl BIUBT R,
12: HY — HUP;" - Qe
13: d—d+1
14: fori =1 to N do
15: forall p € (H? do
i1 pi1\ 71 i\ T
i, i,
16: 7’{<—7’{U P_PA (WLiﬁ ) ('Esd)
<d

17: return (H, Py)

Example 6.2. The subgroup of the orthogonal group R? that
leaves the regular the cube invariant is commonly called Oy,. It
has order 48 and 10 inequivalent irreducible representations whose
dimensions are (1,1, 1, 1,2, 2,3, 3, 3, 3). Consider E C R3 the invari-
ant set of 26 points illustrated on Figure 1a. They are grouped in
three orbits O1, Oz and O3 of Oy,. The points in O; are the vertices
of a cube with the center at the origin and with edge length V3. The
points in Oz and in O3 are the centers of the faces and middle of
the edges of a cube with the center at the origin and edge length 1.

Consider A = span ({e§ | & e E} U {eg ODE | &€ Oz}) .Alisan
invariant subspace and 7 = () ¢p ker A is an ideal. An orthogonal
equivariant H-basis H of I is given by



36 109 110 36
h% = I—W + 37 (xz+yz+z2)— 37 (x4+y4+z4)— 37 (xzyz+x2zz+y2zz)+x6+y6+z6]

hz = [yz3 - y3z,xz3 —x3z,xy3 —x3y]

hg = Ix(y4 —yz +z - 22 —3(xt —2x? + 1)), y(z4 —22 4 xt K2 —3(y4 —Zyz +1)),
z (%xzyz —3(2‘1 — 222 +1))]
%)

R = [yz(—Z— dx2y ez xz(2+x2 - dyt v ) xy (24 B4yl - bz

From the structure of H it follows that h%l is the minimal degree
invariant polynomial (up to a constant multiple) of 7. In Figure 1b
we show the zero surface of hil which is Oy, invariant.

(a) Points in = divided (b) Variety of the minimal degree invariant
in orbits polynomial h}, of T
Figure 1: Lowest degree invariant algebraic surface through
an invariant set of the points =

Example 6.3. Lets consider the cyclic group Cs, and its action over
R3. 1t has order 3 and 3 inequivalent irreducible representations of
dimension 1, one absolutely irreducible representation and a pair of
conjugate irreducible representations of complex type. We analyze
the cyclic n—th roots system [3], which has been widely used as a
benchmark. The cyclic 3—th roots system is defined by:

CR):x+y+z

The associated ideal 7 = (C(3)) of C(3) is invariant under Cs.
The reduced Grobner basis G of 7 w.r.t the graded reverse lexi-
cographic order and its corresponding normal set N are given by
G = {x +y+z, yz +yz+ 22,23 - 1} and N := {1, z,y, Z2, yz, yzz}.
Applying Algorithm 3 to the linear forms given by the coefficients
of the normal forms w.r.t N, we obtain a symmetry adapted H-basis
H = {x+y+z,x2+y2+zz,x3+y3+23—3} as well as a sym-
metry preserving and robust representation of the quotient £ =
Ly-2)x-2)x-y),x-zy-z (x-yx-2z+y),(y-2)@x-y-2)}

Xy +yz+zx, xyz-—1.
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