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Abstract

In this report, we are interested in determining the Groebner basis for the defining
ideal of a finite set of points in P! x P!. In addition, we would also like to be able to
get the reduced Groebner basis or the Universal Groebner basis. Our first main result
is proving that the set of generators of the defining ideal of an arithmetically Cohen-
Macaulay set of points in P! x P!, given by E. Guardo and A. Van Tuyl in [4], is the
Universal Groebner basis. We show that this set of generators satisfies Buchberger’s
criterion under an arbitrary monomial order, and then deduce that it is also reduced.
Our second main result is a new algorithm that computes the reduced Groebner basis for
the defining ideal of any finite set of points in P* x P'. This new algorithm is based upon
the Buchberger-Moeller algorithm for ideals of points in P".
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CHAPTER 1

Introduction

A Groebner basis is a generating set of an ideal that gives us some useful information
about the ideal. They were introduced by Bruno Buchberger, who also developed a
criterion for a set of generators of an ideal to be a Groebner basis. This criterion is known
as Buchberger’s criterion.

Groebner bases have applications in many topics of mathematics, including algebraic
geometry and graph theory. However, even if we are given generators of an ideal, we do
not always have a Groebner basis. Sometimes we do not even have generators of the ideal.
Often in these cases, if we wish to know the reduced Groebner basis of a certain ideal,
the computations needed to find it can be quite long.

In this report, we will look at the Buchberger-Moeller algorithm, which computes the
reduced Groebner basis for the defining ideal of a finite set of points in P" with respect to
any given monomial order. It was developed by B. Buchberger and H.M. Moeller in [1].
Our purpose is to develop a version of the algorithm that will allow us to compute the
Groebner basis of the defining ideal for a set of points in P! x P! for any given monomial
order.

In Chapter 2, we will develop the algebraic background that will be required. A sig-
nificant part of the background algebra needed will be facts about Groebner bases and
the division algorithm. Chapter 2 will start by defining the basics such as monomials and
monomial orders. We then introduce the definition of a Groebner basis, as well as how
they are used. Throughout the chapter, we will see examples of the division algorithm and
Groebner bases, especially focusing on how they are related through S-polynomials and
Buchberger’s criterion. We will then define homogeneous polynomials and give Theorem
2.30, which states that two homogeneous polynomials in seperate variables satisfy Buch-
berger’s criterion. This theorem will play a key role in Chapter 4 when proving a given
set of generators of a certain defining ideal is in fact a Groebner basis. Following that,
we introduce Hilbert functions. We end the chapter by showing that having a Groebner
basis for a homogeneous ideal makes the computation of its Hilbert function easier.

The third chapter focuses on the Buchberger-Moeller algorithm for ideals of points in
P". This algorithm computes the reduced Groebner basis for the defining ideal of a set of
points in P". Before the algorithm is introduced, the relevant definitions of the projective
space P" and points in P are given. After that, the defining ideal of a set of points in
P" and the Hilbert function for a set of points in P" are defined. We then prove that the
Hilbert function of the defining ideal of a set of points in P" eventually becomes constant.
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Chapter 1. Introduction 2

This fact plays a key role in the Buchberger-Moeller algorithm because it provides a
stopping criterion. The chapter ends with the presentation of the Buchberger-Moeller
algorithm for P"*. We give a proof for the algorithm, a rough explanation of how it works,
and an example.

Once we have what we need about n-dimensional projective space, we look at the
biprojective space P! x P'. Much of this chapter heavily relies on information presented
by E. Guardo and A. Van Tuyl in [4]. We will build the required background that will
allow us to modify the Buchberger-Moeller algorithm for P™ so that it can be used to
generate the Groebner basis for the defining ideal of a finite set of points in P! x P!
We start by defining the space P! x P!, points in P! x P!, and the natural projection
maps. We follow these definitions with examples. After that, we look at the algebra of
the biprojective space P! x P'. We introduce the defining ideal and Hilbert function of
a bihomogeneous ideal of a finite set of points in P! x P!. We end the chapter with a
result on the Groebner basis of Arithmetically Cohen-Macaulay sets of points in P! x P!,
We use theorems presented in this report, as well as results obtained by E. Guardo and
A. Van Tuyl in [4], to give the Groebner basis of the defining ideal of an Arithmetically
Cohen-Macaulay set of points in P! x P! (see Theorem . However, this result is only
valid for this particular class of sets of points.

The last chapter contains our new modified version of the Buchberger-Moeller algo-
rithm for P! x P!. Using the ideas in the Buchberger-Moeller algorithm for P, we develop
what we call the Buchberger-Moeller algorithm for P* x P1. With this modified algorithm,
we are able to compute the Groebner basis for the defining ideal of any finite set of points
in P! x P! with respect to any given monomial order. We give a proof of the algorithm
which is followed by an example. We then finish by giving some ideas for future directions.

It is assumed that the reader has some background in algebra. We will assume that the
reader understands the definitions and concepts related to linear algebra and ring theory.
The reader should be familiar with matrix reductions, rings, ideals (including quotient
ideals), fields, polynomial rings, k-vector spaces, and k-bases (where k is an arbitrary
field). We also assume a moderate understanding of set theory, including cartesian prod-
ucts, direct sums, and sets of equivalence classes that arise from a particular equivalence
relation.

The main reference for Chapter 2 is [5], by B. Hassett. We use his notation for many
of the ideas introduced in Chapter 2. M. Kreuzer and L. Robbiano’s [6] is the primary
reference for Chapter 3. The definitions in this chapter are based on this reference, and
we present the Buchberger-Moeller algorithm for P" the same way it was presented by M.
Kreuzer and L. Robbiano in [6]. In the fourth chapter, the main reference used is [4], by
E. Guardo and A. Van Tuyl. We use their notation throughout Chapters 4 and 5, and
refer to their work for particular results that are not proved in this report.



CHAPTER 2
Background Algebra

This chapter presents some of the algebraic definitions that we will need, as well as
the definition of a Groebner basis, the division algorithm, and Buchberger’s criterion. We
also look at the Hilbert function and present some theorems that will be useful in later
chapters. Throughout this chapter we will let k£ be any field, and we will refer to the ring
klxi,xo,... ,x,] as S.

1. Monomials and Monomial Orders

We begin with the definitions related to monomials. It is assumed that the reader is
familiar with what monomials and polynomials are. The following definition introduces
the notation that will be used for monomials.

DEFINITION 2.1. A monomial will be represented as x“ = z{'x5?--- 2% where the

monomial z® is described by the vector o = (ay, g, ..., cv,) € N™.

Sometimes instead of referring to just the monomials of a polynomial, we may also
be concerned with their coefficients. When we want to consider the monomials of a
polynomial and their respective coefficients, we refer to them as terms.

DEFINITION 2.2. A term of a polynomial is a monomial of that polynomial with its
respective coefficient. If ¢ is a monomial appearing in a polynomial f and ¢ € k is its
coefficient, then cz® is a term of f.

EXAMPLE 2.3. As an example, we will consider f = 2x—3y. The monomials appearing
in this polynomial are x and y, but the terms of f are 2z and —3y.

An important invariant of a monomial is its degree.

DEFINITION 2.4. The degree of a monomial z®, represented by deg(z®), can be found
by adding all the entries of the vector a = (a1, aa, ..., ;). That is,

deg(z®) = z”: ;.
=1

1.1. Monomial Orders. Being able to order the monomials of a polynomial ring
is very useful and has some important consequences that will be used throughout this
report. To begin, we define what it means for an ordering on a set to be a total order.
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Chapter 2. Background Algebra 4

DEFINITION 2.5. A total order > on a set A is an order relation on the elements of A
such that for any two elements a;,as € A, exactly one of the following is true:

ay > asg,
ay = a9, Or
a; < as.

EXAMPLE 2.6. The usual ordering > on the real numbers is a total order. For real
numbers x and y, we have x > y if x — y is positive.

Having a total order on the set of monomials is nice to have, but it is not quite sufficient
for our purposes. We need an ordering on the set of monomials that is consistent with
certain conditions.

DEFINITION 2.7. A monomial order > is a total order on the monomials in S such
that the following two conditions are true:

(1) If 2% > 2°, then %27 > 2°2" for any a, 3,7 € N™.
(2) > is a well-ordering on the monomials of S. That is, any set of monomials has a
minimal element.

We will now present some common examples of monomial orders.

EXAMPLE 2.8. First, we present the lexicographic order. We say % >, z° if the
first nonzero entry of o« — § = (ay — B4, ..., a, — ,) is positive. For example, we have

7 20
L1 Zlex T2 Zlex T >lex XT3Ty -

We can think of this monomial order as the same as ordering words alphabetically. Note
that we are primarily concerned with how the monomial starts and not its degree.

EXAMPLE 2.9. Another example of a monomial order is the graded lexicographic
order. We say 2% >0, 27 if deg(z®) > deg(z”), or deg(z®) = deg(2”) and 2% >, 2.
For example, we have

.Z'Z >grlem .fL'? >grlex 1'3953 >grlez *Ti

ExXAMPLE 2.10. Our last example of a monomial order is the graded reverse lexico-
graphic order. We say 2% > e, 27 if deg(z®) > deg(z?), or deg(z®) = deg(x”) and the
last nonzero entry of « — 5 = (ay — 1, -+, — B) is negative. For example,

2
T3y >grevlex Tol3 >gr6vlex XT1X4.
Once we fix a monomial order, we can define the leading monomial of a polynomial.

DEFINITION 2.11. Given a monomial order >, the leading monomial of a polynomial
f, denoted LM (f), is the largest monomial appearing in f with respect to >. The leading
termof fis cLM(f) where c is the coefficient of the leading monomial of f, and is denoted

LT(f).

EXAMPLE 2.12. Let f = 2z — 3y € k[z,y| and let > be the lexicographic ordering.
Then we have LM (f) =z and LT(f) = 2z.
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1.2. Monomial Ideals. Monomial ideals are a common type of ideal that have some
useful properties.

DEFINITION 2.13. A monomial ideal I C S is an ideal generated by monomials in S.
That is, if I is a monomial ideal of .S, then there is some subset A C S of monomials such
that

I'={(m|meA).

The ideal of leading terms of any ideal I C S is an example of a monomial ideal.

DEFINITION 2.14. For any monomial order and ideal I C S, the ideal of leading terms
is defined
LT(I) = (LT(g)lg € I).

2. Division Algorithm, Groebner Bases, and Buchberger’s Criterion

To start this section we will introduce the division algorithm. The division algorithm
is a process that is used to reduce polynomials over an ideal.

2.1. Division Algorithm. The division algorithm is a procedure that can sometimes
determine if a given polynomial g € S is in a given ideal (fy,..., f.), fi € S.

Fix any monomial order, and let fi,..., f. € S be nonzero polynomials and let g be a
polynomial in S. The division algorithm over fi,..., f, € S is given by the following steps:

First, we set go = g. If LM(f;) does not divide LM (go) for any j, then we stop. Otherwise
pick some f;, such that LM (f;,)|LM (go) and we will cancel the leading terms by setting

91 = g0 — (LT(g0)/ LT (fjo)) fio-

Now given g;, if LM(f;) does not divide LM (g;) for any j, then we stop. Otherwise pick
some f;, such that LM(f;,)|LM (g;) and we will cancel the leading terms by setting

gi1 = gi — (LT (9:) /LT ([;,)) .-
This gives a decreasing sequence of monomials
LM(go) > LM(g1) > LM(gz) > -+

which must be finite because there are only finitely many monomials less than LM go)
(by the well-ordering property that any monomial order must possess). If the process
ends with gy = 0 for some N, then we say we get a remainder of 0 and we can write

N-1

9="Y (LT(g:)/LT(f;,)f;.-

=0

Since each f;, € I, it follows that g € I.
However, if the process ends with gy # 0, then the division algorithm does not tell us

whether or not g is in 1. It is possible that g € I even if LM (f;) does not divide LM (g)
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for any j. To fix this problem, we need our generating elements of I to form a Groebner
basis for I. We will define a Groebner basis in the next subsection, which will come after
this useful lemma involving the division algorithm.

LEMMA 2.15. Given fi,..., f, € S, if we apply the division algorithm to a polynomial

g that is divisible by f; for some j, i.e. g = f;g', then we will eventually get a remainder
of 0.

PROOF. Let g = ¢'f; for some j and we will show that applying the division algorithm
to g over fi,..., [, € S gives a remainder of 0. First write ¢’ = >"7 | ¢;z® with z** >
x*? > .- >z and ¢ € kforalli=1,...,s. We have LT(g) = LT(¢")LT(f;) which is
divisible by LT'(f;). Now we compute

_ LT(g)
g = Q—T(fj)fj

= ¢f;—LT(J)f
- f](z c;x).
=2

Now assume k < s and let gy—1 = f;(3_;_, c;z®) so that we can use induction. We have
LT(gr—1) = LT(f;)LT()_ ;™) = cxa™ LT(f)).
i=k
To get g we compute
LT(gk—l)

gk = gkq—T(fj)fj

— (S et - ELT)
= [fy(; i) ()
= [ ™ — o)

i=k
s

= f( Y ™).

i=k+1

i

Now we know g = fi(Z::k+1 c;x) for all k < s. This gives

9o = [(D> cx™)
i=s+1
=0

which shows that we get a remainder of 0 after applying the division algorithm to g = ¢’ f;
over fi,..., fr. OJ
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2.2. Groebner Bases. Given a particular monomial order, any ideal in a polynomial
ring has a Groebner basis with respect to that order. As stated in the previous subsection,
if we have a Groebner bases for a given ideal then it allows us to determine if a certain
polynomial is in the given ideal by applying the division algorithm. However, one question
that arises is, “how do we tell if a given set of polynomials is a Groebner basis for an
ideal?”. This question will be answered in this section. We will go on to present some
other defintions and theorems that will be helpful later in this project. For now, we begin
this subsection with the definition of a Groebner basis.

DEFINITION 2.16. For any monomial order and ideal I C S, we define a Groebner
basis for I to be a set of nonzero polynomials

{fla"'?f?“}c]

such that LT(I) is generated by LT(f1),...,LT(f.). We say that a Groebner basis is
reduced if for each i = 1,...,r, LT(f;) has a coefficient of one and does not divide any term
in the other polynomials of {fi,..., f,}. Furthermore, if we have a Groebner basis that
is the reduced Groebner basis for every monomial order, then it is called the Universal
Groebner basis.

Although the order being considered will normally affect what polynomials are in a
Groebner basis, the purposes are consistent. One very important fact about any Groebner
basis of an ideal I is that the Groebner basis actually generates 1.

THEOREM 2.17. If{f1,..., f.} form a Groebner basis for an ideal I, then I = (fy,..., f-).

We will not go over the proof for this theorem, but one can be found in [5]. We now
have the following theorem.

THEOREM 2.18. For any monomial order and ideal I C S, if { f1,..., f-} is a Groebner
basis for I, then we can apply the division algorithm with fy,..., f, to determine whether
or not g is in I. If the division algorithm ends with gy = 0 for some N, then we have
g € I. If the division algorithm ends with gy # 0 for some N, then g ¢ 1.

Proor. We already know that if gy = 0 for some N, then g € I. If the algorithm
ends with gy # 0 with LM (gn) not divisible by LM (f;) for any j, then we write

N-1
9=gv+ Y _(LT(g:)/LT(f;)) ;.-
i=0

We have that

N-1

> (LT(g)/LT(f;) fi, €1

i=0
since each f;, € I. We also have that LM (gy) is not divisible by LM (f;) for any j, which
implies that gy ¢ I since {f1,..., f;} is a Grobner basis for /. From this we conclude

that g ¢ I because g and gy differ by an element of I, but gn ¢ I. O
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EXAMPLE 2.19. Using the graded reverse lexicographic order, let I = (z+y,zy+z) C
klz,y,z]. We will use the division algorithm on the polynomial z? — 2. The leading
monomial of z? — z is x? which is divisible by LM (z + y) = z. Now we compute

2% oy
(2% — 2) x(x—l—y)— Ty — Z.

Now LM (—xy — z) = zy which is divisible by LM (zy + z) = xy so the next step is to
compute

—T

(—zy — 2) xyy<:cy+z> — 0.

We can conclude 22 — z € I because by working backwards we can get
2? —z=z(r+y) — (vy + 2).

Now consider the polynomial y? —z = y(z +vy) — (zvy+2) € [ = (v +y, vy + 2). If we
use the division algorithm on y? — z, we stop immediately because LM (y* — 2) = y? is
not divisible by LM (x +y) = x or LM (zy + z) = xy. In this case, the division algorithm
fails to determine whether or not y? — z is in I, even though y? — 2 is not in 1.

However, if we have a Grobner basis for I, then the division algorithm will not fail to
determine if a given polynomial is in I. For example, x 4+ y and y? — z form a Grobner
basis for I = (z +y,zy + z) (we will verify the fact that z +y and y*> — z do in fact form
a Grobner basis after presenting Buchberger’s criterion). For now, we will show that we
have the equality I = (x +vy,y? — 2) by using the division algorithm over z +y and 3* — 2.
We know that y? — 2z = y(z +y) — (zy + 2z) € I and of course x +y € I, so we know that

(w+y,y°—2)Cl.

We will prove that z + 3 and 3% — z generate I by using the division algorithm to prove
that = +y and zy + 2 are both in (z + y,y? — z). Since we claim that  + y and 3* — 2
form a Groebner basis for I, we must get a remainder of 0 when applying the division
algorithm to any polynomial in I over z + y and y* — z.

Applying the division algorithm to z+y is trivial since it is a generator of (x+y, y*—2z).
Now we apply the division algorithm to zy+z. The monomial LM (xy+2z) = xy is divisible
by LM (x + y) = x so we compute

x
(xy—kz)—?y(x—i—y):—gf—kz.

Now we look at LM (—y?* + z) = 52, and we can see it is divisible by LM (y* — z) = y*

Now we compute
2

(- +2) = — ('~ =) =0.

We thus have that zy+2 = y(z+y) — (y* — 2) which proves that ry+2z € (z+y,y*—2z).
This shows the containment

I=(@+yzy+2) Clet+yy®—=2)
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which allows us to conclude that I = (x + y,3* — z).

The following theorem will be useful to us in Chapter 4. We present it now because the
proof involves understanding the concept of a Groebner basis, as well as some relatively
basic algebra.

THEOREM 2.20. Let {fi,..., fr} be a Groebner basis for an ideal I. If h is any form,
then {hfi,...,hf.} is a Groebner basis for hI = (hf | f € I).

PrROOF. First we will show that hl = (hfi,... hf.). Let g € (hf1,...,hf.) and write
g = alhf1+"'+arhfr
= h(a1f1 + -+ Clrfr).
Since aifi + -+ + a. f. € I, we conclude that g € hI. This shows hl D (hfi,..., hf.).
Now to show hl C (hfi,...,hf,), let g € hi, and we will show g € (hfi,..., hf,). Since
g € hl, we can write g = hg' with ¢’ € I. Now we write ¢’ = a1 f1 + - - + a,.f, to get
g = h(alfl + -+ arfr)
- alhfl + o +arhfr € <hf17 .- '7h’f7“>

which now gives us hl = (hfi,...,hf.). Now to show that {hfi,...,hf,.} is a Groebner
basis for hl, let g € hI and write g = hg’ with g’ € I. Now using the fact that {f1,..., f+}

is a Grobmer Basis for I, we write ¢’ = ayf1 + -+ + a, f, with LT(f;)|LT(¢") for some i.
Let ¢ = LT(¢")/LT(f;) so that LT(¢") = cLT(fZ) Now we look at LT (g):
LT(g) = LT(h)LT(g)
LT (h)[cLT(f:)]
cLT(h)LT(f;)
= cLT(hf,).
So LT (hf;)|LT(g) and this shows us that LT'(hl) = (LT (hf1),... LT (hf.)) since LT (hI)
is a monomial ideal. This completes the proof that {hfi,...,hf.} is a Groebner basis for
hi. O

2.3. Buchberger’s Criterion. If we are given a set of generators for any ideal I, we
may want to know if those generators form a Groebner basis for I. To determine whether
or not the given generators form a Groebner basis for I, we can use Buchberger’s criterion.
Before learning Buchberger’s criterion, we must define S-polynomials. In order to define
S-polynomials, we will need the definition of the least common multiple of monomials.

DEFINITION 2.21. The least common multiple of monomials ® and 2 is the smallest
monomial in S that is divisible by both z® and 2”. We can also write it as

LCM(l,Oé’ :L"ﬁ) _ x’;ﬂa:v(al,ﬁl) ... pmaz(on,fn)

n

Now that we have defined the least common multiple of two monomials, we can move
on to S-polynomials.
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DEFINITION 2.22. If f; and f> are polynomials in S, let

x® = LOM(LM(f1), LM(f2))
The S-polynomial formed from f; and f5 is defined as
S(f1, f2) = (/LT (1)) fr — (/LT (f2)) f-

An important consequence of the S-polynomial is that cancellation occurs. The leading
terms of (x®/LT(f1))f1 and (z*/LT(f2))fs are made to be the same so that they cancel.
This allows us to write the S-polynomial as

S(f1, f2) = (/LT (f1))(fr — LT(f1)) — (x*/LT(f2))(f2 — LT(f2))

since we are just deleting the terms that will cancel each other out.

REMARK 2.23. The naming convention of the S-polynomial has nothing to do with
the fact that we are referring to the polynomial ring as S.

EXAMPLE 2.24. Under the graded reverse lexicographic order, we will compute the
S-polynomial for f; = 2% + 223 and f, = 5z 13 — x4. We have

x2x x2x
S(fi, fo) = (2?4 222) — 22 (5ayas — a4)
) X123

1
= 2x§x3 + lem.

Now that we have the required definitions, we can introduce Buchberger’s criterion.
Buchberger’s criterion will allow us to determine if a given set of generators of an ideal
forms a Groebner basis.

THEOREM 2.25. (Buchberger’s Criterion) For any monomial order and ideal I =
(fi,-- s fey €S, {f1,---, [} is a Groebner basis for I if and only if every S-polynomial
S(fi, f;) with 1 < i < j <r gives a remainder of zero after applying the division algorithm
over fi,...., fr.

Instead of giving a proof for Buchberger’s Criterion, we will show how it works with
an example. A complete proof for Buchberger’s criterion can be found in [5].

EXAMPLE 2.26. In Example [2.19, we looked at I = (x 4 y, zy + z). We claimed that
x + 1y and y? — z formed a Groebner basis for I under the graded reverse lexicographic
order. We will use Buchberger’s criterion to justify this claim by showing that the S-
polynomial formed from z + y and y? — z will give a remainder of 0 after applying the
division algorithm over x +y and y? — 2. We first compute the S-polynomial formed from
x+y and 3% — 2z
xy?
Y2

Iyz

S(:U+y,y2—z)=7( +y)— =W —2) =y’ +zz
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Now we apply the division algorithm to y* + xz over x + y and y* — 2. We have that
LT(y* + zz) = y? is divisible by LT (y? — z) = y? so we compute
3
v+ az — %(yQ—z) =xz+yz.

If we note that xz + yz = z(z + y), we can use Lemma to conclude that we will get
a remainder of 0. Now we know that Buchberger’s criterion is satisfied so we know that
r +y and y? — 2 form a Groebner basis for [ = (x + y, zy + 2).

Now we can also show that x + y and xy + 2z do not form a Groebner basis for [
by showing that Buchberger’s criterion is not met in this case. First we compute the
S-polynomial formed from = 4+ y and xy + z:

ry xry
S(m—i—y,xy—i—z):?(x—l-y)—x—y(xy—i-z):y?—z.

Now we apply the division algorithm to y? — z over x + y and xy + z. We have that
LT(y* — z) = y?* is not divisible by LT (z + y) = x or by LT(xy + 2) = zy, so we must
stop and we do not get a remainder of 0. This means that Buchberger’s criterion is not
met, and so x + y and xy + z do not form a Groebner basis for I.

3. Homogeneous Polynomials

Throughout this report, we will be working with homogeneous polynomials. We begin
this section with their definition, and then present a theorem that will be used in Chapter
4.

DEFINITION 2.27. A homogeneous polynomial is a polynomial f € S whose terms are
all the same degree.

EXAMPLE 2.28. An example of a homogeneous polynomial of degree two is f = z% +
2r11y + x3. Another example is g = xf + 25 + 2322 + 23 which is a degree four
homogeneous polynomial. However, h = 23 + 23 + 22 is not homogeneous because one of
its terms is degree three, and the other two terms are degree two.

THEOREM 2.29. Let R = k[z1,...,%n,Y1,...,Ym] and let f € k[zy,...,2,] C R and
g € k[y1,...,ym] C R be homogeneous polynomials viewed as polynomials of R. Under
any ordering that has x; > y; for any i,j = 0,1, the S-polynomial formed from f and g
gies a remainder of 0 after applying the division algorithm over any set of polynomaials
containing f and g.

PROOF. Let g = >_._, ¢;y® be such that y** > y*> > ... > y*. By the construction
of the S-polynomials and division algorithm, we are cancelling the monomials in a way
that preserves the proportionalities of the coefficients. Since k is a field, we essentially
have the same process regardless of the leading coefficients of f and g. This means we
can assume the leading coefficients of f and g are both 1 so that LT(f) = LM(f) and
LT(g) = LM(g). Let hqy be the S-polynomial formed from f and g and note that
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LOM(LM(f), LM(g)) = LM(f)LM(g) = LT(f)LT(g)-

We have

hi = S(f.9)
_ LT(f)LT(g)f _ LT(f)LT(g)
LT(f) LT(q)

= LT(g9)-f—LT(f)-g
= LT(g)- (f = LT(f)) — LT(f)- (g — LT(9))

= y* - (f—LT(f)) - LT(f) - pZ ciy™).

Now we apply the division algorithm to hy = S(f,g). Since we are working under
any ordering that has x; > y; for any 7,7 = 0,1, the leading term of h; will have the
largest degree of the x; variables out of any monomial appearing in h;. This means
we can ignore the y; variables when looking for the leading term. Any monomial in Ay
is the product of a monomial from f and a monomial from g. Since we are ignoring
the y variables, the largest monomials in h; are the monomials that are divisible by
LT(f). These monomials are —coy®2LT(f),...,—c,y* LT(f). From these monomials,
we conclude that LT (hy) = —coy®* LT(f). So we subtract —coy®?f from hy as per the
division algorithm, and we call the result ho:

hy = hy+cy™f
= (h1 — LT (h1)) + coy™(f = LT(f))

r

= - (f = LT(f)) - LT(f) - (Z ciy™)] + ey LT(f) + coy™ (f — LT(f))

= O ™) (f = LT(f) = LT(£)O_ ey™).

i=1 1=3

Now inductively, for s < r, let

r

hor = (™) = LT() - LT()(Y ew™)

1=s

Using the same idea we used to find LT (hy), we get

LT () = =LT(f) - LT(Y ™) = —ea™ LT(S).



Chapter 2. Background Algebra 13

Now after continuing with the division algorithm on h,, we get

hs = hs—l + Csyasf
= (hs—l - LT(hs—l)) + Csyas (f - LT(f))

= <Z_: cy™) - (f = LT(f)) — LT(f) - (Z cy™) + ey LT(f) + csy® (f — LT(f))
= Q™) (f=LT(f) = LT(f) - (3 ey™).

Now set s = r, and we get

he = (Q_ey™) (f = LT() = LT(f) - (3 e™)
= g(f = LT(f)).

By Lemma we know that applying the division algorithm to h, = g(f — LT(f))
will eventually give a remainder of 0 since h, is a multiple of g. This proves that the S-
polynomial formed from f and g gives 0 remainder after applying the division algorithm
over f and g. 0

Using the ideas in the previous proof, we can extend the above theorem to any mono-
mial order.

THEOREM 2.30. Let R = k[z1,...,Zn,Y1,...,Ym] and let f € k[zy,...,2,] C R and
g € klya,...,ym] C R be homogeneous polynomials viewed as polynomials in R. Under
any monomial ordering, the S-polynomial formed from f and g gives a remainder of 0
after applying the division algorithm over any set of polynomials containing f and g.

PROOF. Let f =" a;z* and g = Zf:j by’ be such that 2% > %2 > ... > go
and y#t > ¢ > ... > yP. As in the proof of the previous theorem, assume that the
leading coefficients of f and g are both 1 so that LT(f) = LM(f) and LT(g) = LM(g).
Let Ay be the S-polynomial formed from f and g and note that

LOM(LM(f), LM(g)) = LM(f)LM(g) = LT(f)LT(g)-

We have
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hl = S<f7 g)
_ LT(f)LT(g)f _ LT(f)LT(9)
LT(f) LT(g)

= LT(g)-f—LT(f)-g
= LT(g)-(f = LT(f)) — LT(f)- (9 — LT(g))

r k
= i (Z a;z) — 2% - (Z bjy5j>.
i=2 j=2

We will prove by induction that we get a remainder of 0 when we apply the division
algorithm to hy = S(f, g) over f and g. We claim that after every operation of the division
algorithm, there will be non-negative integers 1 <’ <r and 1 < &’ < k such that

k' r r! k
he= (O _biy®) - (Y a™) = () a®)- (> by®) with s =1+ K — 1.
7j=1 i=r'+1 =1 j=k'+1

We have that this is true for s = 1 with " and &’ both equal to one. The first thing
we must note is that there are no terms cancelling between the sums. This is easy to
see because the monomial terms of (Zf/zl biy™) - (31, 1 a;x™) have form x®y% with
r+1<i<randl1 < j <k, whereas the monomial terms of the second sum have
the same form, but with 1 < i <7 and ¥ +1 < j < k. Since oy, # ay, for iy # iy
and 3;, # Bj, for ji # ja, we have that after expanding, there is no cancellation of terms
between the sums. Now we will use induction by applying the division algorithm to hs_1,
written as above, for some 1 <7’ <rand 1 <k <k with s —1 ="+ k" — 1. Since there
is no cancellation occurring, the leading term of hs_; will be either

r

kl
LT biy™ Y aw™) = apya®’+ LT(g)
j=1

i=r'4+1

or

7,,/

k
LT(=Y aa® Y by®) = —bumy’+ LT(f).
j=k'+1

=1
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We will show that in both cases we get the desired form for h,. First, we will consider
the case where LT (hs_ 1) = ayy12®'+1 LT (g). If we subtract a,.,12%'+1g, we get

hs = hs1—apx%'+1g

= Zb iy Z a; Z‘”f Z by — ap gzt Zb Y%+ Z by™)
i=r'+1 Jj=k'+1 J=k'+1

= ZbyﬁJ Z ;™ — Qg xHL) ZCLZZE + @y xt+) Z byﬁﬂ
i=r'41 Jj=k'+1

T (r'+1)
IR SRR S z by
j=1 i=(r'+1)+1 i=1 =k'+1

Now we can see that h, is written in the desired form with s = (r' + 1) + & — 1. If we
instead had that LT (hy) = —bp 19+ LT(f), then we would subtract —by413%+1 f from
hs_1 to get

he = hey + by f

r

k 7’/
= Z bjyﬂj Z a;x" — Z ;T Z bjyﬁf + bk,+1y5k +1( Za Y+ Z a;T
j=1

i=r'41 i=1 j=k+1 i=r'+1
K’ r r’
= Qb + b)) Y aa =) aw® Z by — b1y’ )
j=1 i=r/+1 i=1 j=k'+1
(K'+1) k
= Zbyﬁﬂ Z ;T Za:c Z bjyﬁj
i=r/+1 j=(k'+1)+1

Now again, we see that hy is written in the desired form with s =" + (K’ + 1) — 1. At
each step of the division algorithm, we just end up increasing either ' or &’ by one until
we eventually get either ' = r or k' = k for some s = ' + k' — 1. At that point, we have
either

k' r r k k
he =Y by D a@® = a@® Y byt =—( ) biyh)f
7j=1 i=r+1 =1 Jj=k'+1 j=k'+1
or

r

k ” i )
hs = ijyaj Z aixai — Zaixo‘i Z bjyﬁj — ( Z aixai)g.
7=1

i=r'+1 =1 Jj=k+1 i=r'4+1

By Lemma [2.15] ﬂ we know that in either case applying the division algorithm to hy =
—(Z:;c K1 by ) for hy = (3i_. 41 a:7%)g will eventually give a remainder of 0. This
proves that the S-polynomial formed from f and g gives a remainder of 0 after applying
the division algorithm over f and g. 0
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4. Hilbert Functions

The Hilbert function, which will be used in the main result, gives some numerical
information about a graded ring. We first present the requisite background.

DEFINITION 2.31. A graded ring is a ring that is a direct sum of abelian groups R;
such that R;R; C R(iyj).

EXAMPLE 2.32. We have that S = k[zy,...,x,] is a graded ring where S; is the
additive abelian group generated by all monomials of degree ¢. This is because any
polynomial in S can be written as the direct sum of homogeneous polynomials that are
all of different degrees (by grouping all the monomials into their respective degrees). Now
each of these homogeneous polynomials are a sum of monomials of a fixed degree, so
belong to S; for some ¢. From this we conclude that

S=Ps.
ieN
It is easy to see that S;5; C S;4; because the product of any two monomials of degrees
1 and 7 will have degree ¢« + 7. This implies that the product of any two homogeneous
polynomials of degrees i and j will have degree i + 7 so we have the containment property
needed to be a graded ring.

DEFINITION 2.33. A homogeneous ideal is an ideal that is generated by homogeneous
polynomials.

THEOREM 2.34. Let I be a homogeneous ideal and let f € I. If we write f = fo +

<o« + fq where f; is the sum of all monomials in f that are of degree i, then f; € I for
1=0,...,d.

It is not very hard to see why this is true. If the reader is interested in seeing a proof,
one can be found in [3].

LEMMA 2.35. A homogeneous ideal is a graded ring.

PROOF. Let I be a homogeneous ideal, and let I; be the additive abelian group gener-

ated by all homogeneous polynomials in I of degree i. By the previous theorem, we have
that if f is a polynomial in /, then we can write f = ). f; where each f; is homogeneus

of degree i and is also in I. Each f; is in /; so we can write I = @, ;-
We also have that I;1; C I;;; because the product of two homogeneous polynomials
of degrees ¢ and j must be a homogeneous polynomial of degree i + j. O

If I is a homogeneous ideal, then the abelian group I; can be viewed as a finite
dimensional k-vector space. This allows us to define the Hilbert function as follows.

DEFINITION 2.36. If I is a homogeneous ideal of .S, then we define the Hilbert function
of S/I as
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As shown in the next theorem, the Hilbert function of a homogeneous ideal can be
completely determined by the Hilbert function of its ideal of leading terms. In this way
the Hilbert function can be determined from a monomial ideal which is easier to work
with in general.

THEOREM 2.37. For any homogeneous ideal I and monomial order, we have
HFgy(i) = HFs/pra(1)-

PROOF. Choose any term order. Since LT(I) is a monomial ideal, we have that all
the monomials not in LT(I) form a k-basis of S/LT(I). These monomials also form a
k-basis for S/I because they are all in S/, independent over k, and span S/I. To see that
they span S/I, let f 4+ I € S/I and suppose f is not in the span of the monomials that
are not LT(I). That is, suppose there is a term appearing in f that is in LT'(I). Pick the
largest such term, call it c;x®, and pick g; € I such that LT (g;) = c12®. Now reduce f
by g1 to get a polynomial equivalent to f modulo /. That is, since g; € I, we have,

(f—g)+1=f+1

Now the chosen monomial x® will not appear in our new polynomial f; = f — g;. Also,
if there is a term appearing in f; that is in LT'(]), it will be smaller than 2 with respect
to the chosen ordering. Again, we will choose the largest such term, call it coz®?, and pick
g2 € I such that LT (g2) = cox®?. We reduce f; by go to get fo = fi—g2 = f—(g1+¢2), and
repeat this process for each f; = f — (Zizl gr) until we no longer can. If we eventually
stop this process, it means we have reached a number N such that there is no term
appearing in fy that is in LT(I). We know that we will only repeat this process finitely
many times before stopping because we get a sequence

a1

x> > ..

with 2% € LT(I) for each i, which must eventually terminate because we know that
LT(I) must have a minimal element with respect to any monomial order. This implies
that our process must end with fy = f — (Zé\;l gr) for some N, and no terms of fy are
in LT'(I). This means that fy is in the span of the monomials not in LT'(I). Since gy € I
for all k, we also have that

N

InHI=f=O_g)+I=f+1

k=1

This shows that f+1 = fy+ [ is in the span of the monomials not in L7'(I). This means
that any f 4+ I € S/I can be written as a k-linear combination of the monomials not in
LT(I), so they form a k-basis for S/I. Now we have that for any ¢ > 0, all the monomials
not in LT(I) of degree i form a k-basis for both (S/I); and (S/LT(I));. This of course

means that for all 2 > 0, we have

dimy((S/1);) = dimy((S/LT(I)),).
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This gives us the desired result
HFS/[(i) = HFS/LT([)<i) for all « > 0.
OJ

We can connect the previous theorem with the properties of Groebner bases. The
ideal of leading terms of any homogeneous ideal is generated by the leading terms of any
Groebner basis, so we can use any given Groebner basis to obtain generators for LT'(1).
This gives us the following lemma, which can be useful for computing the Hilbert function
of a homogeneous ideal if we have some Groebner basis for it.

LEMMA 2.38. If I is a homogeneous ideal and {fi,..., fr} is a Groebner basis for I
for some monomial order, then we have

HFs1(i) = HFsyr(p)....0r(5) (1)

Proo¥F. This follows from the previous theorem and the fact that if we have an ideal I
and a Groebner basis {fi, ..., f.} for I, then we have LT(I) = (LT(f1),...,LT(f.)). O

The above lemma implies that to compute the Hilbert function of some homogeneous
ideal, we can reduce the problem to computing the Hilbert function of a monomial ideal
using a Groebner basis.



CHAPTER 3
Buchberger-Moeller Algorithm for points in P”

In this chapter we introduce n-dimensional projective space and points in projective
space. We then define what it means to be a defining ideal for a set of points in projective
space. Following that, we define the Hilbert function of a set of points, which requires the
knowledge presented in the previous chapter about Hilbert functions. Finally, we finish the
chapter with the projective Buchberger-Moeller algorithm. The projective Buchberger-
Moeller algorithm is an algorithm that generates the reduced Groebner basis for the
defining ideal of a given set of points in projective space that does not require Buchberger’s
criterion.

1. Points in Projective Space P"

We first establish the definitions of projective space and points in projective space.

DEFINITION 3.1. We define the n-dimensional projective space, denoted by P", to be
the set of equivalence classes of k"*1\ {0} with respect to the relation ~, where we have

(Coyenvyen) ~ (chyennych)
if (coy...,cn) = (A, ..., Ad,) for some nonzero A € k.
If (co, - .., cn) is in "1\ {0}, then the equivalence class of (cg, ..., c,) is called a point
in P, denoted by [cq : -+ : ¢,
If we have a set of points of P, say X = {p1,...,ps}, then we are interested in the

ideal of homogeneous polynomials which vanish over every point of X.

DEFINITION 3.2. Let X = {p1,...,p,} be a set of points in P". The homogeneous
vanishing ideal of X (often called the defining ideal of X), denoted I(X), is defined as

I(X) = (f € k[zo,...,x,] | f is homogeneous and f(p;) = 0 for all p; € X).

It is clear that if X is any set of points in P", then /(X) is a homogeneous ideal.
Note that if f is homogeneous and p = [¢g : -+ : ¢,] is a point in projective space with
f(co,...,c,) =0, we have that

fp) = f(Aco,. .- Aen) = )\deg(f)f(co,...,cn) =0

for any A € k. This shows that a point in projective space is a zero of a function if any
one of its coordinate representations is a zero of that function.

19
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DEFINITION 3.3. If X is a set of points in P", then the Hilbert function of X is defined
as
HFx(i) = H Ffa, xn}/[(){)(i) for all i > 0.

-----

The Hilbert function of any finite set of points in projective space has the property
that it eventually becomes constant. This is a useful fact because it plays a key role in
the stopping condition of the Buchberger-Moeller Algorithm.

THEOREM 3.4. Let X be a finite set of points in P* with | X| = s. Then there exists
some positive integer N such that
HFx(i)=s for alli > N.
PROOF. We prove the theorem by induction on the size of X. Let R = k[zo, ..., x,],

X={p=lc: ¢} CP" and I = I(X). Suppose HFx(i) > 1 for some i > 1 (we
are also proving that N =1 if | X| =1). We have

HFx(Z) = HFR/](Z) = HFR/LT(I)@) for all ¢ Z 0
which implies that we have
HFR/LT([)<i) > 1 for some 7 > 1.

If this were to be true, then we must have at least two monomials of degree 7 that are not
in LT(I). We will prove that this gives a contradiction. Suppose 2* and 2 are monomials
not in LT(I) with a = (g, ..., cv,) and 5= (B, ..., Bn), and let

f= c{fo oo Png® — g0 o
We have that

Jleosooyea) = e omep (e - cpm) = e (g ) = 0

which means that f € I, and so either x® or x” is in LT(I) which is a contradiction.

Nowlet Y = {p1,...,ps—1} CP", X =YU{ps} CP*, I, = [(Y), and I, = I({p}), and
suppose for the induction hypothesis that there is some number M such that HFy (i) =
s—1foralli> M.

We claim that the following sequence is short exact:

Let
¢R/(]1ﬂ12) —>R/]1@R/IQ andwR/[l@R/]g—)R/(Il—Flg)

be the first and second maps, respectively, defined by
o(f+LinL)=(f+N,f+1L)and (f+ 1,9+ 1) = (f —g) + (L1 + I2)

respectively. We start by showing that ¢ is injective by showing its kernel is zero. Let
f+LinIye R/(I; N Iy) such that ¢(f + 11 N I5) = (0+ 11,0+ I5). We have

S(f+LhNL)=(f+1,f+1)=0+1,0+1)
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which means f € I} and f € I, so f € I; N I5. This gives us
fFLhnNnL=0+1LNI
from which we conclude that the kernel is zero, so ¢ is injective. Now it is easy to show
that v is surjective because for any f + (I; + Iy) € R/(I1 + I3) we have (f + 1,0+ I3) €
R/Il D R/IQ and
V(f+ 15,0+ L)=f—-04+ L+ 1) =f+ 1+ 12).
We have image(¢) C ker(v) because for any f+ I; NIy € R/(1; N I3) we have
Vo(f+LNL)=yv(f+h,f+L)=(f—-f)+(L+1L)=0+ 1 +1).

To show ker(vy) C image(¢), let Y(f+ 11,9+ 1) = (f —g)+ (L1 +13) = 0+ ({1 +I5). This
gives us f — g € I; + I, so there is some hy € I; and hy € I such that f — g = hy + ho.
Now we get f — hy = g + ho, so we let

h=f—hi=g+hs
This gives
¢(h) = (h+ I, h+ 1) = (f —h1+ 11,9+ ho + ).
Since hy € I and hy € I, we have (f —hy + 11,9+ ho+ I5) = (f + 1, g+ I5) which gives

(f + Li,9+ L) € image(¢). Now we have ker(y) = image(¢) and we have proven the
claim.

Now we note that I(X) = I(Y)NI({p}) = [L N Iy and that I, I5, and I(X) are all
homogeneous ideals. This allows us to get that

0= (R/I(X)); = (R/);® (R/I5); — (R/(I1 + I)); — 0
is short exact for all ¢+ > 0, due to the fact that the maps are of degree 0. This gives
dimp((R/1(X));) = dimy,((R/11);) + dimy((R/I3);) — dimy((R/(I; + I2));) for all i > 0.
Thus, we get
HFx(i) = HFy (i) + HFpy (i) — dimyg(R/ (1 + 12))s).

Now by Proposition 6.3.6 from [6], there must be a separator of p from Y = X \ I({p}).
That is, there must be some f € I(Y) with f ¢ I({p}). Theorem implies that
we can assume f + I({p}) € R/I({p}) is written as a sum of non-zero monomials in
R/LT(I({p})), so LT(f) ¢ R/LT(I({p})). However, we have HFg/r r(fpy) (i) = 1 for
all i > 1, which means that for d = deg(f), we have

LT(I({p}))a+ LT(f) = Ra.
This implies
R = LT(I({p})s + (LT () = LTI({p}) + (LT(F)))s © LTI + L) for all i > d.
which gives us

dimp((R/1(X));) = dimi((R/11);) + dimy((R/12);) for all i > d.
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Now set N = max{M,d}, and we have

dimp((R/1(X));) = dimp((R/11);) + dimg((R/12);)
= dimy,((R/I(Y))) + dimy.((R/1({p}))s)
= (s—1)+1
= sforalli > N,

which completes the proof. O

2. The Buchberger-Moller Algorithm

If we are given a set X of finitely many points in P”, we are able to compute the
reduced Groebner basis for I(X) C k[xzo,...,x,] with the projective Buchberger-Méller
Algorithm. Here we present the algorithm, followed by a rough idea of how the algorithm
works. Then we finish with an example where we use the Buchberger-Moller algorithm
to compute the reduced Groebner basis of the defining ideal of a given set of points in
projective space.

THEOREM 3.5. (Projective Buchberger-Mdller Algorithm) For a fized monomial order
on klzg, ..., x,], let X ={p1,...,ps} be a set of points in P, where each point p; is given
by p; = [cio : -+ : cin)]. Consider the following sequence of instructions.

1) Let G=0, B=0, L ={1}, d=0, and let M = (m;;) be a matriz over k with s
columns and initially zero rows.

2) Compute the Hilbert function of S = k(xy,...,x,])/LT(G) (let LT(G) = (LT (g)|g €
() ) and check whether HFs(i) = s for alli > d. If this is true, return G and stop.
Otherwise, increase d by one, let B =0, let M = (m;;) be a matriz over k with
s columns and zero rows, and let L be the set of all monomials in klxo, ..., x,]
of degree d which are not multiples of an element of LT (G).

3) If L = 0, continue wth step 2). Otherwise, choose t = min(L) and remove it
from L.

4) Fori=1,...,s, computet(p;) = t(cio,--.,Cin). Reduce the vector (t(p1),...,t(ps))
against the rows of M to obtain

(v1,...,05) = (t(p1), ..., t(ps)) — Zai(mﬂ, M)

with a; € k.

5) If (v1,...,vs) = (0,...,0), then append the polynomial t — 3, a;b; to G, where b;
is the i element of the list B. Continue with step 3).

6) If (v1,...,vs) # (0,...,0), then add (vq, ..., vs) as a new row to M andt—>_, a;b;
as a new element to B. Continue with step 3).

PROOF. Let I = I(X) and suppose we stop with HFgs(i) = s for all i > d’ for some
d'. We have that G only contains elements of I since we are finding linear combinations
of monomials that produce the zero vector (that give 0 for each point of X'). This means
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we have (g|g € G) C I, which implies LT(G) C LT(I). If we have LT(G) = LT(I), then
we have that the set G forms a Groebner basis for I, so suppose LT(G) C LT(I). Pick
x® € LT(I)\ LT(G) of degree D > d’ so that we have LT(G) C LT(G) + x* C LT(I).
This gives us

HFgprmn(i) < HEpjwrG)+ee) (1) < HEg/ime)(1) = s = HFgjpra (i) for all i > D

which is a contradiction.

Now we prove that the algorithm eventually stops. First we note that if we are in
steps 4)-6), we must come back to step 3). Secondly, the set B is always finite, so we
only perform step 3) finitely many times before returning to step 2). For each degree d,
the set B forms a k-basis for (R/I), because the additive abelian group generated by B
is everything in R; that is not in LT'(I). Theorem gives us that for some N, we have
HFpg/(i) = s for all i > N. Whenever d passes both the maximal degree of the minimal
generators of LT'(I) and N, we will have

HFppre (i) = HEpypray (i) = HFgyi(i) = s
This will satisfy the condition of step 2), and the algorithm will stop. O

We give a rough idea of how the algorithm works, and a detailed worked out example
is given below. We know that a generator of I(X) must be a homogeneous polynomial,
so the idea is to use linear algebra to look for linear combinations of the monomials of
that degree that vanish over the points of X.

We start by looking for polynomials in I(X) that are of degree one, and we move up
from there until we have found a minimal generating set of I(X), which we will call G.
For each degree, we take L to be the set of all monomials of that degree that are not a
multiple of the leading term of any polynomial we have already found to be in GG. This is
because we are looking for a minimal generating set, so we do not want to find a multiple
of a polynomial that we already know will be a generator I(X). For example, if we are
looking for degree two generators and have already found x; — x5 to be a generator of
I(X), we can exclude from L any monomial that is a multiple of z; to prevent us from
finding polynomials that are multiples of z; — x5 (such as z? — z,15).

Once we create our set L of monomials, we start by evaluating the smallest monomial
(with respect to the fixed monomial order) of L at the points of X to obtain a vector of
length s (where s is the number of points in X). If the vector is non-zero, we add it as a
row to a matrix M that is initially empty, and we add the monomial that we evaluated
to the set B. Next, we take the new smallest monomial of L (after deleting the previous
one from L), and we evaluate it at the points of X, but now we reduce this vector against
the rows of M into either echelon form or reduced row echelon form. We can think of
the rows of M as polynomials that do not vanish over all of the points of X, which are
stored in the set B. If we find a linear combination of the rows of M that produce the
zero vector, then we can take the same linear combination of the polynomials in B that
each row represents to obtain a polynomial that vanishes over all of the points of X. We
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then add this new polynomial to the set G. We continue evaluating the monomials in L
and reducing them over the rows of M until L is empty.

Once L is empty and there are no more linear combiations of the rows of M that
generate the zero vector, we know that our set G will generate every polynomial in 7(X)
that is of our fixed degree. We then check if the Hilbert function has stabilized to deter-
mine if G is a generating set of all of 7(X). If the Hilbert function has not stabilized, it
means that G does not generate all of 1(X), so we must find more generators. We know
that any generators that we have not yet found will be of higher degree than our current
fixed degree, so we increase the degree by one and repeat the process for the new fixed
degree. We know this process must eventually stop because we are just looking for the
minimal generators of I(X). We know that there are finitely many of them, so there is
a maximum degree. Once we reach this maximum degree during the algorithm, then we
will have found all the minimal generators in I(X). After we have found these generators,
we know that the Hilbert function must stabilize at some positive integer N by Theorem
3.4 If we continue the process, d will eventually reach this integer N, at which point
the condition in step 2) is satisfied. This is when the algorithm stops, and the set G is
returned. This is the set of minimal generators of I(X) which form the reduced Groebner
basis of I(X).

EXAMPLE 3.6. Let k = R and let X = {p;,...,ps} C P2, where p; = [1 : 0 : 0],

=[0:1:0],p3=100:0:1],ps=[1:-1:0,p5=[1:0:—1], psg =1[0:1:—1]. We will
use the projective Buchberger-Moéller algorithm to compute the reduced Groebner bais of
I(X) under the graded reverse lexicographic order.

1) Let G=0, B=0,d=0, and M € Matys(R).

2) We have HFs(d) =1,s0let B=0,d =1, M € Matys(R), and L = {xg, z1, 2}

3) Set t = xy and let L = {zg, 21}

4) Compute (t(p1),...,t(ps)) = (0,0,1,0,—1,—1) = (v1,...,vg).

6) Let M=1[0 0 1 0 —1 —1] and B = {x}.

3) Set t =2y and let L = {zo}

4) Compute (t(p1),...,t(ps)) = (0,1,0,—1,0,1) = (vy,...,vg).
)
)
)

6) Let M = 8 (1) (1) _01 01 11} and B = {xq, 11}

3) Set t = =z andletL:@

4) Compute (t(p1),--.,t(ps (1,0,0,1,1,0) = (v1,...,vg).
0 0 1 0 —1

6) Let M =10 1 0 — ] and B = {x9, 21,70}
1 00

2) We have HFS(d) = 3 S0 let B=0,d=2, M € Matos(R), and
L = {x3, xox1, 2%, x0T2, T1 T2, T3 }.

3) Set t = x2 and let L = {23, zoz1, 23, ToTa, T1T2 }.

4) Compute (t(p1),...,t(ps)) = (0,0,1,0,1,1) = (v, ..., vs).

6) Let M=1[0 0 1 0 1 1] and B = {a3}.
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3) Set t = zyx9 and let L = {23, xoz1, 2%, T0To }.
4) Compute (t(p1),--.,t(ps)) = (0,0,0,0,0,—1) = (vy, ..., vg).
001 01 1

)
6) Let M = 00000 -1 and B = {3, v175}.
3) Set t = xory and let L = {23, zoxy, 23}
4) Compute (t(p1),--.,t(ps)) = (0,0,0,0,—1,0) = (vy,...,vg).
0010 1 1
6) Let M=10 0 0 0 0 —1| and B = {3, 2179, ToT2}.
0000 -1 0

3) Set t = 2% and let L = {3, zoz1 }.

25

4) Compute (t(p1),---,t(ps)) = (0,1,0,1,0,1) and reduce it against the rows of M

to get (vy,...,v6) = (0,1,0,1,0,0).

001 0 1 1
6) Let M = 8 8 8 8 _01 o | and B = {22, 2129, To T2, T3 + T1 T2}
0101 0 0
3) Set t = zoz; and let L = {x3}.
4) Compute (_t(pl), ...,t(ps)) = (0,0,0,—1,0,0) = (vq,...,vs).
001 0 1 1
000 0 0 -1
6) Let M= 10 0 0 0 —1 0 | and B = {23, 2172, o2, T3 + 2172, ToT1 }.
010 1 0 O
o000 -1 0 0
3) Set t = x2 and let L = 0.
4) Compute (t(p1),...,t(ps)) = (1,0,0,1,1,0) and reduce it against the rows of M
to get (vy,...,v6) = (1,0,0,0,0,0).
0 01 0 1 17
000 0 0 -1
000 0 -1 0
6) Let M = 010 1 0 0 and
000 -1 0 0
100 0 0 0,

B = {23, v129, T2, T3 + 1179, ToT1, TG + ToT1 + ToTa }.
2) We have HFs(3) =10, so let B=10, d =3, M € Matyg(R), and
L= {IEO,l’oﬂfl,l'oivl,Qﬁ'?,l'oivg,ﬂf()xlxg,afll’g,$0$2,1’1$2,$2}
3) Set t = a3 and let L = {z3, 23z, xor?, 23, 2379, B0 1 T2, X329, ToT3, 1175 }.
4) Compute (t(p1),...,t(ps)) = (0,0,1,0,—1, 1) = (vy,...,vg).
6) Let M = [o 010 —1 —1] and B = {xQ}
3) Set t = xy22 and let L = {x3, 2211, 2%, 23, 2370, ToT1 22, T2, TOT3}.
4) Compute (t(p1),...,t(ps)) = (0,0,0,0,0,1) = (v, ..., vg).
) 0010 -1 -1

Let M = } and B = {3, 73}

0 000O0 O 1
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3) Set t = zoz3 and let L = {x3, 23z, wox?, 23, 2379, Tow172, 2322}
4) Compute (t(p1),---,t(ps)) = (0,0,0,0,1,0) = (v, ..., ve).

0010 -1 —-1
6) Let M=10 0 0 0 0 1| and B = {3, 2123, zox3}.
000O0 1T 0
3) Set t = zixy and let L = {3, 22z, xox?, 23, 2379, wow172}
4) Compute (t(p1),...,t(ps)) = (0,0,0,0,0,—1) and reduce it against the rows of

6

M to get (vy,...,v6) = (0,0,0,0,0,0).

5) Let G = {x%xy + x123}.

3) Set t = xogr1my and let L = {x}, 23z, mox?, 23, 2215}

4) Compute (t(p1),--.,t(ps)) = (0,0,0,0,0,0) = (v, ..., vg).

5) Let G = {a%xy + z123, xox172}.

3) Set t = x3xy and let L = {x3, 22z, zo2?, 23}

4) Compute (t(p1),...,t(ps)) = (0,0,0,0,—1,0) and reduce it against the rows of
M to get (vy,...,v6) = (0,0,0,0,0,0).

5) Let G = {2%xq + 1123, Tox1T2, T3T2 + ToT3}.

3) Set t = 2% and let L = {3, 23z, moa?, 23}

4) Compute (t(p1),...,t(ps)) = (0,1,0,—1,0,1) and reduce it against the rows of

001 0 -1 -1

M to get (vy,...,v6) = (0,1,0,—1,0,0). Let M = 8 8 8 8 (1) é and
010 -1 0 O
B = {3, 123, mox3, x5 — 1123},
3) Set t = xoz? and let L = {x3, 22z, zo2?, 23}
4) Compute (t(p1),...,t(ps)) = (0,0,0,1,0,0) = (vy,...,vg).
001 0 -1 -1
000 0 0 1
Let M=10 0 0 0 1 0| and B= {3, 2,23 xox3, 23 — 2123, 2oz}
010 -1 0 O
000 1 0 O

3) Set t = x3zy and let L = {x3, 22z, zox?, 23}.

4) Compute (t(p1),...,t(ps)) = (0,0,0,—1,0,0) and reduce it against the rows of
M to get (vi,...,v6) = (0,0,0,0,0,0). Let G = {a?xqy + 123, Tox179, T225 +
moxg, x%xl + xox% .

3) Set t =z} and let L = {3, 22z, zoz?, 23}
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4) Compute (t(p1),...,t(ps)) = (1,0,0,1,1,0) and reduce it against the rows of

001 0 -1 —1]
000 0 O 1
000 O 1 0

M to get (vy,...,v6) = (1,0,0,0,0,0). Let M = 010 -1 0 0 and
000 1 0 O
100 0 0 0]

B = {x3, 1123, xox3, 3 — 1173, 10T, TY — TOTT — ToT3}.
2) We have LT(G) = (x3xy, ToT1T2, T279, 2221) and for all i > 3 we have
HF]C[J)(),J?l,332]/(1‘%.1‘2,$0$1$2,$(2)$2,$(2)C61)(Z.> = 6.
At this point we stop and we get that
G = (21xy + 1123, ToT1To, ToTo + ToT3, Tax + ToT?)
is the reduced Groebner basis for I(X) under the graded reverse lexicographic
order.



CHAPTER 4
Points in P! x P!

Throughout the rest of this project we will be working in the product space P! x P!
Here we will present the necessary background information for points in P! x P! which
will be needed in the next chapter. The ideas and notation used in this chapter follow
that of E. Guardo and A. Van Tuyl in [4].

1. Points and biprojective space
We begin by defining the biprojective space P! x P!,

DEFINITION 4.1. The biprojective space P! x P! is defined as the set of equivalence
classes of (k?\ {0}) x (k*\ {0}) with respect to the relation ~, where

(CLl?aQ) X (bth) ~ (a,17a,2) X (bll’bIQ)

if (a1,a2) = (Ma), Mah) and (by, b)) = (Ab], A\ob,) for some nonzero A\i, Ag € k.
If (ay, az) x (by, by) € (K*\{0})x (k*\{0}), then the equivalence class of (a1, as) X (by, by)
is called a point in P! x P!, denoted [a; : as] x [by : ba].

Alternatively, we could have just defined P! x P! as the cartesian product of P! with
itself.

We define m; : P! x P! — P! and 75 : P! x P! — P! to be the natural projection maps
onto the first and second coordinates, respectively. Since we are working in a product
space, it is natural to think of the space as a plane with P! on each axis. This way, we
can think of any finite set of points X C P! x P! to be on a grid where the horizontal
and vertical rulings are labelled by m1(X) and m2(X), respectively. Although we are using
an orientation that may seem reversed to what we normally would expect, the purpose
is to coincide with matrix notation and the notation of a Ferrers diagram, which we will
introduce shortly.

Suppose X C P! x P! is a finite set of points and suppose 71 (X) = {Ay,..., A} C P!
and mo(X) = {By, ..., B,} C P! To view X on a grid, we label the horizontal rulings of
the grid as Hy,,...,Ha,, where Hy, = {A; x B| B € P'} C P! x P!, and we label the
vertical rulings Vp,, ..., Vg,, where Vg, = {Ax B;| A € P'} C P! x P!. This way, a point
A; x Bj € X C P! x P! is the intersection of Hy, and VB;, so it will appear on the grid
where the the lines Ha, and Vp, intersect.

28
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EXAMPLE 4.2. Let

X = {A; x By, Ay x Bs,
Ay X By, Ay X Bs,
A3 X By, A3 X By, Az X By,
Ay X By, Ay X By}

where A; and B; are points in P' for all i, j = 1,2,3,4. We can represent X as points on
a grid as in the following image.

VB1 VB2 VB3 VB4
HA1 & |

Ha, | B

HA3 -®

Ha, l +

Now we note that with appropriate relabeling, we can interchange the columns and
rows of such a grid without changing what the grid represents. This means that for any
finite set X C P! x P!, we can label the points such that | X N Ha,| > |[X N Ha,| > -+
and |XﬂVBl| Z |XﬂVBQ| Z

ExaMPLE 4.3. For the set X given in Example 4.2 we can relabel its points to get
the grid representation in the following image.

VBl VB2 VB3 VB4
Ha, B

Ha,
Ha,

H Ay ———

Now with this relabeling, we have that this grid representation of X satisfies | X N
Ha| > |XNHp|> - and [ X NVp | > XN Vp,| >

Throughout the rest of this project, we will assume that any given finite set X C
P! x P! with m(X) = {Ay,..., As} C P! and my(X) = {By,...,B,} C P! will satisfy
’XﬂHA1’ Z |XﬂHA2’ Z .-+ and |XﬂVBl| 2 ’XﬂV32’ 2

DEFINITION 4.4. Let X be a finite set of points in P! x P! with 7y (X) = {Ay,..., A} C
P! and mo(X) = {By, ..., B,} C PL. We define ax = (a1,...,a3) and Bx = (B,...,5,)

where

o, = ‘XOHAZ
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and
Also, if we have ax = (aq,...,a;) for some set X, then we will use the convention that
apt1 = 0.

EXAMPLE 4.5. For the set X used in Examples [4.2] and we will compute ax and
Bx. We can start by noting that A = 4 and v = 4, so ax and fx will each have length 4.
Now we directly compute each «:

a; = | XNHu|=3
ay = | XNHyl=2
ag = | XNHyl=2
ay = | XNHy|=2.
This gives ax = (3,2,2,2). Similarly, we get the 8; by computing
1 = | XNV |=3
fa = | X NVg|=2
By = [XNVg|=2
By = | XNVg|=2

which gives Sx = (3,2,2,2).

For any finite set of points X C P! x P!, we have that both ax and Bx are partitions
of | X].

DEFINITION 4.6. If s € N and v = (vy,...,v,) is such that each v; is a positive integer
with v; > v;11 and 22:1 v; = s, then we say v is a partition of s. If v is a partition of an
integer s, then the conjugate of v is defined as

vt = (v],...,0)

where v = [{v; | v; > i}|. The conjugate v* is also a partition of s.
If we have that v = (vq,...,v,) is a partition of some integer s, then its conjugate
necessarily has length v;. This can be seen from the fact that we have
vy, = vy v Z v} = {oi}[ >0
and for any ¢ > v; we have
vi = v [v; =} = 10] = 0.

Note that for any finite set of points X C P! x P!, both a% and 8% are partitions of
| X|, because ax and Sy both are.

DEFINITION 4.7. Let v = (vq,...,v,) be a partition of some integer s. The Ferrers
diagram of v is a r x v grid with v; left justified points on the i*" horizontal line from the
top.
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ExAMPLE 4.8. We have that (3,3,2,2) is a partition of 10. The Ferrers diagram of
(3,3,2,2) is

18

Note that we can easily obtain the conjugate of a partition from its Ferrers diagram
by counting the number of points in each column.

We now define a condition for a finite set of points in P! x P! to be Arithmetically
Cohen-Macaulay. Although this is an algebraic property, the definition we give is consis-
tent with other common definitions of Arithmetically Cohen-Macaulay (refer to Definition
2.20 and Theorem 4.11 in [4] for more information on the Arithmetically Cohen-Macaulay
property). The reason we define the property this way is to give a useful criterion for
classifying finite sets of points in P! x P! as Arithmetically Cohen-Macaulay or not.

DEFINITION 4.9. Let X be a finite set of points in P! x P! with ax = (ay,...,a;) and
Bx = (Bi,...,By). We say that X is Arithmetically Cohen-Macaulay (ACM) if o, = Bx
(and consequently f% = ax).

An equivalent definition for X to be ACM, is that the grid representation of X must
resemble a Ferrers diagram. In this case, the grid representation for X will be unique,
and it will resemble the Ferrers diagram of ax.

EXAMPLE 4.10. For the set X used in Examples [4.2] [£.3] and we have axy =
(3,2,2,2) and Sx = (3,2,2,2). We compute o, = (4,4,1), and we get that X is not
ACM because o # Bx. The fact that X is not ACM can also be seen from the fact that
the grid representation of X given in Example does not resemble a Ferrers diagram.

ExAMPLE 4.11. For this example, let
X = {A1XBl,A1 XBQ,Al XBg,A1XB4,
A2 X Bl,AQ X BQ,AQ X Bg,

As X By, A3 X By, A3 X DBs,
A4 X BI,A4 X BQ}
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We will check if X is ACM. We start by finding ax = (4,3,3,2) and fx = (4,4,3,1). We

compute o = (4,4,3,1), which gives o = fx. From this, we can conclude that X is
ACM.

The unique grid representation of X is given below, which resembles a Ferrers diagram.

Ve, VB, VB, Vg,

Hay, p—

Hy, L

Hy, L

Hy

4 [

Since the grid representation of X resembles a Ferrers diagram, we can see that X is
ACM. Also, we can easily compute the conjugate of ax from this diagram by counting the
number of points in each column. Thus, the fact that a% = Sx for an ACM set of points
is a consequence of the fact that the grid representation resembles a Ferrers diagram.

2. Algebra of points in P! x P!

If we are given a finite set of points in P! x P!, we may be interested in finding the
ideal of polynomials that vanish over each point. In the product space, we have four
coordinates to consider, so we will look for polynomials in the polynomial ring with four
variables, which we call xg, z1, yo, and y;. We must also recall that we are in projective
space and so any polynomials that are zero over a set of points in P' x P! must also
be zero when we multiply xy and x; by any scalar and/or multiply yo and y; by any
scalar. This implies that any such polynomial must not only be homogeneous, but also
bihomogeneous.

DEFINITION 4.12. A bihomogenous polynomial in k[zg, z1,yo, 1] is a homogeneous
polynomial f(xg,x1,¥0,y1) such that both f(zg,z1,1,1) and f(1,1,y0,y:1) are homoge-
neous (of possibly different degrees) and deg(f(zo,x1,y0,v1)) = deg(f(xo,z1,1,1)) +
deg(f(1,1,y0,11)). If f(xo,x1,y0,v1) is bihomogeneous with f(zo,z1,1,1) homogeneous
of degree d; and f(1, 1, yo, y1) homogeneous of degree ds, then we say f is bihomogeneous
of degree (dy,ds).

EXAMPLE 4.13. Consider f = z2y3+xor1y2y1 +22yoy? which is homogeneous of degree
5. We have f(zo,71,1,1) = 22 + xoz; + 27 is homogeneous of degree 2, f(1,1,y0,y1) =
Ys +y2y1 +yoy? is homogeneous of degree 3, and deg(f) = 5 = 2+ 3 so f is bihomogeneous
of degree (2, 3).

To tell if a given polynomial is bihomogenous, we just need that each of its monomials

must be bigraded of the same degree.

DEFINITION 4.14. A bigraded ring is a ring that is a direct sum of abelian groups R; ;
such that R, j)Riyjo) C Riiytiz,ji+jo)-
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EXAMPLE 4.15. We have that k[zg,z1,y0,v1] with degxy = degz; = (1,0), and
degyo = degy, = (0,1) is a bigraded ring where k[zo, x1, Yo, y1](:,;) is the additive abelian
group generated by all monomials of bidegree (i, 7). This is because any polynomial in
k[xo,1,Y0,y1] can be written as the direct sum of bihomogeneous polynomials that are
all of different bidegrees (by grouping all the monomials into their respective bidegrees).
Now each of these bihomogeneous polynomials are a sum of monomials of a fixed bidegree,
so belong to k[xo, Z1, Yo, 1)) for some i and j. From this we conclude that

/f[ﬂfo, Z1, Yo, yl] = @ k[fﬂo, Iy, yanl](i,j)'
(4,5)EN?

It is easy to see that k[xo, 21, Yo, Y1](i1,j1) k%05 1, Yo, Y1) (ia,j2) C K[Z0s 1, Yo, Y1) (61 +in,j1+j2)
because the product of any two monomials of bigrees (i1, j;) and (is, jo) will have bidegree
(11 + 42, j1 + j2). This implies that the product of any two bihomogeneous polynomials of
bigrees (i1, j1) and (is, jo) will have bidegree (i1 + is, j1 + j2) so we have the containment
property needed to be a bigraded ring.

DEFINITION 4.16. A bihomogeneous ideal is an ideal generated by bihomogeneous
polynomials.

LEMMA 4.17. A bihomogeneous ideal is a bigraded ring.

PROOF. The proof of this lemma is similar to the proof given in Chapter 3 that a
homogeneous ideal is a graded ring. The idea is that if [ is a bihomogeneous ideal, we
let I;; ;) be the additive abelian group of all bihomogenous polynomials in I of bidegree

(,7). This gives us

(i,5)eN?
We also have that I(;, j)1(is o) C L(i)4is,j,+j2) Pecause the product of two bihomogeneous
polynomials in I of degrees (i, j1) and (iz, j2) must be in I and of bidegree (i1 + 42, j1 +
J2)- O

Now we define the defining ideal for a set of points in P! x P!

DEFINITION 4.18. Let X = {py,...,p.} be a set of points in P! x P'. The biho-
mogeneous vanishing ideal of X (or the defining ideal of X), denoted I(X), is defined
as

I(X) = (f € k[zo,z1,Y0,y1] | f is bihomogeneous and f(p;) = 0 for all p; € X).
Note that if f is bihomogeneous of bidegree (dy,ds) and f(ay,as,by,bs) = 0, where
p = [a1 : as] X [by : by] is a point in P! x P!, we have that
() = F(Aar, Aag, Aaby, Aaba) = MNP f (a1, az, by, by) = 0

for any A\, A2 € k. This means that a point in P* x P! is a zero of a bihomogeneous
polynomial if any one of its coordinate representations is a zero.
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We know that the defining ideal of a finite set of points in P* x P! is generated by
bihomogeneous polynomials in k[zg, x1, Yo, ¥1], S0 it is a bihomogeneous ideal and hence a
bigraded ring. This means we can look at the Hilbert function of a finite set of points in
terms of the bigrading of its defining ideal.

DEFINITION 4.19. Let X be a set of points in P! x P! and let I be the bihomogeneous
ideal I(X). The bigraded Hilbert function of X is defined as a matrix (H Fx(i,7)) where
HFx(i,j) is defined as

HFx(i,7) = dimp(k[zo, 21, Yo, Y1]i5)) — dime(Lij)).

For any finite set of points in P' x P! X, we can determine a significant part of its
Hilbert function from ax and Sx.

THEOREM 4.20. Let X be a set of s points in P! x P! with ax = (ay,...,a) and
Bx = (B1,...,By). Foralll <i<a; and1<j <[y, let

i J

* *

a; = g a; and b; = g B,
=1 =1

where oy = (af,...,a},) and By = (By,...,B5,). Let a; = s fori > a; and bj = s for
j > p1. We have

1 2 - v—1 bl bl
2 by by
(HFx(i,j)) = |h—1 bh-1 bn-1
aq gy - Ay—1 S S
aq as - Qy—1 S S

PRrOOF. This theorem is identical to Corollary 3.30 in [4]. We get the first column
and the top row directly from Theorem 3.27 (i) and (i) in [4], which states that these
entries are the same as the Hilbert functions of m1(X) and my(X). Lemma 3.25 in [4]
gives us these values. Everything else is deduced from Theorem 3.29 in [4], which gives
us HFx(i,j) = aj4q for alli > h—1 and HFx(i,j) = b4y for all j > v — 1. We also use
the fact that we have s = 327 a* = S | 3 because o and (% are partitions of s. []

EXAMPLE 4.21. For the set X used in Examples [1.2] [£.3] and we have
ax = (3,2,2,2), Bx = (3,2,2,2), a = (4,4,1), and we compute 5% = (4,4,1). From
these, we compute a; =4, a; =8, and a; =9 for all ¢ > 3, and by =4, by =8, and b; =9



Chapter 4. Points in P! x P* 35
for all 7 > 3. This gives

123 44
2 8 8
3 9 9
489909

The previous theorem is the basis for the stopping criterion in the new Buchberger-
Moeller algorithm for P* x P! given in the next chapter.

3. The Universal Groebner basis for the defining ideal of an ACM set of
points

If we know that a finite set of points in P* x P! is ACM, then we do not need an
algorithm to find its defining ideal. We start with two theorems that are used to prove
Theorem which gives us the Universal Groebner basis of the defining ideal of an
ACM set of points in P! x P!, These theorems are identical to Theorem 4.9 and Corollary
5.6 given by E. Guardo and A. Van Tuyl in [4].

For the remainder of this report, we will use the notation that was used by E. Guardo
and A. Van Tuyl in [4], where H,4 denotes both the horizontal ruling as well as the
bihomogeneous polynomial of bidegree (1,0) that vanishes over H,. Similarly, Vg will
denote both the vertical ruling and the bihomogeneous polynomial of bidegree (0, 1) that
vanishes over Vg. We can assume that the coefficients of the leading terms of each of these
polynomials is one. We will also adopt the convention that H?:a p; = 1 for any product
of polynomials if b < a.

The following theorem is identical to E. Guardo and A. Van Tuyl’s Theorem 4.9 in
[4]. We will use this result to prove Theorem [4.24] which gives us the Universal Groebner
basis for the defining ideal of an ACM set of points in P! x P!

THEOREM 4.22. Let X be a finte set of points in P! x P! with ax = (ay, ..., as) and
Bx = (B1,...,8,). Let H be a degree (1,0) line that contains ay points of X, Y = X NH,
and Z = X \Y. If 1o(Z) C ma(Y'), then

I(X)=H 1(Z)+ ﬁ Vs,

We do not give a proof here, but there is one given by E. Guardo and A. Van Tuyl in
[4] under Theorem 4.9.

This next theorem, identical to Corollary 5.6 given by E. Guardo and A. Van Tuyl in
[4], gives us a minimal set of generators for the defining ideal of a given ACM set of points
in P! x P!. We prove that this set of generators forms the Universal Groebner basis in
the theorem that follows.
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THEOREM 4.23. Let X be an ACM set of points in P! x P! with m(X) = {Ay, ..., A},
mo(X) ={By,..., By}, and ax = (aq,...,ap). A minimal bihomogeneous set of genera-
tors of 1(X) is given by

Q41

(T T

=1 i=1

aj+1—ozj<007“j:0}.

We refer the reader to Corollary 5.6 in [4] for a proof of this theorem.

We will now prove that the generators in Theorem form the Universal Groebner
basis for the defining ideal of X.

THEOREM 4.24. Let X be a set of s points in P! x P that is ACM with ax =
(cq,...,ap). The minimal set of generators of 1(X) given in Theorem forms the
Universal Groebner basis for 1(X).

PROOF. Fix any monomial order, and let X;, = (", Ha,) N X and I, = I(X}).
In other words, we have defined X} to be the set of points of the bottom h — k + 1
rows of the grid representation of X, which resembles a Ferrers diagram. Note that
X, C Xp_1 C -+ C Xy =X, and all are ACM since each of their grid representations
will resemble a Ferrers diagram. We have ax, = (ag,...,an). Now we want to apply
Theorem on Xj. The first entry of ay, is ay, so we need the degree (1,0) line that
contains ay, points of X. We have that Hy, D Ha, N Xy = Ha, N X and |Ha, N X| = oy
which means that Hy, is the degree (1,0) line that contains a4, points of Xj. Since X
is ACM for each k, we also have X}, C Uf‘:’“l Vg, for each k. Now let Y}, = X}, N Hy,, and
Zk = Xk \ Yk We have

Zr = Xi\Y

= (UHAl) NnX \(kaHAk)

i=k

= (U HAZ.) NX|\(XNHy,)

i=k

Now we note that
7T2(Yk) = {Bb B, ... 7Bak} = 772(Xk)
and we have

7T2(Zk-) = 7T2<Xk+1) = {Bl,BQ, Ce 7Bo¢k+1} C {Bl,Bz, . .,Bak} = 7T2<Yk)

since agy1 < ag. Now by Theorem |4.22 putting everything together gives us
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ag
I = Hy Dy + H VB,

i=1
We start with

Am41

Iy = (Ha,,Vp, Vb, ) = <HHA H Vs,

and we have

—1§m§h>,

Ap—1

Lioy = Ha Do+ ] Va,
=1

= (Ha,_,Ha,, Ha,_ Vs, Ve, , Ve, Vaa, )

= <HHA ﬁlvB 2<m §h>.

1
§m§h>,

Now if we let

Am41
mF<HHgH%

i=k+1

we have

ag,
I, = HAka+1+HVBi

<HHA ﬁIVB k§m§h>—|—ﬁsz

=1
<HHA ﬁlvB k—1§m§h>.

We will now prove by descending induction that {[[", Ha, [[;7" Vs, |k —1 <m < h}
is a Groebner basis for I, for 1 < k < h. The desired conclusion then follows from the
fact that 1(X) = I(Xy) = I;.

We have that {Hy,, Vg, - - VB%} is a generating set for I, = I(X}) since X}, is a finite
set of points on the line H,4,. The two generators are in different variables, so it follows

from Theorem that they form a Groebner basis for [}, for any monomial order. Now
we will fix k£ and assume that

m Am41
(I T

i=k+1 =1

kﬁmgh}
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is a Groebner basis for I;1. We will use this to show that I, = Ha, Ir+1 + [ [, VB, gives
a Groebner basis for I. From the assumption, Theorem [2.20] gives us that

(T TT v

is a Groebner basis for H 4, I;11. This means that any S-polynomial formed from two of
theses generators gives a remainder of 0 after applying the division algorithm over

{H Hy, ﬁ Vs,

which also means that we get a remainder of 0 after applying the division algorithm to
these S-polynomials over {[[", Ha, [[77"' Vi, | k —1 < m < h} (we can do the same
process to reach 0 remainder).

k<m<h}

k<m<h}

It remains to show that any S-polynomial formed from [[:*, Vs, and one of
{T12, Ha, T15m" Vi, |k < m < h} gives 0 remainder after applying the division algorithm

over
Qm+1
{H Hy, H Vs,

Let G = [[*, Vg, and let f,, = [[-, HA [t Vi, for each m with k < m < h.
First, we fix m with £ < m < h and look at the polynomials

H VB and HHA

1=0m+1+1

—1§m§h}.

These are polynomials in separate variables, so by Theorem we know that their
S-polynomial will give a remainder of 0 after applying the division algorithm over

H VB”HHA

= am+1+1
This means that

11 VBNHHA

i=am+41+1

forms a Groebner basis for

it i)

i=my1+1

By Theorem we have that

{G, fm} = {HVB”HHA ﬁ VB}
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forms a Groebner basis for

(ﬁVB>< 11 VBHHHA> (G fu.

i=amy1+1
Buchberger’s criterion implies that we get a remainder of 0 after applying the division
algorithm to the S-polynomial formed from G and f,, over {G, f,,}, which means that we
must also get a remainder of 0 after applying the division algorithm over

{HHA ﬁlvg k—1§m§h}

because {G, f,,} is a subset. Since the ChOlce of m was arbitrary, we have that

{HHA ﬁlvB k—1§mgh}

satisfies Buchberger’s criterion, so is a Groebner basis for

Ik_<HHA ﬁlvB k—1§m§h>.

Now we have that
Am+41

{HHA HVB ogmgh}

is a Groebner basis for

I(X)=1I = <HHA aﬁlvB

The minimal set of generators of I(X) given in Theorem must also satisfy Buch-
berger’s criterion since the S-polynomial formed from two of the generators give a re-
mainder of 0 after applying the division algorithm over any set containing the two chosen
generators. Since they also generate the same ideal I(X), we have that they form a
Groebner basis for 7(X). Finally, it is impossible for a monomial appearing in one gen-
erator to divide a monomial appearing in any of the other generators due to it having a
higher degree in either the x; variables or the y; variables. This means that they form the
reduced Groebner basis for I(X). Since we can obtain this result for any monomial order,
we have that this set of generators forms the Universal Groebner basis for I(X). O

O<m<h>

Now if a given set of points in P! x P! is ACM, we can easily obtain the Universal
Groebner basis for its defining ideal. However, it may be the case that our given set of
points is not ACM. In the next chapter we develop a Buchberger-Moeller algorithm for
points in P! x P! to deal with these cases.



CHAPTER 5

Buchberger-Moeller Algorithm for P! x P!

The Buchberger-Moeller algorithm for P! x P! is the final result of this project. Ev-
erything we have learned about Groebner bases, Hilbert functions, and points in P* x P!
brings us to this. We can now prove that the Buchberger Moeller algorithm for P" can
be extended to compute the reduced Groebner basis for the defining ideal of a finite set
of points in P! x P!

1. Buchberger-Moeller Algorithm for P! x P!

Although we already have a reduced Groebner basis for the defining ideal of a given
ACM set of points in P! x P! given in Theoerem , this modified algorithm will give
us the same result for a set of points that is not ACM. Using the background of Chapter
4, we are able to present the Buchberger-Moeller Algorithm for P* x P*.

THEOREM 5.1. (Buchberger-Mdaller Algorithm for P xP!) For a fized monomial order
on klxo, z1,yo, 1], let X = {p1,...,ps} be a set of points in P x P! with ax = (ay, ..., ap)
and Bx = (By,...,B,), where each point p; is given by p; = [0+ D] x [+ D). For
each 1 <i<ay and1 <5< By, let

i J
a; = E a; and b; = E Br
=1 =1
*

where oy = (af,...,a},) and By = (B,...,B5,) with a; = s fori > a; and bj = s for
j > B1. Consider the following sequence of instructions.

1) Let G=0, B=0, (d,ds) = (0,0), and let M = (m;;) be a matriz over k with s
columns and initially zero rows.

2) Compute the Hilbert function of S = klxo, z1,%0,y1]/LT(G) and check whether
HFs(i,5) = biyq for alli > 0 and j > dy. If this is true, return G and stop.
Otherwise, proceed with step 3).

3) Check if HFs(i,ds) = agy+1 for alli > dy. If this is true, then increase dy by one
and let d; = 0. Otherwise, just increase dy by one. Let B = 0, let M = (m;;)
be a matrix over k with s columns and zero rows, and let L be the set of all
monomials in k[zo,x1,Y0,y1] of bidegree (di,ds) which are not multiples of an
element of LT(G).

4) If L = 0, continue wth step 2). Otherwise, choose t = min(L) and remove it
from L.

40
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5) Fori=1,...,s, computet(p;) = t(cz%), cg), c§§), cgf)). Reduce the vector (t(p1), ..., t(ps))
against the rows of M to obtain

(Ula SR 7US) = (t(p1)7 - ’t(ps)) - Zai(mih e ,mis)

)

with a; € k.

6) If (v1,...,vs) = (0,...,0), then append the polynomial t — >, a;b; to G, where b;
is the i element of the list B. Continue with step 4).

7) If (v1,...,vs) #(0,...,0), then add (v, ...,v,) as a new row to M andt—Y . a;b;
as a new element to B. Continue with step 4).

PROOF. The proof will use the same ideas from the proof of the Buchberger-Moeller
algorithm for P, Theorem Let I = I(X) and suppose we stop with HFg(i,j) =
biy1 for all ¢ > 0 and j > d, on some bidegree (d},d,). Just as in the Buchberger-
Moeller algorithm for P™, we have that anything in G must also be in I(X). Again,
this implies LT(G) C LT(I). To prove that the set G forms a Groebner basis for I,
suppose LT(G) C LT(I) and we will get a contradiction as before. Pick a monomial
ry® € LT(I)\ LT(G) of bidegree (D1, Dy) with D; > 0 and D, > dj,. This gives us
LT(G) € LT(G) + (z*yP) C LT(I), so we have

HFg/pr) (D1, D2) < HFg)1m@)+@eysy) (D1, Do)
< HFgr/r@) (D1, Ds)

bD1+1
= HFg/ra) (D1, Ds)

where R = k[xq, x1, Yo, y1], which is a contradiction.

To see that we get the reduced Groebner basis of I, note that if a monomial appearing
in L, zy®, is found to be in LT(G), then no multiples of it will appear in L again. Also
note that it is not stored in the set B. Since the elements of G' are formed from the
elements of L and B, we know that 2%y® will not be used to form another element of G
since it is in neither L or B. Finally, we have that ®y” does not divide any monomials
appearing in any element of GG previously found because of the bidegrees.

Now we prove that the algorithm stops after finitely many steps. Just as with the
Buchberger-Moeller algorithm for P, if we enter any of steps 3),5),6), or 7), we must
come back to step 4). We perform step 4) finitely many times before returning to step 2)
because the set L is always finite. Step 1) is the set up step and is only done once, so we
just need to show that step 2) is done finitely many times.

Each time we finish step 2), we enter step 3) and change the bidegree (dy, ds) to be a
bidegree that we have not yet looked at. This is the only time we change our bidegree,
so this means we have a unique bidegree for each time we enter step 2). Now we can
prove step 2) is done finitely many times by proving that we only consider finitely many
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bidegrees. This will be done by showing that we only consider finitely many ds values,
and for each fixed ds, we look at finitely many values for d;.

Note that after looking for minimal generators of I(X) of bidegree (dy,ds), we will
necessarily have already found all minimal generators of I(X) of bidegree (i,j) with
i < dj and j < dy. Now for each fixed dy, consider the minimal generators of I(X) of
bidegree (i, dy) for some i, and let My, be the maximal such i value. Now if we continue to
increase d; and eventually reach a point where we look for generators of bidegree (Mg, , d2),
then we will have found all minimal generators of I of bidegree (i, ds) for each i and of
bidegree (,7) for all i < My, and j < dy. With these generators in the set G, we have
HFs(i,dy) = Hx(i,dy) for all i > M,,. By Theorem [4.20] we have that Hx (i,ds) = @ay41
for all ¢ > h — 1. Together, this gives us that for all i > max{M,,, h — 1}, we have

HFs(i,dQ) = Hx(i,dg) = Qdy+1-

Now for dy = max{Mg,, h — 1}, the criterion in step 3) is satisfied and allows us to move
on to the next d, value.

Now we need to prove that we only consider finitely many do values for the bidegrees
(dy,ds). There are finitely many minimal generators of I, so there must exist some number
N such that for any bidegree (i,7) of a minimal generator of I, we have j < N. That is,
there are no minimal generators of I of bidegree (i, j) with j > N for N large enough. This
implies that if we increase dy to IV, then after increasing d; to maxz{ My, h—1}, we will have
found all generators of I. This gives H Fs(i,j) = Hx(i,7) for all i > dy = maz{My,h—1}
and j > dy = N. We have Hx(i,j) = s for alli > h — 1 and j > v — 1 by Theorem [4.20]
Altogether we get

HFS(Za]) = HX(Za]) =S
for all i« > max{My,h — 1} and j > max{N,v — 1}. Now we see that the criterion
in step 2) must be met before do > maz{N,v — 1}, so the algorithm must stop while
dy < max{N,v — 1}. This finishes the proof that we only look for generators of I of
finitely many different bidegrees, which means that step 2) is entered finitely many times.
This completes the proof that the algorithm stops after finitely many steps because we

have that each step is performed finitely many times. O
EXAMPLE 5.2. Let k =R and X = {pl, cooypa} CPYX P where py = [1: 1] x [1: 0],
po=1[1:2]x[1:0],p3=[1:2]x[1:2], ps =[0:1] x [1:2]. Note that X is not ACM, so

we can not use Theorem [£.24] Instead, we Wlll use the Buchberger-Moeller algorithm for
P! x P! to compute the reduced Groebner basis of I(X) with respect to the graded reverse
lexicographic order. We first find ax = (2,1,1) and Sx = (2,2), then get o’ = (3,1) and
B%x = (2,2). From this we get a; = 3 and a; = 4 for all i > 2, and b; = 2 and b; = 4 for
all © > 2.

) Let G = @ B = @ (dl,dg) (0,0), and M € M(lt074(R).
2) We have HFs(dy,ds) = 1, so the stopping condition is not satisfied.
3) We have HFS( dy) = 1, so the condition is not satisfied. Let d; = 1, B = 0,
M € Mat4(R), andL {xg,azl}
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4) Set t = x; and let L = {zo}.
5) Compute (t(p1),...,t(ps)) = (1,2,2,1) = (v1,...,v4).
7) Let M =[1 2 2 1] and B = {z}.
4) Set t = xg and let L =)
5) Compute (t(p1),...,t(ps)) = (1,1,1,0) and reduce it against the rows of M to
get (vq,...,v4) = (0,—1,—1,-1).
7) Let M = [(1) _21 _21 _11} and B = {z1,z0}.
2) We have HFs(2,dy) = 3, so the stopping condition is not satisfied.
3) We have HFg(2,ds) = 3, so the condition is not satisfied. Let d; = 2, B = 0,
M € Maty4(R), and L = {z3, zox1, 23}
4) Set t = 2% and let L = {23, zoz, }.
5) Compute (t(p1),...,t(ps)) = (1,4,4,1) = (v1,...,v4).
7)Let M =[1 4 4 1] and B = {z}}.
4) Set t = zoxy and let L = {x3}.
5) Compute (t(p1),...,t(ps)) = (1,2,2,0) and reduce it against the rows of M to
get (vq,...,v4) = (0,—2,—-2,—1).
7) Let M = [(1) _42 _42 _11} and B = {22 xor, — 2%}
4) Set t = 2% and let L = ().
5) Compute (t(p1),...,t(ps)) = (1,1,1,0) and reduce it against the rows of M to
get (v, ...,v4) =(0,0,0,—5/2).
1 4 4 1
7) Let M= |0 —2 —2 —1 | and B = {z3, xox1 — 23,23 — 3/2xo71 + 1/22%}.
0 0 0 —5/2
2) We have HFs(dy,ds) = 3, so the stopping condition is not satisfied.
3) We have HFs(dy,ds) = 3, so the condition is not satisfied. Let d; = 3, B = 0,
M € Maty4(R), and L = {z}, 2321, oz}, 23}
4) Set t = 23 and let L = {x3, 2211, 2073 }.
5) Compute (t(p1),...,t(ps)) = (1,8,8,1) = (v1,...,v4).
7) Let M =[1 8 8 1] and B = {x}}.
4) Set t = zox? and let L = {x}, 237, }.
5) Compute (t(p1),-..,t(ps)) = (1,4,4,0) and reduce it against the rows of M to
get (Ul, e ,U4) = (07 —4, —4, —1)
7) Let M = [é _84 _84 _11} and B = {x3, zox? — 23 }.
4) Set t = z2x; and let L = {x3}.
5) Compute (t(p1),-..,t(ps)) = (1,2,2,0) and reduce it against the rows of M to
get (Ul, e ,’U4) = (07 0, 0, ]_/2)
1 8 8 1
7) Let M= |0 —4 —4 —1| and B = {23, xo2? — 23, 2221 — 3/2z02% + 1/223}.
0 0 0 1/2
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4) Set t = z3 and let L = 0.
5) Compute (t(p1),...,t(ps)) = (1,1,1,0) and reduce it against the rows of M to
get (vy,...,v4) = (0,0,0,0).
6) Let G = {a3 — 3/2x3x1 + 1/2x023}.
2) We have HFs(dy,ds) = 3, so the stopping condition is not satisfied.
3) We have HFs(i,dy) = ag,.1 for all i > dy, so let dy = 1, d; = 0, B = 0,
M € Maty4(R), and L = {yo, y1}.
4) Set t = y; and let L = {yo}.
5) Compute (t(p1),...,t(ps)) = (0,0,2,2) = (vy,...,v4).
7) Let M =1[0 0 2 2] and B = {y}.
4) Set t = yo and let L = ().
5) Compute (t(p1),-..,t(ps)) = (1,1,1,1) and reduce it against the rows of M to
get (vq,...,v4) = (1,1,0,0).
7) Let M = [? (1) g g] and B = {y1,y0 — 1/2u1 }.
2) We have HFg(2,ds) = 6, so the stopping condition is not satisfied.
3) We have HFs(2,ds) = 6, so the condition is not satisfied. Let d; = 1, B = 0,
M € Maty4(R), and L = {xoYo, T1Y0, ToY1, T1Y1 }-
4) Set t = 1y, and let L = {xoyo, 1Yo, Toy1 }-
5) Compute (t(p1),...,t(ps)) = (0,0,4,2) = (vq,...,04).
7) Let M =1[0 0 4 2] and B = {z1y}.
4) Set t = xoy; and let L = {zoyo, 1Yo}
5) Compute (t(p1),-..,t(ps)) = (0,0,2,0) and reduce it against the rows of M to
get (Ul, PN ,U4) = (07 0, 0, —].)
00 4 2
7) Let M = [0 0 0 _J and B = {x1y1, xoy1 — 1/2x111 }.
4) Set t = x1yo and let L = {zoyo}.
5) Compute (t(p1),...,t(ps)) = (1,2,2,1) and reduce it against the rows of M to
get (vq,...,v4) = (1,2,0,0).
00 4 2
) Let M =10 0 0 —1| and B = {x1y1, zoy1 — 1/2x1y1, T190 — 1/22191 }.
120 O
4) Set t = xoyo and let L = 0.
5) Compute (t(p1),...,t(ps)) = (1,1,1,0) and reduce it against the rows of M to

get (Ul, “e ,’04) = (07—170, )
0O 0 4 2
0O 0 0 -1
7) Let M = L 2 0 0 and B = {z1y1, xoy1 — 1 /22191, 2190 — 1 /22191, ToYo —
0O -1 0 0

r1yo — 1/2w0y1 + 1/21191 }.
2) We have HFgs(2,dy) = 6, so the stopping condition is not satisfied.
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3) We have HFs(2,ds) = 6, so the condition is not satisfied. Let d; = 2, B = 0),
M € Mato4(R), and L = {x3yo, o1Y0, T1Y0, T5Y1, ToT1Y1, T1Y1 }-
4) Set t = 23y, and let L = {z2yo, zoT1Y0, T3Y0, T2Y1, ToT1Y1 }-
5) Compute (t(p1),...,t(ps)) = (0,0,8,2) = (v1,...,v4).
7) Let M =1[0 0 8 2] and B = {z}y}.
4) Set t = zoryy; and let L = {x2yo, voz190, 2390, 3y1 }-
5) Compute (t(p1),...,t(ps)) = (0,0,4,0) and reduce it against the rows of M to
get (vy,...,v4) =(0,0,0,—1).
008 2 ) ,
7) Let M = [0 0 0 _J and B = {ziy1, zor1y1 — 1/2x7y1 }.
4) Set t = z2y; and let L = {x2yo, ToT1Y0, 3Yo }.
5) Compute (t(p1),-...,t(ps)) = (0,0,2,0) and reduce it against the rows of M to
get (vy,...,v4) = (0,0,0,0).
6) Let G = {x3 — 3/2x2x1 + 1/2z02%, 22y + 1/2x0m1y1 — 1/223y, }.
4) Set t = 23y and let L = {x2yo, zor190}.
5) Compute (t(p1),...,t(ps)) = (1,4,4,1) and reduce it against the rows of M to

get (vy,...,u4) = (1,4, 0,0).
008 2
7)Let M= |0 0 0 —1| and B = {2y, zom1y1 — 1/223y1, x3yo — 1/22%y, }.
140 O
4) Set t = zow1yo and let L = {z2yo}.
5) Compute (t( p1 ., t(psg)) = (1,2,2,0) and reduce it against the rows of M to
get (vy,...,v4 0,— 7O,O
0 0 8
0 0 O
7) Let M = ] 4 0 ] and B = {x%y1, vox1y1—1/223y1, v3y0—1/223y1, ToT1y0—
0 0

1Yo — 1/2$0$1?J1 +1/2x7y1}.
4) Set t = x2yo and let L = 0.

5) Compute (t(p1),...,t(ps)) = (1,1,1,0) and reduce it against the rows of M to
get (vq,...,v4) = (0,0,0,0).

6) Let G = {Ig — 3/2.’17(2)251 + 1/21’01’%, JZ%yl + 1/2I‘0£C1y1 — 1/2$%y1, J?gyo — 3/2I01‘1y0 +
1/223y0 + 1/2zom1ys — 1/423y, }.

2) We have H Fs(dy,2) = 6, so the stopping condition is not satisfied.

3) We have HFs(i,ds) = ag,41 for all i@ > dy, so let dy = 2, d; = 0, B = (),
M € Maty4(R), and L = {y2, yoy1, y3}

4) Set t = y? and let L = {42, yoy1 }.

5) Compute (t(p1),...,t(ps)) = (0,0,4,4) = (vq,...,v4).

7)Let M =1[0 0 4 4] and B = {y7}.

4) Set t = yoy; and let L = {y2}.

5) Compute (t(p1),...,t(ps)) = (0,0,2,2) and reduce it against the rows of M to
get (vq,...,v4) = (0,0,0,0).
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6) Let G = {3 —3/222x1 +1/2x023, 22y + 1 /2x071y1 — 1/223y1, 22y0 — 3/ 2207190 +
1/22%y0 + 1/2x0z1y1 — 1/423y1, yorn — 1/2y3}.
4) Set t = y3 and let L = 0.
5) Compute (t(p1),...,t(ps)) = (1,1,1,1) and reduce it against the rows of M to
get (vq,...,v4) = (1,1,0,0).
7) Let M = [(1) (1) 3 g] and B = {y}, v — 1/4y?}.

2) We now have LT(G) = (x3, x3y1,23y0, yoy1). This implies that {y),y]} is a k-
basis for S ;) and {zox| 'y, 248, zox'yl, 2yl } is a k-basis for S(; ;) for i > 1
and j > 2. This gives HFs(0,j) = 2 and HFs(i,j) =4 for alli > 1 and j > 2.

Now for all 7 > 0 and 7 > 2 we have
HFS<i7j) = biy1.
At this point we stop and we get that

G = {x} — 3/223x1 + 1/2x02%, 221 + 1/2z071y1 — 1/223Y1,
22yo — 3/2x011Y0 + 1/203y0 + 1/2z0z191 — 1/42%3y1, yoyr — 1/2y%}

is the reduced Groebner basis for I(X) under the graded reverse lexicographic
order.

2. Future Directions

We still need to compare this algorithm to the standard Buchberger method. We will
leave this as an open problem, although we will discuss the comparison to the alternative
method. The alternative method of getting this result for a finite set of points in P! x P!,
say X = {p1,...,ps}, starts with taking the intersection of the ideals I({p;}). After that,
we get a set of generators for I(X), but we need to use Buchberger’s criterion. Checking
this criterion is significantly more tedious to compute for more generators, so this process
can take a long time. However, the Buchberger-Moeller algorithm for P* x P! mainly
involves linear algebra and computing Hilbert functions. These computations should be
easier than the computations involved in Buchberger’s criterion.

It may be possible to further extend this algorithm to compute the reduced Groebner
basis for a finite set of points in P™ x --- x P". A similar idea to the Buchberger-Moeller
algorithm for P! x P! could be used with a different stopping condition, but this has yet
to be determined. We looked at results obtained by A. Van Tuyl in [7] about the Hilbert
function of a finite set of points in P™ x --- x P™ and it is possible that these results
could provide sufficient stopping conditions.

In conclusion, we leave some questions that need to be studied further. Is the
Buchberger-Moeller algorithm for P! x P! more efficient than other known methods of
finding the reduced Groebner basis for the defining ideal of a finite set of points in P! x P1?
Can we find even more efficient method of doing this? Lastly, can the Buchberger-Moeller
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algorithm be extended to arbitrary multiprojective spaces? We hope that the ideas pre-
sented in this project will help to find answers for these questions.
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