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1. Introduction

The determination of free resolutions for polynomial modules is a fundamental task in
computational commutative algebra and algebraic geometry. Free resolutions are needed for derived
functors like Ext and Tor and many important homological invariants like the projective dimension or
the Castelnuovo-Mumford regularity are defined via the minimal resolution. Furthermore, already the
Betti numbers, which measure the size of the minimal free resolution, give valuable information about
the geometry and topology of varieties.

Unfortunately, resolutions are computationally rather expensive. A rough estimate says that a
resolution of length ¢ requires to compute ¢ Grobner bases. In many situations, partial information
like the Betti numbers already suffice. However, all classical algorithms for the computation of
Betti numbers require to always determine a full resolution. Indeed, one can observe in computer
algebra systems like SINGULAR that computing the Betti numbers needs as much computation time as
computing a full resolution.

In the recent work [1], we developed a novel approach to this question consisting of a combination
of the theory of involutive bases—in the form of Pommaret bases—(see [2] for a general survey on
involutive bases) and of algebraic discrete Morse theory (see [3,4]). We also implemented it in the
COCOALIB [5]. To the best of our knowledge, this approach is the only one that is able to compute
(even individual) Betti numbers without first determining a full resolution. For most ideals, it is
therefore much faster than classical methods (see the detailed benchmarks given in [1,6]). Furthermore,
the new approach can be easily parallelised and scales much better with the problem size.

Because of these advantages, a generalisation of our approach to other situations is of great interest.
Furthermore, it should be noted that Pommaret bases exist only in generic coordinates. As a first step,
we extended it therefore to Janet bases [6], as these can be computed more efficiently and always exist.
While the proofs follow the same lines, the use of a different involutive division entailed the adaption
of many technical points. Furthermore, we are currently considering the use of alternative ideal bases
not necessarily coming from an involutive division, but inducing combinatorial decompositions of the
ideal with essentially the same properties. The development of a syzygy theory for such bases again
proceeds along the same ideas, but various proofs have to be modified in minor ways.

In a different line of work, we recently introduced the concept of a module marked on a
quasi-stable submodule which is very useful for the explicit determination of equations for Hilbert
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and Quot schemes [7,8]. The marking induces a combinatorial decomposition based on Pommaret
multiplicative variables, but this time the key issue is that the head terms are not chosen with respect
to a term order. Nevertheless, we showed that the most important results on resolutions presented [1]
still remain essentially true. Again the proofs follow the same basic ideas, but require smaller technical
modifications at some places.

This article represents a revised and expanded version of [9] which was presented at the conference
Computer Algebra in Scientific Computing. Its main objective is to unify all our above-mentioned works
in a general axiomatic framework. It centers about the novel concept of a resolving decomposition
of an ideal. It refines the classical Stanley decompositions by certain additional axioms implying the
existence of standard representations and normal forms. We then discuss how a free resolution and
Betti numbers can be determined from a resolving decomposition.

The goal of this unification is not the development of any new algorithms. In particular,
no algorithm for the construction of resolving decomposition will be presented. Instead, our results
should be considered as a “meta-machinery” which augments any concept of a basis that induces a
resolving decomposition with an effective syzygy theory. As already mentioned above, we applied
this “meta-machinery” already for the special case of Janet or Pommaret bases (including a concrete
implementation in the COCOALIB) [1,6]. The case of marked bases is considered in great detail in [7,8]
(the latter reference also describes a concrete implementation in COCOALIB for the case of ideals).

The article is structured as follows. The next section provides the definition of a resolving
decomposition and shows explicitly that all the cases mentioned above are contained in it. The third
section discusses the construction of a syzygy resolution out of a resolving decomposition and some of
its properties. In the fourth section, an explicit formula for the differential of this resolution is derived
by relating our construction with the work of Skéldberg [10]. Finally, some conclusions are given.

2. Resolving Decompositions

Throughout this article, we will use the following notations. Let k be a field and P = k[x]
the polynomial ring in the variable x = (xo,...,x,). We write T for the set of terms x* € P.
Let Py = @, P(fdi)efo) be a finitely generated free P-module with grading d = (dy,...,dw)

OR()

and free generators e; /, ..., . Amodule U C P} is called monomial module, if it is of the form

STy (k)e,({o) with each J¥) a monomial ideal in P. A module term (with index i) is a term of the form

xF’eSO). If ] C P is a monomial ideal, we denote by V() C T the set of terms in T not belonging to J.
In the case of monomial module U, we analogously write N (U) = Ui, N(J (k) )e,({O) . The support of

an element f € P} is the set supp(f) of all module terms appearing in f with a non-zero coefficient,
— (0)
thus f =) csupp(f)

cux¥e if
(B)x for the k-vector space generated by B in (P}')s. For a module U C P}, we denote by pd (U) the
projective dimension and by reg (U) the (Castelnuovo-Mumford) reqularity of U.
Let B = {hy,..., hs} be a finite set of homogeneous elements in P}'. We need the following
data to define a resolving decomposition of the submodule U defined by B. For every generator

h; € B, we choose a term xVie,(c(_)) € supp h; denoted by hm (h;) and call it the head module term of

h;. Furthermore, we define the head module terms of B by hm (B) := {hm (h) | h € B} and the head
module of U by hm (U) = (hm B). Obviously, the monomial module hm (U) depends on the choice of
both the generating set 5 and the head module terms hm (). Furthermore, we assign to every head
module term hm(h) with h € B a set of multiplicative variables X3 (h) C x and denote by X the set of
all these sets. Finally, we choose a term order < on P° with s the number of generators in B.

R0 . If B is a set of homogeneous elements of degree s in P}’, we write

Definition 1. The above introduced quadruple (B, hm (B), X, <) defines a resolving decomposition of a
submodule U C PY, if the following five properties hold:
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(i) Let h € B be an arbitrary generator. Each module term x”e,(co) € supp(h) \ {hm(h)} must satisfy

el ¢ hm(U).
(iii) The assigned multiplicative variables induce direct sum decompositions of both the head module

hm(U) = (P k[Xjp(h)] - hm(h) )
heB
and the module itself
U = @ k[Xg(h)] -h. @
heB

(iv) We have a direct sum decomposition (P§'), = U, ® (N (hm(U)),)y for all degrees r > 0.
(v) Let {egl),. ey egl)} denote the canonical basis of the free module P°. Given an arbitrary term x° € T
EO) € supp(x°hy) Nhm(U) a unique
hg € hm(B) such that xeefo) = x7 hm(hg) with X e k[Xp(hg)] by (iii). Then the inequality
(1) (1)
p

and an arbitrary generator hy € B, we find for every term x‘e

xle,’ =5 x% e holds with respect to the term order <p.

In the sequel, we will always assume that (B, hm (B), X3, <) is a resolving decomposition of
the finitely generated module U = (B) C P}'. In addition to the multiplicative variables, we define
for h € B the non-multiplicative variables as Xg(h) = {xq,...,xs} \ Xp(h).

Remark 1. Resolving decompositions refine the classical concept of Stanley decompositions [11]. Indeed,
the equalities (1) and (2) simply represents Stanley decompositions of the head module of U and of U itself,
respectively. This observation makes it straightforward to compute the Hilbert functions of hm(U) and of U,
respectively. Since the two Stanley decompositions possess an identical structure, the arising Hilbert functions
trivially coincides. This fact represents a built-in term order free version of the well-known Macaulay theorem
for Grobner bases—see e.g., [12]).

Condition (iii) implies the existence of a unique standard representation

£= Y Puhy
a=1

with Py € k[Xp(ha)] for every £ € U. Note that these representations are indeed unique due to the fact
that each coefficient may only depend on the multiplicative variables. Condition (iv) implies the existence of
unique normal forms modulo U for all homogeneous elements £ € Py'. Due to it, we find a unique coefficient
Py € k[Xp(hy)] for each generator h, € B such that f = £ — Y, Pyhy, € (N (hm(U)))y. It also follows
trivially from (1) that for every generator in the basis B a different head module term is chosen.

For the goals of this article, the mere existence of normal forms suffices. Nevertheless, we remark
that Condition (v) entails that these normal forms can be effectively determined. The head terms and
multiplicative variables inherent to a resolving decomposition allows for the definition of a natural

reduction relation. If there exists a term xeego)

then we find a unique head module term h € hm(85) such that xeego) = x* hm(h) with x? € k[Xg(h)]

€ supp (f) Nhm (U) for some module element f € P},

and consequently a reduction f B, f—cx’his possible for a suitably chosen scalar ¢ € k.

Lemma 1. For any resolving decomposition (B,hm (B), Xp, <g) the transitive closure By of the reduction

. B . .
relation — is Noetherian and confluent.

(0)

Proof. It is sufficient to prove that for every term x7e,” in hm(U), there is a unique ¢ € PJ' such

that x'Ve,((O) B gand g € (N (hm(U))). Since x"Ye]((O) € hm(U), there exists a unique x°h,, € U such

that x hm(h,) = x7e,((0) and x° € Xg(h,). Hence, x7e,(<0) N x"*e](cO> — cx®h,, for a suitably chosen
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coefficient ¢ € k. Denoting again the canonical basis of P* by {egl), ey egl) }, we associate the term
x‘segél) with this reduction step. If we could proceed infinitely with further reduction steps, then the
reduction process would induce a sequence of terms in P° containing an infinite chain which, by

Condition (v) of Definition 1, is strictly descending for <3. However, this is impossible, since <g is a

well-ordering. Hence 5, % is Noetherian. Confluence is immediate by the uniqueness of the element
that is used at each reduction step. [

The following examples show that involutive and marked bases, respectively, do indeed induce
resolving decomposition as claimed in the introduction. In fact, one can say that the definition of
resolving decompositions evolved from an abstraction and combination of these two basic examples:
the emphasis on Stanley decompositions and unique normal forms represents a key feature of
involutive bases and the somewhat convoluted last condition in Definition 1 stems from the theory of
marked bases where it allows for the introduction of a Noetherian reduction relation without having
head terms selected by a term order. The cited literature implicitly provides many concrete instances of
resolving decompositions stemming either from involutive or marked bases. We refrain from repeating
them, as this is, at least in the first case, rather standard now.

Example 1. An involutive basis is a Grobner basis with additional combinatorial properties (see [2] for a general
introduction and a survey of their basic theoretical and algorithmic properties). It is defined with respect to a
term order < on the free module Py' and an involutive division L (see ([2], Definition 2.1)). Given a finite set
B C Py of terms, an involutive division associates with each term in B a set of multiplicative variables. B is
an L-involutive basis, if it suffices to multiply each term with terms in each multiplicative variable to obtain
the whole module generated by B. The extension to general polynomial modules is straightforward using the
term order < and normal form arguments. Note that the existence of Stanley decompositions induced by the
multiplicative variables is thus a central part of the definition of involutive bases.

Assume now that L is a continuous division, < an arbitrary term order and B C Py’ a finite, L-involutively
autoreduced set ([2], Definition 5.8) which defines a strong L-involutive basis ([2], Definition 5.1) of the
polynomial submodule U C P} it generates. We choose the head module hm(B) = {lt(hy),...,1t(hs)} via
the leading terms for the given term order <. The multiplicative variables Xg are of course assigned according
to the involutive division L. Finally, we take for the term order <p the classical Schreyer order induced by B
and < as it appears in Schreyer’s theorem (see e.g., (131, Chapt. 5, Thm. 3.3)). Then the quadruple (B, hm (B),
Xp, <) defines a resolving decomposition of U.

The proof that all conditions of Definition 1 are satisfied consists simply of recalling some basic results
about involutive bases. Condition (i) is entailed by ([2], Corollary 5.5). Condition (ii) follows from the fact that
the set B is assumed to be involutively autoreduced and Condition (iii) is a consequence of ([2], Lemma 5.12).
Furthermore, by ([2], Proposition 5.13), every module element £ € Py has a unique normal form with respect to
U. Remark 1 discusses that this property is equivalent to the fourth condition. Finally, Condition (v) is satisfied
because of ([14], Lemma 5.5), asserting the existence of an L-ordering for any continuous division.

Example 2. The key point about marked modules and marked bases, introduced in the first version of [8], is that
no term order is used for the selection of the head terms. Given a basis B of the polynomial module U C PY,
one can in principle choose any term in the support of a generator as head term. However, in general such a choice
will not lead to a Noetherian reduction relation. Therefore, certain restrictions apply. The chosen head terms
must define a quasi-stable module which is equivalent to saying that they form a Pommaret basis of the head
module. This fact immediately entails that most polynomial modules do not possess a marked basis. Indeed, the
point of marked bases is not that one wants to compute one for a given module U C Py', but that one prescribes
a quasi-stable module V C PY by giving its Pommaret basis and then constructs all possible marked bases
where the set of head terms coincides with this Pommaret basis. This construction is a key step for obtaining
local equations for Hilbert and Quot schemes modulo coordinate transformations (see [7,8] for more details).
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)

,...xVSeI(C(:)} be a monomial Pommaret basis and V C P} the

quasi-stable module generated by H. A marked basis B = {hy, ..., hs} then firstly satisfies hm(h;) = xi e](f

and supp (h; — x?‘ie](c?)) C (N(V)

More precisely, let H = {x”le,(c?

deg (x"ie£q>)>]k for each index 1 < i < s. Secondly, we require that the

homogeneous component N'(V), of degree r induces a k-linear basis of the factor module (P}'),/(B), for any
r > 0. Note that this fact entails the decompositions (PY'), = (B), ® (N'(V))1 for all r. For a more detailed
discussion of marked bases, we refer to ([8], Section 2). For the desired resolving decomposition, we take as
multiplicative variables X simply the multiplicative variables of the Pommaret basis H. Recall that if 1 < c¢ <n
is the minimal index value such that the multi index y has a non-zero entry at position c (this value is called the
class of ), then the variables x4, . .., xc are Pommaret multiplicative for xVe,EO). Finally, we choose as module
term order < the standard TOP lift of the classical lexicographic order [15].

We claim now again that (B,hm (B), Xg, <) defines a resolving decomposition of U. Indeed, it follows
immediately by construction that the Conditions (i), (ii) and (iv) are satisfied. The first part of Condition (iii)
is a consequence of the fact that H = hm(B) is a Pommaret basis and the second part of the uniqueness of
the reduction process ([8], Lemma 5.1) (here it is crucial that in this particular case the reduction process is
essentially the Pommaret normal form algorithm, as otherwise no Noetherian reduction relation would arise).
Finally, Condition (v) is entailed by ([8], Lemma 3.6).

The main obstacle in checking whether or not a given quadruple (B,hm (B), X3, <) defines a
resolving decomposition is Condition (v). It can be tackled with the help of a directed graph induced by
any decomposition (B, hm (B), X, <) satisfying the first four conditions of Definition 1. Its vertices
are given by the elements in B. If x; € X(h) for some h € B, then, by definition, B contains a unique
generator h’ such that x;hm (h) = x* hm (h') with x* € k[Xp(h")]. In this case we include a directed
edge from h to h’. We call the thus defined graph the B-graph and show now that acyclicity of it is a
necessary condition for a resolving decomposition.

Proposition 1. The B-graph of a resolving decomposition (B, hm (B), X, <p) is always acyclic.

Proof. Assume the B-graph was cyclic. Then we can find pairwise distinct generators hy, ..., hy, € B
plus a non-multiplicative variable x;, € X5 (hm(hk].)) and a multiplicative term x*i € k[Xp (hm(hk].))]
foreachj e {1,...,t} such that

Xl'l hm(hkl) = x”z hm(hkz),
xi, hm(h,) = x> hm(hy,),

Xi, hm(hkt) = xM hm(hk] )
Multiplying with some variables, we obtain the following chain of equations:

X - xit hm(hkl) — xiz N xitx}lZ hm(hkz)

R xitxﬂzxﬂa hm(hk3)

1

= xi3

= x;,x'2 - - xM hm(hy,)
= le N x.uf hm(hkl)

which implies that x;, - - - x;, = x¥1 - .. x#t. Furthermore, Condition (v) of Definition 1 implies in PP* the

following chain:

1 1 1
xi] .. .xite](q) EB xiz .. 'xitx‘uZe]({Z) EB P tB x]'{l .. .x”te]({)

-
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Because of x;, - - - x;, = xM1 - - - x#, we must have throughout equality entailing that k; = - - - = k;
which contradicts our assumptions. [

The following two results provide a converse of this proposition for the special case of a monomial
generating set B by showing that whenever the B-graph of such a set is acyclic, then there exists a
term order satisfying Condition (v).

Lemma 2. Let B be a generating set consisting only of module terms. Assume that for the chosen multiplicative
variables Xp, the B-graph is acyclic. Then it is not possible to find a chain of equalities of the form

.‘)Cvll‘lk1 = x”zhkz, (Ba)
szl‘lk2 = x"3hk3, (3b)
xthy, = x"thy C

Uy, = xMhy, (3¢)

with multiplicative terms x" € k([Xp(hy, )] and arbitrary terms x"i € T. Furthermore, whenever an equality
x"hm(h;) = x*hm(h;) holds with a multiplicative term x! € k[Xp(h;)], then the B-graph contains a
directed path from h; to h;.

Proof. We show that any chain of the form (3) induces a cycle in the B-graph and thus violates
the assumed acyclicity. Without loss of generality, we may assume that ged(x"i, x*i+1) = 1 and
x'i ¢ k[Xp(hy,)]. This implies the existence of a non-multiplicative variable x;, € X (hy,) dividing x"1.
Set x* = x"1/x;, and let the normal form of x; hy, be x™h;,. Then x®x™h; = x#2hy,. By assumption,
there exists a non-multiplicative variable x; € Xp(hy,) dividing x0x™. Now set x,, = x?0x™/x; and
repeat the procedure.

Due to the fact that the B-graph is acyclic and that there are only finitely many terms x°, x©
and generators h; such that x’x"h; = x#2hy, we find after finitely many steps x;, and h;, such that
X, € Yg(hlt) divides xf*-1x™ and such that the normal form of x;, h, is x#2hy,. Now we do the same
for hy,, hy,, ... at the end we reach again hy, . Hence, we have constructed a cycle in the B-graph.

The final assertion follows immediately from the construction above. [

Lemma 3. Let B = {hy,..., hs} be a generating set consisting only of module terms. Assume that for the
chosen multiplicative variables X Conditions (i) to (iv) of Definition 1 are satisfied. Furthermore, let the

B-graph be acyclic and the elements of B be numbered in such a way that for any path from h; to h; in the

(0) (0)

B-graph we always have i < j. If <p is an arbitrary term order on P* such that x"e;”’ =5 xﬁe]. whenever

i < j, then (B,hm (B), X, <p) is a resolving decomposition.

Proof. We first remark that a numbering of the set B as assumed in the Lemma always exists for an
acyclic graph. Now we only have to check Condition (v) of Definition 1. Take a generator h; € B
and an arbitrary term x° € T. Then x’h; = x*h; for a suitable multiplicative term x* € k[Xpz(h;)].
By Lemma 2, there exists a path from h; to h; in the B-graph and hence i < j. However, this implies
(0) (0)

x’e . =B x'e j proving the missing condition in the definition of a resolving decomposition. [

The last lemma provides us with a simple check whether a monomial generating set together with
the chosen assignment of multiplicative variables can be used for defining a resolving decomposition:
we only have to check whether the induced B-graph is acyclic. If this is the case, then we can choose any
term order satisfying the property of Lemma 3 to complete the definition of a resolving decomposition.
The existence of such a term order is obvious, as every POT lift fulfils this property [16].
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Example 3. Set P = k[xg, x1, X2, x3] with the standard grading and m = 1. Let U be the ideal generated by
XoX1, X2, Xpx3, X3 in P. A Stanley decomposition of U is then given by the set

2 2 2
B= {h] = XoX1, hz = XpX1X2, h3 = XpX1, h4 = X1, h5 = X1X3,

2.2 2 3
hg = xox1x3, hy = x7x3, hg = xpx1x3, hg = x3, hyp = xox3}

with multiplicative variables

Xp(h) =0, Xp(hy) = {x0, x2}
Xp(hs) = {xo, x2}, Xp(hy) = {xo,x1,x2}
Xp(hs) = {x1}, Xp(he) = {x0,x1}
Xp(hy) = {x1}, Xp(hg) = {x0,x1}
Xp(ho) = {x0,x1,x3}, Xp(h1o) = {x0, x1,x2, X3} .

The corresponding B3-graph is

A
N

hy ——= hg —— hg.

and obviously acyclic. Hence we can choose an arbitrary term order <g as described in Lemma 3 to complete the
definition of a resolving decomposition (B, hm (B), Xg, <g).

Example 4. It should be emphasised that not even in the monomial case does every Stanley decomposition induce
a resolving decomposition, i.e., we cannot always find a corresponding term order <. A simple counterexample
can already be given based on the homogeneous maximal ideal U in P for n = 4 and the standard grading.
In ([17], Page 31), it is shown that a Stanley decomposition of U is defined by the set

B=1{h;=xp, hy=x, h3=x, hy=x3 hs=1x5 hg=xox1x3, hy=xpxpx3,
hg

xox2X4, hg = x1x0x4, hyg = x1x3x4, hip = Xox1X2x3%4 }

with multiplicative variables

Xp(h1) = {x0,x1, %2}, Xp(hy) = {x1, %2, x3}
Xp(hs) = {x2,x3, 24}, Xp(ha) = {xo, x3, x4}
Xp(hs) = {xo, x1, x4}, Xp(he) = {xo,x1,x2,x3}
Xp(h7) = {x0, x2, 3, x4}, Xp(hg) = {x0,x1,x2, x4}
Xp(hy) = {x1,x2, %3, x4}, Xp(hio) = {xo, x1, %3, x4}
Xp(hy1) = {xo,x1, %2, X3, %4} -

The B-graph corresponding to this basis is
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h6 —— th

|

hj<—hy<—hj hyy hg

N |

hs h; <——hg

and obviously contains several cycles. Therefore, it is not possible to find a term order <, which makes this
Stanley decomposition into a resolving one.

This phenomenon is typical for Stanley decompositions considered in the context of the Stanley conjecture,
i.e., for decompositions where one tries to maximise the Stanley depth which is given by the minimal number of
multiplicative variables of a generator (see [17] and references therein for more details on the Stanley conjecture).

3. The Syzygy Resolutions Induced by a Resolving Decomposition
Letnow U = (B)) with B®) = {hy,...,hy } be a finitely generated graded submodule of Py

the graded free polynomial module with canonical basis { ego), ey e£,9 )} and grading defined by the
vector dg = (dgo),. . d£,9 )). We assume that we have somehow obtained a resolving decomposition
(B, hm (B©), Xg0), <pw)) of U. Our first step consists of showing that it induces in a natural way
a resolving decomposition (B, hm (BW), X 51), < 5a)) of the first syzygy module Syz(B()) C Ps1.
This result represents an extension or refinement of the classical Schreyer theorem providing a Grébner
basis G() for the syzygy module Syz(G()) of a Grobner basis G0 (see e.g., ([13], Chapt. 5, Thm. 3.3)).

By the definition of a resolving decomposition, we have for every non-multiplicative variable xj
of each generator h, € B() a unique standard representation x;h, = 221:1 Pé“;“hﬁ corresponding to
the syzygy

Sux = xeel) = Y- Py eyl @
p=1

where {egl), RN e§} )} denotes the canonical basis of the graded free polynomial module P;ll with
grading defined by the degree vector d; = (deg(hy),...,deg(hs)).

Lemma 4. Let S = Y1, Sae,gl) be an arbitrary syzygy of BO) with coefficients S, € P. Then we have
Su € k[Xp) (hy)] forall1 < a < sy, ifand only if S = 0.

Proof. If S € Syz(B(0)), then YL, Seh, = 0. By definition of a resolving decomposition, each f € U
can be uniquely written in the form f = Y- | P;h, with h, € B and P, € k[X 50 (hy)]. In particular,
this holds for 0 € U. Thus 0 = S, € k[Xj (h;)] for all « and hence S = 0. [

We denote the non-multiplicative variables of the generator h, € B(%) by { Xty ooy Xt } where we
assume that if < --- < iy . Then we take as BD the set {Slx;ig |[1<a<s,1<k< iﬁ‘k} consisting of
all syzygies constructed as above from the products of generators by non-multiplicative variables.

Theorem 1. For each syzygy Sy € B (1), we choose as head term
1
hm Sy ) = xi]"c‘elgt )
and as multiplicative variables

Xp) (Swie) = {xo,- - 2} \ {2, .oxie 3
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Furthermore, we take for <p) the Schreyer order associated to BO) and < B0 Then the quadruple (B,
hm (BM), X B, =<p0) deﬁnes a resolving decomposition of the syzygy module Syz(B ),

Proof. We first show that (B(1), hm (B()), Xga), <) is a resolving decomposition of (BW). Ina
second step, we prove that furthermore (B(1)) = Syz(B(0)).
The first condition of Definition 1 is trivially satisfied. By construction, it is obvious that

51

m((BYY)) = @ (X g0 (ha))el . 5)

a=1

It follows from (4) that any non head term x”el(l) € supp(Sux — xkeg ) ) must satisfy x* €

k[Xz() (h;)] and hence we find x”el ¢ hm((BM)) implying Condition (ii). Furthermore, it is
obvious that

(X0 @ k[X ) (S, )] xi ell.

If we combine this equation with (5), then the first part of Condition (iii) follows immediately.

The second part of this condition is a bit harder to prove. We take an arbitrary module element
f € (BM) and construct its standard representation using hm((B(1))). Assume first that the support of
f contains no multiple of a head term, i. e., supp(f) "hm((B(1))) = @. Then all terms x€e; W e supp(f)
in the support must satisfy x® € Xp(0) (hy). Therefore, we get that f = 0 due to Lemma 4.

We may thus assume that supp(f) Nhm((B(1))) # @ and we take the biggest term x”e,(xl) in this
set with respect to the order < ). By the already proven first part of Condition (iii), there must be
a syzygy S,.; such that x; | x# and xt/x; € k[Xz0)(Sy;i)]- We reduce f by this syzygy and obtain the
new module element

xH
f—f_c s,
x;

(1)

for a suitable constant ¢ € k such that the term x*e;’ is no longer in support of f. Every term
)‘e/gl) € supp (f') that is newly introduced by the subtraction of c’;—’: S, and that also lies in hm((B(1)))

must be strictly less than the removed term x# eS}) by Condition (v) of Definition 1 and by Equation (4)

defining the syzygy S,.;.

We repeat this reduction procedure until we eventually obtain a module element £ such that
supp(f’) N'hm ((B(M))) = @. This will happen after a finite number of steps, since the reduced terms
forms a decreasing sequence with respect to the well-order < (). By the same argument as above,
this implies that we must have f = 0, which concludes the proof of this condition.

The above procedure provides us with an algorithm to compute arbitrary normal forms and
hence Condition (iv) follows immediately. For the last condition in Definition 1, we observe that the

head term x; eg ) is the leading term of the syzygy S,;; for the module term order < (). Thus the used

Schreyer order indeed satisfies Condition (v). O

As is the case for the classical Schreyer theorem, this construction can now be iterated to obtain
resolving decompositions of the second and higher syzygy modules. This iteration thus leads
to a (generally non-minimal) free resolution of the submodule U where the constructed syzygies
define the columns of the matrices of the differentials. Note that for actually writing down all
these syzygies, we must compute many standard representations of products of generators by
non-multiplicative variables. This fact does not change compared to the classical situation (where one
considers S-polynomials instead of products by variables). However, since a resolving decomposition
contains much more information than a Grobner basis, it is now possible to make at least precise
statements about the shape of the resolution. More precisely, it turns out that, without any further
computations, it is now possible to predict solely on the basis of the resolving decomposition (3 ©),
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hm (B(©), Xp0), <pw0)) the head terms of all higher syzygies and thus in particular their numbers
corresponding to the ranks of the free modules appearing in the resolution. Furthermore, the length of
the resolution can also be easily read off from (B(?),hm (B?), X 50, < 50))-

Theorem 2. Let (B(%), hm (B(0)), X5, <50)) define a resolving decomposition of the graded submodule
U C Py, Denote by ,B(()k]) the number of generators h € B(0) which are of degree j and have k multiplicative

variables. Furthermore, we write d = min {k | 3j : ,B(()k]) > 0} for the minimal number of multiplicative
variables of a generator. Then the submodule U possesses a graded free resolution of length n — d + 1 of the form

0—>@P j)mdi — —>@P 71]—>EB73 ) —U—=0 (6)

where the graded ranks of the appearing free modules are given by

n+1—i n4 1— k (k)
Tij = Z < i > 0,j—i"

k=1

Proof. Iterating Theorem 1, we can construct a resolving decomposition (B @), hm (B1), Xgi), =g0))
of the ith syzygy module Syzi(ll) for any i. Given an index 1 < I < m and a non-multiplicative
variable x; € XB(O) (htx(l))r we find |XB(1) (Sl;k) | < ‘XB(O) (th(l))|'

If d; denotes the minimal number of multiplicative variables assigned to a head module term
in hm (B(), then it is easy to see that the minimal number of multiplicative variables assigned to a
head term in hm (B(")) is d 4 1. This fact immediately entails the claimed length of the resolution (6).
Furthermore, it follows from our construction of the basic syzygies via products of generators by
non-multiplicative variables that deg(Sy,;) = deg(hy) + 1.

The assertion about the graded ranks of the modules is obtained by a combinatorial calculation.

We denote by ,BZ(I;) the number of generators in B() of degree j with k multiplicative variables. It follows
from our construction, that we have

k
IB()_Zﬁz 1,j-17

as each generator in BU~1) of degree j — 1 with less than k multiplicative variables contributes one

generator in B() with k multiplicative variables. We will now show by induction how ,BI(I;) can be

expressed in terms of ,ng]), namely that

B =% ()8

The base case i = 1 is trivial. For the inductive step, we first note that obviously ,Bl(? = 0if
¢ < i+ 1. Using this observation and the inductive hypothesis, we get

’ -1 k—i—1] k-1 0 —t—
z+1] Z le(])l Z Z( )ﬁ(()t])z: Z [ Z ( i— ) ﬁO,/ it
(=i+2t=1 t=1 |l=i+t

A shift of the index in the inner sum by ¢ + 1 proves our claim via the following identity obtained
by summing over one column in the Pascal triangle:

=070
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For the ranks of the free modules, we compute

n+1 n+1k— -1 n+1—i n+1—k «
Tij = Z ﬁ,] Z Z ( >ﬁéf])—z = Z ( i >:Bg,j)—i

=1t=1 k=1
where we used again the above identity for binomial coefficients for obtaining the last equality. [

We now take a closer look at this iterative construction of the resolving decompositions (B,
hm (B1)), X 50)» = 50)) for the syzygy modules Syz;(U). To define an element of B (7), we consider for
each generator h, € BO) all ordered integer sequences k = (kq, .. .,k]-) with0 <k < - < k]- <n
of length |k| = j such that x;, € X (hy) forall 1 < i < j. We denote forany 1 < i < jbyk
the sequence obtained by eliminating k; from k. Then the generator S, arises recursively from
the standard representation of Xk, Sak; according to the resolving decomposition (BU~1), hm (BU-1),

XB(jfl)r =gi(-1 )3

X Suik; —ZZ 551 ()

The second sum is over all ordered integer sequences 1 of length j — 1 such that for each entry /;
the variable x, is non-multiplicative for the generator hy € B (), Denoting the free generators of the

free module which contains the jth syzygy module by eg 2, such thata € {1,...,s1} and lis an ordered
subset of X () (hy) of length j — 1 we get the following representation for S, y:

Stxk—xkeak ZZ Mell)

An important consequence of our construction is that it allows us to bound certain homological
invariants of the submodule U in terms of data easily read off from the resolving decomposition (B,
hm (B©), X 50, <50 )- Note, however, that in contrast to the situation in [14] where the resolution
induced by a Pommaret basis was considered, we obtain indeed only bounds, whereas a Pommaret
basis gives directly the exact values of the invariants.

Corollary 1. In the situation of Theorem 2, define
d=min{k|3j: ﬁék]) >0}, q = deg (B) = max {deg (h) |h € BO}.

Then we obtain the following bounds for the projective dimension, the Castelnuovo-Mumford reqularity and the
depth, respectively, of the submodule U.:

pd(U) <n+1-d, reg(U) <gq, depth(U) > d.

Proof. The first estimate follows immediately from the resolution (6) induced by the resolving
decomposition (B, hm (B()), X510, < 5(0)) of U. The last estimate is a simple consequence of the first
one and the graded form of the Auslander-Buchsbaum formula ([18], Ex. 19.8). By construction, the
module Syz,; (B (9)) is generated by syzygies of degree less than or equal to g + i. Hence U is g-regular
which implies by definition the second estimate. [

Remark 2. If one takes a closer look at the construction of the resolving decomposition (B, hm (B(1), X B

g) of Syz(B O)) provided in Theorem 1, then one notices that BY) is always a Janet basis of Syz(B?))
for the order <p). This follows simply from the fact that the way in which we choose in Theorem 1 the
multiplicative varmbles for (BY, hm (BW), Xy, <)) is inspired by the definition of the Janet division.
Thus, if the resolving decomposition (B(®), hm (B(), X 5, < () ) stems from a Pommaret or a Janet basis,
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then all the resolving decompositions (B!, hm (B!, X, <)) are actually also induced by Pommaret or
Janet bases for a Schreyer order.

Gerdt [19] introduced a new involutive division called alex, since it is based on the anti degree lexicographic
order (a local term order for which terms of higher degree are always smaller than those of lower degree). It is
easy to see that a Janet basis which only consists of variables defines also an involutive basis for the alex division.
Hence, the same assertions are true for resolving decompositions induced by alex bases.

Such observations already demonstrate some advantages of the introduction of such a general framework,
like resolving decomposition. In our previous works on the free resolutions induced by an involutive basis,
we always needed the assumption that the used involutive division L is of Schreyer type to ensure that our
construction yields at each step again an L-involutive basis for the syzygy module for a suitable Schreyer order.
The construction in Theorem 1 always yields a Janet basis for Syz(B()), as in a resolving decomposition we can
choose the head terms and the multiplicative variables as we like. This allows us to extend the results of [14]
to involutive bases for arbitrary involutive divisions (not necessarily of Schreyer type), provided the L-graph
of the L-involutive basis is acyclic (which is guaranteed for continuous division). Note that, in contrast to the
old approach, the here presented construction will not necessarily lead to an L-involutive basis for each syzygy
module, but for most applications this fact is irrelevant.

4. Explicitly Determining the Differentials
(0) (0)

As in the previous section, let Py be a graded free module with free generators e;”, ... e;,” and

a grading defined by the vector dy = (dg)),. . .d,g? ) ). We will always work with a finitely generated

graded submodule U C Pg with a resolving decomposition (B, hm (B©), Xg0), <p0)) where
BO) = {hy,...,hy}.

While Theorem 2 provides us with the shape of the induced resolution 6, we cannot obtain explicit
expressions for the differentials in the resolution. As discussed above, we only now the head term
of each higher syzygy. Our goal in this section is to derive such explicit fomulae. We first describe
the complex underlying the resolution (6) in a different manner. For this purpose, we introduce two
free P-modules, W = EBlel Pw, and V = @}, Pv;, the ranks of which are determined by the size
of the resolving decomposition (8%, hm (B(?)), X5, <50 ) and by the number of variables in the
polynomial ring P, respectively. Then we set C; = VW ®@p A;V where A, denotes the exterior product.
A P-linear basis of C; is provided by the elements w, ® vic where vy = v, A -+ A vy, for an ordered
sequence k = (kq,...,k;) with0 < k; < --- < k; < n. Then the free subcomplex So C C, generated
by all elements w, ® vy with k C Xy (hy) corresponds to (6), if we identify egizl) & Wy @ V.
Let ki1 € Xpo(he) \ k, then the differential comes from (7),

ki
ds(Wa ® Vigk,,,) = g, Wa @ Vi — ZP,épi “)Wﬁ ®vy,
Bl

and thus requires the explicit determination of all the higher syzygies (7).

We will now present a method to directly compute the differential without computing higher
syzygies. It extends a construction of Skoldberg [10] using algebraic discrete Morse theory [3,4] and
generalises our results in [1,6] for the resolution induced by a Pommaret or a Janet basis.

Definition 2. The graded submodule U possesses head linear syzygies, if it has a finite presentation
S
0— kerp — W =@ Pwy U —0 8)
a=1

such that kern can be generated by a finite set H = {hy,..., s} where one can choose for each generator
h, € H a head module term hm(hy ) of the form x;w.
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Skoldberg’s construction begins with the following two-sided Koszul complex (F,d ) defining a
free resolution of U. Let V be a k-linear space with basis {vy, ..., v, } and introduce the free P-module
F; =P @y A}V @ U. Any k-linear basis {m, | a € A} of U induces a P-linear basis of F; consisting
of all elements of the form 1 ® vy ® m, with ordered sequences k of length j. The differential d r of the
two-sided Koszul complex F is now defined as

j
d}-(1®vk®ma 2 l+1 xki®vki®ma—1®vki®xkima). (9)
=1

Note that the second term on the right hand side is not yet expressed in the chosen k-linear basis
of U and that this resolution is generally of infinite size, as the index set A is almost always infinite.
For notational simplicity, we will drop in the sequel the tensor sign ® and leading factors 1 when
writing elements of F,.

Skoldberg uses a specialisation of head linear terms. He requires that for a given term order
< the leading module of ker# in the presentation (8) must be generated by terms of the form x;w,.
In this case, he says that U has initially linear syzygies. Our definition is term order free. Furthermore,
Skoldberg considered exclusively the case that the presentation (8) is minimal. However, this represents
a severe restriction, as the existence of such presentations cannot be guaranteed. As his construction
needs this restriction only to ensure that the final resolution is minimal, we have dropped it.

For a module U with head linear syzygies via a presentation (8), we now construct a finite
resolution (G, dg) via a Morse matching. We call the variables

crit (wy) = {x; | xjwy € hm (H)},

where H is chosen as in Definition 2, critical for the generator w,; the remaining non-critical ones
are contained in the set ncrit (wy). Then a k-linear basis of U is given by all elements x*h, with
h, = 7(wy) and x* € k[ncrit (w,)]. Following [4], we define G; C F; as the free submodule generated
by those vertices vih, where the ordered sequences k are of length j and such that every entry k; is
critical for wy. In particular W =2 Gy with an isomorphism induced by w, — vgh,.

The description of the differential dg is based on reduction paths in the associated Morse graph
(for a detailed treatment of these notions, see [1,3,4]) and expresses the differential as a triple sum. If we
assume that, after expanding the right hand side of (9) in the chosen k-linear basis of U, the differential
of the complex F, can be expressed as

th 2 Qm,y ¥ ) ’

m, i,y

then dg is defined by

dg(vicha) =3 ) ¥ pp( m,y’y (x"'hy)) (10)
LB my p
where the first sum ranges over all ordered sequences 1 which consists entirely of critical indices for
wp. Moreover, the second sum may be restricted to all values such that a polynomial multiple of
Vm (x*h,) effectively appears in d (vih,) and the third sum ranges over all reduction paths p going
from v (x#hy) to vihg. Finally p,, is the reduction associated with the reduction path p satisfying

pp (vm(x"hy)) = gpvihg
for some polynomial g, € P.

Remark 3. The explicit formula (10) with its complicated summation ranges obviously looks rather cumbersome
and does not appear to be very useful for practical purposes. However, this first impression is misleading.
In fact, (10) can be well exploited both theoretically and computationally. As shown by the COCOALIB
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implementations described in [1,6], it is for a computer rather straightforward to evaluate (10) for any concrete
submodule U. Moreover, the most valuable feature of (10) is that it provides an explicit expression for each entry
in the differential which is independent of all other entries of the differential. This observation will be the key for
the efficient determination of Betti numbers (even individual ones).

In the sequel, we will show that for a finitely generated graded module U with resolving
decomposition (B©), hm (B(O)),XB<0>, <)) the resolution constructed by Skoldberg’s method is
isomorphic to the resolution which is induced by the resolving decomposition, if we choose the head
linear syzygies properly. Firstly, we obtain the following trivial assertion.

Lemma 5. If the graded submodule U C Pfﬁ) possesses a resolving decomposition (B0, hm (B(©)), X B0)s

<)), then it has head linear syzygies. More precisely, we can set crit(wy) = X (ha), i.e., the critical
variables of the vector wy are simply the non-multiplicative variables of the generator hy, = 17(Wy).

We will subsequently apply some lemmata from [1]. In this reference, they are formulated only
for the special case that the resolution is induced by a Pommaret basis. Nevertheless, if not explicitly
stated otherwise, we can still use them in our more general setting, as their proofs remain correct
also for arbitrary resolving decompositions. This is due to the fact that the proofs only require the
existence of unique standard representations and a separation of the variables into multiplicative
and non-multiplicative ones. In some proofs, the notion of the class of a generator in B(?) appears.
As already mentioned above, it is used to assign multiplicative variables for the Pommaret division.
When working with an arbitrary resolving decomposition, one must simply substitute it by the
maximal index of a multiplicative variable of the considered generator.

We could see above that the explicit description of the differential dg is based on reduction paths
in the associated Morse graph. We now take a closer look at them and their properties. Any reduction
path can be decomposed into so-called elementary ones which are always of length two. One can
distinguish three different types of elementary reductions paths ([1], Section 4). Those of type 0 are
irrelevant ([1], Lemma 4.5); the other ones have the form

xH
vi(x'hy) — Vkui(?iha) — vi(x"hg).

Here k Ui denotes the ordered sequence arising when i is inserted into the sequence k; likewise
k \ i stands for the sequence obtained by removing an index i € k. Now we distinguish two further
types of elementary reduction paths depending on the form of the associated reduction.

Type 1: This is the case where 1 = (kUi)\j, x¥ = ’J‘(—}: and B = «. Note that it is allowed that i = ;.
We define e(i;k) = (—1)//kli>} Then the corresponding reduction is

. N . xt
p(viexthy) = e(i; kUi)e(j; kU 1)xjv(kui)\j(?ha) )
1
Type 2: In this case 1 = (kU1) \ j and the term x"hg appears in the involutive standard representation

My
of the product %h“ with the coefficient A;;, s € k. By the construction of the Morse
matching, we now always find i # j. The corresponding reduction is

p(vVicx'hy) = —e(G;kU1)e(ji kU D) Ajia,0,8 cuin j (X hg) -

This case distinction comes from the differential (9). Summands appearing in it possess one of
the following two possible forms: xj, vy, m, or vi, (x¢,m,). Each of these summands corresponds to a
directed edge in the Morse graph l"é.. Consider now an elementary reduction path
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1
vi(x'hy) — Vkui(gha) — vi(x"hg).
1
If the second edge starts at a summand of the first resp. second form, then the elementary
reduction path is of type 1 resp. type 2.
For the proof of the existence of an isomorphism relating the resolution induced by a resolving
decomposition to the resolution constructed via the above outlined method of Skoldberg, we recall a
well-known result about the uniqueness of free resolutions.

Theorem 3. ([20], Theorem 1.6) Let U be a finitely generated graded P-module. If F is the graded minimal
free resolution of U and G an arbitrary graded free resolution of U, then G is isomorphic to the direct sum of F
and a trivial complex.

Theorem 4. Let U C PY be a graded submodule. The graded free resolution F induced by a resolving
decomposition (B, hm (B()), Xp0), <pw0)) of U and the graded free resolution G obtained by the method of
Skoldberg in the case that the head linear syzygies have been chosen in such a way that crit(hy) = X 50) (hy)
for every generator h, € B are isomorphic.

Proof. It is not difficult to see that bases for the free modules in the resolution G constructed by
Skoldberg’s method consists of those generators vih, with x € X 50) (hy) for all indices k contained
in k. In the discussion following the proof of Theorem 2, we showed that bases for the modules in the
resolution F coming from the resolving decomposition are induced by the syzygies S, y and are thus
of the same cardinality. Hence, the two resolutions considered possess the same shape, meaning that
the homogeneous components of the contained free modules satisfy dimy, (F;); = dimy (G;);. The
made assertion is now a trivial consequence of Theorem 3. [

This proof already indicates that the two considered resolutions actually possess very similar
differentials. To deepen the comparison of the resolutions a bit more, we now recall a few further
simple observations made in [1]. It turns out that in the resolution G we may always choose as head
module terms for the higher syzygies exactly the same terms that appear as head module terms in
the resolving decompositions (B(),hm (B()), X g, =p()- In the case that we start with a resolving
decomposition induced by an involutive bases and then obtain involutive bases for all syzygy modules
(recall Remark 2), this entails that Skoldberg’s method also actually constructs involutive bases.

Lemma 6. ([1], Lemma 4.3) Given an index i such that x; € crit (hy), let x;h, = E:’Blzl Pé“;i)hﬁ be the

standard representation. Then we have dg(vihy) = x;vphy — Z‘;l:l Pﬁ(“;i)v@hﬁ.

Our next statement may be interpreted in the following way. Assume that we choose in the Morse
graph a vertex v;(x"h, ) having certain properties and then follow all possible reduction paths starting
atit. Then we will never reach a point where it becomes necessary to calculate a standard representation.
Assume furthermore that the chosen vertex possesses no critical (i.e., non-multiplicative) variables.
Then no such variables will arise while we follow a reduction path. If we want to generalise this
statement to higher homological degrees, then we must only replace the index conditions x; € ncrit (hy)
and x; € ncrit (hg) by the conditions x; € ncrit (h,) and x; € ncrit (hg) for all indices k and £ contained
in the ordered sequences k and 1, respectively.

Lemma 7. ([1], Lemma 4.4) Assume that {x;} Usupp(x#) C ncrit (hy). Then for any reduction path
p = vi(xthy) — -+ — v;(x"hg) we have x; € ncrit (hg). In particular, in this situation there is no
reduction path p = v;(xthy) — -+ — vihg with x; € crit (hg).
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Our final corollary now asserts that we can indeed choose in the resolution G head module terms
in such a way that there is a one-to-one correspondence to the head module terms in the resolution F.
It is a direct consequence of Lemma 7 and provides us with an alternative explicit proof of Theorem 4.

Corollary 2. Let k = (ky, ..., k;j) with xy, € crithy for all i, then
X Vi ha € supp(dg (vicha)).

5. Conclusions

In this article, we introduced a framework that provides many different types of bases of graded
polynomial submodules with an effective syzygy theory. The key is less the properties of the bases
themselves and more the combinatorial decompositions induced by them via the choice of head terms
and multiplicative variables. Effectivity is guaranteed through the required term order.

Given any basis that induces a resolving decomposition in the sense of Definition 1, we obtain
with Theorem 1 a generalised version of the classical Schreyer theorem and iteration leads to a free
resolution. One should, however, note the following crucial difference. The classical Schreyer theorem
yields only “in principle” a resolution; without actually performing the computations required for
every iteration step, no information about the final resolution can be obtained. By contrast, Theorem 2
describes already the full shape of the final resolution based only on the resolving decomposition of
the given submodule. Thus we could give (usually quite sharp) bounds for important homological
invariants in Corollary 1. In fact, the numbers r; ; given in Theorem 2 can also be interpreted as upper
bounds for the Betti numbers.

In [1], we showed that with the help of Pommaret bases Skoldberg’s method for the construction
of an explicit resolution can be made fully effective and then yields essentially the same resolution, as
the one induced by the Pommaret basis. In Section 4, we extended these results to arbitrary resolving
decompositions and thus provided an approach for the explicit computation of free resolutions based
on such a decomposition.

In [1,6], we presented a method to effectively compute graded Betti numbers via the induced
free resolutions of Janet and Pommaret bases and the method of Skoldberg. It is well-known that one
needs only the constant part of an arbitrary free resolution to determine the Betti numbers via linear
algebra over the field k. We showed that the method of Skoldberg allows us to compute directly only
this constant part instead of the whole resolution which drastically improves the complexity of such
a computation. With this approach, it is even possible to determine a single Betti number without
computing the complete constant part of the free resolution. The reason for this is that Skoldberg’s
formula allows us to compute any entry of a differential in the free resolution independently of the rest
of the free resolution. Furthermore, the theorem about the induced free resolution gives us a formula
to compute the ranks of any homogeneous component appearing in the resolution. These methods are
also applicable for an arbitrary resolving decomposition due to the fact that we proved Theorem 2 and
the form of the differential (10).

Author Contributions: Both authors contributed equally to conceptualisation and writing of this article.

Funding: The research of the first author was funded by Otto Braun-Stiftung and the research of the second
author partially by the European grant H2020-FETOPEN-2016-2017-CSA SC? (712689).

Conflicts of Interest: The authors declare no conflict of interest.



Mathematics 2018, 6, 161 17 of 17

References

1. Albert, M.; Fetzer, M.; Sdenz-de Cabezon, E.; Seiler, W. On the free resolution induced by a Pommaret basis.
J. Symb. Comp. 2015, 68, 4-26. [CrossRef]

2. Seiler, W. A Combinatorial Approach to Involution and J-Regularity I: Involutive Bases in Polynomial
Algebras of Solvable Type. Appl. Algebr. Eng. Commun. Comput. 2009, 20, 207-259. [CrossRef]

3. Jollenbeck, M.; Welker, V. Minimal Resolutions via Algebraic Discrete Morse Theory; Memoirs American
Mathematical Society (AMS): Providence, RI, USA, 2009; Volume 197.

4.  Skoldberg, E. Morse Theory from an Algebraic Viewpoint. Trans. Am. Math. Soc. 2006, 358, 115-129.
[CrossRef]

5. Abbott, J.; Bigatti, M. COCOALIB: A C++ Library for Doing Computations in Commutative Algebra.
Available online: http://cocoa.dima.unige.it/cocoalib (accessed on 9 August 2018).

6. Albert, M.; Fetzer, M.; Seiler, WM. Janet Bases and Resolutions in CoCoALib. In Computer Algebra in Scientific
Computing, Proceedings of the 17th International Workshop on Computer Algebra in Scientific Computing (CASC
2015), Aachen, Germany, 14-18 September 2015; Gerdt, V.P., Koepf, W., Seiler, W.M., Vorozhtsov, E.V., Eds.;
Springer International Publishing: Cham, Switzerland, 2015; pp. 15-29.

7. Albert, M. Computing Quot Schemes. Ph.D. Thesis, Institut fiir Mathematik, Universitat Kassel, Kassel,
Germany, 2017.

8. Albert, M.; Bertone, C.; Roggero, M.; Seiler, WM. Computing Quot Schemes via Marked Bases over
Quasi-Stable Modules. arXiv 2018, arXiv:1511.03547v2 .

9.  Albert, M,; Seiler, W. Resolving Decompositions for Polynomial Modules. In Computer Algebra in Scientific
Computing, Proceedings of the 18th International Workshop on Computer Algebra in Scientific Computing—CASC
2016, Bucharest, Romania, 19-23 September 2016; Lecture Notes in Computer Science; Gerdt, V., Koepf, W.,
Seiler, W., Vorozhtsov, E., Eds.; Springer: Cham, Switzerland, 2016; Volume 9890, pp. 13-27.

10. Skoldberg, E. Resolutions of Modules with Initially Linear Syzygies. arXiv 2011, arXiv:1106.1913.

11.  Stanley, R. Hilbert Functions of Graded Algebras. Adv. Math. 1978, 28, 57-83. [CrossRef]

12. Cox, D,; Little, J.; O’Shea, D. Ideals, Varieties, and Algorithms; Undergraduate Texts in Mathematics; Springer:
New York, NY, USA, 1992.

13. Cox, D.; Little, J.; O’Shea, D. Using Algebraic Geometry; Graduate Texts in Mathematics 185; Springer:
New York, NY, USA, 1998.

14. Seiler, W. A Combinatorial Approach to Involution and J-Regularity II: Structure Analysis of Polynomial
Modules with Pommaret Bases. Appl. Algebr. Eng. Commun. Comput. 2009, 20, 261-338. [CrossRef]

15.  Given a term order < on P, its term over position (TOP) lifts to a module term order <rop on P} is defined
as follows: let JcP’el(f)),Jc”ozzl(0> € Py, then x”e,(co) ~TOP x"el(0> if x# > xVorif x* =x¥and k < L.

16. Given a term order < on P, its position over term (POT) lift to a module term order <por on Py’ is defined
as follows: let x”e,((()),xvel(o) € Py, then x”e](co) >~ pOT x“el(o) ifk <lorifk =1and x# = xV.

17. Herzog, J. A Survey on Stanley Depth. In Monomial Ideals, Computations and Applications; Bigatti, A.,
Gimenez, P., Sdenz-de Cabezén, E., Eds.; Lecture Notes in Mathemmatics; Springer: Berlin/Heidelberg,
Germany, 2013; Volume 2083, pp. 3-45.

18. Eisenbud, D. Commutative Algebra with a View Toward Algebraic Geometry; Graduate Texts in Mathematics 150;
Springer: New York, NY, USA, 1995.

19. Gerdt, V.P; Blinkov, Y.A. Involutive Division Generated by an Antigraded Monomial Ordering. In Computer
Algebra in Scientific Computing, Proceedings of the 13th International Workshop on Computer Algebra in
Scientific Computing (CASC 2011), Kassel, Germany, 5-9 September 2011; Gerdt, V.P., Koepf, W., Mayr, EW.,
Vorozhtsov, E. V., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 158-174.

20. Eisenbud, D. The Geometry of Syzygies: A Second Course in Algebraic Geometry and Commutative Algebra

(Graduate Texts in Mathematics); Springer: Berlin/Heidelberg, Germany, 2005.

® (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jsc.2014.09.008
http://dx.doi.org/10.1007/s00200-009-0098-0
http://dx.doi.org/10.1090/S0002-9947-05-04079-1
http://cocoa.dima.unige.it/cocoalib
http://dx.doi.org/10.1016/0001-8708(78)90045-2
http://dx.doi.org/10.1007/s00200-009-0101-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Resolving Decompositions
	The Syzygy Resolutions Induced by a Resolving Decomposition
	Explicitly Determining the Differentials
	Conclusions
	References

