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Abstract In this paper we study Boolean equation systems, and how to elimi-
nate variables from them while bounding the degree of polynomials produced.
A procedure for variable elimination is introduced, and we relate the tech-
niques to Grobner bases and XL methods. We prove that by increasing the
degree of the polynomials in the system by one for each variable eliminated,
we preserve the solution space, provided that the system satisfies a partic-
ular condition. We then estimate how many variables we need to eliminate
in order to solve the resulting system by re-linearization, and show that we
get complexities lower than the trivial brute-force O(2") when the system is
overdetermined.
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1 Introduction

We consider non-linear systems of Boolean equations,

fi(zo, ..., xn_1)

=0
fa(zo,...,xp—1) =0

fm(m(),"' anfl) = O
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where each f; is of bounded degree. How to solve such systems has been studied
extensively, and it is well known that the problem of solving (1) is NP-hard in
the general case. However, since the solving process has numerous important
applications, many attempts have been made to derive algorithms that can
provide solutions within a practical time frame for moderate-sized versions of
the problem.

In the literature on solving systems of Boolean equations it is customary to
consider quadratic systems of equations, despite the fact that most proposed
algorithms also work on systems of equations with higher degrees than 2. The
motivation for focusing on quadratic equations is that this is the simplest case
beyond linear equation systems, as well as the fact that there exist general
methods to transform a system of arbitrarily high degree equations, into an
equivalent quadratic system by introducing new ”auxiliary” variables [28, p.
47].

1.1 Previous work

In [6] and [7] the authors introduce the XL and XSL algorithms, respectively.
The basic idea in these papers is to multiply equations with enough monomials
to re-linearize the whole system of Boolean equations, i.e. to solve a linear
system of equations where each monomial is considered as an independent
variable. The best known solving method for Boolean equation systems is
Faugere’s F4 algorithm [8]. This algorithm is similar to XL in the sense that
equations are multiplied with monomials, but F4 cleverly avoids multiplying
equations with ”useless” monomials that will result in redundant equations.

The application of Grébner base theory in connection with Boolean poly-
nomial rings Fa[zo,...,Tn_1]/(2? + x;) was first considered by [5] and by
[14]. Computations with Boolean Grébner bases have been implemented in
Singular [4] and PolyBoRi [1]. However, computations to find Grébner bases
become computationally heavy since the polynomials quickly grow in degrees
and number of terms.

In [11] the authors instead consider Boolean border bases. Border bases
exist for ideals I in polynomial rings k[z,...,2,—1] such that the quotient
ring is finite dimensional as a k-vector space. For an ideal I in a Boolean
polynomial ring, the quotient ring is always finite. Since a Boolean polynomial
ring is different from an ordinary polynomial ring, this suggests an approach
using a tailored version of Boolean border bases, which is followed in [11]. A
rationale for this approach is that the resulting algorithm controls and slows
the growth of the ”computational universe”, the set of terms involved in all
the linear algebra and computations. Nevertheless one must also here expect
to get polynomials of large degrees.
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1.2 Contributions

The approach in our paper is also to multiply equations with monomials, but
we bound the degree at < d for some d to control the complexity, and we do
not multiply all the f;’s with all monomials. In this paper we are focused on
variable elimination, which is not the approach taken in the Buchberger’s, XL,
or F4 algorithms. A system of polynomial equations in relatively few variables
can be solved by simple exhaustive search. In this paper, we try to extract
such systems, by investigating how to eliminate variables while working only
with polynomials of degree < d.

When we limit the degree and the number of variables decreases, the re-
sulting equation systems become easier to solve and they require less memory
to keep in storage. When enough variables have been eliminated, we may in-
crease the allowed degree without needing more memory than what we used
to start with.

We propose and investigate an elimination procedure, where the degrees
of the modified equation sets grow slowly. The main contribution is a proof
that, under some mild conditions, eliminating k variables from a quadratic
equation system and increasing the degree of the modified equations by k, the
solution space of the system will be preserved. This leads to a new algorithm
for solving Boolean equation systems, with favorable complexity analysis. The
algorithm has been tested on some cases of random equation systems, and it
is verified that theory and practice align very well.

1.3 Paper structure

The paper is structured as follows: Section 2 introduces the basic notation
used in the paper and elaborates on prior work. In Section 4 we introduce
normalization, resultants, coefficient constraints and syzygies, the basic tools
and concepts we use for variable elimination. In Section 5 we combine the tools
to construct a method for variable elimination, which leads to a procedure
for solving a system of Boolean equations. Section 6 follows an alternative
approach, with the motivation to limit the growth of degrees. We show that
when using the resulting algorithm, no false solutions will enter the modified
systems, given some mild condition. Complexity issues including experimental
results are presented in Section 7, while Section 8 contains a conclusion and
sketches some avenues for further research.

2 Notation and preliminaries
2.1 Table of notation

For reference, we list some of the notation that will be used throughout the
paper.
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Term Meaning
n Number of variables
m Number of polynomials or equations
TOyerey Tyt The variables of the set of equations
Blzj,...,xn-1] | Falzj, ... ,zpa]/(@? +2ili=34,...,n—1)
t Monomial term
f Polynomial of degree 4
F Set of polynomials, or equations on the form f =0
Fi Set of polynomials, or equations, all of degree i
F<i Set of polynomials, or equations, all of degree < i
L Set of all monomials of degree i
L= Set of all monomials of degree < i
(F) The linear span of the polynomials in F'
Fr Maximal subset of F' so that no f € Fz; depends on z;
F,, Maximal subset of F' so that (Fy,) N Fem =0
Z(F) Set of zero points for all polynomials in F
I(F) The ideal generated by F'
™ Projection omitting coordinates 0, ..., %, that is,
mi By — Ryt
M(F) or My(F) | Macaulay matrix corresponding to F or F<4

2.2 Definitions and notation

A monomial is a product x;, - x;, of d distinct (because z? = z) variables,

where d is the degree of this monomial. The degree of a polynomial
b= Z mg
i

where the m;’s are distinct monomials, is the maximum degree over the mono-
mials in p. Given a set of polynomial equations

F:{fi(xO)"'axn—l) :0|'L:17,m}’

our objective is to find its set of solutions in the space F5. The approach we
take in this paper is to solve the system of equations by eliminating variables.
Consider the projection which omits the first coordinate:

R i n—1
7T0.F2 —)FQ

(a07a17 R 7an71) = (a17 oo 7an71)7

We also consider a sequence of k projections

n n—1 n—k
Fo = Fy " — ... > F™ ",

where the i’th projection is denoted 7; : Fy~" — Fy~ " for 0 <i < k.
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Solving Non-linear Boolean Equation Systems by Variable Elimination 5

2.3 Other algorithms for solving non-linear systems of Boolean equations

For completeness, we end this section by outlining alternative approaches,
which to the best of our knowledge collectively represent the state of the art
of solving sets of Boolean quadratic equations. Most of these approaches are
rather different from ours. Hence, the terminology used in the rest of this
section is inherited from the respective papers, and is less convenient for our
approach and not always consistent with the terminology that we use from
Section 4 and onwards. Readers who are already familiar with this prior work,
or who want to focus on our contributions, may skip to Section 4.

1. An algorithm faster than exhaustive search: In [23] the authors pro-
posed an algorithm where they use the following techniques. We note that
although the work from [23] also considers larger finite fields, we will restrict
ourselves to Fo which is our case of interest.

The authors of [23] observe that the single polynomial

m

Py(x)=1-]](1 - fix)

i=1

is equivalent to the set of equations in (1), in the sense that for any a € F%,
Py(a) =0iff fi(a) =+ = fm(a) = 0. For some appropriately chosen n’ < n,
we may define a polynomial R € Fa[zg,...Zn_n—1] as

R(xg, .. . Tp_p—1) = H Ps(xo,y ... Tp_ni—1,0).

CEF;L/

It is easy to see that there is an a = (b|c) € F} such that Ps(a) = 0 if and
only if there is a b € F}~" such that R(b) = 0. In [23], it is noted that we
can evaluate R on all 2"~ points b in 2"~ - poly(n,m) time by applying
probabilistic polynomial constructions presented in [27,13], together with an
algorithm for efficient sums-of-monomials evaluation. The complexity of solv-
ing a system of m equations over Fy is shown in [23] to approach O(20-8765")
(assuming that the number of solutions is less than 20-87657) which is faster
than the brute force approach. This asymptotic behavior is independent of
any heuristic hypothesis on the system of equations.

The approach of [23] has several limitations. First of all we note that the
values of n must be large for the estimated complexity to hold, which means
that it seems unlikely that the method will outperform exhaustive search for
systems that are anywhere close to be solvable on a computer. Another draw-
back of this approach is that it cannot take advantage of large values of m
compared to n since the method of [23] assumes independence between the
polynomials.

2. Algebraic methods and Macaulay matrices [22,12]:
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Let I = (f1,..., fm) CB[zo,...,z,_1] be the ideal describing the system of
equations in (1) and let d be the maximum degree in F', with the corresponding
Macaulay matrix My(F') as introduced in the end of Section 4.

It was shown in [22] that one can use the Macaulay matrix to compute
the Grobner basis of I. If a system of equations is inconsistent, the constant
1 is a linear combination with polynomial coefficients, of the generators of the
ideal, and if a system of equations has k solutions, then there exist at least
n — k linearly independent linear forms in the corresponding ideal. It follows
that the low degree equations describing the solutions of the system can be
obtained by reducing a Macaulay matrix in which the columns are sorted by
total degree. The smallest D for which we can deduce linear equations from
Mp(F) is called the degree of regularity of the system of equations, formally
defined as follows [16].

Definition 1 Let F = (f1,... fm) C Falzo,...,zn—_1] be a system of equations
with finite number of solutions where m > n defining a zero dimensional ideal
I(F). The degree of regularity of I(F) is defined by

dyeg = min{d > 0, dimy ({f € I, deg(f) = d}) = (" +Z 1)}

Determining the degree of regularity of a system of equations is not an
easy problem. A special case is when a system of equations is semi-reqular.
In this case, [18] gives asymptotic estimates of the degree of regularity d,.q
for semi-regular systems. In particular it can be shown that for semi-regular
system, if m ~ an for some fixed o > 1, then d,.y =~ M(a)n where M(«)
is an explicit decreasing function of o as n goes to infinity. This implies that
when o = 1 and if matrix reduction can be done with complexity O(n?), the
authors obtain an asymptotic complexity of O(2°-872%") for solving a system
of m equations in n variables.

Note that the algorithm depends on the system being semi-regular in con-
trast to [20,23], which means that particular systems may be harder to solve
with this technique. It is conjectured that the complexity holds with a proba-
bility converging to 1 as n grows. It has also been estimated that these methods
will not outperform exhaustive search before n > 200 ([20]).

3. Hybrid algorithms: To make algorithms better than the pure algebraic
ones, hybrid algorithms combining exhaustive search and linear algebra on the
Macaulay matrix have been proposed, including the BooleanSolve algorithm
([17]). The idea is to reduce the search space combined with the information
provided by the Macaulay matrix, and can formally be described as follows:

1. Let F = (f1,...fm) € B[zo,...,z,—1] and choose a parameter k < n.

2. For each a = (ag,...,an-1) € ]F’Q’*’€ and each 4, compute the specialized
polynomials f; o = fi(zo,...,Zk-1, 0k, .., an—1), corresponding to each f;
evaluated at a. This provides us with a system F, = {fi,4;---, fm.a} C
B[zo, ce ,xk_l}.
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3. Let My, (F,) be the Macaulay matrix of F, in degree d,.,. Using this
matrix, check if the system F,, admits a solution.

4. If no solution is found, continue with the next value of a € Fy ",

5. If F,, admits a solution, find the solution of F, by for example exhaustive
search on the remaining variables xg,...,x5_1.

The benefit from fixing values for some of the variables is that the size of
the corresponding Macaulay matrices is reduced in addition to a reduction in
the complexity to O(2"~%). Note that the degree of regularity decreases while
m/(n — k) increases, so the algorithm is conditional on how many times one
has to check for new points a € ]F;’_k. This means that for most values of a, the
system will not have any solution. Despite this, when running the algorithm
one only needs to test whether the constant polynomial can be found in the
Macaulay matrix, which means that one does not need to compute the full
echelon form of the matrix.

In [17], the authors show that if one assumes that semi-regular systems
behave like random systems and remain semi-regular during the algorithm,
one can obtain a complexity of O(2(170-2080)7) The values here are m ~ an
where o > 1 and n goes to infinity. With a < 1.82 together with best choice of
k = 0.55an, the authors give an asymptotic complexity estimate of O(20-7927).
If « > 1.82, the best choice is n = k which means that no variables are
specialized and the algorithm does not improve over the standard reduction
of the full Macaulay matrix.

4. Crossbred algorithm optimizing the BooleanSolve algorithm: In
[19] the authors present an algorithm which is an optimization of the Boolean-
Solve algorithm from [17]. The main observation is to avoid the most costly
step of the algorithm when reducing the Macaulay matrix which is performed
27~F times. The idea is to perform the specialization of n — k variables after
working with the Macaulay matrix, which means that we can reduce a partial
Macaulay matrix before specifying parts of the variables. The algorithm from
[19] depends on three parameters: D > 2 (global degree), 1 < d < D (local
degree) and 1 < k < n (number of variables to specialize). To make distinc-
tion on the degrees, for a polynomial p € B[z, ..., z,—1] the total degree of
p in the variables xg,...,zr—1 is denoted by deg(p). The description of the
algorithm from [19] is as follows:

1. First construct the submatrix Mp g, (F') of the full degree D Macaulay
matrix My(F), where the rows consists of products uf; where deg(u) >
d—1.

2. Then construct the submatrix Mp, ;. (F) of Mp 45 (F), where the columns
consist of monomials m with deg,(m) > d.

3. Search for elements vy, ..., v, in the kernel of M}, ;. (F), and compute the
polynomials p; = v;- Mp 4.5 (F). Note that the total degree of p; is at most
D, and deg(p) < d.

4. For all a = (ag,...,an_1) € F3~F
(a) Create the degree d Macaulay matrix My(F™*) corresponding to the

polynomials in F' evaluated at a.
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(b) Evaluate p; at a and append them to My(F™*). Check if the resulting
system in degree d can be solved in zq, ..., Tg_1.

When d = 1, the idea is to generate new equations that are linear in
T1,...,T from the degree D Macaulay matrix with the implication that all
monomials of degree larger than 1 in these variables are eliminated. This
is achieved by computing elements in the kernel of M}, |, (F), from which
the monomials containing more than one of the variables xzg,...,xs_1 have
been removed. In practice there is a trade-off when choosing D: It has to be
large enough for the reduced equations to exist, and small enough such that
the Macaulay matrix does not become too large. Note that we only need k
of the linear equations created from the equations p; that are evaluated at
ZTk,...,Tn_1, to check whether the system is solvable in zg,...,Tr_1.

When d > 1, the idea is similar: Construct new equations but of degree at
most d in the variables xg, ..., Zr_1, where the number of equations needed in
order to solve the system at the end becomes larger. When d is larger than the
degree d;,, of the initial system, the initial equations can be included with the
equations kept for specialization. In [19] the analysis for the optimal choices
of parameters D, d, k for given m,n,d;, is only carried out in the case when
d = 1 and the initial systems are quadratic. However, the authors demonstrate
in practice that the algorithm beats exhaustive search when n = m already at
n = 37, which is lower than the previously expectation of n > 200 from [20].

3 Systems of Boolean equations and ideals

Any Boolean function f : F§ — Fs can be written as a polynomial in the ring
B[zg, ..., 2xn—1] (see [21, p. 346] for the basics on Boolean functions). Such a
function is uniquely determined by the zero set

Z(f) ={a e F3[f(a) = 0}.

Conversely, for any given subset Z of F4 there is a unique Boolean function
with this as zero set. So there are one-to-one correspondences between Boolean
functions, Boolean polynomials, and subsets of .

Lemma 2 Let f and g be Boolean polynomials. Then:
f is a multiple of g & the zero sets Z(f) 2 Z(g).

Proof The implication = is clear. Suppose Z(f) O Z(g) and let H be the
difference set. It corresponds then to a Boolean polynomial h with zero set
Z(h) = H. Then f and hg have the same zero set, and hence are equal. O

On the other hand, for f € Blxo,...,2,—1] we may write f on the form
n—1

f= > T1I =, where @ = (ao,...,@n—1) is a binary vector of length n
a€cA i=0

and A C FZ specifies the monomials occurring in f. Any Boolean function
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can be written in this form, which gives a different one-to-one correspondence
between Boolean functions and subsets of 4. This establishes the following

relationship
A f Z.

For a given function f, the relationship between the sets A and Z is however
far from trivial.

For a set of polynomial equations (1), let F = {f1,..., fm }. The polynomi-
als in F' generate an ideal I = (fy,..., f;) = I(F) in the ring Blzo, ..., zp_1].
Let Z(I) denote the zero set of this ideal, i.e, the set of points

Z(I)={acFy|f(a) =0 for every f € I}.

Lemma 3 Let f,g be Boolean functions in Bxo,...,2Z,—1]. Then the follow-
ing ideals are equal:

(f,9)=(fg+f+g)

Proof Note that it is easy to verify that they have the same zero set. But it is
not a priori clear that they are equal as ideals of Boolean polynomials. Clearly
(f,9) 2 (fg+ f+g). We also have Z(f,g) = Z(fg + f + g), since it is easy
to check that f(a) = g(a) = 0 if and only if f(a)g(a) + f(a) + g(a) = 0. Thus
the zero set Z(f) 2 Z(fg+ f + g). By Lemma 2 the Boolean function f is a
multiple h(fg+ f + g) for some other Boolean function h, and similarly for g.
Thus

(f,9)2(fg+f+g) 2(f9),

which shows that these ideals are equal. O

Corollary 4 Any ideal I = (f1,...,fm) n Blxo,...,2n_1] is a principal
ideal. More precisely I = (f) where

f=1+]J+0.
i=1
Proof Let I = (f1,--., fm)- By Lemma 3 this is equal to the ideal (fi fo+ f1 +
fay f35- -+, fm), with one generator less. We may continue the process for the

remaining generators providing us in the end with I = (f), where

m

f=1+]J+0).
=1
O

Corollary 5 For two ideals in Blxg,...,xn—1] we have I D J if and only if
Z(I) C Z(J). In particular I = J if and only if Z(I) = Z(J).

Proof By Corollary 4 we have I = (f) and J = (g), where f and g are the
respective principal generators. Clearly if (f) D (g) then Z(g) D Z(f). If the
zero set of g contains the zero set of f, then g = fh for some polynomial h.
Hence (f) 2 (g). O
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Given an ideal I C Blzg,...,Zn—1], our aim is to find the ideal I; C
B[z1,...,2n—1] such that Z(I1) = mo(Z(I)). More generally, when eliminat-
ing more variables we aim to find the ideal I C Blxg,...,z,—1], such that

Z(Iy) = mg—1 0 (- o (m(Z(I)))). Since the degree of the polynomials can
grow very quickly when eliminating variables, in practice we have to settle for
computing an ideal J, as large as possible given computational restrictions,
which is contained in Ij.

Let us first describe precisely the ideal I, whose zero set is the sequence
of projections 7g_1 o (- -+ o (mg(Z(I)))). This corresponds to what is known as
the elimination ideal I N Blxk, ..., Tp_1].

Lemma 6 Let I}, C Blxg, ..., z,—1] be the ideal of all Boolean functions van-
ishing on mp—1 0 (-+- o (mo(Z(1)))). Then I, = I NBlzk, ..., Tn-1].

Proof We show this for the case when eliminating one variable, the general case

follows in a similar manner. Clearly I; O INB|x1,...,2,—1]. Conversely let f €
B[z1,...,2,—1] vanish on mo(Z(I)). Then f must also vanish on Z(I), where f
is regarded as a member of the extended ring B[z, ..., x,_1]. Therefore f € T

by Corollary 5. O

A standard technique for computing elimination ideals is to use Grobner
basis computation, which iteratively eliminates one monomial at the time. In
fact, to compute elimination ideals via Grobner bases one has to compute the
full Grobner basis before performing elimination. Computing Grébner bases
is computationally heavy because the degrees of the polynomials grow rapidly
over the iterations. To deal with this problem, we propose new tools which
also restrict the degree of the polynomials.

Our solution is to not use all polynomials during elimination but only
compute with those that do not produce new polynomials of high degree. We
denote an ideal where the degree is restricted to some d by I¢, whereas I="
means that we allow all degrees. The benefit from our approach is that the
elimination process has much lower complexity, at the cost of the following
disadvantage.

Discarding polynomials of degree > d gives an ideal I=? that is only con-
tained in the elimination ideal I=" = INB[zj, ..., Z,_1]. It follows that Z(I=9)
of the eliminated system contains all the projected solutions of the original set
of equations, but it will also contain “false” solutions which will not fit the
ideal I when lifted back to Iy, regardless of which values we assign to the
eliminated variables. Since the proposed procedure expands the solution space
to include false solutions, the worst case scenario is when we end up with an
empty set of polynomials after eliminating a sequence of variables. This means
that all constraints given by the initial I have been removed, and we end up
with the complete ngk as a solution space.

It is important to note that not discarding any polynomials will provide,
by Lemma 6, only the true solutions to the set where variables have been
eliminated. Hence the solutions can then be lifted back to the solutions of
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Solving Non-linear Boolean Equation Systems by Variable Elimination 11

the initial ideal I. The drawback of this approach is that we must be able to
handle arbitrarily large polynomials, i.e., high computational complexity.

Thus there is a tradeoff between the maximum degree d allowed, and the
proximity between the “practical” ideal I=¢ and the true elimination ideal
I=". In the following, we are going to dig deeper into this trade-off.

In the remainder of the paper we adopt the following non-standard no-
tation: For a polynomial f?, the superscript i indicates that f has degree i,
and does not mean f raised to the power i. The reason for this is that since
we bound the degree of polynomials we work with, it is important to keep in
mind which degree the various polynomials and monomials have. Therefore we
indicate this with a superscript. Similarly, F? for a set of polynomials indicates
that all polynomials in F' have degree .

We can split the initial system F' into d sets according to degree:

Fh={ft . fiy P PP =

T1
The polynomials in F¢, 41 . F' together generate the ideal
I=(F4 Fpi-t FY

. The focus in this paper is to eliminate variables from a system of Boolean
equations. From here on we therefore always assume that F'! = () and omit it
from further analysis, since otherwise we could just use any (linear) polynomial
in F! to eliminate a variable without changing the degree of the system.

For a set of polynomials F', we use the notation F,, to mean that all
polynomials in F' depend on the variable zy. Similarly, Fzy indicates that xg
does not appear in any of the polynomials in F'.

4 Elimination Techniques

Our approach to solve the system (1) is to eliminate variables so that we
find degree < d polynomials in Ij, in smaller and smaller Boolean rings
Blzk,...,2Zn_1]. Our objective is to find as many polynomials in the ideal
I(F) as possible computing only with polynomials of degrees < d. This limits
both storage and computational complexity.

Let F' = (f1,..., fm) be a set of Boolean equations in B[z, ..., z,_1] of
degree < d, and denote by (F') the vector space spanned by the polynomials in
F, where each monomial is regarded as a coordinate. Let L= = L'U...UL'UL®
be the set of monomials of degree < i, that is, LY = {1}, L' = {x¢,...,2n_1},
etc. Then (L=%) is the vector space spanned by the Boolean polynomials of
degree < i.

For the set of polynomials F*, (i = 2,...,d — 1) we consider the sets
LSIF? of all products [f where | € LS/ and f € F'. Since we are bounding
the maximal degree to be d, we can be certain to form any such product
provided that i + j < d. With this constraint, the total set of polynomials we
can construct in our analysis is the vector space generated from the following
basis:
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FCOLS' P UL R 20 U LS9 2P

For the purpose of this paper, we shall need two types of total orders on
the monomials in a Boolean ring.

1. An xp-elimination order: If ¢; and ¢9 are monomials where ¢; contains xq
while to does not, then t; > ts. An example is the lexicographic order.
2. A degree order: If t; has degree larger than ¢ then t; > ts.

As part of the variable elimination process, it will be necessary to split a
set of polynomials according to dependency on xy and possibly according to
degree. The procedures for this can be implemented in terms of row reduc-
tion on the Macaulay matriz of the given set: Its columns are indexed by the
monomials according to the total order we use, and the rows are indexed by
the polynomials in our set. The entries are the coefficients of the monomials
of the polynomials. A basic procedure is:

SplitVariable(F,xzo): We use an xg-elimination order. We perform Gaussian
elimination on the Macaulay matrix of F' on all the columns indexed by mono-
mials containing zy (which form an initial segment of columns) to get these
columns in row-reduced echelon form. The rest of the columns are not of con-
cern in this procedure. The outputs are sets of polynomials F;, consisting of
polynomials which containing z-terms (the upper rows of the resulting ma-
trix), and Fgy consisting of those polynomials not containing xo-terms (the
remaining lower rows of the resulting matrix).

4.1 Normalization

The purpose of normalization is to eliminate many monomials containing x(
from a given polynomial, using a set of lower-degree polynomials depending
on x( as a basis. Suppose we have an xg-elimination ordering. Let f* € F;O be
given, and let G,, = {¢1,...,gr} be a set of polynomials of degree < ¢ which
all contain zg. In general we say that f? is normalized with respect to Gy, if no
term in f is divisible by any leading term (with respect to the xq-elimination
order) of the polynomials in G, and we write f“"°" when we need to stress
that f is normalized (with respect to some basis).

Without restriction on the degree, it is easy to create f“™°"™ from f* and
Gy, - Simply run through the polynomials in G, and check if some monomial
my in f* is divisible by a leading term of some g; € Gy, If my = g xin(g;),
eliminate my by adding qg; to f%. Doing this successively for all polynomials
in G, will produce f*"°"".

Since we need to restrict the degree of the polynomials we work with to
be at most d, extra care has to be taken. The leading term in(g;) of some g,
may not be of the highest degree among the monomials in g;, for instance if
g; = ox3 + T12x324. When this happens we can only eliminate the m; in 1
where deg(q) + deg(g;) < d, since we do not want to possibly introduce terms
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Solving Non-linear Boolean Equation Systems by Variable Elimination 13

of degree larger than d. We, therefore, give the following definition of what
normalization means in this paper.

Definition 7 Let f' € F;;O and d > i be given, and let G4, be a set of poly-
nomials all depending on xy with an xg-elimination ordering. We say that
f% is normalized with respect to Gy, if no term my in f* can be written as
my = qx in(g) for any g € Gy, where deg(q) + deg(g) < d. When writing
EFvror™ for a set of polynomials we mean that every polynomial in F* is nor-
malized with respect to some basis, and that all the polynomials have distinct
initial terms.

In our algorithm, we combine normalization and Gaussian reduction to
get polynomials with distinct initial terms. We start with Fa:20 and perform
Gaussian reduction. Denote the new set of polynomials Fgé”‘”"m. The general
procedure is as follows.

NORMALIZE(F},)

1. The polynomials of F;O are put into the rows of a Macaulay matrix. Per-
form SplitVariable(Fy, , o) to get new set I, where the z¢-part is in row-
reduced echelon form. If there are polynomials without zy-terms, put these
into F;T

2. For each f' in F} normalize it with respect to U{_} F7:mo™™.

3. Again perform SplitVariable(Féo,xo) to get the zg-part in row-reduced
echelon form. The polynomials containing zo form the set F."°"™. If any
polynomials do not contain zo, then add these polynomials to the set Fi.

4.2 Resultants

The second tool for elimination we use is resultants, which eliminates z from a
pair of polynomials. Let f; = a1xg+ b1 and fo = asxg+ bs be two polynomials
in B[zo,...,zn_1]. The variable 2y has been factored out so the polynomials
a; and b; are in B[z1,...,2,_1]. In order to find the resultant, form the 2 x 2
Sylvester matrix of f; and fy with respect to xg

Syl(f17f27950) = (Zi Zj)

The resultant of f; and fy with respect to x( is then simply the determinant
of this matrix, and hence a polynomial in B[z, ..., x,_1]:

Res(f1, f2,20) = det(Syl(f1, f2,20)) = airbz + azb;

We note that Res(f1, f2, zo) = a2 f1 + a1 f2, too, which means that the re-
sultant is indeed in the ideal generated by f1 and fs. Moreover, Res(f1, fa, zo)
is in the elimination ideal I.

When both f; and f, are quadratic, then the a;’s are linear so the de-
gree of the resultant Res(f1, f2, o) is at most 3. More generally, since we are
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14 Bjorn Greve, Qyvind Ytrehus, Havard Raddum, Gunnar Flgystad

restricting the degree to at most d we can not take the resultants between
all pairs of polynomials from F. Say f; € F* and fo € F’. Then we have
deg(ar) <i—1, deg(az) < j—1, deg(by) < i and deg(bs) < j. Hence it follows
that deg(Res(f1, f2,20)) < ¢+ j — 1, which is certain to respect the degree
bound only when i+ j < d+ 1. Hence we can take resultants of all polynomial
pairs from the sets F?, FJ as long as i +j < d + 1:

Res(F*, F7,xo) = {Res(f, g, 20)|f € F',g € FI i+ j<d+1}.

For a set F' of polynomials of differing degree, we split F into F?, ..., F?
and denote o
Res(F,x0) = Ui+ j<a+1Res(F*, F7, xp).

It is easy to see that Res(F,xq) is contained in the elimination ideal I(F) N
B[z1,...,2,—1], but this inclusion is in general strict.

Relation to Grébner bases: Computing a resultant may be realized in terms
of Grobner bases, by running a slightly modified Buchberger’s algorithm. We
show this in the case of quadratic polynomials for ease of exposition, and the
general case follows the same reasoning. Assume we have a lexicographic order
on the monomials, where xo > x1 > x5 and all other variables are smaller than
To. Let

fi=(z1+a1)xo+ b
fo = (x2+ a2)zo + b2’

where a; and as are linear combinations where neither x; nor x, appears,
and by, by do not depend on xy. The first step of Buchberger’s algorithm is
to compute the S-polynomial of f; and f5, and then reduce it modulo the
polynomials already in the basis. Here we only consider reduction modulo the
sub-basis consisting of (f1, f2). The leading monomial of f; is zoz; and the
leading monomial of fy is xgzs. The S-polynomial is then

S = za2f1 + 1 f2 = ToT102 + ToT2a1 + 102 + X2b1.

The next step is to divide S on the two polynomials (f1, f2) to find the re-
mainder that should be added to the sub-basis. The highest monomials in S
are xox Tk, for the various xj appearing in as. All of these monomials are di-
visible by the leading monomial of f;. After a number of steps in the division
we arrive at

S = azfi + zor2a1 + Toaras + x1by + (x2 + az)bs.

The remainder now has zgzsxy as the highest monomials, for the different xy,
appearing in aq. All of these terms are divisible by the leading monomial of f5.
When continuing the division algorithm the xgajas-terms will appear twice
and cancel, so we arrive at

S=asfi +aifo+ ($1 + al)bz + (LEQ + ag)bl.
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Solving Non-linear Boolean Equation Systems by Variable Elimination 15

We see that the remainder (the last two terms) when reducing the S-polynomial
only modulo the sub-basis (f, f2) is exactly the resultant.

In a full implementation of an algorithm computing Grébner bases the
resultant would be reduced against all other polynomials in the basis. We are
only interested in eliminating the terms containing z(, so computing resultants
are more efficient and straight to the point for our purpose than computing
S-polynomials followed by a full reduction.

4.3 Coefficient constraints

The next object we introduce is what is exactly required to close the gap that
the resultants leave in the elimination ideal.

Definition 8 Let I(F) = (f1,--., fm) C Blzo, ..., Zn-1], and write each f; as
fi = a;xo+b;, where neither a; norb; depends on xy. We define the coefficient
constraint ideal as

CO(F, CC()) = (bl(al + 1), b2(a2 + 1), ey bm(am + 1))

We note that the degrees of the generators of Co(F,zg) have the same
degrees as the generators of Res(F?,x¢), and it follows that we can form the
coefficient constraints for F* as long as 2i < d+ 1 < i < (d+ 1)/2. In the
case when I(F) consists of quadratic polynomials, the generators of Co(F, )
will be polynomials of degree < 3.

Similarly to resultants, the coefficient constraints can also be realized through
familiar Grobner basis computations when we make use of the field polyno-
mials 27 + ;. We show this for a quadratic polynomial. Consider when we
have the lexicographic order where z¢y > x7 and z; is bigger than all other
variables. Let

f=(z1+a)zo +0b,
where all terms in @ are smaller than z;. Compute the S-polynomial of f and
x% —+ xq:
S =ua1f +ao(2? +x1) = 20210 + 2021 + 21b.

The highest monomials in S are xox1z; for the different x; appearing in a, all
of which are divisible by the leading monomial in f. We also have the quadratic
monomial zgx; in S. Dividing S by f then gives

S=(a+1)f+xo(a®+a)+ (x1 +a+1)b.

All cross-terms zjz) in the squared linear combination a® will cancel since
our base field has characteristic 2. Hence z¢(a? + a) will be a sum of terms
xox?—l—moxj where the highest monomials are the xox? given by the elimination
order. These are all divisible by the leading monomials of the field polynomials

Dette er en postprint-versjon/This is a postprint version. Publisert versjon/Publised version: https://doi.org/10.1007/s00200-019-00399-7



16 Bjorn Greve, Qyvind Ytrehus, Havard Raddum, Gunnar Flgystad

x? +z;. Continuing the division algorithm using the field equations will remove
all terms in x(a? + a). Assuming a starts with T+ K+ ... we get

S:(a+l)f—l—xo(x?—l—xj)+x0(xi+xk)+...+(a?1+a—|—1)b.

This gives a remainder (z1 + a + 1)b that does not depend on zp, and it
is exactly the coeflicient constraint. In the same way as with resultants, co-
efficient constraints allow us to jump straight to the answer of reducing an
S-polynomial modulo a given basis, instead of going through all the steps of
the division in a Grobner basis algorithm.

An important fact is that the zero set of Co(F, z) contains the projection
of the zero set of I(F) onto F3 .

Lemma 9 Z(Co(F,xg)) 2 mo(Z(I(F))).

Proof A point p € F5~! is not in the zero set Z(Co(F,x)) when for some i we
have a;(p) = 0 and b;(p) = 1. For both the two liftings of p to F3: p, = (0, p)
and p; = (1,p) we have fi(p;) = 1. Therefore p ¢ mo(Z(I/(F"))), and so we
must have Z(Co(F,zg)) 2 mo(Z(I(F))). O

By the Lemmas 6 and 9, it follows that the coefficient constraint ideal
lies in the elimination ideal. We can now use this ideal to describe the full
elimination ideal, which turns out to be generated precisely by Res(F, zo) and
Co(F, xp).

Theorem 10 Let I(F) = (f1,..., fm) C Blzo,...,2n_1] be an ideal generated
by a set F of Boolean polynomials. Then

I(F)NB[z,..., 70 1] = I(Res(F, z0), Co(F, x0)).
Proof By Lemma 6 we have
mo(Z(I(F))) = Z(I(F) N Blz1,..., 70 1))
We know that
I(F)NBlay, ..., 20_1] 2 I(Res(F, zo), Co(F, z0)),
which implies that
7o(Z(I(F))) = Z(I(F) N Bla1, ..., 251]) C Z(Res(F, x0)) N Z(Co(F, zo)).

Conversely, let a point p € Z(Res(F,zo)) N Z(Co(F,zp)) be given. Then
p has two liftings to points in F%: p, = (0,p) and p; = (1,p). We will show
that at least one of p, or p; is contained in Z(I(F)). Let f; = zpa; + b; be
an element in F'. Since p vanishes on Co(F,xg), the following are the possible
values for the terms in f;.
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ai(p) bi(p)
0 0
1 0
1 1

Note that Co(F,xo) excludes (a;(p),b;(p)) from taking the value (0,1).
Since p also vanishes on the resultant ideal, there cannot be two f; and f;
such that (a;(p),bi(p)) takes the value (1,0) and (a;(p),b;(p)) takes the
value (1,1), since in that case the resultant a;b; + a;b; would not vanish.
This means that either 1) : {(a;(p),b:(p))|1 < i < m} C {(0,0),(1,0)}, or
2) : {(a;(p),bi(p))[1 <i<m} C{(0,0),(1,1)}. In case 1), the lifting p, is in
the zero set Z(I(F)). In case 2) the lifting p; is in the zero set of Z(I(F)).
This shows that Z(Res(F,z0)) N Z(Co(F,xo)) lifts to Z(I(F')), which means
that

mo(Z(I(F))) = Z(I(F)NB[z1,...,2n-1]) 2 Z(Res(F,zq)) N Z(Co(F,, xg))

as desired. 0O

In general, this process can be iterated eliminating more variables. We de-
note by Res(F, zg,...,z,—1) and Co(F, xg,...,T,—1) the iterative application
of the resultant and the coefficient constraint ideal with respect to a sequence
Zo, ..., Tg_1 of variables to be eliminated. Note that both Lemma 9 and Propo-
sition 10 easily generalize to this case. We can also generalize Theorem 10 as
follows.

Corollary 11 For I(F) = (f1,..., fm) i Blzo,...,xn_1], then
I(F)NBlxg,...,xn-1] = [(Res(F,xg,...,x5-1), Co(F,xg,...,Tp_1))-

This enables us to actually compute the elimination ideal independent of
monomial order, in contrast to approaches using Grobner bases (see [2,3]).
Moreover, one could find the elimination ideal by successively eliminating
Zg,...,TEr—1 using Corollary 11 by the following algorithm:

0. Fy=F,
1. Fy = generators of Res(Fy, zo) + Co(Fp, o),
2. Fy = generators of Res(Fy,x1) + Co(Fy,x1),

i. Fl = generators of Res(Fi_l,xi_l) + CO(Fi_l,SCi_l)7

We show that this simple solving algorithm already gives a complexity that
is better than the trivial O(2").

Lemma 12 If the degree of the polynomials in Fy is 2, then the mazimal
degree of the polynomials in F; is at most 2" + 1.
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18 Bjorn Greve, Qyvind Ytrehus, Havard Raddum, Gunnar Flgystad

Proof We show this by induction. The statement is clearly true for ¢ = 0.
Assume the statement is true for ¢ = j, so the maximal degree of the poly-
nomials in Fj is 27 + 1. The generators for both Res(Fj,z;) and Co(F}, ;)
are computed by multiplying two polynomials, where the first has degree at
most 27 (because z; has been factored out), and the other has degree at most
27 + 1. The generators of Res(F},z;) and Co(F}, z;) then get maximal degree
2.2 +1 =2+ 4+ 1 asdesired. O

Theorem 13 The mazimal degree of any polynomial in any F; when running
the elimination algorithm above is upper bounded by n — logy(n) + 1 and Fy
only has quadratic polynomials.

Proof Let D be the maximal degree encountered during the elimination algo-
rithm. From Lemma 12 we know that D = maz;.o<i<n(min{2'+1,n—1}). For
small 4, 28 +1 < n — 4, but the function 2¢ 4 1 is increasing and the function
n — i is decreasing when 7 increases, so there will be an integer iy such that
210 41 <n—igand 20Tt +1 > n—ip—1. Then D = max{2° +1,n—ig—1}. It
is easy to see that 21°82(") =1 41 =5 /2 4+ 1 < n—logy(n)+1 and 2'°&2(") 41 =
n+1>n—logy(n) when n > 1, so ig = logy(n) — 1. The theorem then follows
since D < max{2°82(") =1 4 1 n —log,(n) + 1} =n —logy(n) + 1. O

In [15, p. 315] it is stated that the maximal degree of polynomials occurring
in the computation of Grébner bases over Bz, ..., Z,—1] is n. Theorem 13
improves on this, in the sense that a solving algorithm using elimination of
variables only needs to consider polynomials of degree up to n — logy(n) + 1.

Applying the straightforward elimination of variables in practice leads to
problems, however, due to the initial exponential growth of degrees from the
resultants and coefficient constraints with each elimination. With many vari-
ables, the number of monomials quickly becomes too large for a computer to
work with, which is why we suggest in this paper to only compute polynomials
of degree < d, where d is a free parameter. Note that Corollary 11 is only valid
if we do not restrict the maximum degree allowed.

4.4 Syzygies

The last concept we will define is that of syzygies. In fact, syzygies will give a
more general view on resultants and coefficient constraints. The reason for this
extension is that for degree d, in general both deg(Res(F¢, F4,z0)) = 2d — 1
and deg(Co(F?, z¢)) = 2d — 1. This means that computation of the generators
for I(UfZQFi)ﬂIB%[xl, ..+, Zn—1] produces polynomials of degree < 2d—1. When
restricting the maximum allowed degree, resultants and coefficient constraints
are not sufficient to generate the full elimination ideal. nontrivial syzygies fill
this gap.
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Definition 14 Let ay,...,a; be boolean polynomials in B = Blxo, ..., Tn-1].
Let
B'=Be; @ - @ Beg

be the free B-module of rank £, where €y,...,€ is an (abstract) basis. The
syzygy module S for polynomials a; is the submodule of B consisting of all
ri€1 + -+ - + roep € BY which form a relation

ria1 + -+ rpap = 0.

We may also specify natural numbers dq,...dy such that dega; < d;. We
let the module B be graded by letting €; have degree d;. Then the syzygies of
degree < d, S<¢ consists of the syzygies >, ri€i such that deg(r;) +d; < d.

Syzygies are connected to Grobner bases in the literature concerning op-
timizations of Buchberger’s algorithm. In fact, most known approaches to
Grobner bases (for example [8,9]), reduce to computing the module of syzygies
over the polynomial ring K[z, ..., x,_1] for some field K.

In [10, Ch.3] it is shown that whenever we get a reduction to 0 for an S-
polynomial in Buchberger’s algorithm, this reduction corresponds to a syzygy.
One way to find the syzygies of some polynomials (f1,..., fm) is therefore
to save the ones encountered when reducing S-polynomials in Buchberger’s
algorithm for computing Grobner bases. In our work we also consider syzygies,
but we generate a basis for them directly, without going through reductions
of S-polynomials. Note that it is known that one can compute the elimination
ideal by using Grobner bases ([2,3]). Our approach is related but differs from
the Grobner bases approaches considered in the literature: We attempt to find
more efficient ways of computing the vector space

(FCUL'FIYULPFE20 - UL 2F?) N B, . . ., 1]
Let us indicate how syzygies enter here. Given a set of polynomials
F :xoa1 + b1, xpa0 + bo, ..., o0 + by,
let V' be the linear space of all expressions
li(xoar +b1) + -+ + L (Toam + b))

with certain degree restrictions deg(l;) < d; or equivalently I; € (L%). We
want to eliminate xy and compute the space VNB[z1,...,z,_1]. By a suitable
reduction process we shall obtain a set of polynomials

F': xpal + by, zoaly + b, ... xoa), + b}
Let V' be the linear space of all expressions
I (zoal + 1) + -+ + li(zoay + b)) (2)

where I now is a polynomial in (Lz-) (for appropriate e;). The essential step
in computing the elimination space V N B[zy,...,z,—1] turns out to be to
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compute V' NB[z1,...,z,_1]. But we see that if an element (2) is in the latter
intersection, we must have

liay + -+ 1a, =0,
so ljer + -+ lje; is a syzygy for the a. For each such syzygy we get by (2)
a corresponding element in the intersection V' N Blxy, ..., Tn_1]:

1LY, + -+ 1L,

and this intersection is the space of all such elements as we vary over the
syzygies of the a}.

The following illustrates how the approach in this paper differs from Grébner
bases.

1. We compute the syzygies directly in the Boolean ring B[zy,...,z,—1],
which means that the field equations are encoded into our computations in
contrary to Grobner bases which are computed over the polynomial ring
Fylz1, ..., 2n—1], thus needing the field equations to be added to the system
of equations.

2. In the approach of this paper we only need to compute syzygies on the
a;._l terms. These have degree one less than the f%s.

3. The approach here avoids the chain of reductions as done in Buchberger’s
algorithm since syzygies are computed directly. The trivial syzygies are
Koszul syzygies af_le};*l — a?lef_l, and Boolean syzygies(aﬁ:l + 1)6?1
and any multiples of these allowed by the degree restriction d.

4. The approach is ”straight to the point” meaning that we eliminate variables
in a straightforward way avoiding precise term orderings apart from the
elimination order x¢y > x1 > ..., which can be arbitrary.

The Boolean syzygies are unique because they only occur for characteristic
2. In the following, we show that these two types of trivial syzygies give the
resultants and coefficient constraints when applied to the f*’s.

4.5 Syzygies between linear polynomials

Let a1, -+ , ar be Boolean polynomials in <L%1> After suitable Gaussian elim-
ination we may assume that they are ordered so that the intial terms (in this
case a variable or simply the constant 1)

in(a1) > in(ag) > --- > in(ay). (3)

Proposition 15 Let S CB., @ --- @ B, be the syzygy module for a1, ..., ar,
where each €; has degree 1. There are the following syzygies in S':

1. Koszul syzygies aj€; + a;€;,
2. Boolean syzygies (a; + 1)¢;.
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Let K (resp. B) be the linear spaces generated by the Koszul (resp. Boolean)
syzygies, and let d > 2. Then S=* is (LE=*) K + (Lg-?) B.

Proof Let r = ), rie; be a syzygy of degree < d so each deg(r;) < d — 1.
Suppose a term in r; is t - in(a;) where ¢ < j and deg(t) +1 < d—1 (so
t e <L%2>). If i < j we subtract ¢ - (a;e; + aj¢;) from r, and if ¢ = j we
subtract (a; + 1)¢;. Continuing this way we get a syzygy r’ = ). e such
that ] contains no term in(a;) where j < i. We show that r’ = 0. This will
prove the proposition. So we have the relation ). ria; = 0. Let in(a;) = z1,
say. Then no a; for j > 2 contains the variable z; by the assumption (3). But
also no r; contains the variable x; by construction. Hence the only terms in
the relation above that contains z; are the terms in 7| z;. Hence we must have

r} = 0. In this manner we may continue and we get that all v, =0. O

When considering a system of independent quadratic polynomials F? =
{f1,.-., fm} where each f; = xpa; +b; or f; = b; (if f does not contain xg),
it follows that the a; are polynomials of degree < 1. By Proposition 15 we
know that the syzygy module is generated by Koszul and Boolean syzygies,
which implies that if we map €; to b; and €; to b; in the Koszul syzygies we
generate exactly the resultant Res(f;, fj, o) = a;b; + a;b;. Similarly, mapping
€; to b; in the Boolean syzygies, we generate exactly the Coefficient constraint
Co(fi,xz0) = (a; + 1)b;. This implies the following result.

Corollary 16 Let zga; + b; for i = 1,...,m be quadratic polynomials in
Blzg,...,2n—1]. The linear span of the resultants and coefficient constraints
in Blxy,...,xn_1] is precisely the image of the composition

K+BC Blay,..., 20 1)) 2 (L2,
where ¢ sends €; — b;.

Note how this relates to computing the intersection
<
(L= F2 )N Bla, ..., 2n_1].

By Proposition 15 the above is equivalent to find all solutions (l1,...,0m),
where [; € (L%} that satisfy l1a1 + l2a2 + -+ + l,a,, = 0. This is the linear
span of the Koszul and Boolean syzygies. Corollary 16 above gives that the
intersection is generated by the resultants and the coefficient constraints.

Syzygies between polynomials of degree > 2: When the degree of
some a;’s are greater than 1, there may be other syzygies that are not generated
by the Koszul and Boolean syzygies. We discuss these nontrivial syzygies in
the Appendix.
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5 Elimination of variables from systems of Boolean equations

Previous work on solving Boolean equation systems in ANF form include the
XL and XSL algorithms [6,7]. In those approaches, one multiplies all equations
with all monomials up to some fixed degree. If the degree is large enough, one
could hope to have more equations than monomials in the system, and hence
solve the system by re-linearization.

One can also use the approach of multiplying all polynomials with all mono-
mials up to some degree to eliminate the variable x(. Indeed, after generating
the Macaulay matrix of the full set of polynomials one can perform Gaussian
elimination on terms containing . If we have more independent polynomials
than xg-terms we are certain to end up with some equations with no terms
depending on zy. This procedure can be iterated to eliminate a sequence of
variables xg, 1, ... just by using Gaussian elimination on the set of polyno-
mials after multiplying with all allowed monomials.

When we have polynomials of low degree in F, the complexity of multi-
plying all of them with all monomials of allowed degree quickly becomes very
large when d increases. We aim to eliminate x( for the sets F'¢, F4=1 . . F?in
a more efficient way motivated by the tools developed in the previous sections.

5.1 Bounding the degree to d = 3

The lowest degree possible to make meaningful use of the elimination tech-
niques is to set the degree bound at d = 3. Here the input polynomials are
cubic and quadratic, which means that we consider the sets F> and F2. In the
following procedure, these sets will be modified to only include polynomials
respecting the degree constraint d < 3 while eliminating the variable xy. The
elimination procedure proceeds as follows:

1. We start by splitting the set F? into subsets F2"°"™ and Fx% using the
procedure SplitVariable(F?,zo). We increase F3, by adding on% and
(zo + 1)E2"™™ to F3. Note that we only multiply the sets F."°"™ and
F2- with (29 + 1), resp. 29 and not with all linear polynomials.

2. With the new sets, we normalize F? with F2"°"™ as basis, producing
Fﬁé"”m and F% Since all initial terms in sz(’)”"rm depend on zg, all terms
removed in the normalization process will depend on zg. Hence we get
rid of many terms containing xq in this step. The Gaussian elimination in
SplitV ariable allows us, however, to perform the reductions with these ”all
at once” in analogy with the F4 algorithm, [8]. The normalization process
removes a lot of the degree < 3 monomials depending on zy in F;‘fo and
may eliminate zy completely from some polynomials.

3. The final step is to compute resultants and coefficient constraints from
the set F.""™. We create Res(F2""™, xq) and Co(F"™™, x0) and join
these sets with F2-.

The outputs of the procedure are Ff—o and Ff.—o, sets of cubic and quadratic
polynomials that do not depend on zg. The following theorem shows that by
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following this procedure we have not lost anything essential, in the sense that
all polynomials in F% multiplied with Lz = {z1,...,2,—1} together with Fa%
still generate the whole (F® U LEF?) N B[xy,...,2n_1].

Theorem 17 Let F? and F? be the input sets of polynomials, and F%O and
Ff—o be the outputs of the elimination procedure.
a. The linear span

3 <12\ _ 3,norm <1 72,norm 3 <12
(FPUL>F=) =(F UL Fy UFEULRFR)
b. The elimination space
<1
(FPULS'F?) NBlay,. .., an1] = (Fa: UL F2).

Proof a. It is clear that we have the inclusion D. Let us now prove that we
have inclusion C. First note that we have the following decompositions

2\ 2,morm 2
(F7) = (F;""™ U Frp)
and
<1\ _ <1
(L=") = (wo) + (L)
This gives
<L§1F2> — <LS1F§6n0Tm> + <L§1Fx27>
norm < norm <
= (w0 + V)(EZ"™) + (LI F2™) + wo(Fas) + (L5 FE). (4)
Now by the normalization procedure in Part 2. above:
norm norm < norm
(F?) 4 (o + D)(FZ™™™) + 2o(F2) C(FS"™™ U FE U LS FE™™).  (5)
Hence putting (4) and (5) together we obtain
norm <1 norm <1
(F3) + (LS'F?) C(F2mom™) 4 (LS F2 ™) + (F2) + (L= F2),
which gives part a.
b. By the identity in a. we see that
<F3ULS1F2>QB[{E1,...,LL‘7L,1] (6)
= (F;% U L%F%> + <F§’5”m"m U L%Fﬁé"‘”m> NBlx1,...,Tn1]

Let zga} + b7 be the elements of F2:""™ and xa? + b} be the elements of
EZnerm Then any element of the intersection on the right side of (6), comes
from an expression

> Liwoa +b7) + > cilwoal + b)),

where the [; are linear polynomials in B[z1,...,2z,—1] and the ¢; constants.

We must have the relation
Z lia; + Zciaf =0.
i i
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But due to the elements of F:"°"™ being normalized with respect to F2:m"™,
for any such relation we have each ¢; = 0 and the syzygy >_.l;e! is a linear
combination of Koszul and Boolean syzygies. By Corollary 16 the last intersec-
tion in (6) is then a linear combination of resultants and coefficient constraints,
and these have already been put into F%O This proves part b. 0O

Example: The following small example illustrates how the elimination
procedure works. Let F? be the initial system with quadratic equations in the
five variables g, x1, T2, T3, T4:

ToTy + T1X4 + Tox3 + ToT1 + T4 + To
Loy + ToT3z + 122 + xox2 + a2 + 1
T1T4 + T4 + 3 + T2

T3Tq + ToT2 + Tox1 + T4 + T3 + To

F? =

We will eliminate x from F?2, by allowing the degree of polynomials to increase
by one. First we split the set into Fz;""™ and F2, by doing Gauss elimination
on terms depending on xy. We then get

T1%4 + ToTg + T3 + X2
Fgénorm =< Toxy + T124 + Tox3 + ToT1 + T4 + T
T1T4 + T122 + 2ox2 + ToT1 + T4+ 22+ 70 + 1
Fr% = {x324 + 2124 + T122 + 23 + 22 + 1}

The next step is to compute (:c0+1)F§6"‘"’m and :EOF%O and add to the complete
F2_set. We then get

F?u xOFﬂ% U (330 + 1)F£énorm =

ToX1T4 + 124 + o3 + Tox2 + T3 + T2

ToTax4 + ToX1X4 + T2Ty + T1T4 + ToXs + X4

ToL1T4 + ToL1T2 + 114 + ToLg + x119 + ToLg + x4 + 20 + i) + 1
T34 + ToX1X4 + ToT1T2 + Tox3 + Tox2 + T

T1T4 + Toxg + T3 + X2

ToX4 + T124 + oz + o1 + T4 + Xg

T1T4 + T1T2 + ToTo + ToT1 + T4 + 22 + 20 + 1

T34 + 2124 + 2122 + T3 —+ 2o + 1

Normalizing this set with respect to Ff{;”orm gives us Ff(;”orm and F;io:

T1T4 + ToTy + T3 + T2
ToTyq + T124 + ToT3 + ToT1 + T4 + To

F;’é"‘”m = 21T4 + 2129 + Toxo + T2, + T4 + T2 + 20 + 1
ToZy + 12T + Tox1 + 22 + 21 + 1
1o+ T4 +x3+ 21 +20+1
T1T2Tq + T4

F2 ={ rozy+ 2123+ 23+ 1

T3T4 + T1T4 + 129 + 3 + 22+ 1
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The next step is to compute the resultants and coefficient constraints of the
set F2m"™ In this example we have three polynomials in F,>""™ so we will
get three polynomials in each of Res(F2"™™, xo) and Co(F2"°"™™ x0) These
sets are

T1T3T4 + T2T4 + X124 + T2T3 + T1T3 + 2122 + T4 + T2
Res(F:f(;”orm, Zo) = T1TaT3 + T3xg + T 124 + T3 + T4+ 23+ 21+ 1
ToTq + T1%4 + Tox3 + T123 + T122 + 23
ToX3X4 + T1X3T4 + T1T2T4 + T3X4
Co(FZmom™ xg) = § T1T924 + ToTy + T129 + T
T3Tq + T2Z4 + X3 + T2

Finally we join Fa., Res(F""™, x9) and Co(F;""™, xq) together, and do
Gaussian elimination with respect to degree to remove any linearly dependent
polynomials. In this case there were no dependencies, and the final set returned
from the elimination procedure is

F2-U Res(FZ2mom™ 1) U Co(F2m™, 20) =

XToX3Xy + T1T3L4 + L1 X224 + T3X4

X1X3%4 + ToZyg + T1T4 + T2X3 + L1235 + T1T2 + T4 + T2
T1T2%4 + X4

T1X9T3 + T34 + x114 + r1x3 + x4 + I3 + x1 + 1

T3T4 + 124 + 122+ 23+ 22+ 1

Toky + T1Zo + x4 + X1

1Ty + 24+ 21 +1

Toxs + 13+ 23+ 1

T1T3 +T1x9 + x4 +x3+ 21 +1

With this small example we see that eliminating x(¢ using our procedure
we generate nine polynomials of degree 3, in four variables. The final set is
Gaussian eliminated with respect to degree, and we also observe that we ac-
tually get five quadratic polynomials in x1,x2,x3, T4, one more polynomial
than we started with, in one variable less. This gives a small taste of why this
algorithm can be good for solving Boolean equation systems.

Optional addition to the algorithm.
The normalization process may produce polynomials in Fg’(;”‘”m of degree
2. We could test for this and if so, add this to F2, and start the algorithm for
eliminating xg over again. The new
(F? U LF?)

will normally be larger than the original one, and so we normally get a larger
elimination space than in Theorem 17b. This allows us to ”compute with terms
of degree 4 by only computing with terms of degree 3”: Suppose we produce

a polynomial of degree 2
h = Zcsz + leff
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where the ¢; are constants and the I; are linear. Putting h in F?, we can then
multiply it with a linear polynomial I’ to produce

h-l'= Zcil/fl-?’ +Zlil/fi27

and we see that the terms in the right expression will generally be of degree 4.

In the example above, we see that the Fj’é""”n we produced contains only
quadratic polynomials. Adding these to Fﬁé”"’”m before computing resultants
and coefficient constraints yields all five zg-terms as initial monomials, and
hence (g) = 10 polynomials in Res(F2""™, x):

Res(FZmorm xg) =

ToX3%4 + T1X2X3 + oLy + T2X3 + X123 + T1T2 + X3 +2T2 +21 + 1
T1T3T4 + T1X2X3 + T3T4 + ToTy + Toxz + 122 + 23+ 220+ 27 + 1
T1T2X4 + X123 + T1T2 + X4

T1X2x3 + 3Ty + X124 + 1203 + T4+ 23+ 21 + 1

T3T4 + T1T3 + 102 + Tg4 + T3 + T2

T2Z4 + X124 + T2T3 + T123 + T1T2 + T3

T1%4 + X1

Tox3 + T122 + T4 + T3

r1x3 + T4+ a9+ 1

T4+ a2 +11+1

For the coefficient constraints, one of the polynomials in Ff{;”orm is of the
form xg + b, where b € B[x1,...,x4]. For this particular polynomial a = 1,
and hence the coefficient constraint (a + 1)b = 0, so we only get four non-zero
polynomials in Co(F2;"™™, x0). These are

T3T4 + Taxy + T3 + T2

T2T3%4 + T1T3T4 + T1T2X4 + T3T4
T1X2T4 + X2Ty + X1T2 + 21

T1T2Xy4 + XToxy + 1T + X2 + X1 + 1

Co(F2m™™ 14) =

3,morm
=

Joining these two sets with and doing Gauss reduction with respect

to degree gives the following set.
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F2-U Res(F2m™™ xg) U Co(F2m™, x0) =

ToT3T4 + T1X2X3 + Loy + Tox3z + T123 + 122 + 23+ 22+ 27 + 1
T1X3%4 + T1T2T3 + 3T4 + Toxy + Toks + 122 + 23 + T2+ 21 + 1
T1T2%4 + T4

T1X2T3 + X3T4 + X1T4 + X123 + X4 + 23+ 21 + 1

T3T4 + 124 + 122 + 23 + 220+ 1

ToTy + 123 + 23+ 1

124 + 123+ 24+ 1

ToX3 + T1X3 + T1T2 + X4

r1T3 + T1T2

I1I2+I4+I1+1

T4+ x3+ 21+ 1

T3 + 1

To + 1

1 +1

Using the additional optimization, we are able to ”squeeze” out additional
low-degree polynomials compared to the initial FQ?U*"O””. In this example we
get four independent linear polynomials after Gauss elimination in the four
remaining variables, and therefore easily solve the system. The solution in the
example is 1 = x2 = 3 = x4 = 1, and substituting these values into the
initial system immediately also gives the value for x(, which is also equal to 1.

Theorem 17 generalizes easily to eliminating several variables using the
elimination procedure.

Corollary 18 Let L=! = {l,ak,...@,_1} be the subset of L=' not

containing the variables xo,...,xx—1. Let leom and F%m be the
result of applying the elimination procedure above k times to the input sets
F3, F?2, eliminating one variable at the time in the sequence Tg,...,Tp_1.
Then
3 <1 2 3 <172
(Frs.. 75 Y LﬁmFﬁxkfﬂ =(FPUL>F*)NB[zg, ..., Tn1]
Proof The output after eliminating xo,...,x;—1 are the sets F%om and
Fz%ﬁ These sets form the input for eliminating z;, and applying Theorem
17 on these input sets gives
3 <1 2 _
<F€L’70,~~,Ti U TD;~'~7T/L'FTO:~-7E> - <1
<Fm%,,..,:ci_1 UL%O,H.,HF%,...,H> NB[zit1,. .., Tn-1],
for each 7 in {0, ..., k—1}. Substituting these equations into each other creates
the stated relation between the original F3, F? and F%)m, Fz%m O
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5.2 Degree bound d > 4

We explain here how the elimination procedure needs to be generalized when
we increase the degree bound to d = 4. The construction is essentially the
same as in the previous section, but there will be more syzygies than Koszul
and Boolean syzygies, as pointed out in Theorem 26 in the Appendix.

Elimination procedure:

1. We split the set "2 into subsets Fi2"*"™ containing x and Fz- not contain-
ing x¢ by using SplitVariable(F?, o). These sets can be used to increase
F3, by adding (zo 4+ 1)F2""™™ and zoF2 to 3.

2. Normalize F with respect to Fg(;"orm, producing Fg(;”orm and F‘%0

3. Compute the resultants and coefficient constraints from F2:"*"™ and add
to 2.

4. Add the sets (zo + 1)F2"°"™ and zFa- to F*.

5. Normalize F'* with respect to Fg(;"o’“m U sz(’)”orm, giving the sets Fﬁ&””m
and F;io.

6. Compute resultants and coefficient constraints of the sets Fa2:"*"™ and
F fé"m’m that respect the degree bound d = 4, and add these to F;L—O or Fa%v
according to degree.

7. Compute the syzygies R? of degree 3 from Ffé”‘”m U Fj’é”orm. These gen-
erate a set T of polynomials of degree < 4 in B[zy,...,7,_1]. Add T} to
Fwio. This step is the main difference with respect to the case d = 3, and
finding the nontrivial syzygies is not straightforward.

The outputs of the procedure are the sets F2

= F% and F;LO.

If we increase to d = 5 or higher, the elimination procedure follows the
same lines as for d = 3 and d = 4. We normalize the F! , using the already
normalized sets of lower-degree polynomials as a basis, compute resultants and
coeflicient constraints, as well as any nontrivial syzygies needed for eliminating
xo. When d grows, the space for possible nontrivial syzygies increases. A topic
for further research is to investigate how large fraction of all syzygies that are
covered by Boolean and Koszul syzygies when d increases.

6 An alternative approach to eliminating variables from quadratic
Boolean equations

In this section we develop an alternative algorithm for solving systems of
Boolean equations by eliminating variables, where the degree of polynomials
produced does not grow too fast. To guarantee that no false solutions are
added during the elimination steps, certain conditions (stated in Theorem 20)
must be satisfied.
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6.1 Eliminating variables with no cross-terms

We intend to eliminate the k variables xzg,...,x5x_1 from F. We shall as-
sume that F' does not contain any quadratic terms between the variables
Z0,...,2Tk—1, i.€. no terms x;z; where 0 <+ < j < k. Then any polynomial in
F may be written uniquely as

Toap + -+ Tp_1ak-1 +0

where each a; and b are in B[z, ..., 25-1].
Let
fi = 2000 + -+ Tp—1ak-1,,+ b, i=1,...,m

be the polynomials of F. We have L<! = {1,x,...,2,_1} and more gen-
erally, L=F denotes the set of all monomials of degree less than or equal to
k. Moreover, L%lﬁ ={1,zj,...,zp_1}. Define the following elimination
sets, realized by Gauss elimination on the Macaulay matrix of the polynomials:

<k+2
To,. Tho1 (LSk ' F) N ]B[xkh s axn—1]~

2. G=2 = F and inductively for j =0, ...,k — 1 define G=I+3 = (L=}

ZOyeeyLj—1

G§j+2) N B[I’j, N ,In_l].

3. G=2 = F and inductively for j = 0,...,k —1 define GSI+3 = ( %lm
Gij+2) N ]B[l’j, ‘e ,.Tn,l].
Let A be the m x k-matrix with entries a;; for j =0,...,k —1 and ¢ =

0,...,m—1. The column vectors of A will be denoted by a;, for j =0,...,k-1.
Let b be the m x 1 column vector consisting of the b;’s, and denote by Alb
the concatenation of A and b.

4. Let ¢ be a binary 1 x m vector with Hamming weight (= number of 1’s)
wg(c) = w (for some w), and let

(00,01,...,05-1,7) = c- A|b. (7)
This is a sum of w of the rows of the matrix A|b. Now define H<*+2 to be
the set of polynomials consisting of all products

(co+1)(o1+1)---(0k—1+ )T

as we range over all vectors ¢ with wy(c) < k + 1. Note that the above
product is nonzero at a point p iff

oo(p) = =o0k-1(p) =0, 7(p)=1, (8)

Example 19 Suppose k = 1. Then F' consists of polynomials xoag ; + b;, and
(H<3) is generated by the following polynomials

1. (ap; +1)by, 1<i<m,

2. (a07i+a07j+1)(bi+bj)a 1<i< i <m.

From this we see easily that (H=3) is equivalently generated by:
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1. (aoﬂ‘ + 1)[)1', 1<1<m,
2. aovibj + a07jbi, 1<i<ji<m.

We note that 1. are the coefficient constraints and 2. are the resultants.
Theorem 20 a. We have

<Fék+2 > ) <G§k+2> 2 <é§k+2> D <H§k+2>.

L0y Th—1

b. The zero sets of the above sets of polynomials are all equal, or equivalently

Z(F§k+2 ) = Z(H<k+2),

T,y Th—1

c. The projection mp_1(Z(F)) = Z(F=Ft2 ).

Z0s ey Th—1

Proof a) Suppose by induction that LS/ F D F%jf?zjﬂ D GSI*2 for some
0 <j < k. Then

LIt > LSlGi+2 D LSt GSit2

TQ,. T j—1

FSit2 5 q<ite,

which implies FZ 75— 2

If GSI+2 D G=i+2 then

151 GSiv2 5 [ Gsi+2

Ty, T j—1 T, Th—1

and so GSI+3 D GSi+3,

Let (00,01,...,0%1,7) be given by c- A|b as in (7). Then f = xo0¢ +
101 4 -+ xp_105_1 + 7 is in (F), where we recall that F = G=2 = H=2,
Furthermore

(co+1)(o1+1) - (op—1+1)T=(00+1)(o1+ 1)+ (o1 + 1) f € GSk+2,

As we vary over ¢ with wg(c) < k+ 1, we get all of H<F+2. We then see that
H<k+2 C G<kt2.

b) and c): We now prove that m_;(Z(F)) = Z(H=**2). First, from a), we
have that
Te_1(Z(F)) C Z(F=F2

L0y yTh—1

) C Z(HSk+2),

Given a point p in the zero set of H<¥*2 we wish to show that it lifts
to a point p in Z(F') such that m;_1(p) = p. Denote by A(p) the matrix A
evaluated at p and let r be the rank of A(p). Choose an m x r-submatrix A’
of A such that the rank of A’(p) is equal to the rank of A(p) =r < k.

Note. If ¢ is an 1 x m-matrix with ¢ - A’(p) = 0, then c¢- A(p) = 0, since each
column of A(p) is a linear combination of columns in A’(p).

Now extend A to the m x (k4 1)-matrix A|b by concatenating the m x 1
column vector b.

Claim. The column vector b(p) is a linear combination of the column vectors

in A(p).
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This claim will prove the statement in part c) since then the system of
equations

T0ao,i(p) + T101,:(p) + - + Tp—10k-1i(p) + bi(p) =0, 0<i<m

has a solution for the unknowns xg, ..., xr_1, thus giving a lifting p of p.

Tt is sufficient to prove that b(p) is a linear combination of the column
vectors of A’(p). We finish the proof by contradiction. So suppose A’|b(p) has
rank 7+ 1. Then some (r+1) x (r+ 1)-minor is nonzero, say the one consisting
of the top (r 4+ 1) rows. So the determinant

ao1(p) -+ ar—11(p) bl(p;

ao,z.(P) ar—l',2(p) ba(p L0,

aO,r—i—l(p) e ar—l,r-‘rl(p) br+1(p)

We now expand this along the last column. Let B; be the cofactor of b;(p).
Then

bi(p)By + b2(p) B2 + -+ + bry1(p)Bry1 # 0, and so is 1

while
aj1(p)B1+ -+ ajr41(p)Bry1 =0,

for every 7 = 0,...,7 — 1. The B;’s are either 0 or 1. Let ¢ be the 1 x m
vector ¢ = (By,...,Br41,0,...,0). Then ¢ - A'|b(p) = (0,...,0,1) and so
also ¢ - Alb(p) = (0,...,0,1). But this contradicts the fact that p is a zero
of all the polynomials generating H<¥*2 see Equation (8). Therefore a point
p € Z(F="2__) can always be lifted to a point f € mp_1(Z(F)). O

T0s s Th—1

6.2 Solving algorithm

Theorem 20 gives us a condition on the initial set of polynomials F? for pre-
serving the zero set during elimination, when increasing the degree by one
for each variable eliminated. This is in contrast to the much faster growth in
degree when using resultants and coefficient constraints.The condition from
Theorem 20 is that no cross-terms between the variables xg,...,x,_1 occur,
i.e. no terms z;x; where 0 < ¢ < j < k. If a cross-term occurs when eliminating
variables, then Theorem 20 does not hold and it means that the resulting zero
set after elimination may or may not increase, depending on the polynomials
in the system.

We note that for the set F'?, when eliminating k variables there are maxi-
mally (%) cross-terms. If all cross-terms occur, by performing Gaussian elim-
ination on these terms we may write all but the (]2“) first polynomials in F?
as

Toag + -+ Tp_1ak_1 + b,
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where each a; and b are in B[z, ...,2,—1]. One way of using Theorem 20 is
then to eliminate k variables from the polynomials not containing any cross-
terms, and simply leave out the up to (’2“) polynomials containing cross-terms.
The solution set of this subsystem can then be lifted back to the original
system to see if it contains any false solutions due to the polynomials omitted.

In Example 2 below we give an example of a system with a cross-term
where the algorithm fails. This example was carefully crafted to force the
elimination algorithm to increase the solution space after two variables were
eliminated. In Section 7.4 we perform experiments where we run the algorithm
on randomly generated quadratic systems of equations. Because of computa-
tional limitations, these experiments only cover systems for n < 24. The zero
set was always preserved when solving these systems by elimination. Hence,
among the experiments performed it seems like the occurrence of cross-terms
only rarely has an impact on the solution space.

Based on this observation, we propose in Algorithm 1 a simple algorithm
for solving systems of quadratic Boolean equations by eliminating a number
of variables. To be certain that the algorithm does not introduce any false
solutions, it is necessary that the polynomials in F? contain no cross-terms,
but in practice we expect it to work very often even if some cross-terms are
present. Algorithm 1 works by doing Gauss elimination on the variable x;_;
to be eliminated before multiplying with remaining L<'. The polynomials not
containing x;_; can be multiplied only with {1,2;_1} since multiplying with
other variables will not give anything with respect to eliminating z;_1. The
polynomials containing x;_; need to be multiplied with all remaining linear
and constant terms.

Algorithm 1 Eliminate(F?, k)

In: F? - set of Boolean equations in n variables zg,...,Z,_1 and k - number of variables
to eliminate
Out: F=F+2 , set of Boolean equations in n—k variables zg, ..., z,_1 of degree < k+2.

TG -1
for i from 0 to K — 1 do

< <i . <i
Fx;OHZ Sit2 ___ ¢+ Gauss eliminate F="12

_ =tTe w.r.t terms containin
~~~~~ Ti—2,Ti—1"" TQs--Tj—2,Ti—1 TQ,- oy Ti—2 g

Zi—1)
<i+3 ] <i+2
Fﬁ,-w%‘fzq 1L xl*l}Fﬁ»--»JPzamFl

<i+3 <i+3 P <i+3
=72 ="""_______ < Gauss eliminate Fl=
TOye oy Tf—2,Tj—17 " T(QyeresTfj_2,L5_1 G TOyee9Tj—2,

w.r.t. terms contain-

ing x;_1)
<i+3 <1 <it2
T, Ti—2 - Lﬁa<~vzi—2Fﬁv-»azi—2vzi—1
<i+3

<i+3 <i+3 P .
=" =77 ____ ____ < Gauss eliminate G=_""__ w.r.t. terms contain-
Ty TG—25Tj—17 L0 TG—2,T4—1 05 Ti—2
ing ;. 1)
<i+3 <i+3 <i+3
T, Tj—2,T4—1 T,y Tj—2,T4—1 TQ,e s T—2,T4—1
end for

<k+2
rn F=
Retu 0, Th—1

The following examples will illustrate how this algorithm works, as well as
when the algorithm fails due to the occurrence of cross-terms.
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Example 1. What may happen if we start with cubic instead of
quadratic equations: Let F? = {zox122 + T0T1 + 022 + 1}. Then the zero
set of F3 is
Z(F%) = {(1,0,1),(1,1,0), (1,1, 1)},
(

and 7 (Z(F?) = {(0,1), (1,0), (1, 1)}. If we multiply with L=! = {1, 2, 71,22}
to eliminate xo, then the set L<1F3 is given by:

Tox1X2 + ToT1 + xoxe + 1
ToT1X2 + Tox1 + ToT2 + Xo
Tox1 + T1
Tox2 + To

It can readily be checked that the terms containing xg in the four poly-
nomials are linearly independent, so L<!F3 N B[z, z3] = (). This means that
Z(L='F3 N B[x1,22]) = F3, which has one more point than mo(Z(F3)). This
implies that Z(L<'F? NB[z1, 72]) 2 mo(Z(F?)) and shows that our algorithm
does not work when starting with cubic polynomials.

If we eliminate x5 instead of x¢ from LS F3, we obtain LS F2NB[zg, 71] =
{zo + 1,2021 + 1} which has the zero set {(1,0),(1,1)}. The projection of
Z(F3) on the xa-coordinate is {(1,0),(1,1)}, which means that Z(LF3 N
B[x1,22]) is equal to the xo-projection of Z(F?)). This example shows that
whether or not a zero set is preserved after projection and elimination depends
on which variable is being eliminated.

Transforming cubic equations into quadratic equations: We can trans-
form the system F* into a system of quadratic equations F? by introducing a
third variable x3 with the relation z3 = xgxs:

F? = {1‘11‘3 + o1 + 3+ 1, 202 + xg}

It can be checked that Z(F?) = {(1,0,1,1),(1,1,0,0),(1,1,1,1)}. Next we
multiply this set with LS! = {1, 20,71, z2,v3} and eliminate z3 to get back
to the setting above. Here the set LS'F2 is given by

{z1xs + 2ozt + 23+ 1, 2021 + 1, 212223 + Tox1X2 + Tox3 + T2,
TOT1T3 + T1T3, ToTa + X3, ToT1T2 + T1T3, ToTa + Tals, ToT2T3 + T3}
From this it can easily be verified that
<172
L=F*nN B[:Co,(ﬂl,xg] = {l‘oiﬂll’g + 292 + Tox1 + o, ToX1 + 1,0 + ].},

and that Z(LS'F? N B[z, 71, 22]) = {(1,0,1),(1,1,0),(1,1,1)} which equals
the projection of Z(F?) onto the x3-coordinate. Moving on to eliminate z and
following the algorithm we compute L%F3 = L%(LglF2 N Blxzg, 1, x2))),
providing us with the following polynomials

{zoz122 + T0Z2 + ToT1 + X0, ToT1T2 + T1T2, ToTa + T2,  ToT1 + T1,To + 1}
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If we do Gauss reduction on the zg-terms to eliminate x from this set we
end up with {z12y + 29 + 21 + 1}. It follows that Z(L=2F? N B[z, x0]) =
{(1,0),(0,1),(1,1)} which equals the projection of Z(F?) onto the xo- and
x3-coordinates.

Example 2. What may happen if we have cross-terms: Let F? =
{zox1 + 1,2320 + T221 + w4x5}. Note that the first polynomial immediately
gives zop = x1 = 1, so this actually corresponds to solving the equation z3 +
xo+mx425 = 0. Then Z(F?) has 8 solutions, and it follows that the projection of
7o(Z(F?)) also consists of 8 solutions. Following the algorithm we multiply the
set of equations with L= = {1, x¢, 71, 22, 23, ¥4, 5}, and proceed to eliminate
zg. The set LSYF2 N\ B[z, 29, 73, 24, 75 is given by.

T1X2X3 + L3X4X5 + T1To + X425
T1T4T5 + T1T2 + X3
1+ 1

It can easily be checked that Z(L<'F2NB[x1, 22, 23, 74, 75]) = m0(Z(F?)),
consisting of the same 8 solutions without . Next we multiply the set LS F20
Blx1, x2, X3, x4, 5] With L%l = {1,x1, 2, z3, 24,25}, and continue by elimi-
nating x;. Then

L%(LSIFQ N B[zl,x2,$3,1'4,$5]) N B[l’g,l’g, IE4,$5] =
{Zox324T5 + T3x4T5 + ToT4T5 + T4X5}.

This polynomial may be written as z4x5(xz2 + 1)(z3 + 1), and has only one
value-assignment out of the 16 possible that does not fit, namely x4 = z5 = 1
and o = 3 = 0. Hence it follows that Z(L<2F? N Blxa, z3, 74, 5]) consists
of 15 solutions, while 71 (Z(F?)) only has 8. This shows an example where the
elimination algorithm fails to preserve the zero-sets due to the cross-term in
the initial polynomial zgz; + 1.

7 Complexity

The complexity of the elimination algorithm, and how many variables we need
to eliminate before the system can be solved by re-linearization, depends on
various parameters.

7.1 Bounds on the degrees of the elimination algorithm

The elimination procedures discussed in this paper eliminate variables itera-
tively. Hence, the maximum degree encountered will be less than n. For the
procedures in Section 4.3, Theorem 13 showed that those procedures will never
have to handle polynomials of degree higher than n — loga(n) + 1.

Now consider Algorithm 1 in Section 6. With an input system consisting
of quadratic polynomials, no cross-terms, and no restrictions on the degrees of
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the polynomials produced, this method is certain to find all solutions to the
input system. We proceed to show that the maximum degree that Algorithm 1
needs to deal with is typically much less than n —logs(n)+ 1. This is based on
the observation that if F? is the input system to the elimination algorithm,
then the maximal degree of the polynomials in <F’+2 T > after ¢ eliminations
is i + 2. Note that we are not guaranteed that the Zero set is preserved when
running the algorithms 4f cross-terms should occur, but by choosing appropri-
ate elimination orders we could potentially limit this problem. The following
lemma shows how we can greatly improve the degree bound.

Lemma 21 Let F? be the input system to Algorithm 1. The mazimal degree
of any polynomial in any (F? ) is upper bounded by |(n + 2)/2].

05003 Ti—1

Proof Let D be the maximal degree encountered during the elimination algo-
rithm. We know that D = max;(min{i + 2,n —i}). Since ig + 2 = n — iy for
ig = (n — 2)/2, it is easy to see that D = 22 for even n, and D = 241 for
oddn. O

7.2 The number of columns in the Macaulay matrix

Algorithm 1 is applied to a set F? of quadratic equations in n variables. Let
w*(F?,t) be the number of columns of the Macaulay matrix observed after
elimination of ¢ variables, where ¢ runs from 0 to n — 1. The number p*(F?,t)
depends not only on the exact form of F2, but also on the exact implementation
of the elimination process at each step, hence the exact value of u*(F?,t)
is hard to predict without actually running the program implementing the
algorithm. However, an obvious upper bound on p*(F?,t) is the total number
w(n,t) of monomials in n — ¢ variables of degree up to t + 2.
w(n,t) can be computed directly and exactly as

min {2+t,n—t}

plnst) = Y (n Z_ t)' (9)

=0

Figure 1 shows the typical behaviour of p(n,t): As ¢ increases, the num-
ber of not-yet-eliminated variables decreases but the degree increases. For
t>n/2—1, min{24+t,n—t} =n—1tso pun,t+1) < u(n,t), and hence
u(n,t) reaches a maximum for some ¢ in the interval [0,7/2 — 1]. We want
to determine the maximum p(n) = maz{u(n,t)|0 < ¢t < n/2}. Again, the
maximum can easily be determined for moderate values of n. By numerical
inspection, the value of ¢ that maximizes (9) seems to approach a fraction
276 - - - of n. Asymptotically, we have the following result.

Proposition 22 For n > 25, u(n) < 2!082(®)n — gn-0.694241 " yyhere & s the
golden ratio.
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1£(4200,t)

t

Fig. 1 Graph of the function log, (1(4200, t))/4200.

Proof It can be shown by direct computation that for n < 25 the result does
not hold. On the other hand,

min {t+2,n—t} n—t
t) = 10
pon= (") (10
min{t+2,n—t} .
2 —
. 2
i=0
[(n+2)/2J(

IN

n+2—1
1

IN

>

) == fn+3, (12)
i=0

where the last inequality follows from Lemma 21 and where F; is the j-th
Fibonacci number [24]. For large n the inequalities above approaches equalities,

so asymptotically we get

lm 0820 108 Fars o 108aFa gy g 6oanat -

n— o0 n n—oo n n—o0 n

where we have used lim,,_, oo F,, /Fn—1 = @, a well-established relation between
Frn and @. This proves the asymptotic result. This still leaves the potential gap
between F,, and F, 3, but in fact, by direct computation it can be seen that
for 25 < n < 64, pu(n) > F, but log,(p(n))/n < logy(®), while for n > 64,
u(n) < F, so the arguments above can be tightened and the result follows.
O

7.3 Solving complexity

Proposition 22 shows that solving a system of quadratic equations by repeat-
edly multiplying all equations with all linear terms and eliminating one vari-
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| :l A6,
Fig. 2 Graph of log,(u(n))/n for n < 4200.

able every time, we will never have to handle more than 2'°%2(®)" monomials
in the Macaulay matrix. We also know that the system will be solved by re-
linearization after elimination of at most n/2 variables. This follows from the
fact that multiplying with all linear terms n/2 times is essentially the same
as multiplying with all monomials of degree up to n/2, and from the fact that
when n/2 variables have been eliminated only monomials of degree up to n/2
remain.

We now show that a system will be solved after eliminating much fewer
variables than n/2. The output of the solving algorithm after elimination of
the k variables xg, ..., x)_1 is the same as multiplying the initial system F?
with all monomials of degree up to k, and then do Gaussian elimination on all
monomials depending on any of zg,...,z_1.

In [25] and [26] the authors study how many linearly independent poly-
nomials we get when multiplying a set of independent polynomials with all
monomials up to some degree k. Under some mild condition regarding the
dependencies that arise, the following formula is arrived at for computing I,
the number of linearly independent polynomials after multiplying a system of
m quadratic equations in n variables with all monomials of degree up to k:

Lk/2] ma i\ =2y
I=1(nkm)= -1 . -
ek =2 0 (111) 2 )
=0 7=0
In [25] it is reported that the formula has been tested on many random
systems, and gives a very accurate estimate on the number of independent
equations produced.
After multiplication with all monomials up to degree k we get a system of
polynomials of degree < k + 2, and we proceed to eliminate xg ..., x;_1 from
it by doing Gaussian elimination on all monomials depending on any of the

variables xg,...,Zr_1. There are Zfioz (?) monomials in total, and there are
25202 (";k) monomials that do not depend on any of g, . .., x,_1. Hence there
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100 200 300 400 500

Fig. 3 §(n,n) and n/10+ 2 for 1 < n < 500. The blue step-wise function is §(n,n) and the
red straight line is n/10 4 2.

are Zf;rg (M- Efig (”;k) monomials that touch at least one of the variables
Zg,...,Tp—1. In the worst case all of these monomials occur in the Macaulay
matrix, and we lose the same number of polynomials in the Gauss reduction
that eliminates the variables from the system. Subtracting this number from

I(n,k,m) means we will have at least

k2 2 g
I(n,k,m) —ZZ:% <z) +; ( ; )
independent polynomials left in LS* F2NB[zy, ..., 7,_1]. When this number is
bigger than Zf:g (";k), which is the total number of monomials remaining,

we have more independent polynomials than monomials and can solve the
system by re-linearization. Define e(n, k,m) to be

k42 n
k =1(n,k —
e(n,k,m) (n,k,m) ;(i)’
and let d(n,m) be the first k that gives e(n, k,m) > 0. Then §(n,m) gives
the number of variables we need to eliminate before the system can be solved
by re-linearization.

We have made plots of d(n, m) for n < 500 and some values of m to see the
behaviour of the function. Figure 3 shows the plot for d(n,n), together with
the function n/10 + 2. As we can see, n/10 + 2 gives a close approximation to
d(n,n), for n < 500. We therefore propose the following conjecture.

Conjecture 23 For m = n, Algorithm 1 will succeed in solving the system
after at most n/10 + 2 eliminations have been done.

Unsurprisingly, when the initial system is overdetermined we can expect
to solve it with fewer eliminations. Figure 4 shows the plot for §(n,2n) when
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100 200 300 400 500

Fig. 4 6(n,2n) and n/17 + 3/2 for 1 < n < 500. The blue step-wise function is §(n, 2n)
and the red straight line is n/17 + 3/2.

n < 500, together with n/17 4+ 3/2. As we can see, the function n/17 + 3/2 is
a good approximation for §(n,2n), giving a similar conjecture.

Conjecture 24 For m = 2n, Algorithm 1 will succeed in solving the system
after at most n/17 + 3/2 eliminations have been done.

We can try to generalize from these observations. Let @« = m/n be the
degree of overdeterminedness for a system of quadratic Boolean equations.
For a > 2, the relative required number of eliminations decreases further. We
also know that for @ = n/2, we have (}) equations in n variables in the initial
system and therefore do not need to do any eliminations, but can solve the
system by re-linearization directly.

We conjecture that for @ € [1,n/2], the function d(n,an) can in general
be approximated by a linear function gLa) + ¢, where c is a small constant and
g(a) is strictly increasing with g(n/2) = oo or g(n/2) = n. We have computed
values of g(a) such that g(«) approximates d(n,an) well, for a € [1,4] with
increments of 0.25 and n = 500. The plot of g we get is shown in Figure 5.

On the range of « that we are considering we note that g(«) can be well
approximated by the linear function 6« + 9/2. Using this approximation, we
propose the following conjecture.

Conjecture 25 A system of quadratic Boolean equations in n < 500 variables
will be solved by Algorithm 1 after approximately W eliminations.

Going back to the function u(n,t), we can estimate how big the Macaulay
matrix will be when the system is ready to be solved by re-linearization. Setting
t =n/(6a+9/2), this leads to a final complexity for solving a quadratic system
with m = an equations as

C(n,a) = (u(n,n)/(6a +9/2)))*,
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1 15 2 25 3 35 4

Fig. 5 The blue curve shows the observed g(a) such that n/g(a) approximates é(n,an),
computed with n = 500. The red line shows the linear function 6« + 9/2.
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Fig. 6 log,(C (500, «))/500, for a € [1,4] and w = 2.7.

where w is the exponent for doing Gauss reduction. Figure 6 shows our last
plot, where we have computed log,(C(500, «)) /500, for @ € [1, 4] using w = 2.7.
This function is decreasing with increasing values of a, and when the values
of log,(C(500, «)) /500 drops below 1 we can expect to solve the system faster
than exhaustive search. This happens for a ~ 1.65. For instance, for a = 3 we
get a solving complexity for Algorithm 1 of O(2°-7457).

7.4 Experimental results
We have implemented Algorithm 1 and tested it on some random quadratic

equation systems. The tests were done on a MacBook Pro with a 2.3 GHz Intel
Core i5 processor and 16GB RAM. Due to the limited computing resources
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m=n | m=15n | m=2n
n =10 2 2 1
n =14 3 2 2
n =17 3 3 2
n = 20 3 3 2
n =24 * 3 2

Table 1 Number of eliminations needed to solve random quadratic equation systems. For
m = n = 24 the computer ran out of memory after three eliminations.

we were only able to test the method on systems with up to n < 24 variables.
Our priority here is not to demonstrate the efficiency of the algorithm, but
to observe the behaviour of the algorithm and to verify that the theoretical
analysis discussed above is consistent with practice.

For each n we made systems with m = n,m = 1.5n and m = 2n equations
in them. The polynomials in the systems were created by choosing the coeffi-
cient of each monomial uniformly at random, with one exception. We wanted
every system to have a solution, so some random point in F§ was chosen to
be a solution. This was realized by adjusting the constant term of each poly-
nomial accordingly. Please note that the systems contain cross-terms of the
variables to be eliminated with overwhelming probability, but we observed no
impact of this on the ability of the algorithm to solve the systems.

Next, we ran Algorithm 1 on the systems and checked how many elimi-
nations k were needed before the system could be solved by relinearization
(i.e. when we get k independent linear polynomials in the set). The results
are summarized in Table 1. As the table shows, the systems get solved after
a few eliminations and the experimental results closely match the analytical
estimates given in the previous subsection. Admittedly, the values of n of sys-
tems we solved are rather small, but it is reassuring to see that theory and
practice give the same result.

8 Conclusions

In this paper, we have studied how to eliminate variables from Boolean equa-
tion systems when the degree of polynomials produced is upper bounded. The
tools we use for elimination are the known techniques of normalization and
resultants. Also, we introduced coefficient constraints, which only applies to
characteristic 2.

The motivation for our study comes from solving non-linear Boolean equa-
tion systems. The best known (and best-known) algorithms to solve such sys-
tems are focused on Grobner bases (F4/F5) or re-linearization after multi-
plying all polynomials with a set of monomials (XL). We relate the work in
this paper to these approaches. What we found is that our elimination tools
may be explained in terms of Grobner basis algorithms, but where we only
reduce an S-polynomial modulo a sub-basis and stop the reduction as soon
as the variable in question has been eliminated. With regard to XL methods,
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we found that our elimination procedure will compute the same output as
multiplying all polynomials with all allowed monomials and doing Gaussian
elimination to remove a variable from the system. The elimination procedure
presented in this paper is a lot more efficient though, since we do not multiply
with all monomials but only compute precisely what is needed to eliminate
the desired variable.

Eliminating variables may be explained in terms of syzygies, where Koszul
syzygies correspond to resultants, and Boolean syzygies correspond to coeffi-
cient constraints. We found that when the syzygies are computed for all linear
polynomials, all syzygies can be generated by the syzygies of the Koszul and
Boolean types.

As an alternative approach, we may eliminate k variables from the system
at the expense of increasing the degree by the same value k, while the solution
space will remain intact (by projection) provided the original system does not
contain any cross-terms between any of the variables being eliminated.

This insight allows us to bound the number of monomials occurring in
the systems as the elimination iterations proceed, and gives an estimate on
the number of variables that need to be eliminated before the system can
be solved by relinearization. This estimate is given by a linear function in n
with a small coefficient. Numerical experiments on moderate size examples
correspond well to this estimate. For sufficiently large and overdetermined
systems, the total complexity of solving by re-linearization is faster than that
of exhaustive search.

To limit the length of this paper, we have avoided the discussion of several
closely related questions. One topic for further research is to investigate how
much of the complete syzygy space is generated by the trivial Boolean and
Koszul syzygies, or, in other words, how rare nontrivial syzygies are. Another
line of investigation should examine and quantify the introduction of false
solutions associated with the limitation of the degree. Yet another approach
is to design a hybrid algorithm incorporating ideas by Joux and Vitse [19] or
Lokshtanov et. al. [23].
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Appendix: Syzygies between polynomials of degrees > 2

When the degree of some a;’s are greater than 1, there may be other syzygies
that are not generated by the Koszul and Boolean syzygies. Let a},. .. a%l be
polynomials of degree < 1. By suitable Gaussian elimination we may assume
the initial terms are such that:

in(a}) > in(a3) > -+ > in(ay,). (13)

Let af,...,af be polynomials of degree < d. We perform reduction oper-

ations as follows: If a term of a¢ is of the form ¢ - in(a}) where ¢ is a monomial
of degree < d — 1, we replace af by af —t- a]l. We then eventually get:

1

No term of af is t - in(a;

) where t is a monomial of degree <d —1. (14)

Secondly we may perform Gaussian elimination on the a¢ such that:

in(af) > in(ag) > -+ > in(ay,). (15)
Suppose we have given a¢ as above for each 1 <d < D and i = 1,...,44. Let

Bl =B ... B
where B =Bel @ --- @ Eegd and we set e? to have degree d. There is a map
BY =B, € af

and the syzygy module S C B’ is the kernel of this map.
Suppose now we have a total order on the terms of B. We make a term
order on B” by letting terms se§ < te if:
—e<d,or
—e=dand j <i,or
—e=d,j=1tand s <t
Theorem 26 Given polynomials af of degree < d, for each 1 < d < D and

suppose for each d they fulfill Condition (15) above. The following syzygies
may erist:
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1. Koszul syzygies a}iez + aze]d- where e < d or e =d and k < j. For given
sum d + e denote by K¢ the linear space these syzygies generate.

2. Boolean syzygies (a? + 1)6?. For given d denote by B?? the linear space
these syzygies generate.

8. For each § > 2 syzygies

d=1,...,6

i=1,...,4q
where rf‘d has degree < d —d and no term of r is T -t where t is the initial
term of a syzygy in K¢ or B¢ and deg(7) + e < 4.

For a given § in 3., denote by R<? the linear space of such syzygies.
a. Then for § > 2 we have:

3 [
S0 =3 " §=0mdgd 4N " g=imdpd 4 R=I, (16)
d=2 d=2

b. Suppose in addition the a¢ fulfill the Condition (14) above. Then we may
let R<? be the space of all syzygies of type 3. where the coefficient rf‘l of the
a} vanish, and we still have the above identity (16).

%

Proof Given a syzygy of degree < §

s = Z sg_def.
d=1,...,6
i=1,...,0q
If a term in s is a product n - t where ¢ is the initial term of a syzygy s’ in K?
or BP with deg(7) + p < 4, we replace s by s — 7 - 8’. In this way we continue
and in the end we get syzygy as in 3. This proves the identity (16) above.

Suppose now the Condition (14) is also fulfilled. Let the following relation
be of Type 3. :

15
5—1 1 §—d _d
gri a; + g T, €.
i=1 d=2,...,6
i=1,...,44

Let 1 = in(a}). Then no term of any other a¢ contains z; and also no rf_

contains z1. But then the relation above is only possible if 71 = 0. In this way
we may continue and get all r} = 0 except possibly if in(a}) is the constant 1
(in which case we must have ¢ the last index ¢;). But then by the reduction
process using a}l, none of the a¢ for d > 2 contains a term of degree < d and

d

similarly no term of the r?_d contains a term of degree < ¢ — d. But then in

the relation
5—1 5—d _d
Ty - 1+ Z r, ‘a;,

d=2,...,68
i=1,...,4q

the left side has degree < § — 1 while the right side has all terms of degree 4.
Hence rgl_l =0. O
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We now present the algorithm to compute R<% under the assumption of
Conditions (15) and (14).

ALGORITHM TO COMPUTE R<?
1. Set KB=' RE! equal to 0. Let § := 2.

m

2. Let KB?, consist of all pairs (t,8) where t is the initial term of a Koszul

syzygy in K°® or a Boolean syzygy in B°.
KBS = KBS ' UKBJ,.
4. If 6 =2 let R? =0.If § > 3 then R’ consist of all syzygies

_ 6—d _d
r= g T, €

d=2,...,6
i=1,...,4q

©w

where rf ~4 has degree < § — d and no term of r is a product of monomials
T -t where:
- (t,p) € R?jil UKB;LM1 and 7 is a monomial such that deg(7)+p < 6.
— 7=1and (t,6) € KB},
5. Perform Gaussian elimination on R® and let R? consists of all pairs (¢, )
where ¢ is the initial term of a syzygy in R’.
6. R =RV URY,.
7. If § is less than the stop bound then § := § 4+ 1 and go to 2.
As for the actual computation of the syzygies in Step 4, this can be done by
taking the 72~ to be linear combinations of the allowed terms (with unknown
coefficients), and then solving a system of linear equations.

Proposition 27 With the algorithm above, then
RSP =" §=0pd,

d>3

Proof This is clear by construction. 0O

Our applications of Theorem 26 are typically for § = 1 or 2. (This occurs
for sets F2,..., F? where d = 3 or 4.) We are then interested in the syzygies
S5<2 and S=3. These are given as follows:

5<% = Ky + B
S<3 = (LMK, + K3 + (LY By + R3.
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