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Introduction

Interpolation is the problem of constructing a function P that must be in a given linear space
(of simple functions) from a given set of local data. It is called Polynomial Interpolation if
P is found in a polynomial algebra. In this case, P is called the interpolating polynomial,
and the given set of local data is the interpolation condition. Polynomial Interpolation is a
fundamental method in Numerical Analysis, in which the interpolation condition is usually
obtained from the evaluations of another, but difficult, function f. So that f can be approx-
imated by the interpolating polynomial P and then solve the problem in approximate, but
particular, way.

Interpolation in Univariate Polynomial is the simplest and most classical case. It dates
back to Newton’s fundamental interpolation formula and the Lagrange interpolating poly-
nomials. Polynomial Interpolation in several variables is much more intricate. This topic
has probably started in the second-half of the 19th century with work of W.Borchardt in
[9] and L. Kronecker in [I0]. However its extreme development has only started since the
final quarter of the 20th century within a strong connection to the development of theory of
polynomial ideals. It is currently an active area of research.

The purpose of this Master thesis is using reduction modulo ideals in polynomial algebras
to solve Polynomial Interpolation Problem. In order to do that, the solution of univariate
case in Chapter 1 and the theory of Grobner bases in Chapter 2 are preparation steps. In
Chapter 1, we present an algorithm for solving the Interpolation Problem in univariate case
in quasi-linear time computation. Also in Chapter 1, a particular case of Multivariate Poly-
nomial Interpolation when the interpolation set forms a tensor product of grids is solved in
quasi-linear time. The general case requires a more geometric study of interpolation con-
ditions. In Chapter 2, we introduce the theory of Grobner bases and reduction modulo an
ideal in polynomial algebra. It leads us to far more geometric interpretation of the ideal
associated with finite set of points in affine space. So that reduction is the main tool to solve
the Multivariate Polynomial Interpolation in Chapter 3.

Chapter 3 is the main part of the thesis in which solving Polynomial Interpolation Prob-
lem by using reduction method is presented. The method is not only concerned with finding
the best solution in some sense for each interpolation condition but also with determining
explicitly the zero dimension ideal that is defined by the interpolation set. The first section
of Chapter 3 is based on the work of M. Lederer in [6] and J.C. Faugere, P.Gianni, D.Lazard,
T.Mora in [8]. After solving the Multivariate Polynomial Interpolation and estimating algo-
rithmic costs, we end the thesis by comparison with the other known methods.



Chapter 1

Polynomial Interpolation Problems

Assume that there is an unknown real function f(x) with its value at n + 1 distinct points
X0, 1, ..., Tn, € R corresponding ug, u1, ..., u, € R. The Interpolation Problem is to construct
a function P(z) passing through these points, i.e, to find a function P(x) such that the
interpolation requirements

P(x;) =uj, Vi=0,1,...,n
are satisfied. In this article, we look for the most important case, when the function P is a
polynomial.

In that case, the real numbers field R can be replaced by any commutative unitary ring

R.

1.1 Univariate case

Through this section, we denote R an unitary commutative ring.

1.1.1 Lagrange Interpolating Polynomials

Problem 1 (Univariate Interpolation Problem). Given n € N; ug, uy, ..., u,_1 € R such that
w; — u; are units in R; vo, v, ...,vn—1 € R, compute polynomial f € R[x] of degree less than
n that satisfies the interpolation conditions:

f(uz) = Uy, Vi = O, 1, = 1

If we do not limit the degree of the interpolation polynomial, it is easy to see that there
are infinite many polynomials that interpolate the set {(u;,v;),7 = 0,...,n — 1}. But there
is exactly one of these polynomials with the lowest possible degree. It will be described
explicitly in the following result:

Proposition 1. As the notation in Problem 1, there always exists an unique polynomial of
degree less than n which solves Problem 1. It has the form:

n—

f(fE):ZUj I1 —

1 n—1
J=0  i=0,i#j 7

T — U;

(1.1)
f s called Lagrange Interpolating Polynomaial.
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Proof: Clearly. O

Proposition 1 shows us a naive way to solve Problem 1. In this way, we only compute

the standard form of f defined by (1.1).

Algorithm 1 Naive Interpolation
Require: n € N; n > 0; uy, ..., u,—1 € R such that u; —u; units in R Vi # j; vo, ..., vp—1 € R.
Ensure: f € R[x].

n

1: Compute [; = [] =%, j=0,. — 1.
i#j,i=0 7 "
n—1
2: Return f:= Y v;l;
=0

Theorem 1. Algorithm 1 takes O(n?) operations in R.

Proof: To compute [;,we notice that

m

= wym)

J

where m = (z — uo)(z — uy)...(x — Up—1).
Firstly, we compute (x—ug), (x—ug)(z—u1), ..., m = (x—up)(x—uy)...(x—u,_1). They are just
products of monic polynomials of degree 1 and monic polynomials of degree ¢, 1 = 1,...,n—2.

n—1
So they take > 2i — 1 = (n — 1)? = O(n?) operations in R. For each j =0,1,....n — 1, we

divide m by (; — u;) and then evaluate —"— at x = u; thanks to Horner scheme, taking
J

O(n) operators. And then, we divide —"— by the last value to obtain /;. This amounts to
n(O(n) + O(n)) = O(n?) operations in R,

Finally, computing the linear combination f = >~ v;l; takes O(n?) more operations. Hence,

the arithmetic cost for Algorithm 1 is O(n?). O

1.1.2 Fast Interpolation

In the last subsection, we compute the Lagrange interpolation polynomial
T - e

f= Z Y H - u: m/

= 1= Oz;éj j=0 ]

(z — UJ)
in O(n?) operations in R. In this subsection, a cheaper algorithm will be given.

For convenience, in this section, we assume that n = 2* for some k € N. The idea of
the fast interpolation algorithm is to split the set of interpolation points {uo, ..., u,—1} into
two halves of equal cardinality and to proceed recursively with each half. This leads us to
a binary tree of depth k with roots {uy, ..., u,_1} and the singletons {u;} for 0 <i <n — 1.
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Figure 1.1: Binary tree of interpolation set.

This idea can be described by the diagram above.

Now we define the subproducts M; ; of m recursively as:
MO,]:(:L‘_UJ) ]:O7an_1

— — g n
Mi,j = Mi—l,?j-Mi—l,Zj—i—l 1= 1, PN k’,j = 0, sy 97 T 1

Thus

Mij = (2 —uj0)(@ — tjgi41) (T — Ujgip2iiyy), 1=0,...

is a subproduct of m with 2¢ factors and monic square-free polynomial of degree 2°.

Algorithm 2 Building M, ;

Require: ug,...,u,_1 as above.
Ensure: The all M, ; as in (1.2).
:for all0 < j<ndo

1

2: MOJ‘ = ([E — Uj)

3: end for

4: for all 1 <7<k do

5: forallOﬁjS%—ldo
6: M; ;= M;_195.M;_12j41
7: end for

8: end for

9:

Return all such M, ;.




Lemma 1. Algorithm 2 computes all subproducts M, ; in O(M(n)logn) operations in R.
Where M (n) is the number of arithmetic operations in R to compute product of two polyno-
mials of degree less than n in R|x].

Proof: The number of loops in algorithm 2 is k — 1 = O(logn).
On the i-th loop, we must compute 5 products of two polynomials of degree 2t

. n
Mi—l,?j'Mi—l,Qj-i-la ] = O, ey, —=—1

M; ,
21

ij =
(n) operators in R. Hence, the arithmetic cost of algorithm 2 is
logn). O

22

So it take Z.M(2) < M
M(n)O(logn) = O(M(n)

The core of the fast interpolation algorithm is the relation between the interpolation
polynomial of the set {(u;,v;),i =0,...,n — 1} and the other two interpolation polynomials
of two halves subsets {(u;,v;),7 = 0,...,5 — 1} and {(us,v;),7 = §,...,n — 1}. It leads us
come to the following lemma.

Lemma 2. Let ug,uq, ...,u,—1 € R as notation above, cy,cq,...,c,_1 € R. Denote:

n—1
m
k—1,0
S 1,0 = ; Ci- z— 1
n—1 M
k—1,1
S 11—201 7 —u
=3
Then
=My 11 fkm10+ My_10-fr—11 (1.3)
Proof: Because for each j = 0,1,...,n — 1 the values of both sides of (1.3) are equal to
n—1
Cj. H (Uj — Ul) D
i=05ij

Now we consider the Lagrange interpolation formula

n—1
I= = m’ u] $—u])
Denote ¢; = ,( 3 then the lemma 2 can help us to compute Lagrange formula recursively.
The only problem now is computing m’(u;) for all j =0, 1,...,n—1. Horner scheme can help

us to evaluate m’ at n points ug, uy, ..., u,_1, but it takes O(n?) operations in R. In fact,
one can use the binary tree of subproducts M; ; to give the other method which is really faster.

Theorem 2. Algorithm 3 evaluates f at n points ug, ..., un—1 correctly in O(M(n)logn)
operations in R.



Algorithm 3 Fast Multievaluation
Require: f € R[z| of degree less than n; ug, ..., u,—1 as above; M, ; as in (1.2).
Ensure: f(ug),..., f(u,_1).
if n =1 then
return f
end if
Tko = f
1:=k—1.
: while 0 < ¢ <k do
Ti25 = Tit1,j5 mod Mi’gj.

Ti2j4+1 = Tig1; mod M;aiiq.
1:=1— 1.

: end while

: Return 70,05 -+ TO,n—1-

—_ =
— O

Proof: For any 7 =0,...,n — 1, from the algorithm, we have

ro,; = 11,5, mod Mo ;

for some j; such that My ; divides M, ;. We also have
T1j, = T2, mod M ;

for some j, such that M, ; divides M, ;,. So
0, = T2, mod Mo ;

for some jo. Repeat this process k — 1 times, we imply that

ro; = fmodMy; = f(u;)

The correctness of algorithm is proved. Now we estimate the arithmetic cost.

The length of loops of while round from line 6 to line 10 is equal to k& = O(n). For each
next two loops, for example the i-th and (i+ 1)-th loop, the number of divisions with remain-
der to compute r; ; for all j is equal to two times the number of divisions with remainder to
compute all 7,4, ;. But deg M; 5 ; = 2. deg M1 ; and degr;;1; < 2.deg M; ;. Thus the cost
of i-th loop is less than or equal to the cost of (i + 1)-th loop, then inductively, the cost of
(k — 1)-th loop.

In (k—1)-th loop, i = k — 1, we divide with remainder f of degree less than n by Mj_1
and Mj_y of degree 5. So it takes 2.0(M (%)) = O(M(n)) operations in R.

Hence, the arithmetic cost of algorithm 3 is O(M (n)logn). O]
Putting all things together,we obtain the following fast interpolation algorithm.

Theorem 3. Algorithm 4 solves correctly the univariate interpolation problem in O(M (n)logn)
operations in R.



Algorithm 4 Fast Interpolation

Require: v, ..., Up_1;0, ..., Vn_1 € R as above, where n = 2* for some k € N.
Ensure: f € R|x] of degree less than n such that f(u;) = v; for all 7.
: Use algorithm |2 to compute all the M, ;.
m = Mk,O-
. Use algorithm [3| to evaluate the polynomial m’ at ug, ..., t,_1.

fori=0—k—1do
for j=0— 577 —1do
fiv1j = M; 95 fioj+1 + Misjii1.fi2;
end for
. end for
: Return f .

Sh

<
I

<

==
—_= O

Proof: The correctness of algorithm 4 follows directly from lemma 2.

Thanks to lemma 1 and theorem 2, the arithmetic cost of line 1 and line 3 are equal to
O(M (n)logn). Equivalently, the cost of step 3 is also equal to O(M(n)logn). Hence, the
arithmetic cost of algorithm 4 is O(M(n)logn). O

If the ring R admits the Fast Fourier Transform to compute the product of any two
polynomials of degree less than n in M(n) = O(nlogn) operations in R, then the Fast
Interpolation algorithm takes O(n(logn)?) operations in R.

1.2 Multivariate case

Univariate Interpolation is a very classical topic. In the last section we have described a
really fast algorithm to solve the Univariate Interpolation in quasi-linear time. However,
Interpolation by polynomials in several variables is much more intricate and is a subject
which is currently an active area of research. In this section, we will state the Multivariate
Interpolation Problem, give the existence of solutions. And then we will describe an algo-
rithm to solve essentially a simple case in which the set of interpolation points is a Cartesian
product.

1.2.1 Introduction

Problem 2 (Multivariate Interpolation Problem). Fix the commutative field k, and positive
integers d, N. Given N + 1 interpolation points Xo, X1,..., Xy € k% and N + 1 scalar values
U, U1, ..., uy € k. Find the polynomial P € k[xq,...,x4] with smallest possible degree, that
satisfies the interpolation conditions:

10



Assume the solution for Problem 2 is the polynomial P of degree n in k[z1, ..., z4] of the

form:
P(X)= > X'
IeN%|I|<n
where
X = (371, ...,Q?d)
I = (i, ....,@'d)

X1 =gl a2
The number of coefficients ¢; that occur in P which we must find is
d n ‘I— d
card{I e N* st |[I| <n} = J
n+d
d

Thus the uniqueness of solution for problem 2 requires at least ( ) values of polyno-

. d . .
mial P at ( n;il_ > distinct points.
. . L. n+d \ . :
Different from the univariate case, the distinctness of N + 1 = d interpolation

points is not enough to be sure that the interpolating polynomial always exist and of degree
less than or equal to n.

Example 1. Ford = 2,n = 1, N = 3, in the plane k2, let three distinct points O(0, 0);A(0, —1);B(0,1)
in the axis Oz. Then there is no polynomial in k[x,y] of degree less than or equal to 1 that
interpolates O, A, B € k? with the corresponding scalar values 0;1;1 € k. Otherwise, there

is a polynomial P(z,y) = a + bx + cy € k[x, y] satisfies assumption, then:

P(0;0) =a=0
P0;—1)=a—-0b=1
PO;1)=a+b=1

But the last system has no solution (contradiction!!!).

However, if we do not limit the degree of interpolating polynomial, then we can choose

Q(z,y) = 2°.
Return to the general case, consider the k-linear map:
eva : klzy, .., xq] = KN f e (F(Xo), .., f(XN))

It is called the evaluation map. The restriction of eva to k,[z1, ..., z4] which is the set of all
polynomials of degree less than or equal to n is a k-linear map between k-vector spaces of
dimension N + 1 = < nzl—d )

eva!kn[ml,“,,xd] : kn[$1, ...’xd] - kN-i—l

11



Thus it is bijective if and only if it is surjective if and only if it is injective. In this case, we
call the points Xy, ..., Xy poised.

n+d

d
if the k-linear map €UG’kn[m1,...,md] 15 bijective. Namely, problem 2 always admits an unique
solution of degree less than or equal n for any given scalar value ug, ...,un € k.

Definition 1 (Poised). The set of N+1 = ( ) points Xy, ..., Xn € k% is called poised

Next we analyze the map ¢ := 60&!1%[951,,,,@ 4 in the matrix terms to get more practical
viewing of the poiseness.

gb : k’n[l'l, ...,fL’d] — k?N+1, f — (f(X()), ,f(XN))

Clearly that the set B(X) := {X!|I € N¢ |I| < n} forms the canonical basis of
knlz1, ..., x4). So that each polynomial f in k,[x1, ..., 24) can be written by

f(X) = (e) B(X)'

where B(X) is seen as a row vector of k[zy,...,zq 7', and (¢;);, I € N4 |I| < n, the
coefficients of f. Under these terms, the matrix form of ¢(f) is

o(f) = (cr)r.A

where

A= [B(Xp)' B(X1)" ... B(Xy)']
is a square matrix of size N + 1 with entries in k. A is exactly the matrix representation
of ¢ over the basis B(X) of k,[z1, ..., 74] and the canonical basis of kN1 so that it reflect
faithfully the properties of ¢. In particular, Xy, ..., X is poised if and only if ¢ is bijective,
so that it depend on the non-singularity of A. Based on this fact, the following theorem is
trivial.

n+d

Theorem 4 (Criteria of poiseness). Given N +1 = ( d

) distinct points Xg, ..., Xy in
k. The following are equivalent:
(i) Xo,..., Xn are poised.

(ii) Xo,...,Xn do not belong to a common hypersurface of degree less than or equal to n.

(iii) For any given vector of scalar values (ug, ...,uy) € kN1, there exists a polynomial P
of degree less than or equal to n that satisfies the interpolation conditions.

Also based on the matrix representation of ¢, one can check the poiseness of Xy, ..., Xy
by computing the determinant of A, hence taking O(N?) operations on k. Furthermore, once
Xo, ..., X are poised, the inverse image, or the interpolating polynomial, for the vector of
scalar values (ug, ..., uy) € k11 is defined by

FX) = (g, .o, uy ). A"V B(X)

12



So that solving the interpolation problem in the poised case is equivalent to computing the
inverse of a square matrix of size N + 1, hence takes O(N?) operations on k using standard
algorithm.

In the univariate case (then n = N), the canonical basis of k,[z] is {1,z,2?, ...,2"}. So
that the matrix A is exactly the Vandemonde matrix of size n + 1.

1 1 ... 1
Xo Xi ... Xu
xy oxy Xy
It is easy to show that detA = [] (X; — Xj). Hence the poiseness in the univariate case

i#j
is agreeing with the distinctness.

In the polynomial ring of several variables, the distinctness is strictly weaker than the
poiseness as we seen in example [l The method for solving the Multivariate Polynomial
Interpolation in the general case is more complicate than the poiseness one. And we will
back to this detail in the final chapter.

1.2.2 The Cartesian product case - Grids

When the set of interpolation points forms a lattice, i.e. a Cartesian product of finite sets
on each coordinate, we can use the fast interpolation in the last section to find an solution.
The aim of this subsection is to present such an algorithm.

Problem 3. Given d finite subsets of k:
Jl - {xlly ceey :L‘lnl}

Jy = {I217 ~-a$2n2}

Jqg = {xdla"wxdnd}

where x;; # x5, Yi,Vj # j', and N = nins...ng scalar values
{uy € k|I = (i1,...,0q) € J1 X ... X J4}
Find a polynomial P € k[xq,...,x4] satisfies the interpolation condition:
P(lelm ey iUdid) = Ujy..iy
for all (iy...iq) € Jy X ... X Jq.

Before coming to a fast algorithm which solves Problem (3] we discuss about the existence
of solutions via the evaluation maps:

eva : klxy, ..., xq] — KN, f (f(@riys ooy Taiy) )iy i

13
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Figure 1.2: A Lattice in k2.

eva; : k[ﬂ?j] — knjy g (g(le), >g(x1”3>>

Take tensor product over the field k£ of k-linear maps eva;, j = 1,...,d, we obtain the
following commutative diagram of canonical k-linear maps:

k1] ® ... @ k[zq] , KM@ @k
ko k k&

k’[iL’l, ...,l’d] S LN kN

where the columns are natural isomorphism.

Since the hypothesis of Problem , for each j = 1,...,d, the set {z;1,...,7j,,} C k is
poised. So the restriction of eva; to k,,_1[z;] is bijective

Vg |k, i foy] Ky —1[T5] = K

Get tensor product of all such k-linear maps, we obtained an isomorphism between k-vector
spaces of dimension N = nq...ng:

km—l[xl] ®..Q knd—l[xd] S " ®.. kM BN
ko k ko ok

We can identify elements of k,, _1[x1] ® ... ® kj,,—1[24] with their images via the composition
ko k

of canonical k-linear maps:

Ky —1[21] (%) %knd_l[xd] — klxq] (%) (%) klxg) — Eklxy, ..., z4)

where the first arrow is the natural embedding and the second arrow defined by 2" ®...®@x
a2l V(ip, ..., iq) € N% Putting together all of them, we obtain the following proposition:

14



Proposition 2. Problem[d always admits an unique solution in the set of polynomials whose
the highest power of variable x; is less than or equal to n; — 1 for all j =1,...,d.

The main idea to solve Problem 3 is viewing the ring of polynomials in d variables
klx1,...,zq4] as a ring of polynomials in variable x4 over the ring k[xy,...,x4-1]. Recall that
the Fast Interpolation Algorithm runs on the polynomial ring over any unitary commutative
ring. It only needs the interpolation points distinct and the different between them invertible.

Algorithm 5 Fast Multivariate Interpolation
Require: J; = {2;,...,%in, } where i = 1,....d;ny,....,ng € Nya;; # x5, Vi,Vj # 7', and
N = nyiny...ng scalar values {u; € k|l = (iq,...,1q) € J1 X ... X Jg}.
Ensure: P.
5:=d.
Giroigal = Uiy ig_11, [ =1,...,nq.
while 2 < s <d do
for all (iy,...,i5.1) € J1 X ... x Js_; do
Recall Algorithm [4] to find the interpolating polynomial g;, ;,_, with R[z] = k[z,]
if s =d, or (k[rsi1. 2,))[xs] if s < d; the set of interpolation points Jy; the set of scalar
values {gi, .. |l =1,...,ns}
end for
si=s5—1
end while
Recall the Algorithm 4 to find the interpolating polynomial P in R[x;] = (k[xa, ..., z4]) [21]
with the set of interpolation points J; and the set of scalar values {g¢1, ..., gn, }-
10: Return P.

Theorem 5. The interpolating polynomial P in algorithm [5 has degree at most (ny —1)(ns —
1)...(ng—1). And Algorithm[5 runs in O(M(N)log N) operations in k, where N = nins...ng
the number of interpolation points.

Proof: By induction on d.

In the case d = 1, algorithm [5[ is only a Fast Interpolation, so taking O(M (n;)logn;)
operations in k. And the interpolating polynomial is of degree at most n; — 1. We may
inductively assume that the theorem is correct. Then the step 1 of algorithm [5| gives
the interpolating polynomials ¢y, ..., g,, of degree at most (ny — 1)...(ng — 1) and takes
O(M (ns...nq) log(na, ...,ng)) operations in k.

In line 9, we apply Algorithm 4| on R[x;| = (k[za, ..., z4])[x1], so taking O(M (n;) logn,)
operations in k[xg, ..., 24|, and the interpolating polynomial is of degree at most n; — 1 on
variable x; . All of polynomials occur in line 9 are of degree at most (ny — 1)...(ng — 1).
Thus the final interpolating polynomial is of degree at most (n; — 1)(ng — 1)...(ng — 1). On
the other hand, the cost of O(M(ny)logn,) operations in k[x, ..., z4] is equal to M((ny —
1)...(ng — 1))O(M(ny)logny) = O(M(nins...ng) logny).

Since
M (ns...ng)log(ng, ...,na) + M(nina...ng) logny < M(N)log N

15



the totally cost of algorithm [5is O(M(N)log N).
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Chapter 2

Reduction modulo ideals in several
variables

It is not difficult to see that the evaluation map
eva : klzy, ..., xq) = kN f s (f(X0), ..., F(XN))

is a surjective map. More precisely, in the next chapter, we will present an algorithm to find
an interpolating polynomial f from any given N + 1 scalar values. Unfortunately f is not
maybe a good solution because the degree of f may be too large. We also known that, if
f and f’ are interpolating polynomials of points Xy, ..., Xy with the same values at these
points, then the difference between them vanishes at all X;, ¢ = 0,..., N. It implies that f
and f’ are congruent modulo an ideal a of k[z1, ..., z4] that is defined by points Xy, ..., Xn.
The purpose of this chapter is to present an analogue of division with remainder in case of
several variables. Then we can use it to reduce some bad solution f module the ideal a to
obtain a better interpolating polynomial in some sense.

2.1 Monomial orders

The division with remainder in univariate polynomial ring is exactly Euclide algorithm. In
k[x], if we want to divide a polynomial f by an other non-zero polynomial g, we first divide
all terms of f by the leading term of g. Thus in order to do an analogous algorithm in several
variables, we must define the leading term of a polynomial. In this section, we will define
orders on the set of all monomials, then deduce an order on terms also, of k[zy, ..., z4] and
end with some important properties of these orders.

Definition 2 (Monomial order). A monomial order on k[, ...,x4) is an order "<” on the
set of all monomials that satisfies the following conditions:

(i) 7<” is a total order.

(ii) "<” is compatible with multiplication, i.e. if m, m,p are monomials then

m<n=mp<np
(111) 1 < m for every monomial m # 1.

17



Figure 2.1: Semi-subgroup of My which is generated by A = {3, 2%y?, zy}.

Remark: In the univariate case, there is only one way to order monomials in k[x] which
is ordering by their degree. In fact, the condition (ii¢) says that 1 < z* Va > 0 and (i7)
implies that 2¢ < 2%, Va < b. Thus we always have 1 < z < 2% < 23 < ...

Denote M, the set of all monomials in k[z,...,x4). It forms a commutative unitary
semigroup with basis {x1,...,24}. The structure of My can be described faithfully via the
canonical isomorphism of semigroups:

My — NY X =2l ol I = (g, ..., 1)

For example, for any I,.J € N¢ X! divides X7 if and only if J — I € N%, i.e. all coordinates
of I are less than or equal to the corresponding coordinates of J. Thus all principal ideals
of My have the form I + N where X7 is its generator. And then every ideal of My is an
union of some such I + N%.

Example 2. In k[z,y], let A = {23 2%y? zy}. Then the semi-subgroup of M, generated by
A can be seen from Figure [2.1

Lemma 3 (Dickson). All ideals of My are finitely generated. Furthermore, for every set
A C My, there exists a finite subset B C A such that B generates (A), the ideal of My which
is generated by A.

Proof: In My, we consider a relation ”<” defined by:
m < m' < m divides m/, VYm,m’ € My

For any given element of m € My, there are only finitely many elements of M, that divide m.
Hence, the relation ”<” satisfies the descending chain condition. Thanks to Zorn’s lemma,
A admits some minimal elements with respect to ”<”. Let B be the set of all such minimal
elements of A. Then B generates the ideal a = (A). It suffices to show that B is a finite set.

We will prove that B is finite by induction on d. If d = 1, then Ml = {1, 2y, 22, ..., 27, ...}
is totally ordered by ”"<”. So B has only the smallest element of A. If d > 2, consider the
projection between semigroups:

. i1 id i1 ld—1
Mg — Mg, ..z =2

18



Figure 2.2: B is the set of all minimals elements of A, and 7(B) image of B via projection 7

where M;_; is the set of all monomials of k[z1,...,z4_1]. Clearly 7(A) is a semi-subgroup
of My_1, and the ideal (w(A)) C M,_; is generated by the set w(B) C My ;. By induction
hypothesis, the set C' of all minimal elements of 7(B) with respect to the order ” <" generates
(m(A)) and finite, namely
C={my,..m.} Cm(B) C My, r>0
For each i = 1, ...,r, since m; € C' C 7(B), there exists d; > 0 such that
mzd € B
We choose such d; smallest possible. And let
e = max{dy,...,d,.}
The key of this proof is the following claim:

Claim: For any z7'...z)} € B, we have ig < e.

In fact, if 2%'..2% € B then mllla:;d:f € m(B). So there exists m; € C such that

m; < lelled:f From here, if i; > e then
miﬁcgi <mzy < mix’j
It is impossible because mixgi € B and mix’j = xil xfj is minimal in B. The claim is proved.
Similarly, we also find that all other powers of variables x; on B are bounded. Hence, B

is finite. 0
Thanks to lemma |3} all monomial orders in k[xy, ..., 4] must be well-order.

Theorem 6. Every monomial order in k[xy, ..., x4) is well-order, i.e. every non-empty subset
of Ml admits the smallest element.
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Proof: Let A be a non-empty set of some monomials in k[zy,...,z4. With a given
monomial order ”<” in k[z1, ..., z4], we need to find the smallest element of A. Because of
Dickson’s lemma, A contains a finite subset B C A such that every element of A is divisible
by some elements of B. The order ”<” is a total order. So B admits the smallest element.
And then it is also the smallest element of A. 0

Example 3. Here are some important examples of monomial orders in k[z1, ..., z4]. In the
following example, we denote a = (ay, ..., aq); b = (b1, ..., bg) € N<.

1. Lexicography order:
X <o X & the leftmost non-zero entry in a — b is negative.

For example, in k[z,y, z|, we have y* <., zy2® <jep 2%

2. Graded lexicographic order:
X <g7“lex Xb d |a| < |b| or (|Cl| = |b| and X <lex Xb)

For example, 2?2 <ger Y* <griex TY2°.
3. Graded reverse lexicographic order:

X <grevier X° < Ja| < |b] or (|a] = |b| and the rightmost non-zero entry of a — b is
positive).
For examplev x2 <grevlez :L‘yZQ <g7’evlea} y4'

Definition 3. Let f = . ¢; X! be a non-zero polynomial in k[zy, ..., 4], where the sum is

IeNd
finite, and "<” a monomial order.

(i) Each c; X! with ¢; # 0 is called a term of f. We denote its order is the order of X!.

(i1) The leading term of f, denoted by lt-(f) (or lt(f) if the monomial order is defined),
is the mazximal term of f with respect to <.

(i1i) The leading monomial of f, denoted by Im(f), is the monomial which respect to the
leading term of f.

(iv) The leading coefficient of f, denoted by lc(f), is the coefficient of leading term of f.
(v) For an ideal a, we denote lt(a) the set of It(f) for all f € a.

Example 4. Let f(z,y,2) = y* + 2zyz? — 322 € k[x,y, 2], then

<lex <g7’lex <g7“evle:c
It(f) | =322 | 2zy2> yt

Im(f) | «* 2y 2> Yy
le(f) | -3 2 1
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The following are characteristic properties of monomial orders in example [3]
Proposition 3. Let f € klxy, ..., z4].
o Iflt., (f)€ klxs,...,xq] for some s =1,...,d then f € klzs, ..., 4.

o If f is homogeneous and lt. . (f) € klzs,...,xq] for some s = 1,....d then f €
klxs, ..., xq].

e If f is homogeneous and lt. .. (f) € (xs,...,wq) for some s = 1,...,d, where (zs, ..., Tq)
is the ideal of k[xq, ..., x4] which is generated by x, ..., xq, then f € (xy, ..., xq).

2.2 Multivariate Division Algorithm

The following is the main theorem of this chapter.

Theorem 7. In klxy,...,zq4] with a given monomial order "<”, let fi,....fs, (s < 1) be
non-zero polynomials. Then for any polynomial f, there exists an expression

f=afi+. . +qfs+r
where qq, ..., qs, 7 € k[T1, ..., 4] such that:
(1) (g fi) <U(f), Vi=1,..,s.
(ii) None of the terms in r is divisible by any lt(f;) for alli =1,...;s.

The proof of theorem [7] consists of an algorithm for finding such an expression of f.

Algorithm 6 Multivariate Division with remainder
Require: Non-zero polynomials f, fi, ..., fs € k[x1, ..., x4 and monomial order ” <”.
Ensure: The ¢y, ...,qs, 7 € k[21, ..., 24] as in theorem [7]

1:r:=0,q:=0, ..., ¢s:=0,p:= f

2: while p # 0 do

3: if It(f;) divides lt(p) for some i =1, ..., s then
4: then choose the smallest such <.

5 ¢ = qi + lltt((;)i))

6 p:=Dp— lltt((;c))) i

7 else

8 ri=r+It(p)

9: p:=p—It(p)

10: end if

11: end while
12: Return ¢4, ..., qs, 7.

We denote the remainder r obtained from this algorithm by

r:= frem {fi,..., fs}
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Lemma 4. Fach time the algorithm[f] passes through inside the while round from line 2 to
line 11, we always have

f=p+afit+. .. +agfs+r (2.1)
where lt(q; f;) < Ut(f), Yi=1,...,s and no term of r divisible by lt(f;) for all i.
Proof: In the first loop, the equation [2.1| is expressed by
f=rf+0fi+..+0f+0

hence holds the lemma. Assume at an other loop, we have p, ¢, ..., g5, 7 satisfy the lemma
and p # 0. We will see what happens in the next loop.

If It(f;) divides lt(p) for some j = 1,...,s and 7 is the such smallest index. Then we get:

It(p)
It(f)

B It(p)
PTG

¢ = qi +

fi

So
f=p+afi+t.. +qgfit+r=

_ lt(p) lt(p)
— <p lt(fl)fl)+Q1fl++(ql+lt(fl) fz+-'-+Qst+7a
So the equation also holds in the next loop. On the other hand, since It(q;f;) < lt(f)

and [t (%f;) = lt(p) < lt(f), we imply that
lt(p)

Hence, the lemma also holds in the next loop. Equivalently for the case there is no lt(f;)
that divides l¢(f). O

Theorem 8. Algorithm @ finds correctly an expression of f as in theorem @ in O (ndmd)

operations in k, where n is the total degree of f and m the mazximal total degree of fi,..., fs.

Proof: Each time the algorithm [6] passes through inside the while round from line 2 to
line 11, we alway have either
lt(p)

P

Ji
or
p:=p—It(p)

Then the leading term of p strictly decreases. So the number of loops of the while round is
bounded by the maximum number of terms of a polynomial of total degree n in k[z1, ..., z4),

namely O (( " jz_ d )) = O(n%) loops.
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The algorithm stops as soon as p = 0. The final equation that we obtained is

f=aqafi+. .. +qfs+r

And it proves theorem [7] using lemma [4]

On the other hand, on each loop, the cost is bounded by the cost to compute p = p— % fi

for some 7, hence taking O (( m; d )) = O(m?) operations in k. Finally the arithmetic

cost of algorithm @ is O (nm?). O

Example 5. In k[z, y] with the lexicography order, we use Multivariate Division Algorithmto
divide f = 2 + 2%y + 2y?> + 93 by fi = 2y + 1, fo = x + 1. The following table is its trace:

Step | f=a+2’y+ay’+y° | fi=a2y+1| fo=2+1 | Remainder
0 |[p=2*+2%y+a2’+¢y| @a=0 3@ =0 r=0
1 vy —? + xyt + P 0 2 0
2 —2? +azy’ —x+y° T 0 0
3 xy? + 17 0 —x 0
4 Y -y y 0 0
5 —y 0 0 Y3
6 0 0 0 -y
Final =2ty |@=2"-z|r=y"—y

Hence, f = (z +y)(zy + 1) + (2 — 2)(z + 1) + (y° — v).

Example 6. With the same polynomials as in the above example, but now we change the
order of f; and fy;. The trace of algorithm is the following table:

Step | f =2’ + 2%y + 2y + ¢° fi=x+1 fo=ay+1 Remainder
0 | p=23+2%y+ay’>+y° q =0 g2 =0 r=0

1 2%y — 2 + xy? + o> z? 0 0

2 —2? + xy? — 2y + 97 Ty 0 0

3 vy’ —ay+a+y’ — 0 0

4 —rytaty’ -y’ Y’ 0 0

5 T4y -y +y —y 0 0

6 vy ty—1 1 0 0

7 -y +y—1 0 0 y°

8 y—1 0 0 —y?

9 1 0 0 y

10 0 0 0 —1

Final q=2*+vy—xz+y —y+1 g2 =10 r=y —y +y—1

Hence, f = (@* +ay—z+y* —y+ 1)(z+1)+0.(zy+ 1) + (v* —y*+y — 1). So the
remainders which are obtained from the Multivariate Division Algorithmdepend on the way
to index the elements of the set F' = {f1,..., f. }.
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Example 7. In k[z,y] with the lexicography order, we divide f = 2?y+y—2by fi = xy+1
and fo =2+ 1.

Step | f=2*y+y—2| fi=ay+1| fo =2+ 1 | Remainder

0 |p=a2y+y—2 =0 =0 r=0

1 —r+y—2 x 0 0

2 y—1 0 1 0

3 —1 0 0 Y

4 0 0 0 -1
Final G =z g =—1 r=y—1

Hence, 2%y +y—2=a(zy+1) — (z+ 1)+ (y — 1).
However,
vy+y—2=yle+1)?—2@y+1) € (r+Lay+1)

where (x + 1,2y + 1) is an ideal of k[z,y] which is generated by = + 1 and xy + 1. Thus in
this case, the Multivariate Division Algorithmdoes not help us to check that f = 2%y +y — 2
isin (z 4+ 1,2y + 1) or not!!!

2.3 Grobner bases

We start with a following problem:

Problem 4 (Ideal Membership Problem). Let a C k[xy, ..., z4] be an ideal which is generated
by a given set of polynomials F' = {f1,..., fs}. Given any f € klzxy,...,z4]. Is it f € a?

Everything is easy in the case d = 1. Since k[z] is an Euclidean domain, all ideals of k[z]
are principal, and

(f1, s fs) = {gcd(f1, .., [5))

So we can use Euclid’s algorithm to divide f by g = gcd(f1, ..., fs) with remainder r whose
degree less than degg. Then

fe{fi,..,fs) ifand only if r =0 (2.2)

Unfortunately, is no longer true in the several variables case, as we have seen in the
example 6. Thus if we want to use the Multivariate Division Algorithmto solve the Ideal
Membership Problem, we must change the monomial order in k[xy, ..., z4] or the set of gen-
erators of a.

In fact, from any given monomial order of k[zy, ..., z4] and given set of generators of a,
we can find an other special set of generators such that the Ideal Membership Problem can
be done by using Multivariate Division Algorithm. Such set of generators is called Grébner
bases. In this section, we will define Grobner bases and describe Buchberger’s algorithm to
find a Grobner basis from any given set of generators.
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2.3.1 Grobner bases

Throughout this section, we assume some monomial order ”<” on k[xy,...,24]. To define
Grobner bases, we first give the definition below:

Definition 4 (Monomial ideals). A monomial ideal a C k[xq, ..., x4] is an ideal generated by
monomials in k[xy, ..., z4].

From now, for a set of polynomials A, we denote (A) an ideal of k[zy,...,z4] which is
generated by A.

Assume A C M, be a set of monomials, and a = (A) a monomial ideal of k[z1, ..., z4].
Then the set a N My of all monomials in a forms an ideal of M; which is generated by A.
This fact can be described as the following bijective:

{ideals of M} AN {monomial ideals of k[x1, ..., x4]}

where ¢(A) = (A) for A C My an ideal, and ¢~ (a) = an My for a C klzy,...,74] a
monomial ideal. Thus the properties of ideals of M, can translate faithfully to the prop-
erties of monomial ideals of k[z1, ..., z4]. Here we need the finiteness of monomial ideals of
k[x1, ..., z4), that is translated directly from lemma [3]

Lemma 5 (Dickson). All monomial ideals of k[z1, ..., x4] are finite generated. Furthermore,
for every set A C My of monomials, the exists a finite subset B C A such that B generates
the monomial ideal (A).

For each ideal a C k[xy, ..., 4], the ideal (It(a)) C k[zy, ..., x4) which is generated by all
leading terms of all elements of a is a monomial ideal. It contains all information about the
leading terms of elements of a, so that has strong relation with a. Dickson’s lemma says
that it is always generated by only finitely many monomials, say my, ..., ms. Conversely, any
subset of a whose the set of leading terms is large enough, i.e. any m; can be represent by
leading terms of some its elements, can generates the whole a. This fact is the following
lemma:

Lemma 6. Let a C k[xy,...,z4] be an ideal. If G C a is a finite subset such that (It(G)) =
(It(a)), then (G) = a.

Proof: Let G = {gi,...,9s} as assumption. Let any f € a. Using the Multivariate
Division Algorithmto divide f by G = {gy, ..., gs} gives us an expression:

f=qg+ ... +qg+r

where q1, ..., qs, 7 € k[x1, ..., 24) such that either 7 = 0 or no term of r is divisible by leading
term of any g;. But we also have r = f — q191 — ... — ¢sgs € a, so lt(r) € (lt(a)) = ({t(G)).
Thus r = 0. And then f = q1g1 + ... + ¢s9s € (G). Hence (G) = a. OJ

Together two above lemmas, we obtain the following theorem which is the motivation of
Grobner bases.
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Theorem 9 (Hilbert’s basis theorem). Every ideal a C k[xq,...,x4| is finitely generated.
More precisely, a can be generated by a finite set of polynomials G C a that satisfies

{1t(G)) = (lt(a))

Proof: Because of Dickson’s lemma, there exist a finite subset of lt(a), namely {m, ..., ms},
that generates (lt(a)), where m; is the leading term of some polynomial g; € a, i = 1,...,s.
Let G = {g1, ..., s}, then (G) C a and (l{(G)) = (It(a)). Thanks to the lemma [5 we have
(G) =a. O

We have seen that the remainder from dividing a polynomial f € k[xq, ..., x4] by a finite
set of generators F' of an ideal a C k[z1, ..., 4] depends on the order of F'. The main reason
for this fact is the set [t(F") of leading terms of all polynomials in F' probably not enough. The
Hilbert’s basis theorem gives the existence of a set of generators whose set of leading terms is
enough to represent all leading terms of polynomial in a. For this reason, we will see in this
subsection, that the remainder of dividing f by such set of generators is unique in some sense.

Definition 5. Given an ideal a C klxq,...,z4]. A finite subset G C a is called a Grobner
basis for a with respect to "<” if (It(G)) = (lt(1)).

Because of Hilbert’s basis theorem, a Grobner basis for any given ideal a always exists,
and is in fact a set of generators of a in the ring theoretical sense.

Proposition 4. Let G be a Grébner basis for ideal a, and f € k[z1, ..., x4]. Then there exists
a unique polynomial r € k[z1, ..., x4 such that f =r mod a and no term of r is divisible by
any term of lt(QG).

Proof: The existence of r follows from the Multivariate Division Algorithm. Now, we
suppose that f =7 =1y mod a with ry,ry € k[z1, ..., 4] and no term of ry, ry is divisible
by any term of lt(G). Then r; — ry € a. It implies that lt(r; — re) € (It(a)) = (It(G)). But
there is no term of r; — ry divisible by any term of [¢(G), hence r — ry = 0. O]

An immediately consequence of this proposition is the solvability of Ideal Membership
Problem.

Theorem 10. Let G be a Grobner basis for ideal a C k[z1, ..., z4] with respect to a monomial
order "<”. Then for any f € klz1, ..., z4]

f €aif and only if (f rem G) =0

2.3.2 Buchberger’s Algorithm

The aim of this subsection is to describe an algorithm of Bruno Buchberger to construct a
Grobner basis for any given idea a C k[xy, ..., 4] with given set of generators F' = {fi, ..., fs}.
The main ideal of Buchberger’s algorithm is to add some more polynomials into the set F' for
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which the corresponding monomial ideal (lt(a)) is bigger. The polynomials which we want
to add to F' come from the cancellation the leading terms of pairs of polynomials in F'.

Now for each pair g, h € k[x1, ..., x4) of non-zero polynomials, we define a new polynomial
which we call S-polynomial, by:

g) Y " Ti(g) "

S(g,h) =
where m = led (It(g), lt(h)) is a monomial.

Since %, % € klxy,...,zq), S(g,h) € (g,h) . And since %.g, %h have the same

leading terms, it is killed in S(g, h) . So we can add some more reduction modulo a of such
S-polynomials into the set of generators of a to obtain a new set of generators whose the
leading terms generates probably a bigger monomial ideal. As soon as the set of generators
of a is "large enough”, then all of such reductions will vanishes.

Theorem 11 (Buchberger’s criteria). A set of generators G = {g1,...,9s} of an ideal a C
klxy,...,zq] is a Grobner basis if and only if

S(gi,g;) rem G =0, Vi # j

Proof: If G = {gi, ..., g5} is a Grobner basis for a, then S(g;, g;) rem G = 0 for all ¢ # j
because of Ideal Membership Problem. The conversely way is more complicate.

Now assume G' = {g1, ..., g5} is a set of generators of a such that S(g;, g;) rem G = 0 for
all i # j. To become a Grobner basis, the leading terms of elements of G must generate
the monomial ideal (It(a)). We will prove that for any f € a, lt(f) is divisible by some
Ilt(g;) € lt(G).

Now let any f € a. f can be represented via the set of generators G by

f = hlgl + ...+ hsgs (23)

where hy, ..., hs € k[z1,...,24). In all such expressions, we choose a representation such that
the greatest leading monomial of terms in the right hand side

m := max{Ilm(h;g;), i =1,...,s}

smallest possible, recalled by ([2.3)). Our aim is to prove that m = [¢(f), hence the theorem
is concluded.

By contradiction, assume m > [t(f). The following is to construct an other expression of
f via the set of generators GG such that the greatest leading monomial of terms in the right

hand side is less than m, so getting contradiction.

By renumbering indexes, we can assume more

m = Im(h1g1) = ... = Im(hg,) > Im(hyy19r41) > ... > Im(hsgs), r € {1,...,s}
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Now we rewrite (2.3)) as follow:

f= Z It (hi) gi + Z (hi =1t (h:)) gi + Z hig; (2.4)

i=r+1

The second and the third sum in the right hand side of (2.4]) are linear combinations of
g; such that the leading terms of their terms are less than m. Now let us consider the first
sum.

S =1t(h1)g1 + ... + lt(hy) g, (2.5)

All leading monomials of terms of S are the same and equal to m. The multiplication by
non-zero constants in £ to g; does not change the result, so we can assume that all leading
coefficients of g; are equal to 1. Rewrite lt(hi) = ¢; X%, ¢; € k,a; € N, we represent ([2.5)
by:

S=c X"+ ..4+cX%g,
= (X9 — X2g9) + (1 + ¢2) (X*?05 — XBg3) + ...+ (c1 + ... + 1) (X g1 — Xg,) +
+(a+...+e) X,

S
Notice that (¢; + ... +¢;) is the coefficient of m in the standard expression of f = > h;g;.
i=1

But, as our assumption, m > lt(f), then ¢ + ... + ¢, = 0. We conclude:

S = dl (XOllgl — XaQQQ) + ...+ dT,1 (Xar_lgrfl — Xargr) (26)
where dq, ...,d,_1 € k.

Now look at any term of the right hand side of (2.6)), for example the first term:
Si=di (X" g1 — X*g0)

Recall that the leading coefficient of g; is equal to 1, and X*'t(g1) = X*?t(g2) = m. We
rewrite S; as follow:

Sl - d1~ [_Xallt(gl) (m12 1) _ X*2lt(g2) (m12 2)]

e it 9 miz \lt(g2) 9

_ dim | _mi2 _ mi2
miy | Tt(g0) It T Ti(g2) 92

= d1 X*25(g1, 92)

where myo = led (It(g1),1t(g2)), cr2 € N9, and the final term satisfies:
It (X*28(g1,92)) = 1t (X9 — X¥g9) <m (2.7)

Using Multivariate Division Algorithmto divide S(g1,¢92) by G, we get an expression of
S(g1, 92) as:

S(g1,92) = fizugr + - + fi2s9s (2.8)
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where the remainder vanishes because of the hypothesis. Furthermore,

[(f12595) < 1t(S(g1,92)) (2.9)
Combination (2.6) and ([2.8]), we obtain an new expression of S as:
r—1 s s r—1
g — ZdiXoﬂ(H—l) Z fi(z'+1)jgj — Z <Z diXai(H-l)) fz‘(i+1)jgj
i=1 j=1 j=1 \i=1

or shorter

S=Y" 19 (2.10)
j=1

r—1
where f; = (Z d; X4 ) fins, = 1,...,5. Now look at the leading terms of terms in

i=1
the right hand side of (2.10)
[t(f;9;) < max it (X640 fii11)395)
= max XG0t ( fia1)595)

, we have

i=1,...,r
< max X%t (S(g:,9;5)) (since (2.9))

i=1,..,r

<m (since ([2.7)))
Finally, putting together (2.4) with (2.10) we obtain
F=_Figi+)_ (hi=lt(h))gi+ > hg;
j=1 i=1 j=r+1

an expression of f via the set of generators G such that the leading terms of terms in the
right hand side are less than m. It is contradiction with the minimality of m. The proof is
completed. O

We now present a simplified version of Buchberger’s algorithm (1965).

Theorem 12. Buchberger’s algorithm always terminates.

Proof: Whenever Buchberger’s algorithm stops, we obtain a set of generators of a which
holds Buchberger’s criteria. Hence, it is a Grobner basis.

Now assume G and G’ are set of polynomials correspond to successive passes through
step 2 each time, i.e. G' = GU S, where

We have known that S(g;, g;) € (gi,9;) € (G) = a. Thus (G') = (G) = a. It means that the

set GG of polynomials passes throughout the for round and if round from line 3 to line 15
always generates the ideal a. We now consider the corresponding monomial ideals.
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Algorithm 7 Buchberger’s algorithm
Require: g, ..., 95 € k[z1, ..., x4) and a monomial order " <”.
Ensure: A Grobner basis G for the ideal a = (gy, ..., gs) with respect to ”<”.
: G:={g1,..,9s}
:S=0
: for all ¢;,9;, € G, g; # g; do

r:=5(g;,¢g;) rem G

if » # 0 then

S:=Su{r}

end if
end for
if S =0 then

Return G. Stop the algorithm.
: else
G:=GUS
S=0
Repeat for round from line 3.
: end if

© 0N g Wy

e e S
A e

Clearly G C G', then (It(G)) C (lt(G")). Hence the ideals (It(G)) in successive passes
throughout the for round and if round form a ascending chain of monomial ideals. Thus
after a finite number of steps, we have

(11(@)) = (H(G") < (It(a))

We claim that the algorithm will stop in this step, i.e. S = (). In fact in this step, for any
pair g;,g; € G, let r = S(g;,9;) rem G. Then r must be zero. Otherwise, by definition
of remainder on Multivariate Division Algorithmnone term of r is divisible by any term of
It(G). On the other hand, r € G’ then

It(r) € IH(G") C (@)Y = (it(G))

Contradiction!!! Thus r = 0, and then S = (). Hence the algorithm terminates. O

2.3.3 Reduced bases and computer calculation

In general the Grobner basis computed by Buchberger’s algorithm is neither minimal nor
unique. By removing some unnecessary its elements, we can make both properties hold. The
following lemma is the base for this fact.

Lemma 7. If G is a Grobner basis for an ideal a C klxy,...,z4], and g € G such that
It(g) € (It (G\{g})), then G\{g} is still a Grébner basis for a.

Proof: Denote G' = G\{g}. From the hypothesis, we have (G') C (G) = a and
(It(G")) = (It(@)). The proof is completed thanks to lemma [6] O
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Definition 6. A subset G C k[, ...,x4] is a minimal Grobner basis for an ideal a C
klxy,...,zq] if it is a Grébner basis for a, and all g € G hold:

(i) lc(g) = 1.
(i) 1t(g) & 1H(G\{g})
If furthermore,
(iii) None term of g is in [t(G\{g})
Then we call G a reduced Grobner basis.
Theorem 13. Every ideal of k[x1,...,x4] has a unique reduced Grébner basis.

Proof: Let any non-zero ideal a C k[zy,...,z4]. Because of Hilbert’s basis theorem, a
admits a Grobner basis G. Thanks to lemma (7] we can delete all elements g in G which
satisfy

It(g) € lt(G\{g})

and repeat it, we will receive a minimal Grobner basis for a, recall G = {g1,...,9s}. We
construct a reduced Grobner basis from G as follow. Let

hi = g1 rem {go, ..., gs}
hi = g; rem {h17 "'7hi—17gi+17 "'795}7 L= 27 sy 8 1
hs = gs vem {hy,....;hs_1}

And set H = {hy, ..., hs}. To prove that H is a reduced basis for a, we claim that:

Claim: For 1 <i < s, we have
(i) No term of h; is divisible by any term of {lt(hy), ..., lt(hi—1),t(git1), ..., 1t(gs) }-
(il) t(h;) = lt(g;).

In fact, (i) holds thanks to the definition of remainder of Multivariate Division Algorithm.
Now we will prove (ii) by induction on i. If i = 1, then [t(hy) = lt(g1) because {g1, ..., gs}
is a minimal Grobner basis for a. Assume for some 1 < ¢ < s — 1, the claim is true for any
1 <j <i. Then lt(h;) = lt(g;), Vj = 1,...,i. Thus {hq,..., h;, gi+1, ..., gs} is also a minimal
Grobner basis for a. Hence, lt(h;y1) = lt(gi+1). The claim is proved.

Now thanks to the claim, the set H = {hy, ..., hs} is a minimal Grébner basis for a that
satisfies the third condition of definition [6 Hence, H is a reduced Grébner basis for a.

For the uniqueness, assume H' = {h},...,h!}, r € N another reduced Grébner for a.

We firstly show that [t(H) = lt(H'). In fact, for any h; € H, we have
lt(hy) € It(H) C (It(H)) = (It(H"))

Then [t(h;) is divisible by lt(h}) for some b} € H'. By a symmetric argument, lt(h}) is
divisible by [t(h;) for some h; € H. So lt(h;) is divisible by lt(h;). But H is minimal, so it
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implies that lt(h;) = lt(h) = lt(h}) € It(H'). The h; € H is arbitrary, then lt(H) C It(H').
By a symmetric argument, we imply (t(H) = lt(H').

Now, for any h; € H, lt(h;) = lt(h};) for some h; € H'. The element h; — h’; € a has no
term that divisible by any term of It(H) = [t(H’). Because of the definition of remainder of
Multivariate Division Algorithm, h; — A is itself remainder when we divide h; — b by H.
Since h; —h}; € a and H a Grébner basis, the Ideal Membership Problem say that h; —h’; = 0.
So h; = h; € H'. The h; € H is arbitrary, thus H C H'. By a symmetric argument, H = H'.
U

Most computer algebra systems that have the Groebner package contain a function
"Basis” which computes the reduced Grobner basis for any given set of generators for an
ideal. In this article, we will use Maple 16, an computer algebra system that is developed
by Waterloo Maple Inc., Ontario, Canada. To use the Groebner package, one must start by
loading it by the command:

>with Groebner;

Here, > is the Maple prompt, and all Maple commands end with a semicolon. Once the
Groebner package is loaded, we can compute the reduced Grobner bases and carry out a
variety of other commands that are contained in Groebner package.

The format for the Basis command is
>Basis(F,torder);

where F is a finite set of polynomials, torder one of the monomial orders described below:

e plex(x[1],...,x[n]): lexicographic order with x[1] > ... > x[n].
e grlex(x[1],...,x[n]): graded lexicographic order with x[1] > ... > x[n].
e tdeg(x[1] ... x[n]): graded reverse lexicographic order.

For instance, the commands:

SF:=[x"2-y*z,y 2-2z*x,z2"2-x%*y] ;

>Basis(F,plex(x,y,2));
computes the reduced Grobner basis for ideal (x? —yz,y? — zx,2% — zy) C k[x,y, 2] with
the lexicographic order defined by x > y > 2. The output is

[y?’ — 23, —y2 + zz, e Yy, - yz}
a reduced Grobner basis.

An other command in Groebner package that is usually used is NormalForm, for doing
Multivariate Division Algorithm. The command of dividing polynomial f by the finite set
of polynomials F' has the following syntax:

>NormalForm(f,F,torder);
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The output is only the remainder. For example, to divide 23+3y® by F' = {2? — yz,y* — 2z, 2? — 2y}
using graded lexicographic order with z > y > z, we would enter:

>NormalForm(x~3+3xy~3,F,grlex(x,y,z));

The output is 493, the remainder of this division.

Some other useful Maple commands in the Groebner package are:

e IsBasis which is to check that the given set of generators is a Grobner basis or not.

e LeadingMonomial (respect LeadingTerm, LeadingCoefficient) which computes the
leading monomial (respect leading term, leading coefficient) of an polynomial.

e SPolynomial which computes the S-polynomial S(f,g) of two polynomials f, g.

e Solve which solves an algebraic system by computing a collection of reduced Grobner
bases.

2.4 Some Applications

Given a set of polynomial equations modelling a problem, a Grobner basis for this system
will help simplifying any polynomial in the involved variables. For this reason, Grobner bases
are an important tool to solve computationally many problems in polynomial algebras. In
this section, we will see how the Grobner bases can be used to solve some usual geometric
problems.

2.4.1 Solving Polynomial equations

In this subsection, we will discuss a straightforward approach to solving the system of poly-
nomial equations that is based on the elimination property of Grobner bases with the lexi-
cographic order. Before giving the key theorem, we introduce some notation.

Let FF ={f1,..., fs} C k[x1,...,24] be a set of polynomials and let a C k[xy, ..., 4] be the
ideal generated by F. We denote:

V(a) == {(a1,...,aq) € k| flay,...,aq) =0 Vf € a}

the set of all roots of the system f; = ... = f, = 0. We usually call k% an affine space.
It has a natural topology structure for which the closed sets are the V(a) for some ideal
a C k[xy,...,x4). It is called the Zariski topology. We also denote

a :=an k[l’l, ...,(Ed] (l = 1, ,d)

and call it the [-th elimination ideal of a. Thus a; consists of all consequences of f; = ... =
fs = 0 not depend on the variables x1, ..., z;_1.

The key of the method to solving polynomial equations we will discuss here is the fol-
lowing theorem:
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Theorem 14 (The elimination theorem). Let a C k[xy, ..., z4] be an ideal and G a Grébner
basis of a with respect to the lexicographic order such that ©; > ... > x4. Then for every
l=1,...,d, the set

Gl =GN k’[$l, ...,l’d]

is a Grobner basis of the [-th elimination ideal ;.

Proof: The proof of this theorem comes from the characteristic property of lexicography
order. For any f € a; C a, the [¢(f) is divisible by lt(g) for some g € G. Since f € k[, ..., 24]
and the definition of lexicographic order with z; > ... > x4, lt(f) involves only the variables
xy, ..., g, hence so is lt(g), and g. So that g € G;. Hence G| is a Grobner for a;. O

To describe how the theorem works we come to an example.
Example 8. Solve the following system in C3:

22y — 23 =0
20y —42—1=0
z—y=0

These equations determine an ideal a = (z%y — 23,22y — 42 — 1,2 — y) C k[z,y, 2z]. And
we want to find all points of V(a). Now, using the Basis command, we compute a Grobner
basis for a using the lexicographic order.

>Basis ([x"2*xy-z"3, 2*x*y-4*z-1,z-y] ,plex(x,y,2));

The result is [—1 — 82 — 1622 + 42%, —2 +y, —22% + 2 + 2 + 8z]. According to theorem
the elimination ideals of a are:

G =a=(-1-82—1622 442 —2+y, -2 + 2+ z + 82)
ag = (=1 — 82— 1622 + 42 —2 +y)
a3 = (=1 — 82 — 1622 + 42*)

Our system is equivalent to the new one:

23424 2+82=0
—2+y=0
—1—-82—-1622+42*=0

Thus the Elimination theorem use Grobner bases with the lexicographic order to eliminate
certain variables. In this example, we use it to eliminate x,y from our equations to obtain
a new polynomial equation that only depends on z. This polynomial is in a N C[z] with the
smallest possible degree. So that it is easy to find all points of V(a3), the set of all roots of
—1—82—16224+4z* = 0. Next, when these values of z are substituted into the other equations,
these equations can be solved respectively for y,x. Finally, all solutions of our system are
<4+2ﬁ’ 442 4+2\/§> : (4—2\/5, V2 4—2\/§> . <—4—2+\/§, SYESv) —4-5\/§> ; <—4;\/§, =7 —4;@)

) 2
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2.4.2 Implicitization Problem

Suppose that a subset W C k¢ is defined by the parametric equations:

T = fl(th ,tm)

g = fa(t1,....tm)

where f1, ..., f4 are polynomials or rational functions of variables %1, ...,%,,. The Impliciti-
zation problem asks for the equations defining the Zariski closure Z of W in k?. In this
subsection, for simplicity, we assume all of f; are polynomials. The case fi, ..., fq are rational
functions is really similar to our case.

Notice that, the parametrization does not always fill up all Z. In fact, we can think of
the parametrization as the map:

k™ =Kk (ty, e tm) = (filte, s o tm)s ooy fa(tes ooy tm))

and then W is exactly the image of ¢. Unfortunately, the image of a closed subset may not
be closed. It is the reason why the Implicitization problem asks for the Zariski closure of
W rather than W itself. However, once the Zariski closure Z of W has been found, one can
check if the parametrization fills up all Z or not, and if the answer is no, one can find all
missing points. In this subsection, we will only give the way to find Z by using Grébner
bases. This follows directly from the Closure theorem.

Theorem 15 (Closure theorem). Let k be an algebraic closed field. Let a = (xy — fi,...,xq — fa) C
Elti,...;tm, T1, ..., 4] be an ideal and

Upt1 = ann ]C[ZL’l, ...,Id]

its (m =+ 1)-elimination. Then
V(ap41) =Imo

Proof: Break the map ¢ into the composition of the graph of ¢ and the projection from
the graph of ¢ to the image of ¢. We obtain the following commutative diagram of affine

varieties and morphisms:

kmi’kd

| A7

kard

where j(th,tm) = (tl,...,tm7f1(t1,...,tm),...,fd(th...,tm)) for all (tl,...,tm) € k™ and
T(t1, ooy tons T1y oy Ta) = (21, .o, 2q) for all (1, ..., tom, T1, ..., £g) € K™T4. Then we have

Im¢ =n(j(k™)) = 7(V(a))

What we need to prove now is the equality:

V(dmi1) = 7(V(a)) (2.11)
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Firstly, the inclusion 7(V(a)) € V(a,,41) is trivial. In fact, any point P € 7(V(a)) has the
form P = (fi(t1, ..., tm), -y fa(t1, .oy t)) for some (1, ..., t,,,) € k™. Then for any polynomial
g € Q1 = ankfry, ..., x4, and think of g as polynomial in k[tq, ..., t,, 21, ..., 24|, we have

g(P) = g(fi(tr, oostm)s ooy fa(t1, s tim))
= g(th ...,tm,f1<t1, ...,tm), ...,fd<t1, ,tm)) = O

It means that the point P € m(V(a)) vanishes all polynomials in a,,;. Thus 7(V(a)) C
V(a41). And then 7(V(a)) € V(am11).

The proof of the converse inclusion requires Hilbert’s Nullstellensatz so that the field &

must be algebraic closed. What we want to prove now is the inclusion
V(ami1) € 7(V(a)

Because of Hilbert’s Nullstellensatz, it is equivalent to an other inclusion of ideals
I(r(V(a)) € Vo (2.12)

Now let any g € I(w(V(a))) C k[x1, ..., 4. Then g vanishes at all points of 7(V(a)), i.e.

g(f1(tr, oy timn),y ooy fa(te, oo tm)) = 0, Y(ty, .oity,) € K™
Consider g as an element of k[tq, ..., t;, 21, ..., 4|, We certainly have
G(t1, s tom, frtes oo tm), s fa(tt, oo tm)) = 0, Y(t, ... tm) € K™

It means that g vanishes at all points of V(a). Because of Hilbert’s Nullstellensatz, ¢"¥ € a
for some N > 0. On the other hand, g does not depend on ti,...,t,,, neither ¢", so
g¥ € anklry,...,zq = apny. Thus g € V/@m+1. Hence the inclusion holds. The
theorem is proved.

Thanks to the Closure theorem, the method to find the Zariski closure Z of W is clear.
The system defining Z is the set of generators of the (m 4+ 1)-elimination ideal of a.

Example 9. Find the equations defining the surface whose parametrization is

r=t+u
y =t2+ 2tu
2z =13+ 3t%u

where t,u € C.

First find the Grobner basis of the ideal a = (z — t — u,y — t* — 2tu, z — t3 — 3t*u) using
lexicographic order with ¢t > u >z > y > 2. We comment:

>Basis([x-t-u,y-t"2-2%t*u,z-t"3-3*t"2*u] ,plex(t,u,x,y,2));

The result is [22 —6yzz+4y® + 4232 — 3y?a?, by?z —dyx?z — 22%u— 222w+ 2% u+ 3w, —yz+
2222 + 2w2u — 2y%u — y2x, 2y% — 2%y — 2u — 2w + 2y, 3yr — 203 — 2yu + 22%u — 2,y + u? —
2%, —x + t + u]. Then the third elimination ideal of a is the principal ideal generated by
2% — 6yza + 4y + 4232 — 3y*2®. Finally the equation defining our surface is

22 — 6yzar +4y> +42°2 — 3% =0
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2.4.3 Finding the projective closure of an affine variety

Before presenting the main problem in this subsection, we will give some notation. We
denote P{ the classical projective space of dimension d over k. The underlying set is the set
of equivalent classes of

(kd—s—l o {0})/N

where the equivalent relation ~ is defined for any = = (g, .., 24),y = (Yo, ..., ya) € k41 —{0}
by
xr~y<x=N\y, for some \ € k

For each subset A C IP’%, we denote
I.(A) :={f € klzo, ..., z4] | f is homogeneous and f(zg, ...,zq) =0, Y(xg,...,xq) € A}

that is an homogeneous ideal of k[xy,...,x4]. Conversely, for each homogeneous ideal a C
k[xo, ..., 4], we denote

V. (a) := {P = (20, ...,74) € P{ such that P vanishes all homogeneous polynomials of a}

P¢ has a natural topological structure whose closed subsets are the V, (a) for some homoge-
neous ideal a. It is called Zariski topology. The affine space k% can be embedded continuously
via:

EC— P (2., 2q) = (1,2, .0, 24)
Identify k¢ with its image, then k? is an open subset of P4. So that any affine closed subset

of k% can be seen as a, not necessary closed, subset of P%. In this section, we will give a
certain way to find the projective closure of any given affine closed set.

In order to do that, we first define the homogenization of polynomials in k[xy, ..., z4]. It
is expressed by the following map:

o x x
(_)h . k[xh ...,l'd] - k[mm ...,.led], f = fh = l’g gff (_17 EAS) _d)
Lo Zo

Directly from the definition of (—)" f" is a homogeneous polynomial of k[zy, ..., z4] and
(21, zq) = flag, .. 2q).

If a C klxy,...,24] is an ideal, we denote a" an homogeneous ideal of k[zy, ..., 74] that
is generated by all f* with f € a. Notice that if {fi,..., fs} generates a, then {f[ ..., fh}
may not generate a”. A reason for this fact is that the map (—)" has no "homomophism”
property. However, we have the following theorem.

Theorem 16. Let a C k[xy,...,x4] be an ideal and let G = {q1,...,gs} be a Gribner basis
for a with respect to graded lexicographic order with x, > ... > x4. Then G" = {gP, ..., g"}
generates a”.
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Proof: In k[zy, ..., z4], we define a new monomial order >, by:

ay aq b1 b
a1 ag _.ag bl bd bO I’l ...l’d >grlem ZEl ....Td or
it xsteg® >y itz S
Lotd 20 Tt td o a2l = a2 2% and ag > by
What we need from the constructing > is a monomial order in k[z, ..., z4] which is com-
patible with the graded lexicographic order in k[x1, ..., 74|, i.e. forany f € k[zy1,..., 24}, lt> .. (f) =
lt-, (f). In fact, >, defined above is a monomial order that satisfies our purpose, because

the leading term of f € k[zy, ..., x4] is unchanged by homogenization.

Now we will prove that G" = {gh ..., g"} is indeed a Grobner basis for ideal a" C
k[zo, ..., z4] with respect to >, so generates a”. Clearly G* C a”. It is suffices to show that
the set lts, (G") generates (It (a")).

Now let any polynomial Q € a”. Notice that a" is the homogeneous ideal of k[zy, ..., 74]
that is generated by homogenization of polynomials in a. Then @) has the form:

Q= Z af!

where the sum is finite, ¢; € k[xo,...,z4], and f; € k[z1,...,x4]. Setting xy = 1 and let
q:=Q(1,z1,....,xq) € k[z1, ..., 24, We obtain

q= Zqi(l,xl, @) I 2y, 1) = Zqi(l,xl, o @q). fi(T1, .y Tq) €@

Since G is a Grébner basis for a with respect to >geq, lts,,,.. (¢) is divisible by It> . (g:)
for some g; € G. On the other hand, the setting q := Q(1,x1,...,x4) € klx1, ..., 24] yields
deg q < deg @ and

h _ ,.deggq 1 T4
q' = xg .q(zo,...,z())

_ ..deggq T Zq
=Xy Q (1,1,—0,...,%

d
T egq

= ﬁm@(l‘o, ceey CCd)
0

It implies that ten . ten
lt>h (Q) = :’CO ® gq'lt>h (q ) = xD ¢ gq'lt>grlez (q)

It means that [t (Q) is divisible by It (¢), and hence is divisible by It.. . (g:). Because
of the aim of the constructing >, we have lt> . (g:) = It (gl). Thus lt-, (Q) is divisible

by lt>h (g?>

Hence G" is a Grobner basis for a” with respect to >j,. The theorem is proved. O

Theorem 17. Let k be an algebraic closed field and a C kzy, ..., z4) an ideal. Then V. (a") C
P¢ is the projective closure of V(a) C k2.

Proof: Clearly V(a) C V(a") C P4. The converse inclusion requires Hilbert’s Nullstel-
lensatz, so the field £ must be algebraic closed.
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Assume V(b) C P¢ another projective closed set that contains V(a), where b C
k[xg, ..., z4] is a homogeneous ideal. We must show that

V. (a") SV, (b)
Because of Hilbert’s Nullstellensatz, it is equivalent to the inclusion of homogeneous ideals

Vb C Va

Now let any homogeneous polynomial f € b. As our assumption V(a) C V. (b), f vanishes
at all points of V(a), i.e.

f(l,zy, .y zq) =0, Y(z1,...,24) € V(a)

Because of Hilbert’s Nullstellensatz, f¥(1,2,...,74) € a for some N > 0. Thanks to the
homogenization, we imply fV € a”. Then f € Vah. The f is arbitrary, so b C va". Hence
Vb C Va". The theorem is proved. O

Now if we combine theorem and we will get an algorithm for computing the
projective closure of an affine closed set W C k9. In fact, if W is defined by the system
of polynomials equations f; = ... = f, = 0, we first compute the reduced Grobner basis G
for {f1,..., fs} with respect to graded lexicographic order, and then the projective closure
Z =W is defined by the system ¢" =0, Vg € G.

Example 10. Find the projective closure of a curve (C') in C* whose parametrization is:

x =1t
y =t
z=1°

where t € C.

We first find the Grobner basis of the ideal a = (z — 3,y — t*, 2 — t5) using lexicographic
order with ¢ > z > y > 2. We enter:

>Basis([x-t"3,y-t"4,z-t"5] ,plex(t,x,y,2));

The output is [y° — 24, —y? + a2, 30— 23, =22 +ya?, 23 —yz, —a? +tz, ty—z, to—y, —x+13].
Then the second elimination ideal of a which express the affine closure of (C) is

3

ay = (y° — 2" =P +az, e — 2%, =22 4 ya? 2’ —yz)

Next we find the reduced Grobner basis for a; with respect to graded lexicographic order:
>Basis([y~5-z"4, -y 2+x*z, y 3*x-z"3, -z 2+y*x"2, x"3-y*z],plex(t,x,y,2));
The result is [—y? + zz, —2? + yx?, 2° — yz,y3x — 23,¢° — 24|

homogenization, we obtain a homogeneous ideal of Clt, z, v, 2]

Finally, taking their

<—y2 + xz, —t22 + ya:Q, 3 — Yz, y3m — tzg, y5 — tz4>

that expresses the projective closure of (C) in PZ.
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Chapter 3

Using reduction modulo ideals to
solve multivariate interpolation
problems

This chapter is the heart of the thesis in which the Multivariate Polynomial Interpolation
problem will be solved by the strong connection within the theory of polynomial ideals. After
recalling the main problem, we will analyse the main idea for this method.

Problem 5 (Multivariate Polynomial Interpolation). Fiz the commutative field k, and pos-
itive integer N,d. Let N + 1 distinct interpolation points Xo, ..., Xn € k% and N + 1 scalar
values ug, ...,uy € k. Find a polynomial P € k[xy,...,x4] with the smallest possible degree
such that

P(X;)=u; Vi=0,..,N (3.1)

The system (3.1) is called the interpolation conditions.

To connect to the theory of polynomial ideals, we denote the evaluation map:
eva : klzy, ..., xq) = KN f e (F(Xo), oy f(XNg1))

Then the problem [5| can be said again that finding the inverse image of eva for each given
vector (ug, ...,ux) € kN TL.

Clearly eva is a k-linear map. It is furthermore a surjective morphism. In the sec-
ond section of this chapter, an algorithm for finding an inverse image of any given vector
(ug, ..., uny1) € KN will be presented. The kernel of eva is

a={f€klxy,....,2q) | f(Xo) = ... = f(Xns1) =0}

that is an ideal of k[zq,...,x4] which expresses the set of interpolation points. We call it
interpolating ideal. Thus eva induces an isomorphism of k-vector spaces

kloy, ..., 2q)/a — kN
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It means that there is a one-to-one correspondence between the vectors in V! and equiv-
alent classes of modulo a in k[xy,...,z4]. Hence the problem of finding an interpolating
polynomial f for given vector (ug,...,uny1) € kNV*1 with the smallest possible degree is
equivalent to finding a representative of the equivalent class f + a with the smallest possible
degree. For this reason, reduction modulo ideals is the key of the method.

3.1 Interpolating ideals

In this section we will present an algorithm for finding the interpolating ideals that are based
on the relation between the monomial ideals of k[x1, ..., x4] and the complement of ideals in
N?. The cornerstone of this method is disclosing the geometric connection between the set
A of interpolation points and the minimal basis of monomial ideal (lt(a)) to find the reduced
Grobner basis for a with respect to lexicographic order. And then an algorithm for finding
the reduced Grobner basis with respect to any other monomial order by changing ordering
from the lexicographic order case.

3.1.1 Lower sets

Recall My be the set of all monomials in k[z1, ..., z4]. We have seen that M, forms a com-
mutative unitary semi-group with basis {x1,...,z4}. Then it is isomorphic with N? via the
canonical map:

My — N X% = 20" 2% — (ay, ..., aq)

We have also seen that there is a one-to-one correspondence between the monomials ideals
of k[x1, ...,x4) and the ideals of My that is expressed by the map:

monomial ideals N ideals
of k)[l’l,...,l’d] OfMd
b — b N My

Putting together two such bijective maps, we obtain a one-to-one correspondence between
monomial ideals of k[x1, ..., 4] and the ideals of N4 namely:

' monomial ideals . ideals
v of k[xq, ..., x4 of N4

where ¢ corresponds each monomials b of k[x, ..., z4] with the set of exponents of monomials
in b. In particular, ¢ is indeed an isomorphism of lattices.

Now we will disclose the connection between the bijective map ¢ with our problem. Re-
call the interpolating ideal a = I(A). The ideal (/t(a)) is a monomial ideal of k[zy,...,x4].
We associates to it an ideal of N9, that is ¢((It(a))). Associate monomials of each point in
its completion, i.e. N — ({lt(a))), are k-linear independent in k[xy, ...,z4)/a. On the other
hand, since the set A of interpolation points is a finite set, k[z1, ..., x4)/a is a k-vector space
of finite dimension. Hence the set N¢ — o((It(a))) is finite. Furthermore, the cardinality of
N¢ — p((It(a))) is in fact the dimension of k[x1, ..., 74]/a as a k-vector space.
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Proposition 5. With notation above, we have:

#A = dimy, k[zy, ..., 24 /a = #N? — o((it(a)))

Proof: The first equality comes from the Chinese Remainder Theorem. In fact we have:

a=1I(A)=1 (U {a}> = (1 ({a})
acA acA
The I ({a}) are the distinct maximal ideals of k[z1,...,24], then the Chinese Remainder
Theorem gives us

klxy,...,zq]/a = k[, ... /ﬂ I({a}) = Hk x1, .., xql/T({a}) = kA
a€A acA
Thus
dimy, k[xq, ..., zq4]/a = #A

In order to prove the second one, we consider the images of the points of N? — ¢({lt(a))) in
k[x1,...,z4]/a via the composition:

N — My — k[zy, ..., 24] — klx1, ..., 24 /a

We claim that the images of N — o ({lt(a))) in k[z1, ..., 24]/a forms a k-basis of k[zy, ..., 74] /a.

Firstly, if {a',...,a®} is any finite subset of N? — o((It(a))) and {X*',..., X*"} its image
in k[z1,...,z4)/a. Then {X*, ...,Xas} is independent over k. In fact, if there is a k-linear
comblnatlon namely ¢; X*' +o .cs X with ¢q, ..., ¢, € k, that vanishes in k[x1, ..., 24]/a, then
ch“ Fo..c. X ca. If cha e XY A0, then its leading term i is a X forsomei = 1,.
that is belong to It(a). But it is contradiction with the setting a® € N? — o ({lt(a))). Thus
we must have ¢; X% + ..c,X* =0, 50 ¢; = ... = ¢, = 0. Hence the image of N? — o((It(a)))
in k[xy,...,z4|/a is k-linear independent.

To conclude the proposition, we only need to prove that the image of N¢ — oo({lt(a)))
in k[zi,...,z4)/a spans the whole klzy,...,x4)/a. Let {fi,..., fs} be a Grébner basis for a,
then {lt(f1),...,l1t(fs)} spans (lt(a)). For any polynomial f € k[xy, ..., 24|, using Multivariate
Division Algorithmto divide f by the basis {fi, ..., fs} gives the remainder r € k[z, ..., 24]
such that either r = 0 or no term of r is divisible by any lt(f;), i = 1,...;s. If r = 0, then
f € a and vanishes in k[z1, ..., z4]/a. Otherwise, the points in N that correspond with the
terms of r is in N — ({lt(a))). Then f =r mod a is a k-linear combination of the image
of N4 — ((lt(a))) in k[zy, ..., z4]/a. The proposition is proved. O

The proposition gives the first connection between the interpolating ideal a and the set
N — o((It(a))). To analyse some further information of a from the set N¢ — o((It(a))), we
will consider the geometrical representation of such set. Assume a minimal Grébner basis
{f1,.., fs} is given. Then the set of all monomials in (l¢(a)) is a semi-subgroup of M, that
is generated by {lt(f1),....1t(fs)}. In the proof of Proposition [5, we showed that the set
N — o((It(a))) is exactly the set of point a € N such that the monomial X is divisible by
none of lt(f;), i =1,...,s.

For example, the figure [3.1/is the geometric expression of N? — o((lt(a))), where (It(a)) =

(xt, 3y, 23, yh).
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Figure 3.1: N4 — o((It(a))) is the set of blank circle.

Definition 7. o A finite set D C N¢ is called a lower up set if N* — D forms an ideal
of N4, We denote Dy the class of all lower up set of N%.

e For each lower up set D € Dy, the minimal basis of the ideal N® — D is called the set
of limit points of D, namely E(D).

Example 11. The set of the blank circles in the figure is a lower up set of N2. Its limit
points is the solid circles.

Return to our problem of finding the interpolating ideal a = I(A) of the given set of
interpolation points A. If we know the lower set associated with the monomial ideal (It(a))
by some ways, then the set of limits points give us the minimal basis of (l¢(a)). The question
is how to can construct the lower set D from A geometrically. In fact, each monomial order
in k[xy, ..., 24| yields a different rule to construct the associated lower set.

In the next subsection, the lower set associated with A will be constructed by induction
on the dimension d. To pass from d—1 to d, we need an operation on D, that called addition.
Before give the additive operator in Dy, we define some useful notation.

For each i =1, ...,d, we denote the projections

pi : N5 N, a=(ay,...,aq) — a

and

P NT = NTUa = (ay,...,aq) = (a1, ..., @i_1, Qis1, ..., Gg)
We usually use the projection to the last coordinate pg and to the first d — 1 coordinates pg,
so we always write p(a) (respect p(a)) to replace py(a) (respect py(a)).

Each projection p; induces a natural map from Dy to D,_; that corresponds each lower
set D € Dy to a lower set p;(D) € Dy_;. Conversely each lower set in Dy_; can be seen as a
lower set on D, via the embedding:

N 5 N a = (ay,...,aq) = (ay, ..., ...,a4_1,0)

Now the addition map in Dy can be defined as follow:
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Figure 3.2: N¢ — o({It(a))) is the set of blank circle.

Definition 8. For D, D’ € Dy, define D + D’ to be the set of all points ¢ € N¢ that satisfy:
(1) p(c) < #{a € D|pla) = ple)} + #{b € D" p(b) = p(c)} and
(i) p(c) € p(D) Up(D")
Look at an example in the figure 3.2, To get D + D', we first draw D and D’ in the
same coordinate system N? such that D and D’ are putted in the semi-line Oy and do not

intersect. Then drop the elements of D’ down along the Oy until they lie on top of elements
of D. The result is D + D’.

Lemma 8. The operator "+7 defined above is an addition on Dy and then Dy becomes a
commutative semi-group with the empty set as neutral element.

Proof: We must check that the following are true:
(i) ”+” is indeed a birelation in Dy, i.e. D + D’ € Dy for every D, D’ € D).
(ii) "4 is associative, i.e. (D + D)+ D” = D + (D' + D”) for any D, D', D” € Dj.
(ili) "47is commutative, i.e. D+ D' = D"+ D for all D, D’ € .
(iv) Empty set is a neutral element, i.e. D+ 0 =0+ D = D for all D € D,.

All of them are come directly from the definition of ”+” and the properties of lower up sets.
The proof of the third final items is trivial. To prove the first one, let any D, D" € Dy, we
must show that the complement of D + D’ in N forms an ideal of N¢.

Recall the definition of D + D':

D+ D' = {ce N |csatisfies (i) and (ii)}

where
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(i) p(c) <#{a € D|pla) = ple)} + #{b € D[ p(b) = p(c)} and
(i) plc) € p(D) UD(D')
Let any u = (uy, ..., uq) € N® — (D + D’). Then u does not satisfies either (i) or (ii).

If u does not hold (i), i.e.

p(u) < #{a € D|pla) = p(u)} + #{b € D'| p(b) = p(u)}

Then for any v = (v, ...,v4) € N¢, we have

p(uw) = ugvg = uq = p(u) = #{a € D|pla) = p(u)} + #{b € D'| p(b) = p(u)}

It means that uv also does not hold (i), then uv € N — (D + D), for every v € N%,

On the other hand, if u does not hold (ii), i.e.

p(u) = (uq,...,uq—1) ¢ p(D) UP(D")

then neither p(u) ¢ p(D) nor p(u) ¢ p(D’). Notice that p(D) and p(D’) are lower sets on
N¢=1. Now by induction on the dimension d, we can assume that p(uv) = p(u)p(v) ¢ p(D)
and p(uv) = p(u)p(v) & p(D') for every v € N¢. So p(uv) ¢ p(D) Up(D’), i.e. uv also does
not hold (ii).

Finally we have proved that if u € N¢ — (D + D’) then so is uv for any v € N¢. Of course
D + D' is a finite set. Hence D + D’ is indeed a lower set in N¢. O

In particular, given a finite family {D;};c; in Dy, we can form the sum
Y D eD,

It is the set of points ¢ € N? that satisfy
() p(c) < 2o #{a € D;|pla) = p(c)} and

el

(i) pe) € U p(Di)

el

3.1.2 The Grobner basis of interpolating ideal with respect to <.,

. In this subsection we only work with the lexicographic order. Now we have enough to
construct the associated lower set to the interpolating ideal. Recall that A C N? is the
set of interpolation points. We will define a way to translate geometrically the set A into
the associate lower set D, (A), or shortly D(A), that contains all information about the
leading terms of the reduced Grébner basis for the interpolating ideal a = I(A).

The lower set D(A) is constructed by induction on the dimension d as follow:
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Algorithm 8 Addition of lower sets

Require: Two lower sets D, D’ in N%.
Ensure: D" =D+ D'.

1: D" :=D

2: if D' = () then

3: return D"

4: else

5: pick any a = (ay, ...,aq) € D'.
6: end if

7. if a € D" then

8: aq := aq + 1, repeat round if
9: else

10: D" :=D"U{a}

11: D' :=D"—{a}

12: repeat the first round if.

13: end if

e Ford =1, weset D(A)={0,1,...,#A —1}.
e To pass from d — 1 to d, we consider the family of slices of A that are defined by
H{(aq) :={be Alp(b) = as}

where a4 runs on the whole p(A). In other words, the slice H(aq), aq € p(A) is the set
of points in A that have the same d-th coordinate and equal to ay. We think of each
H(ay) as a subset of N¢~! via the projection:

PN 5 N b= (by, .., bg) = (b, ., bgy)
Then the lower sets D(H (aq)) are well-defined by induction hypothesis. Finally, we

have
D(A) = Z D(H(aq))

ag€p(A)

We can see how the process works on the figure with an example in N2, The inter-
polation points are the blank points in the left hand picture. A can be seen as the discrete
union of the family pieces H(aq), aq € p(A) that are that sets of all points which have the
same second coordinates. Fach such set can be seen as a subset of N if we forget the second
coordinates, then D(H (ay)) is defined as in the univariate dimension case. Finally the sum
of all such D(H (ay4)) gives us the associate lower set D(A) in the right hand picture which
we want to find.

This process can be formulated into an algorithm as the following:
The following is one of the main theorem of this chapter.

Theorem 18. Let A, D(A),a be notation as above. Then the ideal N* — D(A) defines the
monomial ideal (lt(a)), i.e. for any o € D(A), there exists a polynomial ¢ € a such that
lt(¢) = X*. Furthermore, the set {¢, | € E(D(A))} forms a minimal Grébner basis for a.

46



(0]
(0]

ad 4

o]
o}
o O o

=
=
@
@
@
D
>

Figure 3.3: Construct D(A) from A.

Algorithm 9 Find the associated lower set

Require: A finite set A C N¢.
Ensure: The associated lower set D := D(A).

if d =1 then
D:={0,1,....,#A—1}
end if

Compute p(4) C N.
For each a4 € p(A), compute H(ay) := {b € A|p(b) = aq}.
Call the algorithm recursively to compute D(H (aq)).

Repeating algorithm 8 many times to compute > D(H(aq)).
aqg€p(A)

8: Return D.

Proof: This theorem will be proved in 2 steps. First is an algorithm that computes
for each o € E(D(A)) a polynomial ¢, € a such that lt(¢) = X*. And then the relation
between the ideals of N? and the monomial ideals of k[z, ..., 74] will finishes the proof. The
first step is rather long and very important for us, then it will be described carefully in the
next subsection.

In this case, we assume the first step is done, i.e the set ¢, € a such that lt(¢) = X*
is defined. Then we have lt(¢,) € (lt(a)) for every o« € E(D(a)). Because of the definition
of lower set, the set of exponents of ¢,s, i.e. FE(D(A)), forms a minimal basis for ideal
N¢ — D(A). Then the set of It(¢,)s forms a minimal basis for the monomial ideal (lt(a)).
Hence, {¢, | € E(D(A))} is a minimal Grébner basis for a. O

3.1.3 Constructing the reduced Grobner basis with respect to <.,

For each a € E(D(A)), the polynomial ¢, can be constructed by induction on the dimension
d. In order to do that, we see the set H(aq) = {b € A|p(b) = aq} for each a4 € p(A) as a
lower set of N?~! via the projection:

PNt S N = (uy, e ug) = (U e, Ug—)
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Figure 3.4: T(f) and S(B) with 8 € E(D(A)).

In the case d = 1, A is just a finite distinct points in a line, namely {mq,...,my} C
N. Then D(A) = {0,1,..., N} and E(D(A)) = {N + 1}. In this case, the product (z —
my)...(x — my) that is of degree N + 1 generates the interpolating ideal. From here, for
any n € N— D(A) = {N +1,N +2,...}, dividing 2" by (z — my)...(x — my) gives us the
remainder r(z) that is of degree less than N. Thus the polynomial " — r(z) is in a such
that all exponents of its non-leading terms are in D(A).

To pass from d — 1 to d, we need the inductive assumption.

Inductive assumption We assume the following holds for every slice H(ay) of A with
aq € p(A). For any o € N1 — D(H(aq)), we can compute a polynomial f, ., € k[x1, ..., 74]
that satisfies:

(1) t(fae,) =X and
(i) faa,(b) =0 for all b € H(aq).
(iii) The exponents of all non-leading terms of f, ,, lie in D(H (aq)).
Now let any 5 € E(D(A)), we split the set p(A) in two components:

S(B) = {aa € p(A) | p(B) € D(H(aq))}
T(p) :==p(A) = 5(B)

The definition of 7'(5) and S(p) is illustrated in figure As the definition of T'(5) and
S(B), the d-th coordinate of (3 is exactly the cardinality of S(f). It is also the degree of the
variable x4 in the polynomial ¢g that we are looking for.

To kill all points in A whose projection on the d-th coordinate belongs to S(5), we use

the product
= ] (2a—aa)
aq€S(B)
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We will find ¢s of the form ¢z = mg6s for some polynomial 05 € k[xy, ..., z4] which need

to find. Because of the construction of mg, its leading term is mfs(ﬁ ) , where #5(5) is ex-
actly the exponent of z4 in the leading term of ¢g. Thus the leading term of 5 must be

PX)PB) = x?l...xgi‘ll. Furthermore, the polynomial 65 must kill all points of A whose pro-
jection to the d-th coordinate is belong to T'(53).

We will construct 65 by using the inductive assumption. According to the above assump-
tion, for each aq € T'(f3), there is a polynomial f5a).a, € k21, ..., xa—1] that satisfies (i)-(iii).
Write this polynomial as

Foeraa = DXV + gp(s) a4

where g5(8),a, € k[1, ..., £q—1] is the sum of non-leading terms of f5(5)4,. Next we define:

0p = (X)) + Y X(T(B). ad)gp(s).as
aqa€T(B)
where x(T'(5), aq) = I zj—:gj is the characteristic polynomial of a4 € T'(53).
ba€T(8)—{aq}
Clearly 63 kills all points of A whose the d-coordinate belongs to T'(3). In fact, if
b= (bi,...,bq) € Ais such that by € T'(f) then

0if ag # b
ATt = { et 7 e
Thus R
05(0) = DOV + gp(6).00 = J55)04(b) = 0 (since b € H(by))
Now, setting ¢ := w303 then
(i) Ut(¢p) = Ut(mp).lt(05) = X°.
(ii) ¢z kills all points of A.
Look at the exponents of non-leading terms of ¢g. By inductive assumption, the exponents
of all terms of gz, for each ag € T(B), lie in D(H(aq)). The character polynomials

X(T(B), aq) is a polynomial with only variable 4 of degree |T'(3)| — 1. So that the exponents
of all non-leading terms of 64 lie in

| DH(aw)) | x{0.1,...|T(8)] — 1} c N

adET(ﬁ)

mp is also a polynomial with only variable z4 of degree S(f). Thus the exponents of non-
leading terms of ¢g is contained in the set

Exp(¢s) = U DH(aw) | x{0,1,..,|T(8)] = 1} | JUPB)} x {0,1, .., [S(8)] — 1}]
aq€T(B)
which can be illustrated in the figure 3.5
There are maybe some non-leading terms of ¢3 whose exponents do not lie in D(A). So
that ¢4 is not necessary reduced modulo a = I(A). On the other words, we only obtain the
following proposition:
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Figure 3.5: The exponents of non-leading terms of ¢g.

Proposition 6. The set {¢s | 8 € E(D(A))} forms a minimal Grébner basis for ideal a.

Example 12. Let the interpolation set A as the figure Then p(A) = {1,2,3,4} C Oy,
and H(1), H(2),H(3), H(4) as in the figure.

Y

5]

i ©- o—© H(4)
p(A) 3 © © © H(3)

2 o H(2)

H--—0 e H(1)

1]

o 1 2 | 3 4 g 8 X
A

Figure 3.6: The interpolating set A.

The set D(H (1)), D(H(2)), D(H(3)), D(H(4)) is described in the left and the associated
lower set D(A) in the right of figure 3.7 Then the set of limit points of D(A) is E(D(A)) =
{(0,4),(1,3),(2,2),(3,0)}. So a minimal basis for (It(I(A))) is {y*, 2y, 2?y* 23}. Now we
will construct for each 8 = (61, f2) € E(D(A)) a polynomial ¢ € k[x,y] whose leading term
is xﬁlyﬁz.

First is the case f = (0,4), the smallest element of F(D(A)). The leading term of
polynomial ¢4 which we need to find is y*. So that ¢4 is in the elimination ideal
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Figure 3.7: Constructing the associated lower set D(A).

Ely] N I(A). In this case, we always have p(8) = 1 = 0. So that

S(B)={yep(Ad)|p=0e DH(y)} ={1,2,3,4} = p(A)
T(B)=p(A) - S(B)=0

Thus ¢4 is a polynomial in only variable y that vanishes at all points in p(A), i.e.
S = (y— Dy —2)(y = 3)(y — 4) = y* — 10y° + 355> — 50y + 24
In the case 8 = (1, 3), then p(5) = f; = 1. In this case, p(A) is spitted into two parts:

S(B) ={yep(A)|pr=1€ D(H(y))} = {1,3,4}
T(B) = p(A) — 5(8) = {2}

To kill all points in A whose second coordinates are in S(f3), we use the product

Tz = (y— 1y —3)(y —4)

Notice that the leading term of the polynomial ¢ 3) which we want to find is 2y®. And the
b(1,3) will be found in the form ¢ 3y = 71 3).0(1,3) for some 01 3y € k[z,y] which we need to
determine. Then the leading term of 0; 3y must be x. Furthermore, 6, 3y must kill the point
(4,2) € A whose second coordinate is in T'(5). So that 6(13 = v — 4. And then

dp=(y—1)(y—3)(y —4)(x — 4) = v’z — 4° — 8y*z + 32 + 19yx — T6y — 122 + 48

In the case § = (2,2), then p(f8) = 1 = 2. The leading term of the @29 is 2%y In
order to do that, we split the set p(A) into two parts:

S(B) ={y € p(A)[B1=2€ D(H(y))} = {3,4}
T(p) = p(A) = 5(B) = {1,2}

The sets S(5) and T'(B) split A into two discrete parts, that are H(3)UH (4) and H(1)UH(2)
whose projection to the second coordinate are in S(f) and T'(() respectively.
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To kill all points in H(3) U H (4), we use the product 722y = (y —3)(y —4) whose leading
term is %. So that we only need to find the polynomial 0(2,2) that vanishes at all points
of H(1) U H(2) and whose leading term is z®. In order to construct 6 ), we first find
polynomials in only variable x that vanish at H(1) and H(2) respectively, and furthermore,
their leading terms are also z*. Notice that we can identify H(1) and H(2) as subsets of N
by forgetting the second coordinates. The corresponding polynomials are:

for=(@—1)(z—3)=2®—4r+ 3
foo =2 —[2* mod (z —4)] = 2* — 16

In general, the polynomial f5s)., € kl®1,...,24-1], for each § € E(D(A)), must satisfy
the inductive condition (i)-(iii). So that it is reduced by the ideal of k[xy,...,x4-1] that
interpolates H(ag). In our case, the set H(2) = {(4,2)} is considered as a subset of N
by forgetting the second coordinate. So that the interpolating ideal of H(2) is a principal
ideal of k[z] that is generated by (x —4). It is the reason why the polynomial fs5 must be
reduced modulo (z — 4). Now by using the characteristic polynomials of T'(3) = {1, 2}, we
can construct the 6, 9) from f;; and fo5 as
Yy — y—1

2
6’(272)—1' +m( 4x +3)—16ﬁ:$2+( 2)(41’—3)—16(y—1)

And then

G22) = T2)-022) = (y = 3)(y —4) [2? + (y — 2)(dx — 3) — 16(y — 1)] =
= y?2? + dyPz — 19y — 369%x + 1559% — Tyx? + 104yx — 382y + 1222 — 962 + 264.

The case 5 = (3,0) is completely the same to the previous case. We have p(f) = §; = 3.

So that
S(B) =10
T(6) =11,2,3,4}
And then 73 = 1. To determine 63 ¢), we first find the polynomials in only variable x
whose leading terms are x*, and they vanish at H(1), H(2), H(3), H(4) respectively. They
are
fa1 =2 —[2® mod (z —1)(x —3)] = 2° — 132 + 12
faa=a*—[2® mod (z —4)] =2*—64
fas=(@—1)(z—2)(x—4) =2 —T2* + 122 — 8
f3a= (v —2)(x —4)(x — 5) = 2° — 1122 + 387 — 40

Next the character polynomials of T'(3) = {1,2,3,4} can be used to determine 03¢ as

_ (1=2)(y=3)(y—4) (y=1)(y=3)(y—4)
O(3.0) = ° +((1 it 31)( 132 +12) + 41 )%%_3{))((%_42))(( 6)4)
T D)6, 3 (—72° + 120 — 8) + (o sy (—112% + 382 — 40) =
= 440 + 286y” + 3y°r — Jy’x + 42y — %yng—i—
2

+ Bya? + 2yfa? — A2x — 22y 4 23 — 1727 — B2y5

And then ¢(30) = 7(3,0)-0(3,0) = 0(3,0) completes the minimal Grébner basis {¢(.4), ¢(1,3); P(2,2), D(3,0) }
of I(A).

Next we will show how the reduced Grobner basis of a can be constructed inductively
by using the minimal Grébner basis {¢g |5 € E(D(A))}. Of course, one can reduce the
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basis {¢p |5 € E(D(A))} by using the Multivariate Division Algorithm as in the proof
of theorem [I3] However, Multivariate Division Algorithm takes a very bad complexity in
general. Without using the Multivariate Division Algorithm, the algorithm we will present
here can be used to compute for any a@ € N — D(A) a polynomial g, € k[, ..., z4] such
that:

(i) lt(ga) = X
(ii) g is reduced modulo a, i.e. the exponents of non-leading terms of g, lie in D(A).
Before giving the main algorithm in this section, we recall the example [12]

Example 13. Let the interpolation set A C N as in the example . Recall the minimal
Grobner basis {¢(0,4), 0(1,3), P(2,2) P(3,0)} of the interpolating ideal, where

=yt — 1093 + 35y — 50y + 24

04) = Y
baz) = y3x — 4y — 8yta + 32y% + 19yx — 76y — 127 + 48
b2 = yPx? + dyir — 19y® — 36yx + 155y — Tya?® + 104y — 382y + 1222 — 962 + 264
b(3,0) = 440 + 286y* + gygx — %y% + 42yx — %y%z + l—ggya:Q + gy?’xz — 42z —

110,,3

—%y+x3—17x2—7y

Our aim is to construct the reduced Grobner basis G = {g, | @ € E(D(A))}.

Let us see the non-leading terms of the polynomials ¢4y, ¢(1,3), ?(2,2); @(3,0)- Their expo-
nents lie in the rectangle @ := {0, 1,2, 3} x {0, 1, 2} which is the smallest rectangle containing
D(A). So that, we must find for any o € QQ — D(A) the reduced polynomial g, whose leading
term is X*. And then they can be used to kill all non-leading terms of ¢z, § € E(D(A))
whose exponents do not lie in D(A). It can be done as follow:

Step 1: The exponents of all non-leading terms of ¢4y, ¢1,3) are in D(A). So that
P(0.4); P(13) are reduced. We set

g(0,4) ‘=
9ga,3) ‘=

0,4)
(1,3)

S %

Step 2: For a = (2,2), the polynomials ¢22) has a non-leading term 4xy® whose
exponent does not lie in D(A). It can be reduced by setting

922) = P2 — 4dus3) =
= y22® — 3y® — dyPx + 27y? — Tyx? + 28yx — T8y + 122% — 48z + 72

Step 3: For av = (2, 3), consider the polynomial
Y922 = yPr? — 3yt — dyx + 27y — TyPa? + 28y w — T8y? + 12yx” — 48yx + T2y

The leading term of yg(s) is 2%y®, but it is not reduced. Because the exponents of
non-leading terms —7x?y?, —4y3x, —3y* are not in D(A). One can kill them by setting

92,3) = Y92,2) T 792,2) +491,3) + 39(0,4) =
= y32? — 403 — 322z + 344y — 3Tyx? + 224yx — 928y + 842 — 384z + 768
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Step 4: For av = (3,0), to reduce ¢o3), we set

_ 5 27 5 _
93.0) = P6.0) ~ 3903 T S92 ~ 5908 = y 1
=12 — FyZ + Fny — gyTr — dyz? — 20z + Ty T+ z® 4 5x% — Su°.

Finally the polynomials g4, 9(1,3); 9(2,2)» 9(3,0) indeed forms the reduced Grobner basis
for the interpolating ideal a = I(A).

Theorem 19. Let A C N? as before. For any a € N®—D(A), there exist a unique polynomial
Ga € k[x1,...,24] such that:

(1) Ut(ga) = a.
(11) go Kills all points of A.
(11i) The exponents of all non-leading terms of g, lie in D(A).

Proof: The uniqueness of g, comes from the unique linear representation of X% via
the k-basis D(A) of the quotient k[z1, ..., z4)/a. The existence of g, can be implied directly
from the dividing X* by the reduced Grobner basis. But it is not useful for our aim. Here,
the existence can be proved constructively, so that it can be formulated into an efficient
algorithm.

We construct g, by induction on @ € N?— D(A), and using the available minimal Grébner
basis {¢s| 8 € E(D(A))} that is presented in the previous pages.

If v is the smallest element of N¢— D(A), then it is also the smallest element of F(D(A)).
So that the polynomial ¢, is available. Setting g, := ¢,. Then g, clearly satisfies (i)-
(iii). Now let any a € N4 — D(A) that is not the smallest element. We assume for any
B € N?— D(A), B < a, the reduced polynomial gz that satisfies the hypothesis is available.
Two cases can arise: either o € E(D(A)) or a ¢ E(D(A)).

If € E(D(A)), then g, can be obtained from the available polynomial ¢, by killing all
non-leading terms of ¢, whose exponents do not belong to D(A), namely

Go = Qboz - Z CyG~

YEExt(da), 7ED(A)

where ¢, is the coefficient of X7 in ¢,. Clearly g, satisfies the hypothesis.

In the case a ¢ E(D(A)), there exists an i = 1, ..., d such that a —e; € N4 — D(A), where
e; = (0,...,0,1,0,...,0) is the unit vector of N with the value 1 at the i-th coordinate. By
the inductive assumption, there exists a polynomial g,—., € k[z1, ..., x4] satisfying (i)-(iii),
namely
Jome; = X7 4 Z ey X7
~yED(A)
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where ¢, € k. Notice that the exponents of all non-leading terms of g,_., must be of course
smaller than o —e;. So that the only coefficients ¢, with v < o — e; are non-zero. The g,_,
can be rewriting as:

goc—ei - Xa_Ei _I_ Z C'YX’Y
vED(A),yv<a—e;
Then
TiJa—e; = X%+ Z CWX’H_GZ'
YE€D(A),v<a—e;
The exponent of leading term of x;g,—., is exactly X“. But maybe there are some exponents
of its non-leading terms that do not lie in D(A). All these exponents are in the set:

I':= {v + e; |7 is the exponent of a non-leading term of g, .. and v +e; ¢ D(A)}

For every v+ ¢; € I, we have 7 + ¢; < (o — ¢;) + ¢; = a. So that the inductive assumption
also holds for every elements of I'. Now setting:

Ga ‘= TiGa—e; — E Cy Gy
~yer

where ¢, is the coefficient of X7 in g,—_.,. Clearly g, satisfies (i)-(iii).
Hence, the theorem is proved. 0

Thanks to the proof of theorem [19, an algorithm for finding the reduced the Grobner
basis for interpolating ideal is progressively clear. The only one more to thing is that how
large area of N? we should do. In fact, in the proof, we assume for each o € N? — D(A)
the hypothesis holds for all 3 € N — D(A) such that 8 < . But the number of such 3 is
infinite. And we clearly do not need to compute gz for all of such 8. Our aim is only to
compute the reduced Grobner basis inductively and by using the ¢g, 8 € E(D(A)) whose
exponents of the non-leading terms are lie in the box:

d
Q = H {0,1,..., |ps(A)| + 1} c N*
i=1

All polynomials that appear in the proof of theorem [19] have the exponents of their non-
leading terms in I'. Clearly I' C (). Hence, the box @) is large enough for us.

Putting together all things, we obtain the main algorithm of this section in the next page.

Theorem 20. Algorithm [10 compute correctly the reduced Grobner basis G for the interpo-
lating ideal a = I(A).
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Algorithm 10 Find the reduced Grobner with respect to <,

Require: The interpolating set A C N

Ensure: The reduced Grobner basis G of interpolating ideal.

Using algorithm |§] to compute D(A) > Preparation step:
Compute E(D(A)).

3: Dim :=d

4p—g%m(ﬂ

5 Q= 2{0,1,..., pi(A)] + 1} € N

6: Data := 0.
7. G :=.
8
9

[N

. if Dim =1 then > Univariate case:
: 9ia1 = Ilaea (11 — a).

10: Data := Data U {g|4)}.

11: G::GU{Q‘A‘}.

12: for 5 =|A|+1—pdo

13: gp = T195—1 — C|A|-19|A| Where ¢j4_1 is the coefficient of x‘lA‘_l in g4

14: Data := Data U {g3}.

15: end for

16: Return G.

17: end if

18: if Dim > 1 then > Induction step:

19: Compute py(A).

20: for all a; € ps(A) do

21: Compute H(ag) := p;'(A) N A.
22: Using algorithm [9] to compute D(H (ay)).
23: Dim := Dim — 1.
24: Q(aq) == QNp;'(ay).
25: Call the algorithm recursively to compute

Fag = A{9ya0 |7 € Qlaa) — D(H(aq))}
26: Data := Data U F,,.
27: end for
28: end if
29: for all 5 € E(D(A)) do > Compute ¢g, € E(D(A))
30:  Compute S(5) := {aq € p(4) | p(8) € D(H(aq))}-
31: Compute T'(8) := p(A) — S(B).
32: Compute x(T(B), aq) = II % for all ag € T(5).

by€T'(B), baFaq
33: Compute 15 := [[ (24— aaq).
ades(ﬁ)A N
34:  Compute 05 := p(X)P?) + Z)X@@%%Mﬁm%—ﬂXWm%WmWﬁmmdﬁ
adET(ﬁ

available in Data.
35: Compute ¢g := ms0p.
36: end for
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37: for all « € Q — D(A) do > Reducing ¢, 5 € E(D(A))
38: if « € E(D(A)) then

39: if « =min., EF(D(A)) then
40: Ja = Qg
41: else
42: Compute I' := {y € Q@ — D(A4) |y < a}.
43: Call for round from line 37 recursively to compute g, for all v € I'.
44: Ga = ¢a — Y, €y, Where ¢, is the coefficient of X7 in ¢,.
vyel
45: Data := Data U {g.}.
46: end if
47: G:=GU{ga}

48: end if
49: if o ¢ E(D(A)) then

50: Choose an i = 1,...,d such that o —e; € Q — D(A).

51: Call for round from line 37 recursively to compute g,—e,.

52: Compute I' := {y +e; |y € D(A), v+ ¢e; ¢ D(A), v < a — ¢;}.

53: Call for round from line 37 recursively to compute g, for all v € I'.

54: Jo = TiJa—e; — 2 C4§y, Where ¢, is the coeflicient of X7 in g,_,.
~vel

55: Data := Data U {g,—, }

56: end if

57: end for

58: Return G.

3.1.4 Changing monomial orders in Grobner bases

The previous subsection presents an algorithm for finding the reduced Grobner basis of the
interpolating ideal with respect to the lexicographic order. However the lexicographic order
can not control the total degree of the reduced polynomials. So that the result after reducing
some bad interpolating polynomials may not have the smallest total degree as requested for
the Interpolation Problem. In 1993, J.C.Faugere, P.Gianni, D.Lazard and T.Mora presented
in [§] an efficient algorithm for changing Grobner basis of zero dimensional ideal from any
given monomial order to any other one. So that one can determine the interpolating ideal
in the graded order from the lexicographic one. And then it can be used to compute the
interpolating polynomial with the smallest possible total degree.

As before, we consider the set A C N? and call A the set of interpolation points, and let
a C k[xy, ..., x4) its interpolating ideal. We assume that there are two different monomial or-
ders in k[z1, ..., z4], denoted by < and <,,,. We also assume that the reduced Grobner basis
G, the associated lower set D(A), and the limit set E(D(A)) with respect to the monomial
order < are already known. Our aim is to find the reduced Grobner basis G, of ideal a
with respect to the new monomial order <,,.,,.

Before describing how the algorithm works, we need a following notation.
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Definition 9. Let D be a lower set of N, we denote
M(D) :={x;m|m € D,1 <i<d, such that x;m ¢ D}

and call it the bordering set of D.

]

o e

o e

O O e

Q---Q---0---@
—C—O—0—0 —— 8

D and M(D)

Figure 3.8: The set of solid points is a bordering set.

Now we define sequences { Dy, }n, {En}tn, {Gn}n, {M,}, inductively, that will lead us to
(respectively) the associated lower set Die(A), the limit set E(D,e,(A)), the reduced
Grobner basis Gew, and the bordering set M (D, (A)) with respect to the new mono-
mial order <,,.,, as follow:

For n =0, we set Dy = {1}, Ey = 0, Gy = 0, My = 0.

Assume we have known {D,}n, {En}n, {Gntn, {Mn}n for some n > 0. Look at the
bordering set of D,,,
M(D,) ={xz;m|m € D,,1 <i<d, such that x;m ¢ D, }
If M(D,,) = M,, then we stop the process with {D,},, {En}n, {Gn}n, {Mn}n. In the next

lemma, we will show that it is a sufficient condition for having the equality D,, = D,y .

Otherwise, let m be the smallest element of M(D,,) — M,, with respect to the new mono-
mial order <,,.,,. Denote m the remainder of dividing m by G. Three cases can arise:

Case 1: If m is independent with the elements of D,,, then m has to be inserted to D,, i.e.

Dn+1 = Dn U {m}
En+1 = Ena GnJrl = Gn; Mn+1 = Mn

Case 2: If m is a linear combination of elements in D,, and m is a strictly multiple of an element

in F,, then m has to be inserted to M,, i.e.

Dn+1 = Dnv EnJrl = En; GnJrl = Gn
M, 1 := M, U{m}
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Case 3: If m is not in the case 1 and 2, i.e. m is not a strictly multiple of any elements in E,,,
and m a linear combination of elements in D,,, such as

m= Z)\aa, N\, €K

aEDn

then we set
Ep = E,U{m},Gpi =G U{m = cp Aaa}
Dn+1 = Dna Mn+1 = M,

Lemma 9. (i) Every D, is contained in Dy, (A), the associated set of A with respect to
<new- So that the sequences {Dy}n, {En}tn, {Gn}n, {Mn}n have only finite elements.
In the other words, the construction will stop after finite steps.

(i1) Assume the construction stops at step N, then Gy is the reduced Grébner for a with
respect 10 <pew, DN the associated lower set of A, Ey the limit set of Dyew(A), and
My the bordering set of Dyew(A).

Proof: We will prove the inclusion D,, C D,,(A) by induction on n. Clearly Dy =
{1} € Dyew(A). To pass from n to n+ 1 we assume D,, € D,.,(A) and see what happen in
the next step.

Recall the bordering set of D,:
M(D,) = {x;m|m € D,,1 <i<d, such that x;m ¢ D, }

If M(D,,) = M,, then there is nothing to do. Otherwise, let m = min., . (M(D,) — M,).
Since D,, C Dyep(A), we have

M(Dn) S Drew(A) U M(Drew(A))

So that m € Dyew(A) U M (Dipew(A)).

If m € Dyew(A), then D,, U {m} C Dyew(A). So that m and the elements of D, are
linear independent in k[x1, ..., x4)/a. The linear independence does not depend on the way
to choose k-basis for k[zy,...,x4]/a. So that by reducing modulo the Grébner basis G, m
is independent with the elements of D,,. We are in the case 1 of the construction, so that
Dypi1 = Dy U{m} C Dyew(A)

Otherwise, if m € M (Dyew(A)), then T is a linear combination of elements in D, (A)
that are smaller than m with respect to the order <,.,. On the other words, m is a linear
combination of elements of D,, since the minimality of m. Thus it leads us to the case 2 or
3 in which the set D,, does not change.

Finally, we always have D,, C D,.,(A). Hence the construction stops after finite steps.
Assume the construction stop at the step N. Then My = M(Dy) and Dy = Dy (A).

So that Ey is the limits set of Dye(A), and Gy is a minimal Grébner basis for a with
respect t0 <,e,. On the other hand, all the non-leading terms of elements in GG are in
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Diyew(A), so that they do not divide any elements in Ey. Hence, G is exactly the reduced
Grobner basis for a with respect to the new monomial order <,,q,,. O

The lemmal9| asserts that the construction of {D,, }n, {Ep by {Gn}n, {M,}n, certainly lead
us to the reduced Grobner basis with the new monomial order <,,.,,. To become an algorithm,
we must solve efficiently the following problems:

Problem 6. Compute the m = m mod G where m is defined on each step.

In fact we can use directly the Multivariate Division Algorithm. But there is an extremely
better way by using linear algebra that we will describe below.

Problem 7. Check the linearly independence of mv with the elements of D,,, and find a linear
combination if the answer is no.

In order to do that, we will translate everything to the language of coordinates. Fix the
k-basis D(A) of k[z1, ..., z4]/a. For each monomial m € k[z1, ..., z4], the coordinates of 7,
that is the image of m in k[xy, ..., z4]/a, can be computed naturally by reduction modulo G.
If the result, for example, is the linear combination m = ) . D(A) Ao, then the coefficients
(Aa)aep(a) is the coordinates of . This can be formulated by the isomorphism of k-linear

spaces:
klzy,...,zq]/a — kPW f 4 as coefficients of (f mod G)

Now we will give an answer for problem [6] Assume at the step n, we have already known
{Dy}ny {En}n, {Gn}n, { My}, and the coordinates of all elements of D,,. Assume also in the
next step, M(D,) — M, # 0. Let m be the smallest element of M(D,) — M,, with respect
t0 <pew. Then m = x;m’ for some i = 1,...,d and m’ € D,, whose coordinates have already
known, namely (A;)aep(a). Then

m=x;m = E AaZi0
a€D(A)

The final equality requires the coordinates of all elements that are of the form z;a for some
i =1,..,dand a € D(A), i.e. the elements of the set D(A)UM (D(A)). The next lemma will
presents a fast way to compute all coordinates of elements in D(A) UM (D(A)). After then,
we have enough to compute the coordinates of m. And finally, problem [7] is just solving a
linear system.

Lemma 10. The coordinates of all elements in D(A) U M(D(A)) can be computed in
O(d.|AJ]?) operations on k.

Proof: We divide D(A) U M(D(A)) into 3 distinct parts, such as:
D(A)UM(D(A)) = D(A) U E(D(A)) U (M(D(A)) — E(D(A)))
Every element m in D(A) has the coordinates (d,,q)acp(4), Where

5o 0 ifm#b
meT 1 ifm=>
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In the case m € E(D(A)), m is the leading term of an polynomial in G, namely g =
M+ 3 4ep(a) Aaa- Then the coordinates of m is (—Aa)aep(a)-

The difficult case is if m € M(D(A)) — E(D(A)). By induction, we can assume all
elements in M(A) that are smaller than m with respect to < have already computed. So
that m = a;m’ for some ¢ = 1,..,d and m’ € M (D) such that m’ < m and its coordinates
has already known. Assume (m/),)q.cp(a) the coordinates of m/, then

— ,
m = E m,a
a€D(A)

Because of the definition of remainder by division algorithm, we much have ) _ D(A) mia <
m/. So that the only coefficients in the sum . D(A) m,,a whose monomials are smaller than
m’ are non-zero. On the other word, m/ = 0 for all a € D(A),a > m'. So that we can

rewrite:
— ,
m = E m,a
a€D(A),a<m’
And then
m=xm = E m,Ta = E m.Ta
a€D(A),a<m’ a€D(A),z;a<m

Because the inductive assumption, the coordinates of the T;a are available, namely T;a =
((zia)p)bep(ay- Thus the coordinates of m can be computed by

m= Z m, Z (;a)pb = Z Z m., | (z;a)pb

a€D(A),T;a<m beD(A) beD(A) \aeD(A)
1.e.

my = Z m! | (z;a),

a€D(A)

Clearly it takes O(|A|*) operations to compute the coordinates of each m € M(D(A)) —
E(D(A)). On the other hand, we always have |M(D(A))| < d|A|. Hence, it takes O(d|A|?)
operations on k to compute coordinates of all elements in D(A) U M (D(A)). O

The correctness of the algorithm follows directly from the proof of lemma [10]

Now we have enough data to present the algorithm that compute the reduced Grobner
basis by changing ordering.

Theorem 21. Algorithm computes the reduced Grébner basis with respect to the new
monomial order in O(d.|A|*) operations on k.

Proof: The correctness of algorithm follows directly from lemma [9]

The arithmetic cost of algorithm [12]is bounded by the cost of:
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Algorithm 11 Compute coordinates of all elements in D(A) U M (D(A))
Require: The D(A),G.
Ensure: The set " Data” of coordinates of all elements in D(A) U M(D(A)).
Data =)
Delete .= D(A)U M(D(A))
if Delete = () then
Return Data. Stop the algorithm.
else
pick m € Delete.
end if
if m € D(A) then
Data := Data U {(0ma)acn(a)}
end if
. if m e E(D(A)) then
Find a polynomial g € G such that lt(g) = m

— =
M2

a€D(A)
13: Data := Data U {(\,)acn(4)}
14: else
15: Find an z; that divides m.
16: Call the algorithm recursively to compute the coordinates ((1*)a)een() of 7* and the
coordinates ((x;a)s)rep(a) of x;a € D(A) for all a € D(A),a < 2%
17: Compute my, = (x;a), ZaeD(A)’K% (%)
18: Data := Data U {(ms)vepa)} 1
19: end if

20: Delete := Delete — {m}.
21: Repeat algorithm from line 3.
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Algorithm 12 Changing ordering

Require: The set of interpolation points A C N%; the associated lower set D(A), the reduced

Grobner base G of I(A) with respect to a given monomial order <; a new monomial order

<TL6’U}'

Ensure: The reduced Grobner basis G-

e e e

18:
19:
20:

21:
22:
23:
24
25:
26:
27:
28:

Recall algorithm [I1] to compute Data.

if M(D) = M then
Return G, and stop the algorithm.
else
let m = min., (M(D)— M)
if m is a strictly multiple of an element in £ then

M = M U{m}
end if
. end if
: Find x; that divides m. > Compute the coordinates of m.

: Recall the coordinates ((*),)aep(a) that are available in Data.
: Recall the coordinates ((2;a)y)vep(a) of x;a, for every a € D(A), that are also available

in Data.

Compute my := ZQGD(A) (wia)b-(mmi)a'
Data := Data U {(my)sepa)}
Solving the linear system

Z (Ua)aeD(a)Tu = (M)beD(A) (3.2)
ueD

with the variables x,, u € D.
if 3.2 has no root then

D :=DuU{m}

end if

if has a root (z,)uep = (Ay)uep then
E:=FEU{m}
G:=GU{m =73 cpAutt}

end if

Repeat algorithm from line 6.
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(i) Compute the set Data of coordinates of all elements of D(A) U M (D(A)), and
(ii) Compute the coordinates of each m € M(D,e,(A)), and
(iii) Solving the linear system for each m € Dyep(A) U E(Dpew(A)).

Thanks to the lemma (10} the set Data is computed in O(d|A|*) operations on k. Similarly,
computing the coordinates of all m € M (D, (A)) takes more O(d|A|*) because it takes
O(|A]?) operations on k to compute the coordinates for each m. In the whole, solving the
systems [3.2 for all m € D,ep(A) U E(Dye(A)) is equivalent to computing an inverse matrix
of size |A| x |A| and multiplying an |A| x |A| matrix with | Dyew(A) U E(Dyew(A))| vectors in
K4l Notice that | Dyew(A) U E(Dpew(A))| < [Drew(A)| + | M (Dpew(A))| < (d+1)|A]. So that
the cost of solving the systems [3.2]is O(JA[*) + O((d + 1)|A].|A|?) = O(d|AJ]?). It concludes
the theorem. OJ

3.2 Solving Polynomial Interpolation by reduction mod-
ulo ideals

In this section we will complete the solution of Multivariate Polynomial Problem by using
the reduction method. Recalling the notion as in problem [, we known that there is a one-to-
one correspondence between the vectors of scalar values in &+ and the equivalence classes
modulo the interpolating ideal in k[z1, ..., x4]. The interpolating ideal can be computed as
in the previous section. Here we will find an initial representation for each equivalent class,
and then reduce them to obtain the best interpolating polynomial in some sense.

3.2.1 Choosing an initial solution
The content of this subsection is solving computationally the following problem:

Problem 8 (The existence of interpolating polynomials). Fiz the commutative field k, and
positive integer N,d. Let A = {Xy,...,Xn} be the set of finite distinct points in k%. Then
for any scalar values ug, ..., un € k, there exists a polynomial P € k[x1, ..., 4] satisfying the
interpolation condition:

P(X;)=u; Vi=0,..,N

The existence of solution of problem [§]is equivalent to the surjectivity of the evaluation
map:
eva: Koy, oz = K, f o (F(X), o (X))

So that it can be proved by using the Chinese Remainder Theorem. In fact, the ideals
(X —X;),i=0,...,N, where X := (x1, ..., x4) for shortly, are maximal in k[z1, ..., z4]. Since
the points X; are distinct, the ideal (X — X;) are pairly coprime. Then Chinese Remainder
Theorem gives us an isomorphism:

klxy, ...,:z:d]/fv] (X - X;) — f[ klxy,...,zq) /(X — X5)

=0 =0

f mod 60 (X —X;) = (f mod (X — X)),
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where the left hand side is the quotient of k[x1, ..., 4] over the interpolating ideal a := I(A) =
N

N (X — X;). The vector space in the right hand side is isomorphic to kN*! via the k-linear
i=0
map:

I Kool (X = X0 = B
(f mod (X = X)), = (F(X2);

Hence the evaluation map eva is certainly surjective.

Unfortunately the Chinese Remainder Theorem does not give us any practical way to
compute an inverse image for each vector of scalar values in V!, However by reducing the
problem into the univariate case, one can compute the inverse image in O(dN?) operations
on k. It is the content of the following theorem.

Theorem 22. For each (ug,...,uy) € kN1, one can compute a polynomial P € k[z, ..., x4]
satisfying P(X;) = u;, Vi =0, ..., N in O(dN?) operations on k.

Proof: The idea is reducing the problem into the univariate case. Precisely, we will find
the polynomial P in the form

P = flayzy + ... + agxq)
where
(i) f is an univariate polynomial, and

(ii) ay,...,aq € k will be found such that the function y = ayx1 + ... + agx4 gets the distinct
values at all points in A, and

(iii) Only two of ay, ..., aq are different from zero.

We need (ii) because of the condition to apply the fast interpolation in univariate case. And
(iii) is to easy computing the standard form of P whenever f,ay, ..., aq available.

In order to do that, we first compute all differences B := {X; — X, |i # j, i,/ = 0,..., N }.

The cardinality of B is at most N (NN + 1), so that it takes O(dN?) operations on k. Next
we choose randomly a vector a = (ay, ..., g) € k? that satisfies (iii) and such that

d
af = Z@lﬁz #0VB = (B1,...,8:) € B
=1

The existence of such « is clear if the cardinality of k is infinity or much larger than N.
Otherwise, if the field k is finite and the number N is large enough then the such a maybe
does not exist. To measure how large k is enough, we will compare the cardinality of B and
the number of a € k? that holds (ii)-(iii). It requires the inequality:

Sd(d— DK ~1) > SN(N +1)
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that is equivalent to
1 2N +1
k| > =+ ———— (3.3)
2 2\/dd-1)

Since

1 2N +1 N+ 4
-+ <
2 2\/dd-1) d-—1

we can replace the condition (3.3]) by a simpler one

N +¢
d—1
If the condition (3.4) holds then an « that holds (ii)-(iii) always exists. Otherwise, if

d
‘) does not hold, we can replace the field & by its extension of degree at least logy, %.
For simple reason, we can assume in our thesis that the condition (3.4]) is satisfied.

k| >

(3.4)

Once such « is found, we denote y = a1x1+ ... +aqr4, and compute its values at all points
of A, namely y; = a121; + ... + aqgrg;. It takes O(dN) more operations on k. Because of the
condition of «, all such y; are distinct. Thus we can use the Fast Interpolation Algorithm to
determine a polynomials f € k[y| satisfying f(y;) = w;, Vi = 0,..., N. It takes O(Nlog N)
more operations on k. Finally, the polynomial P := f(a1xy + ... + agzq) € klzy, ..., 24 is
what we need. It can be determined in

O(dN?) + O(dN) + O(N log N) = O(dN?)
operations on k. [l

Once a = (a4, ..., ag) whose only two of coordinates i-th and j-th are non-zero is found,
then for every r € k—{0} the vector r.a also holds (ii)-(iii). So that we can replace a by Zav.
Thus factoring P in to the standard form is equivalent to factoring the powers (z; + 22x;)’

for all { = 1, ..., N, hence takes O(N?) more operations on k. Combining all these things, we
get the following algorithm:
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Algorithm 13 Choose an initial solution
Require: X, ..., Xy € k% and wy, ..., un € k, such that the inequality is satisfied.
Ensure: P € k[xy,...,x4) such that P(X;) = u; Vi =0,..., N.

1: Compute the set B := {X; — X, |i # j}.

2: Choose an «a := (ay, ...,aq) € k% that holds (iii) such that:

d
a.f = Z&zﬁl #0V3=(B1,...,0) € B
=1

3: Pick an i such that «; # 0, and set o := i.a.

4: Compute y; := a1x1; + ... + agrg; for alli =0, ..., N.

5: Using algorithm 4| to determine polynomial f € k[y| such that f(y;) = w; for all i =
0,...,N.

6: Factor f(anzy + ... + agzq), and return by P.

3.2.2 Choosing the best solution

The aim of this subsection is to putting together all things in chapter 3 to give an algorithm
for solving the Multivariate Polynomial Interpolation problem in general case. All necessary
material for finding the smallest interpolating polynomial is available in the previous sections.
Before presenting the algorithm, we recall the main problem.

Problem 9 (Multivariate Polynomial Interpolation). Fiz the commutative field k, and pos-
itive integer N,d. Let N + 1 distinct interpolation points Xo,...,Xn € k. Find for each
vector of scalar values (ug, ...,ux) € kN a polynomial P € k[zy, ..., z4] with the smallest
possible degree that satisfies the interpolation conditions:

As mentioned before, any two solutions for the same vector of scalar value u = (u, ..., uy) €
EN*L agree in the same coset of interpolating ideal a = V({Xy,..., Xn}) in klxy, ..., z4).
Hence the problem of finding the interpolating polynomial with the smallest possible degree
is equivalent to finding the least representer for this equivalence class. It is the reason why
reduction modulo ideals is the key of our method.

Algorithm 14 Finding the best solution
Require: X, ..., Xy € k% and ug, ...,uy € k.
Ensure: P € k[zy, ..., 4] with smallest possible degree such that P(X;) = w; Vi =0, ..., N.
1: Using algorithm [10] to compute the reduced Grobner basis for interpolating ideal a :=
V({Xo, ..., Xy }) with respect to <je,.
2: Using algorithm [12| to compute the reduced Grobner basis G of a with respect to <gieq
by changing ordering.
3: Using algorithm (13| to compute an initial interpolating polynomial P.
4: Using algorithm [0] to reduce P by G, rename by P.
5: Return P.
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3.3 Other approaches

In this section, we will give a short summary on the method we have used in this thesis
within other known methods.

The algorithm for finding the reduced Grobner basis for zero-dimensional ideal in k[xy, ..., 4]
is the core of the algorithm for solving Multivariate Polynomial Interpolation. There have
been several papers referring to this issue. B. Buchberger and M. Moller presented the first
algorithm for finding the reduced Grébner basis of zero-dimensional ideals in EUROCAM
1982 [II]. Their algorithm is based on Gauss elimination on a generalized Vandemonde
matrix and runs in the cubic time in the number of interpolation points and variables. It
is improved significantly and extended into the projective case thanks to the work of M. G.
Marinari, H.M. Méller and T. Mora in 1993 [12] and J. Abbott, A. Bigatti, M. Kreuzer and
L. Robbiano in 2000 [13]. An other method which is generalized naturally from Newton’s
interpolation for univariate polynomials is proposed by J. Farr and S.Gao in 2006 [14]. The
algorithmic cost of their algorithm is exponent in term of the number of variables. However
the algorithm which we refer for the thesis is given by M. Lederer in 2008 [6]. A more com-
pleted version was written in the first chapter of his Habilition thesis in 2012 [7]. Without
solving any linear system but by induction over the dimension of affine space, his method
describes geometrically the set of all leading terms of polynomials in a zero-dimensional ideal.

In the algorithm [14] which is our main algorithm, the most expensive step is reducing
the initial solution by the reduced Grobner basis with respect to <y, of the interpolating
ideal. It is not hard to solve that the reducing step takes O(N9!) operations on k. So
that finding a more efficient polynomial reduction is necessary to improve our algorithm. It
remains an open problem.

There are several available methods that does not use polynomial reduction. One of them
is proposed by P. J. Olver in 2006 [5]. His method is a generation of Vandemonde matrix in
multidimensional case whose entries are in the certain block forms instead of scalar values.
In order to do that, he develop a multivariate divided difference calculus based on the theory
of non-commutative quasi-determinants. As the same in the univariate case, he presented
an explicit block LU decomposition of multidimensional Vandemonde matrices for comput-
ing the multivariate interpolation coefficients, and hence established an analog of Newton’s
fundamental interpolation formula in several variables. His method has a strong connection
with the theory of non-commutative symmetric functions.

An other but equivalent method for solving Multivariate Interpolation Problem is come
from an improvement of Buchberger-Miiller algorithm that is proposed by J. Abbott, A. Bi-
gatti, M. Kreuzer and L. Robbiano in 2000 [13]. Based on Gauss elimination of Vandemonde
matrix, they added into the origin Buchberger-Miiller algorithm a new step for computing
all separated polynomials. And then the interpolation polynomial is just a certain linear
combination of the separated polynomials, so that can be computed efficiently.
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