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1. Introduction

The residue class ring of a zero dimensional polynomial ideal in Kz, ..., z,]
has the structure of an algebra with finitely many basis elements. In the present
work, an algorithm for enabling the computation of these basis elements from the
generating polynomials of a polynomial ideal, which was provided by Professor
Wolfgang Grobner during his research seminar in the spring of 1964, will be stud-
ied more closely. The goal of studying this algorithm has is to find a termination
criterion for the algorithm (Sections 4 and 8), and to sufficiently systematize it
so that it is suitable for implementation on an electronic computer (Sections 4,
6, and 9). Certain inherent properties will also be presented, which suggest an
application to the calculation of the Hilbert function of an arbitrary polynomial
ideal (Sections 5 and 7).

My sincere thanks go to Professor Wolfgang Grobner for guiding this work. I
also thank my colleagues at the computing center of the University of Innsbruck,
Dr. H. Knapp and G. Margreiter, for several valuable programming suggestions.

2. Abbreviations, Symbols, Concepts and
Theorems Used

Abbreviations

P-ring .. polynomial ring
P-ideal ... .. polynomial ideal
LOM least common multiple
PP power product
PPR ... residue class of a power product
Symbols

A E M a is an element of the set M
NCM the set N is a subset of the set M
R equal by definition
T e residue class of x
a=b (A) oo a is congruent to b modulo the ideal A
e the element x of a ring maps to the element u in the

residue class ring modulo an ideal

Algebraic symbols and concepts will be used in precisely the same sense defined
in Groobner (1949). For this reason, we will not state the definitions of the
concepts group, ring, field, ideal, congruence modulo an ideal, dimension of a
P-ideal, and so forth. We state only additional definitions.

(2.1) Convention: The field K of coefficients of the P-ring K|x1, s, ..., z,] will
be assumed to be commutative.

(2.2) Definition of an Algebra: An algebra is a finite R-module (Van der
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Waerden, 1939, p. 46]) which is also a ring. However, we give this defini-
tion also explicitly, because later we will refer to individual parts of it: A
nonempty set G is called an algebra (or hypercomplex system) of rank m
over R if the following conditions hold:
(2.2.1) G is an additive abelian group.
(2.2.2) R is a ring with identity.
(2.2.3) There is a multiplication defined for elements «, 3,7, ... in R with
elements u, v, w, ... in G having the properties:
(2.2.3.1) The product of an element « in R with an element u in G
always belongs to G.
(2.2.3.2) a(u+v) = ou+ av.
(2.2.3.3) (a+ B)u = au + [u.
(2.2.34) (af)u = a(fu).
(2.2.3.5) Every element of G is uniquely representable as a linear com-
bination aju; + asus + ... + i, by means of m fixed elements
Up, U, .« Uy With a; € Ry u; € G (0 =1,2,...,m).
(2.2.4) There is a multiplication defined among elements w, v, w,... in G
with the following properties:
(2.2.4.1) The product of two elements u and v in G lies again in G.
(2.2.4.2) (wv)w = u(vw).
(u+ v)w = uw + vw,
u(v + w) = uv + uw.
(2.2.4.4) (au)v = u(aw) = a(uv) for all a € R.

(2.2.5) Definition: The set of m elements wuy,us, ..., u, in (2.2.3.5) is
called a basis for the algebra.

(2.2.4.3)

From (2.2.3.4) and (2.2.4.4), it follows that
(2.2.6) (au)(pv) = (af)(uv), and

(2:2.7) (3 a5uy)( 32 Buan) = 3= 3 (0560 ().

Therefore every product uv is computable provided that the products ujuy are
known, which, as elements of G, can be written as linear combinations of the
UL, Uy o o vy Uy«

(2.2.8) ujuk:l_zlyj.kul (G=12....m k=1,2,...,m; 75 € K).

(2.2.9) Definition: The m?® elements 7/, of R appearing in (2.2.8) are called
structure constants of the algebra G.

(2.2.10) Definition: The set of all presentations of type (2.2.8) is called the
multiplication table of the algebra G.
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A generalization of algebras to algebras with infinitely many basis elements is
also possible. To do this, axiom (2.2.3.5) is modified to:

(2.2.3.5a) Every element is uniquely representable as a linear combination a;u; +
Qo + ... + Qpu,, of finitely many of the infinitely many basis elements
U, Uy o« oy Uy v .t

3. The Residue Class Ring of a Zero
Dimensional Ideal

The following theorem holds for the residue class ring K|z, zo,...,2,]/ A= O
modulo a zero dimensional P-ideal A C K[xq,xo, ..., z,):

(3.1) Theorem: The residue class ring O modulo a zero dimensional P-ideal
is an algebra over the ground field K, if we take the addition between
residue classes already defined in O as the additive group operation, the
multiplication” au between elements o € K and the residue class u € O as
the multiplicative operation (2.2.3), and the multiplication between residue
classes already defined as the multiplicative operation (2.2.4).

Proof. We will show successively that axioms (2.2.1) through (2.2.4) are satisfied.

(2.2.1) is satisfied since O is an abelian group with respect to its addition as
a ring.

(2.2.2): As a field, K is a ring with unity.

(2.2.3.1) to (2.2.3.4) are in fact properties of the multiplication between ele-
ments of the ground field K and the residue classes.

To prove that (2.2.3.5) is satisfied, we need two lemmas:

(3.2) Lemma: Let uy,us, . . ., u, be elements of an algebra G with the property
that every u € G can be represented as

(3.2.1) u:Zajuj (a; € K5 j=1,2,...,m).
j=1
Then the following holds: If uy, us, ..., u,, are linearly independent over R,

then the representation (3.2.1) is unique, and conversely.

Proof of (3.2). We assume that the representation (3.2.1) is not unique, i.e.
there exists u such that on one hand

(3.2.2a) u= Z aju;,
j=1

"First a multiplication & - v is defined as multiplication between residue classes. But since

the set of the @ is isomorphic to the ground field K, a multiplication « - u is also immediately

definable: o - u def a-u
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and on the other hand

(3.2.2b) u = Zﬁjuj (a; # B, for at least one j).
j=1
Then,
(3.2.3) 0= (a; —B))y, (a; — B; # 0 for at least one j).
j=1
However, (3.2.3) expresses the linear dependence of uy, us, . . ., Up,.
Suppose now that uy,us, ..., u,, are linearly dependent, so for example
(324) Uy = Z’yjuj,
j=2

Then some u € G having a representation (3.2.1) with a; # 0 also has the
representation

m

m m
(3.2.5) u= Zajuj = aqup + Z Uy = Z(O‘I”Vj + o)uy,
j=1 J=2

=2
which contradicts uniqueness.

(3.3) Lemma: If a P-ideal has dimension 0, then it contains polynomials p;(x;)
(1 =1,2,...k) each of which depends only on a single variable x;.

Proof of (3.3). By Grobner (1949), p. 98, the dimension of a P-ideal A is the
maximal number of independent variables relative to A. This implies that a zero
dimensional P-ideal has no independent variables relative to A, or every variable
is dependent relative to A. Hence, by the definition of dependence relative to a
P-ideal (Grobner, 1949, p. 97), for every variable z; there exists a polynomial
pi(z;) in A that is dependent only on this variable (i =1,2,...,n).

It can now be proved that (2.2.3.5) holds for O by showing that there exist
finitely many residue classes uq,ug, ..., u, in O by which all others can be rep-
resented. From these p residue classes, m linearly independent ones can always
be chosen, by which all residue classes can be uniquely represented because of
(3.2).

First, we represent each residue class from O by a linear combination of the

residue classes of the PP in n variables zj'xi? - - - z». Since

[oN

(i=12,...,n; ¢,;,eK; j=12,.... k),
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we have .
ki ki—1 kil
(3.4Dh) T = —catT — =Gy = — Zcuxi (A),
=1
and for the PP 22 - x%n of degree 0 > 7 (T = ki + ko + ... + ky)
(3.4¢) e xtn = (22l -x;j_kj oot :L‘?j

k;
_ § : ki—l i1, 2 ij—k; in
— — CjJ x] .x1x2...wj ...ajn
=1

kj
i1, ij—l i
_E Cjg Ty Ty ey (A),
I=1

if 7; > k;, which for power products of degree o > 7 must certainly be the case
for some . '

Now the PPs 2% 2% - - -x}jfl -+~ z'n can themselves be further processed in the
manner of (3.4c) provided that they have degree o > 7, until (3.4c) is trans-
formed into

(3.4d) Al =D gl al el (A)

where only PPs z!'z% - -z'n of degree < T appear in the sum. A major task

of the algorithm described in Section 4 is to find m linearly independent PPs
rita? - - ot modulo A effectively.
(2.2.4.1) through (2.2.4.4) are precisely the properties of multiplication be-

tween residue classes.

In the case of a positive dimensional P-ideal, all considerations in the proof of
(3.1) hold, with the exception of (3.3) and its consequences. Consequently:

(3.5) Theorem: The residue class ring modulo a P-ideal of dimension d > 0 is
an algebra with infinitely many basis elements.

The converse of (3.1) is also true, which we write in the following form:
(3.6) Theorem: If there are only finitely many linearly independent residue

classes in K[z, xs,...,2,]/A = O, then A is zero dimensional.

Proof. Suppose there exist m linearly independent residue classes, and m + 1

residue classes are already linearly dependent. Certainly the PPs 1,z;, ..., 2"
(1=1,2,...,n) are also linearly dependent modulo .4, so there exists a relation
(3.6.1a) pilx) 3 ey =0 (A (i=12....n).

=0

However, this means

(3.6.1b) pi(zi) € A,

and hence no variable is independent relative to O, i.e. A is zero dimensional.
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4. An Algorithm for Finding a Basis of the
Algebra in (3.1)

4.1. Preparatory Considerations

For the purposes of the algorithm, we first establish a unique ordering on the
power products z!'z} ---zin in n variables x1,s,...,2,, namely the lexico-

n
graphic order:

(4.1) Definition: A PP 2922 ...20n precedes a PP 2 ak2 ... 2k (has lower
index than the PP z¥1zh2 ... gkn) if:
ki, ko

1. 2222 ... 2% has lower degree than z§' 252 .- 2~ or
2. the two degrees are the identical, and the first non vanishing difference

1; — kj is positive.

Now let A € K[xy,x2,...,2,] be a given zero dimensional P-ideal with a
generating basis
(4.3) A=(f1,fa -\ fs)s where
(4.4) LS al) oabakeain (=12, s aY), , €K)

(The summation is taken over all index combinations (i1, s, ...,%,) up to a
combination (k@, k:;j), e km) where xlmxgéj) . -x’f;(lj) has the highest index in

the order (4.1) among the PPs of f; with nonzero coefficients. Without loss of

generality, we may assume a(() = 1 since K is a field.)

7) k(J) ,k’gzﬁ
This implies

(44&) Z 0’7,112 “in Zl 22 T xitn =0 (A)7 (j = 17 27 ey 8)
or

k,(]) k.(]) 7zl io i
(44b) xl ZZ'2 Z 7,1'52 “in Z‘ T a:nn (A)

(j= ——

(where the summation is taken over all index combinations

(i17i27" ) 7é (kgj ,k 7’1{:7(3)) ) and
() (5) ; '
(44c) 2T Tl gk = 5h )ttt (A)

(1=1,2,...,s; li:O,1,27..., forzzl,Z,...,n).

If we consider the set of all polynomials f € A, which are the polynomials of
the form

(4.5) f=Y di(m, a0, x0) [ =D Qg TPAR Tl

di(x1,%2,...,2,) € K[z1,22,...,2,) (1=1,2,...,s),
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then we obtain all possible relations between the PPRs in O:

(4.6) Z Uiyigod, TLXZ - zin =0 (A).

(4.6) is a linear equation between PPRs. From every such congruence (4.6), we
can now express, for example, the PP with the highest index among those PPs
with nonzero coefficients in terms of PPs having lower index. There remain (in
the case of a zero dimensional P-ideal, finitely many) PPs, which do not occur
in any relation (4.6) as PPs with highest index. Their residues classes form a
linearly independent basis of O.

In order to arrive, step-by-step,at an algorithm which determines such a ba-
sis, we make one more observation. We assume we have found specific PPRs

Uy, Uz, . . ., Uy coming from the relations (4.4b) already discussed, such that the
residue classes of all PPs x5 252 ... z%» can be expressed as linear combinations
of them:

(A7) abalade = S alt Ry ) (e e )
i=1

(including the special case 2§z - - - 2F» = u; (A) for a specific 1).
Furthermore, assume that it can be shown for every PP z%'x% ... 2% that by

decomposing z%' % - - -z’ into t factors

11,02 iy
(4.8) riag - xn =
i (1) 5, (1) (1) (2) (2) :(2) i (1) 4o () (1)
i1 o O N I R - RN
1 Ly Ty Xy Ty Ty Ty Ty Ly

: n
=1 =t

substituting the representation (4.7) for the partial products in (4.8), multiplying
out and further reducing the results (4.8a) of the multiplication

(4.82) Ty a =D Dk, 775y (A),
by applying the representation (4.7) for the a:kl k2., -zkn we always come to
the same representation (4.7) of x{'ak - - - xin, 1ndependent of the division (4.8)
into partial products. Then we can be certain that the uy, us, ..., u,, are linearly
independent, and hence form a basis of O in the sense of (2.2.5).

Namely, if we can show the independence of the representation (4.7) of every

PP from the decomposition in (4.8), then the residue classes of the polynomials

(4) (7) i
U102 In _ btk 12+k2 ln—l—lc,(lJ>
(4.9) riwy e fi = xy ) T dy

+ Z a’zlw “in 111+i1xl22+i2 T xlr?-i_in €A
Gj=12,....,8; [;,=0,1,2,... fori=1,2,...,n),
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which by (4.4c) possess a representation
(4.9a) ol =0u 0 up . 0 Uy, =0
Gj=12,...,8; [;,=0,1,2,... fori=1,2,...,n)
(= is the identity symbol here!),

possess only this representation, independent of the order in which we perform

the necessary multiplications and additions in the computation of the residue
classes of z{'ay’ - - - xin f;. If there were still a relation

(4.10) Z ciu; =0 (¢; # 0 for at least one 7),
i=1
which expressed the linear dependence of uy, us, . . . , u,,, then a polynomial f € A

would correspond to this relation, which would possess a representation (4.5)
that can also be written as:

(A1) f=30b, Al o+ 0, 2 e fy
+...4+> bl(fl)gmln xlllxl; sl f

if

(4.12) dj(x1, 9, ..., Tn) o S gl gl

l1la-+1n
G=12...,s b K.

lila-ln

The polynomials z}'z% - - - gl fi (4 =1,2,...,s) which appear here are pre-

cisely of the type (4.9), for which we know that their residue classes have only the

identically zero representation. Hence, f = 3~ c;u; also has only the identically

zero representation relative to the residue cllalsses U, U, . .., Uy, in O. So there
cannot be a relation (4.10).

Now the algorithm which follows proceeds just by taking the existing relations
(4.4b) and computing the representation of all the PPR in the manner described
by multiplying out the representation of partial products and comparing them
with each other. From two distinct representations of the very same PPR, one
of the PPRs occurring in both representations (e.g. the one with the highest
index) can then be eliminated. This means we can compute a representation of
this PPR using other PPRs (with lower index). Now we must continue checking
whether all the different ways to compute the PPR from the partial products
lead to the same result until it is the case that there is in fact one way for all the
PPRs. Then we know by the previous remarks that the remaining PPRs which
are not a linear combination of other PPRs form a linearly independent basis of
0. Of course we cannot perform this check of the representation for infinitely
many PPRs. So following the description of this algorithm, we must provide
criteria which allow to infer the uniqueness of representations of all PPRs from
the uniqueness of the representations of finitely many PPRs.
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4.2. Description of the Algorithm

First just a convention about terminology: the representation of the residue
class of a PP zz%2 .- 2% as a linear combination of other PPRs with lower
index, which cannot be represented as a linear combination of other PPRs in the
current step of the algorithm, is called a ¥-representation of the PPR (sometimes,
imprecisely, a ¥-representation of the PP under consideration).

We now describe the algorithm for the ideal A in (4.2) in a form from which
later we could easily derive a rough flowchart for calculation with an electronic
computer. However, we will not really do this, since another variant of the al-
gorithm will be used for programming. We now explain the algorithm in more

detail.

(A) We put the relations (4.4b) in a list which we call S. We consider the
residue class of 1. If, because of a relation in the list S, this already could
be replaced by a residue class of another constant, then A would possess
only one residue class, and therefore would have dimension -1. (The same
would be true if we encountered a relation 1 = 0 later in the computation.)
In general this will not be the case, and we go to (B).

(B) We take the next PP according to the ordering (4.1) and consider its residue
class.

(BA) This class may already have one or several X-representations because
of the relations in the list S. If so, then we write this representation
in the row next to the PP under consideration and go to (BB). If not,
then we go immediately to (BB).

(BB) We decompose the PP under consideration into two partial products
in all possible ways and compute from this, if possible, the type of
Y-representation of the PP described in (4.7) ff. in terms of the -
representation of the PPs known up to this point. The Y¥-representa-
tions obtained in this way, as well as the decompositions of the PP into
two partial products, which do not lead to any X-representation, are
written in the row next to the PP under consideration.

(C) In the row next to the PP, we can now have:

(CA) No Y-representation of the PP, rather only decompositions into par-
tial products. We make a mark that up to this point this PPR is not
yet representable by other PPRs with lower indices and go to (B).

(CB) A single Y-representation or several copies of the same Y-representa-
tion of the PP under consideration. We go immediately to (B).

(CC) Several Y-representations of the PP under consideration among which
at least two are different. Using methods from linear algebra, we elim-
inate from these as many of the existing PPRs as possible, beginning
with those with the largest index. Thus we obtain »-representations of
PPs which did not possess such representations so far. We write all of
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these Y-representations again into the list S. Then we begin again by
considering the residue class of 1 and resume at (BA) (we say we begin
a new round).

If we combine the preparatory considerations, the following holds about termi-
nation of the algorithm:

(4.1) The algorithm can be terminated if

1. for the round just run, every PP for which a Y-representation is recor-
ded in the list S has occurred as the PP under consideration in (B),
and

2. it is certain that, from the decomposition into two partial products,
a PPR may not obtain different Y-representations. (By the criteria
(4.14) and (4.19), this can be claimed already if no more different X-
representations appear for specific finite degrees.)

Since we are storing both the Y-representation of the PPRs and the decompo-
sition into two partial products, it is easy to read off the multiplication table of
the basis elements from the rows of the algorithm. Because of the systematic flow
of the algorithm from one PP to the next by the order (4.1), it suffices to consider
all decompositions into two partial products. Different decompositions of one par-
tial product into further factors cannot change the resulting Y-representations
any more, since the decomposition of the partial products into further factors
was just carried out in earlier steps of the algorithm, and it was guaranteed that
these partial products have at most a single Y-representation.

The logical flow of the algorithm will now be illustrated with an example:

Example 1: Let the given zero dimensional P-ideal be
A= (22 — 2wy + 21, 2123 — T3, T3 — 203+ 19) C K[y, 2o, 73].

First, we write down the individual rows of the algorithm and then describe each
step explicitly.

List S: a2 =2x9 — 1y (A)
13 = I3 (A)
T3 = 2x3 — To (A)

($2$3 —>) U = U3
(551332 —>) Ug = Uz
(375 —) Uz = Uy
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1

T1 — w0

T — U920

T3 — U30

z? — 2uy —uy = u?

T1T2 — WUz = Hg©S = U2
T1T3 — U3 = UjUs

T3 — Ui = #so =u

TaX3 — UU3 = U = U3

3 — 2uz —uy = ul

3 — Uy — 24y + Uy
Tire > s = 25 — M = U
I%’LB — U3 = 2Ug — Y3

TIT;  —— UlUs = Mgty = Uro = U
T1T2X3 —— U3 = —®3 = -Uztg
T173 — Qs — ey = U3 — U
l’g — U2

$§$3 — "3 = U3

2913 — 2u3 — Wy = 2uz — U
3 —  3ug — 2us

r! —

. First, using (A), we have written down the basis elements of A as residue
class relations and put them in the first three rows of the list S. The residue
class of 1 is not representable by these relations, so we go to (B).

. Using (B), we consider the residue class of z;. z; has neither a ¥-represen-
tation by (BA) nor a ¥-representation by (BB). So z; falls under (CA). We
set 1 — wq0, which should indicate that x; still has no X-representation.
We go to (B).

. The steps described in 2. must now be carried out for x5 and x3 according
to the instructions in the algorithm. We arrive again at (B).

. The next PP is x2. Its residue class has a Y-representation 23 — 2uy — uy
by (BA), but not by (BB), nevertheless we record the decomposition z? —
uy - uy. Because of (CB), we go immediately back to (B).

. For zyz4, only by (BB), we have only one decomposition u; - us. By (CA),
we indicate by ;29 — ugo that zi25 is a PP without any »-representation.

6. x1z3 is handled like 2%, 22 and wyx3 like 129, and z3 like z7.

3

7. By (BB), z% has a decomposition 23 = 2% - 71, 27 has a Y-representation,

which we can take from the list S or the row z?. So x? is computed as
follows:

13 = 231 — (2up — up)uy = 2uiuy — uj = 2uy — 2uy + uy.
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We write this representation down and, by (CB), go immediately to (B).

1279 has a Y-representation, which is calculated as in 7., but also possesses
an additional decomposition

Tiwy = 11 (1172) = uguy,

which does not lead to a Y-representation.

Now x?z3 possesses two distinct Y-representations, which can be computed
from

Tirs = 21 (1173) and rirs = (22) - x5,
as in 7. So we are in case (CC). We eliminate ug from both representations
(ug = Tzx3 has a higher index than ug = 73!). We record the relation

ug = ug in the list S and begin the second round.

We see immediately that in the second round of the algorithm, nothing
changes from the first round until the row for xsx3. For xox3, we can replace
ug by us and we cancel ug. Again nothing changes until the row z2x3, and we
get two identical Y-representations for zox3 from the substitution ug = us.
We let one stay and cancel the other.

7122 has two decompositions into partial products, neither of which leads
to Y-representations. By (CA), we set z1x3 — uzo.

r1x2x3 has three decompositions into partial products, two of which lead
to Y-representations which, however, are identical. By (CB), we go again
immediately to (B).

z123 is handled like z3x3. We obtain a new relation for the list S: uy = us,
begin with a new round, and take the corresponding steps as in 10., whereby
we obtain 2y — uy and 23 — u;. However, by using all existing relations,
we arrive at two distinct Y-representations for xz?x from which we can
eliminate us = us. We again store this relation in the list .S.

If we now begin again with a new round, we obtain z3 — wuy, and then
12719 — uy as the only Y-representation. The two decompositions of z;23
produce Y-representations which, however, are identical. The decomposi-
tion of 1773 in ug - uy produces usg once again. 2us — uy is the only -
representation of z;z3. The remaining PPs up to zj have only a single
Y-representation.

At this stage, the algorithm can be terminated: First of all, the PPs on the
left side of the congruences in the list S have all occurred in the last round,
and secondly, by applying the subsequent Theorem (4.14), no more relations can
appear from different decompositions of a PP into partial products.

The PPRs with Y-representations

L, uy, ug, ug
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remain as basis elements. Their multiplication table can be read off from the
rows of the algorithm:

U1 U2 us
Ui 2U,Q — U1 U2 us
Uz Uz us
us 2U3 — U2
The multiplications
1-1 =1
1- U, = UuUp
1- Uo2 = U9
1- Uz = Usg

are trivial and, therefore, are not shown in the multiplication table.
In practical computation, the rows of the algorithm and the list S are combined
into a single diagram.

4.3. Termination Criteria for the Algorithm

(4.14) Theorem: Let uy, us, . . ., u,, be finitely many PPRs from which all others
can be linearly combined. Let w,, have the highest index in the order (4.1)
and let it have degree k. (In view of observation (4.13), let further be
guaranteed that the PPs on the left side of the list S, whose degrees can
be at most a finite value p, in steps (BA) and (BB) of the algorithm, only
get a single Y-representation. At degree p this is verified!) Then we have: If
we have checked that the PPs up to degree 2k + 1 produce only a single >.-
representation, then we can be certain that the decompositions of additional
PPs always lead to only one Y-representation.

Proof. At degree 2k + 1 it is checked that the following identities hold:

— =

‘ 2 -1, k=1,2,...
(4.15) wj(uiug) = (ujui)uy (Z 2, o - ’m’>,

2,1, [<m

(where uy, ug, . .., u; are the residue classes of those variables x;,, z4,, . . ., ;, with
the property that z;, has no X-representation (j = 1,2,...,1)). For the PPs
with degree > 2k + 1, every decomposition into two partial products produces
a Y-representation since one of the two factors must have degree larger than
k and hence possesses a Y-representation from which a »-representation of the
PP under consideration results. Two arbitrary decompositions of such a PP
z w2 - x¥n into two factors can be converted into one another by finitely many
steps of the form:

Sy o . g
ip—1 / i,—1

(@16)  afafal = @ el ()l

(4.17) = [Ty T ()@l
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Therefore, as soon as we know that (4.16) and (4.17) produce the same ¥-
representation under the hypotheses of Theorem 4.14, we also know that only

a single Y-representation can be computed from the different decompositions of

gtk - -2’ into two factors. We have:

(4.18a) 2T x;p_l” N >l g,
(4.18Db) xill = -x;)p_l gl — S B, and
(4.18¢) Ty — Zlizl Vil

(a]aﬁkvlyleK7 jvk:172a7m7 Z:1a277l)

Using (4.18a), (4.18b), and (4.18c), we compute (4.16) and (4.17) further:

(4'16a) (xil_ill o 'x;p—z,, l’%n g )[(xph;lll . 'l’;}_l e xf;"] —
n ! m | m
( z_: Oéjuj) ( ;%ul Z ﬁkuk) = z_: Z: Z B (uiug),
(4.17a) [y Tl T @) (e :B;;’ L) —

m

!
2 Z i Br (wjug ) g

||MS

(J; ;U Z:il %W) ( lgl ﬁk%) =

But by (4.15), the final expressions of (4.16a) and (4.17a) produce the same
Y-representation under the hypotheses of the theorem.

Because of this theorem, we can terminate the algorithm at step 14 in Example
1, since uy, uq, usz satisfy the hypotheses of Theorem 4.14, and hence all addi-
tional PPRs have only a single Y-representation. Theorem 4.14 can sometimes
be sharpened:

(4.19) Theorem: If every PP of degree k + 1 already possesses a Y-represen-
tation because each is a multiple of PPs having a ¥-representation (the
basis element with the highest index has again degree at most k, and it
will be assumed again that the relations present in the list S have all been
used), then we have: If we have checked that the PP up to degree 2k — 1
produce at most a single Y-representation, then we can be certain that the
decompositions of additional PPs always lead to only one Y-representation.

Proof. The proof of this theorem will be given in Section 6 in connection with
results from Section 5.

In Example 1, this theorem cannot be profitably used, since for degree k+1 =
2, every PP possesses a Y-representation, not because they are multiples of PPs
having a Y-representation, but rather because of the relations recorded in the
list S. If we take k + 1 = 3, then the hypothesis of Theorem (4.19) holds: Every
Y-representation of a PP of degree 3 results from PP being a multiple of a PP
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of degree 2 having a »-representation. Since 2k — 1 = 3, this theorem is no more
advantageous than Theorem 4.14.

The following conjectures (4.20) and (4.21) on the termination of the algorithm
turn out to be wrong:

(4.20) Conjecture: Assume that all products w;ux (i = 1,2,...,p; k = 4,7 +
1,...,p) of all residue classes w0 that appeared in (CA) are already treated
according to the instructions of the algorithm (I = 1,2,...,p, p is the
highest index that occurred so far in the PPRs w;0; in Example 1, p = 7).
Assume also that all PPs that occur on the left side of the list S are treated
in the algorithm. Then no more different »-representations can appear for
any PPR.

In other words, this is the question of whether it suffices to compute only the
multiplication table of the u;o.
Counterexample. A = (23 — 2z, 73 — 279, T1Ty — To) C K[z, o).

I — U1°

) — U920

2 — 2uy =u?

12 —— Uz = U1U2

r3 — 2up=uj +«— We could stop here by the
hypotheses in the conjecture,

Ty — 2uy

x{Ty — us =4us «— but two different X-representations

of a PPR appear here.

(4.21) Conjecture: If the associativities,

(4.21.1) wi(ujur) = (wiug)ug,
are proved (i, 7,k = 1,2,...,1, where uy, ..., u; are again the residue classes
of those variables x;,, ..., x; with the property that z;; has no ¥-represen-

tation (7 = 1,2,...,1)), which is the case for degree 3, and if the PPs on
the left side of the list .S have already been processed by the instructions
of the algorithm, then no more different ¥-representations can appear in a
PPR.
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Counterexample. A = (2319 — 23, 2123 — 22) C K21, 12).

I — U1°
T — U920
33‘1 B UBO
T1To — UyO
Ty — U0
€Ty — UgO = UjU3
TiTo — U3 = UU3 = UrU4
T1Ty — UUs = UUgq = U2
Ty  — Uy = U7O «—— We could stop here by the
hypotheses in Conjecture (4.21)
Ty — Ug = U1Ug = UKO
TiTo — Ug = UUg = U3U4
2212 — uy = uz = usus = uj <— but another new relation between
residue classes appears here.

By examining the proof of Theorem 4.14, we see further that the assumption
(4.21.1) would not suffice to prove the claim (4.21) in a similar manner. Only
the validity of the associativities (4.15) (which requires more than (4.21.1)) will
make the proof possible.

5. The Appearance of Different X-Representations
in One Step of the Algorithm

In this section, we would like to derive a rule which tells us in which row of the
algorithm the possibility exists that we will come to different -representations
for the very same PPR. To do this, we will prove four lemmas with which we
can then bring the algorithm into a somewhat modified form in Section 6.

(5.1) Lemma: If we use the algorithm for ideals of the form
A= (f1) € Klz1,29,...,2,] (principal ideals),

where

fi cifxflxg---xin +...
(] 2l - 2T has the highest index of all the PPs of f;), then the different
decompositions (4.8) of an arbitrary PP into partial products can never

lead to different YX-representations.

Proof. First, it should be noted that we could apply the algorithm in its present
form purely formally to P-ideals for which we do not know the dimension.
However, then is it possible that more and more PPRs appear with no -
representation. The hypotheses of Theorems 4.14 and 4.19 are then never satis-
fied, so we never know when we could terminate the algorithm. Hence, we can



B. Buchberger: Ph.D. Thesis 19

apply the algorithm to the ideal A = (f;) as well, which for n > 1 is certainly
not zero dimensional (Grobner (1949), p. 123).
To prove Lemma 5.1, we establish first that for f € A, where

(5.2) FE ke By

(252 ... 2% has the highest index of all the PPs of f), it follows that

ezl pBe s a multiple of zl'al--.2!». PPs which are multiples of
glal ...zl obtain E—relpresentations by step (BB). PPs af1al2 ... 2L» which
2 I
L.

are not multiples of x{lx -+ x,* cannot have any X-representation, because if

(5.3) ezl gk = Z iy, THTS - m (A)

aligle o pln hag a larger index than every xt 22 ... xin). then
1 2 n 142 n /o

(5.4) f o awbrgle gk Z iy, TRTY i € A,

in contradiction to z1'z%?-- -z not being a multiple of z'z2 ... z». Now if
in the course of the algorithm, a PPR contained two different ¥-representations,
then from it, we could compute a Y-representation for a PP xf%? o xEn where
wligl> . xln is not a multiple of z'a - zl». because the residue classes of

the other PPs (the multiples of #1'222 - - - z») do not occur in a Y-representation,
but will themselves be represented as linear combinations of PPRs by steps (BA)
or (BB).

Because of later applications, we will now prove Lemma 5.1 also in a second
more complicated way: We look successively at PPs with smaller index than

elal - xl then at 'z - 2" and finally at PPs with larger index than
x{lx? ---xln and show that all PPs of each group obtain at most a single Y-

representation by the method of the algorithm.
We begin with first group, the PPs with smaller index than 2"z - - z!». For

these, absolutely no Y-representation can be derived, since they are not multiples

I
of xy'wy? -+ - aln.

x{lxéz .-zl has a single Y-representation because of f{ =0 (A). Decompo-
sitions of 1'% -zl into partial products cannot lead to a Y-representation
because, as PPs of the first group, the partial products possess no -represen-
tation.

Inside the third group, which consists of the PPs with larger index than

x{l.’z? -~ aln there are two different types of PPs which we will denote by types

3A and 3B. -

The group 3A comprises the PPs zi'zi -+ -z’ which are not multiples of
ahzl> .. zIn The first such is the one immediately following z!'z% - - 2». This
one has as partial products only PPs of the first group and has therefore no -
representation. We make the induction hypothesis: Up to the PP xlfl.r';? ceeghn

no PP of group 3A has a Y-representation. Then %252 . .. 25 itself cannot have
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a Y-representation as well. Indeed in a decomposition of xlfla:é” -+ - M into partial

products, no factor is a multiple of x1'22 - .. zI»_ The partial products are there-

fore PPs of the first group or of group 3A with smaller index than 2% 252 . .. 2k

In both cases, they have no Y-representation, so %252 ... 2% has none also.
The group 3B comprises the PPs  zz2 .. -z'n which are multiples of

elal 2zl Again we use induction. For z1'x2 - - - 2! itself, it has been shown

already that it has only one Y-representation. The induction hypothesis is: Ev-

ery PP of group 3B up to, but not including, xlflx'rf ---xf has only one -
representation. Now assume z%' 252 . .. z¥» has at least two decompositions which
lead to a X-representation (otherwise there is nothing to show). These decompo-
.. . . I T
sitions are such that at least one of the two factors is a multiple of z}'zy* - - - xln:
k1 ,.k2 kn _ 1,02 Jn k1—j1,.k2—7j2 kn—jn —
5.5) R e e ST A Al AR e =U,
ki k k, g1, 5 gn k131 ke—j) kn—jn,
(5.6) eyt i = x)tayt et xy Tty 2 Xy =V

ki—j1 _ka—j i ki~ ka3, kn—d" :
W. L o. g let 2f' w2772 .. gkn=in and 2" 2y 7 - 2" be the multiples

of #1122 ... zIn The two representations can now be written down as follows:
— J1,.J2 0 ki—ji—I1, ke—ja—1I2
(5.5a) U = (z173 ) [(2 Ly
kn—jn—1 L, Iz I
— J1,.J2 0 ki—ji—Ii ke—ja—1I2
= (273 ) |:(‘T1 Lo
p
kn—gjn—1.
Sy ”)( > aj“j)]
Jj=1
P
— (dld2 T ki—ji—I ka—jo—1I2
(5.5b) = E caj(@ywy ) [(o Ty
J=1
kn—jin—1
) ()] (A),
R . . I, I I
if > aju; is the X-representation of zj'xy’ - - -z, and
i=1
P -/ -/ k. s/ k -/
_ J1 . Ja j! 1—J1—11 _ke—js—1I2
(5.6b) Vo= E aj(@y' @y - [(7y Ly
Jj=1
— ;! —
cay T ()] (A).
The PPRs
J1,..J2 Jn | ki—ji—I  ka—ja—1I2 kn—jn—1In
(5.7) [ S A T Ce Ty u;
g i ki—j,—I1_ka—jp—1 kgt — 1.
= lelx‘;...x%".xll J1 1:522 J2 2...3:'”" In ”uj

_ k=D ke—1I2 kn—1, )
— Il x2 P I'nn n u]
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already appear in the algorithm before the residue class a:lflxé” ---x" and have
therefore only one Y-representation because of the remarks thus far and the
induction hypothesis. Hence, 25252 - .. z¥» possesses only one as well.

(5.8) Lemma: If we apply the algorithm to an ideal of the form

A= (f1, f2) C Klz1,29,..., 7]

def 1, I I def Ky K K . I, 1> I
(fi = x'ax?-xr + ..., fo = xtwy?ecxih o mtwg? e

(215> .. 250 is the PP with the highest index among the PPs appearing
in fi (f2)), then we have:

1. The residue class of #{ 25 - - - 287 (G; = max (I;, K;); j = 1,2,...,n),

i.e. the LCM of z]'a .- 2l and 225> ... 25 is the first PPR, for

n n

which different Y-representations can appear in the algorithm.

2. If no distinct Y-representations appear at #5252 - - -28 then the al-
gorithm produces no more Y-representations for any PPR.

Proof. By the steps of the algorithm, a PP which precedes leleGQ -+ 28 cannot

n

have two different Y-representations. A PP 222 ... 2% can only have a ¥-

representation if it is a multiple of zl'z® -zl or zf1 2l ... 2K Tt cannot
be a multiple of xj'xy? - -zl and x1'25? - - & simultaneously if it precedes
1252 . 2Gn since otherwise it would contain 2125 - - - 287 also. By the same

considerations as in the proof of Lemma 5.1, group 3B, it is clear that this PP
can only have a single »-representation.

The situation is different for 25252 - - zG». Namely,
—I, Ga—T - Il
(59) x%ﬁxgz .. _xgn — le'l 1.1.?2 2... xgn In | zhgl ... xin
P
_ Gi1—11 _Go—1Io Gp—1,
= Iy T Ty n( § :O‘juj> (A),
i=1
and
G1,.G2 Gn _ .G1—K1,.G2—K3 Gn—Kn | K1 ,.K> Kn
(5.10) azy{'ws?--cx)m = ) x5 cee A R
P
_ G1—Ki Go—Ko Gn—K
= I Ly Ty "( E :ﬁj“j> (A),
=1
P P o ,
3 1 2 n
where Y oju; and ) f;u; are the X-representations of x;'zy?---x,» and
Jj=1 J=1
izl B respectively. However, nothing here allows us to conclude that

(5.9) and (5.10) are equal if we expand them further.

We now prove the second part of Lemma 5.8 by induction. Suppose that
for xf1x§2 ...2Gn only one Y-representation appears. Then certainly for the

n

PP immediately following lelxg;Q ---2% only one Y-representation appears as
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well, since this cannot be divisible by both z{*2 ...z and a: xa? g Ke (If

it were divisible by both, it would be divisible by the LCM x G2 - 2% also.

But this could only happen if it has larger degree than z7 :z:QG2 -.-2% has or
is identical with 1t If it were to have larger degree, then 25252 ... 2% would

be of the forrn 2! but the next PP would then be #{™, which certainly is not
divisible by z!.)

The 1nduct10n hypothesns reads: every PP following x; xg;Q -+ 2% up to, but
not including, PP 2% 252 - - - 2% has only one Y-representation. Now x’flxé@ coghn
itself can obtain - representations from its decompositions if

I T .. .
1. xy'ay? -+ - xl» divides a partial product, or

2. izl 2K divides a partial product.

The Y-representations from a decomposition of the first type are equal to each
other, similarly for those from decompositions of the second type, by exactly the
same reasoning as in the proof of (5.1), group 3B. If decompositions appear of
types 1. and 2 , then a decomposition also appears where a partial product is di-
visible by :r G2 --» 2% This decomposition belongs now to group 1. and group
2. The - representation computed from this is identical to the Y-representations
resulting from 1. and 2., so they are also equal to each other.

(5.11) Lemma: If the PPs z]' 22 - - - 2l» and 251222 . .. 25 appearing in Lemma
5.8 have the property that G; = I +K ( 1,2,...,n) (that therefore the
LCM z§1 252 - .. 2Gn of x{la:éz . w and x K2 - 2K is equal to the prod-
uct of the two), then certainly x G2 x has only one Y-representation.

Gn

™ can have decompositions where

Proof. #5125 - . x

1. x{%? -« divides a partial product, or

2. il .. 2% divides a partial product.

By reason of the corresponding remarks as in the proof of Lemma 5.1, group 3B,
the X-representations that arise from decompositions of the first type are equal
to each other. The same is true for the Y-representations of the second type.
The decomposition

oI Ki K
(5.12) g1aG? g = ghgl gl Iy le o g R

is simultaneously one of type 1. and 2. From this, it follows again that all the
Y-representations are equal to each other.

(5.13) Lemma: Let

(5.13.1) = (f1, for -+ fs)
(l) (l)
be the P-ideal, where :1:1 :r2 x -mfl’g) is the PP of f; with the largest index
(l=1,2,...,s). Now if the PP
(kD) kD)
(5.13.2) 2T e xﬁﬁk’” G;k’l) = max(_f;k),[](l))

G=1,2...,n kl=12_..5)
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(k) I(k) k) (l) I(l) 0

(the LCM of zt 22 :1:{; and z]! 222" ... 21"} obtains only one Y-

representation by the steps of the algorithm, then every PPR has only one
Y.-representation.

Proof. Lemma 5.13 is certainly true for the residue class of 1. We state the

induction hypothesis: Lemma 5.13 holds up to, but not including, xlfla:é” coeghn

(l) (1) ( )
Now z¥zh2 ... 25 can be divisible by all possible xl :Lé X " But with

1(11) 1(11) I(ll) I(lz) I(lz) 1(12)
x' xy ---xyr and ' oz ---ar it is also divisible by the LCM of both.

By the remarks in the proof of Lemma 5.17 group 3B, the Y-representations which

(1) 701)

arise from decompositions where one partial product is divisible by z;' .- z;»

are equal to each other, and similarly the ¥-representations from decompositions

: Ce (12) (12)
where a partial product is divisible by :1:’{1 CCéQ are equal to each other.

Both Y-representations are equal to the X-representation from a decomposition

) ) o (11,12) G(l1a12) Pex (11,l2)
where a partial product is divisible by ;' 25>  ---2» ~ . Therefore, they
are also equal to each other. In the same way, the equality of all possible Y-

representations of 21252 ... 25 can also be shown.

6. Applying Lemmas (5.1), (5.8), (5.11) and
(5.13) to Simplify the Algorithm

We start again with the ideal A of the form (5.13.1) with the additional definition

(k 1) (k l) (k,0) Pa) (P q) (p,q)
(5.13.2). Among all of the xl IE2 : Gk’ , let G x§ 287" Dbe the

one with the lowest index (1 <p<s, 1< q < s).

If we proceed according to the instructions of the algorithm, the first PP that

G(p ) G(P ) el .
can obtain two different >-representations is ;' 5> ---x,* . For this rea-

son, we will skip all the steps of the algorithm up to that point and immediately

(P q) G(P q) oo . . .
compute two X-representations of :1:1 xy?  ---xy™  in two essentially differ-

ent ways: We decompose this power product once so that one partial product is

(P) (p) (») . . .
a multiple of xl xé gk , and once so that one partial product is a multiple

n
(6)  (a)
i (a)
of x1' = -- I . If we obtain two different -representations in this manner,

then we ehmlnate the PPR with the highest index and obtain from this the
Y-representation of a PPR that has possessed none so far. This representation
corresponds to a polynomial f,,; € A, which we put into the basis of A. If how-
ever we did not obtain different Y-representations, then we jump to the LCM
with the next highest index, from which we compute again Y-representations of
two essentially different types.

Every time we have found a new Y-representations in this manner, we add
the corresponding polynomial to the basis (this corresponds in the old algorithm
to storing a Y-representation in the list S) and jump to the LCM with the
next highest index (this corresponds in the old algorithm to beginning a new
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round; but now we know precisely for each new round where the first time two
different Y-representations for a PPR can appear, and we proceed there with

the computation right away).

(k,1) (k,l) .
If for an LOM 25 252 " - 29" it follows that G = 1% (or G = 10)

for j = 1,2,...,n (i.e. if the LCM is equal to one of the two PPs), then we
compute the two Y-representations, perhaps add a new resulting polynomial to
the basis, but can delete fi (resp. f;) from the basis because the relation which
exists between residue classes because of fr =0 (A) (fi =0 (A)), now exists
in any case because of ;=0 (A) (fr =0 (A)).

As soon as the hypothesis of Lemma 5.13 is satisfied for the current basis
A= (f1, f5,..., f) of the ideal, we can terminate the algorithm. Those PPRs
which neither have a ¥-representation because of fj =0 (A), (j =1,2,...,5)
nor because of z!'z% - xﬁyfj’ = (A), (I, =0,1,2,...; i=1,2,...,n), are
basis elements of the polynomial ring modulo the ideal A, whose multiplication
table must now be computed using all available -representations.

The calculation of two different -representations of an LCM is the main work
in practical computation. To do this, many Y-representations of PPs of lower
index must be prepared. Of course, one will record the >-representations of these
auxiliary PPs as in the earlier algorithm, so that we need only compute them
once. In this manner many elements of the multiplication table are computed as
a by-product.

For programming, the algorithm was used in the form just discussed. A “re-
cording” of the Y-representations of the auxiliary PPs was not immediately
possible because of the small memory of the machine used, and would also
immediately overwhelm the capacity of larger computers on somewhat larger
examples. Thus, we must tolerate a longer computation time for the benefit of
huge memory savings.

For calculating with electronic computer, we will need one more consideration:

(k,1) (k,1)
. : ) @ (kD)
It does not matter in which order we take the LOMs z;!  x52 ---2S" " in order

to compute two essentially different types of X-representations for them. Namely,
if one LCM has only one Y.-representation when the basis of the ideal in this stage
of the algorithm is precisely A = (f{, f5,..., f.), then this LCM cannot obtain
two different Y-representations in later stages where all the relations f; = (A)
(j=1,2,...,5), and perhaps even more, hold.

Therefore, if we were to take the LCMs in an order other than the one described
previously, which we want to call the normal order, and if we were to thereby
obtain a basis representation A = (f, f,..., f%), then we could apply the
algorithm again, this time using the normal order of the LCMs. However, all of
these LCMs were already computed during the computation of the two essentially
different types in the other order, and yielded only a single Y-representation.
Hence, they cannot now obtain two different ones, where certainly no fewer
relations exist than before. Thus the basis A = (f{, f4, ..., f/) must already be

S
what we would have obtained by computing relative to the normal order.
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In what follows, we compute Example 1 again, this time with the algorithm
in the new form.

Example 1:
A= (2] — 2wy + 21, 7173 — T3, T35 — 273+ T3)

We transform the basis polynomials into the corresponding relations (1), (2), (3)

in O:

(1) 22 =21—11 (A) (4) z913 =23 (A
(2) z1x3 =13 (A) (5) z1x9 =29 (A)
(3) 23 =213—19 (A) (6) 23 =10 (A
: eluNel e (kD) .
Furthermore, we make a list of the z;* z5% ---2&" " in order to determine
their order, where we give (k,[) and its associated PP x?gk‘l)xgéw X -xfgw. In

the initial stage, these are (2,1), (3,1), (3,2):

(2,1) airs (3D afad (4D alzeas  (5,1) iz (6,1 =iad
(3,2) :clxg (4,2) mzexws  (5,2) miTom3 6,2} F1T2E3-

(4,3) wowi {53} —=zaexy- (6, Sa3
(5,4) mmows  (6,4) 33
(6,5) x123

(k)

. . . (&:) (k,1) .
We immediately strike through the 3:?1 x202 - xfﬂk " for which, by (5.11), we
need not calculate any Y-representation. Finally, we prepare another diagram in

order to record the auxiliary relations. To begin, we can already enter (1), (2),
and (3) here.
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1

T

4

T3

x? =21y — 11 (A)
T1Ty = T (A)
rir3 =13 (A)
x3 = Iy (A)
ToTz =13 (A)
x3 =213 — a9 (A)
7}

P2ry = T (A)
vy = a3 (A)
I’lfbg

L1273

r173 =2x3— 10 (A
75

l’%])g

I’QZL%

75

Now we compute, in two ways, representations for z2xs, the LCM with the lowest
index.

(6.1a) 2ix3 = (23)13 = (229 — 1) T3 = 27973 — —F1E3 — T3 (A),
(6.1b) 213 = 11 (T173) = 1173 = 3 (A).
(

The reduction of a representation of a PP as a linear combination of other
PPs (mod A!) to a X-representation can be carried out with minimal effort if
we also strike through representable PPs of the representation and add their
representations to the end of the expression.)

From (6.1a) and (6.1b), we get zox3 = x3 (A). We write this as (4) under (3)
(we take zox3 — x3 into the basis). Similarly, we complete the list of auxiliary
relations. By doing this, we obtain new LCMs as well, namely (4,1), (4,2), and
(4,3), which we write down at the end of (3,2). Also, we record in the list of
secondary relations the representation z3z3 = z3 (A) calculated in (6.1). To
indicate that (2,1) was already used, we equip it with a check mark.

Now we go to the calculation of ¥-representations for the next LCM, namely
(4,2). It yields no relations, so we immediately take (3,2):

(6.2a) 1173 = (0173)73 = 13 - 13 = 25 + 203 — X9 (A),
(6.2b) @122 = 21(23) = 21 (213 — 9) = 2123 — DT + 213 (A).

This yields (5). As earlier, the list of auxiliary relations and LCMs will also be
completed.
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Now we consider (5.1):

(6.3a) iy = (13)T9 = (279 — 1) T2 = 203 — 21y — To (A),
(6.3b) 129 = (1122)T1 = ToT = Ty (A).

This yields (6). Again we make the necessary entries in the auxiliary list.

We continue in this manner. The later LCMs have only a single X-represen-
tation, as can be easily checked.

The savings in work which comes from the simplification of the algorithm is
not evident from this example, but is considerable for more complicated ideals.
Also we combine the different lists into a single diagram.

The proof of Theorem 4.19 can now be easily furnished. Suppose that while
computing with the algorithm in the earlier form, the condition arises described

in the hypotheses of Theorem 4.19; Let fi, f5,..., fi, be in the list S (f; &t
I(J) I(J) 1@ . , ](J) I(J) I(j) . ;.
xt xy et o (=1,2,000,8), 2 xt -eay is the PP of f; with the
. . (J) () G .
highest index.) By assumption, those PPS( 3)1:1 (%é mfl”] with degree > k + 1
p p (p)
are themselves multiples of some other x{ xé x -xffp , SO
(r.3) AP J) (:5) (@ 7@ (7) .
O B G = g el gl (I1<p<s, p#J).

For these PPs, we must compute two essentially different types of -repre-
sentations, then we can release them from the basis. (This was just assumed

to have happened in Theorem 4.19.) Hence, it still remains to calculate the
G(h,jz) Géh,jz) GU1.2) I(Jl) [(J1> 76D

LCM =z, Tq R i for all the pairs of PPs ' x5 ---x;» and
(42) (Js) (41:42)  AG1.52)
T I, (42) Gy Gs (41,42)

o' wy? - xlT with degree < k. But these 7' 152 oG appears

at degree 2k — 1 at the latest (with the help of Lemma 5.11!).

In the new form, the algorithm can be used for every arbitrary ideal, even
when we do not know its dimension beforehand. It can be decided in every
stage whether we must continue to compute or whether all of the important
relations have already been found. By applying the algorithm to an arbitrary
ideal A = (f1, fa, ..., fs), we obtain a basis representation of the ideal:

(6.4) A = (flfh ) with
e @) 1) )
(6.5) fi A - IR LL NI
1@ :

(where xl ' xéj ﬁlj) is the PP of f; with the highest index), which has the
property that the highest indexed PP of an arbitrary polynomial f € A is a
19
multiple of at least one of the PPs xl xé . -x,[l(J . (If there were a polynomial

f € A not having this property, then a PPR w0 which was found to be a basis
element by the algorithm would have a Y-representation.)
It should also be noted that relative to the order (4.1) of the PPs, only one
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basis of the ideal can be found having this property. Indeed, if there were two
distinct such bases

(64) A = (f{aféavf;’) and
(6.5) A = (flLfs, - fa)
OIS o KO kO
(Whereyzz1 :cé gl xl a:K "'xK’g)ISthePPOff/( '), i =12,

n n

(I = 1,2,...,5") with the highest index), then either one PP would have a
Y-representation relative to the one basis representation of the ideal but none

(J) (J) )
relative to the other (if one PP occurs among the xl a:2 gl " that does not

KO (l)

K K(l>

occur among the x; x2 ---xpn,or vice versa), or the Y-representation of at
least one PP would be different relative to the two basis representations. Both
stand in contradiction to the result, which the application of the algorithm has

to an ideal.
(J) (J) 7@

If among the xl 952 —xl (= 1,2,...,8) PPs of the form 2! (i =

1,2,...,n) occur, then certainly every PP starting from degree >  I; has a
i=1

Y-representation, this by reason of the same considerations as in the proof of

Theorem 3.1. Thus there are only finitely many linearly independent PPRs in

O. Therefore by Theorem 3.6, A is zero dimensional. However, if among the

I(J) I(J) I(J) (J) (J) 1)
xy . . PPs of the form z}" do not occur for all i (e.g. no xl mQ R

has the form xk *), then no PP of the form 2% (p=0,1,2,...) has a Y-represen-
tation, so O has infinitely many linearly independent elements, and is an algebra
with infinitely many basis elements in the sense of (3.5). Therefore, A has higher
dimension.

If in the course of the algorithm, f = 1 must be taken into the basis, then A
is the whole P-ring, so A has dimension -1. Thus with the help of the algorithm,
we can also make certain statements about the dimension of an arbitrary ideal.

If we apply the algorithm in its second form to the ideal A = (fi(z), fa(z),

.., fs(x)) C Klz], it produces for us the greatest common divisor of the basis
polynomials f;(z) (j =1,2,...,s), thus replacing the Euclidean algorithm. An
example of this:

Example 2: A = (2% — 722+ 112 — 5, 2° — 2823 + 1622 — 32 — 10, 2*—22° —
1922 + 15z + 25).

—~
Z
Tl?] N | (O (W
S [ ]
—~ | w [\
= |
no
| [\
|

We compute first two S-representations of . One is already there: (3). It only
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needs to be simplified by applying (1):
rt = 2%+ 1922 — 15 — 25 + a2 — 222 + 10 + 332°-37z—15 (A).
We compute the other from (1):
ot = TS — e + 5 + 4922 — T7e + 35 +3827—T22+35  (A).

This yields a new relation (4): 22 = 7z — 10 (A). (3) can be deleted from the
basis. We consider z3:

From (1): 2® = 72 — 11z + 5 + 492 — 70 +38z—65 (A).
From (4): 2% = 7a? — 10z + 492 — 70+ 39z (A).

This yields (5): # =5 (A). (1) can be deleted from the basis. We consider x?:
From (4): 22 =25 (A).
From (5): 22 =5x =25 (A).

This yields no new relation, so (4) can be deleted from the basis. Also the
computation of z° from (2) and from (5) produces identical Y-representations,
so (2) can be deleted from the basis. (5) remains as the only basis polynomial
left and is the greatest common divisor of the original three basis polynomials
(Grébner (1949), p. 39).

7. The Calculation of the Hilbert Function of an Ideal
from a Basis of the Form (6.4)
In this section, the symbols and definitions from Grébner (1949), p. 154ff, will be

used. If we have found a basis for an ideal A of the form (6.4) using the method
of the algorithm, then two lemmas hold for this basis.

(7.1) Lemma: The number of linearly independent polynomials in A of degree

< t is equal to the number of PPs of degree <t which are multiples of at
OI0)
least one 1! 22 cealt i A = (fi, f5, ..., fh) is a basis (6.4) of A, and

n )
def 1) o o .
/ ! Vg -l is the PP of f)

Iél) I,(f) /
P=a xy? e . l=1,2,0.0 8 (2 @

with the highest index).

(7.2) Lemma: The number of PPs mentioned in Lemma 7.1 is

N (f, fayo s fu) = H{t—ti;n—1)+ H({t —ty;n—1)
+...+H(t—ty;n—1)
—H(t—tig;n—1)—H(t—t13;n—1)
— .. —H({t—ty_19:n—1)
+

+ (=) VH(t—tio, i — 1),
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7,1 09 ,.ens il Gzl 189 5nens i
where ¢; is the degree of f/, t;, i, i, is the degree of z" Ty’
G,zl 389 5enes g

- xln , and G max(]l( ) I»(ZQ),...,IZ- ), fori=1,2,....n

n ’ e

and 1 < <ip < - <ip<s,2<4.

From these two lemmas, the following formula for the calculation of the Hilbert
function of A follows immediately:

(73) H(t; (f{afév . afs/’)) = H(t;n - 1) - N(t; (f{aféa cee 7fg’))
For t <0, H(t;n) is defined here by H(t;n) = 0.

Proof of (7.1). First of all, we know that there must be at least as many lin-

early independent polynomials f € A of degree <t as PPs of degree < t that
10 o
are multiples of at least one :cl xé ~~xf{(ll) (I =1,2,...,5) because the X-

representations of the residue classes of these PPs are the residue classes of
polynomials

def 4, 4 i
(7.4) firiinyin = @5 xy . €A,

where every fi, i,. i, has the PP z7'z% ... 2% as the PP with the highest index.
But these PPs are linearly independent, so there can only be a relation

(7.5) Z @iy igoviv firsin.oin

lf a7117127 in = 0
Now if a polynomial f* € A with degree < t were still to exist, which is not
a linear combination of the f;, ;, ;. , then we could form a polynomial

(7.6) 9=/ - Zail,iz,...,infi1,i2,...,in =0 (@i ig,...in € K),

and thereby choose the coefficients a;, ;, so that g contains none of the PPs
.. z'». Among the remaining PPs in g with nonzero coefficients, we seek
now the one with the highest index, and call it 2z - - - xln. Tts residue class was

found to be a basis element by the algorithm. But (7.6) becomes
(7.7) g=0 (A)

0 (@iy iy i € K),

----- in

in O, whereby xlfxl; .- xl" obtains a Y-representation, contradicting its property

as a basis element.

Proof of (7.2). We furnish the proof of (7.2) by induction on s’. For the case

s’ = 1, the formula becomes N(t; ( fl)) = (t — t1;n — 1) in accordance with
™
the fact that we must multiply 3:1 93§2 = by all PPs of degree ¢t — ¢; in

. (1) (1) (1)
order to obtain the PPs of degree ¢t which are multlples of x{ xéQ oo gl " Now

suppose the formula holds for s’ basis polynomials. The number of PPS which
are multiples of at least one of the PPs

(l) (1)
(7.8) d gl el =128 +1)

n
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can be compiled in the following manner: We take all PPs which are multiples of
the first &' PPs of (7.8) (their total can be computed by the induction hypothesis)

) ) (s'+1)  (s"+1) (s'+1)
and add to that all PPs which are multiples of x' xéQ vl o , whose total

has also already been computed. However, in this way, we have counted some

i ) ) Gos' 1) qlas'+1) (J.s'+1)
PPs twice, namely those which are multiples of an xfl x?Q e S”J o
(j =1,2,...,¢, GEJ’S = max (]i(j),]i(s +1)) fori = 1,2,...,n), and were

therefore already counted with the first group. This number can already be
computed by the induction hypothesis. Hence, we must subtract these PPs from
the earlier number. This yields:

Nt (fis foroo i fon)) = HE—tun—1)+.. .+ H(t —ty;n—1)
—H(t—tlg;n—l)—...—H(t—ts/,l,s/;n—l)
+ ...+ (—1)5,_1H(t — t1727'“731; n — 1)
—i—H(t—tS/H;n—l)—[H(t—t175/+1;n—1)+...
+ H(t — t5/75/+1;n — 1) — H(t — t1,275/+1;n — 1)
i H(t - tsl_1’5/75/+1; n — 1)
4+ ...+ (—1)8/71['[((‘, — t1’2,_“751’sl+1; n— 1)
= H{t—tiyn—1)+H({t—tyn—1)
+ .+ H(t—tyi;n—1)
—H(t—tm;n—1)—|—H(t—t1,3;n—1)
—|—...+H(t—t8175/+1;n—1)
+ ...

+ (—1)Sl H(t — t1,2,...,s’+1; n — 1)
Here, we used the fact that the LCM of

Ggi173/+1) Gglil,s/+1) Ggiz,S’-H) Gg2,5’+1) G(lika8'+1) G(nik,s’+1)
Il ... n s :L‘l ... l‘n Sy 1 DY xn
is equal to the LCM of
(i1) (i1) (i2) (i2) (k) (i) (s1+1) (s1+1)
Il Inl Il ]n2 ]1 Ink ]1 In 1
:L‘l DR :L'n s I’l ... ‘/L‘n PR ‘/I"l PR :'Cn s 1‘1 PR l‘n s

where 1 <iy <ig<---<i, <s; 1<k<éd.
With this, we can compute the Hilbert function of an arbitrary ideal, after its
basis is first brought into the required form (6.4) with the help of the algorithm.

8. Determination of a Bound for the Termination of
the Algorithm from the Basis Polynomials of the Ideal

By the considerations in Section 6, we can now attempt to calculate a bound
from the basis polynomials fi, fa, ..., fs of a P-ideal A = (f1, fa, ..., fs) for how
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high a degree we must compute at the most, so that all steps of the algorithm
are carried out (i.e. the hypothesis of Lemma 5.13 is satisfied).
Here a bound will be found for the case

(81) A = (flana"'afS)CK[xbe]a
OIS
fi = otz 4+ ...
@ 76
(j=1,2,...,s; :1:{1 xéQ is the PP of f; which has the highest index). We will
also need the following quantities:

(82a) I =max(Il", 1), j=1,2, 1=1,2,...,s -1 k=1+1,...,s.
(8.2b) KW = bR 4 [(bk),

(82c) K = max(K"R); 1=1,2,...,s—1; k=1+1,...,s.

82d) I =min(I")=1"; 1=1,2,...,s 1<l <s.

(82¢) L=min(I)=1: 1=1,2,...,s 1<l <s.

(82f) I=1I+1I.

First of all, it is true that there are at most I PP of degree K without a

Y-representation, namely zi<, xf’le, ey xf(fh’“xérl and x{rlxé{*hﬂ,
(I2) (12) (I2) 7(l2)
9 K- _ I'? g-r . "2 g
!l 2:55({)11+2, e . iyl upto 2t @, artzr)nul(tllg)les of x' x5 |
l l
0'?-1 K-1;%+1 - . nY ot .
and x;" Tz, 7 up to x1'zX " are multiples of ;' x> . For this it need
only be shown that
! !
(8.3a) K—-1"+1>1" o
! !
(8.3b) K+1>1" 41w

This is true because

(8.3¢) K = max(K®P) = max[max([l(l), Il(k)) + max([Q(l), Ig(k))]
> max(I{?, I{V) + max(i§?, {V) = 1) + 1V,

By the same considerations, there exist at most I PP of degree t > K without

a Y-representation. If a PP of degree ¢t has two different Y-representations from
(s41)  j(s+1)
which the Y-representation of a yet non-representable PP xfl xéQ can be
(s+1) (s+1)
obtained, then again a:il 1’52 has at most degree K. Now if I 1(8+1) > I; and

1™ > I, then
(84) K Z Ifs-ﬁ-l,k’) + [2(S+1,k)’
k=1,2,...,s; Ij(s+1’k) = maX(IJ(SH), I;k)), ji=1,2.

This means therefore that the new LCMs all have degree < K. We prove this as
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(s+1) (s+1)
. I I . .
follows: Since z;'  xy’ does not yet possess a Y-representation, it must be

true that I < I8 and 1™ < 1) Then also

(8.5) JEHIR) R o plorila) gl gl ) < e
(k=1,2,...,s),

if we take into account that up to degree K every polynomial of the basis,
UIN0)
whose PP with the highest index is a multiple of another xil x£2 , was already

eliminated, and therefore

(8.6) I >n; V<™ B> 1<)
(k:1,2,...,8; k?éll, ]C?éZQ)
I =1 for k=1, 1™ =1" for k =1,.
. I(S+1) I(S"Fl) I(l) I(l) .
Thus if ;' 23>  and one of the ;' z,> have LCM with degree > K, then
it must be that either [fsﬂ) < I or IQ(SH) < I,. If we now redefine I; and I, as

(8.7a) I :min(ll(l)), [=1,2,...,s+1, and
7b) L=min(I{"), 1=1,2,...,s+1,

then we can say that either Iy or I it must have been decreased. But this also

means that for degree t > K there are now fewer PPRs without Y-representation
(s+1)  j(s+1) ON0)
as earlier. The new LCMs of x{l :Lé2 and xil xéQ (I=1,2,...,s) must have

all appeared by degree 2K . For degree 2K, we can apply the same reasoning:
Either, through a newly appearing relation, I; or I will decrease, or every new
LCM has already appeared before degree 2K. In the first case, the new LCMs
appear before degree K + 2K = 3K. We can continue in this manner. However,
I = I, + I can only decrease I times and thereby increase the bound.

Thus if I = 1, all of the LCMs ever computed appear before degree K1 = 2K
if I = 2, then before degree K® = K + K = 3K if I = 3, then before degree
K® = KW 4+ K® = 5K In this way, we continue recursively: If I = [, then the
LCMs appear before degree K = K(=2) 4 [(=1),

In order to obtain an explicit formula, we must make the estimate somewhat
coarser, and say:

For I =1, the LCMs appear before K1) = 2K.
For I = 2, the LCMs appear before K?) = 2K = 22K

For I =1, the LCMs appear before

(8.8) KU =2'K,

as an easy induction shows.
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Of course in most cases the algorithm will have already terminated by much
smaller degrees. Thus (8.8) has only theoretical value and states that for an
arbitrary P-ideal C K[y, xs], the algorithm can certainly be terminated for
specific predetermined degrees.

9. Programming the Algorithm

In order to adapt the algorithm for electronic computers, we must first consider
how polynomials can be computed in such devices. Then we will provide a rough
flowchart for the algorithm as well as for the most important subroutine (the
computation of a Y-representation for a PPR), which is formulated as much
as possible without regard to the special properties of a specific computer. In
addition to this, we describe the two programs which we wrote for the ZUSE Z
23 V, in that we first provide the peculiarities of these two programs and then
describe how the data must be input and in what form the results appear. In
the flow charts a new symbol will be used: a < b. This will mean: the new value
for a results from the previous value for b, with the frequent use a «— a + 1,
which means in words: the new value for a results from the previous value for a
by addition of 1.

9.1. Computing with Polynomials on a Computer

Here we deal with first representing PPs and then with combining PPs to form
polynomials. In order to represent PPs, two different ways were pursued. The one
orders each PP by the index arising from the order (4.1), and computes with this
index. In this way, we only need a single cell to represent a PP, and we can, within
certain limits, compute with arbitrarily many variables in arbitrarily high degree.
But for the individual operations with PPs (such as multiplication, forming
LCMs, etc.), we need time-consuming subroutines. The other way represents the
exponents of a PP 2'2% ...z as a single number. How this is done can be
shown most quickly with an example. Suppose n = 3 and ©; = 2,15 = 1,13 = 4,
then the corresponding number would read 20104. In this way, exponents < 99
can be handled, we reserve again only one cell for a PP, and the subroutines for
the operations with PPs are substantially simplified (especially for multiplication
of PPs: this happens now simply by adding the two corresponding numbers). Of
course, we can compute with just a limited number of variables (in our case with
5), because in one cell, only numbers with a limited number of digits can be
represented.

For the first way, a basic formula will be given here, namely the one which,

given the number n of variables and the exponents i1, 1o, ...,7,, computes the
index N(iy,is,...,i,) coming from the PPs x%'2% .- 2% in the order (4.1). It
reads:

t—1

(9.1) Ny ig,...,in) = Y H(rin—1)+ H(t;n - 1)

7=0
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i-1
n—1 t+1—2;u
> (X HE-tn-1-)),
Jj=1 J
T:t+2—l§1il
where ¢t = Z i
j=1
with the definition
!
(9.1a) ZmT =0 for I < k.
=k

The partial expression
t—1

(9.1b) > H(rsn—1)
T7=0

from (9.1) gives the number of PPs of degree < ¢ in n variables, so the rest yields
the index of the PP within the considered degree t. We prove by induction on ¢
and n.

First the formula is true for ¢ = 0 and all n. For this case, the formula evaluates
to

n—1 041-0
(92) N(0,0,...,0) = HO;n—1)=> > H(r—Lin—1-j)
j=1 7=0+2-0
= HOn-1)=1,

agreeing with fact that there is only one PP of degree 0 for all n and this has
index 1.
Formula (9.1) is also true for n = 1 and all ¢. In this case, we have

(9.3) N(il):iH(T;O)—Ozilzt—l—l,

agreeing with the fact that for n = 1 only one PP appears for each degree, and
hence this PP obtains the index t + 1.
Now we suppose (9.1) holds for n and all 7 as well as for n+ 1 and all degrees

7 up to degree t. We show that the formula holds also for n + 1 variables and
n+1

degree t + 1. Let 4y, 1a, ..., 41 be given with »° i; = ¢t + 1. The PPs of degree
j=1

t 4+ 1 consist of those with ¢; # 0, which are simply the PPs of degree t in n + 1

variables multiplied by 1, and those with i; = 0, whose order is determined by

the order of the PPs of degree t 4+ 1 in the n variables xs, x3,...,2z,. In both

cases, the formula applies by the induction hypothesis.
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For the case i1 = 0, we have
(9.4) N(0,i9,...,0n41) = N1 + Ny + N3,
where

t
- . is the number of PPs of degree 7 <'t

Ny = Zo H(r;n) in n + 1 variables,

is the number of PPs of degree ¢ + 1 in the

n + 1 variables x1, xs, ..., 2,11 with iy # 0,

and

J
t+D)+1->" 4
1=2

n—

Ns=H(t+1;n—1) —Z( 3 H(T—l;ﬂ—l—j))
7=1 j+1
(1) 2= 3 i
is the number of the PP within the PPs of degree ¢ + 1
in the n 4+ 1 variables xy, xs, ..., Zyy1 With 13 =0

(computed with (9.1)).

By the index substitution £ — 1 = j and the subsequent replacement of k by j
again, N3 becomes

(+1)+1-% iy
n =1
Ns=H(t+1n—1)— ( 3 H(T—l;n—j)).
Jj=2 Jj
T:(t+1)+2—l§1 i
Hence,
j—1
(t+1)+1="5 4y
t+1 n =1
Ny oying) = D H(mn) =S (Y Hr=1Lin—j)),
7=0 j= j
= =) 12— 3 i
=1
k k
because i; = 0 implies Y i, = > 4;, and
1=2 =1

0
t+1D)+1->" 4
=1

Z H(r—1n-1)=0,

1
r=(t+1)+2- 3 it
=1
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because of (9.1a).
In the case 7; # 0, we have

(9.5) N (i1, dg, - ooy ing1) = My + Moy,

where

- _ is the number of PPs of degree
(9.5a) M, = Z H(r;n) 7 <t in n+ 1 variables,

and the index of the PP 2!'2% ...z within degree t + 1 is computed (with
iy =11 — 1,4 =1i; (j =2,3,...,n+ 1)) as follows:

t—1
(9.5b) My, = N(i,1y,...,0,)— » H(tin)=
7=0
j—1
1Y il
n =1
= HE) =Y (Y HE-Ln-))
Jj=2 J
T=t42-3 i
=1
t+1-0
— Z Hr—-1n-1)=
T=t+2—1]

= H(t+1;n) —H{t+tn=1

j—1
t+D)+1-3 4
=1

> (X HE-1n-j)

j=1 i
r=(t+1)+2- 3 it
=1

+ Htt+1H)+1t=tmn=1-

Therefore, combining (9.5a) and (9.5b) yields the correctness of (9.1) for the case
11 # 0 as well.

The transformation of the indices back into i, 4o, . .., 7, for given n is done al-
gorithmically according to the following flowchart (here —t will also be computed
as ip):
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’p:—N(il,iz ..... in), k=n—1,1=0,a=0 ‘ ©)

[
[

b—a
a0
S
9.6 ’AHerH(a;nflfl) ‘
(9:6) ‘
A<O07?
yes no ip—b—a
I —1+4+1
p— A k—k-—1
a+—a-+1 ‘

This flowchart holds for n = 1. Suppose that it holds for n variables and consider
p = —N(i1,02,...,0i,:1). In the case of n variables, iy, iy, . .., 4, will be computed
starting from (D), after the computation of iy by the flowchart has set the variables
to the following values: p is the negative of the index of z'z% - - -z among the
PPsof degreet,l =1,k =n—2,b=1,a = 0. In the case of n+1 variables, ¢ and
11 are computed correctly, as a step-by-step precise execution according to the
flowchart instructions will confirm. After that, the variables used at the mark (D
have the following values: p is the negative of the index of x%22% - - -, among
the PPs in the n variables xo,x3,...,2,11 of degree t — 1, 1 = 2, k = n — 2,
b = degree of the PP x?a:éf ---x;t . a = 0. By the induction hypothesis, the
flowchart computes precisely 9,13, ..., i,11, if we start with these values at (D).
[ = 2 just has the effect that the exponents still to compute obtain the indices
2,3,...,n+ 1, and the second argument (n+1) —1—1of H(a;(n+1) —1—1)
takes on the correct values in the case of the n variables xo, x3,...,2,,1. But
this is precisely the effect required here.

Polynomial residue classes
def 1, I I i1 .0 in —
P el ol 3 Gt i =0 (A)

(where 2l'zf ... 2" is the PP of f with the highest index; a;,:,..;, € K), are

n
represented in the machine in the form

I _I» I, — i1 12 7
Ty Xy Ty = — E Qjyigein Ty Ty * 00 Ly (A),

so that the number of PPs 2% - - - 2% with nonzero coefficients is stored in the

first of several successive cells, z1'222 - - zI» (as index or number) in the next one,
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the first nonzero coefficient in the next, the associated PP (as index or number)
in the following one, and so forth, up to the last nonzero coefficient and its asso-
ciated PP. A specific order of the PPs 2%'2% - - - 2» within the polynomial is not
considered important, but for every operation with polynomial residue classes,
the resulting residue class has stored again only PPs with nonzero coefficients,
and so is “compactly expressed”. K was taken to be the field of rational numbers.
Numerators and denominators of a coefficient were stored in two separate cells
so that every coefficient actually uses two cells. Some subroutines must manage
the arithmetic operations between rational numbers that are represented in this
way. The individual polynomials were ordered in rows of variable length. Indi-
cators must be built in, which report excesses of this length (as well as excesses
of every other limit that must be adhered to during computation, for example:
the highest number of polynomials to be processed, the highest allowed range of
numbers, the maximal number of stored basis elements, etc.), in order to avoid
false results which arise from computing further. (These indicators are not shown
in the flowcharts so that clarity is not impaired.)

9.2. Flowchart of the Algorithm

Let the ideal
A: (f17f27"'7fs) - K[Jfl,.fﬂg,...,l'n],

.
@ 7@ ) . S . J . .
fj = mil méz .. .xin] + Z agg?”inx?x? .. ,x:ln - ij + Z GZ(-j)PPi(j),
i=1
) @ (7) ) . . . -
be given (xfl xéQ x -xff] = PP;is the PP of f; with the highest index; aEQQ,..in €
K; PPY) are the 212 - - - 277 which have coefficients az(»f,g,,.in # 0 written in any

order).

A rough flowchart for the algorithm in the form described in Section 6 is then
as follows (auxiliary relations are not stored, the LCMs are used in the following
order: the LCM of PP, and PP, precedes the LCM of PP, and PF, if k <p or

k=pandl <q!):

Enter the polynomials f1, fa,..., fs
and store them rowwise.

|

Print the heading and the
polynomials f1, f2,..., fs-

yes
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O

=1

def

Form PPy, ;) = LCM of PPy and PP,.
Form M 1) def product of PP, and PP;.

J\/[(k,l) = PP(;CJ)?

Form D{),) so that PPy = D{,’, PPy.

Form DY so that PPy =D

) PPy.

(1)
(k1)

Multiply fr by D((Z.)l) and store it in auxiliary row 1.

Multiply f; by D((Ql) and store it in auxiliary row 2.
Subtract auxiliary row 1 from auxiliary row 2 and store the result in auxiliary row 1.

Reduce auxiliary row 1 to a X-representation.

Do all the coefficients of
the X-representation vanish?

o | |

exchange

Find the PP with the highest index in

auxiliary row 1 (whose coefficient we call a).

|

Is this PP equal to 1 7
(—1)-dim yes ‘ no ‘

Divide auxiliary row 1 by —a and put the PP with the

highest index in the second cell of auxiliary row 1.

40
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o @ O Y

Store auxiliary
row | in row s + 1.
s«—s+1

Store auxiliary | | Store rows [ +1,...,s s+«—s—1

row [ in row k. || in rows [,...,s — 1. Store rows

=1 Store auxiliary I4+1,...,8+1
in rows [,...,s.

row [ in row s.
T
@ @ e

Store row s + 1

yes ‘ no Hk*k-‘rl‘ ;nzrtiwk.
PETTIN

Among the PP; (j =1,2,...,s),

is there a PP of the form xi'c? Write: ”Higher Dimensional”.
’1‘—i+1H yes no FReducerowsl,Q,...,sto
Y-representations and
‘ print them.
i <n? Write: ”Zero dimensional”.

yes no Reduce rows 1,2,...,s to
Y-representations and
print them.

[

Print: ”Basis Elements”.
p=1,t=0,w=0,2=0
]

| B, = PP with index p
Is the PP with index p a Print B..
multiple of a PP; (j =1,2,...,5)7

w=1

’ yes ‘ no ’72<—z+1

[ J

p—p+1

Does the PP with index p
have degree higher than t7

Print: ”Multiplication Table”.

=1
4‘ no ‘ yes ‘
no yes

Form Bl,k = BlBk
Compute the Y-representation of By .

te—t+1 Store it in auxiliary row [.

w=0 Print [, print k, print the X-representation of By j.
k—k+1

k<z?

ﬂ yes \ no Hl<—l+1‘
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9.3. Flowchart for the Reduction of a Representation of a PPR by Other
PPRs of Lower Index to a Y-Representation

In the auxiliary row 1, let the relation PPy = ) aiPPi(O) (A) (PP, and PPZ-(O)
=1

1

are power products, a; # 0, a; € K (i = 1,2,. .._, 7)) be stored in the following
form: 7, PPy, aq, PPl(O), ey Qo rpPY, Similarly in the rows 1,2, ... s, the basis

7 . . :
relations PP; = 3. a’ PPY (A) (PP; and PP are power products, PP; has
i=1
a higher index than PPi(J) (t=1,2,...,75), aﬁj) £ 0, agj) eK (i=12,...,15)
are stored. Then the transformation of ) aiPPZ-(O) to a X-representation is done

i=1
by the following process:

Is PP{% a multiple of PP, ?

I RN o P

ap < ar, PP — PP(O), T — T — 1‘ 1 :
L . p—p+ Construct D so that PPTED) = D - PP,. Multiply

row q by D and a, and store it in auxiliary row 2.

ap%a.,.,PPZ(]O) <—PP£0>,T<7T71,a<7T,l:1

ay — ar, PP{Y — PP©

T—71—1
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9.4. Description of the First Program

(See Appendix la for the program listing)

The first program for the ZUSE 7 23 V is, for the most part, written in
the Formeliibersetzer, an algorithmic programming language which corresponds
approximately to ALGOL. However, the parts which are repeated often (rational
arithmetic and operations with PPs) are programmed in the Freiburger code,
which is similar to the internal language of the machine. The representation of
PPs in this program is done by assigning natural numbers to the individual PPs
using the formula (9.1) and algorithm (9.6). The use of the Formeliibersetzer and
this representation of the PPs proved to be too time-consuming, given the speed
of the machine used. Thus the program is practically worthless. Nevertheless, it
is presented here because it treats the general case of n variables, and a program
for faster machines, whose internal language is not accessible, should probably
be written in a similar way. This program differs from the flowchart given above
in two essential ways:

1. For every new run of the part , the representations of the PP; (j =
1,2,...,s) will be reduced each time to a ¥-representation.

2. In the part , the auxiliary rows 1 and 2 will be reduced separately to
Y-representations and only then are subtracted from each other.

The second change, for the computing time, is a disadvantage. The first change
can result in an advantage for complicated examples. In order to describe the
usage of the program, it will be shown how the data tape and the output page
look for the ideal:

1
(9.9) A= (23— 596% — §$3, T1x3 — 2T3 + T1Ta, TT — T2)

(see Appendix 2)

9.5. Description of the Second Program

(See Appendix 1b for the program listing)

The second program was written entirely in the Freiburger code with the
help of a subroutine that enables symbolic addressing (which, unlike the use
of Formeliibersetzer, has no negative influence on the computing time). Special
care was taken to avoid waiting times on the slow magnetic drum. (In this
way the computing time can be reduced by up to sixteen times in general.)
In addition, the PPs were represented in the second form, namely as integers.
With these three, as well as a couple of smaller improvements, we were able to
reduce the computing time by a factor of 20-25 (and at the same time the usable
memory was increased) so that computation with an electronic computer is quite
profitable. Again we give the data tape and ouput page for the ideal (9.9) (see
Appendix 3). The representation of the PPs as integers is slightly changed here,
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so that as the first part, the degree of the given PP is shown: Thus 2020000 is
the PP %

In both of these programs, the possibility exists, by adjusting a control key
at the console to the value 17, of allowing the polynomials which are newly
adjoined to the basis to be printed out with an indication of the two power
products PPy, and PF; from which the PPy that produces the two different
Y-representations was formed. For the case of the ideal (9.9), this yields the
following picture: Appendix 4.

In the second program, it is very easy to incorporate changes, in order to
observe theoretical conjectures and considerations about the behavior of the al-
gorithm in practical computation. Furthermore, it is possible to organize the
memory differently, this means to store either many short or fewer long poly-
nomials. For the ideal (9.9) the program needs 2 minutes, 46 seconds to find
the basis (6.4) and another 59 seconds to compute the multiplication table. An
additional 3 minutes 13 seconds are needed to output the results.

To conclude, we give another example of an ideal in K[x1, x5, x3, 24, x5] which
will be found to be higher dimensional (see Appendix 5).

10. Conclusion

After showing in Section 3 that the residue class ring of a zero dimensional
P-ideal has the structure of a hypercomplex system, in Section 4, step-by-step
we introduced an algorithm, about which one can prove that it does, indeed,
construct a basis for the algebra. (4.14) and (4.19) were derived as termination
criteria for the algorithm in this form. Using four lemmas from Section 5, which
make assertions about the occurrence of new relations between residue classes
during the execution of the algorithm, the algorithm can be simplified in Section
6 and put into a somewhat different form (so that it specializes in the case
of a single variable x to the Euclidean algorithm for determining the greatest
common divisor of several polynomials). Results from Section 5 were applied
in Section 7 for calculating the Hilbert function of an arbitrary P-ideal, and
in Section 8 for determining a bound for the termination of the algorithm for
the basis polynomials fi, fo, ..., fs of an arbitrary P-ideal C K[zq,x5]. Finally
in Section 9, preparations for programming the algorithm were done, the most
important flowcharts were provided, and finally examples were computed with
the programs which we wrote for the ZUSE Z 23.

References

Grobner, W., 1949. Moderne algebraische Geometrie. Springer-Verlag.
Van der Waerden, B. L., 1937. Moderne Algebra I, 2nd ed. Springer-Verlag.



