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Abstract: Multivariate polynomial interpolation plays a crucial role both in scientific computation
and engineering application. Exploring the structure of the D-invariant (closed under differentiation)
polynomial subspaces has significant meaning for multivariate Hermite-type interpolation (especially
ideal interpolation). We analyze the structure of a D-invariant polynomial subspace P, in terms of
Cartesian tensors, where P, is a subspace with a maximal total degree equal to n,n > 1. For an
arbitrary homogeneous polynomial p*) of total degree k in P,, p*) can be rewritten as the inner
products of a kth order symmetric Cartesian tensor and k column vectors of indeterminates. We show
that p(X) can be determined by all polynomials of a total degree one in P,,. Namely, if we treat all
linear polynomials on the basis of P, as a column vector, then this vector can be written as a product
of a coefficient matrix A(!) and a column vector of indeterminates; our main result shows that the
kth order symmetric Cartesian tensor corresponds to p(*) is a product of some so-called relational
matrices and A(1),

Keywords: multivariate polynomial interpolation; D-invariant polynomial subspace; Cartesian tensor

1. Introduction

Multivariate polynomial interpolation is widely used in many application domains,
such as image processing, electronic communication, control theory, etc. The theory of
multivariate polynomial interpolation is far from perfect since the interpolation conditions
are too complicated, and the multiplicity structure of each interpolation site has many
different expressions. Note that most related practical problems can be converted to ideal
interpolation problems, whose interpolation conditions is determined by a D—invariant
polynomial subspace. Throughout the paper, F[X] := F[xy, ..., x;] denotes the polynomial
ring in d variables over F. For simplicity, we will work with the ground field F = R or C.
Ideal interpolation, a special class of polynomial interpolation problems, can be defined by
a linear projector (idempotent operator) of finite rank on [F[X]. The kernel of the projector
forms a polynomial ideal. Carl de Boor has conducted a great deal of important work for
ideal interpolation [1].

The interpolation conditions of an ideal interpolant correspond to a D-invariant
subspace [1,2]. Lagrange interpolation is a standard example of which the interpolation
conditions consist of only evaluation functionals. In the one variable case, every ideal
projector is the pointwise limit of Lagrange projectors when I = C. However, this is not
true in the multivariate case [3,4]. Thus, it is natural to ask what kind of ideal interpolation
problem can be written as a limit of Lagrange interpolation problems; we call this the
discrete approximation problem for ideal interpolation [5]. This is equal to considering
how to discretize the differential operators in the D-invariant subspace of each interpolation
site. In [5], by analyzing the structure of the second-order D-invariant subspaces, we give a
sufficient condition to solve the discrete approximation problem for this case. This indicates
that analyzing the structure of the D-invariant subspaces will help us know more about
multivariate polynomial interpolation.
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In polynomial system solving, the multiplicity structure at an isolated zero X is
identified with the dual space consisting of all linear functionals supported at X that vanish
on the entire polynomial ideal generated by the given polynomial system [2]. Here, all
the functionals correspond to a vector space, which is D-invariant (some references would
use the term “closed”). Dayton and Zeng used the dual space theory to derive special-
case polynomial system solving algorithms in 2005 [6]. After that, Zeng presented a new
algorithm that substantially reduces the calculation by means of the closedness subspace
strategy in his paper [7]. In [8], Li and Zhi demonstrated the explicit structure of the
D-invariant subspace in the case of breadth one, which helps to compute the multiplicity
structure of an isolated singular solution more efficiently.

We have seen that analyzing the structure of the D-invariant subspaces helps us
to study a class of interpolation problems and to improve computational efficiency in
polynomial system solving. It is the aim of this paper to describe the structure of the
D-invariant subspaces by Cartesian tensors.

2. Preliminaries

In this section, we will recall some basic definitions in symbolic computation [9] and
the concept of tensors in multilinear algebra [10].

A monomial order on F[X] is any relation > on Z¢ , satisfying the following;

(i) > is a total (or linear) order on Z‘io.

(i) Ifa = Band v € Z%, thena +y = B+ 1.

(iii) > is a well-order on Zd>0.

Let f = Y, a,X* € F[X] be a nonzero polynomial and > be a monomial order. The
multidegree of f is the following:

multideg(f) = max, {a € Zdzo tay # 0},
The leading monomial of f is the following:
LM(f) _ Xmultideg(f)_

The total degree of f, denoted by deg(f), is the maximum || such that the coefficient a,
is nonzero.

Definition 1. A polynomial subspace P C F[X] is said to be D-invariant if it is closed under
differentiation, i.e., Vp € P,
DipeP, Vji=1,...,d,

in which D; is the partial derivative of p with respect to the jth argument.

In this paper, we denote by P, n > 1, a D-invariant polynomial subspace of degree ,
i.e., P, satisfies the following:

() Py C {f € FIX] : deg(f) < n}.

(ii) There exists at least one polynomial of total degree n in P;,.

(iii) Vp € Py, Djp € Py, Vj=1,...,d.

For any given subspace P,,, we also define P, := {f € P, : deg(f) < n}.

Since Py, is a linear space, we only need to study a special basis of P, by doing the
following: to fix a term order (for example, graded reverse lexicographic order, 1 < x; <
Xg1 < =<x1< xﬁ < X4x4-1 < ...), we first write the polynomials in a given basis of
P, in matrix form, where the columns are indexed by the monomials in increasing order
and the rows are indexed by the basis of P,; then, with Gauss—-Jordan elimination, we can
obtain the reduced row echelon form of this matrix, which gives another basis for P,. We
call this new basis the “reduced basis” of P,. In the discussion that follows, by a basis of
some subspace, we always mean the reduced basis.
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Einstein Convention. Einstein introduced a convention whereby if a particular sub-
script (e.g., i) appears twice in a single term of an expression, then it is implicitly summed,
and i is called a dummy index. For example, in traditional notation, we have the following:

3
a-b=(ay,ap,a3)- (by,by,b3) =) ajb;,
i=1

and using summation convention, we can simply write the following:
a-b= aibi.

Lete; = (0,...,0,1,0,. ..,O)T. Recall that a tensor of real numbers is simply an
element in the tensor product of the vector spaces R\t @ R2 @ - - - @ Rk [11]. Let

feweP @ @el|1<ii <k, 1<in<ky...,1 <iy <k}

i iy

be the standard basis of R¥t @ R2 @ - - - @ Rkn where {egl) , eél), cery e,((i)} forms a standard

basis for R¥,1 =1, ..., n. Note that eg) . e](.l) =4
We denote by

ijis with J, the Kronecker delta.

®e(2)®---®e(")

iz In

T= Tiliz.‘.ine(l)

i
an nth order Cartesian tensor. Here, the sum over iy, i, . .., i, is implicit, and T; eR

denotes the weight for efl) ® el(z) X ® el(:) in the sum. Throughout the paper, d denotes

the number of indeterminates, so if there is no confusion, we will simply write e; (i is a
subscript) if egl) is in the standard basis of R?, and write e’ (i is a superscript) if efl) isin
the standard basis of R7, where g need not be equal to d. Particularly, for a second order
tensor T = Tijel- ® ej on RY d=3, representing each basis tensor as a matrix:

1i9...in

1 0 O 0 1 0
eg®e; =10 0 0], e1®ex=(0 0 O
0 0 O 0 0 O

then T can be written in the form of a square matrix, i.e., T = (Tl‘]‘)3>< 3.

Definition 2 ([11]). A tensor T = Tj;, ;. e, ®e;, @ - X e; € RIQRI®--- @R is called
symmetric if it is invariant under any permutation o of its n indices, i.e., the following:

Ti”(l)iﬂ(z)'“iﬂ(n) = Tiliz--~in'

The space of symmetric tensors of order 1 on R is naturally isomorphic to the space
of homogeneous polynomials of total degree n in d variables [11]. We will use this fact to
represent a homogeneous polynomial in R[X].

Definition 3 ([12]). The inner product (also known as contraction) of two Cartesian tensors is
defined as the following:

A-B= (ai---jkei @ e er) (by.ne@en®@--- @ey)
= 0 jkbim.n€i @ - Rej® (e e) Ve ® - Rey
= ui...jlblm...nei W--ReRey- ey

For example, if A and B are matrices, we obtain the following matrix multiplication:

(aije; @ €)) - (bske® @ ex) = ajjbge; @ (¢ - €%) ® e = ajbyre; @ e,
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etc. The critical request here is that the vectors in the inner product must be of the
same dimension.

3. The Structure of the D-Invariant Subspace P,

The structure of P, was discussed in our paper [5]; we list the results in this section
for completeness.

We first consider a special second-degree D-invariant subspace as follows:

1) (1 1
— span{1,p{", p{V, ..., pi1), p @}, 1

in which m; < d and the superscript indicate the total degree of the polynomial. Without
loss of generality, the polynomials of total degree one can be rewritten as the following:

P%l) 10 -+ 0 ayms1 - 414 X1
P, | |01 0 aym+1 -+ 24 X2
P%) 00 -+ 1 Aypms1 ~° Amyd X4
= (In, A)X. @)

With all pgl), i=1,...,m, given, we have the following result.

Theorem 1 ([5]). With the above notation, p\?) in Py has the following form:

1 E EA
(2) — ZxT T
p? =X (ATE ATEA>X+L X, (3)

where E is an my x my symmetric matrix, L = (0, ...,0, L1+ -5 ld)T is a 1-column matrix.

1
Note that E has M (m1 + 1) free parameters, and L has d — m free parameters. The
proof of Theorem 1 also establishes the following result.
— (1 (1 (2 ()
Corollary 1 ([5]). Suppose that P, = span{1, p1 ,p B R S 1 S ,me} where
my <d,my < (dgl). Then, each p](. ),] =1,...,my, has the following form:

(2) 1 T E EA T
p 2x <ATE ATE A ) XHLTX @)

where E]- is an my X mq symmetric matrix, L]- =(0,...,0 l(j) , ly))T is a 1-column matrix.

A SRR

4. The Structure of the D-Invariant Subspace P3

We first assume that there is only 1 polynomial of total degree n in P,. In the general
case, since we are considering reduced bases, then all polynomials of total degree 7 in the
basis have this form.

4.1. The Structure of the Homogeneous D-Invariant Subspace Ps

We will discuss the structure of p®) in the D-invariant subspace as follows:

d+1
Py = span{1,p\", p{V, ..., D), p@, p$2 . p2, p®)Y, my <( ) )

with P.3 given in this part. The partial derivative of the highest homogeneous part
of p©® can be represented as a linear combination of the quadratic homogeneous part
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2) (2)

of p;~/,i = 1,...,my; hence, it is natural to begin with the case when p® and p;” are
all homogeneous polynomials. The general situation of P; is covered at the end of the
next section.

An arbitrary homogeneous polynomial p® has the following form:

p® = bijexixjxe = (bije; © e @ eg) - (xses) - (xrer) - (x7ep)
=BG .X.X-X, @)

where i, j, k are dummy indices and
bijie = o (ijg) - (6)
Here, o(ijk) denotes any permutation of (i, j, k).
Lemma 1. Suppose that p®) is of the form (5), then Vp®) = 3B0) . X . X.

Proof. VI =1,...,d,

ap(3) axk aX] axi
o bijkxixja—xl + bijkxiafxlxk + bijkaTClxjxk = 3by;jxix;.
Thus,
ap®
apT] 3b1i]'xix]‘
vpe =1 : | = : = 3by;xixjer = 3B%) - X - X. @)

ap®) 3 XX
i dijXiX;

The proof is completed. [

Proposition 1. Suppose that p®) is of the form (5). Let p® := (p%Z),...,p%))T where

pl(f) = prijXixj With pyij = prji € R, Vk = 1,...,ma. Let cg) be the coefficients satisfying

the following:
59 = () p® = CVp0,
namely, C©) is the relational matrix between p® and all p,((z). Then

1 .
gcgi)Pkij/ Vs,i,j=1,...,4d, 8)

bsij =
where the right side is a sum w.r.t. k from 1 to m.
Proof. Since

vpl) = cBp® = Cgi’)Pkijxixjes = (Cﬁi’)iﬂkzjes e ej) X X,
comparing the above equation with (7), we have the following:
3B0%) = 3bsijes @ e; @ ej = cgz)pkijes ®e®ej, )

which is equivalent to the following:

3bsij = cgi)Pkij, Vs, i,j=1,...,d.

Thus, the proposition is proved. O
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(2) n

Next, we focus on formulating the relational expression between p(®) and all Py

“matrix form”.
Supposing that Cx = cyje; ® €/,k = 1,...,m, is a sequence of matrices of the same

size, the following notation is useful:

G crije; © e/
G cijej@e | ,
= . = Ckije ®e ®el. (10)
Cmn Cmij€i & e/
Theorem 2. Let C(z) = C;(azj)ei ®el, k=1,...,my, be the relational matrices between p,(cz) and

all linear polynomials in the graded basis of P; (i.e., p; ), p<1) ey pm) ). With the above notation,

2
iy
1 C
B®) = §C(3> 2 (I A). (11)
i)
Proof. For simplicity, let (I,,, A) = Al = (]1)e ® e;. Since pl(( ) = Pkijxixj, and py;je; @ e;

is a d x d matrix, using Corollary 1, we obtain the following:

1 1
Prijei © €j = *C(Z)(Inﬁ A) = EC;EZ)AO), Vk=1,...,ms.

2k

It follows from (9) that

380 = ([ e. @ eb) - (prjel @ e; @ ¢))

2
piijei © e; CEZ;A(I)
_co | PEee | 1 |G AY
: 2 :
Pmsijei © €; cPaw
Z(CI(;)el ®efl)- (cs(’lz]) ](tl)e Re Re) = Ecl(s)cfuz]) ](tl)e Re; ey,
which gives the following:
B®) = (3>C( e )el Re; R et (12)

31 31%s sij ]t

On the other hand, the right side of (11) is equal to the following:

1 ; 1
3'( ( )el®eq) (c (),ew®ei®e]).( (t)e ®et) = 3'51(:)%(]12]) ](1.‘1)e Ke K ey,

This completes the proof of the theorem. [J

4.2. The Degrees of Freedom of p'®)
We have proved that B (3) has the form (11). Corollary 1 shows that each C](Z) has

1
5m (mq + 1) free parameters with P, given. Now we turn to the following question: given
the space P_3, how many degrees of freedom does C(®) have? According to Equation (8),

the constraints on C®) are derived from the symmetry of B®), i.e., Equation (6).
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Lemma 2. The number of equality constraints contained in (6) is the following:

d(d—1) + dd-1)d=2)

3
Proof. There are three cases to consider. First, by11, by, . .., bggs do not lead to any con-
straint. Second, by12, b113,... are of the form bsg, s # t, with bssy = bsss = biss. Notice
that bss¢ = bsts holds naturally by (8), so there are 1 - d(d — 1) equality constraints. Third,
b123, b124, . . ., are of the form bsyp, s # t # w. Each bsyy, leads to five equations, for which
d(d—1)(d—2)

3 equality constraints in

three pairs naturally hold, so there are 2 <g> =

this case. O

Similar to (2), with the term order x; > x2 >~ - - - > x4, we can write the following:

P?; x
3 ~ X1X2
Pl = e Ao (13)
P %

in which Q is a column permutation matrix. Since the basis is reduced, then
LM( pZ@) # LM( p]@),‘v’i # j. We denote by LM(P—;) and H(P-,) the following sets:

LM(P_5) = {LM(p{), IM(pf?), ..., IM(p}))},

2

H(P—p) := span{t is a monomial : deg(t) = 3, D;jt € LM(P—) ,Vi=1,...,d}.

Theorem 3. Let ) denote the number of the degrees of freedom of C®). Then, we have the following:

max{0,dmy — (d(d —1) +

W)} < x < dim(H(Py)). (14)

Proof. With P_3 given, x is equal to the number of the degrees of freedom of B(®), so the
second inequality holds obviously. To verify the first one, note that some of the linear
equations derived from (6) may not be linearly independent, and by Lemma 2, the theorem
is proved. O

Example 1. Choosed = 3,Q = I,my = 5in (13). Then
LM(P—y) = {x?, xy, xz,y%, vz},

which indicates that H(P—5) = span{x3, x?y, xz, xyz, xy?,y3, y*>z}. Thus, by the above theorem,
the following holds:
max{0,15 -8} < x <7,

so that x = 7.
Next, let us show that estimation (14) is sharp through the following example.

Example 2. Letd = 3,mp = 4, and
sz) = 2%+ 040+ 0+ p1osyz + p133z>,

pgz) =0+ xy+0+0+ prs3yz + P23322/

p:(f) =0+0+xz+ 0+ p3zyz + Ps3322,
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pflz) =0+04+0+ y2 + par3yz + P433ZZ.
By (14),
4<x<5s

We can verify the following:

X =4, if p1o3 = p23 = P33 = pPa33 = 1,p133 = p233 = p333 = pa3 = 0. The free
3) (3 .(3) .3)

parameters in C©) are €11 /€12 /€13 1 €1y -

X = 5 if pros = prsz = 0,Yk = 1,2,3,4. The free parameters can be chosen as
3 .3 (3 .(3) (3)

€11 /12 /€137 C1g L4 -
5. The Structure of the D-Invariant Subspace P,

Consider the following D-invariant subspace:

1 1
Py =span{1,p{", pi", .. pl) Y p 0 e e, 0> 3,

in which my < (‘”k Y fork =1,...,n — 1. We will discuss the special case where all
polynomials in the reduced basis of Pn are restricted to be homogeneous. Let

s)
pg = btiliz_“isxilxiz xig,s=1,...,n,t=1,...,m;,

WIth btiv< = bti1i2...i5’ My = 1

Dio(2)+lo(s)
Similar to the case when n = 3, let Bt(s) = byi,i,..i.e;, @ e, ®--- @ e, the following
can be verified:

p® =BY x.x..-x, vpi¥ =sB® X X X. (15)
s copies s—1 copies

Note thatifs =1, B t(l) is a first order tensor which can be written as a vector as in

Section 3; if s = 2, Bt(z) is a second order tensor which we write as a matrix in (3). Namely,

(2)

p;~’ has two equivalent forms:

%Bt@) XX (16)

2 1 2
2 = L

Finally, assuming that P, is given, we set forth a general form of Theorem 2.

Theorem 4. For any fixed j € {2,...,n}, k € {1,...,m;}, let C,Ej) be the relational matrix
(i)

between p;’” and all polynomials of total degree j — 1 in the basis of Py, n > 3. Then,
C§n_1) C§n—2) Ciz)
B" = %cgm : Cén:_l) . C§n:—2) C%Z) AW, (17)
e ) \ed) \e

where A = (I, A).

Unlike general linear polynomial subspaces, due to the “closed” property, the re-

lation between the polynomial of higher degree (i.e., pgs)) and all linear polynomials in
P, can be observed by the above formula. For the proof of this theorem, we need the
following lemmas.
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Lemma 3.
(n=1) (n=1)
B%” 1)-X-X~~~X B%” .y
By VXXX By
C§”). 2 . =C§n)~ 2 X X X, (18)
BV XXX B
Proof. The left side of (18) is equal to the following:
bll-]-.__kx,'x]' e X
bzl-]-.__kx,'x]' e X
el : = (crstes @ ef) - (bgij kxix; ... xe)

b,y yif kXiXj - - - Xk
= Crstbpij kXiXj . . . Xges;
and the right side is equal to the following:
(crsres @ et) - (byijre’@e; e @ - @e)- (xie;) (xje)) - (xrer)
= (cistbrijres @ e; @ - - @ex) - (xie;) - (xje;) - - (xrer)
= C1stbpij kXiXj . . . Xges.
This completes the proof. [

In Theorem 2, we have actually proved the following:

cPa® c?
(2) (1) (2)
co . |2 A w27 4w,
2. '2
cHam c)

This can be easily generalized to an arbitrary n,n > 3, as follows.

Lemma 4.
n—2 2
) (G
i RS DS Rl BT
e ) (@
R0 _cn .| & G40
c\ el it/ \G
(n-2) )
|7 <A
11'72 '2
)\
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Proof of Theorem 4. We will use induction on n. If n = 3, the theorem is true by Theorem 2.

Now assume that the theorem holds for all Bt(nfl),t =1,...,my_1, n>3.Ifwelets=n

in (15), we have the following;:

on the other hand, using Lemma 3, we obtain the following:

pgn_l) BE”_U X-X---X
(n—-1) BV x.x...x
Vpgn) _ Cin) . Pz: _ an) P2 ‘
P%j) Bigfnj) X-X-.. X
Binfl)
(n—1)
B
= Cin) 2 . . X * X X
By, )
Thus,
Bin—l)
(n-1)
) _ Lam | B2
By = ncl :
n—1
Bgnn—l)

By our inductive assumption and Lemma 4, the theorem is proved. [

6. Conclusions

Li and Zhi demonstrated the structure of the breadth-one D-invariant polynomial
subspace in [8]. We analyzed the structure of a second-degree D-invariant polynomial
subspace P, in our previous work [5]. As an application for ideal interpolation, we solved
the discrete approximation problem for §,P,(D) under certain conditions. In this work, we
discuss the structure of P, for a special case, where all polynomials in the reduced basis of
P, are restricted to be homogeneous. In the future, we will consider a more general case
of P,. For any fixed s and f, we can decompose pgs) into its homogeneous components,
and write the following:

p) =B X X4BY) | X X4+ BY X s=1.nt=1,...,m

S t,S—l [ —
s copies s—1 copies

with Bt(sj), a jth order symmetric Cartesian tensor for j = 2,...,s. Since 1 is always in

(s)

P, this means that the constant term in p;”” can be omitted with reduction. We can now
analyze the structure of the following:
pg’“) = B§”n) X - 'X+Bg1n)—l X - ..X+...+B§,"l) . X

n copies n—1 copies

(n)

with Po;, given. In view of the D-invariance of Py, By,

(‘nfl)
]

only relates to the highest ho-

(n=1)

mogeneous components of all p in—1 - In addition, note that

each B};:ll) can be expressed in the same way; hence, Binn) has the form (17). Bg;.), j=

2,...,n — 1 relates to all the homogeneous complements, which have total degree j — 1

i=1,...,my_q,ie, B
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of polynomials in P.,. With linear reduction, Bgfll) can be written in the form Bgz) =
(n) (n)
(Of""0'1m1+1f""ld ).
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