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Introduction

The thesis covers two independent topics, namely standard basis over rings and convex
rank tests.

The theory of Grobner bases in polynomial rings over rings is in principle well known.
Buchberger’s algorithm can be effectively extended to base rings where linear equations
are solvable. In this thesis we prove that the modification by Mora, Greuel, Pfister
and Schonemann, the MGPS-algorithm for computing standard bases with respect to
arbitrary monomial orderings can be extended to such base rings as well. Moreover,
we take special care to principal ideal rings, allowing zero divisors, for which we design
modified algorithms to compute normal forms, Grobner bases and syzygies, which are
new and much faster than the general algorithm. These algorithms were motivated
by current limitations in formal verification of microelectronic System-on-Chip designs.
We show that our methods from computational algebra are able to overcome these
limitations in important classes of applications coming from industrial challenges. In
industrial microchip-design current standard methods are not able to prove correctness
of certain designs concerning arithmetic functions, e.g. multiplication, accumulated
multiplication, and so on. Our polynomial normal form computations are however able
to verify examples in these areas where all specialized SAT /SMT-tools fail.

The second part is based on research done during a one-year stay at the University
of California — Berkeley. Mainly in collaboration with Jason Morton, Bernd Sturmfels
and Anne Shiu we devised a general method to describe and compute a certain class
of rank tests motivated by statistics. The class of rank tests may be loosely described
as being based on computing the number of linear extensions to given partial orders.
In order to apply these tests to actual data we developed two algorithms which both
compute the required objects faster than any other algorithm known to us. We used
our implementation to apply the methodology to gene expression data created at the
Stowers Institute for Medical Research. The dataset is concerned with the development
of the vertebra in embryos. Our ranking proved valuable to the biologists.

The algorithms for standard bases over rings Z, Z/m(m € Z) and especially Z /2" have
been implemented in SINGULAR [23]. The rank tests are also implemented (see [55]).

Part One - Standard bases over rings

The ability to compute standard bases is the most important ingredient in many compu-
tations in commutative algebra and algebraic geometry. Furthermore, many problems
in different fields, such as system theory, optimization, robotics or formal verification
may be phrased in a way which is suitable for standard basis computations. Namely the
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problem is expressed as a system of polynomial equations and problems thereof.

Grobner basis (standard basis with global ordering) and an algorithm for its compu-
tation (Buchberger’s algorithm) were introduced originally by Buchberger [16] to answer
several questions regarding polynomial system, such as

1. is the system solvable and
2. the number of solutions, if finite?

A problem coming from formal verification, and posed by the research group of Prof.
W. Kunz [89, 87] at the University of Kaiserslautern, was the motivation to take a
detailed look at standard bases where the coefficients of the polynomials are from Z/2".
Since the coefficients may multiply to zero the degree of a polynomial may drop if
multiplied with a scalar. Further many elements in Z/2" do not have an inverse element
and hence one can not norm polynomials to have the leading coefficient equal to one.

The theoretical existence of standard bases is an easy consequence of the noetherian
property of the coefficient ring and is well-known. Also, general algorithms to compute
Grobner basis (i. e. standard basis in the special case of global ordering) are described by
Adams and Loustaunau [1]. In this book also the special case of principal ideal domains
(i.e. without zero divisors) is treated.

We will at first develop the general theory including a normal form algorithm for
modules over polynomial rings over arbitrary noetherian rings and free modules thereof.
On this basis we give a constructive proof for the analogon to the Buchberger criterion
and syzygy theorem which allows the implementation of a general MGPS-algorithm for
arbitrary monomial orderings over coefficient rings in which linear equations are solvable.
This is the main result in Chapter 1 and shows the algorithmic feasibility of standard
bases computations over arbitrary noetherian rings, as long as basic operations in these
rings are algorithmically tractable.

Since the main motivation for our research are computations in Z/2" we restrict
ourself in Chapter 3 to principal ideal rings and give a complete algorithm allowing
practical computations in general principal ideal rings. Here several simplifications are
possible and the existence of strong standard bases (see Theorem 2.2.23) allows fast
normal form computations. Our algorithm directly computes strong standard basis in
the following way. We enlarge the set of elements to be considered in order to apply
Buchberger’s criterion with special ged-polynomials. We demonstrate the performance
of the algorithm in Chapter 3 in comparison to Magma, the only other computer algebra
system we found capable of computing Grobner bases in Z/m. For local orderings we
are not aware of any system which can compute with such orderings and to which we
could compare our implementation. In this chapter we give also a brief overview of the
SINGULAR architecture and describe the necessary changes to implement our algorithm.

In domains with infinitely many elements polynomials and polynomial functions are in
one-to-one relation. But in rings R with finite characteristic this is clearly not the case, as
there are infinitely many polynomials but only finitely many functions. Hence the ideal I
of all vanishing polynomials, i.e. Iy = {f € R[x| | f(x) = 0 for all x = (x1,...,2x)},
is of interest. Furthermore, if we want to apply algebraic methods we need to be able
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to efficiently compute normal forms of polynomials with respect to this ideal. In other
words we need a Grobner basis of Iy. In chapter four we construct an explicit minimal
strong Grobner basis of the ideal of vanishing polynomials in the polynomial ring over
Z/m for m > 2. The proof is done in a purely combinatorial way. A remarkable fact is
that the constructed Grobner basis is independent of the monomial ordering and that
the set of leading terms of the constructed Grobner basis is unique, up to multiplication
by units.

Our primary application is the support of existing property checking techniques for
microelectronics in the presence of large data path parts, i.e. circuits used for addition
or multiplication or combinations thereof.

Property checking is an important tool used in modern circuit design flows to avoid
the introduction of bugs into the circuit design in every stage of the design process. It
verifies the functional specification of the initial register transfer level (RTL) description
of a circuit design. The initial specification of the design that is often given as a more or
less informal human readable document is formalized by a set of properties. A systematic
methodology ensures that the complete intended behavior of the circuit is covered by the
resulting property suite. However, each property describes the required circuit behavior
in a well defined scenario. This allows for an early evaluation for parts of the design as
soon as they are completed.

State of the art tools in property checking are using highly evolved SAT solvers to
proof the equivalence of the property and the design (i.e. equivalence of the specification
and the designed circuits). SAT solvers are dependant on the number of possible valid
states of the circuit. Arithmetical functions have inherently many valid states as for
each set of input values a valid result exists. For example a circuit multiplying two 64
bit number has at least 2'2® many different valid states, even if the result is truncated
to less than 128 bits. Hence current property checking tools are restricted to areas were
not "too much” arithmetic is present or matters.

We developed an algorithm based on our research in standard bases over rings to
verify properties which are mainly based on arithmetics. The algorithm is described in
chapter five and will also provide a counterexample if the verification fails. We were able
to prove all arithmetic properties of a commercial chip design (Infineon Tricore 2) with
our implementation which was not verifiable with standard industrial tools.

Part Two - Distributive lattices and rank tests

The concrete motive of our research shown in this part was a problem in biology. The
microarray technique enabled researchers to measure the expressions of all known genes
at several times in a biological process. Since the number of genes is very high (>20,000)
a decision which genes have to be considered for further research has to be taken. Further
research consists for example in producing specialized markers for certain genes. The
steps for a detailed analysis require a lot of effort. Hence a ranking of the genes according
to the likelihood that they are involved in the process under investigation is required.
Rank tests give rise to such a ranking in a non-parametric way.
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Mary-Lee Dequéant and Olivier Pourquié from the Stowers Institute for Medical Re-
search were researching processes and pathways regarding the development of vertebra
within embryos. Therefore time series of 15 to 20 data points, consisting of roughly
20,000 to 30,000 mRNA expression levels, were generated at the Stowers Institute for
Medical Research [25]. Our algorithms were able to analyze and rank the different
mRNA entries and proved to be helpful for further analysis (see [24]).

Other fields of applications are in general all comparisons between objects using mul-
tidimensional data. For example, a comparison of countries regarding several indicators
is not unique and depends on the significance or weights which are assigned to the dif-
ferent indicators. Rank tests can help to understand this influence better and give a
non-parametric ranking without the need to introduce some way of comparing different
indicators. More details on further applications are given in the introduction to the
second part.

The ranking algorithms devised are based on computing the number of linear extension
for one or many partial orders. The problem is well known in computer science to be #P-
complete [10] and optimal algorithms for listing the linear extensions have been devised
(see [67]). However, it is possible to compute the number of linear extensions required for
many applications by order of magnitudes faster when using a completion based method
on distributive lattices developed in this thesis. The corresponding algorithm is able to
compute the previously unknown number |L(21°)| = 14,807,804, 035, 657, 359, 360 (see
[82]) in less than a second and also |L(2[%)|, given enough memory and time.

The research in convex rank tests, a special subclass of tests which can be reduced
to counting the number of linear extensions to a given or to many partially ordered
sets, has lead to answers to three questions posed by Studeny, Postnikov, Reiner, and
Williams presented in chapter seven.
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Organization of the material

Part 1 covers the theory, algorithms, implementation and applications of standard basis
for arbitrary monomial orderings where the coefficients form a ring, possible with zero
divisors.

In Chapter 1 we introduce the main objects which we shall study in this part, i.e.
standard bases, and give a general algorithm for computation which only requires the
coefficient ring to be noetherian and the ability to solve linear equations.

Chapter 2 is devoted to the standard basis computation where the coefficients form a
noetherian principal ring. In this case the task to solve general linear equations can be
reduced to divisibility tests. Further improvements due to the known structure of the
syzygy module are possible and are given in form of criteria to omit critical elements.

In Chapter 3 we will describe combinatorial the Grébner basis of all polynomials eval-
uating constantly to zero. These polynomials are of interest if we model fixed bit-width
arithmetic. This arithmetic can naturally be modeled in the ring Z/2" with n typically
near 32, 64 or 128. In the model we are only interested in the polynomial function but
not the polynomial itself. Hence we need methods to factor out the polynomials which
define the constant zero function.

Chapter 4 finally concerns algorithms for property checking, based on computer al-
gebra. These are the main applications of the presented algorithms and were also the
motivation for the research in standard bases with coefficients in rings.

Part 2 covers research in convex rank tests and applications to computational biology
done during a visiting scholarship at the University of California — Berkeley together
with Anne Shiu, Bernd Sturmfels, Jason Morton and Lior Pachter.

In Chapter 6 we introduce convex rank tests and describe how they may be used in
computational biology to assist further research.

In Chapter 7 we give counterexamples to problems posed by Studeny and Post-
nikov/Reiner/Williams. The counterexamples are a result of research and investigations
done while developing convex rank tests. Especially created algorithms have been used
to enumerate certain structures in the search for counterexamples.

The last chapter presents the algorithms used for the actual computations in the
previous chapters and puts the required computation in the broader context of computer
science and computability theory.

vi
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Introduction to Part |

Many algorithms in computer algebra depend on the ability to compute standard bases.
In this part we will first introduce the theory of standard bases for polynomial rings
over arbitrary noetherian rings (coefficient rings) and free modules thereof. We will also
show that standard bases for arbitrary orderings may be computed, given computations
in the coefficient ring are feasible.

In Chapter 2 we concentrate on noetherian principal coefficient rings. For these rings
we can give a combinatorial generating set for the syzygies of a given list of elements.
This allows further simplifications in the algorithms and leads to an implementation
useful for applications.

The next chapter is devoted to the actual implementation in the computer algebra
system SINGULAR. We give a brief overview of the architecture of the system related to
standard basis computation and describe were changes and extensions are required to
compute standard basis with coefficients from noetherian principal ideal rings. Further-
more, we compare the runtime of the implementation of our algorithms to third-party
computer algebra systems to demonstrate the capabilities of the presented methods.

In Chapter 4 we will combinatorially describe the Grobner basis of all polynomials
evaluating constantly to zero. These polynomials are of interest if we model fixed bit-
width arithmetic. This arithmetic can naturally be modeled in the ring Z/2" with n
typically near 32, 64 or 128. In such a model we are only interested in the polyno-
mial function but not the polynomial itself. Hence we need methods to factor out the
polynomials which define the constant zero function.

The last chapter finally concerns the main application, namely property checking,
which was one of the reasons for the research presented in the previous chapters.

Property checking has become well-established in modern design flows for Systems-on-
Chips (SoCs). Its main application domain is ensuring the correctness of the individual
SoC blocks. Nowadays, formal property checking can handle almost all types of modules
that can be found in today’s SoCs. Nonetheless, a few “pathological” cases remain
that sometimes limit the application of property checking in industrial practice. In
particular, data paths are often a challenge for formal techniques, especially, if not only
the correctness of the control flow but also correctness of the data is to be proved.

For designs containing data paths it is feasible to utilize reasoning and algorithms
from computer algebra to actually prove correctness of the designs under scrutiny as
described in the last chapter of this part.






Chapter 1.
Theory

In this chapter all necessary definitions and notations will be introduced to prove Buch-
berger’s criterion and the syzygy theorem (see Theorem 1.4.4) for arbitrary monomial
orderings and noetherian coefficient rings. The main benefit of the presented proof is its
constructive nature, which allows us to compute standard bases in the nearly arbitrary
rings. Besides being noetherian the only condition is the ability to solve linear equations
in the coefficients (see Definition 1.3.14).

This extends the results by Greuel and Pfister [35] for fields based on the MGPS-
algorithm and by Adams and Loustaunau [1] for rings with global orderings based on
Buchberger’s algorithm and gives rise to a general algorithm to compute standard basis
given that ring arithmetics and linear equations are implemented.

1.1. Monomial orderings and associated rings

Throughout this thesis a ring means an arbitrary commutative noetherian ring with one
and is usually denoted by R. We will introduce polynomial rings, monomial orderings
and further basic notations in the following section.

1.1.1. Rings and monomial orderings

Definition 1.1.1. Let R be a set with two distinguished elements 0,1 € R and two
operations + and -, such that (R,+,0) is a commutative group, (R\{0},-,1) is a com-
mutative semi-group with one 1 and multiplication - is distributive above addition +. We
call (R, +,) a ring. We write R instead of (R, +,-) where unambiguous.

An element ¢ € R is called a unat if there exists an element uw € R with w-c=1. The
set of units E (R) is a group with respect to multiplication - and does not contain 0.

An element ¢ € R is called zero divisor if there exists an element z € R\{0} such
that z - ¢ = 0, otherwise non-zero divisor.

A ring R is called a domain if it has no zero divisors except 0.

For subsets M, N C R, we write M + N := {m+n | m € M,n € N} and likewise
M-N :={m-n|m e M,n € N} for the set of all possible sums or products of elements
from M with elements from N.
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Definition 1.1.2. A subset I of a ring R is called an tdeal, if [ +1 C I and R-1 C I.
R is a principal ideal ring (PIR) if every ideal in R can be generated by one element.
A principal ideal domain (PID) is a domain which is also a principal ideal ring.

An example for a principal ideal ring which is not a domain is the ring Z/ (m),
where m € Z is not a prime number.

Definition 1.1.3. A ring C is called noetherian if every ascending chain of ideals
becomes stationary, 1. e. for ideals I,,,n € N defining an ascending chain

LchLcl;C...

there exists an n € N such that the chain is stationary I, = I,11 = L,,1o = ... beginning
with n.

Remark 1.1.4. The set of nonunits NE (R), the set of zero divisors NT (R) and set of
non-zero diwisors NNT (R) = R\ NT (R) are semi-groups with respect to multiplication,
1. e. multiplicatively closed. The set of non-zero divisors contains the set of units.

Proof. Let a,b € NE (R) and assume a-b € E (R). Then an element v with u - (a-b) =
(u-a)-b=1 exists, a contradiction to b € NE (R).

Now consider a,b € NT (R), i.e. there are z,, 2, such that 2z, -a =0 = 2, - b. Since R
is commutative (z, - 25) - (a - b) = 0 and hence a - b € NT (R).

Let a,b € NNT (R) and assume a - b € NT (R). Then an element z with z - (a - b) =
(z-a) b= 0 exists, a contradiction to b € NNT (R). Finally consider a € E(R) and
assume a € NT (R), i.e. there exist elements v with a-u =1 and z # 0 with z - a = 0.
But since z=z-1=z-a-u=(z-a) -u=0 a contradiction arises. [l

Definition 1.1.5. The annthilator of an element a € R is the set of all elements
annihilating a, i.e. Ann (a) := {c € R|a-c=0}.

Lemma 1.1.6. The annihilator Ann (a) is an ideal for each a € R.

Proof. Let x,y be elements of the annihilator Ann (a) of a, i.e. a-x =0 = a-y.
Hence a-(x+y) = 0 and therefore z+y € Ann (a). Further let r € R. We obtain a-(r-x) =
r-(a-x) =0 and hence r - z € Ann (a). O

Remark 1.1.7. Consider the ring R = (Z/ (12)) x Z with component-wise addition and
multiplication. Then we have

E(R)={1,5,7,11} x {—1,1},
NE (R) = {0,2,3,4,6,8,9,10} x Z U 7/ (12) x Z\{—1,1},
NT (R) = {0,2,3,4,6,8,9,10} x Z U Z/(12) x {0},
NNT (R) = {1,5,7,11} x Z\{0}

and, for example, Ann ((3,1)) = {(0,0),(4,0),(8,0)} or Ann((4,0)) = {0,3,6,9} x Z.
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Definition 1.1.8. A polynomial ring R[x| with n variables x = 1,9, ..., %, over a
ring R consists of all finite sums > aox® with o = (aq,...,q,) € N* x* 1= z{* - z2n
and a, € R for all .

Addition is defined component-wise, that is, we add a,Xx* and ngﬁ whenever a = f3
and write (aq, + bg)x*. Multiplication of monomials works by addition of exponents,
multiplication of polynomials is then defined by applying the distributive law.

The support of a polynomial f = > a,X* is the set of all monomials with non-zero
coefficient, i. e. supp (f) := {z* | an, # 0}.

The (total) degree of a polynomial [ is defined by

deg f := max{la| | x* € supp (f)}, |af == a1+ +an if f#0
and else deg( := —o0.

Any linear ordering (total ordering) on N" will yield a unique way of writing a given
polynomial. In the following we require the ordering to respect monomial multiplication.

Definition 1.1.9. A linear ordering < on the set of monomials in variables x1, To,. . ., Ty,
Mon (x) := {x“| @ € N"}, is called a monomial ordering on Mon (x) or R[x] if

x* < x? = x7x* < x'x” (1.1)

for all a, B,y € N*. If 1 = x° < x% for all « € N*, the monomial ordering is called
global. If instead 1 = x° > x® for all « € N™ we call < local. If neither is the case the
ordering is called mized.

Lemma 1.1.10. Let M C N" be any subset and <,,4; the natural partial ordering on N™,
with (o, g, ..y ) <par (B1, B2, -+, Bn) if and only if a; < B; for alli. Then there is a
finite set B C M satisfying

Va € M 3B € B such that B <,4 .

B is called a Dickson basis of M.
Proof. See [35] Lemma 1.2.6. O

Definition 1.1.11. An ordering on M is a well-ordering if for each subset A C M
a minimal element a € A exists, i.e. a < a for all a € A.

Corollary 1.1.12. A monomial ordering is global if and only if it is a well-ordering,
i. e. every set of monomials has a minimal element.

Proof. Let us first fix a global monomial ordering < and some set of monomials M C
Mon (x). We check that < refines the natural ordering on N™:

O‘Snatﬁz> Oﬁmtﬁ—a = 1:XO§X57Q = Xagxﬁ7

where the last implication uses the multiplicative property (1.1).
Writing A := {a | x* € M}, Lemma 1.1.10 provides a finite Dickson basis B for A. The
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corresponding set of monomials N := {x? | € B} C M is totally ordered by <. Hence
there is a minimal element in N which is also minimal in M.
Now let < be a monomial well-ordering and assume that < is not global. Then there
exists some x“ < 1, i.e.

1>x>x>x% >

Hence the set {x** | k € N} is no bounded from below. This is a contradiction to <
being a well-ordering. O

Example 1.1.13. The most common ordering may be the lexicographical one (phone
book ordering). In case of multivariate polynomials it is defined by

x® < xP =3k (Vi<k:o; = B;) Aay < B

It is also natural to consider degree compatible orderings, i. e. orderings with the prop-
erty degx® < degx” = x* < x®. An example of such an ordering is the degree
lexicographical ordering defined by

x* < x” = degx® < degx” or
degx® = degx® A 3k : (Vi<k:a;=p)Nag < B
Another important ordering is the degree reverse lexicographical ordering, defined by
x < x7 1= degx® < degx” or
degx® = degx” A 3k : (Vi>k:a; = Bi) ANag > B
Lemma 1.1.14. Let R[x] be a polynomial ring, and polynomials f,g € R[x]. Then
supp (f + g) C supp (f) Usupp (g) (1.2)
supp (f - g) C supp (f) - supp (g) (1.3)

Moreover, if R is a domain then

supp (f - g) = supp (f) - supp (9) - (1.4)

Proof. Let f =3 c;a.x" and g = > ., box®. If the sum of two coefficients aq, by is
not equal to zero at least one of the coefficients has to be different from zero. Hence

supp (f +¢9) = {x*|a € I and a,, + b, # 0}
C{x*|aelanda, #0}U{x"|a el and b, # 0}
= supp (f) Usupp (g) -

Analogously in the case of multiplication
supp (f - g) = {x*" =x*.x"|a, 8 € I and a, - bg # 0}
C{x*|aelanda, #0} - {x*|aelandb, #0}
= supp (f) - supp (g) -

The final statement follows since for a domain the latter inclusion becomes an equality.
m
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Definition 1.1.15. Let R[x| be a polynomial ring with monomial ordering <, f =
S bsx? € R[x] a polynomial, and let x* € supp (f) denote the unique monomial in
supp (f) satisfying x? < x for all 3 € supp (f). Then we define the following symbols:

LM (f) :=x"~ leading monomial of f,
LE(f) =« leading exponent of f,
LC(f) := aq leading coefficient of f,
LT (f) := aqo - x° leading term of f,

tail (f) := f — LT (f) tail of f.

Lemma 1.1.16. Let f,g € R[x]. Then LM (f 4+ ¢g) < max{LM (f),LM (g)}, respec-
tively LM (f - g) < LM (f) - LM (g9), and equality holds if LT (f) + LT (g) # 0, respec-
tively LC (f) - LC (g) # 0.

Proof. Lemma 1.1.14 states

supp (f + g) C supp (f) Usupp (g)
supp (f - g) C supp (f) - supp (9)

and hence

LM (f 4+ ¢g) = maxsupp (f + g)
< max {max supp (f) , maxsupp (g)}
= max{LM (f),LM (g)}.
LM (f - g) = maxsupp (f - g)
< max (supp (f) - supp (¢9))
= maxsupp (f) - maxsupp (g),

since < is a monomial ordering and respects multiplication

— LM (/) - LM (g)

If LT (f) + LT (g) # 0 then max{LM (f),LM (g)} € supp (f + ¢) and likewise LM (f) -
LM (g) € supp (f - g) if LC(f) - LC(g) # 0. O

1.1.2. Rings associated to monomial orderings

Now we take a look on localizations and how every monomial ordering defines a local-
ization on R[x]. In contrast to the case where R is a field, we have to take special care
due to the presence of zero divisors in the ring R.

10



11 1 Theory

Localizations

Definition 1.1.17. Let R be a ring and S a multiplicative set, i.e. S C R is a multi-
plicatively closed subset with one, i.e. 1 € S-S C S. The localization of R by S is
defined by

“1p._ g
SR = {b ‘ aeRandbes}
with the identification 3+ = 32 if Ih€ S : h- (a1by — asby) = 0.

Example 1.1.18. The field of rational numbers Q is the localization of the integers Z
by Z\{0}. The localization by the set of non-zero divisors of a ring R is also called the
total quotient ring Quot(R) of R.

In presence of zero divisors, localizations are a bit more subtle. For example consider
the localization of Z/12 by S = {1,3,9}. The resulting ring is isomorphic to Z/4. The
equivalence relation is

0 4 8 0 4 8
:4: = - = - = - = - = — = —
0 s 3 3 3 9 9 9
3 7 11 1 &5 9
1: = = - - = — = — = — = —
°=9 3 3 3 9 9 9

2
3 3 3 9 9 9
1 5 9 3 7 11
s=T 3 3 3 9 9 9

Lemma 1.1.19. The localization of the ring Z/m by a set S C Z/m 1is isomorphic to
the ring /% with k = max{ged (s,m) | [s] € S}.

Here [s] denotes the residue class of s € Z and ged (s, m) denotes the unique positive
greatest common divisor of s and m.

Proof. We will proof that the map
©: Z/% — S7'Z/m

[a]m
[a]imsi — 77— = lalm
[m
is an isomorphism of rings. We have to show that ¢ is well-defined, injective and
surjective. The additive and multiplicative properties follow directly from the definition.

Let [a]y/k = [b]m/k- We have to show that there exists an [s],, € S such that

Let [s],, € S be such, that ged (s,m) = k. Since 7' | a —b we know m| s - (a —b) and
hence [s - (@ = 0)lm = [0lm, i e. @([alm/k) = @([b]m/k)-

Now assume @([alym/x) = @([b]m/k) for arbitrary a,b € Z, i.e. there exists an [s,, € S
with [s],([1]m[a]m — [1]m[b]m) = [0]m. Hence m|s- (a —b). Since S is multiplicatively
closed we know ged (s,m) | k and therefore 7' | a — b, i.e. [a]p/kx = [b]m/k-

11



1.1 Monomial orderings and associated rings 12

At last we have to show, that for all [[Z}]: there exists a [c],, = [[Z%::, i.e. [s]m([b]m]c]m —

[a]m) = [0],, for a [s],, € S. Choose [s],, € S with ged (s,m) = k. Since k is maximal
for elements in .S and S is multiplicatively closed we obtain ged (s - b,m) = k and hence

(5 bl = [wr]m[K]m [8]im = [ua]m[k]m

with ged (ug,m) = ged (ug, m) = 1, i.e. units [uq)m,, [us]m € Z/m.
Let [c]n = [u1]; uz]m[a]m. Then

() ([Dlimlclm = [alm) = [wr]m k][] [u2]mlalm — [wzlm[k]m|alm = 0.
Therefore ¢ is also surjective and hence an isomorphism of rings. m

The previous lemma shows that localizations of rings Z/m do not give rise to rings
outside of the family Z/m. The above result could also be achieved by the Chinese Re-
mainder Theorem which also proves, that Z/m is isomorphic to all possible localizations
of itself.

Localizations defined by monomial orderings

Lemma 1.1.20. Let R[x| be a polynomial ring with monomial ordering <. The sets

Sc={feRx| LM(f)=1ALC(f) € E(R)} and
S. = {f € Rix] | LM (f) = 1 ALC(f) € NNT (R)}

are multiplicatively closed and contain one.

Proof. Definition 1.1.1 and Remark 1.1.4 state 1 € E(R),1 € NNT (R) and that the
sets E(R),NNT (R) are multiplicatively closed. Therefore 1 € S.,S. and we have
LC(f) - LC(g9) € E(R) for f,g € S, respectively LC(f) - LC(g) € NNT(R) for
fvg S S<-

Further 0 ¢ E(R),0 ¢ NNT (R) and therefore Lemma 1.1.16 yields LM (f-g) =
LM (f) - LM (g) = 1 for both f,g € Sc and f,g € S.. Hence f-g € S, respec-

tively f-g € S.. O

Definition 1.1.21. Let R[x] be a polynomial ring with monomial ordering < and S< as
in Lemma 1.1.20. Let

Rix< = 5 = {2 \ feRixlge e
- {g\ 0 € RIXLIM(9) = LALC(9) € E(R)}

denote the localization of R[x| by S., with 5—1 = 5—2 iff 3h 2 b (fige — fa91) = 0. The
ring R[x|< is called the associated ring to the monomial ordering <.

12



13 1 Theory

Since S. and S'< are both multiplicative, we can use both for the localization of
N
R[x]. We may call S."'R[x] the weak localization and <S<> R[x] the strong

localization of R[x].
The following lemma shows how the strong localization can be derived from the weak
localization.

Lemma 1.1.22. Let R = Quot(R) be the total quotient ring of R, i.e. the localization
. -1
of R by NNT (R). Then R[x|. = <S<> R[x] for any monomial ordering. In particular

R = SR C (8.) Rix] = Rix]..

Proof. The inclusion follows directly from the obvious fact S. C 5’<. We show the
right-hand side of the equation.

Consider an element § € R[x].. We write f = > aa/bo - x* and g = > cs/ds - xP.
Then, by assumption, LM (¢) = 1,LC(g) € E (]%) We set B := [[ba, D = []dp,
Ay, := Qo /by - B and know B, D # 0. Now let ¢}y := c3/dg - D and compute
f_2wX _ prax’ Y D-ax°

g ZZ—ZXB N 5 > CpxP N > B cyxP

Let us denote the last denominator by h. Then it remains to show, that h € g<.
We pick By such that LT (g9) = cg,/dg, - x*. Then x* = 1 and cg,/ds, € E (R),

i.e., there is some u € R such that 1 = u - cay/ds, = u/dg, - cg,. Therefore obviously
cg, € NNT (R). Note also that B, D € NNT (R), and hence LT (h) = BD LT (g). But

then LM (h) = 1 and LC (h) = ¢4,B ] 4.4, ds € NNT (R), and h € S.
N
For the converse, fix f/g € <S<) R[x]. We know that LM (¢) = 1 and LC (g) €
NNT (R). Then, by definition of R, LC (g) € E (]%), and hence f/g € R[x]-. O

Definition 1.1.23. Let f € R[x]. and u € R[x] such that LT (u) =1 and u - f € R[x].
We define LM (f) := LM (u - f) and further LT, LC, LE, tail also as those of u - f.

Remark 1.1.24. An element u as required in the previous definition always exists and
the derived expressions are independent of the choice of u. Similarly, if f € R[x|., there
is some v € R[x|, LT (u) = 1 such that u - f € R[x] and we can define the leading data
in R[x]< by the corresponding data in R[X].

Proof. We just show the existence of a polynomial u as claimed. Let g € R[x|.. By
definition LC (g) € E (R) and LM (g) = 1. Therefore u := LC (g) " - ¢ has the properties

1. uwe R[x],LT (u) =1 and
2. u- 5 =LC(9)"" - f € R[x].

13



1.1 Monomial orderings and associated rings 14

]

Definition 1.1.25. The ring of formal power series, that is, the ring of possibly
infinite sums of the form Y o . aaX®, is defined by monomial-wise addition and the
generalized Cauchy product. We denote it by R[[x]].

Now we compare the localization R[x]|. with the power series ring R|[[x]]. Denote
by R[x]x) the localization of R[x] with respect to the multiplicative set {f € R[x] |
f(0,...,0) e E(R)}.

Lemma 1.1.26. Let R be a ring and R[x] a polynomial ring with monomial ordering <.
Then

%) Rlx| C Rlxl. C Rlxlw C R[]
b) The set of units E (R[x]<) is given by

B (Rix].) = {g \ f.g € RIX,LM (f) = LM (9) = 1,LC(f),LC (g) eE(R)}.

¢c) R[x] = R[x]< if and only if < is global and R[x]. = R[X|x if and only if < is

local.
d) R[x]< is noetherian iff R is noetherian.
e) R[x|< is factorial iff R is factorial.

f) If R[t] is a principal ideal ring, then so is R[t].. Moreover, R[x|. can only be a
principal ideal ring when the number of variables X is one.

In addition to d), recall that R is noetherian iff R[x] is noetherian. Concerning f)
note that assuming that R is a PIR is in general not sufficient for R[t] to be a PIR:
Chose R = K|[s] a univariate polynomial ring over some field K. Then R is a PIR but
R[t] = K]s,t] is not since (s,t) has no single generator.

Proof. Claims a) - ¢) are proved as for the field case; see [35] Lemma 1.5.2. (1)-(3). Only
R[x]. C R][[x]] is not covered there: Consider f/g € R[X]xy. Then g(x) = u+ h(x) with
some u € E(R) and h € (x1,...,2,). Then the power series expansion of 1/g yields

f_ f  _  ulf
g wu+h(x) 1+ulh

ol uf Y (uth(x)" e Rlx]).

d) [35] Lemma 1.4.8.(2) shows that R[x] is noetherian if R is. Conversely, let R[x]-
be noetherian and consider a sequence of ideals I; C I, C ... C R. Then [; - R[x]. C
Iy - R[x]. C ... must stabilize, i.e., Iy - R[X]< = In4 - R[X]<,k > 0. Hence

CLGIN+k = aE[N+k'R[X]< N R:]N'R[X]< NR=acly-RN R:IN,

14



15 1 Theory

and I; C I, C ... C R also stabilizes.

e) See [35] Exercise 1.4.9. for the hard implication. Conversely, it is easy to see that
factoriality of R[x]. implies factoriality of R.

f) R[t] is a PIR and hence noetherian. Thus R][t] is noetherian, too. We fix an ideal
I C R[t]< which is then finitely generated, I = (fi/g1,..., fr/gr) for some k < co. We
write g := ¢1---gx and h; := g/g;. Then J := (hif1,...,hefr) C R[t] is generated
by a single polynomial h, that is, J = (h). By construction, h;f; = a;h for some
ai,...,ar € R[t]. This yields f;/g; = hifi/9 = a;h/g. Now let a denote the single
generator of (a ..., ag), then I = (ah/g) implying that R[t]. is a PIR.

For the second claim assume for a contradiction that z,y are distinct variables in x,
but (z,y) = (f/g) in R[x|.. Since g € E(R[x]<), we can assume g = 1. We write
x =a/d - fiy = b/l - f with a’,0/ € S, i.e., LT (a’),LT (!') units in R and hence
1 without loss of generality. We obtain the polynomial equation a’z = af implying
that x = LT (d’z) = LT (af). We may assume that LT (a) f # 0 since we can omit
all terms s in a with the property sf = 0. But then # = LT (a)t for some term t
in f. This shows that LC (a) € E(R). Therefore, LT (a) does not kill any term of f
and hence z = LM (a) LM (f). This gives rise to two cases. If LM (a) = 1 we obtain
a € E(R[x]<) and hence the contradiction (z) = (f). On the other hand, if LM (f) =1
then f € E(R[x]<) and (f) = (1) = R[x]-, again a contradiction. O

Definition 1.1.27. Let R[x] be a polynomial ring with monomial ordering < and A C
R[x] or A C R[x]< any subset. We define the ideals

L(A)=(LT(f) | f€Apy leading ideal of A,
LM (A) = (LM (f) | f € A)py leading monomials ideal of A.
Note that over a coefficient field, L (A) = LM (A) always holds. This is in general

not true over coefficient rings, e.g. for A = {2z} C Z[z] we have L (A) = (2z) but
LM (A) = (z).

1.2. Modules and syzygies

Definition 1.2.1. Let R be a ring. A commutative group (M, +) together with a scalar
multiplication
Rx M — M,(f,m)— f-m,

such that

fi-(farm)=(fi-f2) -m
firm+farm=(fi+ f2) - m
femi+ f-mg=f-(m+my)

lp-m=m

with f, f1, fo € R and m, my, ms € M 1is called an R-module or a module over R. An R-
module is called free of rank k, if it is isomorphic to RF with component-wise addition

15



1.2 Modules and syzygies 16

and scalar multiplication, for some k € N. A subset N C M 1is called a submodule of
(M, +) if (N, +) is itself a module.

Definition 1.2.2. A module M over R is generated by a subset G C M, if M 1is the
set of all finite R-linear combinations of elements from G, 1. e.

(G>R::{Za9-g |lge G,a, e R} =M
finite
We write Gen(M)g for an arbitrary generating set and Geng, (M) for a finite one
(if existent).

Definition 1.2.3. Let R be a ring and M a module over R. A syzygy between k
elements fi, ..., fv of M is a k-tuple (g1, ..., gx) € R* such that

g1 k
(fiooo fe) | :Zgi'fizo-
9k =1
Remark 1.2.4. The set of syzygies of k given elements f;, Syz(fi,..., fx), forms a
submodule of R* called the syzygy module, as the addition of two syzygies and the

multiplication of a syzygy with an element of R again yield syzygies. The syzygy module
is the kernel of the map

k
p: F ::@RQHM
i=1

€ — fi7

whereas the image of ¢ is the R-module I == (f1,..., f)g-
We define Syz (I) := Syz(f1,..., fx), which is well-defined up to isomorphism (see
[35], Remark 2.5.2).

Definition 1.2.5. Let R[x] be a polynomial ring with monomial ordering <. A module
(monomial) ordering <,,, of the free module M = @, R[] - €; is a total ordering
on the set of monomials Mon(M) = {x*-e; | « e N", i =1,...,m} compatible with the
module structure and the monomial ordering < of R[x]|, that is,
X* e <p X' e =X X" e <, X' -x" e
x® < xP = x% . e; <,p, X° - €.

Example 1.2.6. The two natural orderings on a free module over R[x] with ordering <
are

components-first
Module components take precedence over the monomial ordering on R[x], i.e.

xa-ei<mx’3-ej = 1< ]

or (i = j and x* < x7),

16



17 1 Theory

components-last
the monomaial ordering takes precedence over the module components, 1. e.

xa~ei<mx5-ej = x* <x?

or (x* =x7 and i < j).
But there are also more subtle orderings, like the Schreyer ordering defined below.

Definition 1.2.7. Let M = @.", R[x] - e; be a module with ordering < and fy,..., fx
be elements of M. Further let Fy = @le R[x] - €; be the free k-module over R[x]. The
ordering <, on F given by

x%; <1 x"¢; = LM (x*f;) < LM (x’f;) or
LM (x*f;) = LM (x°f;) andi<j
is called Schreyer ordering on F.

Obviously the Schreyer ordering depends on the ordering < on M and on the elements
fi- The following statement is an immediate consequence of the properties of <.

Lemma 1.2.8. The Schreyer ordering is a module ordering.
The concept of leading data can be extended to modules over polynomial rings.

Definition 1.2.9. Let M = R[x]™ be an R[x|-module with monomial ordering < and

consider an element '
f= Zag)xaei € M\ {0}.

Then we define the support of f, supp (f) = {x%e; | al) £ 0}, and with xPe; =
max supp (f), the following symbols:

LM (f) := x"e; leading monomial of f,
LComp (f) :=e; leading component of f,

LE (f) := leading exponent of f,

LC(f) = ag) leading coefficient of f,

LT (f) := a(ﬂj)xﬁej leading term of f,

tail (f) := f — LT (f) tail of f.

We may consider the free module over the localization R[x]<, i.e., M = &, R[X]< -e;.
Since for any f € R[x]- there is a unit w such that u- f € R[x] and LC (u) = 1, it is easy
to see that for each g € M there is a unit v with LC (v) = 1 such that v-g € @, R[x]-e;.

We may then use the leading data of v- g, according to Def. 1.2.9, to define the leading
data of g, which will again be independent from the choice of v.

Furthermore, Definition 1.1.27 extends naturally to modules:

17



1.3 Normal forms and standard bases 18

Definition 1.2.10. Let M = (R[x]~)™ be a module and < a module monomial ordering
on (R[x])™, and N C M any subset. We define the submodules
L(N)=(LT(f) | f € N)ppym leading module of N,
LM (N) = (LM (f) | f € N)gpqm leading monomials module of N,

which are R[x]-submodules of (R[x])™

1.3. Normal forms and standard bases

In the following let R be a noetherian ring, < be a monomial ordering on R[x| and we
set

A:=R[x|]o,M = @Aei,
i=1

the free module of rank m over the localization of R[x] by <. Further we assume that
a compatible module monomial ordering on Mon(M ), also denoted by <, is given.

Definition 1.3.1. Let G denote the set of all finite lists G with elements from M. We
call @ map
NF:MxG— M, (f,G) = NF(f|G)
1. a weak normal form on M if, for all G € G,
0) NF (0] G) =0,
and, for all f € M and G € G,
1) NF(f] G) £0 — LT(NF(f] G) ¢L(G).

2) [ #0 = There exits a unit u € E (R[x]<) with either v - f = NF (f| G),
or the remainder

ri=u-f=NF(f|G)=)> a,-g, a4€R[x]., (1.5)

geG

has a standard representation (with respect to G), i.e. for all g € G with
ag - g # 0 the relation LM (r) > LM (a,) - LM (g) holds.

it. a normal form, if we can choose w =1 for every f and G in (1.5).

1. polynomaal if it is a weak normal form and whenever the input is polynomial, i. e.
f e M@}, Rixle; and G C @)" | R[x]e;, there exists a unit u € E (R[x]<)NR[x],
such that uf — NF (f| G) has a standard representation with polynomials a;, that
is, a; € R[x].

iv. reduced if t ¢ L (G) for all termst # 0 of NF (f| G).

18



19 1 Theory

Remark 1.3.2. For global orderings we have E (R[x].) = E (R). Therefore in this case,
the notions of weak normal form and normal form coincide.

Remark 1.3.3. Polynomial weak normal forms exists for arbitrary noetherian rings and
are computable, given linear equations in R are solvable (Theorem 1.5.15).

Proposition 1.3.4. Let NF be a (weak) normal form, G C M finite, and h = NF (f | G)
the normal form of f € M \ {0}. Then, with r as in (1.5),

i. h#£0 = LM (f) > LM (h),

ii. 7 #£0 = LM (f) > LM (a,) - LM (g), for all g € G with a, - g # 0,
iii. v £0 = LM (f) > LM (r),

. 1 #£0 = LM (r) = max {LM (a,) - LM (g) | g € G}.

Proof. For showing ii. assume for a contradiction that LM (a,) - LM (g) > LM (f), for
some g € G with a, - g # 0. The standard representation of r implies LM (r) >
LM (a,) - LM (g), therefore LM (r) > LM (f). Since r = uf — h and LM (f) = LM (uf)
we obtain LT (h) = LT (r) = > . LT (ag) - LT (g) for some subset G C G. Hence
LT (h) € L (G), violating property 1) of weak normal forms.

iii. is an immediate consequence of ii. since r is the sum of all a, - ¢g,9 € G.

If » = 0 then i. holds (with equality). On the other hand, if » # 0, then LM (h) =
LM (uf —r) < LM (uf) = LM (f) where we use iii.

Finally, to show iv. we note that

max (LM (a,) - LM (9) | g € G) > LM (Z ag-g>

geG

> LM (ay) - LM (g) for all g € G,
where the last inequality is again due to the standard representation of r. O

Having computed a (weak) normal form NF (f| G) = hie; + -+ + he,,, we may
sometimes even require LT (h;e;) € L (G) for all ¢ with h; # 0. Such a (weak) normal
form is called component-reduced and is computed by Algorithm 1.

Lemma 1.3.5. Let M = ", A-e; be a free A-module with monomial ordering <. Then
Algorithm 1 terminates after at most m + 1 steps and computes a component-reduced
(weak) normal form on M.

Proof. We set E :={ey,...,e,} and define

xre<gxy-f <= eecCNf&Cl
or(e,feCVefgC)NAx-e<xy-f
and the set Ge:= {g€ G| LComp (g9) € C},
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1.3 Normal forms and standard bases 20

Algorithm 1 Computing a component-reduced (weak) normal form

Input: M = ;" A-e; a free A-module with module monomial ordering <
Input: for each C' C {ey,...,e,} a normal form NF (.| .), for the module monomial
ordering <¢ as defined in the proof of Lemma 1.3.5
Input: G C M a finite subset of module elements
Input: f € M an arbitrary module element
Output: h a component-reduced (weak) normal form of f
C:=0
h:=f
while h ¢ @, .- A-e do
h:=NFc (h|{g€ G| LComp (g) ¢ C})
e := LCompg (h)
C:=CU{e}
end while
return h

forall C C F, e,f € F and x1, Xs.
First note that the monomial orderings <3, < and <pg coincide, and that

X;re<Xg-€ <= X;-e<gXy-eand (1.6)
ec(Cf¢glC = x-e<cx-f, (1.7)
g€G. = LT (g9)=LTc(9) (1.8)

forall C' C F, e,f € F and x,x;,Xs. If we consider the leading monomial or term of
an element a - e with a € A we will write LM (a - e) instead of LM¢ (a - €) to emphasize
the independence (1.6) of the leading data from the chosen ordering implied by C'

To prove termination consider a loop in which the computed component e is already
an element of C. Then e is the leading component (with respect to <) of the newly
computed b’ = NF¢ (h| G¢), i.e. LM¢ (h') = x3 - e for some monomial x;. If 4’ had a
term ¢ - xy - f with f € C then x5 - f >¢ x; - e by (1.7), a contradiction. Consequently,
h' € @.cc A- e, and the while loop terminates after at most m + 1 steps.

In order to prove correctness note first that there is nothing to show for the case that
one of the normal form computations yields zero, implying that Algorithm 1 returns
Z€ero.

Thus we consider the following data representing one turn in the while loop:

W =NF¢ (h| Ge ={g € G| LComp (g) ¢ C}) (1.9)

e = LComp, (') (1.10)

h=>) he-e ; N=>) le-e (1.11)
eckE eckE

and assume h, h’ # 0. Let moreover, for each component e which belongs to the final
set C', Co denote the set C' at the beginning of the loop in which e is inserted into C.

20



21 1 Theory

We shall show the following claims

i) € ¢gC = LT (Wy-e) [(1:6) LTc (W - ) "2” LTo (1) | ¢ L (G) and

it) e€C = LT¢, (h)=LT (Ie-€e)=uwe-LT¢, (h) with some v, € E(A),

where €’ in i) refers to one specific loop, see (1.10), and ii) allows for any component in
any set C' during the entire while loop. X
For the final value h of h we have h € @, . A-e, i.e. if he # 0 for some e € E,

then e € C. Claim ii) then states that the leading terms (with respect to <¢,) of h
and its predecessors back to the loop in which e was inserted into C are the same up to
units. But for the loop in which e was inserted, claim i) ensures that this leading term
is not in L (G). Hence, the claims suffice to prove that Algorithm 1 returns indeed a
component-reduced (weak) normal form.

To prove claim i) note that the (weak) normal form (see Definition 1.3.1 i.) ensures
that LT (/e - €') = LT¢ (R) € Lo (Ge). For a contradiction, assume LT¢ (') € L (G).

— LTc(M)eL(G)NA-e =L(Go)NA-¢€, since € & C,
= LT¢ (h/> € Lo (Gc>ﬁA'e/CLc (Gc),

where the last implication follows from the fact that for g € G¢, LT (g) = LT¢ (g), see
(1.7).

We will prove claim ii) by induction on the size of C'. For C' = {) there is nothing to
show. Due to property ii) of (weak) normal forms we have a standard representation
foru-h—h"=3%" q.a,- g with some unit u € E(A). Note that a, € A and therefore
the leading monomial of a, is defined by the ring monomial ordering and not by the
module monomial ordering. Now consider a component f € C'. With the arguments
(1.12) and (1.13) proved below, we have

LM (h¢ - £) = LM¢, (h) by induction hypothesis,
>y LM¢ (h) (112)

ZCf LMC <Zag.g> (].].3)
= max (LM (a,) - LM¢ (9)) by Proposition 1.3.4 iv.,

9€Geo

= max (LM (a,) - LM¢; (9)) since LComp (g) € C D Ck,

9€Ge
ECf LMCf <Z ag : g)

Because of i’ = u-h—) a,-g and the just deduced relation LM¢, (h) >¢, LM, (3 ay4 - 9)
we know that LT¢, (h') = ve-LT¢, (h). In particular, LCompg, (h') = LCompg, (h) = f.
Hence LT¢, (h') = LT (A - £). This shows ii).

It remains to show (1.12) and (1.13). To justify (1.12) we need to show that the
leading corresponding leading monomials differ, i.e. LM¢, (h) # LM¢ (h). Therefore
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1.3 Normal forms and standard bases 22

assume LM, (h) = LM¢ (h). Since LCompg, (h) = f we obtain LComp, (h) = f € C
and hence h € Gecc A - €, a contradiction to the entry condition of the while loop.
Now consider (1.13) and LM¢ (u - h). Proposition 1.3.4 yields

LM¢q (u : h) >c LM¢ <Z Qg - g)
= max{LM (a,) - LM¢ (g)}

geGeo

Due to the while condition the leading component LComp. (u - h) is not in C'. Fur-
thermore, since the latter equation holds, the leading component of the sum equals the
leading component of some g € G, i.e. is also not in C'. Hence we can replace <&
by <p for any subset D C C, in particular by Cf.

O

Definition 1.3.6. Let I C M be a submodule. A finite set G C R is called standard
basis (SB) of I if
GClI,and L(I)=L(G).

That is, G is a standard basis if the leading terms of G generate the leading module of 1.
Further G is called a strong standard basis (sSB), if for any f € I\{0} there exists
a g € G satisfying LT (g) | LT (f). Of course, any sSB is an SB. If < is global we call
standard bases also Grobner bases.

Remark 1.3.7. 1. If R is a field, then L (I) = LM (I). But due to non invertible
coefficients in the general case only L (I) C LM (I) holds.

2. If R is a field, then LT (f) € L (G) if and only if LT (g) | LT (f) for some g € G
and hence any standard basis is strong. For arbitrary rings R this is not true.

Example 1.3.8. 1. Consider I = (2x) C Z[z]. Then L (I) = (2x) and LM () = (z).
Since x & (2x) it is impossible to achieve (G) = LM (I) with G C I. But for
G = (2x) we have L (I) = L (G) and hence G is a (strong) Grébner basis of I.

2. Consider again R = Z[x] and I = (x). Then G = (2z,3x) is clearly a SB of I but
not a strong one.

Lemma 1.3.9. Let I C M be a submodule, G C I a standard basis of I and NF (— | G)
a weak normal form on M with respect to G.

1. For any f € M we have f € I if and only if NF (f| G) = 0.
2. If J C M is a submodule with I C J, then L (I) =L (J) implies I = J.
8. 1 = (G) gy that is, the standard basis generates I as an R[x|<-module.

4. If LM (G) = L (G) and NF (—| G) is a reduced normal form, then it is unique.
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Proof. The ideals L (G) and L (/) coincide since G is a standard basis of I. Let uf —
NF (f| G) =r € (G) C I. At first assume that f € I. Then NF (f| G) € I and hence
L(NF (f] G)) € L(G). It has to be NF (f| G) = 0 as otherwise property (1) of weak
normal forms would be violated. Now assume NF (f| G) =0, then f =u™t-r €I as
stated.

Now let f € J\I and therefore NF (f | G) = uf —r # 0 by the first statement. Prop-
erty (2) of weak normal forms implies the following equality L (NF (f| G)) € L (G) =
L(I)=L(J). Bt NF (f| G) € J since uf € J and rr € [ C J, a contradiction.

For the third statement observe that (G) C I and L (/) D L ((G)) D L(G) = L (I)
and apply the second.

Now assume L (G) = LM (G) and let h,h" be reduced normal forms if the same
polynomial f, i.e. no term of h or A’ is divisible by any term of L (G) = LM (G). If
h —h' # 0 then LT (h — h’) € LM (G). This is a contradiction, since LM (h — /') is a
monomial of h or /. O

Example 1.3.10. We may not drop the requirement LM (G) = L (G) in the last state-
ment. Take for instance G = {22*} C Z|z| and I = (G). Further take f = 32> h =
3z% h' = x2. Then h and ' are normal forms of f and further h — h' = 22* € L (G),
but neither 3z nor z* are in L (G).

However, if we have a useful definition of reduction for coefficients we can achieve
uniqueness (in case of Dedekind domains see [1]). The is possible for a wide range of
rings, i.e. the integers, Z/m, and more.

Remark 1.3.11. Let R be a principal ideal domain and h be a non-zero normal form
of an element f € M. Further let Givpy = {9 € G | LM (g) | LM (h)}. A canonical
choice for the leading coefficient of a normal form up to multiplication with a unit is a
generator a of the ideal in R generated by LC (h) and {LC (g) |g € GLmwm)}, i.e. (a)y =
(LC(h),LC(9) | g € Grum))-

Now we introduce an algorithm to compute a polynomial weak normal form, given
the ability to solve an arbitrary linear equation in the coefficient ring R. To ensure
termination we introduce the concept of the ecart of a polynomial.

Definition 1.3.12. Let f € R[x]2\{0}. The ecart is defined by
ecart f = deg f —deg LM (f).
We define a monomial ordering <, on R[t,x|% by

x> <, t9%” <= p+|al < q+]8| or
(p+lal = ¢+16] and x* < x"),
i.e. the monomials are ordered first by there total degree and then by their x part

according to <. The ordering <, is therefore a well-ordering regardless of < as there
are only finitely many monomials of a given total degree.
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1.3 Normal forms and standard bases 24

Algorithm 2 Computing a normal form over coefficient rings (NF-MGPS)
Input: R a ring where linear equations are solvable
Input: M =@, R[x]e; a free R-module
Input: > a (module) monomial ordering on M
Input: G C M a finite subset of module elements
Input: f € M an arbitrary module element
Output: return value is a weak normal form of f with respect to G and <.
T:={¢"|geG}
while f # 0 and t“LT (f) € L (T) for some a do
choose o minimal such that t* LT (f) € L (T') holds
t*LT (f) = > cp xPrtm LT (h)

heT

with x%»#% LM (h) = t* LM (f) for all h with ¢, LC (h) # 0
if a > 0 then
T:=TuU{f"}
end if
f=f "= axfitrh

heT
f=rfx1)
end while
return f

Remark 1.3.13. Let f* € R[t,x]%, be the homogenization of f with respect to a new

<hn
variable t, that is, each term in [ will be complemented by a appropriate power of t such

that all terms have degree deg(f). Then LT (f") = t*=*/ LT (f).
Definition 1.3.14. Let R be a ring. We say that linear equations are solvable in R
if, for given elements ay, ..., a,,b € R, m € N, the following data is computable.

1. A finite generating set S C R™ of the syzygies
(SYp=9Syz(ar,...,am) ={x € R" | x1- a1+ + T, - ap, = 0}
2. A decision whether there exists a special solution (z1,...,x,) € R™ with
Ty Q4+ Ty Ay =D
and, if it exists, the element (x1,...,xpy).

Theorem 1.3.15. Let R be a ring where special solutions of linear equations are com-
putable i.e. R satisfies 2). Then Algorithm 2 terminates and computes a polynomial
(weak) norm form.

Proof. Denote by T, the set T" in the v-th run. Since the ring R[x, ] is noetherian, the
increasing chain of submodules L (7,) C R[x,t]* will stabilize at some point. Then also
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T, must stabilize, as the minimal « to solve

S

t*LT(f) = Zci x* LT (g:)

=1

will be zero and hence no polynomials will be added to T. After this point every
reduction of f will be done with o = 0. Further <, is a well ordering on the monomials
Mon (x,t) x {ey,...,es}, therefore we can remove the leading term of f only finitely
many times, before either reaching f =0 or f & L (7).

Now let f, denote the polynomial f in the v-th run and fy the final one. We have
the following recursive definition of f,

fo=foo1— > mlgl, such that LM (f,) < LM (f,1)

and m? denotes the corresponding ¢;x”. We prove by induction on v that every u, f — f,
has a representation ) , a;¢9; with u, € E (R[x]<) N R[x], g; € G and LM (a;) - LM (g;) <
LM (f — f,). Therefore f has a standard representation with respect to G, i.e. the one
of f— fn. First see, that f— f; =Y. mig} with LM (f) = LM (m})-LM (g;) > LM (f1)
and g; € G is a representation of the required type. Now assume for £ < v and u, € S
the polynomial uyf — fr has a standard representation > a;g; with ¢g; € G (we omit
indices, as they do not contribute). We can write

forr=f, =) migl
i
=u,f — Z a;g; — Z my g; representation of u, f — f,
i

:qu_zaigi_ Z my;g; — Z m; g;

i,97 €G 1,97 ¢G

Since each g/ & G were added during the algorithm there are v;, such that

gz,/:fl/l:ul/lf_za]g]7 Vi<y'
We deduce

for1 =unf — meful - Zaigi
= f =3 (miwf = Y mtag;) = 3w
= uuf - fzmzyum - Zazgz

SRR TS
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1.3 Normal forms and standard bases 26

Therefore it remains to show, that w,41 = w, — Y mlu,, is a unit, i.e. its leading
monomial is 1 and its leading coefficient is a unit in C. Since LM (m})LM (f,,) =
LM (m} f,,) = LM (mYg?) = LM (f,) < LM (f,,) we deduce LM (m?) < 1 and therefore
also LM (mYu,,) < 1 = LM (u,,) as LC(u,,) is a unit. In particular LC (u,41) =
LC (u, — > mYu,,) = LC(u,) = LC (u;) = 1, i.e. a unit. O

Remark 1.3.16. Solving linear equations during the normal form computation is not
necessary if G is a strong standard basis (see Algorithm 3).

Algorithm 3 Calculating a normal form using a strong standard basis
Input: R a ring where divisibility is decidable
Input: M =@, R[x]e; a free R-module
Input: > a (module) monomial ordering on M
Input: G C M a finite subset of module elements
Input: f € M an arbitrary module element
Output: return value is a weak normal form of f
T=G
while f #0and 0 #T' ={geT : LT (¢9) | LT (f)} do
Select g € T" with ecart ¢ = min
Let LT (f) = ¢x®* - LT (g) with ¢- LC(g) # 0
if ecart g > 0 then
T:=TU{f}
end if
f=f—xy
end while
return f

1.3.1. Standard bases

As in the previous section let R be a ring and M the free R[x].—module @&}, R[x]e;.

Theorem 1.3.17. Let I C M be a submodule and G = {g1,...,9s} C I N@™, R[x]e;.
Further let NF (—| G) be a weak normal form on the module M with respect to G. Then
the following statements are equivalent:

1. G is a standard basis of I.
2.NF(f|G)=0 forall fel.
3. Each f € I has a standard representation with respect to G.

Proof. The implication 1. = 2. was already proven in Lemma 1.3.9. Property (2) of
weak normal forms explicitly states the existence of a standard representation for all f
with NF (f| G) = 0.

26
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Now assume that every element f € I has a standard representation with respect to G.
We have to show that L (G) = L (I) since G C I by definition. Therefore let f € I
and f = > a;g; be a standard representation of f, i.e. LM (a;) LM (g;) < LM (f).
Hence the leading term LT (f) = >_._; LT (a;) LT (g;) with J = {j | LM (a;) LM (g;) =
max; LM (a;) LM (g;)}. Therefore LT (f) € (LT (g;)) = L (G) and, since f was arbitrary,
L(G) =L (I) and G is a standard basis. O

Algorithm 4 Computes a standard basis of [
(given a finite generating set of the module of syzygies)
Input: R aring
Input: M a free R-module
Input: > a (module) monomial ordering on M
Input: NF a component-reduced weak normal form on M
Input: Geng, (Syz(-)) over R is computable
Input: I ={fi,...,fi} C M a finite set of module elements
Output: S = {si,...,s,} is a standard basis of the submodule generated by I
S := 1 as a ordered set, for the purpose of syzygies
P := Geng, (Syz (LT (s;) | s; € S)) a finite generating set
while P # () do
choose (g1,...,9,) € P, the cardinality of S is r
Pi= P\{(g1.- - :)}
hIZNF<g181+"'+g7~ST| S)
if h # 0 then
S:=SU{h}
P := (P x{0})U{h € Geng, (Syz (LT (s;) |s; € 5)) | h. # 0}
end if
end while
return S

Lemma 1.3.18. Let R be a ring where linear equation are solvable. Further assume,
that for given terms t; = a; - X;, a finite generating set Geng, (t;) C R for the syzygies is
computable. Then Algorithm 4 terminates and computes the standard basis of I.

Proof. Each time h is added to S the leading module L (.S) is enlarged. Since R is noethe-
rian this can only happen finitely many times. Hence, after S becomes stationary h will
be zero for every remaining element of P and the algorithm terminates.

Obviously, () = (S). By Theorem 1.3.17 it is sufficient to show

k
NF (Zaisi S) =0
=1

for all a; € R[x]. Assume NF (Zle a;S; S> = h # 0. By Definition 1.3.1, h =
Zle b;s;. Further Zle LT (b;) LT (s;) = 0 holds since LT (h) € L (.9), i.e. the leading
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1.3 Normal forms and standard bases 28

terms of the elements b; defines a syzygy of the leading term of s;. The syzygy is generate
by elements which were at some time in the set P. But all leadings terms which can be
generated by elements of P are in L (S) and hence h = 0. O

For a more rigorous proof see Theorem 1.4.4.
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1.4. Standard basis computation and the syzygy
theorem

In this chapter we prove the correctness and termination of Algorithm 5. Further we
introduce notations which allow easy specializations to different coefficient rings.

Let R be a commutative noetherian ring with one where linear equations are solvable,
R[x] the polynomial ring in n variables over R with monomial ordering <. The localiza-
tion of R[x] with respect to < will be called A := R[x].. Further let ", R[x]e; be the
free R[x]-module of rank m and < a module ordering compatible with the monomial or-
dering on R[x]. We fix a set of polynomial generators G' = {fi,..., i} C @,_, R[x]-e;
of a submodule I C @;", A-e; =: M.

We construct a set of syzygies S sufficient for standard basis computation. This set
also leads to a standard basis of the syzygy submodule Syz (G) C F; = @2:1 R[x] - €;
with respect to the Schreyer ordering. We quickly recall the ordering;:

Definition 1.4.1. Let M = @ A-e;, F, = @' Ae; and fi,...,fi € M. The
ordering <y on Fy given by

x%e; <3 Xﬁej — LM (x“f;) < LM (Xﬂfj) or
LM (x“f;) = LM (xﬂfj) and i < j

is called the Schreyer ordering on F| and depends on the ordering < on M and the
elements f;.

We denote by ¢ the substitution homomorphism

I
p: F ::@Aei—>M
i=1
€ fi

The image of ¢ is the submodule I generated by G = {f1, fa,..., fi}. The kernel of ¢
is the syzygy module of (f1, fo,..., fi).

We will construct a set which is a standard basis of the syzygies and proves that G is
a standard basis of the submodule I given that certain normal forms are zero. At first
consider for each k = 1,2,...,[ the set of all possible least common multiples involving
only leading monomials of the first k elements from G, i.e.

Cr:={lem (LM (f;) |ieJ) | ke J C[k]AVie J : LComp (fi) = LComp (f;)}
(k] :={1,2,...,k}.
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1.4 Standard basis computation and the syzygy theorem 30

We define the following derived sets for m € CY:

Jem = {1 € [k] | LM (f;) divides m} (1.14)
Syt = {0 € Syzm (LC () |1 € Jun) | 0n £ 0} € D R-6 (1.15)
Syz,, := i;;m Ll\l/I 0 € | meCy,c€cSyzy,, o C jez?R[X] - €j (1.16)

For each s € Syz, we choose a standard representation of ug - p(s) — NF (p(s)| G) =
Zizl a; f; with aq,as, ..., in R[x]..

1
S ::{us~s— 5 a;€;

i=1

s € Syzk} (1.17)

Remark 1.4.2.

o Ifc= 22:1 cj - € € cSyz,, then 22:1 c; - LC(f;) =0, t.e. ¢ is a syzygy of the
leading coefficients of f1, fa, ..., fi.

o If s = 22:1 s; - € € Syz, then 22:1 s; - LT (f;) = 0, i.e. s is a syzygy of the
leading terms of fi, fa, ..., fi.

o p(ug-s— 22:1 a;) is a (weak) normal form of p(s) with respect to G.

Note that U2:1 Syz,, corresponds to a “homogeneous generating set” for the syzygies
of LT (f1),LT (f2),...,LT (f;) in the sense of Adams and Loustaunau (see Definition
4.2.1 and Theorem 4.2.3 in [1]).

The definition of the set Syz, depends on the sets G, i.e.. Syz, = Syzq . The following
set will be used in Algorithm 5:

Syz'@) = SYZa q (1.18)

Lemma 1.4.3. For every element § := uy - s — Zé:l a;e; € Sy we have

m

LM (fx)

LT (5) = us - ¢ - - €p

with m € Cy and ¢ € cSyzy, ,,,.

Proof. Let § =ug-s— Zizl a;e; with s € Syz, and therefore us - p(s) — NF (p(s) | G) =
Zizl a; f; a standard representation. We have LM (#(me =LM <#(fj)fj> fori,j €

Jem by construction of Ji,,. Since the leading monomials coincide the component
with the highest index will be the leading one by definition of the Schreyer ordering.
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Hence LM (s) = ¢ - #(fk)ek as k = max Jy,, and ¢, # 0 by definition of Syz,. The

leading monomial LM (#(fk) fk> > LM (p(s)) since the leading coefficient sum up
to zero, i.e. ZieJk,m ¢; LC(f;) = 0. Further LM (¢(s)) > LM (a;) - LM (f;) due to
the properties of standard representations (see Proposition 1.3.4). Therefore LM (5) =
us - LM (s) = u, - Ck#(fk)ek'

O
Theorem 1.4.4 (Buchberger’s criterion and the syzygy theorem). Let G = {f1,..., fx
be a generating set of I C @;:1 R[x]. -ej = M. Further let S C |J,_, Sk and assume

e L(S)=L (U Sk) and
o foreachse S, ¢(5)=0.
Then the following hold:
(a) G is a standard basis of I (Buchberger’s criterion,).

(b) S is a standard basis of Syz (I) with respect to the Schreyer ordering. In particular,
S generates Syz (I).

Proof. We prove statements (a) and (b) simultaneously.
Take any f € I = (f1,..., fx) and a preimage g € F} of f,

k

k
9= Zaifia f=wlg) = Zaifi-
i=1

i=1

To show (a) we assume f # 0 and to show (b) f = 0. Now consider a polynomial weak
normal form h of g with respect to S C F} and the corresponding standard representation

of ug — h, u a unit in A
ug—h:Zag-é.

In case of h = 0 the substitution morphism ¢ of g will be zero

uf = p(ug) = as-¢(3) =0,

5e8

since ¢(5) = 0 by assumption. In case (a) we had chosen f # 0 and in case (b) it would
be NF (g| S) = h = 0. Therefore we may assume h # 0 and

h = hier + -+ + hyeg,

such that LT (hye,) € L(S) or h, = 0 for v = 1,...,k by properties of weak normal
forms on modules (Lemma 1.3.5). Hence we have

LT () 6 ¢L(S,)=L(S)NA-e, (1.19)

for all v with h, # 0.
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1.4 Standard basis computation and the syzygy theorem 32

Since ¢(§) = 0 by assumption the following equality is given

uf = p(ug) = Z hif;.

In case (a) we show, that Zle hif; is a standard representation of f, i.e. LM (f) >
LM (h;) LM (f;) where h; # 0. Hence the set G is a standard basis for I by Theo-
rem 1.3.17. In case (b) we see, that h # 0 give rise to a contradiction and there-
fore NF (g| S) = 0 for all g € Syz(G). As before Theorem 1.3.17 states that S is a
standard basis of Syz (G).

Assume LM (f) < LM (h;) LM (f;) for some i and hence

> LT (h) LT (f;) =

ieJ

with J = {i € [k] | LM (h;) LM (f;) = max}. Let k = max J be the index of last element
involved in the sum and m = lem (LM (f;) | ¢ € J) the least common multiple of the
leading monomials. Since the leading coefficients sum to zero we have > ., LC (h;) ¢; €
Syz (LC(f;) |i € Jx,m) and may therefore be given by elements of cSyz, ,, as these gen-
erates all syzygies of the given form, i.e.

LC (hk> € = Z Qe * Ck, * €.

cecSyzy, p,

Using Lemma 1.4.3 and the definitions of the sets Syz, and S, we get

LT (hy)ex =m'- > ac-u;' - LT (3) € L (S)

S€Sk
m
=m' Qe Ck e, € L (S,
PO TA (5)
SESK
for a monomial m’. This is a contradiction to (1.19). O

Remark 1.4.5. By Corollary 1.4.6 one can implement an algorithm to compute a stan-
dard basis over a coefficient ring where linear equations are solvable. The only coefficient
ring dependent set is cSyz,, . All others sets may be constructed without specific knowl-
edge about the coefficient ring except that normal forms have to be computable. We will
see in Chapter 2 that for a wide range of rings quite a huge simplification is possible. In
particular, we can avoid the solution of linear equations in principal ideal Tings which
makes the algorithm applicable to practical problems.

The following corollary states requirements on the ground ring sufficient to compute
standard bases.

Corollary 1.4.6. Let R be a commutative noetherian ring with one where linear equa-
tions are solvable. Further let I = (fi,...,fs) C B, R[x]e; be a submodule and <
an arbitrary module monomial ordering. Then a standard basis of I is computable by
Algorithm 5.
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Algorithm 5 Computes a standard basis of

Input: R a ring where linear equations are solvable

Input: M a free R[x]|.-module

Input: > a (module) monomial ordering on M

Input: NF a component-reduced weak normal form on M (e.g. Algorithm 1)

Input: I ={fi,...,fi} C MNP, Rx]-e; a finite set of module elements

Output: S = {s1,...,s,} is a standard basis of the submodule generated by I
S := 1 as a ordered set, for the purpose of syzygies

while P # () do
choose (g1,...,9,) € P, the cardinality of S is r
P=P\{(g1,...,9:)}
h:=NF (g151+ -+ gr5.| 5)
if h # 0 then
S:=SuU{h}
C c Syz"®) with L (C) =L (Syz(s)>
P:=(Px{0}hu{heC|h, #0}
end if
end while
return S

Proof. At first note, that in every run the ideal L (S) is enlarged if A # 0. Due to the
noetherian property this may only happen on finitely many occasions. Hence after some
finite number of iterations h will be equal to zero in every subsequent run. In each run
only finitely many elements were added to P given h # 0. Hence we will reach P = ()
after a further finite number of steps.

Let G be the output of algorithm. Then S generated from all used elements Syz'®
during the algorithm fulfills the properties required by Theorem 1.4.4 and hence G is a
standard basis of I

The set P only increases if an element h will be added to S with LT (k) ¢ L (.5). Since
the ring R is noetherian so is R[x] and M. Hence L (S) can only be enlarged finitely
many times. After L (S) becomes stationary all normal form computations will result
in h = 0. Therefore P = () after finitely many loops and the algorithm terminates. [
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Chapter 2.
Application to special rings

2.1. General criteria

We use the notations introduced in Section 1.4. At first note that any algorithm based
on Theorem 1.4.4 has to prove, that for all elements in § = s — > ., a;¢; € S the
substitution map ¢(§) is zero, i.e. the normal form NF (s]|:) of s is zero. Hence,
without further information about the coefficient ring R, there are two ways to reduce
the complexity of any algorithm based on Theorem 1.4.4.

1. Choose the set S as small as possible.

2. Add as many elements to S for which the normal form computation is easy. At
best the normal form is known to be zero without further computation.

Since the equality L (S) = L (J,_, Sk) is required in Theorem 1.4.4, this is in fact the
limiting condition for 1., hence we have to consider this equality. Lemma 1.4.3 states
that the leading terms of elements s € S;, are of the form

m

LT(g):us.ck.LM(fk)

c €k

Further we know, that

k=1

L(S):L<05k> <= Vk : L(5€ S| LComp (5) =€) =L (Sk).

Hence for any §;, 55 € S the element S5 can be omitted from S if c,(:) c,(f) and m™® | m®.

An example for 2. is the product criterion given below.

Lemma 2.1.1 (product criterion). Let f,g € R[X] be polynomials with coprime leading
monomials (i. e. lem (LM (f),LM (g)) = LM (f) - LM (f)) such that LC(f),LC (g) are
units. For any syzygy of the leading coefficients (ay,a,) € Syz(LC(f),LC(g)) with
units ag,a, the corresponding polynomial ay - LM (g) - f + a, - LM (f) - g € (f,g) will
reduce to zero. In formulas:

s=ay-LM(g) f +ag-LM(f)g
NF (s|{f.g}) =0
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Proof. We will show, that
l-s=wug-so=hf+kg (2.1)

with a unit uy € R where h, k have smaller leading monomials and fewer monomials
than g, f, respectively. Further we proof that any such expression (u, - s, # 0) can be
rewritten or reduced by G to

Ups1 - Snp1 =W f+Kgor hf+Kgorh'f+kg (2.2)

such that A’ = tail (h) and k' = tail (k) and a unit u,+1 € R[x]. Since the representation
of s, fulfills the same properties and polynomials consists of finitely many terms the
polynomial s will reduce to zero after finitely many steps as stated. It suffices to show
this for an arbitrary normal form since

NFi(f | G) =0+= NFy(f | G) =0 f € (G).

We will use NF-MGPS (Algorithm 2) and start with computing the polynomial associ-
ated to the syzygy (ay, a,).
Let ¢y = LC(f),x; = LM (f) and f' = tail (f) (for g analogously), i.e.

f:Cf'Xf+f/
g=cy-%X,+¢

and (af,a,) € Syz(LC(f),LC(g)). Since the leading coeflicients and ay,a, are units
there exists a unit u with (ays,a,) = u- (¢4, —cy). We can express the leading terms of
the polynomials by

cixp=f—fandes-x,=9—-¢ (2.3)

and hence compute

s=ula; X,  f+ula, xpg
=y Xy f—Cp-Xpg
=(g—9)f =1y
=—g'f+fg="nf+kg.

Note that f’, ¢’ are subpolynomials of f, g with fewer monomials and for their leading
monomials holds LM (f") < LM (f),LM (¢') < LM (g). Hence a representation of s as
stated in (2.1) with uy = 1is found.
Now let
UnSn = hf + kg

with A, k£ having smaller leading monomials as g, f and u,, € R a unit.

At first consider the case where the leading terms sum up to zero, i.e. LT (h) LT (f) +
LT (k) LT (g) = 0. Since lem (LM (f),LM (g)) = LM (f) - LM (g) a term ¢ exists, such
that

t-LT (9) =LT (h) and —t-LT (f) =LT (k).
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2.2 Standard basis over principal ideal rings 36

The inequality of the given leading terms of g an h, i.e. t LM (g) = LM (h) < LM (g),
yield ¢ < 1 by the multiplicative property of the monomial ordering. Hence u,; =
un, —t € R[x]< is a unit. Now we compute

UnSp, = hf + kg
=tLT (9)f+h'f—tLT(f)g+Kyg
=t(LT (9) f = LT (f)g) + W' f +Kg
=tu tus, +h'f +Kg

and hence as stated
U, —t)- s, =hf+kg.
( ) f+kg
Un+1 Sn+1

Now assume LT (h)LT (f) + LT (k) LT (9) # 0 and without loss of generality let
LM (h) LM (f) = LM (hf + kg). Then u, - s, = hf + kg will reduce to s,.1 = h'f + kg
in one step by NF-MGPS. O

2.2. Standard basis over principal ideal rings

Now we show, that in the case of polynomial rings over a principal ideal coefficient
ring quite helpful simplifications are possible. We can explicitly construct a special
generating set of syzygies in the coefficient rings which will lead to the new definition
of s-polynomials. Further in this setting we may directly compute strong standard basis
and hence do not need to solve linear equations during (weak) normal form computations.

However, we have to slightly generalized the notion of the s-polynomial as known
from the case of coefficient fields due to the presence of zero divisors. Throughout this
chapter all coefficient rings are meant to be noetherian principal ideal rings.

Definition 2.2.1. For any finite number of elements ay,as,...,a, € R in the principal
ideal ring R we define the

greatest common divisor to be an element g € R that generates the ideal generated by
the elements a;, i.e. (g) = (a1, a9, ...,a,) and

least common multiple to be an element m € R that generated the intersection of all
ideal (a;), i.e. (m) = (a1) N {az) N---N{ay,).

Definition 2.2.2. Let R be a principal ideal ring. The annthilator of an element c € R
is the ideal Ann(c) = {c € R|a-c = 0} (see Lemma 1.1.6). We will also denote a
generator a € R of the ideal Ann (¢) with Ann (c) for ease of notation.

Definition 2.2.3. Let R be a principal ideal ring and ci,co € R. The ideal

(1) i {cq) :=={x € R|x - (ca) C{c1)}
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37 2 Application to special rings

is generated by an element s of R, i.e. (sq) = (c1) : (ca). Further, since sy € (c1) : (c2)
there exists an s1 € R with s1-c¢1 = S3 - ¢a.
We define

smiss (c1, ¢2) = (81, S2)

for an arbitrary choice of a generator s; and an element sy as above, in particular the
relation spcy — sqgcqg = 0 holds.

Remark 2.2.4. If R is a factorial domain or even a factorial ring [29, 2] we have

smiss (c1, ¢3) = ( Co a1 ) _ <1cm (Cl,Cz)’ lem (cl,cz)> ‘

ged (01, Cz) ’ ged (01, 02) &1 Co

Theorem 2.2.5. Let R be a principal ideal ring and ¢ = (cy,¢o,...,¢,) € R*. The

SYyzygies

=1

Syz(c1,¢2, ..., ¢p) = {a: € R"

of ¢ are generated by

1. s0;,=(0,...,0,Ann (¢;),0,...,0) € R" and
——

i-th entry
_ (i.4) (4,9
2.8,;,=10,..., 557 ,0,...,0, s37 ,0,...,0) € R"
~—~ ~—~
i-th entry j-th entry

for 0 <i < j <n and smiss (¢, ¢;) = (s§i7j),sg’j)).
Proof. Let x € Syz(cy,ca,...,c,). We will prove the statement by induction n.

For the induction start let n =1, i.e. x1 - ¢y = 0. The element x; is in the annihilator
ideal (Ann (¢;)) of ¢; and hence = € (sg ).

Now let n > 1. Since —x1 - ¢; = 2?22 x; - ¢, We compute

—Zp € (€1, ..y Cno1) 5 {Cp)
= (e1) s {en) + - 4 {en1) = {en)

_ <8§1,n)> T <S§n71,n)>

Consider T = x — Z;:ll «; - 8ip. The component 7, is equal to zero and therefore
the vector (21,...,%,_1) is a syzygy in Syz(c1, ..., ¢,—1). By induction hypothesis the
reduced syzygy T € (so;,si; | 1 <i < j <n) and hence by definition of z

€ (804,85 | 0<i<j<m).
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2.2 Standard basis over principal ideal rings 38

Our aim is to use the previous theorem to construct enough elements of the set S of
Theorem 1.4.4 to compute a standard basis. In the following we derive these elements
and give some criteria allowing to omit some of these elements. In order to give an
easy notations we will fix a list G = {fi, fo, ..., fx} of polynomials and consider the free
module F; = @le R[x] - €; equipped with the Schreyer ordering. Recall that S will be
a subset of this free module. We

Definition 2.2.6. Let f = ¢; - xp + tail (f) and g = ¢, - x, + tail (g) be elements of
R[x]\{0}. Further let smiss (cf,c,) = (sf,5,). We define the s-polynomial of f and g
to be

lem (x/, %) lem (x/, %)

spoly (f,g) :=sy¢ - Sy—— g
g
1 1

s cm (X7, Xg) tail (f) — s, cm (X7, X,) tail ()
Xf Xg
and with the fixed notation the syzygy version
lem Xty X lem X Xf
SpOlYSyz (fzu f]) ::Sfig c € — Sfjg - €5
Xt Xy

Remark 2.2.7. To understand the syzygy version of a s-polynomial consider two poly-
nomials f;, f;. Then

p(spolysy, (fi, f3)) = spoly (fi, f;) -

Therefore each syzygy realizes one s-polynomial using the substitution map p(€;) = f;.

Remark 2.2.8. Note that we need smiss, i.e. the definition of s-polynomials is not
equivalent to

lem (Xf7 XQ) lem (Xf7 Xg) g

SpOIYT (f7 g) = Cg f -
Xyg

For example let f = 20 — 2y,g = 2y — z in Z/4[x,y,z|. Then we get spoly, (f,g) =

xz # =2y + zax = spoly (f,g). As we have seen, we can loose terms just by multiplying

a constant, i.e. if 2x +y € I then we have 2y € L (I) C I. Therefore we must bear the

consequence of allowing zero divisors by extended the notion of the s-polynomial to also

accommodate degree losses due to multiplication with constants.

Definition 2.2.9. Let f = ¢y - x; + tail (f) € R[x]\{0}. We define the extended
s-polynomzal of f to be

spoly (0, f) = spoly (f,0) :=Ann (¢cs) - f = Ann (cy) - tail (f) = ¢ (s0,1)

and with the fixed notation the syzygy version

SpOIYSyZ (07 f]) = SpOIYSyZ (f]7 O) = Ann (ij) ’ Ej
spoly (0, f;) =@(spolygy, (0, f;))-
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39 2 Application to special rings

Algorithm 6 Computes a standard basis of I given a noetherian principal ideal ring
Input:

f € R[x] a polynomial, I a finite set of k& polynomials,

> a monomial ordering, NF a weak normal form
Output: S is a standard basis of

S ={fo=0,f1, fo, .-, fx} as a list

= {(f’mfj) | fi,f;€S={fo,..., fu},i < j}, the pair set
Whlle P+ do

choose (f,g) € P
P = P\{(f,9)}
h = NF (spoly (f,9)| S)
if h # 0 then
P:=PU{(f,h)]f €S}
S:=SuU{h}
end if
end while
return S

Corollary 2.2.10. Algorithm 6 terminates and is correct, i.e. computes a standard
basis.

Proof. Since the syzygies behind the s-polynomials used in the algorithm give rise to
the sets Si of Theorem 1.4.4 this is an easy consequence of the mentioned theorem and
Corollary 1.4.6. ]

Lemma 2.2.11 (strong product criterion). Let R be a principal ideal ring and < a
global ordering. Further let f = cp-xy + tail (f) and g = ¢, - x, + tail (g) be elements
of R[x|\{0} with x; and x, relatively prime, i.e. lem (xy,%X,) = Xy - Xs. If ¢, is an unit
and for all terms ty of f, to of tail (f) and t3 of tail (g)

t2 c CgXy 7é tg . tl

holds then

NF (spoly (f,9)| {f,g,spoly (0, f) ,spoly (0,spoly (0, f)),...}) = 0.

Remark 2.2.12. The set {spoly (0, f),spoly (0,spoly (0, f)),...} is finite as each el-
ement has at least one term less as its predecessor in the definition. As a short hand
notation let

spoly’(0, f) =

spoly™ (0, f) = Oly 0, 1),

spoly”(0, f) = spoly (0, spoly (0, f)),

spoly® (0, f) = spoly (0, spoly (0,spoly (0, f))) and so forth.
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2.2 Standard basis over principal ideal rings 40

Proof. Let f,g be as stated, i.e.

f:Cf'Xf+f/
g=cy-x,+¢

where ¢, is a unit in R. Since (¢,) = R we get (¢,) : (¢fy) = R: (¢f) = R = (u) for a
unit u and hence smiss (s, ¢g) = (u,u - cf - ¢;'). We express the leading terms of the
polynomials by

cpxp=f—fland ¢;x, =g — 4. (2.4)
We start to calculate the normal form of the s-polynomial. Note that, even if there are
different normal forms around, it suffices to show this for an arbitrary normal form, due
to the fact
NFi(f | G) =0<«= NFy(f | G) =0<= f € (G) [x].

Therefore we can choose every reduction step to suit us best, as long as we achieve zero
in the end.

cg - u” spoly (f,9) = cyX,f — ¢yXsg using (2.4)
== == 1y
=f9-4f

Note that f’, ¢’ are subpolynomials of f, g with a strictly smaller leading monomial. We
will show, that we can reduce one of them without changing this property. But both of
them consists only of finitely many terms, therefore after a finite number of steps they
will reduce to zero.

At first we must pay tribute to the fact, that LM (hk) = LM (h) LM (k) does not
necessarily hold in our case. But to start easy, at first we assume, that LM (¢'f) =
LM (¢') LM (f). Note that, since the leading coefficient ¢, of g is a unit, we have
LM (f'g) = LM (f") LM (g). Further LM (f")LM (¢9) = LM (f) LM (¢') cannot hold,
since LM (g) , LM (f) are relatively prime and LM (g) | LM (¢’) would imply LM (g) <4
LM (¢') and hence LM (g) < LM (¢’) a contradiction. Therefore we can assume w.l.o.g.
LM (f'g) < LM (fg'). New we can make one reduction step with f and achieve

fla—gf-LT () f=Ffg—(d—LT(d)) [

Now consider LM (¢'f) < LM (¢') LM (f), i.e. LM (LC(f]) f) < LM (f). Since the
conditions on the terms t1,%s,t3,¢c,x, we have LM (¢'f) # LM (f'g). If LM (¢'f) <
LM (f'g) we can reduce by g as before. Hence assume that LM (¢'f) > LM (f'g). Now we
can reduce by f; = spoly*(0, f) for some . Let m be the term, such that mf; = LT (¢'f).
Then it holds mf; = LT (¢’) f and therefore we can proceed as above. O

Example 2.2.13. The polynomials 4z + vy and y*> + 2z € Z/8[x, y, t| will reduce to zero
after the strong product criterion. In contrast 4y+x>+1 and x°+ 222 will reduce to 222,
which 1s not reducible by either of the polynomials nor their extended s-polynomials.
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41 2 Application to special rings

Remark 2.2.14. The strong product criterion is also true for arbitrary orderings using
similar arguments as in Lemma 2.1.1. We will only use the criterion for global orderings
in this thesis and hence opted to use the more direct proof.

Remark 2.2.15. Even more than in the classical case we see, that the product criterion
15 a boundary condition. We do not only require, that the monomials are coprime, we
further need either that both leading coefficients are units, or one is a unit and an even
stronger divisible relation must hold for this monomial. We will do some numerical ex-
periments to evaluate, whether further research in the product criterion is worthwhile.
However, one can still divide out common factors of the polynomials as in the classi-
cal case to further strengthen the criterion. Whether this results in an if and only if
statement was not investigated.

Now we list a number of criteria which allows to skip certain s-polynomials during the
standard basis algorithm and hence speed up the computation by orders of magnitudes.
Lets recall that the ring R is a noetherian principal ideal ring.

Corollary 2.2.16 (Product criterion). With the fized notation let f;, f; € G with
lemLM (f;) , LM (f;) = LM (f;) - LM (f;). Further let LC(f;) and LC(f;) be a unit,
then

NF (spoly (fi, f;) | {fi fi}) = 0.

Lemma 2.2.17 (Annihilator criterion). With the fized notation let LT (f;) = ¢;x™ and
LT (f;) = ¢;x™ with i < j. If Ann (c;) divides s; with (s;) = (¢;) : (¢;) (compare to the
Definition 2.2.6 of s-polynomials) then

LT (SpOIYSyz (fi, f])) < <LT (SpOlysyZ 0, f3>)> )

In particular, if spolysy, (0, f;) € S then S\{spolys,, (fi, f;)} is already a standard basis
of Syz (I).

Proof. By definition of the extended s-polynomials LT (spolysyZ (0, fj)) = Ann(¢) -
€¢; and of the s-polynomials LT (spolygyZ (fz,fj)) = s; - ¢;. Hence the leading term

of the s-polynomial spolys,, (fi, f;) is divisible by LT (spolysyZ (0, f;)) and the lemma
follows. O

Lemma 2.2.18 (Chain criterion). With the fized notation let LT (f;) = ¢;x“, LT (f;) =
¢;x% and LT (f}) = ax™ with i < j < . If ¢;x% divides lem (¢;x%, ¢x™) then

LT (spolysyZ (fz-,fl)) € <LT (spolysyZ (fjs fl))>. In particular, if spolysy,, (f;, fi) € S
then S\{spolys, (fi, fi)} is already a standard basis of Syz (I).

Proof. The divisibility of lem (¢;x*, ¢;x*) by ¢;x% implies
lem (x%7,x%) | lem (x%, x“) .

Dividing both sides by x* yields LM (spolysyZ (fjs fl)) | LM (spolySyZ (fi, fl))
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2.2 Standard basis over principal ideal rings 42

Further ¢; | lem (¢4, ¢) implies (¢;) N (¢;) C (¢;). We compute

(LC (spolysy, (fi: /1)) = (i) : (@) by definition
= {c;) N {e) : {cr) since a - (¢;) C (¢;) for every a € R
C{ej) + {e) as (c;) N (a) C {¢))

_ <LC (spolysyZ (f5, fl))> :

Together we see LT (spolysyZ (fjs fl)) | LT (spolysyZ (fs, fl)) and this proves the state-
ment. [

Now we introduce gcd-polynomials. If these polynomials are added to the critical
elements set and if we use an easy normal form, then the resulting standard basis will
be strong (see Theorem 2.2.23).

Definition 2.2.19. Let f = ¢ - x; + tail (f) and g = ¢, - x, + tail (g) be elements of
R[x]\{0} and (h) = (cs,cy). Further let ds,d, € R with h =dy-c; +dy - c,. We define
the ged-polynomaial of f and g to be

lem (x7, %) lem (x7,X,)

ged-poly (f, g) ==dy - fAdy -9 and
9
gmiss(f, g) :=(dy, dy)
and with the fixed notation
lem (xy,, Xy, lem (xy,, Xy,
ged-polys,, (fi, f;) :==d, - M ce 4 dy, M ¢

Xf.

ged-poly (fi, f;) =p(ged-polygy, (fis fi))-

Remark 2.2.20. If already one leading coefficient generates the ideal {(cy,cqy) = (cf)
or (cg,cq) = (cy) then the leading monomial LT (f) of f divides the ged-polynomial
ged-poly (f,g) or LT (g) | ged-poly (f, g) respectively. Hence the ged-polynomial is not
required to be considered. It is important to notice, that the ged-polynomials can not
be omitted by the same reasoning as for the s-polynomials. The gcd-polynomials shows
missing elements to allow that each reduction step is only using on element of the ba-
sis while the s-polynomials are concerned with the size of the leading ideal. The ged-
polynomials will never increase the size of the leading ideal as there leading term can be
constructed from the leading terms of polynomials f; and f;. Nevertheless one may use
the ged-polynomials to omit s-polynomials, as the following criteria demonstrate.

ij

Remark 2.2.21. If R is a factorial domain or even a factorial ring [29, 2] we have

LT (ged-poly (/. 9)) = ged e, ;) - lem (x7, %)

Lemma 2.2.22 (ged criterion). With the fized notation let LT (f;) = ¢;x* LT (f;) =
¢;x% and LT (f;) = ¢x™ with 1,57 < l. If ged (¢cj,¢) € (ci) = (a1) then also the lead-
ing term LT (spolysyZ (fi, fl)) € <LT (gcd—polysyz(fj, fl))>. In particular, if the ged-
polynomial ged-polyg,,(fj, fi) € S then S\{spolysy, (fi, fi)} is already a standard basis
of Syz (I).
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43 2 Application to special rings

Proof. By definition (LT (ged-polysy,(f;. f1))) = (¢, i) = (ged (¢, ¢;)) and by assump-
tion (ged (¢, ¢1)) C (i) = (a) = LC (SpolysyZ (fi, fl)) O

Algorithm 7 Computes a strong standard basis of I given a noetherian principal ideal
ring
Input:
f € R[x| a polynomial, I a finite set of polynomials,
> a monomial ordering, NF a weak normal form for strong standard basis (see Algo-
rithm 3)
Output: S is a standard basis of
S:=I1={fo=0,f1,...,fr} as alist
P = the set of critical elements
P = {spolyg, (fi, f;) |0<i<j <k}
P = P U{gcd-polysy,(fi, f;) | 1 < i< j <k}
while P # () do
choose p € P
P = P\{p}
hi=NF (L pifi| )
if h # 0 then
Jer1:=h
P =P x {0} U {spolygy, (fi, fr+1) | fi € S}
P:=PU {ng'pOIYSyz(fi> fk’-i-l)v | fl S S}
Apply all criteria to P to remove unnecessary elements
S = 5U{fer1}
k=k+1
end if
end while
return S

Theorem 2.2.23. Let R be a principal ideal ring and G a standard basis. Then G is a
strong standard basis if and only if for all fy, fo € G there exists a g € G with

LT (ged-poly (f1, f2)) € (LT (g)) .

Proof. Assume G be a strong standard basis. Since ged-poly (f, g) € (G) Definition 1.3.6
states that an element h € GG as required exist.

Assume the condition on the leading terms of the ged-polynomials is fulfilled. Let h €
(G). Since G is a standard basis there are terms ¢; such that LT (h) = >  t; - LT (f;)
with f; € G and LM (¢;) LM (f;) = LM (h). We will prove by induction on n that an
element g € G with LT (g) | LT (h) exists. For n = 1 there is nothing to show.
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2.2 Standard basis over principal ideal rings 44

Now let n > 1.
LT (h) = t;-LT (f;)
i=0

=t LT (fi) +t2- LT (fo) + Y _t;- LT (f,)

1=2

=t - LT (ged-poly (f1, f2)) + Z t; - LT (f;) by definition of ged-poly

=2

=t-s-LT (g) + Z t; - LT (f;) by requirement of Theorem
i=2

Hence the leading term of A is also the sum of n—1 leading terms and hence by induction
hypothesis there exists a g € G with LT (g) | LT (h). O

Corollary 2.2.24. Algorithm 7 terminates and computes a strong standard basis of I.

Proof. Termination follows from Corollary 2.2.10. Same corollary and Theorem 2.2.23
yields that GG is a strong standard basis. O

Remark 2.2.25. The delayed computation of the critical element allows us to make
use of the criteria developed above in an efficient way. Further the delayed computation
saves memory and computation time.

2.2.1. Lifting standard bases

If R is a principal ideal ring, then R is isomorphic to a finite product [91] of principal ideal
domains and finite-chain rings. The set of ideals in a finite-chain rings can be ordered
to a strictly increasing chain {0} C Iy = () C I, C --- C R. As R is noetherian the
increasing chain is finite and hence every element in a finite-chain ring may be written
as u-n' for a unit u and a natural number i. The special structure speeds standard basis
computation up.

Further we can compute Groébner basis in polynomials rings over the factors and lift
them to R[x|. This is described in the work of G. Norton and A. Salagean [58]. Random-
ized benchmarks showed that computation in the factors and lifting afterwards is faster
and more space efficient as computations in the product. A straight-forward lifting im-
plementation as a SINGULAR library can be found at http://www.mathematik.uni-k1.
de/~wienand/liftgb.tar.bz2 (only functional with dedicated SINGULAR versions).
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Chapter 3.

Implementation in SINGULAR

In the following chapter we provide a brief overview of the SINGULAR architecture. One
of the main features is a highly efficient! implementation of the Buchberger algorithm
and the Mora, Greuel, Pfister, Schonemann (MGPS) extensions thereof for arbitrary
orderings and many coefficient fields [33, 36, 23].

Next we describe the additions and changes necessary to allow computations in the
presence of zero divisors (in principal ideal rings). There are two major differences:
multiplication of the terms may lead to zero and more critical elements have to be
considered.

At last we give some comparisons regarding memory consumption and runtime to the
computer algebra system Magma. Magma is the only other system able to compute
standard bases in the rings Z and Z/m (Magma only for global orderings) we are aware
of.

3.1. Singular Architecture (for straight standard basis
computations)

The computer algebra system SINGULAR has a several decades long history of active
development reaching back to 1984. Hence we will not try summarize or display the
overall architecture of the system but just focus on the parts vital for the standard basis
computation based on the Buchberger algorithm. The Buchberger algorithm can be
described as a completion algorithm in the following sense.

In each round it will take one critical element which may show that the result is not
complete and verifies if the current result is sufficient or need to be enlarged. If the
result needs to be enlarged further critical elements are created which have to verified
on a following round.

In order to execute any computations we need to be able to do basic operations like
addition, multiplication, testing for divisibility in the coefficients and the resulting poly-
nomial ring or free module thereof. A defined set of operations is implemented in a
separate source code module for each ring. Hence we have implemented the correspond-
ing functions for Z, Z/m and an optimized implementation for Z/2"™ where n is smaller

!Efficient is meant in a practical sense. From the theoretical point of view it is known that GB
computations have a (double) exponential, hence non-efficient, complexity
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than the machine word bit-size. Further the interface describing the required functions
per coefficient ring had to be extended since some functions are only required for rings
and not for the already implemented fields, e.g. tests for divisibility or units, greatest
common divisors, and so on.

Since operations in polynomial rings and free modules are combinatorial operations
of elements in the corresponding coefficient rings they may be abstracted and used
for different coefficient rings. The fact that the multiplication of non-zero elements
in a field will never result in zero allows quite some optimization in the abstracted
algorithms for polynomials and modules based on coefficient fields. Therefore we had to
check the implementation of polynomial and module arithmetics in SINGULAR for such
optimization and adapted the algorithms with minimal impact accordingly.

An important operation is also the comparison of monomials with respect to the given
monomial ordering. Here we use the existing SINGULAR functions.

Of course all new rings and methods need to be exposed to the SINGULAR interpreter
in order to be used. All changes described above are the basis to modify the Buchberger
implementation of SINGULAR for coefficient rings and may be reviewed in the SINGULAR
source code repository at http://www.singular.uni-kl.de/.

An abstracted flow chart of the SINGULAR implementation of the Buchberger algo-
rithm is displayed in Figure 3.1. The different blocks and variables of the chart are
explained below:

Input Return

| — list of submodule generators S is the standard
General methods for coefficients basis of |

7Y
4
Init Tidy up data structure
S ={} —to-be standard basis
T ={} —elements for reduction Release reserved memory for
L=1 - critical elements temporary data structures
> L={ yes———b| Prepare S
no
Pop the last element P of L
Prepare P Prepare P Update critical elements
for normal form computation for adding to (S, T, L) list L for (S, P)
A A
Remove elements
Compute the normal form of P PushPto T in S divisible by P

——ye: 0 PushPto S

Figure 3.1.: Flow diagram for central Buchberger loop (BBA) in SINGULAR
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set [ The set contains the generators of the submodule for which the standard basis
will be computed.

list S This list contains the current best bet of the algorithm for the standard basis of
the submodule generated by I. Initially it will be empty.

list 7' This list contains all elements of S and further elements which are known to be
in the submodule generated by S and can therefore be used for reduction in the
normal form computation. Initially it will be empty.

list L This list contains all critical elements at the current stage. If all critical ele-
ments reduce to zero given S than S is a standard basis of the submodule gener-
ated by I. Elements of this list can be thought of as polynomials. But during the
algorithm these elements contains a lot more data in order to allow iterative appli-
cations of the chain criterion and to delay s-polynomial computations to the latest
possible moment, i.e. just before the normal form of the element is computed.
Initially it will just contain all elements of I.

3.2. Overview of the SINGULAR’s BBA and extensions of
coefficient rings

We will give a short description of each process block in the flow diagram Figure 3.1
and describe the changes and extension necessary for standard basis computation with
coefficient rings.

Init As already stated in the previous section the lists .S, T are initialized as empty lists
and L contains just the generators from the set .

Pop the last element of L The list L is sorted by a definable key to map different
selection strategy for the next element by just changing the sorting algorithm.
One may consider the length of the polynomials, the ordering of the leading terms,
and so on.

Prepare P for normal form computation Every element in the list L will be polyno-
mial in the end. But for optimization the actual computation of this polynomial,
e.g. the s-polynomial, may be deferred as long as possible. In this process step
the polynomial is computed since it is required for the next step.

Compute the normal form of P Here the normal form is computed dependent on the
chosen monomial ordering and further parameters by different algorithms, e.g.
NF-MGPS. The normal form will be computed against the polynomials of the
list T'. If the coefficients are not within a field divisibility tests have to be done
for them also. Due to further elements which are added to the list L we do not
need to solve linear equations in the normal form computation for coefficients in
principal ideal rings.
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49 3 Implementation in SINGULAR

Prepare P for adding to (5,7, L) Dependent on the chosen computation strategy also
the tail of the element P may be reduced or other normalizations may be computed,
e.g. norming the leading coefficient to one (if possible) or just removing easy
common factors of the coefficients.

Push P to T The list T" will contain every element which is or was present in the list S
during the algorithm. This list is only used for normal form computations.

Update critical elements list L for S, P In this step the following new critical ele-
ments are created:

e For each element of S the s-polynomial with P.
e The extended s-polynomial if the LC (P) of P is a zero divisor.

e For each element of S the ged-polynomials with P if necessary as described
by Theorem 2.2.23.

The last two types of critical elements are only required for coefficient rings. The
second is required in order to guarantee that the result is a standard basis, while the
third allows us to use an easy normal form algorithm without using linear algebra
algorithms in the coefficient ring. Note that this is only possible if the coefficients
form a principal ideal ring. Further this process step applies all possible instances
of the product (see Lemma 2.1.1) and chain criterion (see Lemma 2.2.18). If the
chain criterion allows a choice of elements to be omitted the algorithm tries to
omit the most expensive to compute ones. In the best case one the choices is
already known to be zero by the product criterion and therefore both choices can
be omitted.

Currently the annihilator and ged criterion (see Lemma 2.2.17 and Lemma 2.2.22)
are not implemented in SINGULAR.

Remove elements in S divisible by P Due to the Definition 1.3.6 of standard bases
and Lemma 1.3.9 only the size of the submodule L (S) is important. If for an
element s € S the leading term of P divides s we have L (S\{s}) C L (SU{P})
and hence s can be omitted from S. The fewer elements the list S consists of
the fewer elements we need to consider while creating critical elements. Since we
added further critical elements to compute a strong standard basis on the fly we
cannot remove arbitrary elements s from S such that L (S) = L (S\ {s}). Due to
the strong property we can only omit elements s € S for which an element s’ € S
with LT (s') | LT (s) exists.

Push P to S Housekeeping has to be done. The element P was not reduced to zero
by a normal form computation but has to since P is an element of the submodule
generated by I. In order to guarantee that a normal form computation of our
resulting standard basis will reduce P to zero we add it to the standard basis.

Prepare S We may choose to interreduce S, i.e. reduce every element of S by all other
elements of S for example.
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Tidy up data structures This process step just release all allocated memory areas and
temporary data structures allocated during the algorithm.

3.3. Benchmarks

In Section 2.2 we explained, how an efficient algorithm for standard basis computation
for principal ideal rings can be instantiated. We implemented the algorithm in the kernel
of the computer algebra system SINGULAR [23] for the coefficient rings Z and Z/m. The
performance is compared to Magma using random ideals (for examples derived from
our main application, see Table 5.1). Magma is the only other system we found to be
capable of computing Grobner bases in the given rings. For local or mixed orderings we
are not aware of a second system which can compute standard bases. In the following
tables we present only a few concrete runtimes, but they give an overall impression of
the data. The input data may be downloaded from http://www.mathematik.uni-k1.
de/~wienand/phd_benchmarks.tar.bz2.

All benchmarks were done with SINGULAR 3-1-2 and Magma V2.16-4 on a server
running Gentoo (Linux 2.6.32) with 16 GB of memory and an AMD Dual Opteron 2.2
GHz processor. A timeout limit of 1 hour and a memory limit of roughly 12 GB were
used.

The new implementation of the MGPS-algorithm for principal ideal rings in SINGULAR
is by orders of magnitudes faster than Magma. In most cases where Magma will not
terminate within one hour, SINGULAR only requires about a couple of seconds.

The tables are organized as follows:

Columns | Legende
#vars. number of variable in the polynomial ring
#polys. | number of polynomials in the input generating set

maxdeg | maximal total degree of a monomial in the instance
#mons.
#polys.

combined density of the polynomials, i.e. the number of
monomials in all polynomials divided by the number of poly-
nomials in the input generating set

#GB number of elements in the Grébner basis (the number was
in every case the same for SINGULAR and Magma, if both
systems terminated within the given restrictions)

The remaining columns show the CPU times and memory required by the particular
tool to compute a Grobner basis of the input data. In case the memory limit or timeout
limit was reached this is indicated in the respective columns.

20
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#vars.  #polys. maxdeg igﬁ;i #GB SINGULAR Magma
2 5 15 69.2 3 0.40s 4.11MB 68.16s 13.57MB
3 3 10 6.7 254 8.50s 17.23MB | 1287.80s 19.60 MB
3 3 15 7.4 599 204.82s  146.98 MB >1h
4 4 10 2.8 120 0.04s 0.87MB 10.68 s 9.52MB
4 4 10 3.0 361 20.36s 32.24 MB >1h
5 5 10 2.4 584 0.15s 1.09 MB 455.35s  30.07MB
5 5 10 2.8 1043 1.11s 2.34 MB >1h
7 5 10 2.0 614 0.14s 1.14 MB 40.06s  35.35 MB
7 5 10 2.2 2547 2.23s 3.03MB >1h
10 10 4 1.9 436 0.11s 1.09 MB 92.45s 16.75MB
10 10 4 3.0 11734 | 963.39s 341.70 MB >1h
12 10 3 2.3 5536 18.40s 16.75MB >1h
12 10 3 3.0 1940 3.69s 13.12MB >1h

Table 3.1.: Randomly generated examples in Zyio with degree reverse lexicographical

ordering.

#vars.  #polys. maxdeg ;ﬁ;;%;: #GB SINGULAR Magma
10 10 4 1.2 30 0.0 s 0 MB 0.0 s 9 MB
10 10 4 1.4 156 0.1 s 1 MB | 436 s 26 MB
10 10 4 1.4 130 0.0 s 0 MB 0.7 s 11 MB
10 10 4 1.4 105 0.0 s 0 MB 0.2 s 11 MB
10 10 4 1.4 29 0.0 s 0 MB 0.0 s 9 MB
10 10 4 1.6 386 3.3 s 4 MB >1h
10 10 4 1.6 73 0.0 s 0 MB 0.1 s 9 MB
10 10 4 1.7 297 14 s 2 MB >1h
10 10 4 1.7 612 1313.2 s 137 MB >1h
10 10 4 1.8 813 487.3 s 55 MB >1h

Table 3.2.: Randomly generated examples in Z/m with m = 193697325 = 3*.5%.41.2333
with lexicographical ordering.

#vars.  #polys. maxdeg i;n(ﬁ;: #GB SINGULAR Magma

10 10 4 1.2 24 0.0 s 0 MB 0.0 s 8 MB
10 10 4 1.4 121 0.1s 0 MB 4.1 s 16 MB
10 10 4 1.4 133 0.1s 0 MB 46 s 14 MB
10 10 4 1.4 94 0.0 s 0 MB 0.1 s 9 MB
10 10 4 1.4 28 0.0 s 0 MB 0.0 s 9 MB
10 10 4 1.6 316 0.6 s 2 MB >1h

10 10 4 1.6 82 0.0 s 0 MB 0.2 s 9 MB
10 10 4 1.7 328 0.7 s 2 MB | 631.5 s &7 MB
10 10 4 1.7 445 174 s 10 MB >1h

10 10 4 1.8 794 131.7 s 20 MB >1h

Table 3.3.: Same instances as in Table 3.2 but with degree reverse lexicographical
ordering.
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#vars.  #polys. maxdeg ipmocir;z #GB SINGULAR Magma
4 4 10 1.75 51 0.1s 0 MB 1.0 s 9 MB
4 4 10 1.75 133 22 s 4 MB 1387.9 s 36 MB
4 4 10 2 79 1991.3 s 1801 MB >1h
5 4 7 2 194 53.6 s 32 MB >1h
5 4 7 2 258 116.7 s 49 MB | 1353.6 s 71 MB
8 4 4 2 122 0.7 s 4 MB 44.3 s 19 MB
8 4 4 2 67 0.1 s 1 MB 6.0 s 14 MB
8 4 4 2.25 169 154 s 69 MB >1h
8 4 4 2.25 193 3.0 s 8 MB 343.1 s 36 MB
8 4 4 2.25 76 0.9 s 9 MB 590.6 s 52 MB
8 4 4 2.25 55 0.0 s 0 MB 1.7 s 11 MB
8 4 4 2.25 131 0.8 s 4 MB | 2067.4 s 122 MB
8 4 4 2.25 70 0.2 s 1 MB 24.2 s 18 MB
8 4 4 2.5 207 5.0 s 39 MB >1h
8 4 4 2.5 377 1644.4 s 2986 MB >1h
8 4 4 2.5 161 4.8 s 45 MB >1h
8 4 4 2.5 225 142.7 s 137 MB >1h
8 4 4 2.5 67 0.2 s 1 MB 190.4 s 31 MB
8 4 4 2.75 295 16.5 s 56 MB >1h
8 4 4 2.75 413 219.0 s 136 MB >1h
8 4 4 3 590 987.2 s 567 MB >1h
8 4 4 3 117 1.5 s 18 MB >1h
8 4 4 3 131 5.1 s 16 MB >1h
8 4 4 3 109 8.7 s 27 MB >1h
8 4 4 3.25 97 20.9 s 48 MB >1h
8 4 4 3.75 188 178.2 s 145 MB >1h

Table 3.4.: Randomly generated examples in Z with lexicographical ordering.
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Chapter 4.

Vanishing polynomials

We construct an explicit minimal strong Grébner basis of the ideal of vanishing poly-
nomials in the polynomial ring over Z/m for m > 2. The proof is done in a purely
combinatorial way. It is a remarkable fact that the constructed Grobner basis is inde-
pendent of the monomial ordering and that the set of leading terms of the constructed
Grobner basis is unique, up to multiplication by units. We also present a fast algo-
rithm to compute reduced normal forms, and furthermore, we give a recursive algorithm
for building a Grobner basis in Z/m[xq, xo, ..., z,]| along the prime factorization of m.
The obtained results are not only of mathematical interest but have immediate applica-
tions in formal verification of data paths for microelectronic systems-on-chip designs as
described in Chapter 5.

This chapter is published in the Journal of Symbolic Computation with title “The
Groebner basis of the ideal of vanishing polynomials” [37] together with Gert-Martin
Greuel und Frank Seelisch.

4.1. Introduction

Although the basic properties of Grébner bases in polynomial rings over a ring R are
well-known (e.g. see [1]), they have not been studied very much, mainly because they
were considered as academic, in contrast to the case where the ground ring R is a field.
Recently however, Grébner basis techniques in polynomial rings over R = Z/m (in
particular Z/2%) have attracted some attention due to their potential applications to
proving correctness of data paths in system-on-chip designs (see Chapter 5).

When the underlying ring R has only finitely many elements, then there exist poly-
nomials in R[zy,xs,...,2,| which evaluate to zero for all (ai,as,...,a,) € R", called
vanishing polynomials. Thus, any polynomial function f : R® — R given by an ar-
bitrary element f € R[zi,xs,...,2,], will have many alternative representations in

Rlxy,z9,...,2,], as f = f+ g, for all g that constantly vanish on R™. All vanishing
polynomials constitute an ideal . If R is field the ideal [y is well known and is gen-
erated by {z} —1,2] — 1,...,2P — 1} where p is the characteristic of R. In this case
algebraic computation concerning functions over the field can be done either by adding
the generators or by using correspondingly adapted data structure (as is done in [§]
for Z/2).
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In the applications mentioned above, not the polynomials but only the polynomial
functions are of interest. Thus, if we want to apply algebraic methods we need to be
able to efficiently compute normal forms of polynomials with respect to a Grobner basis
of Iy. In this chapter, we set the theoretical ground and provide fast algorithms for
doing these computations.

From a mathematical point of view, Iy C Z/mlzy,z,...,x,] has some interesting
properties. In this chapter, we will give an explicit minimal strong Grébner basis G,
for Iy. As will turn out, GG, is a Grobner basis with respect to every global monomial
ordering. Moreover, we will show for any alternative minimal strong Grobner basis
G of Iy C Z/m[zy,xs,...,x,] that the sets of leading terms of G, and G are the
same up to multiplication by units. This is remarkable, since the ring Z/m has zero
divisors. In general, the leading terms of two minimal strong Grobner bases of an ideal
I C R[zy,x9,...,x,] need not be related by a unit but only by some element of R. We
will prove both properties and show also that in general all minimal strong Grobner
bases of an arbitrary ideal I C R|xy, s, ..., z,] have the same number of elements.

From a practical point of view, as mentioned above, engineering tasks involving the
computation of Grobner bases over finite rings will often need to deal with vanishing
polynomials. This is due to the fact that normally the elements of a Grobner basis G will
be used to decide the consistency of a mathematical model. And typically, such a check
involves the question whether the set of zeros of all polynomials f € G coincides with
the set of all feasible input-output vectors of the modeled artifact; see also Chapter 5.
Our interest was specifically spurred by a cooperation with the local Electronic Design
Automation Group in which we use Grobner bases to formally verify chip designs. More
precisely, a given verification task is translated into a polynomial ideal in Z/2*, where
typically k = 32 or k = 64; see Chapter 5. For the special case of polynomial datapath
verification we also refer to [89] in which it was shown that the Grébner basis approach
proves tractable for industrial applications where standard property checking techniques
failed.

This chapter is organized as follows. Section 2 briefly recalls the basic concepts from
the theory of polynomial rings and Grobner bases such that this chapter may be read
by its own. Section 3 starts by presenting canonical members of the ideal of vanishing
polynomials Iy C Z/mlxy,2,...,x,]. Next we show that the leading term of any
given vanishing polynomial is divisible by the leading term of an appropriate canonical
member. This relation enables us to finally construct an explicit minimal strong Grobner
basis G, of Iy C Z/m|xy, xo, ..., x,]. We also show that the size of G, is polynomial of
the degree k in the number of variables n, when we are in the practically relevant case
m = 2F,

The theoretical results are followed by algorithms for computing reduced normal forms
with respect to the constructed basis, and for recursively computing a Grobner basis of
Iy C Z/mzy, xg, . .., x,) along the prime factorization of m. The normal form algorithm
has been implemented in the computer algebra system SINGULAR [36] and successfully
applied, [89].
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4.2 Preliminaries 56

4.2. Preliminaries

In this section we recall all definition necessary for this chapter already given in Chapter 1
and define the term “vanishing polynomial”.

Let R be a commutative, noetherian ring with 1, and R[x] := R[z1, xa, . .., z,] a multi-
variate polynomial ring over R, where n > 1. For any multi-index a = (ay, ..., ) € N,
a product of variables x* := z{'---22" is called a monomial, and a product a - x*

with a € R is called a term.

Given two multi-indices o = (o, ..., ), 8 = (51,...,0,), we define a £ 5 := (ag =
B1,...,an £ 5,). We may compare a and [ according to the predicate o =< 5 :< Vi €
{1,...,n} : a; < G;, and similarly o < = a X fAa # . For a = (ay,...,q,) €
{0,1,2,...}", we write a! :== aq! - !, and |a] := a1 + ... + ay.

Moreover, we require the polynomial ring R[x] to be equipped with a global monomial
ordering <, i.e., < is a well-order on the set of monomials and satisfies x* > x° =
XY > xP* for all o, 8,7 € {0,1,2,...}". Then < refines the partial order <.

Since we are going to work with divisibility in Z/mlz;, z, ..., x,], we need to distin-
guish between divisibility in Z/m and in Z. We set a|Zb = dkeZ :b=a-k and
al b 3k e€Z : m| (b—a-k), that is, b and a - k represent the same residue class
in Z/m. For two monomials ax®, bx”, we say that ax® divides bx?, if a]mb Na = 3. We
then write ax®|bx?, using the ordinary symbol.

Let f =aq- x@@ 4y ag - x* be a polynomial in R[xy, o, ..., x,] with a; # 0 for

0<1<k,and 229 > 20 5 oS 2™ We use the following notation:

deg (f) = max{‘a(i)| |0 <i<k} total degree of f,

LT (f) =aop - x> leading term of f,

LM (f) = x leading monomial of f,

LC(f) = ag leading coefficient of f,
L(A) = (LT (f) | €A ppm.n] leading ideal of A,

for A C Rlxy,29,...,2,], A#0D.

For an ideal I C R[z1, s, ..., 2,| a finite set G C R[z1,x9,. .., x,] is called a Grébner
basis of I (see Definition 1.3.6)if

GCl,and L(I)=L(G).

That is, G is a Grobner basis, if the leading terms of G generate the leading ideal of
I. Note that in general, all defined objects depend on the chosen monomial ordering.
Especially, a set G may be a Grobner basis only with respect to a certain monomial
ordering. We also remind the reader that with the given definition, G already generates
I, as proved in Lemma 1.3.9.

G is furthermore called a strong Grobner basis if for any f € I\{0} there exists
a polynomial g € G satisfying LT (¢) |LT (f). A strong Grobner basis G is called
minimal strong if LT (¢;) t LT (g2) for all distinct g1, g2 € G. A strong Grobner basis
can always be computed when R is a principal ideal ring as shown in Section 2.2.
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Note that if R is a field, any non-zero coefficient of a term is invertible in R, and thus
L(A) = (LM (f) | f € A). It is easy to verify that in this case every Grobner basis is
a strong Grobner basis. As the following example shows, this does in general not hold
when R is a ring:

Example 4.2.1. Consider R := Z/6, and the polynomial ring R[x] with one variable.
Then G := {2z,3x} is a Grébner basis of the ideal I := (x). But since neither 2z nor
3z divide x, G is not a strong Grobner basis.

We shall now capture the central notions of this chapter.

Definition 4.2.2. To any polynomial f € R|xy,za,...,x,] we associate the polyno-
mial function f: R = R, (c1,¢9,...,¢4) — f(c1,¢0,...,¢). We call f a ideal of
vanishing polynomsial if the function fv 15 identically zero.

The set Ng[x] = {f € Rl[x1,22,...,2,) | [ is a vanishing polynomial} is obviously an
ideal in R[xy,%a,...,x,], called the ideal of vanishing polynomials.

4.3. A Minimal Strong Grobner Basis of the Ideal of
Vanishing Polynomials

4.3.1. The ldeal of Vanishing Polynomials

From now on let the coefficient ring be R = Z/m, where m > 2, except stated otherwise.
The following results were inspired by the work of Singmaster [74], Kempner [44], Hal-
beisen and Hungerbiihler [38], and Hungerbiihler and Specker [43]. Already in Lemma
5 of [44], a univariate version of the following lemma was proven. Theorem 7 of [3§]
restated this result, and [43] came up with a generalization to multivariate polynomial
rings over Z/m.

Lemma 4.3.1. Leta € Z and o = (, ..., ) € Ny such that m| acal. Then

n o

Poa i= aH H(.CEZ — 1) € Z/m|xy, ..., T,)
i=1 1=1

s a vanishing polynomial.

Proof. Fix an arbitrary point (ci,¢a,...,¢,) € C™. Then pyq(ci,ca, ..., c,) contains,
for all i, by definition the «; successive factors ¢; — 1,¢; — 2,...,¢; — ;. Independent
of the value of ¢;, these contain all factors from 2 up to «;. Therefore, «;! divides
PaalClyCay ..., Cn), for all i. By combining these results, it follows immediately that
aaq!- - oy divides pgo(ci,ca, ..., c,). With m|Zaoz! this yields paq(c1,c,...,¢,) = 0
modulo m. n

Let us now take a closer look at an arbitrary vanishing polynomial:
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4.3 A Minimal Strong Grobner Basis of the Ideal of Vanishing Polynomials 58

Lemma 4.3.2. Let f € Iy C Z/m|xy, 22, ..., x,] be an arbitrary vanishing polynomial
with LT (f) = bx". Then m|_bp!.

For the proof we use some of the ideas introduced in [43], which are based on the
notion of partial differences in the multivariate setting. Already Carlitz used partial
differences in the univariate case, see [17], to give a necessary and sufficient condition
for a function f over Z/p"* to be a polynomial function (i.e., f(a) = g(a) mod p*, for all
a € Z/p* and some polynomial g € Z/p*[z]).

Proof. Let R[xq,...,x,] denote an arbitrary polynomial ring over n > 1 variables, and
let h € R[x]| be a polynomial. Then we may define the i*" partial difference

Vih = h(l"b ces T, Ly, 73771) - h(ﬂh, cey L1y Ly L1y - - - 7xn)7

for 1 <i <n. Note that V; is a linear operator.
Now we can define the successive application of the operator by

Voh:=h, and VF'h:=V,VFh, fork > 0.

(For n = 1, V¥h coincides with Carlitz’ A¥h; see [17].)
Since obviously,

ViVih=h(xy,...,z;+ 1,0+ 1,00, x,) —h(z, oo, x + 1,000, x,)
—h(xy,...,x;+ 1, . 2) + h(z1, ..., 2,) = V;V,h,

for all 7,57 € {1,...,n}, we can extend the operator to arbitrary multi-indices, that is,
with o = (e, ..., ) € {0,1,2,...}", the term

Voh = VIV . Vo h

is independent from the order of application of the V; operators and hence well-defined.

Let us consider the difference (z; + 1)F — 2F = k- 2 + g(=;), where g consists of
lower terms only, that is, deg(g) < k — 1. A simple induction shows that VErhk = k!
and V/z¥ = 0, whenever j > k. Let now ax® := LT (h) denote the leading term. Then,
mainly due to the linearity of the V; operators, it is easy to see that the previous facts
can be further abstracted to the general statements

V°h =aa! and VPh =0, for all § > a.
We apply the first equation to the vanishing polynomial f over the ring Z/m: With

f also VP f = bB! must be a vanishing polynomial, by construction. But this implies
bs! = 0 modulo m. n
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59 4 Vanishing polynomials

4.3.2. A Minimal Strong Grobner Basis of [

The above lemmas suggest to consider the set of all polynomials p, , for which neither o
nor a can be replaced by a smaller multi-index or element of Z/m, respectively, without
loosing the condition m|Zaoz!. (This minimality of a has been inspired by the so-called
Smarandache function which maps m to min{k € N | m| k!}. This function played
a role in previous works which studied the univariate case, and had been named after
F. Smarandache, see [75], although the idea had been introduced earlier by Kempner in
Definition 1 of [44].) We thus define

Sm={(a,a) |1 <a<m, a|m, aeNj, m| aal,
VB=<a: mt apl,
Vb<a, b a: mi bal}

G 1= {pua | (0,0) € S }.

Note that, according to Lemma 4.3.1, all polynomials in G,,, will still be elements of I.
And by Lemma 4.3.2, we can hope to have constructed a strong Grobner basis.

Theorem 4.3.3. Let m > 2 and n > 1 be arbitrary integers. With the above no-
tations, G, is a minimal strong Grobner basis of the ideal of vanishing polynomials
Iy CZ/m[zy, 2o, . .., x,), independent of the global monomial ordering.

Before we prove the theorem, let us take a look at an example.

Example 4.3.4. Let m = q1 - @2 - - qx be a product of k > 1 mutually distinct primes,
and n > 1 arbitrary. We assume ¢ < qa < ... < qi. Then we can immediately write
down all elements of G, :

(3% - 1)(3% —2) (i — C]k)>
Qo (i — 1) (i — 2) - (25 — Q1)
Qe Q1 (@i — 1)(x; — 2) -+ (2 — qu—2),

Qe Q-1 G (v — 1) (25 — 2) -+ - (25 — qu),
in each row for all i € {1,2,... ,n}.

Note that the first type of polynomial is in G,,, as ¢! already contains all ¢;, thus
m|qu!. Also, we need to have all g, polynomial factors since, for all r < qx, ¢ J(Z rl,
ie. m J(Z rl. For the following polynomials, the argument is similar. Moreover, it is
easy to see that we do not have elements in G, involving two or more variables, and
the presented polynomials are all elements of G,,.

In this special case |G,,| = k - n, and the maximal degree is g;. This means that the
size of the basis is only linear in the number of variables.

For the case k = 1, Z/q, is a field, and we obtain only the n polynomials in the top
row, which are well-known for this case.

We now prove the theorem:
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Proof. Let us fix m > 2, the number of variables n > 1, and an arbitrary global mono-
mial ordering. We first show that G,, is indeed a Grobner basis of Iy. To this end,
it suffices to show that (i) S,, and hence G,, is a finite set, (ii) G,, C Iy, and (iii)
L (Iy) C L (G,), since (ii) implies the other inclusion L (G,,) C L (Ip).

(i) Since (o, a) € S, implies @ < (m, m,...,m), the set is clearly finite.

(ii) Gy, consists of polynomials p, , with m[zaa!. Then G,, C Iy by Lemma 4.3.1.

)
iii) Let f € L(lp) be arbitrary. Then there exist some integer N > 1,h; €
Z](m)|x1, xa, ..., x,) and f; € Iy, 1 < i < N, such that

N
F=3 hi LT (f).
i=1
Writing a;x*” := LT (f;), we obtain m|Zaia(i)! from Lemma 4.3.2. Now either (o, a;)
is already an element of S,,. Or we can replace a; by some bi|Zai and /or a® by some
B9 < a® such that (8%, b;) € S,,. We can subsume both cases in saying that, for
cach i € {1,2,..., N}, there is some (3@, b;) € S,, such that bx®"|LT (f;). With
appropriate polynomials ¢;, 1 <4 < N, this amounts to

N
[ = Zhi - 9i - LT (pgeors,) -
=1

ie, feL(Gp).

Next, let f € Iy. Then, with the same argument as for the f; above, there exists a
Pry,c € G, such that LT (p, ) | LT (f). This shows that G,, is a strong Grébner basis.

It remains to show that G, is minimal. To this end, pick two pairs (o, a), (8,b) € S,,
such that ax®|bx?. Then al b, a| m, b| m, and o < 3. We need to prove that a = b
and a = . Computing in Z, take a prime factor ¢ of b and £ > 1 maximal such that
q |Zb. Suppose ¢~ J(Z a. Then aa! would have at least one less factor ¢ in its prime
factorization than ba!. But since m| ac!, we then had m| b/q-a!| b/q- B!, and b would
not be minimal in (3,b) € S, We conclude that b a. We write this as a = d - b for
some d| m. Now a| b, that is, m| a-c— b for some c. Putting things together we get
bd = a| m| bed — b = b(cd — 1). Hence d| (cd — 1) which can only hold for d = 1,
implying a = b. But then we must also have a = 3, since otherwise $ would not be
minimal in (5,0) € S,,. O

We show that leading terms of a min. strong Grobner bases of Iy C Z/m[z1, xo, . .., y)
are unique, up to multiplication by units of Z/m. We prove this result as a consequence
of a more general statement for ideals over arbitrary commutative rings with 1 that has,
to our knowledge, not been stated before. (Note the similar statement in the field case;
see e.g. Proposition 1.8.4 in [1].)

Theorem 4.3.5. a) Let G, F' be two minimal strong Grébner basis of an arbitrary ideal
I C R[zy,29,...,x,], where R is any commutative ring with 1. Then |G| = |F|, and the
sets of leading terms in G and F' coincide up to multiplication by elements of R, 1. e.,

VgeG IfeF JceR LT (g)=c-LT(f). (%)
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61 4 Vanishing polynomials

b) In the case of R = Z/m and I = I, the ring elements ¢ in (%) can be chosen to be
units of Z/m.

Note that the second statement holds for any ideal, if the ring R is a domain.

Proof. a) Starting with the proof of (%), we pick any g € G C I. Then, by strongness
of F, there is some f € F such that LT (f)|LT (g). Vice versa, by strongness of G,
there must be some ¢’ € G such that LT (¢) | LT (f). Therefore, LT (¢’) | LT (f) | LT (g),
which implies g = ¢/, by minimality of G. But then the leading monomials LM (f) and
LM (g) must also coincide, yielding the desired relation between LT (f) and LT (g).

Similar to the previous argument, it is easy to see that no two distinct leading terms
in F' can fulfil a relation (%) with the same leading term in G, and vice versa. This
implies the equality [{LT (¢9) | g € G}| = {LT (f) | f € F'}| which clearly amounts to
|G| = |F|, by the minimality of G and F'

b) We first choose G = G,, to be the explicitly given Grébner basis;, and F' any other
minimal strong Grébner basis of Iy C Z/m[xy, xa, ..., x,]. Consider a relation as in (),
ie,b-x%=c-a-x*, where (8,b) € S,, and a - x* denotes the leading term of some
f € F. Then b = a-cmod m, in other words m| ac —b. Now let a := ged (a, m) be the
maximum portion of a that divides m, that is, a = a - u, where ged (u, m) = 1 which is
equivalent to u being a unit in Z/m. Since a| m| ac — b, we obtain al_b.

We want to show a = b, so for a contradiction let us assume a < b. f € F C I
implies m|_aa! by Lemma 4.3.2, hence m| aa! = af!, as the factors in a/a do not affect
divisibility by m and since obviously a = 5. But this means that we could replace b by
the smaller a and still preserve the condition m|Zdﬁ!. This contradicts the minimality
of bin (8,b) € S,,,. Hence a = b.

We thus arrive at the claimed relation u - bx” = ax®, and ¢ can be replaced by the
unit u' € (Z/m)*.

We have shown that we can relate the leading terms of any minimal strong Grobner
basis F' of Iy C Z/m|xy, 22, ..., x,] to the leading terms in G, by units. By transitivity,
we can now clearly also relate the leading terms of any two minimal strong Grobner
bases by units. This concludes the proof. ]

Note that an arbitrary factor ¢, relating two leading terms, need not necessarily be a
unit. For example, consider the polynomial f(z,y) = 3(zx—1)(x—2)-(y—1)(y—2) € Gia.
We may switch to another minimal strong Grobner basis of Iy C Z/12[z,y|, simply by
replacing f(x,y) by f'(z,y) =9(x —1)(x — 2) - (y — 1)(y — 2). Note that over Z/12 the
ideals (f) and (f’) are identical. Thus, G, \ {f} U {f’} must still be a minimal strong
Grobner basis. Now obviously LT (f') =3 - LT (f), but 3 is not a unit in Z/12.

We point out that minimal strong Grébner bases are in general not unique. This is
due to the fact that we only consider leading terms and do not require tail reduction
here. For example, in the case of the ideal Iy, we can easily modify the basis G,, and
still obtain a minimal strong Grobner basis. To this end, we may pick two elements
fyg € G, with LM (¢g) < LM (f) and replace f by f + g.

Let us once again take a look at the complexity of G,,, that is, the size |G,,| as a
function of the number of variables n. The discussion that followed Example 3.4 already
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made clear that |G,,| is only linear in n, when all prime factors of m are mutually
distinct. In the general case when m = ¢7" - ¢5° - - - ¢;* with some e; > 1, the construction
is combinatorially more complex. However, based on the following investigation for the
practically relevant case m = ¢*, we conjecture that for fixed m the size of G,, is always
polynomial in n.

Since we are interested in the asymptotic behavior of |G,,| for large n, we may assume
that n is much larger than m = ¢*. We can decompose G,, into the disjoint union

G, = U G%), where
0<j<k
GO ={¢’ (= 1) (x;— (k—j)g) | 1<i<n}
U{e’ - (i, = 1)+ (20, = $19) (23 — 1) -+ (23, — 52q) |
1 <iq,ip <myiy # iy 1 < 51,8281 + 80 =k — j}

U (i, = 1) (i — @) = 1)~ (a1, — )
(%‘k,]— —1)"'(1’%,]- —q) | 1<, <njiy # i, foru # v},

that is, in GY) we have the constant coefficient ¢’, and we have polynomials in 1 up to
k — j variables. With h; := |G7($L)|, we obtain the very rough estimates

k—j

n n : n n
h: < AL L i k< Kk
me(p)#ee (() > (1) v= ()
n
> :
h]_(k—j)

For h:= |G| = Do by we thus get

(i) ﬁki(kij) <tk () w = (7) #

J=0

and h = |G,,| is polynomial of degree k in the number of variables n.

4.3.3. Computing the Reduced Normal Form of a Polynomial

After we have given a minimal strong Grobner basis of Iy C Z/m[zy, xs, .. ., x,], we shall
now turn to computing representatives of the residue classes in (Z/m[zy, z2, ..., z,]) /Lo.
When we impose certain bounds on the coefficients of all monomials, these representa-
tives are unique:

Proposition 4.3.6. Every residue class f € (Z/m[x1,2o,. .., 2,]) /Iy has a unique rep-
resentative f € Z/mlxy, T, ..., x,] of the form
f= Z aox”, where 0 < a, < W, for all a.

ae{0,1,....m—1}"
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63 4 Vanishing polynomials

Note that, whenever m\za!, the given bound forces a, to be zero.

Proof. Let f € Z/mlxy,xs,...,x,] be an arbitrary polynomial. Suppose f contains a

monomial ax® for which a > ¢ := m. Due to division with remainder of a by ¢ in

Z, we obtain a = k - ¢+ r for some k € {1,2,...}, and 0 <r < ¢. Now, m\Z#ﬁa!). In
other words, m| ca!, and p,. € Iy by Lemma 4.3.1.

As a consequence, f and f' := f — k- p,. lie in the same residue class. Moreover,
the coefficient of x* in f" is a — k - ¢ = r, for which the claimed bound holds. Since
we have a global ordering on the monomials, we need only finitely many repetitions of
the presented reduction step, in order to arrive at a polynomial g which also lies in the
residue class of f, and the coefficients of which all satisfy the required bound condition.

For proving uniqueness of the constructed representative, assume we have two repre-
sentatives fi, fo of the residue class of f, realizing all coefficient bounds. Then, by defin-
ing either g := f; — fo or g := fo — f1, we obtain a polynomial g € Iy with LT (g) = ax®
and 0 < a < m. By Lemma 4.3.2, we know that m|Zaa!. We need to show that
a = 0; so for a contradiction, let us assume that a > 0. With b := ged (m, a) we still
have m| bal, i.e., 3t al. Then also | ged (m, a!) which implies m| b-ged (m, al). But
b-ged (m,al) < a-ged(m,al) < m, yielding the desired contradiction. O

As an immediate consequence, we can count the number of polynomial functions which
is the same as the number of residue classes in (Z/mlzy, za, ..., x,]) /1o

Corollary 4.3.7. The number of polynomial functions (Z/m)" — Z/m is given by
_ H m
B L ged (m,al)

In comparison, the number of all functions (Z/m)" — Z/m equals

mm") = H m=N - H ged (m, o).

aeq{0,1,....,m—1}" aef{0,1,....,m—1}n"

Z/m — Z/m | No. of functions | No. of polynomial functions
m = 2° 256 64
m = 28 10616 1016
m = 216 10315652 1052
m = 232 1041373247567 10184

Hence, if m is not prime, there are fewer polynomial functions (Z/m)"™ — Z/m than
functions. This has the consequence that not every problem which can be modeled by
functions, like problems coming from formal verification, can be modeled by polynomials
over Z/m (cf. [89] where, nevertheless, polynomial ideals over Z/2* have been used
successfully).

The following conjecture was verified for small m, n.
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Conjecture 4.3.8. A function Z),, — Z, is polynomial if and only if Newton inter-
polation works. This means that the division during the algorithm is possible, but not
necessarily unique.

Further a straightforward generalization of the Nullstellensatz is not possible as the
following lemma shows.

Lemma 4.3.9. Let R be a ring with zero divisors. There exists no ring R> R, such
that every non-constant polynomial of R[x] has a zero in R.

Proof. Let n € R\{0} be a zero divisor and consider f = nx — 1. Assume there exists a
ring R D R which contains a root r of f. Then f(r)=n-r—1=0and hence 1 =n-r.
On the other hand, there exists an m # 0 with m-n =0 and hence m-1=m-n-r =0,
a contradiction. O

Following the idea in the proof of Proposition 3.6, we are able to present a very fast
algorithm for computing the reduced normal form, that is, the unique representative of

a residue class in the ring Z/m[zy, zs, . . ., 2,] module Iy. (see [72] for Z/2F):
Algorithm 8 Reduced normal form in Z/m[zy, zs, ..., x,] with respect to Iy
Input: f € Z/m[zy,x,...,2,] a polynomial
Input: > any monomial ordering on Z/m[zy, xa, . .., x,]
Output: A the reduced normal form of f with respect to I
h:=0
while f # 0 do
ax® := LT (f)
€= Edmah
solvea=k-c+rwithkeNand0<r<e¢
= h+rx®
= f_k'pa,c_rxa
end while
return A

Note that the algorithm makes sure that f 4+ h will always represent the same residue
class, as pa. € lp. Since initially A = 0, this class must be the residue class of f.
After termination, which is ensured by the global ordering, A consists only of terms
with appropriate coefficient bound, i. e., h must be the unique representative as given in
Proposition 3.6.
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65 4 Vanishing polynomials

4.3.4. Computing Minimal Strong Grobner Bases over Different
Rings Z/m

The simple structure of minimal strong Grébner bases provides us with a recursive means
to construct GG, from bases for smaller m. We are especially interested in computing
Gy from the elements of the already computed set G,,, where M = ¢-m with ¢ a prime
number. The following pairwise disjoint decomposition of G, is easy to verify:

GM = {pa,a | Pa,a S Gma (Oé’a) € SM}
U {pa,aq | pa,a S Gmu (au OJQ) € SM}
) {pa—i—,@,b | Paa € Gm7 36 € B(Oé,Cl,Q) = b|ZM : (OZ + 5717) S SM}a

where B(a, a,q) denotes the set of all > (0,0,...,0) such that (o + 8)! contains one
more prime factor ¢ than aa!.

Algorithm 9 RecComp(M ), Recursive computation of Gy
Input: M € {2,3,...}
Output: Gy
pick any prime factor q of M
if M =g then
A:={q-e; | 1 <i<n}, where the e; are the unit vectors in N”
G :={pay1 | a € A}
else
m:= M/q
H :=RecComp(m)
G=1{}
for all p,, € H do
if (o, a) € Sy then
G :=GU{paa}
else
G = GU {paaq}
for all g € B(w,a,q) C {5 | (0,0,...,0) <5 =1(q,q,...,9)} do
b= Gt (arn
G =G U {patpp}
end for
end if
end for
end if
return G

This decomposition says that we may already directly find elements of G, in G,,.
Or, secondly, we may build an element of G,; by multiplying an element of G,, by gq.
Besides altering the coefficient only, we can also try to enlarge the exponent vector of
some paq € Gy, such that the new exponent factorial (o + )! contains one more prime
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factor ¢ than aa!. However, enlarging the exponent may introduce many more divisors
of M, so that in general we need to adjust the coefficient. It is easy to see that once a
suitable [ is found, we can set b = W]\{at@)!)' The search for suitable $ can obviously
be limited to the set defined by the condition § < (q,q, ..., q), that is, we know a finite
superset of B(a, a, q).

In practice, all three cases may occur. The following examples are numbered according

to the order in the above decomposition. (The number of variables, n, equals 2.)
Example 4.3.10.

1. G3 C Gg, since 3! = 6 already contains all necessary factors; see Example 3.4 (and
the remark regarding k = 1) to recall the elements of Gs.

2. With q any prime, we have ps0)2 € G2 and peso)2.q € Gra.q-

3. We have 6(x — 1)(z — 2)(y — 1)(y — 2) € Gog. We try to construct an element in
Gag.3 by enlarging the product of x and y terms. Since 6-2!-2! contains one prime
factor 3, we try to move to the target product (x—1)(z—2)(x—3)(y— 1)(y 2)(y—3)
which realizes one more factor 3 because 32| 313l Nowb = = 2 and

hence 2(z — 1)(x —2) - (x — 3)(y — 1)(y —2)(y 3) € Gra.

gcd(72 313

The above decomposition of Gy, and the structure of G, for a prime ¢ as discussed
in Example 3.4, give rise to the following algorithm.
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Chapter 5.

Applications to formal verification

A new approach for proving arithmetic correctness of data paths in System-on-Chip mod-
ules is described in Section 5.3 after preliminaries and further investigated approaches
in the two prior sections. Our new approach complements existing techniques which
are, for reasons of complexity, restricted to verifying only the control behavior. Normal-
ization at the arithmetic bit level (ABL) is combined with the techniques of computer
algebra to verify arithmetic parts of modern microchip designs. The approach proves
tractable for industrial data path designs where standard property checking techniques
fail (e.g. Infineon’s Tricore 2).

The joint research was done and continues to grow within the project “Verification of
Systems-on-Chip with algebraic Methods (VerSys)” of the Center for Mathematical and
Computational Modeling (CM)? [19].

This chapter is based on several publications [89, 9, 62] together with Michael Bricken-
stein, Alexander Dreyer, Gert-Martin Greuel, Wolfgang Kunz, Evenly Paleness, Dominie

Scoffed and Markus Wedler.

5.1. Introduction

Property checking has become well-established in modern design flows for Systems-on-
Chip (SoCs). Its main application domain is ensuring the correctness of the individual
SoC blocks. This does not only lead to high quality IP (intellectual property) modules
but also reduces the costs for system integration and chip level simulation. Given IP
modules of provably high quality, chip level simulation may concentrate on true system
level aspects and is relieved from hunting bugs in local modules. Therefore, in recent
years, a lot of effort has been made to develop sophisticated methodologies and tools
for formal module verification based on property checking. Today, formal property
checking can handle almost all types of modules that can be found in today’s SoCs.
Nonetheless, a few pathological cases remain that sometimes limit the application of
property checking in industrial practice. In particular, data paths are often a challenge
for formal techniques, especially, if not only the correctness of the control flow but also
correctness of the data is to be proved.

For complex arithmetic data paths simulation is, therefore, still prevailing in industrial
verification environments. This is due to the inability of standard proving procedures
based on satisfiability solving (SAT) or binary decision diagrams (BDDs) to handle
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arithmetic functions. Especially multiplication — as it is part of nearly all data paths
for signal processing applications — has remained a severe problem for standard tools.
This deficiency has motivated the research community to investigate alternative proof
methods with focus on arithmetic.

In case the validity of a property can be proven without consideration of the exact
functionality of the data path, abstraction and refinement techniques have shown supe-
riority over pure Boolean SAT techniques. A survey on these techniques can be found
in [45]. However, for properties that depend on the exact functionality of the datapath
a suitable abstraction is not likely to be found.

Another direction of research investigates SAT-modulo-theory (SMT) solvers. These
solvers combine a SAT solver with specialized solvers for certain well-selected theories.
An example for such a theory is the theory of equality with uninterpreted functions used
in UCLID [69]. In case the problem at hand really depends on the exact functionality
of a datapath, as is typically the case, most SMT solvers resort to bit blasting [45] for
the corresponding problem parts. In this case SMT solvers show the same performance
limitations as pure SAT solvers as soon as these datapaths include multiplication op-
erations. The decision problems in RTL-property checking could be expressed as SAT
problems for formulas of the quantifier free logic (QF-BV) and in principle be solved
using solvers such as Yices [28], MathSat[15], Z3 [22] or Spear [4]. For sophisticated
datapath implementations involving multiplication, however, experience shows that the
problems are still beyond the capacity of such solvers.

Recently, techniques from symbolic computer algebra have entered the verification
arena. The authors of [73] present a procedure to determine whether a multivariate
polynomial with fixed word length operands is vanishing. By this means a comparison
of polynomial representations for bit vector functions is feasible. This procedure is ex-
tended towards multiple word length operands in [70, 71]. However, both approaches
require a word level representation of the datapaths under comparison. This limits their
applicability in RTL property checking. Due to performance and area requirements
RTL designers typically design specialized arithmetic components. These components
are often designed using bit level arithmetic circuitry to build addition trees and par-
tial products. The smallest entities in an addition tree can be described using half and
full adders in general. An approach for verification of such bit level implementations
using Grobner basis theory over fields is reported in [86]. This approach requires poly-
nomial specifications for every building block in the hierarchy of the arithmetic circuit
design. After proving that a block, e.g., a CSA adder, fulfills its local specification, the
polynomial representation is used to verify the block in the next level of the hierarchy.
However, as the correctness proof includes a range check the intermediate results at
the block boundary are required to have sufficient bit width to represent every possible
result. For designs implementing integer arithmetic with fixed bit width this is often
not the case.

A heuristic approach to exploit the availability of arithmetic bit level (ABL) infor-
mation in RTL designs has been reported in [87]. In this work a data structure called
ABL description for representation of addition networks and bitwise multiplication is
transformed into a reduced normal form. By canceling out common addends from addi-
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Figure 5.1.: Digital system design flow

tion networks in the fanin of a comparator the normalization approach relieves the SAT
solver from reasoning in structurally different implementations for the same arithmetic
function.

In order to overcome the limitations of [86] we use computer algebra algorithms for
rings Z /2" to solve decision problems at the arithmetic bit level. This extends the nor-
malization approach of [87] with a clean and well-understood mathematical foundation.
We show that an ABL description [87] can directly be transformed into a set of equiv-
alent variety subset problems. We exploit the observation that under certain monomial
orderings the set G of polynomials generated from the ABL components forms a Grobner
basis of the ideal I = (G) generated by these polynomials with special properties. This
allows to solve the variety subset problem and hence decide problems at the arithmetic
bit level.

5.1.1. Design flow

The circuit design starts with an informal specification of a microchip (Figure 5.1) by
some tender documents which are usually given in a human readable text or presentation
format. In a first step the specification may be translated in a high-level modeling
language. One possibility is to use high level synthesis for generating a register transfer
level (RTL) design which describes the flow of signals between registers in terms of
a hardware description language [76]. But this is rarely used in practise as it does
constrain the freedom of the design. Instead, designers manually create the RTL design
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in a hardware description language. Concurrently, intended behavior specified by the
informal specification is formalized by formal properties. Automatic tools are used to
ensure that the RTL design fulfills these conditions.

After passing property checking a netlist is generated semi-automatically from the
RTL. The latter is used to derive the actual layout of the chip mask. The validation
that different circuit descriptions arising from the last two steps emit the same behavior,
is called equivalence checking. Since this can be handled accurately, setting of the
RTL design is the most crucial part. Errors at this level may become very expensive, as
they may lead to unusable chip masks or even defective prototypes. In the following we
present to approaches to overcome present verification problems by computer algebra
methods using standard bases over rings.

The ability of checking the validity of a proposed design restricts the design itself: a
newly introduced design approach may not be used for an implementation as long as its
verification cannot be ensured. In particular, this applies to digital systems consisting
of combined logic and arithmetic blocks, which may not be treated with specialized
approaches. Here, dedicated methods from computer algebra may lead to more generic
procedures, which help to fill the design gap.

5.2. Encoding using native ring variables

5.2.1. Problem formulation and encoding in algebra

The verification problem is defined by a set of axioms M representing the circuit w.r.t.
given decision variables. In addition, a set of statements P represents the property to
be checked. For instance, if M models a multiplication unit, a suitable P would be the
condition that after a complete cycle the output of M is the product of its inputs.

The question, whether the circuit represented by M fulfills P can be reformulated in
the following way: First of all, we may assume, that M is consistent, i.e. there are no
contradictions inherent in the axioms, since the axioms describe a circuit. Then the new
set of axioms M A —P is contradictable if and only if M implies P. Hence the desired
property P will be proven by showing, that M A =P has no valid instance, i.e. one
fulfilling the axioms and not the property.

In the following we encode this logical system into a system of algebraic equations in
two ways, on word level and on bit level. The word level model will lead to consider
Grobner bases over the ring Zg» while the bit level will lead to Grobner basis over Boolean
rings. Here and in the following Z,, denotes the finite ring Z/mZ for m € Z\{0}.

Word level encoding

We illustrate, how the problem of formal verification can be encoded in a system of
algebraic equations using polynomials over the ring Zs.. Let n be the word length
of the circuit, i.e. the number of bits used by each signal (in typical applications we
have n € {16,32,64}). Then the RTL description displayed in Figure 5.2(a) is equivalent
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Figure 5.2.: RTL design and property
to the following set of algebraic equations
M={b+c=d, a-d=c¢} (5.1)

where b+c—d, a-d— e are polynomials in Zsn[a, b, ¢, d, e, f]. Of course, the two equations
in M are equivalent to a - (b + ¢) = e, but in general the latter input-output form is
infeasible due to its complexity. Also, there can be more than one output per block and
only some of these outputs may be used further.

For example, Figure 5.2(b) presents the property

P={b=0,a-c=f}. (5.2)

In this case, the statement that M implies P is equivalent to the assertion that M U
P U {f # e} has no solution. Since the set {f # e} is not a closed algebraic set, we
replace f # e by s- (f —e) = 2”71, where s is a new variable. Indeed, it is easy to
see that a value s € Zgn fulfills this equation if and only if f # e (since the ring Zaon
has zero divisors, f # e cannot be encoded by s(f —e) = 1). Let I be the ideal
({b+c—dya-d—e, bja-c—f, s-(f—e€)—2""1})in Zynla,b,c,d, e, f,s]. Then the

question reduces to the question whether
V(I) = {(a,b,c,d, e, f,s) € Zs. | pla,b,c,d,e, f,s) =0, for all p € I}

is empty. There are no solutions for the ideal I (i.e. V(I) = 0) if and only if M A =P
is contradictable, that is, P is satisfied by M.

One way of tackling this problem is to compute a Grobner basis of I in the ring R/ Iy,
where [y denotes the ideal of vanishing polynomials in R, i.e. polynomials evaluating
to zero at any point of ZI.. Due to the zero divisors in this ring the ideal I, has

more structure than in the finite field case and even its Grobner basis can become
huge (cf. Chapter 4).

Bit level encoding

An alternative approach is to encode the problem at the bit level, that is, as polynomials
over Zs. This approach is based on the fact that every value of x in Zy» can be encoded
uniquely to the base 2, i.e. in its bits:

r=x0+ 22+ + 2, 12" x; € {0,1}. (5.3)
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73 5 Applications to formal verification

In the example above we can express each variable a, b, c,d, e, f analogously to Equa-
tion 5.3 with new variables a;, b;, ¢;, d;, e;, f; € {0,1},0 =0, ...,n—1. Then Equation 5.1
and Equation 5.2 must be rewritten, which yields n equations for each of them. Gather-
ing all corresponding polynomials and adding the polynomial ] (1 — f; + ¢;), which is
equivalent to f # e, we obtain an ideal I over R := Zsao, ..., fn—1] in 6 n variables.
For instance, the bits po,...,p,—1 € {0,1} of the product p = a - b are given by
equations p; = a; - by + Zg;ol(ai - bj_i + t; j_i) over Z,, where the t;; mark rather
complicated bit level expressions in the s;; € {0,1}, which fulfill py + sx12 + --- +
Skn_12" = ay - by + Zf:_ol(ai “br—i + Sik—i) in Zon. For example, for n = 4, we get

p3s = aszby+ azby +ay by + agbs + azay agby by +

az ay by by + az ag by by + ay ag by by by + ay ag ba by + ay ag by by
p2 = asby+ai by +apgby + ayapby by
p1 = ai1bg+ agb

Po = agbo

Again let Iy be the ideal of vanishing polynomials in R. In this case, the ideal [ is
generated by the field equations 22 — 2 = 0 for every variable x. Now we compute a
Grobner basis of [ in the ring R/Iy. In this ring every ideal is principal and hence its
reduced Grobner basis will consist of just one polynomial. Moreover, I = (1) if and only
if its reduced Grobner basis is {1} and this is equivalent to the zero set of all polynomials
in I being empty, and therefore if and only if the property P holds.

Modeling advantages and disadvantages

Both modeling approaches presented in Section 5.2.1 and Section 5.2.1 have strengths
and weaknesses. On the one hand, the word level formulation of verification problems
as polynomial systems over Z. leads to fewer variables and equations. The equations
of arithmetic blocks, like multiplier and adder blocks, are given in a natural and human
readable way. However, not all formulae on word level (for example bitwise and, or,
and exclusive-or) may be coded by polynomial equations. Therefore, full strength
will need bit level encoding of some variables. Another drawback are the coefficients
from Zsn, which is a ring with zero divisors and not a field. Hence, one cannot rely on
valuable properties of fields, like the algebraic closure.

Since Z, is a field, these restrictions do not exists for polynomials over Z,, which can
be used for formulation of arbitrary bit level equations. Moreover, since the coefficients
are restricted to be one or zero, they need not to be stored at all. Hence, a specialized
data structure is possible, which is tailored to suit this application task. On the other
hand, contrary to the word level case, bit level formulations carry many variables and
equations. The number of them may grow exponentially even for some applications
which can be handled easily over Zgn.
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5.2.2. Conclusion

Research and experiments using native ring variables on the word level have shown that
the approach is infeasible at the current stage. For details regarding research for bit
level encoding please refer to [8].

Instead a further encoding combining certain aspects of the encoding described above
have lead to the ability to proof industrial designs. This encoding is described in the
next section.

5.3. Encoding using restricted variables

In this section we will describe an encoding inspired by the ABL description (see [87]
or the following quick introduction). The encoding with polynomial description over a
ring resulted in algorithm feasible to proof correctness of industrial designs. At first a
short introduction to ABL descriptions of circuits.

5.3.1. ABL description

Arithmetic bit level (ABL) descriptions as introduced in [87] have proven to be useful
for modeling the arithmetic parts of a property checking instance. In this section we
briefly review this notion as far as it is required for this document. We use the following
notations:

e For a € Z, b > 0 the remainder, a mod b, of the integer division a/b denotes the
smallest £ > 0 with k£ = a — mb for some m € Z.

e For n > 0 and a € 7Z the uniquely determined bit vector (a,_1,...,ay) with a
mod 2" = Y77 2%q; is denoted as (a,n) = (an_1,...,a0), i.e., {a,n) is the n-bit
binary unsigned integer representation of a.

e B ={0,1} C Z denotes the Boolean space.

The combinatorial transition function of an RTL circuit design is usually modeled
by a directed acyclic graph where the vertices are labeled with bit vector functions.
It is common practice to translate verification problems for RTL circuits into such bit
vector netlists with a single output indicating whether, e.g., a certain property holds for
a design. For the arithmetic problem parts we extract an ABL description from this
netlist. This description again is a directed acyclic graph where the vertices can be of
type “partial product generator”, “addition network” or “comparator”. These vertex
types are defined as follows:

Definition 5.3.1. Letn,m € N, w :{0,...,m} — Z and ¢ € Z. The bit vector function
r:B™ — B"™ with
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75 5 Applications to formal verification

is called addition network with addend set A = {x,...,x,}. n is called result
width, ¢ is called constant offset of the network and w(i) is called weight of the addend
ZT;.

The bit vector function pp : B" x B™ — B™ with

pp(X1, o Ty Yty Ym) = (T yli=1,...,nand j =1,...,m)

15 called partial product generator.
FEvery bit vector function cmp : B" x B® — B with

emp(<z+kn><y+kn>)=cmp(<z,n><ymn>)
for all k € Z 1s called comparator.

Partial product generators model bit-wise multiplication and comparators model com-
parison of bit vectors. Bit level addition units like half adders (HA) or full adders
(FA) are modeled as addition networks. By construction, addition networks can be
used to model any addition circuit ranging from HAs and FAs up to the entire addition
scheme of a multiplier or a multiply-accumulate unit. This is true for both signed and
unsigned arithmetic.

Example 5.3.2. An signed 2 x 2-bit multiplier can be modeled with the partial product
generator

pp(%,xl,ymyl) = ($oyo7$1y0,$oy1,$1y1)

and the addition network

7"(]90,071’1,0,]90,17?1,1) = (po,o - 2]91,0 - 2190,1 + 4]91,1, 4>

A simple bit level implementation of this multiplier may implement the addition network
using a fulladder and two halfadders. They can be modeled by the addition networks
fala,b,c) =<a+b+c,2> and ha(a,b) =< a+b,2 >, respectively.

(p31p21p1lpo)_>@—(23’22’21’20)
D_(Xl‘xo)

(0)——

—(Y,.¥,)

( )»’7
(P3 Py,
() —(s)

Figure 5.3.: ABL description for Example 5.3.2

For reasons of space we omit the formal definition of ABL descriptions as a DAG.
The interested reader is referred to [87]. Basically, the nodes of the graph are labeled
with their vertex type and the edges describe the interconnections between them. Here,
we explain this concept by continuing Example 5.3.2.
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5.3 Encoding using restricted variables 76

Example 5.3.3. The ABL description for the comparison of the bit level multiplier
implementation discussed in Example 5.3.2 against its word level specification is depicted
in Figure 5.3.

The vertices of this graph are labeled with the bit vector function defined in the previ-
ous example. The edges (v,v") are labeled with bit vectors that propagate the result of v
to the inputs of v'. In other words, the variables are defined by the following equations:

b p07p1,p2,p3) pp(foafcbyo,yl) = ($0y071713/o,130y1,$€1y1)

20, 21, %2, 23) = 1(Po, D1, P2, P1) = (Do — 2p1 — 2p2 + 4ps, 4)

s',c) = fa(p1, pa2, ps (p1 + p2 + ps3, 2)

(
(
® (s,¢) = ha(pi,p2) = (p1 + p2,2)
( ) =
(s",c") = ha(c,s') = (c+ &', 2)
),

o <0> = 6Q(<Zo,2172’2,Z3 (p073 s, c )) = ((2’0721722,23) == (pOasvsllvc”))

This example illustrates that ABL descriptions may contain structurally dissimilar
representations for one and the same arithmetic function. To simplify the comparison
of such representations a heuristic ad-hoc algorithm called A BL normalization was pro-
posed in [87]. This algorithm performs a series of local equivalence transformations on
the ABL description that are based on the commutative and distributive laws.

However, in the next section we will describe how to obtain a variety subset problem
that is equivalent to the decision problem resulting from the comparison of such ABL
representations. This paves the way for the application of generic computer algebra
algorithms for which efficient implementations are available.

5.3.2. Using standard basis techniques to verify proof goals

Application of computer algebra techniques to ABL verification problems requires ABL
components to be modeled by polynomials over a unique ring. Due to the operation
mod used to specify ABL components, the ring Z/2" seems to be the natural choice.
However, the mapping of ABL descriptions on sets of polynomials G C Z/2"[X] over
such a ring is not trivial and will be detailed in this section. The key observation is that
the constructed set G is a Grobner basis of the generated ideal I = (G). This makes the
proposed approach computational feasible.

We start with a set of equations G;,j = 1,...,m given by polynomials f; € Z[X], X
a finite set of variables, which are of the form

n;—1

e 222 () _ (a(lﬂ)ﬂg),.“ a(j3> mod 2™,

» ' m

For the variables r, () al(c) € X in this equation we assume 7“ 7& a ) for 1 <1< jand

(4)

all 7, k. We call the variables a(j ) inputs and r;”" outputs of G.
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7 5 Applications to formal verification

Note that the equations G; can be easily generated from the vertices of an ABL

description and that the condition T’Z(j ) #+ ag) is fulfilled as the ABL description is acyclic
by definition. For illustration we give a few examples.

Example 5.3.4. The partial products of a non-Booth-encoded n x m multiplier can be
modeled by the polynomial equations

Gig i = aby mod 2,(k=0,...,n—1,1=0,...,m—1)

Example 5.3.5. A full adder with inputs ag,a1,as and outputs s and ¢ for sum and
carry is modeled by the equation

Gra:2c+s=ag+ a; + ax mod 4

Example 5.3.6. A k-bit adder with inputs a = (ag,...,ax—1) and b = (b;) and result
r = (r;) is modeled by

k—1 k—1
Gadder : Z 2iri = Z 21(@1 + bz) mod 2k
=0 =0

For every proof goal, we obtain an additional polynomial g depending on a subset of
variables {a1,...,a;} C X and need to check whether

glay,...,a;) =0 mod 2"
for all solutions of the set of equations {G;}.

Example 5.3.7. A k-bit comparator of operands a and b is modeled by the polynomial

k-1

g=> 2(a;—b)

1=0

Denote the set of all solutions to {G;} as V({G,}). Analogously let V(g) be the set
of all roots of g. Usually the equations G, and the polynomial g are given mod 2F
for different k. We apply a number of transformations to create an equivalent variety
subset problem V ({h;}) C V(g) where h; and g are polynomials over a single ring Z/2V
with appropriate N, which is necessary in order to apply computer algebra. To solve
the problem we construct a Grobner basis and then use normal form computations with
respect to this basis.

For the reader’s convenience we recall some basic facts about Grobner basis theory
(see also Chapter 1). We need a monomial ordering <, i.e., a well ordering on the
set of monomials s.t. multiplication with a monomial respects the ordering. Here a
monomial is a power product of variables and a term is the product of a monomial
with a coefficient, i.e., an element of the ring Z/2". Any polynomial f # 0 can be
written as a finite sum of terms, f = ¢ymy + - - - + ¢,m, with ¢; coefficients # 0 and m;
monomials s.t. m; > mg > --- > m,. The largest term plays a special role and we call
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5.3 Encoding using restricted variables 78

LM (f) := my resp. LC(f) := ¢y resp. LT (f) := ¢;my the leading monomial resp. the
leading coefficient resp. the leading term of f.

Let G C Z/2N[X] be a finite set of polynomials and f € Z/2V[X]. If cm is any
(non-zero) term of f and if cm is divisible by the leading term of an element h € G we
say that f is reducible to f' := f—(em/LT (h))-h and write f - f'. The transitive and

reflexive closure of the relation 7 is denoted by —;> If f % g and if ¢ is not reducible

by any h of G we call g a normal form of f w.r.t. G. This notion is, however, only
useful if G is a Grobner basis. In order to define a Grobner basis we need the ideal
I =(G) = {>)cc fuh|fn € Z/2V[X]} generated by an arbitrary set G of polynomials.
Note that for the set of solutions we have V(1) = V(G) for any set of generators G. A
set of generators G is called a (strong) Grobner basis (of 1) if f —;> Oforall fel. IfGis

a Grobner basis then the normal form of any element g € Z/2V[X] is essentially unique
and equal to 0 if and only if f € (G).

5.3.3. Problem formulation over a single ring

Instead of directly converting the equations G; into a set of polynomials over a single
ring, we generate some additional equations. These equations are redundant in the sense
that they can be derived from the original equations G;. However, they will play an
important role for the efficiency of the solution techniques described in Section 5.3.4.
More precisely, these equations ensure that the polynomial system generated from them
is a Grobner basis of the corresponding ideal. This will be discussed later.
For every GG; we generate n; equations
t—1

th) : ZZirZ@ = f]@ (agj),agj), e a(j)> mod 2°

7 Tmy
i=0
witht =1,...,n; and with f;t) = f; mod 2 being the minimal polynomial (see Propo-
sition 4.3.6) representing the same polynomial function (Z/2)™ — Z /2" as f;.
Obviously, every solution of the G} is also a solution of the system {th) [t=1,...,n,}
and vice versa.
Let S be the set of variables (signals) occurring in ¢ saturated with respect to the

property that if 7"91 € S then all variables of GSO are also in S. For the further course

of action only the equations Gﬁ»t) with 7‘,@1 € S are relevant. The solution set for the
variables in S does not change when omitting the other equations. Note that this
corresponds to a cone-of-influence reduction on the netlist of a circuit.

Example 5.3.8. Suppose the n bit final adder of a multiply/accumulate unit is reused
for computation of an m-bit addition (m < n). In a property checking instance for this
addition only the lowermost m bits of the adder take influence on the arithmetic result.
By the above construction we only instantiate the equations

t—1 t—1
Gfltd)der : Z 2iri - Z 21((11 + bz) mod 2t
=0 1=0
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79 5 Applications to formal verification

fort < m.

So far the equations GP use the operation mod 2! for different ¢, that is, we work
over different rings Z/2' and none is contained in the other (we have only surjections of
rings Z — 7Z/2" — 7/2¢ if t > t). In order to apply Grobner basis techniques to the
problem we need to generate a set of polynomials over a single ring.

Let N :=n+max{n; | j =1,...,m} with ng, n,m as above. We want to transform
every equation into an element of the polynomial ring over Z/2". To achieve this, we

introduce new variables sl(tj ) (called slack variables) and consider the polynomials

Y m;

t—1
é§t) = Z QiTEj) — fj(t) (agj), agj), e a(j)> - QtSEj).
i=0

The set of common roots for the é;t) projected on the variables in S corresponds to

V({G;}). We can omit some of the extra variables s¥ if we know that 0 < f]@ <
2t — 1 holds over Z. If this condition cannot be guaranteed and we need to know the
exact value of sl(tj ) during the computation we can replace sij ) by a polynomial in the
variables a(lj ), agj ), cee a%i, i.e., a subset of the inputs of GG;. For example, the polynomial
modeling a half adder rqg — ag — a; + 2s results in the polynomial s = aga; for the slack
variable. However, often it is better to introduce the slack variables because, in general,
the polynomials for the slack variables will be very large even for small polynomials fj(t).

Let G = {éy) |j=1,....mandt=1,...,n;} and I = (G) be the ideal generated by
this set. Using the language of computer algebra the decision problem can be formulated
by the following question:
Is V(I) c V(2V"g), where V(I) and V(f) denote the set of all common roots (in
(Z/2N)k, where k is the number of variables) of the polynomials in I and the set of roots
of the polynomial 2V "¢, respectively?

In the next section we will detail how to efficiently solve this problem.

5.3.4. Solving decision problems at the ABL

The following proposition turns out to be the key for an effective solution of the presented
problem.

Proposition 5.3.9. The set G = {égt)} 15 a Grobner basis with respect to any monomial
ordering refining the following partial ordering

ng) > every monomial in the variables ag), sgj)wl(j)

forallik,t,7 andl <.

Proof. Let < be a monomial ordering as required in the statement. We need to show
that it is not possible to generate a polynomial from the polynomials in G' with a leading
term that is not divisible by any leading term of the polynomials in G. It is sufficient
to show (see Corollary 2.2.10):
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(1) For any two polynomials f,g € G the normal form of

lem(LT (f) , LT (9))
LT (f)

with respect to G is zero.

_lem(LT (f),LT (9))
LT (g)

f

9

(2) For any f € GG the normal form of %J(Vf) f is zero.

A slight generalization of the strong product criterion (see Lemma 2.2.11) states that
(1) is fulfilled, as the polynomials have different variables in their leading terms and

these variables do not occur in any other term of the corresponding polynomials. Now
let f = G;t). We obtain

LT( 2 f) —r( 2Vl

as 2Nt 2t = 0 = oVt 9Ll and 2Nt 9t-200) o4 0 and since the
polynomials f](t) appearing in G§-t) are chosen minimal. In the first step of the normal

form algorithm we will select G§-t_1) and reduce 2V _t+1G§t) to zero. This shows (2). [

By Lemma 5.3.10 we prove that normal form computation can be used as an effective
solution procedure for the problem at hand.

Lemma 5.3.10. Let G be a Grobner basis of an ideal I C Z./2N[x], x = (x/,x"), and g
a polynomial such that h, the normal form of g w.r.t. G, is in Z/2N[x']. Assume that for
all X" there exist X" with f(x',x") =0 for all f € G. Then h defines the zero function
if and only if V(G) C V(g).

Proof. If h defines the constant zero function the set V(h)NV (G) = V(g)NV (G) contains
all points and therefore V(G) C V(g) is trivial. Assume that for the variables x’ of h a
valuation exists such that h is not zero. By assumption we can extend this valuation to

a valuation on all variables such that f(x) =0, f € G. It follows V(G) Z V (g). O

Let g € Z/2"[x] and h be the normal form of 2¥~"g with respect to G, which can be
computed [9] by Algorithm 10. Since we are only interested in the function of h on V(1)
we can always replace portions of h by equivalent polynomials with respect to V/(I).
In particular, we can replace every slack variable in the normal form by a polynomial
expression in the inputs of the corresponding equation G;. Therefore we may assume
that h does not contain any slack variables. Furthermore, the output variables of the
equations G; do not occur in h as otherwise A would be reducible by some of the

generated sub-identities Gét), hence h satisfies the assumptions of Lemma 5.3.10.
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This guarantees that the variables present in A are inputs to the ABL description. Ev-
ery valuation of these variables can be extended to a consistent valuation for the signals
of the ABL. Further we can effectively decide whether h defines the zero function for all
rings Z/m (see Chapter 4) and therefore decide the ABL problem by Lemma 5.3.10.

Algorithm 10 Normal form algorithm
Input: f a polynomial, G a finite set of polynomials,
> a monomial ordering
Output: A normal form of f
while f #0and 0 £ G' ={ge€ G : LT (9) | LT(f)} do
Select g € G’
Let LT (f) =m - LT (g) with m - LC (g) # 0
f=f—-—m-g
end while
return f

As already noted in Section 5.3.3 it is not always efficient to replace all remaining slack
variables by polynomial expressions in terms of the input variables of the corresponding
equations. Therefore we use special procedures for the practical computations, which
we do only hint in the next section.

5.3.5. Heuristics

At the end of the previous section we assumed that the normal form of the polynomial
representing the proof goal does not contain any slack variables. However, as already
noted in Section 5.3.3 it is not always efficient to replace all remaining slack variables by
polynomial expressions in terms of the input variables of the corresponding equations.
In order to cope with this problem we suggest two special treatment procedures we used
for our implementation.

Assume that we have computed the normal form h of g as presented in Sec-
tion 5.3.4. First consider the case that h contains several slack variables originating
from the same original equation G, i.e., the slack variables result from different sub-

2an

identities th) of the equation G;. In this case we can select one of these slack variables
s and express all other slack variables by polynomials in terms of s and input variables
of Gj.

Practical experience shows that these polynomials usually remain of manageable size
in contrast to the polynomials obtained by replacing all slack variables with expressions
in the inputs of a block. To give the reader an intuition we would like to illustrate this
issue by means of a little example.

Example 5.3.11. Let

t—1 t—1
tha)lder = Z 2iT1‘ - Z 2Z(CLZ + bl) — S¢.
1=0 1=0
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We know that 2s; + 1,1 = a1 + b,_1 + $4—1. In case of an addition not only the
variables a; and b; are restricted to {0,1} but also the slack variables. This yields the
short expression of sy in terms of s;_1,

St = Apr_1bp_1 + ap 151 + bp_18-1 — 2a,_1b,_15,_1,
while writing s; only with the variables a;, b; produces a huge polynomaial.

To conclude the treatment of slack variables we now focus on the case that the re-
maining slack variables originate from different original equations G;. In practice we

often encounter the case that h = 2™s; U 4 2mf. We can deduce that 2V "¢ is zero

modulo 2¥ for all k < m. Based on h we calculate a polynomial h by substituting stj ) by

the polynomial f (al ), aé ), . a%) We know the value of st is determined by the

slice of the value f; () \Which exceeds 2™ — 1. This implies that in order to prove h = 0

and hence ¢ = 0 it is sufficient to show & — h mod 2™ = 0 for all possible values of h.

Experimental experience demonstrates that 4 — 2 mod 2™ = 0 can be proven effec-
tively with an additional normal form computation. Note that this especially applies to
all the industrial examples presented in the experimental results section.

5.4. Experimental results

In order to evaluate the techniques presented in the previous sections we conducted a
series of experiments. Except for one experiment explicitly indicated in the sequel, all
experiments were carried out on a machine running Suse Linux 10.3 on a Intel Core 2
Duo E6400 with 8 GB RAM.

The algorithms presented in Section 5.3.2 have been implemented within the frame-
work of the general purpose computer algebra system Singular [35]. We used the indus-
trial formal property checker Onespin 360 MV [59] to generate bit vector netlists for the
considered verification problems. From these bit-vector netlists we extracted an arith-
metic bit level description for the arithmetic parts of the decision problem and dumped
out the resulting ABL description. The resulting problem file is used to generate the
variety subset problem that is handed over to Singular in order to find a solution.

As a first step of the evaluation we used a number of parameterized benchmarks to
evaluate the scalability of the proposed approach with respect to the bit-width of the
datapath under verification. The benchmark suite consists of two instances (distrib
and commute) for word level implementations of the functions ab + ac and (ab)c where
commutative and distributive laws have been applied to the word level operands, a bit
level implementation of an unsigned multiplier with Booth-encoded partial products
(mult_ub) and a sequential implementation for the multiplication of four values with a
single multiplier (shared).

We compare the performance in terms of run-time of the presented solution based
on Singular against the normalization approach of [87], a SAT-based decision proce-
dure based on bit blasting, and the SMT solver Spear v.2.0 for the theory of fixed-size
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83 5 Applications to formal verification

bit-vector functions (QF-BV). Note that an earlier version of Spear showed the best
performance in this category on the 2007 SMT competition.

Instance | Bit-Width | Normalizer SAT SMT | Singular
distrib 4 0,01 0,28 0,40 0,69
distrib 8 0,03 | > 3600s | > 3600s 0,66
distrib 16 0,10 | > 3600s | > 3600s 0,97
distrib 32 0,81 | > 3600s | > 3600s 2,19
distrib 64 14,33 | > 3600s | > 3600s 11,30
commute 4 0,02 0,55 1,01 0,69
commute 8 0,08 | > 3600s | > 3600s 0,67
commute 16 1,40 | > 3600s | > 3600s 1,09
commute 32 57,17 | > 3600s | > 3600s 3,56
commute 64 2794,67 | > 3600s | > 3600s 26,03
mult_ub 4 0,02 0,02 0,15 0,66
mult_ub 8 0,13 41,53 | > 3600s 0,96
mult_ub 16 2,21 | > 3600s | > 3600s 3,87
mult_ub 32 53,55 | > 3600s | > 3600s 79,04
mult_ub 64 1136,14 | > 3600s | > 3600s > 8 GB
shared 4 0,04 2,83 16,78 0,97
shared 8 0,46 | > 3600s | > 3600s 0,64
shared 16 39,79 | > 3600s | > 3600s 1,09
shared 32 2707,72 | > 3600s | > 3600s 20,25

Table 5.1.: CPU-times(s) of scalability experiments

Table 5.1 summarizes the results of these experiments. The table is organized as
follows. Columns one and two contain instance and operand bit-width of the datapath.
The remaining columns show the CPU times required by the particular tool to prove
the instance. In case the memory limit or timeout limit was reached this is indicated by
7> 8 GB” and 7> 3600”7, respectively.

In order to evaluate the performance of Singular with respect to other computer alge-
bra systems we also report results for solving the generated variety subset problems with
the industrial computer algebra tool Magma [7]. However, due to license restrictions,
these results were obtained using another machine, namely an AMD Dual Opteron 2.2
GHz with 16 GB RAM running Linux. We re-ran the Singular problems on this machine
in order to allow for comparison of the run times. For the comparison we also increased
the memory limit to 16GB. Table 5.2 summarizes the results for this comparison.

The presented results of the scalability experiments indicate that the proposed mod-
eling and the proposed algorithms are adequate to solve verification problems with in-
dustrial impact. To demonstrate this we investigated a property suite originating from
the verification of Infineon’s Tricore 2 processor. The processor has advanced DSP fea-
tures including a sophisticated integer pipeline that provides a large variety of multiply
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Instance | Bit-Width | Singular | Magma
distrib 16 1,08 2,33
distrib 32 2,70 15,61
distrib 64 14,53 | > 16 GB
commute 16 1,35 5,53
commute 32 4,71 46,07
commute 64 38,96 | > 16 GB
mult_ub 4 0,56 | > 3600s
mult_ub 16 4,07 | > 3600s
mult_ub 32 85,77 | > 3600s
shared 4 0,46 1,08
shared 8 0,66 1,35
shared 16 1,37 3,09
shared 32 32,27 108,01

Table 5.2.: CPU-times(s) of scalability experiments

and multiply /accumulate instructions. The properties in the investigated property suite
verify that every variant of these instructions causes the integer pipeline of the proces-
sor to deliver the expected arithmetic result according to the architectural manual. In
order to obtain a high degree of resource sharing large portions of the datapath have
been implemented at the arithmetic bit level and sophisticated control logic is used for
configuration according to the executed instructions.

We used the techniques of [87] to generate the decision problems at the arithmetic bit
level. All the resulting decision problems could be solved with Singular when modeled
by polynomials as presented in this document. Table 5.3 shows the results for a repre-
sentative subset of the problem instances derived from the Tricore 2 property suite. It is
organized as follows. The first column shows the commitment of the property specifying
the arithmetic result of the integer instruction under verification. Columns two and
three show the run-time of the normalization approach and the corresponding Singular
run-time. Unless explicitly indicated all operations are considered as signed operations
on the specified bit-vectors.

In essence, all experiments show that the presented approach outperforms the ad-
hoc normalization approach in terms of CPU time. Moreover, algorithms and modeling
rely on a well-understood mathematical foundation which opens ample opportunities for
further extensions of this framework.

However, the use of a generic computer algebra system as Singular for solving the
normalization problems is paid with a price in terms of memory consumption. Except for
some of the problems where the ABL description is generated from word level problems
Singular typically requires 3-8 GB of memory. This is caused by the data structures
used inside Singular to represent polynomials.

These data structures are not optimized with respect to the characteristics of the
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Datapath result Normalizer | Singular
res[31:0]=op3[31:0]+(op1[31:0]*op2[31:0]); 49,94 4,42
res[31:0]=op3[31:0]+(op1[15:0]*op2[31:16]<<1); 39,72 2,28
res[63:32]=0p3[63:32]+(op1[31:16]*op2[15:0]<<1);
res[31:0]=op3[31:0]+(op1[31:16]*op2[31:16]<<1); 18,39 2,47
res[15:0]=rnd16(op3[31:0]+(7FFFFFFF)); 19,90 2,46

[

res[31:16]=rnd16(op3[63:32]
+(op1[31:16]*0p2[15:0]<<1));

res[63:0]=0p3[63:0]+(op1[31:16]*op2[15:0]<<16) 31,04 8,77
-(op1[31:16])*0p2[31:16]<<16)
res[63:0]=op3[31:01-(op1[31:0[Fop2[31:0]); 55,19 20,01
res[63:0]=0p3[63:0]-(op1[31:16]*op2[15:0]<<16) 27,18 9,64
-(op1[15:0]*0p2[15:0]<<16)
res[63:0]=op1[31:0]*op2[31:0]; (unsigned) 57,33 14,73
res[31:16]=rnd16(op1[31:16]*op2[31:16]); 17,41 2,21

Table 5.3.: Results for selected Tricore 2 properties

problems considered here. Compared to problems typically considered in computer
algebra, we consider a large number of variables, and many polynomials. On the other
hand the individual polynomials have low degree and only use a small fraction of the
variables. With application-specific implementations of the employed algorithms such
as the normal form computation a great improvement of the memory efficiency can be
obtained. Such an implementation was created and is maintained by Alexander Dreyer
(see [61]) after the publication of the articles corresponding to this chapter.

5.5. Conclusion

Decision problems at the arithmetic bit level have been modeled using polynomials over
rings 7Z/2". It has been proven that the generated sets of polynomials form a Grébner
basis with respect to certain monomial orderings that can easily be determined using
the topological ordering of design signals. This allows for utilization of the normal form
algorithm to efficiently solve a variety subset problem that is equivalent to the original
decision problem.

By this means we provide a solid mathematical foundation to the ad-hoc technique of
arithmetic bit level normalization. The developed techniques have proven to be appli-
cable to verification problems of industrial size.
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Distributive lattices and rank tests
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Introduction to Part |l

Rank tests are statistical tests concerned with putting an order on different items. The
need for an order may be manifold starting by comparing different countries with respect
to several indicators (e.g. think of the many WHO or OECD studies) not ending with
giving an indicator about the next genes to create markers for.

The techniques and algorithm presented in the next part were applied to time series of
microarray data (see [25, 26, 56]) obtained during laborious experiments at the Stowers
Institute for Medical Research in Kansas City:

Time series of microarray data Due to the microarray technique it is feasible to mea-
sure the expression of all known genes at several times in a biological process.
Since the number of genes is very high (>20,000) a decision regarding the genes
for further research has to be taken. Further research consists for example in pro-
ducing specialized markers for certain genes which requires a lot of effort. Hence
a ranking of the genes according to the likelihood that they are involved in the
process under investigation is required. Rank tests give rise to such a ranking in a
non-parametric way.

The data created by the Stowers Institute for Medical Research concerns processes
and pathways regarding the development of vertebra within embryos. Therefore
time series of 15 to 20 data points consisting of roughly 20,000 to 30,000 mRNA
expression levels were generated. Our algorithms were able to analyze and rank
the different mRNA entries and proved to be helpful for further analysis (see [24]).

The following four further examples are copied from “Ranking and Prioritization for
Multi-Indicator Systems” (see [13]):

Chemicals assessment Chemicals as useful as they are, they can be harmful to humans
and the environment. Therefore it appears rather clear that only those chemicals
should be used in the market that do not have an adverse impact on humans and
the environment. How do we find out whether they are hazardous? There are
many time-consuming and expensive investigations necessary to perform a risk
assessment. Hence the question is: with which chemicals to begin at first? Thus
a ranking can be performed to give the more involved investigations a reasonable
operating sequence. Once accepted that a ranking is needed, we discover that
there is no intrinsic property of a chemical which tells us that it is hazardous. Still
worse, one needs to know the hazard of chemicals in different scenarios. Hence,
several aspects of a chemical need to be simultaneously considered. And thus the
final and central question arises: how to rank chemicals characterized by several
attributes.
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Child well-being In a report of UNICEF, a ranking of twenty one rich nations was
performed with respect to child well-being. For this purpose, six attributes were
finally constructed by which the countries were ranked. It is clear that each of these
six rankings need not be the same. Therefore, a composite indicator was defined,
giving each of the six indicators the same weight. How far is this justified? What
influence does this kind of aggregation have on the final result? Italy for example
could get a better position, if the indicator ”family” would get more weight on the
index. How can we analyze the role of weights?

Integrity of watersheds Scientists of the Atlantic Slope Consortium, (ASC) developed
three levels of indicators to describe the health of watersheds. The indicators of
the three levels increase in quality and accuracy of the data as well as the amount
of cost and efforts needed to obtain the data. An important question is about how
well level one or level two indicators perform compared with level three indicators.
Partial order can help with this question.

Surface waters management strategies High concentrations of nutrients such as
Phosphorus or Nitrogen in surface waters is of much concern for environmental
protection agencies. What could be done to improve the situation? Clearly one
has to study the release paths by which nutrients enter the surface waters. Then
one has to develop strategies to control these and limit the emissions into surface
waters. How well do such strategies work?

The ranking algorithms presented in the next chapters are based on computing the
number of linear extensions for one or many partial orders. The problem is well known
in computer science to be #P-complete [10] and optimal algorithms for listing the linear
extensions have been devised (see [67]). However, it is possible to compute the number of
linear extensions required for many applications magnitudes faster by using a completion
based method on distributive lattice developed by the author (see Chapter 8). The
corresponding algorithm is able to compute the previously unknown number |L(20))| =
14,807,804, 035,657, 359,360 (see [82]) in less than a second. This is the number of
linear extensions of the partial order on the set of all subsets of {1,2,3,4,5} given
by the inclusion relation. Further the number corresponds to all linear orderings of
the vertices of the 5-cube containing the partial order induced by the component-wise
natural order.
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Chapter 6.

Geometry of rank tests

Convex rank tests are partitions of the symmetric group which have desirable geometric
properties. The statistical tests defined by such partitions involve counting all permuta-
tions in the equivalence classes. Each class consists of the linear extensions of a partially
ordered set specified by data. The methods refine existing rank tests of non-parametric
statistics, such as the sign test and the runs test, and are useful for exploratory analysis
of ordinal data. We establish a bijection between convex rank tests and probabilistic con-
ditional independence structures known as semigraphoids. The subclass of submodular
rank tests is derived from faces of the cone of submodular functions, or from Minkowski
summands of the permutohedron. We enumerate all small instances of such rank tests.
Of particular interest are graphical tests, which correspond to both graphical models
and to graph associahedra.

This chapter is published as “Convex rank tests and semigraphoids” [55] in the STAM
Journal on Discrete Mathematics together with Jason Morton, Lior Pachter, Anne Shiu
and Bernd Sturmfels. This paper itself is an expanded version of the note “Geometry
of Rank Tests” [54].

The research on rank tests originated in discussions with Olivier Pourquié and Mary-
Lee Dequéant as part of the DARPA Program Fundamental Laws of Biology, that sup-
ported Jason Morton, Lior Pachter, and Bernd Sturmfels. Anne Shiu was supported
by a Lucent Technologies Bell Labs Graduate Research Fellowship, and Oliver Wienand
by the Wipprecht foundation. Milan Studeny and Frantisek Matus provided help- and
insightful comments.

6.1. Introduction

The non-parametric approach to statistics was introduced by Pitman [64] via the method
of permutation testing. Subsequent development of these ideas revealed a close connec-
tion between non-parametric tests and rank tests, which are statistical tests suitable for
ordinal data. Beginning in the 1950s, many rank tests were developed for specific appli-
cations, such as the comparison of populations or testing hypotheses for determining the
location of a population. The geometry of these tests was explored in [20]. More recently,
the search for patterns in large datasets has spurred the development and exploration of
new tests. For instance, the emergence of microarray data in molecular biology has led to
tests for identifying significant patterns in gene expression time series; see e.g. [90]. This
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application motivated us to develop a mathematical theory of rank tests. We propose
that a rank test is a partition of .S,, induced by a map 7 :.5, — T from the symmetric
group of all permutations of [n] = {1,...,n} onto a set T of statistics. The statistic
7(m) is the signature of the permutation 7 € S,,. Each rank test defines a partition of
Sy, into classes, where 7 and 7’ are in the same class if and only if 7(7) = 7(7"). We
identify T' = image(7) with the set of all classes in this partition of S,,. Assuming the
uniform distribution on S, the probability of seeing a particular signature t € T'is 1/n!
times |771(¢)|. The computation of a p-value for a given permutation 7= € S, leads to
the problem of summing

Pr(n') = i |77t (T(ﬂ')) | (6.1)

over permutations 7' with Pr(n’) < Pr(m), a computational task to be addressed in
Chapter 8.

The emphasis of the following discussion is on the mathematics underlying rank tests,
and, in particular, on the connection to statistical learning theory (semigraphoids). We
refer to [56] for details on how to use the presented rank tests in practice, and how to
interpret the p-values derived from (6.1).

The five subsequent sections are organized as follows. In Section 2 we explain how
existing rank tests in non-parametric statistics can be understood from the presented
geometric point of view, and how they are described in the language of algebraic com-
binatorics [77]. In Section 3 we define the class of convexr rank tests. These tests are
most natural from both the statistical and the combinatorial point of view. Convex
rank tests can be defined as polyhedral fans that coarsen the hyperplane arrangement
of S,. The main result (Theorem 6.3.3) states that convex rank tests are in bijection
with conditional independence structures known as semigraphoids [21, 63, 80].

Section 4 is devoted to convex rank tests that are induced by submodular functions.
These submodular rank tests are in bijection with Minkowski summands of the (n—1)-
dimensional permutohedron and with structural imset models. These tests are at a
suitable level of generality for the biological applications [56, 90| that motivated us.
The connection between polytopes and independence models is made concrete in the
classification of small models in Remarks 6.4.6-6.4.8.

In Section 5 we study the subclass of graphical tests. In combinatorics, these corre-
spond to graph associahedra, and in statistics to graphical models. The equivalence of
these two structures is shown in Theorem 6.5.2. The implementation of convex rank
tests requires the efficient enumeration of linear extensions of partially ordered sets.
The algorithms and software are discussed in Chapter 8. A key ingredient is the efficient
computation of distributive lattices.

6.2. Rank tests and posets

A permutation 7 in S, is a total order on the set [n] := {1,...,n}. This means that 7=
is a set of () ordered pairs of elements in [n]. For example, 7 = {(1,2),(2,3), (1,3)}
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represents the total order 1 > 2 > 3. If w and n’ are permutations then = N7’ is a
partial order.

In the applications we have in mind, the data are vectors u € R™ with distinct coordi-
nates. The permutation associated with u is the total order 7 = { (,) € [n|x[n] : u; <
u; }. We shall employ two other ways of writing a permutation. The first is the rank
vector p = (p1,...,pn), whose defining properties are {p1,...,p,} = [n] and p; < p; if
and only if u; < u;. That is, the coordinate of the rank vector with value 7 is at the
same position as the ith smallest coordinate of u. The second is the descent vector
d = (01]d2]...]0n). The descent vector is defined by us, > us,,, for i = 1,2,...,n—1.
Thus the ith coordinate of the descent vector is the position of the ith largest value of
the data vector u. For example, if u = (11,7,13) then its permutation is represented
by m=1{(2,1),(1,3),(2,3)}, by p=(2,1,3), or by J = (3|1]2).

A permutation 7 is a linear extension of a partial order P on [n] if P C 7, i.e. 7 is
a total order that refines the partial order P. We write £L(P) C S,, for the set of linear
extensions of P. A partition 7 of the symmetric group S, is a pre-convex rank test
if the following axiom holds:

(PC) If 7(m) = 7(n") and 7" € L(m N 7’) then 7(7)=7(7")=7(x").

Note that 7" € L(m N7’) means 7 N7’ C 7”. The number of all rank tests 7 on [n] is
the Bell number B,,, which is the number of set partitions of a set of cardinality n!.

Example 6.2.1. For n = 3 there are Bg = 203 rank tests, or partitions of the sym-
metric group Sz, which consists of six permutations. Of these 203 rank tests, only 40
satisfy the axiom (PC). One example is the pre-convex rank test in Figure 1. Here the
symmetric group Sy is partitioned into the four classes {(1]2[3)}, {(2/1]3)}, {(2]3]1)},
and {(1[3]2), (3]112), (3]211)}

Each class C' of a pre-convex rank test 7 corresponds to a poset P on the ground
set [n]; namely, the partial order P is the intersection of all total orders in that class:
P =(,cc - The axiom (PC) ensures that C' coincides with the set £(P) of all linear
extensions of P. The inclusion C' C L(P) is clear. The proof of the reverse inclusion
L(P) C C is based on the fact that, from any permutation = in £(P), we can obtain
any other " in L(P) by a sequence of reversals (a,b) — (b, a), where each intermediate
7 is also in £(P). Consider any my € L(P) and suppose that m € C differs by only
one reversal (a,b) € m, (b,a) € m. Then (b,a) ¢ P, so there is some m € C such that
(a,b) € my; thus, my € L(m Nmy) by (PC). This shows 7y € C.

A pre-convex rank test therefore can be characterized by an unordered collection of
posets Py, Py, ..., P, on [n] that satisfies the property that the symmetric group S, is
the disjoint union of the subsets L(P;), L(FP), ..., L(Ps). This structure was discovered
independently and studied by Postnikov, Reiner and Williams [66, §3] who used the term
complete fan of posets for what we shall call a convex rank test in Section 3. The posets
P, P, ..., P, that represent the classes in a pre-convex rank test capture the shapes of
data vectors. In graphical rank tests (Section 6.5), this shape can be interpreted as a
smoothed topographic map of the data vector.
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Example 6.2.2 (The sign test for paired data). The sign test is performed on data
that are paired as two vectors u = (uy, Uz, ..., Uy) and v = (v1,Ve,..., V). The null
hypothesis is that the median of the differences u; — v; is 0. The test statistic is the
number of differences that are positive. This test is a rank test, because u and v can
be transformed into the overall ranks of the n = 2m wvalues, and the rank vector entries
can then be compared. This test coarsens the convex rank test which is the MSS test of
Section 4 with K = {{1,m+1},{2,m +2},... }.

Example 6.2.3 (Runs tests). A runs test can be used when there is a natural ordering
on the data points, such as in a time series. The data are transformed into a sequence of
‘pluses’ and ‘minuses,” and the null hypothesis is that the number of observed runs is no
more than that expected by chance. Common types of runs tests include the sequential
runs test (‘plus’ if consecutive data points increase, ‘minus’ if they decrease), and the
runs test to check randomness of residuals, i.e. deviation from a curve fit to the data.
A runs test is a coarsening of a convex rank test, known as up-down analysis [90,
§6.1.1], which is described in Example 6.3.4 below.

1]2/3 1/3]2
2[1/3 g 3[1]2
2|31 31211

Figure 6.1.: Illustration of a pre-convex rank test that is not convex. Cones are la-
beled by descent vectors, so 1|2|3 indicates the cone u; > us > wug. This
rank test is specified by the four posets P, = {3<1,2<1,3<2}, P, =
{1<2,3<2,3<1}, Py = {3<2,1<3,1<2} and P, = {2<3}.

These two examples suggest that many rank tests from classical non-parametric statis-
tics have a natural refinement by a pre-convex rank test. However, not all tests have
this property. Because many classical rank tests apply to loosely grouped data (e.g.
data which are divided into two samples), the axiom (PC) is not always satisfied.
In such cases, the pre-convex rank test is a first step, after which permutations are
grouped together under additional symmetries, e.g., the permutations § = (1]2|3]4]5)
and 0’ = (5]4]3]2|1) might be identified.

The adjective “pre-convex” refers to the following interpretation of the axiom (PC).
Consider any two data vectors v and v’ in R™, and a convex combination u” = Au+ (1 —
M, with 0 < A < 1. If m, 7', 7" are the permutations of u,u’,u” then 7" € L(mN7’).
Thus the equivalence classes in R™ specified by a pre-convex rank test are convex cones.
In the next section, we shall remove the prefix from “pre-convex” if the faces of these
cones fit together well.
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6.3. Convex rank tests

A fan in R™ is a finite collection F of polyhedral cones [92] which satisfies the following
properties:

(i) if C € F and C' is a face of C, then C'" € F,
(i) if C,C" € F, then C N (" is a face of C.

Two vectors u and v in R" are permutation equivalent when u; < u; if and only if
v; < v, and u; = wu; if and only if v; = v; for all 4,5 € [n]. Note that for two data
vectors, each with distinct coordinates, they are permutation equivalent if and only if
they have the same rank vector. The permutation equivalence classes (of which there are
13 for n = 3) induce a fan called the S,,-fan. The arrangement of hyperplanes {z; = x;}
that defines these classes is also known as the braid arrangement, and its regions as
the Weyl chambers of the Lie algebra sl(n). The maximal cones in the S,-fan, which
are the closures of the permutation equivalence classes, are indexed by permutations
in S,,. A coarsening of the S,-fan is a fan F such that each permutation equivalence
class of R™ is fully contained in a cone C' of F. Such a fan F defines a partition of 5,
because each maximal cone of the S,-fan is contained in some cone C' € F.

Definition 6.3.1. A convex rank test is a partition of the symmetric group S, which
is induced by a coarsening of the S,-fan. We identify the fan with that rank test.

We say that two maximal cones, indexed by § and &', of the S,-fan share a wall if
there exists an index k such that 0y = 8,4, 641 = 0y, and 6; = 6; for i & {k, k + 1}.
This condition means that the corresponding permutations § and ¢ differ by an adjacent
transposition. To such an unordered pair {4, §'}, we associate the following (elementary)
conditional independence (CI) statement:

S AL St [ {01, 0hs ) (6.2)

The notation was coined by Dawid [21], where it is used to formally describe conditional
independence among sets of random variables; we will see the connection shortly. For
k =1 we use the standard convention to abbreviate d; L dy|{} by d; 1L ds.

Example 6.3.2. Forn = 3 there are 40 pre-convex rank tests (Example 6.2.1), but only
22 of them are convex rank tests. The corresponding CI models are shown in Figure 5.6
on page 108 in [80].

The formula (6.2) defines a map from the set of walls of the S,-fan onto the set
T = {ilLj|K : K C[n)\{i,j}}.

of all elementary CI statements. In this manner, each wall of the S,-fan is labeled
by a CI statement. The map from walls to CI statements is not injective; there are
(n —k —1)!(k — 1)! walls which are labeled by (6.2).
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The S,-fan is the normal fan [92] of the permutohedron P,, which is the (n — 1)-
dimensional convex hull of the vectors (pi,...,p,) € R", where p runs over all rank
vectors of permutations in S,,. Each edge of P, joins two permutations if they differ by
an adjacent transposition. In other words, each edge corresponds to a wall and is thus
labeled by a CI statement. A collection of parallel edges of P,, that are perpendicular
to a given hyperplane {z; = z;} corresponds to the set of CI statements ¢ L j| K, where
K ranges over all subsets of [n]\{4,j}.

The two-dimensional faces of P,, are squares and regular hexagons, and two edges of
P,, have the same label in 7, if, but not only if, they are opposite edges of a square.
Figure 2(c) depicts the subset of P5 in which the last two coordinates of u € R™ are less
than or equal to all other coordinates. It consists of two copies of the hexagon in 2(a),
with the final two entries of the descent vector either 4|5 (in the top hexagon) or 54 (in
the bottom hexagon). All vertical edges are labeled by the CI statement 4 1l 5[{1, 2, 3}.

A [ %[4]5
e, 1)3]2 . A :
110 3|0 AL5/{1,2,3}
1 3|® _ e ,.. """"""""""""" (2 )
2|1|3¢ »3[1]2 K
1 J_L {2} B _ -
= N o 1IL3[{2} x| x| * |5]4

21311 3121
(a) (b) (c)

Figure 6.2.: (a) The permutohedron P3 and (b) the Ss-fan projected to the plane. The
indicated rank test is up-down analysis. Each permutation is represented
by its descent vector 0 = d1|d2|03. Missing walls of the S,-fan, or solid edges
of P, are labeled by CI statements. (c) Edges of the permutohedron on
opposite sides of a square (here, all vertical edges) are labeled by the same
CI statement; hexagonal prisms such as the one pictured here appear in P,
for n > 5.

Any convex rank test F is characterized by the collection of walls {0,0'} that are
removed when passing from the S,-fan to F. So, from (6.2), any convex rank test
F maps to a set Mz of CI statements corresponding to missing walls, or a set Mz
of edges of the permutohedron. For example, if F is the fan obtained by removing
the two dashed rays in Figure 2 (b) then the corresponding set of CI statements is
Mz = {11030, 111 3|{2}}.

Conditional independence statements [21] describe the dependence relationship among
random variables. A semigraphoid is a set M of general conditional independence
statements satisfying certain properties [63]. These general conditional independence
statements, in contrast to the elementary CI statements already introduced, can take
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subsets of [n] in their first two arguments. The conditions are, for XY, Z pairwise
disjoint subsets of [n],

(SG1) XUY|ZeM =Y UX|ZeM

(SG2) XUY|ZeMandUCX = ULY|ZeM

(SG3) XUY|ZeMandUCX = X UY|(UUZ)eM
(SG4) X ULY|ZeMand X LW|(YUZ) = X I (WUY)|Ze M.

It was shown by Studeny [79] that these are not a complete set of axioms for proba-
bilistic conditional independence, although they are true of any probabilistic model. A
semigraphoid is determined by its trace among statements of the form i 1L j| K where
i and j are singletons. Namely, I 1L J|K holds if and only if i Il j|L for alli € 1,5 € J
and L such that K C L C (IUJUK) \ ij; see [48]. Casting the semigraphoid axiom in
terms of the trace, we say that a subset M of T, is a semigraphoid if i 1L j| K € M
implies j 1l ¢| K € M and the following axiom holds:

(SG) il j|KuleM and i LI|K e M
implies ¢ 1L j|K € M and ¢l (| KUj e M.

This axiom is stated in [51, 80]. The first result is that semigraphoids and convex rank
tests are the same combinatorial object:

Theorem 6.3.3. The map F — Mgz is a bijection between convex rank tests and
semaigraphoids.

Before presenting the proof of this theorem, we shall discuss an example.

Example 6.3.4 (Up-down analysis). Let F denote the convex rank test called up-down
analysis [90]. In this test, each permutation m € S, is mapped to the sign vector of
its first differences, or, equivalently, its descent set. Thus this test is the natural map
7: S, = {—,+}""L. The corresponding semigraphoid Mz consists of all CI statements
i 1L j| K where |i — j| > 2.

This convex rank test is visualized in Figure 2(a,b) for n = 3. Permutations are in the
same class (have the same sign pattern) if they are connected by a solid edge; there are
four classes. In the Ss-fan, the two missing walls are labeled by conditional independence
statements as defined in (6.2). For n = 4 the up-down analysis test F is depicted in
Figure 3. The double edges correspond to the twelve CI statements in Mxz. There are
eight classes; e.qg., the class {3|4|1|2, 3|1]4|2, 1|3]4|2, 1]3|2|4, 3|1|2|4} consists of the five
permutations in Sy which have the up-down pattern (—, 4+, —

The proof of Theorem 6.3.3 rests on translating the semigraphoid axiom (SG) into
geometric statements about edges of the permutohedron. Recall that a semigraphoid
M can be identified with the set M of edges of the permutohedron whose CI statement
labels are those of M.
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Figure 6.3.: The permutohedron P, with vertices marked by descent vectors ¢ (bars |
omitted). The convex rank test indicated by the double edges is up-down
analysis.

Observation 6.3.5. A set M of edges of the permutohedron P,, is a semigraphoid if
and only if the set M satisfies the following two geometric axioms:

Square axiom: Whenever an edge of a square is in M, then the opposite edge is also
in M.

Hexagon axiom: Whenever two adjacent edges of a hexagon are in M, then the two
opposite edges of that hexagon are also in M.

Let M be the subgraph of the edge graph of P,, defined by the statements in M;
that is, M consists of edges whose labels are in M. Each class of the rank test defined
by M consists of the permutations in some connected component of M. We regard a
path from 6 to & on P, as a word o™ - .. ¢® in the free associative algebra A generated
by the adjacent transpositions of [n]. For example, the transposition oo3 := (23) gives
the path from ¢ to ¢’ = 0936 = §1|05/d2|d4] . .. |6,. The following relations in A define a
presentation of the group algebra of S,, as a quotient of A:

(BS) Oii+1 * Oidk+1i+k+2 — Oitk+1i+k+2 * Oii+1,

(BH) O4i+1 * Oi41,i42 " Oii+1 — Oi41,i42 * 045410041 i+2, and
2

(BN) Oii+1 — 1,

where suitable ¢ and k vary over [n]. The first two are the braid relations, and the third
represents the idempotency of each transposition.
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6.3 Convex rank tests 98

Now, we regard these relations as properties of a set of edges of P,,, by identifying a
word and a permutation ¢ with the set of edges that comprise the corresponding path
in P,. For example, a set satisfying (BS) is one such that, starting from any §, the
edges of the path 0;;410;+k+1+k+2 are in the set if and only if the edges of the path
Oitk+1,i+k+20i,+1 are in the set. Note then, that (BS) is the square axiom, and (BH)
is a weaker version of the hexagon axiom of semigraphoids. That is, implications in
either direction hold in a semigraphoid. However, (BN) holds only directionally in a
semigraphoid: if an edge lies in the semigraphoid, then its two vertices are in the same
class; but the empty path at some vertex ¢ certainly does not imply the presence of all
incident edges in the semigraphoid. Thus, for a semigraphoid, (BS) and (BH) hold, but
(BN) must be replaced with the directional version

(BN') aziﬂ — 1.

We now consider a path p from ¢ to ¢’ in a semigraphoid. Here is a crucial lemma for
the proof:

Lemma 6.3.6. Suppose that M is a semigraphoid. If 6 and 0’ lie in the same class of
M, then so do all shortest paths on P,, between them.

The lemma in turn depends on the following version of a classical result due to Jacques
Tits. This result, which can be found in [12, p. 49-51]), essentially states that the
relations (BS),(BH),(BN) form a Grébner basis for the two-sided ideals they generate in
A.

Theorem 6.3.7 (Tits [84]). Let p and q be words representing paths on P,,.
(1) A word p is (BS),(BH),(BN)-reduced if and only if it is (BS),(BH),(BN’)-reduced.

(2) If p and q are reduced, then they represent the same element of the symmetric
group S, if and only if p can be transformed to q by the application of (BS) and
(BH) only.

Proof of Lemma 6.3.6. Theorem 6.3.7 (1) says that if there is any path connecting ¢
and ¢’, then there is a shortest path connecting them. Thus if § and ¢’ lie in the same
class of M, some shortest path 6 — ¢ also lies in that class. Now (2) says that if p
and ¢ are both shortest paths, then ¢ can be obtained from p by application of only the
square and hexagon axioms, (BS) and (BH). Thus if any shortest path 6 — ¢’ lies in the
class of M containing them both, so do all other shortest paths connecting them. [

We need one lemma to deal with intersections of nonmaximal cones. Denote by < the
transitive relation “is a face of” and write F,,(C') for the face of a cone C' at which w is
minimized.

Lemma 6.3.8. If the intersection of two cones Cy and Cs is a face of both, then the
intersection of any faces D < Cy and E < Cy 1s a face of both.
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Proof. By transitivity of < and the hypothesis it suffices to show DN E < C; N Ch.
Since D < (1, there exists a linear functional w such that the face F,,(C}) equals D and
CinCy C C; C HJ; Then Fw<Cl N CQ) =DNCys0 DNCy < Cy N Cs. Similarly,
ENncCy < CyNC,. Then since the intersection of any two faces of C; N5 is also a face,
DNE < C;NCy as desired. O

Proof of Theorem 6.3.3. Both semigraphoids and convex rank tests can be regarded as
sets of edges of P,. We first show that a semigraphoid satisfies (PC). Consider §, ¢’ in
the same class C of a semigraphoid, and let §” € £(6 N¢’). Further, let p be a shortest
path from ¢ to 6" (so, pd = ¢”), and let ¢ be a shortest path from 6" to ¢'. We claim
that ¢p is a shortest path from § to ¢’, and thus 0” € C' by Lemma 6.3.6. Suppose gp is
not a shortest path. Then, we can obtain a shorter path in the semigraphoid by some
sequence of substitutions according to (BS), (BH), and (BN’). Only (BN’) decreases the
length of a path, so the sequence must involve (BN’). Therefore, there is some ¢, j in
[n], such that their positions relative to each other are reversed twice in gp. But p and ¢
are shortest paths, hence one reversal occurs in each of p and ¢. Then 0 and 0" agree on
whether i > j or j > i, but the reverse holds in §”, contradicting 6” € £(§ N ¢"). Thus
every semigraphoid is a pre-convex rank test.

Now, we show that a semigraphoid corresponds to a fan. We first argue that we may
reduce to the case of two maximal cones, each coming from a class in the semigraphoid,
whose intersection is codimension one in both. By Lemma 6.3.8, we can consider maxi-
mal cones only. Suppose two maximal cones C, C} have intersection C| N C} which is
not codimension one. Then there exists a sequence of maximal cones C7, Cy, ..., Cy such
that C; N Cjyq is codimension one, C1NCy C C;NCiyq foralle=1,...k—1, and in fact
CiNCy = C1NCyN---NCk. We have that (C;NCyyq)N(Cip1NCipe) is a face of C;1 1 and
Ciio by Lemma 6.3.8, and also is a face of C;. Thus C; N C;11 N Ciye < C;, Cipq, Ciyo;
continuing in this manner, we eventually get that C;NCsN---NCy < C4, C}, as required.

Consider the cone corresponding to a class C. We need only show that its codimension
one intersection with another maximal cone is a shared face. Since C' is a cone of a
coarsening of the S,-fan, each facet of C lies in a hyperplane H = {z; = z;}. Suppose a
face of C' coincides with the hyperplane H and that ¢ > j in C. A vertex ¢ borders H if
i and j are adjacent in 0. We will show that if 6, 0" € C' border H, then their reflections
d = 0|...jli|... 6, and &' = &|...|j|i|... |0, both lie in some class C’. Consider a
‘great circle’ path between ¢ and 0" which stays closest to H: all vertices in the path
have 7 and j separated by at most one position, and no two consecutive vertices have ¢
and j nonadjacent. This is a shortest path, so it lies in ', by Lemma 6.3.6. Using the
square and hexagon axioms (Observation 6.3.5), we see that the reflection of the path
across H is a path in the semigraphoid that connects 5 to o (Figure 3). This shows that
the intersection of C' and C” is a face of both. Thus a semigraphoid is a convex rank
test.

Finally, if M is a set of edges of P,, representing a convex rank test, then it is easy to
show that M satisfies the square and hexagon axioms. ]
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Figure 6.4.: Reflecting a path across a hyperplane.

6.4. The submodular cone

In this section we focus on a subclass of the convex rank tests. Let 20" denote the
collection of all subsets of [n] = {1,2,...,n}. Any real-valued function w : 2"/ — R
defines a convex polytope @, of dimension < n — 1 as follows:

Quw = {zeR":z+z+- - +z,=w(n])
and Y, 2, <w(I) for all O £ 1 C [n] }.

A function w : 2" — R is called submodular if w(I) +w(J) > w(INJ)+w(lU.J)
for I,J C [n]. The submodular cone is the cone C, of all submodular functions
w : 2 — R. Working modulo its lineality space C, N (—C,), we regard C, as a
pointed cone of dimension 2" —n — 1.

Studying functions w means that in considering the normal fan of a polytope @Q,,, we
want to retain information about non-binding inequalities that are just barely so, i.e. that
hold with equality. For this reason we define the vector (normal) fan [5]. The indicator
function of each I € 2" defines a vector e; in the 1-skeleton of the S,-fan, understood
modulo ep,); for example, these vectors for n = 3 are ego1, €010, €100, €011, - - - » €111-

A vector fan § is a collection of subsets of {e; : I € 2"} such that U,V € § implies
UNV eF. A vector fan defines a usual fan by taking the maximal cones of the fan to
be the cones generated by the vector sets in the vector fan. We say that a vector fan
is complete if its fan is. A vector fan § coarsens another vector fan & if for all U € &,
there exists V € § with U C V.

Given a function w : 2" — R, each I € 2[ defines an inequality Zie] T, < wy
appearing in the definition of @),,; the vector normal fan tells us which of these inequal-
ities holds with equality on some face of (),,. We define the vector normal fan of a
function w : 27 — R as the set {{e; : I € 23", 2; = wy for all 2 € F} for each face
F € Qu}. The vector normal fan of w defines a fan which is the normal fan of @), and
retains additional information.

Proposition 6.4.1. A function w : 2" — R is submodular if and only if the vector
normal fan of w is a coarsening of the vector S, -fan.

Example 6.4.2. Let w; = wy = w3 = 1, w19 = wi3 = Waz = wia3 = 3. The polytope Q,,
is the point (1,1,1) but the function w is not submodular. The vector normal fan § of
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101 6 Geometry of rank tests

w is {{eoo1, €010, €100} } and the normal fan is all of R3/(1,1,1). § does not coarsen the
Sp-fan since, for example, e11g is not contained in any set in §.

However, if we change w slightly to define the same @Q, but with the inequalities
corresponding to 011,101, and 110 also holding with equality, e.g. wy, = wy = w3z =
1w = wig = woz = 2, and wiez = 3, the resulting vector normal fan of w is a
coarsening of the (vector) S, -fan.

Proof. We show only the if direction of Proposition 6.4.1. Suppose w is not submodular.
Then there exist I, J C 2" such that

wr +wy < Wing + Wrug

We also have that

ieluJ ielnJ i€l ieJ
< wrtwy < wing + wiug

SO Y icrus Ti < wrug + (Wing — Y .cpny i) and similarly Y. @, < wing 4+ (wiug —
> icrug Ti), so that at most one of the inequalities corresponding to /U J and I N .J can
hold with equality at any point of ¢),,. Then any set in the vector normal fan of w either
fails to contain ey~; or fails to contain ey ;. O

Proposition 6.4.1 can be paraphrased as follows: the function w is submodular if and
only if the optimal solution of

maximize u - x subject to x € Q,,

depends only on the permutation equivalence class of u. Thus, solving this linear pro-
gramming problem constitutes a convex rank test. Any such test is called a submodular
rank test.

A convex polytope is a (Minkowski) summand of another polytope if the normal fan
of the latter refines the normal fan of the former. The polytope @, that represents a
submodular rank test is a summand of the permutohedron P,,.

Theorem 6.4.3. The following combinatorial objects are equivalent for any positive
mnteger n.:

1. submodular rank tests,

2. summands of the permutohedron P,,,

3. structural conditional independence models [80],

4. faces of the submodular cone C,, in R*".

Proof. We have 1 <= 2 from Proposition 6.4.1, and 1 <= 3 follows from [80]. Further,
1 <= 4 is a direct consequence of the definition of submodular rank tests. O

Remark 6.4.4. All22 convex rank tests forn = 3 are submodular. The submodular cone
Cs is a 4-dimensional cone whose base is a bipyramid. Its f-vector is (1,5,9,6,1). The
polytopes Q.,, as w ranges over representatives of the faces of Cs, are all the Minkowski
summands of Ps.
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Proposition 6.4.5. For n > 4, there exist convexr rank tests that are not submodular
rank tests. FEquivalently, there are fans that coarsen the S,-fan but are not the normal

fan of any polytope.

Proof. This result is well-known. It is stated in Section 2.2.4 of [80] in the following
form: “There exist semigraphoids that are not structural.” O]

An interesting example which also proves Proposition 6.4.5 is the following semi-
graphoid:
M= {21 3|{1,4}, 1 1 4{2,3}, 1 1. 2|0, 3 1L 4]0 }.

The corresponding fan consists of unimodular cones, or, equivalently, the posets P;
representing this non-submodular convex rank test are all trees. This example answers
a question posed in the first version of [66]. A systematic method for showing that a
semigraphoid is not submodular is described in Chapter 7. Results include an example
of a coarsest semigraphoid which is not submodular and a proof that the semigraphoid
semigroup is not normal.

Remark 6.4.6. For n = 4 there are 22108 submodular rank tests, one for each face
of the 11-dimensional cone Cy. The base of this submodular cone is a 10-dimensional
polytope with f-vector (1,37,356, 1596, 3985, 5980, 5560, 3212, 1128, 228,24, 1). The 37
vertices of this polytope correspond to the maximal semigraphoids. These come in seven
symmetry classes up to the x involution (6.3) and the Sy-action. The types of mazximal
semigraphoids for n = 4 are displayed in the following table:

Symmetry No. 1Al g il gk il j|{k, 1}

1x and x* 2 all all none

A% and x 8 all all but 210.3|1,111.32,1 1123 3114]12,211 4|13,1 11.4/23
6x incl. x 6 all but 112 all but 111.2|3,1 1L 2|4 all but 1112|134

Ax and x 8 all 211 3[4,211 4|3,3 1. 4/2 3.014]12,2 11 4|13,2 11 3|14
1x, self«+ 1 all none all

6x incl. x 6 all but 1112 211 3|1,2.11.4]1,1 11.3(2,1 1. 4|2 all but 311412

6x incl. x 6 314 all but 211.34,211.4]3,1 11.4|3,1 11 3|4 1112|34

Remark 6.4.7. For n =5 there are 117978 coarsest submodular rank tests, in 1319 S;
symmetry classes. We confirmed this result of [81] with polymake [30].

We now define a class of submodular rank tests, which we call Minkowski sum of
simplices (MSS) tests. Note that each subset K of [n| defines a submodular function
wg by setting wg (I) = 1 if K NI is non-empty and wg(I) = 0 if K N[ is empty. The
corresponding polytope Q. is the simplex Ax = conv{e; : k € K}.

Now consider an arbitrary subset K = {K1, Ks,...,K,} of 2", It defines the sub-
modular function wx = wg, + wk, + -+ + wg,. The corresponding polytope is the
Minkowski sum

Ax = Ag +Ag, + -+ Ag..
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103 6 Geometry of rank tests

The associated MSS test 7 is defined as follows. Given p € S,,, we compute the number
of indices j € [r| such that max{p, : k € K;} = p;, for each ¢ € [n|. The signature
Tic(p) is the vector in N™ whose ith coordinate is that number. Few submodular rank
tests are MSS tests:

Remark 6.4.8. For n = 3, there are 22 submodular rank tests, but only 15 of them are
MSS tests. For n =4, there are 22108 submodular rank tests, but only 1218 of them are
MSS tests.

In light of Theorem 6.3.3, it is natural to ask which semigraphoids correspond to
an MSS test. Geometrically, we wish to know which edges of the permutohedron P,
are contracted when passing to the polytope @,,. To be precise, let My denote the
semigraphoid derived from F,, . using the bijection in Theorem 6.3.3. We then have the
following result:

Proposition 6.4.9. The semigraphoid My 1is the set of CI statements of the form
i 1L j| K where all sets containing {i,j} and contained in {i,j} U [n]\K are not in K.

Proof. Consider two permutations § and ¢ which are adjacent on the permutohedron
P,, and let i 1L j| K be the label of the edge that connects § and §’. That CI statement
is in My if and only if 0 and ¢’ are mapped to the same vertex in Ag if and only if §
and ¢’ are mapped to the same vertex in each simplex Ay, for [ =1,2,... 7. For each [,
this means that the leftmost entry of the descent vector ¢ that lies in K; agrees with the
leftmost entry of the other descent vector ¢’ that lies in K;. This condition is equivalent
to

K n (Ku{ij}) # {ij} for | =1,2,...,r

Thus ¢ UL j| K is in the semigraphoid My associated with the set family K if and only
if K contains no set whose intersection with K U {i, 7} equals {7, }. This is precisely
the claim. [

There is a natural involution * on the set of all CI statements which is defined as
follows:

(@ jlo)y =l jln]\(CU{i,j}). (6.3)
If M is any semigraphoid, then the semigraphoid M* is obtained by applying the in-
volution * to all the CI statements in the model M. This involution is referred to as
duality in [47]. In the boolean lattice, whose elements are the subsets of [n], the involution
corresponds to switching the role of set intersection and set union.

The MSS test 7 was defined above in terms of weight functions w. What follows is a
similar construction for the duals of MSS tests. Let zx(J) =1 for J € K and z(J) =0
otherwise. Then the function w* : 2" — R defined by wi(I) == >, ;2c(J) is
supermodular. We set

Q. = {xER” cx x4+ x, = w([n))
and Y, ;2 > w(l) forall @ # I C [n] }.

Then the equality @)y, = Ag holds for Ax = Ax, + Ak, + -+ + Ag,. This equality
is precisely the statement in Proposition 6.3 of Postnikov’s paper [65].
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6.5. Graphical tests

We have seen that semigraphoids are equivalent to convex rank tests. We now explore
the connection to graphical models. Let G be a graph with vertex set [n] and K(G) the
collection of all subsets K C [n] such that the induced subgraph of G| is connected.
The undirected graphical model (or Markov random field) derived from the graph G is
the set M% of CI statements:

M = {i 1l j|C : the restriction of G to [n]\C' contains no path from i to j}.
(6.4)

Theorem 6.5.1. The set MY of CI statements in the graphical model G is equal to the

semigraphoid My ) associated with the family IC(G) of connected induced subgraphs of
G.

Proof. The defining condition in (6.4) is equivalent to saying that the restriction of G to
any node set containing {4, j} and contained in {7, 5} U ([n]\C) is disconnected. With
this observation, Theorem 6.5.1 follows directly from Proposition 6.4.9. O]

The polytope Ag = Ay () associated with the graph G is the graph associahedron.
This is a well-studied object in combinatorics [65, 18]. Carr and Devadoss [18] showed
that Ag is a simple polytope whose faces are in bijection with the tubings of the graph
G. Tubings are defined as follows. Two subsets A, B C [n] are compatible for G if one
of the following conditions holds: A C B, B C A, or AN B = (), and there is no edge
between any node in A and B. A tubing of the graph G is a subset T of 2[" such that any
two elements of T are compatible. The set of all tubings on G is a simplicial complex;
it is dual to the face lattice of the simple polytope Ag.

For any graph G on [n] we now have two convex rank tests. First, there is the graphical
model rank test Ti(c), which is the MSS test of the set family (). Second, we have
the graphical tubing rank test T,*C‘(G), which is the convex rank test associated with the

semigraphoid (MY)* dual to M¢. Explicitly, that dual semigraphoid is given by

(M) =
{41 j|C : the restriction of G to C'U{i,;} contains no path from i to j}. (6.5)

We summarize the discussion in the following theorem:

Theorem 6.5.2. The following four combinatorial objects are isomorphic for any graph
G on [n]:

the graphical model rank test Tx(q),

the graphical tubing rank test TR (G)

the fan of the graph associahedron Ag,

the simplicial complez of all tubings on G.

We note that when the graph G is a path of length n, Ag is the associahedron, and
when it is an n-cycle, Ag is the cyclohedron. The number of classes in either the MSS
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Figure 6.5.: The permutohedron P4. Double edges indicate the MSS test 7x(q) where G
is the 4-chain. Edges with large dots indicate the dual tubing test TE(G).

test Tic(q) or the tubing test 75 ) is the G-Catalan number of [65]. This number is the

classical Catalan number L(Z:) for the associahedron test. It equals (2:__2) for the

n+1 1
cyclohedron test [56].
Example 6.5.3. Let n =4 and let G be the 4-chain 1—2—3—4. Then

ME = {1113[24, 1104(23, 21.4(13, 11.3|2, 114[2, 1114[3, 21L4[3},
(ME)* = {113, 114, 2104, 11034, 11.4[3, 11.4]2, 21 4|1}

The corresponding tests Ty and T;&(G) are depicted in Figure 6.5. Note that con-
tracting either class of marked edges on the permutohedron in Figure 6.5 leads to the
3-dimensional associahedron Ag. The associahedron Ag is the Minkowski sum of the
simplices A where K runs over

K(G) = {{1}, {2}, {3}, {4}, {1.2},{2,3}.{3,4}.{1,2,3},{2,3,4},{1,2,3,4} }.

The 3-dimensional simple polytope Ay, has 14 vertices, one for each of the 14 tubings of
G. O

In the application of graphical rank tests, we found it more natural to work with the
tubing test 7 ) instead of the MSS test 7). We refer to [56] which gives a detailed
discussion of the cyclohedron test and its applications. By the cyclohedron test we mean
the tubing test 7 ) where the graph G is a cycle of length n.

Applying the tubing test to a data vector u € R™ can be viewed as an iterative
procedure for drawing a topographic map on the graph . Namely, we encircle the
vertices of G by sets Uy, ..., U, in the order 4, do, ..., d,_1, with the following provision:
if 9; is next to be encircled and shares an edge with some vertex j which has already

105



6.5 Graphical tests 106

Figure 6.6.: Tubing of the 6-chain. Encircled regions indicate the sets U;.

been encircled by some Uj, then U; must also contain the circle U;. The result is a
collection U of n — 1 encircled sets Uy, Us,...,U,_1, and this unordered collection of
sets is the signature of v. The height h; of the i-th node in the topographic map for
v is the number of sets U; which contain 7. We can identify the signature U with the
height vector h = (hq, ha, ..., h,), since U can be recovered uniquely from the vector h.
The map u — h(u) can be interpreted as a smoothing of the data. Figure 6 displays the
topographic map when the data vector is v = (2.1,0.3,1.8,,2.0,1.1,0.1). Here G is the
6-chain 1—2—3—4—5—6. and the descent vector of u equals § = (1|5|3|2|4/6).

Conclusions

This work describes the connections among algebraic combinatorics, non-parametric
statistics and graphical models (statistical learning theory). Specifically, we have proved
the equivalence between semigraphoids and convex rank tests. This result provides the
background for the counterexamples given in the next chapter and the rank tests which
were applied to biological data in [56].
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Chapter 7.

Three counterexamples on
semigraphoids

Semigraphoids are combinatorial structures that arise in statistical learning theory. They
are equivalent to convex rank tests and to polyhedral fans that coarsen the reflection
arrangement of the symmetric group S,,. In this chapter we resolve two problems on sem-
igraphoids posed in Studeny’s book [80], and we answer a related question by Postnikov,
Reiner, and Williams on generalized permutohedra [66]. We also study the semigroup
and the toric ideal associated with semigraphoids.

This chapter is published as “Three Counterexamples on Semigraphoids” [40] in the
Journal Combinatorics, Probability and Computing together with Raymond Hemmecke,
Jason Morton, Anne Shiu and Bernd Sturmfels.

Jason Morton and Bernd Sturmfels were supported by the DARPA Fundamental Laws
of Biology program, and Bernd Sturmfels was also supported by the NSF. Anne Shiu
was supported by a Lucent Technologies Bell Labs Graduate Research Fellowship. Oliver
Wienand was supported by the Wipprecht foundation.

7.1. Introduction

A conditional independence (CI) statement on a finite set of random variables,
indexed by [n] = {1,2,...,n}, is a formal symbol [i I j| K] where K C [n] and
i,j € [nJ\K. The symbol [i 1L j|K] represents the statement that the random
variables ¢ and j are conditionally independent given the joint random variable K.
For any joint probability distribution on the n random variables, the set M of all
CI statements that are valid for the given distribution satisfies the following axiom:

(SG) If [i lLj|K U /(] and [i LL¢|K] are in M then so are [i L j |K] and [i lL¢|K U j].

A semigraphoid is any set M of CI statements which satisfies the axiom (SG). Stu-
deny’s book [80] gives an introduction to semigraphoids and their role in statistical
learning theory. For further details and references see also Matis [49, 52]. In this paper
we construct examples which answer two problems stated by Studeny:
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(Q1) Is it true that every coatom of the lattice of (disjoint) semigraphoids over [n] is a
structural independence model over [n]?
[80, Question 4, page 194]

(Q2) Is every structural imset over [n] already a combinatorial imset over [n]?
[80, Question 7, page 207]

The approach is based on the geometric characterization of semigraphoids which was
developed in [54]. Let II,_; denote the (n—1)-dimensional permutohedron [50, 92, and
let C,, = [0,1]™ denote the standard n-dimensional cube. The vertices of II,,_; are
in bijection with the elements of the symmetric group S, and with the monotone edge
paths from (0,0,...,0) to (1,1,...,1) on the cube C,,. The 2-dimensional faces of C,, are
in bijection with the CI statements on [n]. Namely, [ 1L j| K] = [j 1Li| K] represents
the 2-face of C,, with z = 1 for k € K and z; =0 for | € [n]\(K U {4, ;}). The number
of these 2-cubes equals 7, = (;‘) 27=2 There is a natural surjection from the edges of
IL,,_; onto the 2-faces of C,,. Namely, an edge of II,,_; corresponds to a pair of adjacent
monotone edge paths on C,,. These adjacent paths differ only along a 2-cube [i L j | K].
In this manner, we identify any set M of CI statements on [n] with a set of 2-cubes
on the boundary of C,. We also identify M with a set of edges of the permutohedron
IT,,_1, bearing in mind that opposite edges of a square have the same CI statement as
their label.

Each 2-face of the permutohedron II,,_; is either a square or a hexagon. By [54], the
semigraphoid axiom is equivalent to the following geometric condition on II,_;:

(SG') If two adjacent edges of a hexagon are in M then so are their two opposites.

OILNE,

The normal fan of the permutohedron II,,_; is the reflection arrangement of S,,. Theorem
3 in [54] identifies semigraphoids with fans that coarsen this arrangement. Such fans are
called convex rank tests. Namely, M specifies the set of edges of II,,_; whose dual walls
in the normal fan are not present in the convex rank test.

A basic question about any semigraphoid M is whether its corresponding convex rank
test is submodular, in other words, whether it is the normal fan of a convex polytope.
That polytope would then be a Minkowski summand of II,,_;. These polytopes are
known as generalized permutohedra and they were studied in [65, 66].

Studeny’s first question has the following geometric translations:

(Q1) Is every coarsest convex rank test submodular?

(Q1) Is every fan which maximally coarsens the S,-arrangement the normal fan of a
generalized permutohedron?

In the first version of [66], Postnikov, Reiner and Williams asked a similar question:
(Q3) Is every simplicial fan which coarsens the S,-arrangement the normal fan of a
simple generalized permutohedron?
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7.2 A non-submodular simplicial semigraphoid 110

This paper answers all three questions. In Section 2 we derive and explain the coun-
terexample for Question (Q3). That example is discussed in [66, Example 3.8]. By
Studeny’s classification of the 26424 semigraphoids for n = 4, it had been known that
the answers to Questions (Q1) and (Q2) are affirmative for n < 4. In Sections 3 and 4
we construct counterexamples for (Q1) and (Q2) with n = 5.

Question (Q2) has the following reformulation in the setting of toric algebra [53, §7].
We represent the semigraphoid axiom as an equation among formal symbols:

(SG") [lLj|KUl) + [ilLl|K] = [ilj|K]+ [{lLl¢|KUj]
for all 7, 7,1, K. These relations span the kernel of the linear map
A7 — 7% [illj|K] — ek + €Kk — €K — €ijK- (7.1)

A semigraphoid is a solution to the equations (SG”) in the semiring {0, 4}, representing
“zero” and “positive”. A semigraphoid is submodular if it is the set of zero coordinates
of a solution to (SG”) in the non-negative real numbers. These definitions furnish us
with an algebraic representation of a semigraphoid M and a systematic method for
testing submodularity of M by linear programming. Studeny’s question (Q2) concerns
the N-linear span of the columns of the matrix A:
(Q2) Is the semigroup A(N™) normal, i.e., does it coincide with A(RL,) N Z*" ?

In Section 5 we study the toric ideal [3] of A in a polynomial ring in ~, unknowns,
and we examine how it differs from the subideal generated by the binomials

(SG") GALG|K UL - [ilLl]|K] — [idLj|K] - [ilLe|K U ).

Proposition 7.5.1 describes the primary decomposition of this binomial ideal for n = 4.
We also discuss the problem of deriving the full Markov basis from (SG").

7.2. A non-submodular simplicial semigraphoid

Let n = 4 and consider the 4-dimensional cube Cy and the 3-dimensional permutohedron
IT3. Each hexagon on II3 corresponds to one of the eight facets of C,. Each facet specifies
three semigraphoid axioms, written additively as in (SG”):

[1120] + [21L3|1] = [21L3|0] + [11.2[3] <+
(¢, %,%,0)  [11L3|0] + [11L2[3] = [11L2]@] + [11L3|2]
[11L3]0] + [23|1] = [21L3]0] + [1.1L3]2]
[1L2(0] + [21L4[]1] = [2114|0] + [11L.2]4]
(k,%,0,%)  [11L2|0] + [11L4]2] = [11L4]0] + [11L2]4]
[11L4[0] 4 [21L4[1] = [21L4|0] + [1114]2]
[1LL3|0] + [11L4]3] = [11L4]0] + [11L3]4]
(%,0,%,%)  [31L4|0] + [11L3[4] = [11L3]0] + [3L1L4|1]
[31L4]0] + [11L4|3] = [11.4]0] + [314]1] <=
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111 7 Three counterexamples on semigraphoids

[213]0] + [31L4[2] = [3.1L4|0] + [21L3]4]
(0,%,%,%)  [21L4]0] + [21.3]4] = [2L3|0] + [21L4]3]
[31L4]0] + [21L4(3] = [2.L4]0] + [31L4/|2]
[BL4[1] + [213|114]) = [2103[1] + [31L4]12] <=
(x,%,%, 1) [2114[1] + [21L3]14] = [21L3|1] + [2114]13]
[2004[1] + [31L4|12] = [31L4[1] + [2114[13]
[1UL3|2] + [31L4]|12] = [31L4]2] + [11.3|24]
(e, %, 1,%)  [11L3[2] + [11L4]23] = [11L4/2] + [1113]|24]
[31L4|2] + [1114]23] = [1114]2] + [31.4[12]
[11213] + [11L4]23] = [1114]3] + [1112|34] <=
(e, 1,5, %) [11L4]3] + [21L4[13] = [2104|3] + [11L4|23]
[112]3] + [2114]|13] = [2104]3] + [11L2]34]
[113]4] + [21.3]14] = [21L3|4] + [11L3|24]
(1,%,%,%)  [11L2]4] + [11L3]24] = [113]4] + [112|34]
[112[4] + [21.3|14] = [21L3]4] + [1.112|34].

This is a system of 24 equations in 74 = 24 formal symbols [¢ L j | K].

A semigraphoid is a solution to these equations over the semiring {0,+4}. More
precisely, given such a solution vector in {0, 4}?*, the semigraphoid M consists of all
coordinates [i Il j| K] that have the value 0. There are 26424 such semigraphoids.
They form a sublattice of the Boolean lattice {0, 4}?*, with + < 0. Question (Q1)
concerns the coatoms of this lattice. But let us first resolve Question (Q3).

We consider the following collection of CI statements:

M o= {[213]14], [1 L 4]23], [1 1L 2|0], [3 1L 4]0] }. (7.2)

These four symbols are highlighted in the 24 equations above by the use of double
brackets [ ---]. Each equation (individually) can be solved among the positive reals
after these four symbols have been set to zero, or equivalently they can be solved as a

system over {0, +}. This shows that M is a semigraphoid.
The semigraphoid M is represented geometrically by the three-dimensional polytope

in Figure 1. This polytope is simple, i.e., each of the 16 vertices is adjacent to three other
vertices. The eight vertices whose labels include three bars (such as 4|2|1|3) correspond
to unique permutations in S; (namely the permutation 4213), while the eight vertices
whose labels have two bars (such as 4|1]|23) correspond to pairs of permutations in S,
(namely 4123 and 4132). This partition of Sy into eight singletons and eight pairs is the
convex rank test of M. The normal fan of the polytope in Figure 1 is a simplicial fan
which is combinatorially (but not geometrically) isomorphic to a fan that coarsens the
hyperplane arrangement of Sj.

Proposition 7.2.1. The simplicial semigraphoid M is not submodular.
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41]23 1/4]23

42113

214113

---------- o,
412|314 34’21_1“% 3|1|2|4®

o

Figure 7.1.: A simple 3-dimensional polytope with 16 vertices and 10 facets

Proof. Suppose that M were submodular. Then the above equations have a solution in
(R>0)** whose coordinates in M are zero and whose other 20 coordinates are positive.
The four equations marked by an “<=" give the following four equations:

[213[1] = [23|0] + [11L23]
[114)3] = [11L4]0] + [31L4[1]
[31L4[1] = [21L3[1] + [31L4[12]
[112]3] = [11L4]3] + [11.2]34].

Adding the left hand sides and the right hand sides of the four equations yields
[2113]0] + [11L4]0] + [31L4|12] + [112]34] = 0.
This contradicts the assumption that these four values are strictly positive. O

The set of all non-negative solutions to the 24 equations is an 11-dimensional cone in
(R>0)?*. This cone is isomorphic to the 16-dimensional cone of submodular functions
on 24, modulo its 5-dimensional lineality space. Its 22108 faces are in bijection with
the submodular semigraphoids, or, equivalently, with the generalized permutohedra for
n = 4. In addition to these, there are 4316 semigraphoids that are not submodular.
Each of the latter can be represented by a polytope of dimension < 3 as in Figure 1.
These polytopes have the combinatorial properties of generalized permutohedra, but
they cannot be realized as Minkowski summands of II3. For example, see [42, Figure 5]
for a polytope that depicts Studeny’s example of a semigraphoid that is not submodular
(see [54] and [80, Section 2.2.4]).
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113 7 Three counterexamples on semigraphoids

We now give a classification of non-submodular semigraphoids for n = 4 and | M small.
All simplicial examples are coarsenings (up to relabeling) of the particular semigraphoid
M in Proposition 7.2.1. The following table lists the number of semigraphoids classified
by number of CI statements, their type, and whether they are simplicial. Here, the type
of a semigraphoid is the triple (mqg, m;, my) where m; is the number of CI statements
[illj| K] in M such that |K| = m,.

M| type non-simplicial | simplicial | total
3 (0,3,0) 8 0 8
4 (0,4,0) 78 0 78
4 (1,2,1) 30 0 30
4 (2,0,2) 0 6 6
5 (0,5,0) 300 0 300
5 (1,2,2) 30 0 30
5 (1,3,1) 84 0 84
5 (2,0,3) 12 12 24
5 (2,2,1) 30 0 30
5 (3,0,2) 24 0 24
6 (0,6,0) 604 0 604
6 (1,3,2) 84 0 84
6 (1,4,1) 78 0 78
6 (2,0,4) 30 3 33
6 (2,2,2) 30 0 30
6 (2,3,1) 84 0 84
6 (3,0,3) 74 12 96
6 (4,0,2) 30 3 33
7 (0,7,0) 684 0 684
7 (1,4,2) 78 0 78
7 (1,5,1) 24 0 24
7 (2,0,5) 18 0 18
7 (2,3,2) 84 0 84
7 (2,4,1) 78 0 78
7 (3,0,4) 132 0 132
7 (4,0,3) 132 0 132
7 (5,0,2) 18 0 18
8 (0,8,0) 450 0 450
8 (1,5,2) 24 0 24
8 (2,0,6) 3 0 3
8 (2,4,2) 48 0 48
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|IM| type non-simplicial | simplicial | total
g (2.5.1) 24 0 24
8 (3,0,5) 72 0 72
g (4,0,4) 174 0 174
8 | (5,0,3) P 0 P
8 | (6,0,2) 3 0 3
9 1 (0,9,0) 212 0 212
9 1 (3,0,6) 2 0 1
9 (4,0,5) 34 0 84
9 (5,0,4) 84 0 84
9 1(6,0,3) 2 0 12
10 [ (0,10,0) 60 0 60
10 | (4,0,6) 15 0 15
10 | (5,0,5) 24 0 24
10 | (6,0,4) 15 0 15
11 || (0,11,0) 12 0 12
11 | (5,0,6) 6 0 6
11 | (6,0,5) 6 0 6

7.3. A non-submodular coarsest semigraphoid

We now consider the case n = 5. There are 75 = 80 CI statements, one for each
two-dimensional face of the 5-cube C5. There are 120 semigraphoid axioms (SG"),
three for each of the 40 three-dimensional faces of (5, listed as additive equations in
the Appendix. The semigraphoids are the solutions of these equations over {0, 4 }%.
These solutions include the all-zero vector 0 which represents the semigraphoid that
consists of all 80 CI statements, and which is the maximal element in the lattice of
semigraphoids. A semigraphoid is said to be coarsest if it is maximal among non-0
semigraphoids. Geometrically, such a semigraphoid corresponds to a fan which coarsens
the Ss-arrangement but cannot be coarsened to a non-trivial fan.

We now present the counterexample which answers question (Q1). The constructions
make use of the identification of semigraphoids with convex rank tests that was derived
in [54]. Let I" denote the partition of the symmetric group S5 into fourteen classes as
follows. There are eight classes containing 12 permutations each:

15[234
124/35

234|15
245(13

123]45
134]25

235/14
345[12.

And there are six classes containing four permutations each:

12|5/34
35/1/24

25(1|34
145/23

13|5/24
45(1/23.

Here 15|234 denotes the class of all permutations ijklm with {i,j} = {1,5} and
{k,l,m} = {2,3,4}. Similarly, 45|1|23 denotes the class of all permutations ijkim
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115 7 Three counterexamples on semigraphoids

with {i,j} = {4,5}, k =1, and {l,m} = {2,3}. Clearly, I is a pre-convex rank test, as
each of the 14 classes is the set of all linear extensions of a poset on [5] = {1,2,3,4,5}.
Note that the stabilizer of the pre-convex rank test I' in S5 has order 12, because I is
fixed under permutations of {1,5} and permutations of {2,3,4}. The 14 classes of I" are
represented by the 14 vertices of the polytope in Figure 2.

13|5/24 12345

Tim - d
*‘ - 123 15

I\
15/234 |

e

]
12|534

45],.1J?3 |

B4
S

14]5)23 124135

Figure 7.2.: Schlegel diagram of a 4-dimensional polytope with 10 facets

Each pair of adjacent permutations in a given class of I' specifies a CI statement. For
instance, the four-element class 45|1]23 specifies the two CI statements [4 1L 5|()] and
[21L3|145], while the 12-element class 15234 specifies the seven CI statements

[11L5]0], [21L3|15], [2..3]145], [21L4]15], [21L4|135], [3.L4|15], [31L4]125].

Altogether, we obtain 44 CI statements [-|-] from the 14 classes, and we identify the
pre-convex rank test I' with this set of 44 CI statements. We now prove:

Theorem 7.3.1. I' is a coarsest convex rank test which is not submodular.
Proof. To establish this theorem, we must prove the following three claims:
e ['is a convex rank test, i.e. it satisfies the semigraphoid axioms (SG).

e There is no proper convex rank test which is coarser than I.
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7.3 A non-submodular coarsest semigraphoid 116

e The convex rank test I' is not submodular.

We shall prove all three statements at once, by examining the semigraphoid equations
(SG"). As in Section 2, the 44 symbols in T' are denoted with double brackets [-|-],

while the 36 symbols not in I' are denoted with brackets [-|-]. With this distinction
between brackets, there are four symmetry types of semigraphoid equations that involve
the 36 positive unknowns [-|-]. The full list is given in the Appendix:

Type I [31L5[12] + [31L4]125] = [31L4]12] + [31L5]124]

Type 11 [1115]2] + [11L3]25] = [11L3|2] + [11L5|23]

Type 11T [4115[1] + [21L5]14] = [2105[1] + [4115/12]

Type IV [11L2]5] + [21L3]15] = [213|5] + [11.2|35]

After setting the 44 unknowns [-|-] to zero, we are left with 120 equations in the 36
strictly positive unknowns. For instance, the first three types give

Type 1 31L5]12] = [31014/12]
Type II [11L5)2] + [11L3|25] = [1115|23]
Type 111 [41L5]1) + [21L5]14] = [21L5|1] + [4115]12]

The axiom (SG”) merely requires that each of these equations is individually solvable.
This is obviously the case. Hence I' is a semigraphoid.

The 78 equations of Type I listed in the Appendix imply that all 36 positive unknowns
must be equal. So, if another CI statement is added to the semigraphoid I', then all
others must be added in order for (SG) to remain valid. This proves the second claim
that I' is a coarsest convex rank test.

Given that the 36 unknowns [-|-] must be equal, the 12 Type II equations imply that
their common value is zero, contradicting the requirement that they be positive. Hence
the 120 orginal equations altogether have no non-negative real solution that is consistent
with I'. This proves the third claim that I' is not submodular. O

Every semigraphoid for n = 5 corresponds to a 4-dimensional fan. Intersecting this
fan with a sphere around the origin, we obtain a polyhedral cell decomposition of the
3-dimensional sphere. We do not know whether each of these 3-spheres can be realized as
the boundary of a 4-dimensional polytope. However, using [92, §5], every semigraphoid
can be represented by a 3-dimensional diagram as in Figure 2.

For the specific semigraphoid I' of Theorem 7.3.1, the diagram in Figure 2 is indeed
the boundary of a 4-polytope with f-vector (14, 36,32,10). The following coordinates
for this polytope were found by a direct calculation, using the techniques described in
[6]. Each of the following ten row vectors represents a facet of the polytope:

POINTS
1 1/4 0 0 0 0
1 0 1 0 0 0
1 0 0 1 0 0
1 0 0 0 1 0
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1 0 0 0 0 1

1 -1/4 1/4 1/4 5/4 1/4

1 280/893  -280/893 25/893 0 28/893
1 1/57 1/67 -1/57  17/19 2/57
1 1 1 0 -5 1

1 2/37 20/37 1/37  10/37 -2/37

For instance, the last row represents the facet-defining inequality

2 20 1 10 2 <

ﬁ.xl + ﬁ'l’g + ﬁl’;),—f— ﬁ'[hl — ﬁ-% = 1.
Here, we are considering the vectors (xy, x9, 23, x4, T5) to be elements in the quotient of
R®> modulo the one-dimensional linear subspace spanned by (4,1,1,1,1). The format
is that of the software polymake [30]. If the above eleven lines are put in a file named
mypolytope then the following command in polymake will verify that this polytope does
indeed have the combinatorial structure displayed in Figure 2:

polymake mypolytope F_VECTOR VERTICES_IN_FACETS

The 10 facets of the 4-polytope correspond to the facets of the 5-cube, and they
comprise all classes of permutations in S5 in which the first or last coordinate is fixed.
The facets corresponding to permutations with 1 or 5 in the first coordinate have seven
vertices, twelve edges, and eight 2-faces. The facets corresponding to permutations with
2, 3 or 4 first have seven vertices, 13 edges, and eight 2-faces. The facets for 1 or 5
last are tetrahedra. The facets for 2, 3 or 4 last are cubes in which one edge has been
contracted; they have seven vertices and 11 edges.

7.4. The semigraphoid semigroup is not normal

Continuing to assume n = 5, we now consider the linear map A in the Introduction.
It maps the free abelian group Z* spanned by the CI statements to the free abelian
group Z* with basis {ex : K C [5]} as specified in (7.1). The matrix representing A
has 32 rows and 80 columns; each column has four non-zero entries: two +1’s and two
—1’s. The rank of A is 26. The semigraphoid semigroup is A(N®), the non-negative
integer span of the columns of this 32 x 80-matrix. This is a subsemigroup of Z*2.
Equivalently, the semigraphoid semigroup is the affine semigroup with 80 generators
and 120 relations (given in the Appendix). Note that the polyhedral cone dual to the
semigraphoid semigroup is the cone of submodular functions.

In the language of [80], the vectors in Z3? are called imsets, the columns of A are
elementary imsets, and the elements of A(N®) are combinatorial imsets. A structural
imset is a lattice point which lies in the polyhedral cone spanned by the elementary im-
sets. Studeny’s question (Q2) whether each structural imset is combinatorial translates
into the question whether the semigroup A(N®) is normal.
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Theorem 7.4.1. The semigraphoid semigroup is not normal for n = 5.
Proof. Consider the following element in the free abelian group Z%:

[11L5]2] + [11.4]3] + [2L3|4] + [21L3|5] + [31L4]12]

+[21L5|13] + [11L2]45] + [11L3|45] + [41L5|23] — [2113]45]. (7.3)
The image of this element under the map A : Z%° — Z3? is the imset
b = —€9 — €3 — €4 — €5 — €93 + €24 + 2625 + 2634 + €35 — €45 + 26123 (7 4)

+e124 — €125 — €134 + €135 + 2€145 — €1234 — €1235 — €1245 — €1345-
The imset b is structural because 2 - b is a combinatorial imset. It is the image of

[41015]2] + [41L5|3] + [11L3[4] + [11.2]5] + [21L5[14] + [31L4[15]
+[111.4(23] + [11L5]|23] + [11L5]2] + [11L4|3] + [21L3|4] (7.5)
+[21L3|5] + [31L4[12] + [2115[13] + [111.2|45] + [1.11.3]45)] € N&

under the linear map A.

Suppose that b were a combinatorial imset. Then there exists x € N8 such that
A-x =b. We write x = ) [a; 1Lb;|K;], where we allow repetition in the sum. In
any elementary imset, the basis vector ey occurs with coefficient —1 or 0, and the basis
vector eqg345 occurs with coefficient —1 or 0. However, neither ey nor ejo345 appears
in the imset b, so we conclude that |K;| = 1 or |K;| = 2 for all terms [a; lLb;|K;] in
the representation of x. The first four terms —ey —e3 —e4 — €5 in b imply that x has
precisely four terms [(IZ_J_LbZ|Kl] with |Kl| = ]., and the terms —€1234 —€1235 — €1245 — €1345
imply that x has precisely four terms with |K;| = 2.

Each of the eight terms in x evaluates to an alternating sum of 4 terms under the map
A. Some cancelation occurs among the resulting 32 terms. Prior to that cancelation,
the imset had been written as the sum of two subsums, b = A-x =

—€y — €3 — €4 — €5 + €aq + €35 + 2€34 + €35 + €4, + €4, — €125 — €134 — €B, — €B,

—€93 — €45 — €4, — €4, +2€123 + €124 + €135 + 2€145 + €p, +€B, — €1234 — €1235 — €1245 — €1345,

where |A;] = |A3] = 2 and |B;| = |By] = 3. The first line is the sum of the four
elementary imsets A([a; 1L b;|K;]) with |K;| = 1, and the second line is the sum of
the four elementary imsets with |K;| = 2. A contradiction will arise when we try to
determine the unknown pairs A; and A;. The term —ej95 in the first line must come
from K; = {2} or K; = {5}. This implies that either {1,2} or {1,5}isin A, = {4, A>}.
Similarly, the term —ej34 shows that either {1,3} or {1,4} is in A,. Now consider the
second line. The presence of the term 2e193 implies that {1,2} or {1,3} is in A,, and
the term 2ey45 implies that {1,4} or {1,5} is in A,. The term ejo4 shows that {1,2},
{1,4}, or {2,4} is in A,, and, finally, the term e;35 shows that {1,3}, {1,5}, or {3,5}
is in A,. However, no such pair of pairs A, satisfies these six restrictions. This proves
that b is not a combinatorial imset. ]
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119 7 Three counterexamples on semigraphoids

The main point of the above proof was to show that the linear system A-x = b has no
solution with non-negative integer coordinates. This can also be verified automatically
using integer programming software. In fact, using such software we found that A-x =
b has only one solution with non-negative real coordinates, namely, that unique solution
x € (R>0)® is the expression in (7.5) scaled by 1/2.

The reader might now inquire how the imset b was found. There are several algorithms
that test whether a given affine semigroup is normal, including one recently proposed
by Takemura, Yoshida and the first author [41], and the method of Bruns and Koch [14]
which is implemented in their software normaliz.

The original attempts to apply these methods directly to the 32 x 80-matrix A were
unsuccessful. Instead we succeeded by partially computing a Markov basis for the matrix
A using the software 4ti2 [39]. The imset b was found by inspecting the partial results
produced by 4ti2. We explain the details in the next section.

7.5. Computations in toric algebra

Let Q[CI,] denote the polynomial ring over the field of rational numbers Q generated
by the symbols [i 1L j | K]. Thus Q[CI,] is a polynomial ring in +,, unknowns, one for
each 2-face of the n-cube C,,. We write [ CI,, for the product of all the unknowns. We
define the semigraphoid ideal to be the ideal Isg generated by the binomials in (SG™).
Thus the generators of Isg represent the semigraphoid axioms. Following [53, §7], we
introduce the toric ideal I 4 which is obtained from Igg by saturation:

Ia = (Ise : (JJCL)™). (7.6)

The binomials in I 4 represent the vectors in the kernel of the linear map A : 2" — Z2".
A minimal set of binomials which generates I 4 is said to be a Markov basis for the matrix
A. See [27] for a discussion of Markov bases in the context of statistics.

Let us illustrate these concepts for n = 3. The polynomial ring Q[CI3] has six un-
knowns, one for each facet of the 3-cube. They are the entries of the 2 x 3-matrix

([1J_L2|(Z)] [11L3]0] [2J_L3|®]>

. (7.7)
[1112)3] [113]2] [2113|1]
The semigraphoid ideal Isg is generated by the three 2 x 2-minors of the matrix (7.7).
This is a prime ideal of codimension 2 and degree 3, and hence we have Isg = [4. Here
the Markov basis for A consists precisely of the three semigraphoid axioms.

We next consider the case n = 4. The polynomial ring Q[Cl4] has 24 unknowns,
one for each 2-face of the 4-cube. They are the entries of eight 2 x 3-matrices as in
(7.7), one for each of the eight facets of the 4-cube. Thus the semigraphoid ideal Isg
is generated by 24 quadrics, one for each of the 24 axioms (SG”) in the list given in
Section 2. For instance, the last axiom in that list translates into the quadratic binomial
[1112]4] - [211.3]|14] — [21L3|4] - [11L2|34], which is one of the 24 generators of Igg. Using
the software Macaulay?2 [34] we derived the following result:
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Proposition 7.5.1. The semigraphoid ideal Isg 1s a radical ideal which s the intersec-
tion of the toric ideal 14 and 17 additional associated monomial prime ideals.

Before discussing this prime decomposition in detail, let us make a few general re-
marks. We wish to argue that toric algebra and algebraic geometry provide useful
algorithmic tools for the research directions presented in [80]. For any ideal I of Q[CL,]
and any subset €2 of the complex affine space C', the variety Vo (I) is defined as the set
of all vectors in 2 which are common zeros of all the polynomials in /. Then V¢(Isg)
is a complex variety, reducible for n > 4, one of whose irreducible components is the
complex toric variety Vi (14). Inside this toric variety are the real toric variety Vr(Z4).
Its non-negative part Ve, (14) is homeomorphic to the cone spanned by the elementary
imsets. The next result shows that the semigraphoids are precisely the points on these
varieties whose coordinates are 0 or 1.

Theorem 7.5.2. The semigraphoids on [n] are in bijection with the points in Vip11(Isa)-
The submodular semigraphoids on [n] are in bijection with the points in Vo1 (1a).

Proof. We replace the additive semiring {0, 4} with the multiplicative semiring {1,0}.
This translates from the additive notation (SG”) to the multiplicative notation (SG").
With this translation, the first statement in Theorem 7.5.2 is obvious.

The second statement is less obvious and is based on the geometry of toric varieties.
Specifically, we shall use the characterization of facial index sets which is developed in
[32]. If we consider the specific 2" x v,-matrix A then the role of the set {1,...,m} in
[32] is played by the set of CI statements, and a subset of CI statements is facial for A if
and only if it is submodular semigraphoid. With this observation, the second assertion
follows from Lemma A.2 in the Appendix of [32]. O

Using Theorem 7.5.2, we can study semigraphoids by studying the zero-dimensional
ideals obtained by adding (z? —z : z € CI,) to the ideal Igg or I4. For instance,
with the command degree in Macaulay2 [34], it takes only a few seconds to compute

#Vioy(Usg) = 26424 and #Vio1y(La) = 22108. (7.8)

The difference between these numbers is explained geometrically by the prime decom-
position in Proposition 7.5.1, which we shall now describe in explicit terms.

The 17 associated monomial primes of Igg come in three symmetry classes. First
there are two primes of codimension 12. A representative is the ideal

[1102(0], [11L3|0], [11L4|0], [21L3]0], [21L4]0], [31L4]0],
< [3104|12], [2.14[13], [21L3|14], [1114]23], [11L3|24], [111.2]34] > '

The semigraphoid ideal Isg has 12 associated primes of codimension 15, such as

< [1112(@], [11L3|@], [11L4|@], [31L4|0], [11L3]2], [1114|2], [31L4/|2], [1iL2|3],>
[2.114]3], [111.2|4], [21L3]4], [31L4[12], [211.4]13], [21L3|14], [111.2|34]
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121 7 Three counterexamples on semigraphoids

Next, Isg has three associated primes of codimension 16. A representative is

[1102|0], [11L3|0], [21L4|0], [31L4|0], [21L4[1], [31L4[1], [11L3|2], [31L4]2],
<[1J_L2\3], [21043], [11L2[4], [11L3[4], [31L4|12], [21L4|13], [11L3|24], [112|34]> '

Each of the 4316 non-submodular semigraphoids is a {0, 1}-valued point not in V(14)
but in one of the 17 coordinate subspaces corresponding to these primes.

Finally, the last associated prime of Igq is the toric ideal I 4. This ideal has codimen-
sion 13 and degree 396. Its minimal generating set consists of 52 binomials. Besides the
24 quadrics (the axioms), the Markov basis of A contains four cubics

[2103]1] - [31L4|2] - [1113]4] — [31L41] - [1113]2] - [21L3]4],
[2103|1] - [2104]3] - [11L.2]4] — [214]1] - [112[3] - [213]4],
[1103|2] - [1104]3] - [111.2]4] — [1114]2] - [1.1.2[3] - [1L3]4],
[21041] - [31L4]2] - [1114|3] — [3114|1] - [1.1L4]2] - [2.14]3],

and 24 quartics such as
[11L2|0] - [31L4]0] - [2114[13] - [11L.3|24] — [11L3|0] - [211.4|0] - [31L4]12] - [111.2]34].

We now come to case n = 5. It will be a challenge for future commutative algebra
software to compute a primary decomposition of the semigraphoid ideal Igg for n = 5.
At present we do not know even whether Igg is radical. Let us therefore focus on
the main component of this ideal, namely, the toric ideal I4. Here the main goal is
to compute its minimal generators, that is, the Markov basis of A. We attacked this
problem using the software 4ti2 [39], and we now discuss the results.

First, we started a Markov basis computation for the toric ideal 14 using the function
markov of 4ti2, but this computation turned out to be non-trivial. In the hope that
a counterexample would not involve all 80 variables, we set several variables to 0 and
tried to compute the Markov basis of smaller ideals that are contained in I4. For the
one-day computation that finally produced a counterexample, we set the first 18 formal
symbols to zero and found the Markov basis move

g = (04—1—2-[2J_|_3]45]) - (5+2-[4J_|_5]23] e N® where

o = [4105]2] + [4115(3] + [1LL3[4] + [11L2|5] + [21L5]14] + [31L4[15] + [1.14]23] + [11L5[23],

B = [1115[2] + [1114|3] 4 [21L3|4] + [2113|5] + [3.1.4]12] + [2115[13] + [11L2[45] 4 [11L3]45].
This lattice vector corresponds to a binomial x%" — x& which is in the toric ideal 4
and has the property that both of its monomials are not square-free. We then verified
that x8° — x®& is not only indispensable for the smaller ideal (with 18 variables set to

zero) but also indispensable for I4. Recall (e.g. from [3]) that a binomial x8™ — x&  in
the toric ideal I4 is called indispensable if

{ze N A z=A-g"} = {gh g}

This means that the Markov move g corresponds to a 2-element fiber given by the right-
hand side and consequently, g must belong to every Markov basis of 4. In order to
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check this condition for the given move g, we computed the minimal Hilbert basis (that
is, the <-minimal integer solutions) of the cone

{(z,u) e R¥*: A -z—(A-g") -u=0,(z,u) >0}

This was done using the function hilbert of 4ti2 which produced precisely the two
expected elements (g, 1) and (g~, 1) within a few seconds.

From the special Markov move g = (a + 2 - [21L3]45]) — (8 + 2 - [4 1L 5|23]), we
then constructed the imset b presented in Section 4. We first checked that b was not
a combinatorial imset by showing that Ax = b has no solutions with non-negative
integer coordinates. Using the functions hilbert and rays of the program 4ti2, we
computed the Hilbert basis and the extreme rays of the cone

{(z,u)e R*: A-z=b-uand (z,u) > 0}.

Both computations quickly finished. They showed that this cone has dimension one and
is generated by the single vector (« + 3,2). Consequently, the only non-negative real
solution to A-x = b is (a + [)/2, which is not an integer solution.

7.6. Appendix: The 120 semigraphoid axioms

Here is the list of all 120 semigraphoid axiom for n = 5, grouped into triples according
to which 3-face of the 5-cube they come from. The two types of brackets specify the
non-submodular coarsest semigraphoid I" which was discussed in Section 7.3.
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3115[12] + [31L4[125
4.115[12] 4 [3.1L4[125
4.115[12] + [3.1L5[124
2.113[14] + [21L5[134
2115[14] + [31L5[124
3115[14] + [21L3[145
1115(23] + [1114[235
4115|23] 4 [1114[235
4115|23] 4 [1115[234
1113]25] + [1.1.4]235
1113]25] + [31L.4]125
3.114|25] + [1.1.4|235
1112|35] + [1114]235
1112|35] + [2114]135
1114|35] + [2104]135

[2L4[1] + [31L4]12
[2.L4]1] + [21L3]14
[3.1L4[1] + [21L3|14

[2L4[1] + [41L5]12
[21L5[1] + [21L4]15]
[41L5]1] + [21L5]14

[1113]|2] + [11.4]23
[11L4]2] + [31L4]12
[31L4|2] + [111.3]24
[11L4]2] + [415]12
[11L4]2] + [11.5]24
[115|2] + [415]12
1114(3] 4 [2114[13
1114[3] 4 [1112[34
2114(3] + [11L2[34
1114(3] 4 [4115[13
1114(3] 4 [1115|34
4115|3] + [11.5]34
1112]4] 4 [2113[14
1112]4] 4 [1113[24
1113]4] 4 [2113[14
1113]4] 4 [11L5|34
315[4] 4 [11L5]34

3115]4] + [111.3]45

[1.1.2]5] + [21L3]15]
[1.1.2]5] + [11L3|25
[1.1.3]5] + [21L3|15]

[1.1.3]5] + [31L4]15]
[1.1L.3]5] + [11L4]|35
[3.1L4[5] + [11L4|35

[112]] + [21.3]1
3] + [11.2]3
[213]] + [11L3]2
[112]] 4 [215]1
[112]] 4 [115]2
[115]] 4 [215]1
[113]] + [315]1
[15]] + [3.45]1
[115]] + [113]5
[214]] + [21.3]4

[31L4]] + [21.4]3
[31L4]] + [21L3]4

[21L4]] + [415]2
[25]] + [415]2

[215]] + [2114]5

3114[12] 4 [31.5[124
3114[12] 4 [41.5[123
3115[12] 4 [4.1.5]123
2115|14] + [21L3|145
3115[14] 4 [21.5]134
2113|14] + [31L5]124
1114]23] + [11L5]234
1104[23] + [41.5]123
1115]23] + [41L5]123
1104|25] + [11.3]245
3114[25] 4 [1.1.3]245
1104]25] + [31.4]125
1114|35] + [11L2]345
211435] + [11L2|345
211435] + [11L4|235

3114[1] + [2114]13]
2113[1] + [2114]13]
2113[1] + [31L4]12]

4.115[1] + [21L4|15]
[21L4]1] + [2115]14]
2115[1] + [4115]12]

1114(2] 4 [1113|24]
3.114[2] + [11L4[23]
1113[2] + [31L4[12]

[4115]2] + [1114]25]
1105(2] + [1.114|25]
[4115]2] + [11L5]24]

2.1143] + [1114]23]
1102|3] + [1.1L4]23]
1102|3] + [2.14[13]

[4105]3] + [1.114|35]
1105|3] 4 [1.114|35]
1105(3] + [4.115]13]

2.113]4] + [11L2[34]
1113]4] + [1112]34]
2.113]4] + [11L3]24]

1115]4] + [11L3]45]
1115]4] + [31L5]14]
[11L3]4] + [31L5|14]

[2113]5] + [1.1.2(35]
1113]5] 4 [1.1.2(35]
[21L3]5] + [1.1.3]25]

[31L4|5] + [1.11.3]45]
1114|5] 4 [111.3]45]
1114|5] 4 [31L4]15]

2113(] + [112]3
11L2]] + [11L3]2
1113[] + [21L3]1
2115|] + [11.2]5
115(] + [11.2]5
2115|] + [11L.5]2
315|] 4 [11.3]5
315(] 4 [1.15]3
11L3|] + [11L53
2113|] + [21.4|3
2114(] + [31L4]2
2113|] + [31L4]2
4115] 4 [2114]5
4115|] 4 [21L5]4
2114|] + [21L5]4

[2115[13] + [21L4[135
[4115[13] + [21L4[135
[4115[13] + [21L5[134
[214]15] 4 [21.3]145
[31L4[15] 4 [21L.3]145
[31L4]15] 4 [21L4]135
1113]24] + [31L5[124
1115(24] + [1.1.3]245
1115]24] + [31L5]124
1112(34] + [2115]134
1105]34] + [1112]345
1105]34] + [2105]134
1112]45] + [1113]245
1113]45] + [2113]145
2.113[45] + [11L2(345

[2.3]1] + [31L5]12

[2.3]1] + [21L5]13

[3UL5[1] + [21L5|13

[31L5]1] + [4115]13

[31L5]1] + [31L4[15]
[41151] + [31L4|15]

[1115]2] + [111.3]25
[3LL5[2] + [11L5[23
[31L5]2] + [11L3|25
[31L5[2] + [41L5|23
[31L5]2] + [31L4|25
[415]2] + [31L4|25
[1.1.2]3] + [21L5]13
[11.5]3] + [11L2|35
[25[3] + [11L5|23
[2.14(3] + [41L5|23
[21L5[3] + [21L4]|35
[4115|3] + [21.5|34
[11.2]4] + [21L5]14
[112]4] + [11L5[24
[11154] + [21.5]14
[2113]4] + [31L5|24
[2.3]4] + [21L5|34
[21L5]4] + [31L5[24

[1.1.2]5] + [21L4]15]
[1.1.2]5] + [11L4|25
[1.14]5] + [21L4]15]

[2.3]5] + [21L4]|35
[2.1L4]5] + [31L4|25
[3.1L4]5] + [21L3|45

[112]] + [21L4]1
[1i2(] + [11L4]2
[11L4(] + [21L4)1
[114]] 4 [11.3]4
[31L4(] + [114[3
[31L4[] + [113]4
[11L4]] 4 [115]4
[4L5]] + [115]4
[4L5]] + [11L4]5
[213]] + [21.5[3

[215]] + [315]2
[31L5]] + [21.3]5

[3.1L4[] + [415]3
[3.1L4[] + [31L5]4

[31L5]] + [41L5]3

2.114[13] 4 [2115]134]
2.114[13] 4 [4.15]123]
2.115[13] 4 [4.15]123]

2113(15] 4 [211.4]135]
2113[15] + [31L4]125]
2114[15] + [31L4]125]

3115|24] 4 [1113|245
1103[24] + [11.5]234
3115|24] 4 [1115/234
2115|34] + [11L2|345
1102(34] + [111.5]234
2.115(34] 4 [1.1.5]234
1113]45] + [11L2]345
2.113]45] 4 [1.1.3]245
1112]45] + [21L3]|145

3115[1] + [21L3|15]
2.115[1] + [21L3|15]
2.115[1] + [31L5|12]

41151] + [31L5]14]
[31L4]1] + [3115|14]
[31L4[1] + [4115[13]

[11L3]2] + [1115|23]
1115]2] 4 [31.5[12]
[11L3]2] + [31.5[12]

4.115(2] + [31L5|24]
3114[2] + [31L5]24]
3114[2] + [4115]23]

[2105]3] + [1.1.2|35]
[11L2]3] 4 [11.5]23]
1115]3] 4 [21.5[13]

4.115(3] + [21L4]35]
2.114(3] + [2115]34]
2.115(3] + [41L5]23]

[21L5]4] + [1112]45]
1115(4] + [111.2]45]
[21L5]4] + [1115|24]

3115(4] + [211.3]45]
2115(4] + [211.3]45]
3115(4] + [2115]34]

[2104]5] + [1.1.2]45]
1114|5] 4 [1.1.2]45]
[2104|5] + [1.14]25]

2114(5] + [2113]45]
3114[5] + [2114|35]
2.113[5] + [31L4|25]

2114|] + [11.2]4
11L4|] + [11L2]4
2114[] + [11L42
1113[] + [11L4]3
1104[] + [31L4]1
1113[] + [31L4]1
1UL5(] + [11L4]5
11L5(] + [41L5]1
11L4|] + [41L5]1
2115|] + [21L35
315|] + [21.5]3
2113|] + [31L52
4115|] 4 [31L4]5
3115(] + [31L4]5
4115|] 4 [31L5]4

Table 7.1.: List of all 120 semigraphoid axiom for n = 5
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Chapter 8.

Computing distributive lattices and
counting linear extensions

In Chapter 6 we have introduced a hierarchy of rank tests, which range from pre-convex
to graphical. Convex rank tests are applied to data vectors u € R", or permutations
m € S, and determine their cones in a fan F which coarsens the S,,-fan. The significance
of a data vector in such a test is measured by a certain p-value, whose precise derivation
is described in [56]. Computation of that p-value rests on the ability to compute the
quantity |77*(7(m)) |, which is the number of permutations in the maximal cone of F
corresponding to m. Recall that the cones of a convex rank test are indexed by posets
P, Py, ..., P, on [n], and the computations amount to finding the cardinality of the set
L(P;) of linear extensions of P;.

The following Algorithms 8.1 and 8.2 are implemented in R [68] and Python [85]. The
source code and manuals are available for download at
http://bio.math.berkeley.edu/ranktests/.

8.1. On counting linear extensions

The problem of computing linear extensions of general posets is #P-complete [10], so the
task is an intractable problem when n grows large. However, for special classes of posets,
and for moderate values of n, the situation is not so bad. For example, in the up-down
analysis of Willbrand et al. (see Example 6.3.4), we need to count all permutations
with a fixed descent set, a task for which an explicit determinantal formula appears in
Stanley [77, page 69]. We refer to [11] for a detailed study of the combinatorics of these
up-down numbers.

Likewise, there is an efficient (and easy-to-implement) method for the computing
quantities |77(7 (7)) | for any graphical graphical tubing test Ti(q)» as defined in Sec-
tion 5. Indeed, here the fan F is unimodular, and hence the posets P; are all trees. The
special trees arising from a graph G in this manner are known as G-trees [65, 18]. The
G-tree of a permutation 7 is a representation of the poset F; as a tree T = 74 ()
with the minimum value as the root and maximal values as the leaves. Suppose the root
of the tree T has k children, each of which is a root of a subtree T for i = 1,..., k.
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Writing |T"| for the number of nodes in 7", we have

o = () (Hv—l T%)

This recursive formula translates into an efficient iterative algorithm. The implementa-
tion of this algorithm, when G is the n-cycle, is the workhorse behind the computations
n [56]. For a graph G, let nbhd(i) be the set of vertices j such that there is an edge
(i,7) in G.

(Permutation Counting)
Input: A data point u as a descent permutation ¢ and a graph G.
Output: The number of permutations with the same signature as 6, | 777 (7 (u)) |.

Initialize:
An indexed set of largest enclosing sets LE, = --- = LE,, = (), and counter
c=1
for 0; in ¢:
Initialize ¢ an empty list of enclosed tree lengths
E5¢ = {51}
for j in nbhd(é;):
if LE; # 0 and j ¢ LE;s;:
LEs;, = LEs, ULE;
append |LEj| to £
c=c- (Z‘(Zi))
for j in LE;,:
LE; = LE;,
Return the permutation count ¢

The algorithm is implemented in R and was used to successfully rank all gene expres-
sions measured in experiments concerning the development of the vertebra (see [24]).

8.2. Computing the distributive lattice of order ideals

In the remainder of this chapter we discuss our method for performing these computa-
tions for an arbitrary convex rank test. The test is specified (implicitly or explicitly)
by a collection of posets P, ..., P, on [n]. From the given permutation, we identify the
unique poset P; of which that permutation is a linear extension, and we construct the
distributive lattice L(P;) whose elements are the order ideals of P;. Recall that an order
ideal of P; is a subset O of [n] such that if [ € O and (k,1) € P, then k € O. The set
of all order ideals is a distributive lattice with meet and join operations given by set
intersection O N O’ and set union O U O'.

125



8.2 Computing the distributive lattice of order ideals 126

The distributive lattice L(P) is a sublattice of the Boolean lattice 2", whose nodes
are the 2" subsets of [n] = {1,2,...,n}, and we represent L(P;) by its nodes and edges
(cover relations) in 2. We write each edge in 2" as a pair (K1) where K C [n] and
| € [n]\K. The edge in the Boolean lattice 2" represented by the pair (K1) is the cover
relation K C K U {l}.

Permutations in S,, are in natural bijection with maximal chains in the Boolean lattice
2l"l. For example, the descent permutation & = (4|2|1|3) corresponds to the maximal
chain ((Z),{4},{2,4},{1,2,4},{1,2,3,4}) in the Boolean lattice 2. If the poset P,
is the linear order ¢ then L(P;) is the subgraph of 24 consisting of the five nodes in
the chain and the four edges (0,4), ({4},2), ({2,4},1) and ({1,2,4},3) which connect
them. The maximal chains in 2" that lie in the sublattice L(P;) are precisely the
permutations that are linear extensions of P;. Therefore our task is to construct L(F;)
and then count its maximal chains.

Remark 8.2.1. The linear extensions of the poset P; are in bijection with the mazimal
chains in the distributive lattice L(P;). See [77, Section 3.5] for further information on
this bijection.

Figure 8.1.: The distributive lattice of a fence of length 4 and 5. In the first case all
unused edges are indicated in light grey. In the second all unused vertices
are depicted in lighter color. The total number of paths is 5, respectively 16

Example 8.2.2. The figure 8.1 depicts distribute lattices whose contents are the linear
extensions of the fence of length 4 resp. 5.

In general, L(P;) is the graph whose nodes are those subsets of [n] which are order
ideals in P;, and the edges are (K,[) where both K and K U {l} are order ideals in
P;. Our strategy in computing the graph which represents L(F;) is as follows. We start
with a given permutation ¢ which lies in the class indexed by P;. That permutation
determines a maximal chain in 2" which must lie in L(P;). We then compute a certain
closure of that subgraph in 2" with respect to the semigraphoid M under consideration.
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127 8 Computing distributive lattices and counting linear extensions

This is precisely what is done in Algorithm 8.2 below. Knowledge of the distributive
lattice L(P;) solves our problem since the number of maximal chains of L(P;) can be
read easily from the representation of L(F;) in terms of nodes and edges.

(Building the Distributive Lattice)
Input: A data point as a descent permutation ¢ and a semigraphoid M.

Output: A distributive lattice L(P;) representing the class of 0 in the convex rank test
M.

Initialize:
A set of confirmed lattice nodes, H = {@, {61},{61,02}, ..., {01,... ,5n}}
A set of checked lattice edges, E = {({(51, ey Onet )y (5n)},
where each pair has the form (history, next position).
A stack of edges waiting to be checked:

W= [(0,61), {6:},62), ({61,623, 88), -, ({61, -+, 2}, 6 1)]

While W # 0:
Pop (H,1i) from the stack W
Add (H,i) to E
for j such that (H U {i},j) € E:
if i 1l j|H € M:
Add (H,j) to E
it HU{j} ¢ H:
Add HU{j} to H
Push (H U {j},7) onto W
Return the distributive lattice L(P;) = (H, E)
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Our program for performing rank tests implements Algorithm 8.2. It accepts a per-
mutation ¢ and a rank test 7, which may be specified either

e by a list of posets Py, ..., P, (pre-convex),

e or by a semigraphoid M (convex rank test),

e or by a submodular function w : 2" — R,

e or by a collection K of subsets of [n] (MSS),

e or by a graph G on [n] (graphical test)

e or by data vectors u!), ..., u(™ € R* (partial order ranking).

Once the programm has computed the distributive lattice of order ideals the following
data is easy to compute and corresponding algorithms are implemented:

e the number |£(F;)| of linear extensions, where the poset P; represents the equiva-
lence class of S, specified by the data m,

e the number of vertices and edges in the distributive lattice L(P;),
e a truly uniform sample of all linear extensions of P;,

e the rank frequencies of the different labels [; € [n], i.e. the average position of
each label in all linear extensions of P;,

e a representation of the distributive lattice L(F;), in a format that can be read by
the maple package posets [78],

e a test of modularity for the function w which gives a counterexamples if the func-
tion is neither sub- nor supermodular.

Our software for Algorithms 8.1 and 8.2 and, more generally, for applying convex
rank tests 7 to data vectors u € R" is available at http://bio.math.berkeley.edu/
ranktests/.

8.3. Benchmarks

The only other implemented algorithm we found is available at
http://webhome.cs.uvic.ca/~ruskey/Publications/ExtensionFast/ExtensionFast.html
and described in [67].

We compared both algorithms by using the even fence posets (see Table 8.1). The num-
ber of linear extensions are well-known to be the coefficients in the expansion of tan(z)*x
[83] and therefore easy to verify.

In closing let us give a concrete illustration of our current ability to count linear
extensions. We computed the number of linear extensions of the Boolean poset P = 20!
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129 8 Computing distributive lattices and counting linear extensions

#elements #extensions lcell genle comment

12 4245504 0.2s <0.1s

14 313155584 0.2s 0.4s

16 30460116992 0.3s 23.2s | wrong result by genle
18 3777576173568 0.5s | >30min

20 581777702256640 1.2s

22 108932957168730112 2.7s

24 24370173276164456448 | 14.55

Table 8.1.: Computing the number of all linear extensions for fences on an Intel Core2
Duo P8600, 2.4 GHz, 2 GB RAM.

consisting of all subsets of {1,2,3,4,5}. Our program ran in less than one second on a
laptop and found that

IL(2PY| = 14807804035 657 359 360.

This computation was inspired by work in population genetics of Daniel Weinreich [88]
who reports the analogous calculation for P = 2[4, The computed number |L(2P))| was
previously unknown and extends the sequence A046873 of the On-Line Encyclopedia of
Integer Sequences (see [82]). We also computed

]L(Q[ﬁ})\ = 141377911697 227887117 195970 316 200 795 630 205476 957 716 480

on a compute server in less than 16 hours.
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