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Abstract

Using the machinery of proof orders originally introduced by Bach-
mair and Dershowitz in the context of canonical equational proofs, we
give an abstract, strategy-independent presentation of Grobner basis
procedures and prove the correctness of two classical criteria for recog-
nising superfluous S-polynomials, Buchberger’s criteria 1 and 2, w.r.t.
arbitrary fair and correct basis construction strategies. To do so, we
develop a general method for proving the strategy-independent cor-
rectness of superfluous S-polynomial criteria which seems to be quite
powerful. We also derive a new superfluous S-polynomial criterion
which is a generalization of Buchberger-1 and is proved to be correct
strategy-independently.

1 Introduction

Buchberger’s algorithm for constructing Grébner bases of polynomial ideals
is one of the central methods in computer algebra [4]. It constructs a canoni-
cal simplifier for ideals in polynomial rings over a field, and hence provides a
basis for many problems in polynomial ideal theory. Buchberger’s algorithm
is very similar to completion procedures such as Knuth-Bendix [11]. The
similarity was first observed in [12] and fully developed in [2].

The a priori recognition and discarding of superfluous critical pairs is
an important component in modern Grébner basis procedures. Such recog-
nition is usually accomplished by a so-called superfluous S-polynomial or
reduction to zero criterion which is a computationally efficient sufficient con-
dition for recognizing S-polynomials that would reduce to zero with respect



to the rewrite system being constructed. Grobner basis procedures such as
Buchberger’s algorithm and its enhancements F4 [8] and F5 [9] prescribe a
fixed execution strategy for the construction of S-polynomials, their reduc-
tion and simplification, and the subsequent extension of the current partial
Grébner basis until completion. Moreover, the proofs of correctness for the
admissibility of reduction to zero criteria for such procedures are usually tied
to the execution strategy of the algorithm for which they were introduced.
For example, Buchberger’s Criterion 1 [5] is introduced in the context of a
fixed basis construction strategy (the classical Buchberger’s algorithm), and
the original proof of correctness of the criterion uses an inductive cut-point
argument that makes explicit use of this strategy.

The idea of generalizing the essential features of a Grobner basis proce-
dure into a strategy-independent setting can perhaps be most immediately
traced to the work of Bachmair and Dershowitz on canonical equational
proofs [1]. In this work, the authors observe that different completion algo-
rithms (such as Knuth-Bendix, Huet, ordered, etc.) can be seen to be merely
particular strategies for organising a collection of primitive “abstract com-
pletion” inference rules. These inference rules crystallize operations common
to all completion procedures they considered. By separating the primitive
completion operations from the choice of strategy guiding their application,
the authors are able to prove many important results whose justifications
were once tied to a particular completion algorithm (i.e., strategy) in a
strategy-independent way. By doing so, such results can then be carried
over to other completion procedures for free. Other related and influential
work includes that of Bachmair and Tiwari on a strategy-independent pre-
sentation of procedures for computing D-bases of polynomial ideals [3], and
that of Winkler on the elimination of superfluous critical pairs from com-
pletion procedures in which the strategy of keeping all rules interreduced is
used [15].

We wish to have an abstract framework for reasoning about Grobner
basis procedures with respect to a multitude of possible execution strate-
gies. This goal began with a very practical motivation. In our work on
using Grobner basis calculations as part of an automated theorem proving
system [7], we have experimented with computing Grobner bases through
a number of different simplification and reduction strategies. These strate-
gies originate from the automated deduction community and include the
so-called “Otter” and “Discount” loops used by modern superposition the-
orem provers [14]. Basing a Grobner basis procedure on such a strategy
can result in a procedure that behaves very differently than Buchberger’s
algorithm or F4 or F5, and we struggled with the fact that a number of



the superfluous S-polynomials criteria we wished to exploit were not easily
seen to be admissible in such a setting. We then learned of the Bachmair-
Dershowitz work on abstract completion and proceeded to adapt it to solve
our problem.

In this article, we develop a strategy-independent description of correct
Grobner basis procedures called abstract Grobner bases, and then examine a
number of classical superfluous S-polynomial criteria in this general setting.
These classical criteria are the so-called Buchberger-1 and Buchberger-2,
and a generalization of Buchberger-1 that we believe is novel. We then
show how the technique of proof orders can be used to prove the correctness
of all of these reduction to zero criteria, strategy-independently, using a
uniform method. The key idea is to (i) define a formal notion of “proof”
for abstract Grobner basis procedures, (ii) define a well-ordering upon these
proofs, and (iii) reduce the strategy-independent admissibility of reduction
to zero criteria to the existence of “smaller” proofs in the absence of S-
polynomials deemed superfluous by the criteria under investigation.

2 Foundations

In the sequel, let p; denote polynomials in Q[Z] = Qlzy,...,z,]. Given
{p1,...,pr}, a finite subset of Q[Z], the polynomial ideal Z({p1,...,px})
is the set of polynomials {Zle pigi | ¢; € Q[7]}. An element z% ... zir in
Q[z1, ..., xy,] is called a power-product (or term), and an element c:vi1 o.xin
with ¢ € Q and x? ...xin a power-product is called a monomial. We say
a monomial is monic if ¢ = 1. (This terminology is not universally agreed
upon.) We use M to denote the set of all power-products in Q[x1,...,zy].
From hereafter, we use p, ¢, r, s and ¢t to denote polynomials, m to denote
power-products and monic monomials, ¢ to denote coefficients, and c¢m to

denote monomials. We say a power-product z7' ... xin contains xy, if i > 0.

Given two power-products m; = x7* :C;" and mo = 33311 .. x, mime de-
notes the power-product %' 7' .. a7 if iy > gy, for k€ {1,...,n}, then
m denotes the power-product {7 ooay T, and the least common multi-

ple lem(my, m2) of my and meg is the power product x?wx(il’jl) ... xﬁ”“x(""’j“.

We say a polynomial p contains the power-product m if p contains the mono-
mial ¢m for some coefficient ¢ # 0. Given a polynomial p = ecymi+. . .+c,my,
and a monomial em, we use emp to denote the polynomial (c;c)mim+...+
(cnc)mypm. Similarly, given a polynomal p = ¢ymq + ...+ ¢, m,, and a poly-
nomal ¢, we use pq to denote the polynomal c;miq + ... 4+ ¢,myuq. In the
work that follows, all polynomials are assumed to be in a sum-of-monomials



normal form (e.g., a polynomial will never contain two distinct monomials
formed from the same power-product).

Given two monic monomials p; and ps of the form m; + ¢ and mg + ¢o,
let 71 2 be the lcm(my, m2), then we use spol(p1, p2) to denote the polynomial

T2y (T2
(m1 )fh (m2 )Q2-

Given a set of polynomials S, it is easy to see that if {pi,p2} C Z(S), then
spol(p1,p2) € Z(S).

An order relation < on the set M is admissible if m1 < mo implies that
mim < mom, for all mq, mo and m in M. A monomial order is a total
order on M which is admissible and a well ordering. Given two polynomials
p1 and po, we say p1 < po if there is a monomial ¢m in ps such that for all
monomials ¢;m; in pi, m; < m.

We first recall Buchberger’s algorithm and observe that it is but one of
many possible strategies for computing Grobner bases. Then, we introduce
abstract Gribner bases and formalize notions of fairness and correctness for
basis construction strategies.

2.1 Buchberger’s Algorithm and Strategy

Let us examine Buchberger’s algorithm (Fig. 1) and reflect upon the basis
construction strategy underlying it. But what is a strategy? Perhaps the
best way to approach this question is to examine what might be changed in
the algorithm while still preserving its correctness. Two absolutely crucial
ideas underlying the algorithm which seem to be a requirement of all Grobner
basis procedures are (i) the use of polynomials as rewrite rules, and (ii) the
iterative recovery of confluence (that is, completion) of the rewrite system
induced by the polynomials through the computation of critical pairs (S-
polynomials).

If, for the sake of motivation, we assume that these are the only two
requirements of a Grobner basis procedure, then it is easy to see much that
might be changed. For instance, one might allow members of G to simplify
other members of G. Or one might simplify multiple S-polynomials simul-
taneously, as done in F4. Or one might allow specially selected members
of G\ {pi,p;} to simplify the individual components of pairs (p;,p;) € S
just before considering spol(p;,pj). Or one might use spol(p;,p;) to sim-
plify members of G before using members of G to compute a normal form
for spol(p;, pj). When one attempts to construct Grébner basis procedures
using different strategies such as these, it can become difficult to (i) prove



Input: (F = {p1,...,px} C Q[7], <)
Output: G s.t. G is a GBasis of F' w.r.t. <
G:=F;S:={{pi,p;) | 1 <i<j<k}
while S # () do

Let (ps,p;) € S

For some ¢ s.t. S-polynomial(p;, p;) s, q
if ¢ # 0 then
S:=S5U{(p.q) | peG}
G:=GU{q}
end if
S = 5\ {(pi.i)}

end while

Figure 1: Buchberger’s Algorithm

the correctness of the resulting procedure, and (ii) prove that desirable op-
timizations developed in the context of well-studied procedures, such as a
reduction to zero criteria known to be admissible in Buchberger’s algorithm,
are in fact admissible under the strategy being used in the new procedure.
This is especially true of reduction to zero criteria that have temporal re-
quirements (e.g., by requiring that certain S-polynomials were “processed”
before others). We introduce abstract Grébner bases to address precisely
these problems.

2.2 Abstract Grobner Bases

Given a monomial order <, the key idea in Buchberger’s algorithm is to
use a polynomial ecm + g, where ¢; < m, as a rewrite rule cm — —gq. For
clarity, we will write polynomials used as rewrite rules in a form in which the
head monomial has been underlined. For instance, when using cm + ¢q as a
rewrite rule we will mean cm — —q. We say a polynomial used as a rewrite
rule cm + g is monic if ¢ = 1. To simplify the presentation that follows,
we will assume all polynomials used as rewrite rules are monic. The monic
polynomial p = m + ¢ induces a reduction relation +, on polynomials. It
is defined as ¢1 + cymim ), ¢1 — cymiq for arbitrary monomials ¢;m; and
polynomials ¢;. Given a set of monic polynomials G = {p1,...,pr}, the
reduction relation induced by G is defined as: —g=J;_; —p,-

Definition 1 (Grobner bases). A finite set of monic polynomials G is a
Grobner basis of the ideal Z(F) iff I(G) = Z(F') and —¢ 1is confluent.



SU{cm+q},G

Orient -
S,GU{m+ ()q}
Superpose S,GU{p1,p2}
S U {spol(p1,p2)},G U {p1,p2}
Delete SU{0), ¢
S,G
Simplify-S SU{amims +qi},GU{ma + g2}
SU{q — cimiga}, GU{ma + ¢2}
Simplify-H > G Ulmuma farmyta} e
SU{q —mige}, GU{m2 + g2}
Simplify-T S,GU{m + cimima + q1, ma + q2}

S,GU{m — cimig2 + q1, m2 + g2}
Figure 2: Inference rules.

The inference rules in Figure 2 work on pairs of sets of polynomials
(S,G). In all rules, the coefficients ¢ and ¢; are assumed to be non-zero.
We use (S1,G1) F (S2,G2) to indicate that (S7,G1) can be transformed to
(S2,G2) by applying one of the inference rules in Figure 2.

Theorem 1. (Sl, Gl) = (SQ, Gg) implies I(Sl U Gl)) = I(SQ U Gg))

Proof. Easy by observing (i) every rule that extends (S1,G1) does so by
adding polynomials already in Z(S; U G1), (ii) reducing a polynomial p
using ¢ when p and ¢ are in (57, G1) does not change Z(S; U Gy), and (iii)
a polynomial p is removed from (S; U Gy) only when p = 0. O

Definition 2 (Procedure). A Grébner basis procedure & is a program that
accepts a set of polynomials {p1,...,pr}, a monomial order <, and uses the
rules in Figure 2 to generate a (finite or infinite) sequence (S1 = {p1,...,pk},
0) F (S2,G2) b (S3,G3) b ... . This sequence is called a run of &.

Given a set of monic polynomials G, the set of S-polynomials SP(G) is
defined as the set

{spol(p1, p2) | p1,p2 € G}

G1



Definition 3 (Correct Procedure). A Grébner basis procedure & is said to
be correct iff it produces only finite runs (S1, Gy =0)F ... (S, =0, G,),
and

SP(Gn) - (Sl UsSyU...U Snfl) .

Theorem 2. Let & be a correct Grobner basis procedure, then for any run

(S1, Gir=0)F ... (S, =0, G,), Gy, is a Grébner basis for Z(St).

The proof of Theorem 2 uses a tool called proof orders which we will
study in detail in the next section.

Definition 4 (Eager Simplification). Given a Grébner basis procedure &,
we say & implements eager simplification iff & only applies Orient to p € S;
when Simplify-S cannot be applied to p.

Proposition 3. Given a Grébner basis procedure & using eager simplifica-
tion, then for any run (S1,G1) b (S2,G2) = ..., for all 5 > 1, there is no
m1 + q1 and ma + g2 in G such that my = may and q1 # q2. Moreover, in
this case, the condition m1 # 1 in the rule Simplify-H is only restricting self
simplifications.

Definition 5 (Fairness). A Grébner basis procedure & is said to be fair iff
for any run (S1,G1) F (S2,G2) F ...

sP(JN &)<l s
i>1j5>i i>1

Theorem 4. If a Grébner basis procedure & implements eager simplifica-
tion, is fair, and Superpose is applied at most once for any pair of polyno-
mials in J;>1 Gi, then & is correct.

Proof. We just need to show that every run of & is finite. This follows from
Dickson’s lemma, and the fact that any infinite run will contain an infinite
number of Superpose steps. O

Example 1. Let F' be the set of polynomials:
{z%y — 1, zy® — y}.

Then, using the inference rules in Figure 2, we can generate the run in
Figure 3. A reduced Grobner basis for F is contained in the final state

0, {y—1, z—1}).

As an exercise in gaining familiarity with the inference rules, we illustrate
how they can be used to simulate Buchberger’s algorithm in Figure 4.



{z%y — 1, 2y —y}, 0

I Orient: 2%y —1

I Orient: zy> —y
wa {@_ ]-7 l“_yQ—y}

- Superpose: spol(z?y — 1, zy® —y) =ay —y

F  Orient: zy — vy
wa {ﬁ_lu x_y2_ya ﬁ_y}

= Simplify-H: 2y — y over @— 1
{zy =1}, {2y® — v, 2y -y}

= Simplify-S: 2y — y over zy — 1
{y_l}v {x_yQ_y¢ ﬁ_y}

F  Orient: y — 1
0, {zy* —y, 2y —y, y — 1}

= Simplify-H: y — 1 over a:_yQ— Y
{zy -y} {zy -y, y—1}

= Simplify-S: zy — y over zy —y
{0}7 {ﬁ_ Y, Q_ 1}

F  Delete
0, {zy -y, y— 1}

= Simplify-H: y — 1 over zy — y
{z—y} {y—1}

k= Simplify-S: y — 1 over x — y

F Orient: x —1
wa {Q - 17 L — 1}

= Superpose: spol(y — 1,z —1) =2 —y
{fe—yh {y—-1 z-1}

k= Simplify-S: y — 1 over x — y
{.1‘—1}, {Q—l, 2_1}

F Simplify-S: £ — 1 over x — 1

{0}7 {g_ 17 L — 1}
F  Delete:
(Dv {Q_ 1> L — 1}

Figure 3: A run for {z%y — 1, zy® — y} w.r.t. Deglex with x < y.



Input: (S ={p1,...,px} C Q[7], <)
Output: G s.t. G is a GBasis of S w.r.t. <
Apply Orient to every member of S
Apply Superpose between every p;,p; € G (pi # pj)
while S # () do
Choose spol(p;,pj) € S
Apply Simplify-S to spol(p;,p;) € S as long as possible
Call the resulting simplified polynomial (in S) ¢
if ¢ # 0 then
Apply Orient to ¢
Apply Superpose to all pairs (p,q) (p # q € G)
for which Superpose has not been previously
applied
else
Apply Delete to ¢
end if
end while

Figure 4: Rule-based Simulation of Buchberger’s Algorithm

3 Proof Orders
In the following, we assume that
(F=51,Gi=0)F ... (S, =0,G,)

is an arbitrary run of a correct Grobner basis procedure . We use S, to
denote the set S U...US,, and G, to denote the set G; U ... U G,,.

An equational step in (S, Gy) is a tuple (s,p,cm,t), where s, p and ¢
are polynomials, cm is a monomial, p € S, UGy, and t = s — cmp. We use

(p,cm)
S —— ¢t

to denote the equational step (s, p,cm,t).

Proposition 5. Let (s,p,cm,t) be an equational step, then for any mono-
mial dm' in p, s ort contains the power-product m'm.

A right rewrite step in (Si,Gx) is a tuple (s,p,m,t), where s, p and ¢
are polynomials, m is a monic monomial, p € G,. Let s be of the form
csmmy + qs and p be of the form my, + ¢, then t = s — csmp = q5 — csmgy.

9



Intuitively, p is a polynomial being used as a rewrite rule, and m specifies
that the monomial cymm,, of s will be “rewritten” to —cymg,. We use
(p,m)
s ——t
to denote the right rewrite step (s, p,m,t).
Similarly, a left rewrite step in (S, Gy) is a tuple (¢, p, m, s), where s, p,
t and m are defined as in the right rewrite step case. We use
(p,m)
t——s
to denote the left rewrite step (s,p,m,t). A rewrite step is a left or right
rewrite step. For every rewrite step, we say s is the source and t is the
target. Note that t < s.

A proof step is an equational step or a rewrite step. We use s ~p t to
denote that s € Z(F) iff t € Z(F). Recall that Z(F) = Z(S. U G4), hence
for all proof steps p € Z(F'), and s ~p t.

A proof Pr for p ~p q in (S,, G,) is a sequence of proof steps

(51,01, c1ma, t1) ... (Sk, Pk, CkMU, i)

such that, sy =p, ty = q, t; = s;y1 for i € {1,...,k — 1}. We use lhs(Pr) to
denote s; and rhs(Pr) to denote t.

For example, let F' be the set {zy — y,z%y — 1}. Hence, for any run,
xy —y € Sp. Now, assume @ — 1€ G,. Then,

—y, — —y,—1 2y—1,1
y (ry—y, x>y+:1:2y—:1:y (ry—y, >x2y (z?y—1,1) 1

is a proof for y ~p 1.

A rewrite proof Pr is a proof containing k rewrite steps such that p; is
in Gy, fori € {1,...,k}, and there is a j € {0, ..., k}, where the first j steps
are right rewrite steps, and the others are left rewrite steps.

For example, assume G, contains the polynomials {z+1, y+z, w?—1}.
Then, the following proof is a rewriting proof for zy + 2 ~p w?z + 2.

(y+z,1) (w?-1,z2)

fetly, +2 242 — w?z+2

Yy + 2

We say two proofs Pr; and Pry in (Si,G.) are equivalent if (hs(Pry) =
lhs(Prg) and rhs(Pry) = rhs(Prsy).

The cost of a proof step is a pair where the first component is a multi-set
of polynomials and the other a polynomial, and is defined as:

10



1. For s <27, t, the cost is ({s,t},0).

2. For s 2 ¢ and ¢ L s, the cost is ({s},p).

Two different cost pairs are compared using the lexicographic product order
< of (=, <), where <)/ is the multi-set extension of the order < on poly-
nomials. Proof steps are compared by comparing their costs. The overall
cost of a proof Pr is the multi-set of the costs of all its proof steps, and two
different multi-sets of costs are compared using the multi-set extension < s
of <. Finally, proofs are compared by comparing their costs, and we use
Pr’ C Pr to denote that proof Pr’ is smaller than proof Pr.

Lemma 1. The order C is well-founded.

Proof. This is an immediate consequence of the following facts: the order
< is well-founded, the multi-set extension of a well-founded order is well-
founded, and the lexicographic product order of well-founded orders is well-
founded. O

Lemma 2. Let Pr be a proof in (S«, Gy) that is not a rewrite proof. Then,
there exists a proof Pr' in (Si,G) such that Pr’ is equivalent to Pr and
Pr’' C Pr.

Proof. If Pr is not a rewrite proof, then there are three possible reasons:
1. Pr contains an equational step.
2. Pr contains a rewrite step (s;, p;, mi, Si+1), and p; is not in G,.
3. Pr contains a peak of the form

£ (p1,m1) s (p2, m2) t)

for p; and ps in G,,.
In the following, we consider each of these three cases separately.
1. Assume Pr contains an equational step

(p,cm)
S+——1t
By definition of equational step, ¢t = s — (¢cm)p. First, assume p € S,,
then since S,, = 0, p is removed from some Sj,, using Orient, Delete
or Simplify-S. The case where p € G, is similar to the case where p is
removed from some S, using Orient.

11



(a) Assume Orient was used to remove p. Let p be of the form ¢,m,+

q¢p, then p’ = (é)p is in Gj4+1. By Proposition 5, s or ¢ must
contain the power-product my,m. First, let us assume that s
contains cympm and t does not. Then, c¢s = ¢,c because t does
not contain the power-product my,m, and by simple algebraic
manipulation:

t = s—(em)p=s—(—m)p=s— (Csm)((c_)P)
= s— (csm)p.

Let Pr’ be the proof that is obtained by replacing the equational
step with:

Similarly, if ¢ contains the power-product m,m and s does not,
we replace the the equational step with the rewrite step:

Finally, if both of them contain the power-product m,m, let ¢; be
the coefficient of m,m in t. Then, by the definition of equational
step, ¢t = ¢s — cpe. Let ' be the polynomial s — (csm)p’. By
algebraic manipulation, we have:

s = s—(csm)p' =s— ((cpc+ c)m)p
= 5= (om){eppl) — (cm)p! = 5 — (em)p — (com)p?
= t—(m)p.

In this case, let Pr’ be the proof that is obtained by replacing the
equational step with:

®',m) I (', m) ;

In all three cases, the rewrite steps are smaller than the equational
step, because {s} < {s,t} and {t} <as {s,t}. This shows that
the new proof Pr’ C Pr.

Before we consider the next case, note that the case where p € G,
can be handled as above. The only difference is that p’ = p when
p € G,.

12



(b) Assume that Delete was used to remove p, then p =0 and s = ¢,
and the equational step can be removed from the proof. There-
fore, Pr' C Pr.

(c) Assume p is of the form ¢,mpm, + g, and Simplify-S was applied
to p using a polynomial » € G; of the form m, + g,. Let p’ be
—CpMypqr + qp, then p’ is in Sj; 1. By Proposition 5, s or ¢ must
contain the power-product m,m,m. Let us assume both of them
contain mpm,m, and c; and ¢; are the coefficients of m,m,m
in s and t respectively. Recall that ¢; must be ¢y — ¢,c. Now,
let s’ be the polynomial s — (¢csmpm)r and ' be the polynomial
t — (csmpm)r. Note that s’ < s and ¢ < t. By simple algebraic
manipulation we can show that ' = s’ — (cm)p’. Now, let Pr’ be
the proof that is obtained by replacing the equational step with:

(rympm) , (p',em) , (r,mpm)
S t t

All three new proof steps are smaller than the original equational
step because {s} <nr {s,t}, {t} <um {s,t}, and {s',¢'} < {s,t}.
This shows that the new proof Pr’ C Pr. If s does not contain the
power-product my,m,m, then the first rewrite step is not needed.
Similarly, if ¢ does not contain the power-product my,m,m the
last rewrite step is not needed.

2. Assume Pr contains a rewrite step (s,p,m,t), and p is not in G,.
Without loss of generality, assume it is a right rewrite step

(p,m)
s ——t

Since p is not in G, it was removed from some G, using Simplify-H
or Simplify-T and a polynomial » € G of the form m, + ¢,.

(a) Assume Simplify-H was applied to p using r, and p is of the form
mpm, + q,. Note that m, # 1 because of the side condition of

Simplify-H, therefore < p. Let p’ be the polynomial —m,g, + gp,
then p’ is in Sj;;. Since (s,p,m,t) is a right rewrite step, s
must contain the monomial csm,m,m. By the definition of right
rewrite rule, t = s — (¢csm)p. Now, let s’ be the polynomial
s — (csmpm)r. Thus, by algebraic manipulation, we can show
that t = s’ — (em)p’. Let Pr’ be the proof that is obtained by
replacing the rewrite step with:

(r, mpm) S, (p'cm)

t

13



The new equational step is smaller than the original step because
s’ < s and t < s, and consequently {s’,t} <ar {s}. The cost of
the original rewrite step is ({s},p). The cost of the new rewrite
step is ({s},r), and is smaller than ({s},p) because r < p.

(b) Assume Simplify-T was applied to p using r, and p is of the form
m_; + ¢pmpmy + gp. Let p’ be the polynomial m_;] — CpMpqr + Gp,
then p’ is in G 41. This case is similar to the case 1c for Simplify-
S. Let s’ and ¢’ be polynomials defined as in case 1lc. Now, let Pr’
be the proof that is obtained by replacing the rewrite step with:

(r,mpm) =, (p'sem) —, (r,mpm)
s t t

The cost of the original rewrite rule is ({s},p), and the costs of
the new rewrite rules are ({s},r), ({s'},p’) and ({¢t},r). They are
smaller than ({s},p) becauser < p, s’ < sand t < s. If s does not
contain the power-product m,m,m, then the first rewrite step is
not needed. In this case s’ = s, and the cost ({s'},p’) is smaller
than ({s},p) because p’ < p. Similarly, if ¢ does not contain the
power-product my,m,m the last rewrite step is not needed.

3. Assume Pr contains a peak of the form

(p1,my)  (p2,mb)

i S to

for p1 and po in G,,. Assume p; and po are of the form m; + ¢; and
ma + o respectively. Now, we consider two cases: mjm; # mbhms and
mimy = mhma.

(a) Assume mjmy # mbma, then s must be of the form gs+cymimi+
CQm’ng. Moreover, we must have

/ /
t1 = qs— c1myqr + comoma

/ /
to = qs+cimymy — comaqo

Let s’ be the polynomial g5 — cym)q1 — combga. Let Pr’ be the
proof that is obtained by replacing the peak with:

(p2,camb) o (p1,c1mf)

t1 to

The polynomials ¢, t2 and s” are smaller than s, hence {t1,s'} <
{s}, and {¢',t2} <as {s}. Therefore both equational steps are
smaller than the rewrite steps in the peak.
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(b) Assume mim; = mims, then s must be of the form gs + cmm o
where 71 2 = lcm(my, m2). Then, we must have

tt = gs—cm(—)a
mi
71,2
te = gs—cm(—")g2
m2
Moreover, spol(p1, p2) = ;ll—fql - %qg must be in S,. Let Pr’ be

the proof that is obtained by replacing the peak with:

t (spol(p1,p2), —cm) ‘

Since {t1,t2} <ar {s}, the new equational step is smaller than
the rewrite steps in the peak.

O
Lemma 3. Every proof Pr in (S, Gy) is equivalent to a rewrite proof.

Proof. By well-founded induction on the well-founded order C. Let Pr be a
proof in (Sy, G,). If Pris itself a rewrite proof, then we are done. Otherwise,
by Lemma 2, there is a proof Pr’ such that Pr’ C Pr. By induction, Pr’, and
thus also Pr, is equivalent to a rewrite proof. ]

Given a polynomial g of the form cymi + come + ... + cpmy, we use

(p,q)
S «—» t

to denote a multi-equational step, that is, the sequence of equational steps:

(p, c1ma1) (p, camz) (p, cxmr)
S1 §9...8p_1 ——t

It is easy to see that t = s — pq.
Theorem 6. Given a set of polynomials F = {p1,...,pr}, an arbitrary run
(F=51,Gi=0)F ... (S, =0,G,)

of a correct Grobner basis procedure &, and a polynomial p, the following
holds: If p € Z(F'), then there exists a rewrite proof for p ~p 0 using —¢,, .
Moreover, G, is confluent.
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Proof. If p € Z(F'), then we must have p = p1q1 + ... + prqx for some ¢,
.., qr € Q[Z]. Let Pr be the following proof in (Si, G) for p ~r 0

(p1,q1) (P> qr) 0

By Lemma 3, Pr is equivalent to a rewrite proof.

Now, we show that G, is confluent. Suppose not. Let ¢, be the
reduction relation induced by G,. Since G, is not confluent, there are
polynomials s, t; and to such that

sS—a, - —a, t
sr—q, .- —a, 2

where t; and t9 cannot be reduced by G,,. The reductions above induce a
proof Prin (Sy, G,) for t; ~p to. Actually, this proof only uses polynomials
in G, but it has a peak at s. By Lemma 3, there is an equivalent rewrite
proof Pr’, contradicting the assumption that t; and ¢, cannot be reduced by
Gp. O

4 Criteria for Discarding S-polynomials

Buchberger introduced two criteria for discarding superfluous S-polynomials [6].
We now examine how these classical criteria can be accommodated in the
general setting of abstract Grobner bases. Inspecting the proof of Lemma 2,
we see that S-polynomials are only used in case 3b, where a non-rewrite proof
Pr contains a peak. This observation suggests a methodology for proving
the strategy-independent admissibility of criteria for discarding redundant
S-polynomials.

Observation 1. An S-polynomial spol(p1,p2) can be discarded if it is not
needed to obtain a smaller proof Pr' in case 3b of Lemma 2.

In the following, we assume p;, ps and pi are polynomials in G, of the
form my + q1, mg + g2 and my + g, respectively.

Criterion 1. If lem(my, ma) = myma, then spol(p1,p2) is superfluous.

Criterion 2. If there exists some py, € Gy s.t. lem(my, ma) is a multiple of
my and spol(p1, pr) and spol(ps2, pr) are in Sy, then spol(p1,p2) is superflu-
ous.

16



Proposition 7. If lem(my,ms) = mmy, then

Icm(ml, mg) = (mkl )Icm(ml, mk)

Icm(ml, mg) = (ka)Icm(mg, mk)

for some my, and my,. Actually,

~lem(my,ma)
M = lem(mq, myg)
~lem(my,ma)
Mhz = lem(mg, my,)

Note that my, and my, are well defined monomials because lem(my, ma) =
lem(my, ma, my).

Theorem 8. Suppose Criteria 1 and 2 are used as side conditions for Su-
perpose. Then, Lemma 2 still holds.

Proof. Inspecting the proof of Lemma 2, it is easy to see that case 3b is the
only one affected by the restricted Superpose rule. That is, Pr has a peak of

the form:
<p1,m/1> <p2,m/2>

i S to

for p1 and py in Gy, p1 and ps are of the form m;+¢; and mo+gs respectively,
and mim; = mbimg. Then, s must be of the form g5 + e¢m7y 2, where
T1,2 = lem(mq, mg). Moreover, we must have:

T2
1 = gs—cm——q
my
T2
o = @s—cm—=qo
msy

Now, assume spol(p1, p2) is not in S, because one of the criteria above was
used. In the following, we consider the case for Criterion 1 and 2 separately.

1. Assume spol(p1,p2) is not in S, because of Criterion 1. Then, 7o =
mimsg, and consequently

S = (s+ cmmims
1 = @gs—cmmeq
o = qs—cmmyqo
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Now, let s’ be the polynomial gs + (¢m)q1g2, and Pr’ be the proof that
is obtained by replacing the peak with:

(p2, —cman) < (p1, —cmqz)

t1 to

Since, t1, ta, s’ and every intermediate polynomial in the multi-equational
steps above is smaller than s, the new equational steps in Pr’ are
smaller than the two rewrite rules in the peak in Pr. Therefore,
Pr’ C Pr.

. Assume spol(p1, p2) is not in S, because of Criterion 2. Then, there is
a py of the form my, + g in G such that spol(p1, pi) and spol(pa, i)
are in Sy, and 7y 9 = m'my, for some m’. Let 7y ; = lem(m;, my) and
To;, = lem(ma, my). Then, by Proposition 7, we have 719 = my, 71k
and 712 = My, T2 -

71,2

th, = gs—cm—7—q
my
My T1,k
= ¢s—om———=
my

o T1,k
= (s — cmmkl q1
mi

Similarly, to = g5 — crmmy, ;i—fqg. Recall that,

T1k T1k
spol(p1,pr) = (m—1)Q1_(m—k)Qk

T2k T2,k
spol(p2,pr) = (m—Z)CD—(m—k)qk

Now, let s’ be the polynomial qs—cmgl—’;qk. By algebraic manipulation,
we have:

T1,k
tl + Cmmklsp(:)l(plapk) = (gs— Cmmkl m dk
k
Mg, 71k
= (s —Ccm——
m
1,2 /
= gs—Cm——q =3$§
mi
. Mg, T2k
= {4s—
m
T

=ty + cmmy,spol(p2, pr)
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m;

Note that in the equations above, all “fractions” of the form my are

. . o . . T
actual monomials because in all cases m; divides m;. For instance, nll—:

is a monomial because my, always divides lem(my, my) = 71 4. Now,
let Pr’ be the proof that is obtained by replacing the peak in Pr with:

(spol(p1,px), —cmmy,) , (spol(pz,py), —cmmy,)
1 s to

Since t1, t2 and s’ are smaller than s, we have Pr’ C Pr.
O

We now consider a generalization of Criterion 1 for Grébner basis pro-
cedures using eager simplification and the rule Simplify-H.

Criterion 3. Assume p1, ps and pr are polynomials in G, of the form
my + q1, Mg + g2 respectively. If my divides mo or my divides my, then
spol(p1, p2) is superfluous.

Theorem 9. Let & be a Grobner basis procedure using eager simplification

and the rule Simplify-H. Now, suppose Criterion 3 is also used as a side
condition for Superpose. Then, Lemma 2 still holds.

Proof. As in the proof of Theorem 8, we only need to consider case 3b. That
is, Pr has a peak of the form:

tl <p1,m/1> s <p2,m/2> t2

for p; and ps in Gy, and p; and po are of the form m; + g1 and mg + ¢o.
Now, assume spol(p1, p2) is not in S, because of Criterion 3, then my divides
mg or my divides m;. Since & uses eager simplification, by Proposition 3,
m1 # msy. Therefore, my properly divides mo or mgy properly divides my.
Without loss of generality, assume m; properly divides mo, then py cannot
be in G, because rule Simplify-H would simplify it using p;. O

5 Future Work

In the future, it would be interesting to attempt to prove the strategy-
independent admissibility of many other criteria used in state-of-the-art
Grébner basis packages. We are especially interested in performing a similar
analysis upon the Gebauer-Moller criteria [10] and the criteria contained in
[13] using the methodology put forth by Observation 1.
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6 Conclusion

In conclusion, we have developed a general method for proving the strategy-
independent correctness of criteria used for discarding S-polynomials which
seems to be quite powerful. We then used this methodology to prove the
strategy-independent correctness of three such criteria. To accomplish this,
we began by introducing the general setting of abstract Grobner bases,
where different Grobner basis procedures correspond to different strategies
for applying a small set of inference rules. Then, we used the machinery
of proof orders and formal equational proofs introduced by Bachmair and
Dershowitz to prove the correctness of arbitrary strategies meeting some
simple fairness and termination requirements. We observed that in prov-
ing the correctness of a Grobner basis procedure &, S-polynomials are only
needed to eliminate peaks in the formal proofs constructed by &. This sug-
gested a simple methodology for proving the correctness of different criteria
for discarding superfluous S-polynomials. The key idea was to reduce the
strategy-independent admissibility of superfluous S-polynomial criteria to
the existence of “smaller” proofs in the absence of S-polynomials deemed
superfluous by the criteria under investigation. Finally, we proposed the
future goal of applying a similar analysis to other such criteria.
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