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Preface

From Wikipedia, the free encyclopedia, transgression may be:
A legal transgression, a crime.
A social transgression, violating a norm.

Transgression (LDS theology), a violation of religious law without the perpe-
trator’s understanding.

Transgression (geology), an event during which sea level rises relative to the
land, resulting in coastal ooding.

Transgression (album), a 2005 album by the Los Angeles metal group Fear
Factory.

Transgression (novel), a science ction novel by Randall Ingermanson.
Transgressive art, a type of art that goes against basic norms or mores.
Transgressional ction, a form of literature.

By analogy, we can deduce that Transgressive computing is a type of computing that
goes against basic norms or mores. To my knowledge (Google based), the use of
transgressive computing is almost completely new (only one other reference).

Hence this conference is surely the rst on this topics (and certainly not the last).
Why such a title for a conference in honor of professor Jean Della Dora? What are
these basic norms that are being transgressed? What kinds of trangressions? Is Jean
Della Dora really a transgressive scientist: a type of scientist who goes against basic
norms or mores?

Once again, from Wikipedia, the free encyclopedia, the term mores as used in so-
ciology is a plural noun. The Latin singular, which is not used in English, is mos.
The English word morality comes from the same root, as does the noun moral, which
can mean the ’core meaning of a story’. Mores are strongly held norms or customs.
These derive from the established practices of a society rather than its written laws.
Taboos form the subset of mores that forbid a society’s most outrageous behaviours,
such as incest and murder in many societies. Usually these are formalized in some
kind of moral code, e.g. commandments. Most sociologists reject the thesis that the
formalization matters as much as the informal social response of disgust and isolation
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of o enders. An example of a more might be someone picking their nose; which,
although harmless, is widely considered as disgusting to the general populace and
goes against the normal. However, constant exposure to social mores is thought by
some to lead to development of an individual moral core, which is pre-rational and
consists of a set of inhibitions that cannot be easily characterized except as potential
inhibitions against taking opportunities that the family or society does not consider
desirable. These in turn cannot be easily separated from individual opinions or fears
of getting caught.

Looking for established practices, taboos or commandments in science, even in com-
puting science is more that can be done in this short text. However, by just asking
the question, we admit that such behaviours may exist in our eld. Let me take
as example the absolute necessity of a mathematical model. We, as computing sci-
entists, do believe that we understand a natural phenomenon once we have a set
of equations that "represents” it. And generally we are no longer interested in the
natural phenomenon: we just work with the equations. They ARE the object under
study. This is more than an established practice, more than a commandments, indeed
we cannot leave without a mathematical model. Could we imagine a world without
mathematical models. Are there other ways of modeling than with mathematics.

Moreover do we have nished our work as soon as the equations have been found.
During long time, studying numerically the equations and discussing the quality of
the results and the adequation with the natural phenomenon was like picking his nose
in public for mathematicians.

For long our models have exclusively been built with partial di erential equations.
Discrete mathematics were so simple that established mathematicians did not con-
sider them as real science: discrete mathematics based models would not be smart
enough to model complicated phenomena. Working directly with discrete models
rather than with continuous models was such a strong taboo that, in this new cen-
tury, they are still considered as second class citizens.

Jean Della Dora is that kind of scientists who do not hesitate to pick their nose if
they believe that science will progress from this. From that perspective, he certainly
deserves such a conference.

But Jean Della Dora is not only a transgressive scientist, he has been also a transversal
mathematician: numerical analysis (computing eigenvalues, Pade-Hermite approxi-
mation, numerical integration of ordinary di erential equations), computer algebra
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(di erential equations, di erence equations, algebraic equations and control), parallel
algorithms and more recently hybrid systems with application in molecular biology
and genetic networks.

In all these various domains, his unquenchable curiosity and original glance produced
new trends of research: a border has been transgressed and the road was free. For
years his colleagues and doctoral students were illuminated by this unique desire to
understand better and more, to go further, to traverse new regions and transgress
intellectual borders.

Such a behaviour has also in uenced deeply his teaching and administrative activi-
ties. Jean Della Dora was the founder of many new courses and research teams. He
has always been involved in the development of the Grenoble community in scienti ¢
computing, proceeding the path of his master Professor Noel Gastinel.

In the following texts, almost all the domains in which Jean Della Dora has been
active are addressed. Even if he is no longer working in the eld, his ideas are still
valid and alive. Such a book will be useful as a reference for the included original
contributions but also as a landmark by the diversity of the themes together with a
unique way of approaching research.

Professor Jean Della Dora deserves more than that. He deserves our gratitude and
recognition.

Sophia Antipolis, March 25, 2006.

Michel Cosnard.

Professor at Ecole Polytechnique de I'Universite de Nice - Sophia Antipolis.
Head of Sophia Antipolis INRIA Resarch Unit.
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Dynamical systems
An algorithmic point of view

Jean Della Dora Aude Maignan Laurent Tournier

Abstract

The motivation to study dynamical systems is of course to get the more information we
can about their phase portraits. To face this general problem, an interesting way seems
promising, what we call here the concept of algorithmic system theory. At the basis
of this concept is the analysis of several classes of systems, coming from di erent area
(notably biology), which could be considered as elementary units of a bigger theory.
What we present in this extended abstract is a couple of re exions inspired by the work
of our team over the past years.

1 Introduction

From an applied point of view, dynamical system theory presently oscillates between a deep
theory with a sound mathematical foundation, but restricted to low dimensional systems,
and a growing bulk of knowledge associated to higher dimensional systems using a numerical
point of view, based on simulation and model reduction. In any case the algorithmic point
of view is poorly taken into acount.

For several years we have tried to understand what could be such a point of view, and
what computer algebra can bring to the subject. The result of our investigation is described
into four thesis [1, 2, 3, 4] and several papers. In this paper we try to synthetise what we
have learned and what could be an Algorithmic System Theory (AST).

Let’s consider a dynamical system de ned by a system of autonomous ODE:

X' =F(X)

where X 2 R". What is important is the knowledge of the phase portrait. In
a certain sense it’s the description of the behaviour of all the solutions of the dynamical
system. This is a clear distinction with numerical integration of ODE whose primary goal is
the construction of a particular solution of an initial value problem (I\VVP). Using simulation
to build a phase portrait is so equivalent to the integration of a great number of IVP over
a long period of time. But in any case, and this is a key point: simulation is not dedicated
to prove something about an ODE.

On the other side, it’s clear that the mathematical results that have been accumulated
on low dimensional systems are di cult to apply on higher dimensional ones. The problem
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is that huge dimensional dynamical systems are numerous in applied mathematics. Let’s
give an example :

Example 1.1. The numerical integration of partial di erential equations (PDE) is a central
subject of numerical analysis. In particular, the numerical integration of evolution equations
is tremendously important. But behind the construction of a PDE, there exists a hypothesis
named the continuity hypothesis. In an elementary volume, some equations for a bilan are
established. Then it is argued that if the volumes decrease to zero, some limit exists and
the PDE is established. This is very clear from a mathematical point of view but this is a
perfect example of questionable physical point of view.
What is also very strange is that for numerical integration it’s absolutly necessary to \come
back™ to a localized point of view and put the problem into an ODE framework : ::
To be more precise let’s take the example of the one-dimensional di usion of heat:
C
@_u a u=f
u(0; x) = u®(x)

with Dirichlet boundary conditions: u(t;0) = o(t) and u(t;1) = 1(t).

a is a positive real, f, o, 1 and u® are given functions and u = u(x;t) is the possible
solution of the PDE problem.

In order to study this problem we will use a discretization of the PDE. Let X be a positive
real constant such that — is an integer noted N. For i 2 f0;:::;Ng, we consider Xj =1 X.
The x; are a subdivision of the segment [0; 1]. Then we pose the functions:

8

< Uo(t) = u(xo;t) = u(0;t) = o(t)

_ui®) =ux; ) fori 2 F1: 19
Toun() = uxn;t) = u(lt) = 1(t)

Then we discretize the laplacian term using a centered diagram:

, x210:1]

: C@fu L Ui 1) 2u(Xi;t) + U(Xies; t)
81 | N 1, W(Xht) X2
We obtain the ordinary di erential equations:
A . dui a .
81 1 N 1; o —Z(Ui 1(D)  2ui(t) + Ui+ (1) + F (X5 1)

Let U(t) be the vector (ui(t);:::;un 1(t)), we obtain the linear ODE system:
U (t) = AU(t) + b(t)

where A is the tridiagonal matrix and b(t) is the vector:

(@] 1 o 1
2 1 o) + F(xq1; 1)
. 1 f(X21t)
f(XN 2; 1)

1 1)+ F(xXn 15 0)
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Of couse as long as we want to use a ne discretization (small Xx) we are turned to the
integration of high dimensional systems. And that is exactly the key point! This method
is known as the line method or the semi-discretization method. We will describe such a
theory in another paper.

The previous example is very important : the philosophy behind this is that numerical
integration of PDE could be brought back to the integration of systems of ODE (in general
huge systems of nonlinear ODE). Then, in general, numerical analysis tries to solve this
system by a time discretization of the ODE.

The basic idea is the same for integration of di erential equations : can we identify
classes of dynamical systems that could be completely studied from an algorithmic point
of view, that-is-to-say where we can give a complete algorithmic description of the phase
portrait. Of course we know the linear systems X' = AX and this is a very important class
of examples. We also know the linear DEA AX' = BX + u and it’s also fundamental.

From several places (computer science, mechanics, biology) appear other classes of pow-
erful systems very useful for the modelling process. These systems are called cellular net-
works, self-reproducing automata, hybrid systems, timed automata, iterated functions sys-
tems, ::: In the second part of this paper we try to give a kind of classi cation (at least
the state of our knowledge on this large subject :::) and we identify some very deep key
points. We called this part the static part because the overall structure is xed (in a very
precise sense).

Now we have to explain our second key point.
All these systems are useful in two ways:

The rst point is that these systems are useful as modelling tools. The example of the
Glass systems is striking. The boolean networks are also very important objects of
study. It’s important for the future to have a complete knowledge of such systems in
the same manner as we want to study the elementary functions. The phase portraits
of such systems are the equivalent of the table of special functions.

The second point is that the phase portraits of such systems could be used as pieces
of piecewise systems (subset of the class of hybrid systems) like pieces of polynomials
could be seen as pieces of spline functions.

A huge amount of work has to be done for a clear understanding of the theory! But we
explore in the third part another point of view.

The third key point is that the dynamical systems are, in a certain sense, static. The
evolution is described in a xed phase space. But a lot of examples (see part three) show
that this phase space could also be subject to evolution. We introduce the concept of dy-
namical automata in order to explain our point of view.
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2 Dynamical and hybrid systems

2.1 Networks of automata over a graph

The rst class of dynamical systems we propose is the class of networks of automata over a
graph, or automata graphs.
Let G = (V;E) be an oriented graph. We note, for each vertex v 2 V, d (v) the inner
degree of v, i.e.:

d v)y=#fu22V; (u;v) 2Eg

If V is in nite, we say that G has a bounded indegree if forallv2V,d (v)is nite. Here
is a common de nition of automata graphs:

De nition 2.1. An automata graph is a quartet G = (G;S;N; ) where:

G is an oriented graph with K-bounded indegree. G = (V; E). The elements of V are
called processors, automata, :::

S = fS,; v 2 Vg is a collection of nite sets. The set Sy is called state set of
automaton v.

N : V & (fl;:::;Kg ¥ V) determines the neighborhood of each automaton.

N (v) (f1;:::;d (v)g) is in fact the ordered set of the predecessors of automaton v.
is the local transition function of the network: =T ,; v 2 Vg with
O 1
o)

v - @ SN (V)(|)A TS,
i=1

Y
The set Q = Sy is called the con guration space of G.

v2V
A con guration of G is a functionc:V ¥ Q.

This de nition is general enough to include di erent formalisms such as Hop eld neural
networks or cellular automata. Actually it includes every discrete dynamical system that
can be brought back to iterations of a map over a countable set (see [4]). To associate to an
automata graph a dynamical system, we need to de ne an operating mode, that-is-to-say a
strategy that determines, at each discrete time n 2 N the subset (n) of V that contains
the automata that computes, thanks to the activation function , their next state from the
states of their neighbors.

More precisely, if the system is in a con guration c, at time n, then the next con gu-
ration cp+1 is given by:

Cn+1(V) = Cn(V) ifva (n)
Ch+1(V) = v(Cn(N(M)(@));:is5ea(N (V) (v)))) ifv2 (n)
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The trajectories of such systems (i.e. the sequences of con gurations) are the solutions of
iterations of a map over the con guration space Q:

c2Q
Ch+1 = Fn(Cn)

where Fp : Q ¥ Q. If V is nite, then Q is nite and the phase portrait of the system can
be represented by a nite graph GT which vertices are the elements of Q. This graph is
called transition graph of the system.

The analysis of such graphs is very hard in the general case. First, the cardinality of
the phase space Q is exponential with respect to the number of automata. An exhaustive
description of GT for high dimensional systems is therefore impossible.

A second di culty of these systems lies in the choice of operating mode . If no speci ¢
assumption is made, a con guration ¢ 2 Q may have di erent successors at di erent instants
(that is why the mapping Fn depends of the time variable n in the previous expression).
This implies that the transition graph is nondeterministic, which make its analysis harder.
In most of the cases, some assumptions are made on  to ensure that the mapping F,
is independent of n (we then note it by F), i.e. that GT is deterministic. Among these
assumptions, the most frequent is to consider a synchronous operating mode, in which every
automata evolve at each n (see [4] for other examples).

An interesting instance of these system is the case of boolean networks. In this case,

the eld with two elements F, = f0; 1g. In that case any boolean function F can be seen
as a multi-valuate polynomial over F)'. Boolean networks have been extensively studied
as they provide models of biological regulation networks. Some interesting analysis of the
phase portraits of these systems have been done. We will cite among other examples the
study of the links between topology and dynamics of the networks [6] and the issue of the
identi cation of networks [4].

2.2 Glass systems

The second class of systems we propose also comes from biology. In the Glass model (see [3]),

domain of RN:
A

D= [0;M]
i=1
where Mj are positive constants. We suppose that this domain is subdivided into rectangular
boxes thanks to the existence of di erent thresholds in each directions:

81 | N;Ozi;0<i;l< <i;CIi:Mi
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Y
Ba = [ a1 i)
i=1

The de nition of a Glass system is given by the ODE system:
X= (X) X (1)

where is a diagonal matrix (decay rates) and is a function D ¥ RY (production rates)
that is constant on every boxes B, of D. So this system is piecewise linear on D. Actually,
on every box, the system is a very simple diagonal linear system whose resolution can be
made explicitely. Q

Given N integers q1;:::;0n, let us note Ng, the set 0;1;:::;0ig and D = ?‘:1 Ng; -
Then there exists a bijection between D and the set of rectangular boxes of D. Given a
trajectory x(t) 2 DR in the phase portrait of the system, we can consider the discrete
sequence of boxes of this trajectory that consists in a trajectory of a discrete dynamical
system over D. We fall then in the previous case with an asynchronous operating mode,
which makes the analysis quite hard (nondeterministic transition graph).

In order to do this analysis, an idea is to consider a partitionning of the boxes into
di erent pieces, each piece having a unique successor. In [3], rst steps in that direction are
made, using tools of symbolic dynamic theory.

Remark 2.2. In order to mention this, we used the notion of trajectories of system (1) over
D. Let us note that the notion of solution of system (1) is not simple! Actually, the system
is well de ned on opens B,, however to consider properly solutions over the whole domain
we have to use the notion of solution in the sense of Filippov [7]. We won’t go further here
in that direction.

2.3 Hybrid systems

The last class of systems we would like to evoke is the class of hybrid systems. This is a
very wide class of systems that embed automata graphs and Glass systems. For a complete
de nition of a hybrid system see [1, 2, 5]. As an analysis of this de nition is too long to be
written in this paper, we will refer to these thesis for more details.

What we want to focus on here is the already mentionned notion of hybrid computation.
Consider a nonlinear autonomous dynamical system given by the system of ODE:

X = f(X(t)) @3]

on an open of R". The direct analysis of its phase portrait is strongly dependent on the
shape of the vector eld f. In order to have an algorithmic way to tackle this problem,
we consider a partition of  such that on each element of this partition we can replace the
system of ODE by a more simple one, i.e. a system for which the analysis of the phase
portrait can be done easily.



Dynamical systems: An algorithmic point of view 9

For instance, an important class of systems that are well known are linear systems. A

rst step is therefore to linearize system (2). This gives good results but only locally on
several points of the phase space. In order to have a global approach, a second idea is to
consider a simplicial partitionning of : (Dj)1 i p. On each simplex Dj, we make a linear
approximation of £ (for instance using interpolation at the vertices of Dj). Then we have
to deal with a collection of linear systems:

Xi = AiXi(t) +bi; Xj(t) 2 D;

where Aj is a n n matrix and bj a n dimensional vector (see [2] for the details of the
construction of these systems). Therefore we obtain a hybrid system with p discrete states
and p linear dynamical systems. We have then some convergence results [2] that allow us
to link the trajectories of this hybrid system to the initial one.

This technique has been applied on several examples [1, 2, 5], including examples coming
from the modelling of biological systems [4]

Remark 2.3. We presented a speci ¢ subclass of hybrid systems which is the class of piece-
wise linear dynamical systems. Linear di erential equation are used because of their sim-
plicity and the knowledge we have on them. However, another class of di erential equations
have come to our attention, it is a set of equations based on power-laws known as S-systems
[4]. These equations, often used in biological applications seem to have some interesting
properties. An attempt to consider piecewise S-systems is currently in progress.

Remark 2.4. Again, we used in this part the notion of solution of hybrid systems which is
a quite complex notion. We refer to [1] for some re exions about hybrid solutions.

3 Generalized hybrid systems

Dynamical graphs [8] are very useful to model communication networks [9], embedded
systems or biological behaviors. For instance, collaboration or communication between
ants, behavor of a set of cells which share some local information. It is a really new
type of problem and very recent models have been developped [10]. The di culty of such
structures is to deal with evolution of number of cells (or nodes), connections, states of
cells, and eventually, states of edges, at the same time.

Lindenmayer has proposed a model for linear structure [11] called the L-systems.

3.1 L-systems

The simplest example of L-systems is a context-free system which is called an OL-system.
Let de ne an alphabet . denotes a set of words over and * the set of nonempty
words over . The string OL-system is an ordered triple G = f ;w;Pg withw 2 * a
non empty word called the axiom and P * the set of rules productions. The rules of
productions are applied simultaneously. This synchronicity is the most important di erence
between the L-system and the classical Chomsky grammars. This mechanism is motivated
by cell divisions in multicellular but linear organisms.
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More general L-systems have been developped :

Parametric L-systems[13]

The words on which the system operate are parametric words, they can be seen as a
le of cells. Each cell is built thanks to

{ a letter belonging to , and we can interpret this letter as the state of the cell.

{ several parameters that can be seen as the relevant variables for the description
of the evolution of the cell (time, concentration...) So a cell is represented by a
module of the form

q(X1; 5 Xng) Where g2 and fxg;:5xn,g is a set of parameters

dL-systems [14]

A dL-system is de ned as a parametric system using parametrized words q(X1; :::; Xng)-
A module q(xy; :1; Xn,) is in the state q and he will stay in this state as long as the
parameters will stay inside some domain 4 R". Aslongas heisin ¢ the module
stay in state g but his parameters evolve.

The evolution of these parameters is governed by a di erential equation
X = 1(X)

where X = (X1;:::; Xn,) and fy is some vector eld on .

3.2 Hybrid systems based on dynamical graphs

We propose a more general model which can be considered as a generalized hybrid system.
A dynamic graph is a graph where the number of nodes and the connections can change.
Let G = (V(G); E(G)) a graph. V (G) is the set of vertices of G and E(G) the set of

edges. The cardinal of V (G) is denoted n(G). The adjacency matrix of G is denoted Cg.

Cc 2 M) where M) is the set of all boolean square matrix of dimension n(G).

Let us suppose that the nodes of G will have values belonging to some set E ( E could
be a nite set, a nite eld, R, ...)
S(G) is the state space of the system and is equal to S(G) = E™®). A dynamic on G
will be described by a ow
c:R R S(G) ¥ S(G)

(t;to; XC(to)) ¥ XC(1)

(Here we assume that time belongs to R. If the time belongs to Z, ¢ could be associated
to a transition function g(X©¢(0)) = (1;0;X%(0)))

Now, in order to speak about generalized hybrid systems, we have to introduce some
subsets of S(G) where we can applied ¢ :

D(G; ) S(G) is the subset where ¢ is the legal dynamic. Of course X©(tg) has
to belong to D(G).

This part of the hybrid dynamic will be de ned as follow :
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While XC(t) 2 D(G; ) apply ¢
If XG(t1) 2 D(G; ) then apply a discrete transition.

A discrete transition arises from a set of rules. It depends on the exiting point of the
domain.
We denote F the set of ows and we denote P(E1) the set of parts of E1. (E1 =

[nZNEn-)
The set of rules is de ned by :

P:M1 EY F PEH T M, ET F PED

Ce;XC(t) DG ) ¥ ConYC®(t) DG @)

If G = G!, P is a classical hybrid reset. Cg = Cg and for t > t, YC(t) =
o(t;t ;Y G(t)) is the new dynamics of the system in the domain D(G; ¢).

If G & G!, the transition induces a dynamic of the graph. The new graph G' is
de ned by its adjacency matrix Cco. It can have a new size and connections can have
changed. A new dynamics Y G'(t) = o(t;t ;Y C'(t)) for all nodes is de ned in the
domain D(G'; )
This model is explained in the following gure :
M1

YO = a(ttyY O (ty))

GO
A ()]

LX) = ot to; X (1))
G |

@xe(to)
1

3.3 Example

Let us consider a set of cells V. This set has a set of connections de ned by E. This
structure is a graph G = (V;E). card(V) = n. The state of a cell i is de ned by the
parameter X;. Xj is growing depending on time :
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Xi®=(c)i=@ )t to)+Xilto)

i 1s the number of connections of the cell i.
We consider a constraint of reproduction : If X; = 10 then a new cell connected to i is
added. Its index isn+1, X; =8 and Xn+1 = 2. Di(G; (G)) =] 1;10.
The discret transition leads to a new graph G'. If at time t a transition occurs thanks
to the node i, the new adjacency matrix is

(@) 1
C11::0 C1i ::Cin 0
Ci1 Cii Cin 1
CGO = :
Cn1 Cni Chn 0
0 1 20 0

where Cg = (cjj) was the previous adjacency matrix.

We easily extend this rule if more than one cell reach the boundaries of D(G; (G)) at
the same time.

At time t = 0, we suppose there is only one cell, the state of the system is (Cg; X§; &) =
((0); (0); (2t)). The structure of the graph is stable until t = 5. Attimet = 5 a

discret transition is perfomed : a new cell is added, the state of the system becomes
01 . 8 . St+1
( 10 " 2 7 32t a )

2
The following gure shows how the graph evolves and how ¢ evolves.

t=5 t=19=3 t=25=3 t=231=3 t =35=3 t=37=3

/\/\/\4/—\4/\4/6-\4 6

.1 Il f/‘ 1 3 1 ot 3
2 O 8 1
O 1
19,21 O%+29T31 %;H%S %tt+1%
t+2 3§+§ 9 ﬁ i g_l
2 2 é ﬁ t 5 A 2 7 5 321
zt 2 é ﬁ 5 297 8 % N 2
st 5 st 5 gt % %t %
PL
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The evolution of the system is completly asynchronous. The transition times (de ned
by a completly deterministic process) de ned by a sequence ft;jg; is a part of the description
of the ow. The question is how to describe properly and precisely the evolution of such
examples.

The state space of the ow of the system is the state ow of the union of all the state

ows of the existing nodes. Moreover we have to consider the discrete evolution of the graph
during time. Important information for a graph are picked up from the adjacency matrix
. the number of nodes, the maximal degree of the set of nodes, the average of the degree
of all nodes, the proportion of nodes of constant degrees, numbers and length of cycles and
clicks. and also the spectrum of the laplacian of the adjacency matrix [15].
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Does Church-Turing thesis apply outside computer science?

Eugene Asarin

Abstract

We analyze whether Church-Turing thesis can be applied to mathematical and phys-
ical systems. We nd the factors that allow to a class of systems to reach a Turing or a
super-Turing computational power. We illustrate our general statements by some more
concrete theorems on hybrid and stochastic systems.

The future of mathematics
comes from informatics, the
future of informatics comes from
mathematics

Thoughts, Jean Della Dora

1 Introduction

The discovery in the rst half of the XX-th century of several computational models (such as
Post and Turing machines, recursive functions, Markov’s normal algorithms etc.), all capable
to realize any imaginable algorithm, and the proof of their equivalence, can be seen as the

rst step of the computer science. They determined the invention of computers, design of
programming languages, and the development of a new kind of mathematics that evolved
to theoretical computer science. All the above-mentioned computational models are based
on unbounded discrete-time, unbounded discrete-state memory, deterministic programs,
and no-noise no-faults execution. Such restrictions were a key to the correct (and unique)
de nition of computability, as well as to the digital computers, based on special engineering
tricks allowing to represent discrete state, discrete time, and noise rejection in the physical
world.

According to Church-Turing thesis, any reasonable (i.e. satisfying above-mentioned re-
strictions) computational model leads to the same (or smaller) class of computable functions
as Turing machines, and hence Turing machines capture the general notion of algorithm.

However a challenging research direction consists in considering any natural class of dy-
namical systems (possibly continuous in time and/or state-space, possibly non-deterministic,
possibly noisy, possibly quantic) as a computational model, and exploring its computational
power. It could be interesting for several reasons. The most important one is to verify or
to falsify the following thesis.
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Thesis 1.1 (Extended Church-Turing). Feasible, realizable, reproducible physical com-
puting devices have the same (or smaller) computational power as Turing machines.

In other words, according to this thesis, there is no way to build a computer, based
on some new principles and capable to \compute" other functions than Turing computable
ones. As far as | know, there is no scienti ¢ evidence in favor of this thesis, but almost
everybody believes in it. Since it is di cult to de ne rigorously what a feasible physical
device is, a possible approach to this thesis could be to consider various classes of mathe-
matical models, to analyze their computational power, and whenever it exceeds the power
of Turing machines, to think about its physical feasibility.

Another scienti ¢ application of the computability approach to dynamical systems is to
use the computational power as a natural measure of behavioral complexity. The bigger is
the set of functions computed by a class of dynamical systems, the more complex, strange,
pathologic can be the behavior of such systems. In fact complexity hierarchies of the
theoretical computer science (similar to forgotten hierarchies of the descriptive set theory,
but easier to study) are quite rich, and can shed new light on chaos and other strange
attractors. A very high level of complexity can be interpreted as a sign of unrealizability of
the system.

Last but not least, practically speaking the computational approach to dynamical sys-
tems is a key to the decidability analysis of veri cation problems concerning hybrid and
continuous systems.

The computability view of dynamical systems is not really new, it is related to research
on computability on reals[12], super-Turing models, hybrid systems, cellular automata and
SO on.

In this talk, several concrete research works on various aspects of computability by
dynamical systems will be presented. The author was involved in these works during last
12 years, see [1]-[5].

2 Continuous systems as computational models

Most of results will be established for a class of piecewise-constant di erential equations
(so-called PCD systems) that appears in Hybrid systems research, and its variants. Com-
putability by such devices will be de ned, and their computational power will be explored
in following situations.

Dynamical systems weaker then TMs : Poincare - Bendixson’s paradise[l, 4].
It is well-known that di erential equations on the plane have rather simple global behavior.
In the computational paradigm this leads a weak (sub-Turing) computational power of
planar systems.

Dynamical systems as strong as TMs : chaos[1]. Starting from three dimensions
dynamical systems admit chaotical behaviors. We will analyze how the chaos allows to
match the full Turing computational power (see also [10]).
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Far beyond Turing : Zeno’s horror[2, 6]. The so-called Zeno phenomenon for piece-
wise continuous (and even piecewise constant) systems consists in the simple fact that a
trajectory can have in nitely many changes of the type of dynamics during a nite interval
of time. Such a behavior is much more complex than the simple deterministic chaos. This
kind of extremely complex trajectories can be used to decide any arithmetic predicate in
a bounded lapse of time. Hence the computational power of Zeno dynamical systems goes
far beyond Turing machines. We will speculate about physical (non)-realizability of Zeno
computers because of their extreme sensibility to perturbations.

Small set-valued noise: upside down TMs[3]. Several researchers (in particular Hen-
zinger, Raskin [9] and Franzle[7]) suggested to consider more realistic, imprecise, perturbed
dynamical systems. A folk conjecture suggests that adding a small imprecision to the dy-
namics makes the reachability problem decidable, by destroying too subtle behaviors, and
replacing them by thick \tubes" that rapidly cover parts of the state-space. However, up
to now there are no convincing decidability results in this direction.

Inspired by Puri’s work [11] we have tried another approach: replace the exact dynamics
of a system by an -perturbed contingent one with ¥ 0. As the result the computational
power becomes 9. This means that instead of recognizing recursively enumerable sets,
\perturbed" systems recognize complements of such sets. We will explain the reason of this
inversion in computational power.

Large deviations or small stochastic noise: one step beyond Turing[5]. Another
one, maybe more realistic model takes into account a small stochastic noise, and to pass
to the limit as it is often done in the large deviations research (see [8]). A characterization
of the computational power of such perturbed systems will be presented. It turns out to
be 9, i.e. slightly superior to Turing machines. We will relate it with the complexity of
behaviors appearing as large deviations of deterministic dynamics.

3 Conclusions

We believe that the computability approach to dynamical systems can be a source of new
insights and new research problems. We will present some important open problems that
exist in this area.

Acknowledgments. This talk is based on joint work with: Ahmed Bouajjani, Pieter
Collins, Oded Maler, Amir Pnueli, Gerardo Schneider and Sergio Yovine and valuable dis-
cussions with Jean Della Dora, Vincent Blondel, Olivier Bournez, Martin Franzle, Jean-
Francois Raskin and many other colleagues.
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A Hidden Algebraic Structure in Quantum Mechanics

Leon Brenig

Abstract

Quantum mechanics of a non-relativistic free particle implies the existence of a
second time variable associated to a non-unitary transformation group. This group is
part of a non-unitary representation of the Galilei group. The unitary and non-unitary
algebras are connected via a group of Lorentz-like transformations corresponding to
measurement accuracy transformations preserving the Heisenberg inequality. Quantum
mechanics appears in this context as a relativity theory of precision in measurements.

1 Introduction

The relation between quantum and classical mechanics is a fundamental question that
aroused many interesting works. From Weyl geometry [1] [2] to fractal space-time or scale-
relativity [3] and from the Bohm interpretation [4] to the stochastic approach [5] [6],
important results in theoretical and mathematical physics have been achieved. An excellent
review of these progresses along with an exhaustive bibliography on the subject can be found
in [7] [8]. However, important conceptual di culties still remain concerning the transition
between classical and quantum mechanics. The latter, in contrast with classical mechanics,
does not appear as a closed theory. It needs classical mechanics through the correspondance
principle in order to construct the hermitian operators that represent the observable physical
quantities. Furthermore, quantum mechanics involves two types of processes as emphasized
by R.Penrose [9], the unitary evolution of the system’s state vector and the reduction or
collapse of the latter. The former corresponds to the evolution of the system in absence of
any measurement made by an observer. The second represents the process that occurs when
an external measurement instrument is applied to the system. The measurement process
produces a sudden interruption of the unitary evolution of the state vector. The latter
is instantaneously projected on an eigenvector of the observable that is measured. Up to
now, quantum mechanics has no explanation for this category of processes. More generally,
there exist in quantum mechanics two other types of processes having in common with the
measurement process the strange property to be instantaneous. These are the transitions
between quantum energy levels in atoms and the instantaneous transfer of information
related to experiments handling with non-locality. Quantum mechanics does not solve the
physical paradox of these in nitely rapid transformations, though, one can show that they
do not violate the relativity principle.

We show in this work that the \un nished" aspect of todays quantum mechanics is related
to the existence of a hidden algebraic structure that associates to the known unitary group
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generated by the hermitian observables a non-unitary group of transformations that was
hidden up to now. This structure implies the existence of a second time dimension. Fur-
thermore, a continuous group of transformations acting on the precision of the measurement
is involved in this algebraic structure. With this result, guantum mechanics appears as a
relativity of precision theory. This new perspective is a step toward a deeper reconciliation
between quantum mechanics and special relativity. The latter emphasizes the role of the
observer and relies on the invariance of the laws of physics for the class of inertial observers.
In this class, the observers are characterized by their relative velocity. In contrast, quan-
tum mechanics in its current state does not attribute a speci c role to the observer. This
concept is evacuated in quantum physics. The group of precision transformations we have
found in the present work acts on a new characteristics of the observer, the precision of its
instruments. We show that quantum mechanics corresponds to a postulate of invariance of
physical laws under these precision transformations between observers.
To unveil this algebraic structure we shall not work in the usual algebraic framework of
guantum mechanics, that is, the group of unitary transformations generated by the alge-
bra of hermitian operators on the Hilbert space. We use, instead, a functional canonical
representation of this algebra, as we show in the next chapter.
To give a foretaste of this representation, let me give a representative example of a member
of that functional canonical algebra. This is the Hamiltonian functional, i.e. the quantum
average of the energy for a non-relativistic free particle, expressed in terms of the probability
density, (x), and the action, s(x) by:

z . #

(x) rs()j* 2

2
_ 3 - 1=2
H= d°x [—2m + > r (X) D

where the integral is over R3, r is the tridimensional gradient, ~2 js the Planck constant
divided by 2 and m is the mass of the particle. The density, (x), denotes the probability
density of nding the particle at the space point x. H is a functional of (x) and s(x).
In the expression (1) the second term in the integrand corresponds after some simple cal-
culation to the contribution of the so-called quantum potential [4], -%%;while the
rst term represents the Kinetic energy density in classical mechanics. This second term
represents the basic di erence between quantum and classical mechanics.
The hamiltonian functional H (1) can also be considered as a functional of the wave function
by noting that
VA 2
H= d h with h= —r? and = 25 )
2m
From (2), H is obviously the quantum average of the hamiltonian hermitian operator, h.
In the classical limit where % tends to zero, the hamiltonian functional, H, generates the
classical evolution of a point particle of mass m with a random initial position characterized
by the probability density
This article shows that the apparition of the quantum potential in equation (1) is intrin-
sically related to the existence of a second time variable as said above. The evolution of
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the wave function in this new time variable is not unitary. The corresponding non-unitary
time evolution generator together with the generators of translations, rotation and Galilean
velocity changes constitutes a non-unitary representation of the Galilei algebra. There are,
thus, two \mirror™ Galilei algebras: The unitary one associated to the Hamiltonian (1) and
the non-unitary one. Both are related by a one-parameter continuous group of transfor-
mations that, remarkably, is isomorphic to the two-dimensional Lorentz group. However,
their meaning is deeply di erent. We show, indeed, that these transformations correspond
to changes in the accuracy of physical measurements and preserve the Heisenberg inequal-
ity. In short, the picture of quantum mechanics that emerges from this twin, unitary and
non-unitary, algebraic structure is that of a relativity in the precision of measurements
performed by the observers.

2 The functional representation of quantum mechanics

Let me rst introduce the generalized canonical formalism used in this work. It has been
rst described in the work of F.Guerra [6], in a context, though, very di erent from the
problems studied her
The functionals A = d®x F(x, , r , rr% .., s, rs, rrs,..) of (x) and s(x) that are
functionally di erentiable with respect to the functions (x) and s(x) constitute an in nite
Lie algebra G under the functional Poisson bracket:
z

fA;Bg= d®x [ A_B B _A

() s(x) () s(x)

where / (Xx) and / s(x) represent the functional derivative with respect to the functions
(x) and s(x).

All the volume integrals appearing in this article are de ned over the whole space R3;

In this framework, the transformation from ands to the wave function and its complex

®

conjugate
" with = 12¢ls"~:can be shown to be a canonical transformation. In other words, the
Poisson bracket structure (3) is transferred from the , s variables to the , “variables.

It has been shown by F.Guerra and R.Marra that the G algebra contains a sub-algebra Q
that is isomorphic to the algebra of the quantum observable opegators [6]. The elements of
Q are functionals that are quadratic in " in the form A =  d3x A where Ais a
Hermitian operator. Using bracket de nition (3) expressed in terms of the variables
one easily gets: 7

fA;Bg= d’x [A;B] 4)

where [A; B] is the commutator of A and B.

There is another sub-algebra, P, in G thatFjs isomorphic to the classical mechanical Poisson
algebra. Its elements are of the form A =  d®x  (X)a(x, rs) where a(x, p) is any function
analytic in p and where x and p are conjugate variables for the usual, non-functional,
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Poisson bracket of classical mechanics. Indeed as shown in a forthcoming article [10] one
has: z

fA;Bg= d®x  (x)fa;bg, (5)
where A and B are both arbitrary members of the sub-algebra P and fa;bg,, is the usual

classical Poisson bracket in the result of which p must be replaced by rs.
The time evolution of any functional A belonging to the algebra G is given by:

0:A = A Hg (6)

where H is the Hamiltonian functional (1). The functions (x) and s(x), themselves, are
elements of G. As such, their evolution equations are obtained by applying (6) and the
rules of functional derivation:

. IS
0 = r: - (7
jrsig -2 y2 12

®

Equation (7) is the probability conservation equation and equation (8) is a Hamilton-Jacobi
equation involving the quantum potential. It is well known that the same system (7,8) is
also obtained when splitting the Schrodinger equation into real and imaginary components.
This re ects the equivalence between the generalized canonical time transformations gen-
erated by H and the quantum unitary time transformations generated by the hermitian
operator H: Equation (6) applied to yields the Schrodinger equation.

Let me now show, in analogy with a theory developped for non-quantum systems by
E.C.G.Sudarshan [11], that a canonical functional representation of the Galilei algebra
exists and is as a sub-algebra of G. In ;his representation, the following functionals

P= d )rsx) (9)
Z
L= & )x”rs(x) (10)
Z
G=m d X)x (11)

respectively represent the generators of translation, rotation and observer velocity change.
Together with the hamiltonian functional H given by (1), they form a functional canonical
representation of the Galilei algebra. This is shown by calculating the functional Poisson
brackets (3) between those four quantities and obtaining the well-known Galilei algebra Lie
bracket relations. There is a short-cut to these calculations if one remarks that these four
quantities belong to the sub-algebra Q. Hence, their brackets are in one-to-one correspon-
dance with the commutators of the corresponding hermitian operators (see equation (4)).
The latter form a unitary representation of the Galilei algebra and the proposition is, thus,
proved. This representation generates a canonical representation of the Galilei group that
is isomorphic to the usual unitary group of quantum mechanics.
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3 The non-unitary side of qguantum mechanics

We are now ready to start the proof of the main result of this article, in short: Quantum
mechanics when represented in the large G canonical algebra appears to possess a twin group
of non-unitary transformations associated to the above discussed unitary group. Both are
related via a group of special transformations, isomorphic to the Lorentz transformations
in 1+1 dimensions. However, in contrast with special relativity, these transformations do
not relate observers with di erent constant velocities. In our work, these transformations
appear to correspond to changes of the precision with which the observers perform their
measures on the physical world.

Consider the following functional belon%ing to G

S= d® (X)s(x) (12)

It represents the average action or, up to a factor ~, the average phase of the particle.
The average is taken on the probability density. Note that this functional belongs to the
algebra G but not to the quantum sub-algebra Q. Indeed, in terms of and

z

S = % #Bx  In(—) (13)

which is not a quadratic form in

The functional Poisson bracket of S with H, denoted by K, is easily calculated yielding:
7 #

rsjiZ2 -2 2
K fS,Hg = d3X [ ij % r 172 (14)

K di ers from H only by the sign of the second term in the right hand side. Its physical
dimension is, thus, that of an energy. As any other element of the algebra G, it generates a
one-parameter continuous group. Since K is an \energy", the associated group parameter,
, has the physical dimension of a time. Remark that K, though belonging to G, does belong
neither to the Q sub-algebra nor to the P sub-algebra. In fact, it generates a non-unitary
one parameter group.
A simple calculation brings also:
Z 2 2 #
fS;Kg= d3¥x [ +_—r =H (15)

Any functional A belonging to G can be viewed as a function of both times t and , and
its -derivative is given by:
@ A=fA;Kg (16)
Consider, then, the complex energy functional H+iK as a function of the variables t and
The partial t- and - derivatives of the real and complex parts are:
ogH= fH;Hg=0and @ K= fK;Kg=0 ()]
@ H= fH;Kgand K= fK;Hg= fH;Kg (18)
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We, thus, obtain:
H=0@ K alongwith @ H= @K (19)

Equations (19) are the Cauchy-Riemann conditions corresponding to the complex analyt-
icity of the function H + iK in the complex variable t+i .

Let us now focus on the functional brackets of K with P, L and G. Simple calculations
show that they satisfy the Galilei algebra Lie brackets. As K does not belong to Q, the
reasoning here cannot take the same short-cut via the Q algebra as in the proof that H, P,
L, G form a Galilei algebra: One must explicitely compute the functional Poisson brackets
to check that they, indeed, correspond to a representation of the Galilei algebra [10]. The
exponentiation of the algebra generated by K, P, L and G yields a representation of the
Galilei group that is not unitary. This is clear from the fact that K does not belong to the
sub-algebra Q.

At this level of our presentation, the status of the new quantities, S, K and must be
questioned. Are these quantities physical? At rst sight, they could be thought of as
arbitrary mathematical objects without any link with the physical world.

A rst element in favor of the relevance of these objects to physics is obtained by considering
the analytic extension of the classical hamiltonian functional for a free particle

z

i2
rs
Ha= d° .

2m

(20)

into a complex function, H +iK, holomorphic in the complex plane of t+i . The require-
ments of the Galilean invariance of this analytic continuation leads to the necessity of adding
a second term to H¢ wich, precisely, is the quantum potential up to the value of a constant
factor. The proof is rather lengthy and will be presented in [10]. However, from this result
one can infer that the existence of a second time dimension is a necessary and su cient con-
dition for the emergence of the quantum contribution to the Hamiltonian functional. As the
latter, along with the whole theoretical apparatus of quantum mechanics, leads to a wealth
of experimentally veri ed predictions, the physical status of this second time dimension is
reinforced.

However, the most decisive argument in favor of the physicality of the second time variable
is related to the measurement process in quantum physics as shown in the next chapter

4 A relativity of measurement precision.

As any element of G, the functional S de ned in (12) generates a continuous one-parameter
group of transformation. Let us call the parameter of that group. Physically this param-
eter is dimensionless since S has the dimension of an action. Any functional A of G may
be considered as a function of that parameter and obeys

@

@—A( )=TA();S( )g (21)

where A( ) denotes A( ;s; ):
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The Lie algebra structure of G ensures that the Lie brackets relation are preserved under
the transformations generated by S. Moreover, S is of course an invariant under these
transformations.

Let me rst consider the particular case of the classical Hamiltonian functional H¢ as
de ned in (20). One has:

@@Hcl( )=fHa( ):S( )= Ha( ) 22)

whose solution is:
Ha( ) =¢ Hu(0) (23)

where Hg(0) Hg
This transformation of the hamiltonian functional can be interpreted as a dilatation of time:

t( )=et (24)

since the parameter t is associated to the group generated by H:
Let us, now, see how the quantum time evolution generators H and K transform under the
group generated by S. We must solve the system of equations

0

@—H( )=TH( );S()g= K() (25)

2K = KOS9 = HO) (26)
whose solution is

H( ) =cosh H(0) sinh K(0) 27)

K( ) = sinh H(0) + cosh K(0) (28)

where H(0) H and K(0) K.
These transformations may also be transferred on the time coordinates as follows

t( ) =cosh t+sinh (29)
( ) =sinh t+cosh (30)

These are Lorentz-like transformations in the (t, ) plane. Of course, the context in which
they appear here is completely foreign to special relativity since we are considering a non-
relativistic free particle as our system.

These transformations mix both types of time coordinates while keeping covariant the time
evolution equations for any functional A of G

@A = FA; Hg (31)
@ A=fA;Kg (32)
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Incidentally, under the group generated by S, the state variables and s transform as

()=e (33)
s()=e s (34)

We now shift from the consideration of the quantities H and K to that of the statistical
guantities characterizing the precision of measurements. We have in mind the quadratic
deviations of the momentum and of the position of the particle. These quantities are
functionals of the wave function and, as such, belong also to the algebra Q. As is well
known, these two quantities are constrained by the Heisenberg inequality. In the sequel, |
show that the transformations (27) and (28) can be recasted into transformations of these
deviations, and that these transformations saturate at the lower bound of the Heisenberg
inequalities.

In order to prove this proposition, let me rst de ne the above statistical quantities. The
guantum average of an observable quantity represented by the associated hermitian operator
A is given by: 7

hAi= d¥x A (35)

It is readily seen that the average momentum hpi, for which the associated hermitian oper-
ator is p = -i~r, reduces to 7

hpi=  dx  (X)rs(x) (36)

or, in other terms, hpi = P.
The quantum quadratic deviation of p is given by

D E
jp Pi? =p> P? (37)

This quantity can be reduced to hp?i by using a frame of reference traveling at the average
speed of the particle, %. This simpli cation represents by no means a loss of generality of
the subsequent results. Indeed, a change to any other frame of reference can be performed
later.

The parameter hp?i represents the quantum average of p?, i.e.

z
p? d°x  p? (38)
where
PP (39)
The above equations compared to equations (2) lead to
2
H= (40)
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The second statistical quantity that should be introduced now is the quadratic deviation of

the position. It is given by D E
jx hxijZ = x*  hxi® (41)
where the quantum average (31) reduces to
Z
hxi=  d¥ (X)x (42)

which is proportional to G as given by equation (9), and to
z
x? dtx  ()x? (43)

The above reductions, obviously, come from the fact that x = (X)x and x*> =
(X)x?:

The parameter hjx hxijzilzzrepresents the dispersion of the distribution (x), i.e. the

width of that function.

Here, however, | shall depart from the usual approach and consider another statistical
parameter which also measures the width of the distribution (x). This is the Fisher

length [12] associated to the Fisher information associated to (X) . The later is given by
z

F dx  X)jrin X)j? (44)

A simple calculation leads to
Z

2
F=4 dx r x7 (45)

The Fisher length, X, is de ned by

1

i (46)

It is not a true quantum average as de ned in equation (35). However, this length denotes
the distance on which the distribution (X) has a signi cant variation and, as such, describes
also the incertitude on the localization of the particle. Actually, as we now show, this
guantity is more natural for characterizing the precision of position measurement than
hjx hxijzi. This is due to the property that K can be expressed in terms of hp?iand X,
whereas K is not expressible in term of hjx hxij2i . Indeed, K can obviously be written as

2 PR 2
=P — B r ¥ o K=
K= — — =
2m m 2m  4m X2
Both relations (40) and (47) provide hp?i and  x? in terms of H and K. With these relations
at hand, we easily derive that the transformations (27) and (28) induce changes in hp?iand
x?. They represent modi cations of the observer’s precision:

1 tanh 172
1+ tanh ] (48)

p2 2

(47)

()= X
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(1 tanh ) p? + tanh -
1 tanh?

The above transformation relates the precision of an observer with  equal to zero to the

precision of an observer with  di erent from zero. The transformations of x and of hp2i1:2
mix both quantities. In the classical limit where ~ tends to zero, the transformations (48),
(49) become simple dilatations a ecting separatly x and hpzilzz. Hence, in this limit
there is no constraint in reducing the precision of position and momentum measurement.
In the quantum case, that is when ~ is di erent from zero, this is no longer possible: The
Heisenberg principle introduces an obstruction to this reduction. This fact is enlighten by
calculating the product of the two quadratic deviations, x?hp%i. One is led to the following
revealing law of transformations:

p> ()=

(49)

(1 tanh ) x? p? +tanh 3
1+ tanh

x*() p* ()= (50)

The quantity x? p? is similar to the velocity in the Lorentz transformations. The lowest

value attained by this quantity is %2, when tanh = 1. One recognizes, here, the Heisenberg
inequality:  xhp?i*™? > >. Furthermore, for any value of , x?( )hp2i( ) is equal to %2
if xhp?i is already equal to %2. Hence, the transformation saturates at the lower limit of
the Heisenberg inequality.
We, thus, have unveiled a structure in quantum mechanics that re ects a relativity of
precision. Observers appear as endowed of a characteristic that is the product precision,
x2hp2i;whose minimum value is bounded and the same for all the observers, %Z:It clearly
appears from (48), (49) and (50) that in quantum mechanics the constant 5 plays a role
similar to that of the velocity of light in special relativity. The relativity of precision so
discovered has some analogy with the scale relativity appearing in the work of L.Nottale
[3] which is a consequence of the basic postulate made by this author about the fractality
of space-time. In our approach, however, this relativity structure is not postulated. It
is intrinsically related to the algebraic structure corresponding to the twin unitary and
non-unitary groups that has been put in light in this work. Some physical esh is given
to the time variable by this structure. Indeed, the existence of the above precision
transformations and, consequently, the universality of the Heisenberg inequalities for all the
observers, relies on the existence of this new time variable.

5 Conclusion

Quantum mechanics appears through our results to possess a structure of relativity theory
based on the precision of measurements of the observers. This corresponds to an algebraic
structure involving two twin algebras, one generating the usual unitary group, while the
other generates a non-unitary group. Geometrically, the consequence of this double algebra
is the existence of a second time dimension. The physical nature of this second temporal
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dimension is con rmed by its link with the precision transformations that are induced by
Lorentz-like transformations in both time dimensions. Evolution in this time variable is
non-unitary.

More precisely, we will show in a subsequent article [10] that the evolution equation for the
wave function in time is a nonlinear Schrodinger equation generated by the functional K.
This aspect is not discussed in the present article for the sake of conciseness and is still under
study. However, recent calculations indicate that the solutions of this nonlinear Schrodinger
equation exhibit a collapse of the wave function in many situations. For example, the width
of an arbitrary Gaussian packet at time =0 always decreases in time

Such time evolution presents some similarity with the measurement process which is instan-
taneous in time t and does not correspond to a unitary process. | suggest the hypothesis
that the collapse is not instantaneous in time , while it is in time t. If this is the case, the
collapse would be a non-unitary process governed by the above refered nonlinear Schrodinger
equation. The non-unitary aspect of the wave function collapse is also underlined by Pen-
rose [9] who advocates that some nonlinear evolution equation should describe this process.
The di erence, however, between his approach and the present one is double. First, in his
approach the nonlinear equation describes an evolution in time t. Second, the nonlinearity
is related to the gravitational interaction in the Penrose theory, while our results concern a
non-relativistic free particle without any external eld.

The existence of a second time dimension and the status of quantum mechanics as a rela-
tivity of precision is not without consequence with respect to the uni cation of gravity with
guantum mechanics. Indeed, these new aspects of the quantum physics are shrinking the
gap between both theories. Both rely on the notion of observer and on the transformations
that connect them while keeping invariant the laws of physics. Moreover, both theories are
geometrically based on the physical space-time even though, as we have shown, quantum
mechanics implies a supplementary time dimension.

We are currently studying the relativistic generalisation of the above results. Preliminary
work seem to indicate that the Klein-Gordon and Dirac theories do present the same al-
gebraic duality between a unitary and a non-unitary group of transformations. They both
appear to involve a structure of precision relativity as in the non-relativistic case. However,
more work must be carried out in order to determine the complete algebraic structure that
encompasses and generalizes both relativity groups, the special relativistic and the quantum
ones.
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Andre-Louis Cholesky: his life and works

Claude Brezinski

Introduction

Let A be a symmetric positive de nite matrix. It can be decomposed as A = LLT where L is
a lower triangular matrix with positive diagonal elements. Then, the system Ax = b writes
LLTx =b. Settingy = LTx, we have Ly = b. Solving this lower triangular system gives
the vector y. Then X is obtained as the solution of the upper triangular system LTx =y.
This is Cholesky’s method.

Cholesky died in 1918. His famous method for systems of linear equations was only
known from a paper published in 1924 by one of his fellow o cer, the Commandant Beno't.

In 1995, the archives of the army were opened to the public, and | wrote his rst complete
biography [2].

Last year, | was contacted by Cholesky’s grand-son who gave all papers he had to Ecole
Polytechnique were his grand-father studied, and he asked me to help him to classi ed
them. Then, we found the original manuscript where Cholesky described his method.

1 Andre-Louis Cholesky

Andre Louis Cholesky was born on October 15, 1875 in Montguyon, around 35km nord-east
of Bordeaux. He was the son of Andre Cholesky, head waiter, and of Marie Garnier. He went
to the high school in Saint-Jean-D’Angely. He obtained his \baccalaureat™ in Bordeaux in
1893.

In October 1895, he entered as a student at Ecole Polytechnique for 2 years. His
professors were Camille Jordan and Georges Humbert for analysis, Emile Haag for geometry,
Octave Callandreau for astronomy and geodesy, and Henri Becquerel for physics. In October
1897, after nishing Ecole Polytechnique, he became Sous-Lieutenant, and studied at the
Ecole d’Application de I’Artillerie et du Genie in Fontainebleau. Among others, he had
lectures on ballistic and topography. He ended 5th over 86.

On October 1st, 1899, he became Lieutenant in the 22th Regiment d’Artillerie. From
January 17 to June 27, 1902 he was sent to Tunisia and again from November 21, 1902 to
May 1st, 1903. From December 1903 to June 1906, he was in Algeria. On June 24, 1905, he
was appointed to the Geographical Service of the Headquarters of the Army. He was in the
section having to mesure the length of the meridian of Lyon. On May 10, 1907 he married
his rst cousin Anne Henriette Brunet, born June 27, 1882. They will have 4 children.
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Cholesky went to Crete, then occupied by the international troops, from November 7,
1907 to June 25, 1908. He had to cartography the British and French parts of the island.
On March 25, 1909, he was promoted to Captain. On August 28, 1909, he had to serve as
the head of a battery for two years. It is during this period that he found his method for
the solution of systems of linear equations. In October 1911, he was again appointed to the
Geographical Service of the army as head of surveying in Tunisia and Algeria. He stayed
in these countries until August 2, 1914, the day of the mobilization. He was head of the
Topographical Service in Tunis.

After 3 months as the head of a battery, he was appointed at the Geographical Service
and worked on canvas for shooting. From September 1916 to February 1918, he was sent to
Romania and became head of the Geographical Service that he completely reorganized. On
July 7, 1917 he was promoted Commandant. In June 1918, he was appointed at the 202th
Regiment of Artillerie of the Army of General Mangin. This army was ghting in Picardie
between the river Aisne and Saint-Gobain.

On August 31, 1918 Cholesky was killed north of Bagneux, a small village around 10km
north of Soissons. He was rst buried in the cemetery Chevillecourt near Autreches, 15km
east of Soissons. On October 24, 1921 his grave was transferred to the cemetery of Cuts,
10km south-east of Noyon.

2 \Works

Cholesky was a topograph in the Geographic Service of the Army. His work mainly consisted
in drawing maps of various scales. From December 1909 and, at least, until January 1914 he
was also a Professor at the Ecole Speciale des Travaux Publics, du Batiment et de I’Industrie
founded in 1891 by Leon Eyrolles. The studies were only by correspondence and Cholesky
had to write lecture notes for the students.

In the archives, we found many manuscripts which, in fact, were incorporated into a
book he published around these years [5]. It contains 442 pages, 100 gures and 18 photos
of instruments. This book was quite successful since it had, at least, 7 editions and was
still in the catalogue of the publisher 30 years after Cholesky’s death.

The archives also contain another book with the title Cours de Calcul Graphique, several
manuscripts describing the use of instruments for topography, and many military document
on the organization of the work of a geographical o cer, on shooting, etc.

3 The manuscript

Let us describe the contents of the manuscript of Cholesky entitled Sur la resolution
numerique des systemes d’equations lineaires, and dated December 2, 1910.

Starting from a system of linear equations, Cholesky began to multiply by the transpose
of the matrix in order to obtain a system with a symmetric matrix (the matrix is also positive
de nite, a property which Cholesky does not mention). Then, he introduces intermediate
unknowns satisfying a system with a lower triangular matrix. Then, these unknowns are
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used as the right hand side of another system with a upper triangular matrix, which is
the transpose of the lower triangular matrix, and whose solution is the one we are looking
for. Then, by multiplying these two triangular matrices together, and identifying with the
corresponding elements of the original matrix, he obtained the expressions of their elements
exactly as we all taught them to our students.

Then, Cholesky discusses the implementation of his method on the mechanical machine
Dactyle, in use at that time. He said that the full capabilities of the machine have to be
used, and that sign errors could easily be recognized.

After that, he claims that, in his method, the two triangular matrices are not necessarily
transpose, but he proves that this choice limits the propagation of rounding errors. Then,
he gave a method for computing square roots, which is, in fact, the method of Hero of
Alexandria, and he proved its quadratic convergence. A method for checking the solution
of the system is then given. Finally, he reports numerical examples: 4 or 5 hours were
necessary for solving a system of dimension 10 with 5 exact decimal digits. He said that
his method was also used for a system of 56 equations coming out from the triangulation
of Algeria.

4 Historical context

The least squares method was rst published by Adrien Marie Legendre (Paris, 1752 - Paris,
1833) in 1805. Its justi cation as a statistican procedure is due to Carl Friedrich Gauss
(Braunschweig, 1777 - Gottingen, 1855) en 1809. According to him, the method lead to the
best possible combination of observations regardless of the probability law of errors. It was
immediately recognized as a major contribution. Gauss maintained that he already used it
in 1795. It is sure that he used it in 1801 to determine the orbit of the comet Ceres.

The American mathematician of Irish origin Robert Adrain (Carrickfergus, Ireland, 1775
- New Brunswick, USA, 1843) exposed the least squares method in a paper on topography
dated 1808. This work seemed to have attracted no attention in Europ. In 1818, Adrain
again used this method to determine the shape of the Earth from the measurements of the
meridian and obtained estimated values for the axes of the terrestrial ellipse.

A system of linear equations has in nitely many solutions when the number of unknowns
is greater than the number of equations. Among all possible solutions, one look for the
solution minimizing the sum of the squares of the unknowns. This is the case in the
compensation of the triangles in topography in which Cholesky was interested.

Methods for the solution of systems of linear equations were rediscovered many times
by di erent people. They are, in fact, variations on the way to present the computation.
Gaussian elimination corresponds to a decomposition of the matrix A of the system into
a product A = LU where L is a lower triangular matrix with a unit diagonal, and U an
upper triangular matrix. The system Ax = b then writes LUX = b, that is Ly = b if we set
y = UX. Solving Ly = b gives the vector y which is then used as the right hand side of the
system Ux =y, and the solution X is obtained.

On November 9, 1878, Myrick H. Doolittle (Addison, USA, 1830 - 1913), a mathemati-
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cian in the Computing Division of the U.S. Coast and Geodetic Survey in Washington, gave
a method for the solution of systems of equations coming out from a triangulation problem.
Its method consisted to cancel out, one by one, the elements of the matrix to transform it
into an upper triangular one. His method is equivalent to the decomposition of A into a
product A = LU by a sequence of intermediate steps. He obtained these matrices under
the formL=L; + +L,and U =U; + + Up. L is lower triangular and U is upper
triangular, but, contrarily to Gauss method, with a unit diagonal. Doolittle had ho machine
at his disposal, and he simply used multiplication tables. He said to have solved a system
of 41 equations in 5 and a half days, corresponding to 36 hours of computation. His method
had the favor of geodesists for many years.

When the matrix A is symmetric, Gauss method makes no use of this property, and
requires too many arithmetical operations. In 1907, Otto Toeplitz (Breslau, Allemagne,
1881 - Jerusalem, 1940) showed that an Hermitian matrix can be factorized into a product
LL with L lower triangular, but he gave no algorithm for obtaining the matrix L. This
is what Cholesky did in 1910. Cholesky method remained unknown outside the circle of
French military topographers.

Other scientists continued to propose variants of the methods of Gauss and Doolittle in
order to make the computation easier for people without a mathematical culture. In 1938,
the Polish astronomer Tadeusz Banachiewicz (Varsaw, 1882 - 1954) proposed a square root
method very similar to Cholesky’s. He used cracovians, objects he had invented and are
similar to matrices but with a di erent product rule. Banachiewicz was the rst to stress
that elimination methods for the solution of systems of linear equations were equivalent to
the factorization of the matrix A into a product of two matrices. But, as we saw, he had
been preceded by Cholesky.

In 1941, Paul Summer Dwyer (born in 1901) gave an abbreviate version of Doolittle
method and related it to other solution methods. In 1944, he gave the matrix interpretation
of Doolittle method. He also showed that L = DUT where D is a diagonal matrix and
noticed that it will be more interesting if L and UT were the same, in order to reduce the
number of arithmetical operations. For that, one can take the square roots of the diagonal
elements, that is the elements of D, and he noticed that this procedure was quite similar
to Banachiewicz’s.

Cholesky method was presented for the rst time in 1924 in a note by Commandant
Beno't, a French geodesist.

Cholesky method was rebirth by John Todd who taught it in his numerical analysis
course at King’s College in London in 1946 and thus made it known.

He tells [6]

In 1946 one of us (J.T.) o ered a course at Kings’ College, London (KCL) on
Numerical Mathematics. While we had some wartime experience in numerical
mathematics, including characteristic values of matrices, we had had little to do
with the solution of systems of linear equations. In order to see how this topic
should be presented, we made a survey of Math. Rev. (at that time easy!) and
found a review (MR7 (1944), 488), of a paper by Henry Jensen, written by E.
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Bodewig. Jensen stated \Cholesky’s method seems to possess all advantages.”
So, it was decided to follow Cholesky and, since the method was clearly explained,
we did not try to nd the original paper.

Leslie Fox (1918{1992), then in the newly formed Mathematics Division of the
(British) National Physical Laboratory (NPL), audited the course and apparently
found the Cholesky Method attractive, for he took it back to NPL, where he and
his colleagues studied it deeply. From these papers, the Cholesky (or sometimes
Choleski) Method made its way into the tool boxes of numerical linear algebraists
via the textbooks of the 1950’s.

His colleagues were James H. Wilkinson and Alan M. Turing.

For more details on the life and works of Cholesky and his full manuscript, see [3, 4].
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From genomic signatures to genomic functional cores

Alessandra Carbone

Abstract

The project of synthesizing a bacterial genome which can survive in the laboratory
and can realize desired metabolic cycles, has been announced three years ago by Venter,
Smith and Hutchison. It asks for clearing out certain basic biological mechanisms of liv-
ing cells. The problem demands to search for the minimal set of genes that are essential
to the life of a microbial organism. Laboratory experiments realized on speci ¢ bacteria
allowed to propose some minimal gene set. Independently, comparative genomics also
proposed some minimal set of genes. But both these "solutions™ present some intrinsic
problem.

We shall present some simple mathematical ideas based on Gibbs sampling, that al-
low to detect genomic signatures for sets of genes and sets of organisms, and to predict
genomic functional cores which are speci ¢ to di erent microbes. Within these sets,
one nds many of the genes characterized with experiments and genome comparison,
but also genes which might be non-orthologous or whose function might not be charac-
terized yet. More generally, our computational approach leads to characterize essential
metabolic pathways through a purely statistical analysis of complete genomes which is
independent from biological assumptions.

Alessandra Carbone
Genomique Analytique, Universite Pierre et Marie Curie
INSERM U511, 91, bd de I’'HOpital. 75013 Paris France
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Formal and numerical computation of invariants: from
di erential equations to g-di erence equations

Jean-Pierre Ramis

Abstract

We will review invariant theory for linear di erential equations (algebraic and analyt-
ical invariants, local and global invariants) and compare with the recent improvements
for the parallel case of linear g-di erence equations.

In the di erential case there exists a lot of e ective computations (formal and numer-
ical) initiated in an old collaboration with Jean Della Dora and his students (DESIR...).
In the g-di erence case there are some similar algorithms (in ORE style) but also a lot
of open problems.

Jean-Pierre Ramis
Laboratoire Emile Picard. Universite Paul Sabatier
118 route de Narbonne. 31062 Toulouse Cedex 4
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Algebraic Machines

Tomas Recio Muniz

Abstract

This talk deals with the prehistory (from the point of view of the speaker) of Com-
puter Algebra. It will provide some evidences (already pointed out by di erent authors,
such as P.J. Larcombe, \On Lovelace, Babbage and the origins of computer algebra™,
in Computer Algebra Systems, A practical guide. Edited by Michael Wester, J. Wiley.
1999. pp. 323-331) on the connection between Computer Algebra and the well known
work of Babbage.

But it will also refer to the less known contribution of a spanish scientist, in the
last years of the XIX-th century, who published some of his results at the CR Acad.
Sc. Paris (perhaps the rst spanish accepted submission to this journal), refereed by
Poincare himself... In the talk we will brie y mention some aspects of his life and
activities (some of them probably well known by many americans living near Niagara
Falls, but yet ignorant of their connection to Computer Algebra).

One of his most cherished goals (one that he also shares with Babbage) connects
the origins of Computer Algebra with the early days of industrial revolution (back in
the XVIII-th century). We will present some historical digressions around this topic
(mentioning, among other issues, the British Parliament and a bitter Russian-French
military dispute on the authoring of one of the main results) and we will display some
interactive examples, by visiting some interesting internet sites.

Finally we will pay attention to the traces, in today’s mathematics and computing,
of all this history, referring to a universality theorem attributed to Thurston (but proved
by someone else). Algebraic machines are indeed universal!

Tomas Recio Muniz.

Departamento de Matematicas, Estad stica y Computacion.
Facultad de Ciencias, Universidad de Cantabria.
Avenida de los Castros, s/n 39071 Santander, Espana.
Tomas.Recio@unican.es
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Making Computer Algebra More Symbolic

Stephen M. Watt

Abstract

This paper is a step to bring closer together two views of computing with mathemat-
ical objects: the view of \symbolic computation™ and the view of \computer algebra.”
Symbolic computation may be seen as working with expression trees representing math-
ematical formulae and applying various rules to transform them. Computer algebra may
be seen as developing constructive algorithms to compute algebraic quantities in various
arithmetic domains, possibly involving indeterminates. Symbolic computation allows a
wider range of expression, while computer algebra admits greater algorithmic precision.
We examine the problem of providing polynomials symbolic exponents. We present a
natural algebraic structure in which such polynomials may be de ned and a notion of
factorization under which these polynomials form a UFD.

1 Introduction

For the purposes of this paper, it is useful to make a distinction between \symbolic compu-
tation" and \computer algebra."

By \symbolic computation,”" we mean computation with expression trees, or \terms,"
representing mathematical objects. In these trees may appear symbols denoting operations,
such as \+," \ " or \sin", numbers and variables. Computation consists of combining or
transforming these trees to, for example, expand multiplications or multiple angle formu-
lae. There are problems related to expression equivalence, simpli cation and computing
canonical forms. A given expression might represent values belonging to various mathe-
matical domains, depending on the interpretation. For example, is \I" an identity matrix,
an indexed Bessel function, an imaginary unit, etc. Algebraic algorithms are typically well-
de ned on subclasses of the space of all expressions. Working with new classes of objects
requires de ning new operators and transformations on expressions containing them.

By \computer algebra,” we mean computations using the arithmetic from particular
algebraic constructions. The values used are elements of mathematically de ned sets, such
as polynomial rings, algebraic extensions, quotients and so on. The elements might be
represented in any one of a number of ways. Certain algebraic domains, such as polynomials,
may include indeterminates. Algorithms are de ned over particular algebraic input domains
and yield well-de ned results. Working with new classes of objects requires de ning new
algebraic domains and determining their properties.
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A useful problem solving environment should provide some way to do both symbolic
computation and computer algebra, and there are di erent ways to do this. We may view,
for example, Maple as being a symbolic computation system with computer algebra built
as a layer on top. On the other hand, we may view Axiom as a computer algebra system,
with symbolic computation provided as a top layer. In both cases we su er because there
is a gap between the symbolic and the algebraic semantics.

This gap is particularly evidenced when we work problems by hand. We do not hesitate
to work with vectors of dimension n, or write polynomials of degree d with coe cients from
some ring k of characteristic p. We then take facts about d, n, k or p into account when
we do calculations. As important as it is, there is relatively weak support for this sort of
computation in our symbolic mathematical software.

We are motivated to explore how to bring the symbolic and algebraic views closer
together, providing a more robust conceptual framework and providing tools to address an
important family of practical problems. We may view this as de ning algebraic domains
for wider classes of symbolic expressions. That is, we wish to work in algebraic domains
that lie beyond the well-studied algebraic constructions of classical algebra. As a start, we
examine the problem of working with polynomials with symbolic exponents.

2 Symbolic Polynomials

We wish to work with polynomials where the exponents are not known in advance, such
as x2" 1. There are various operations we will want to be able to do, such as squaring
the value to get x*"  2x?" + 1, or di erentiating it to get 2nx®" 1. This is far from a
purely academic problem. Expressions of this sort arise frequently in practice, for example
in the analysis of algorithms, and it is very di cult to work with them e ectively in current
computer algebra systems.

We may think of these values as sets of polynomials, one for each value of n, or we
may think of them as single values belonging to some new ring. We wish to perform as
many of the usual polynomial operations on these objects as possible. Many computer
algebra systems will allow one to work with polynomials with symbolic exponents. They
do this, however, either by falling back on some form of general expression manipulation
or by treating all symbolic powers as algebraically independent. They thus miss many of
the important properties we wish to re ect. The relationship between exponents may be
non-trivial. We would like, for example, to compute factorizations such as

X”4 6n3+11n2 6(n+2m 3) 1000000™

= X 12m xP1 +10mxp2+2m+102mx4m xP2 +10mx2m
xP1 10MxP2+2M 4 192My4m xP2  10Mx2m

X1=3n4 2n3+11=3n2 2n+6

P1

X1=6n4 n3+11=6n?2 n+3
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and perhaps operations on symbolic integers
16" 81M = (2" 3M)(2" +3M)(2*" +3*M):

We can imagine a number of models for symbolic polynomials that have these properties.
Most generally, we could say that any set S, which under an evaluation map gives a
polynomial ring R[X1; ::1; Xy], represents symbolic polynomials. This would allow such forms
as

ged(x"  1;xm 1) xlemim g

or
X

x 1) x&
i=0
Having a more obvious ring structure will be useful to us, so we begin by generalizing to
symbolic exponents only. First we recall the concept of a \group ring."" A monoid ring is
a ring formed from a ring R and monoid M with elements being the nite formal sums
X
rimj;ri 2 R;mj 2 M:
i

A monoid ring has a natural module structure, with basis M, and addition de ned in
terms of coe cient addition in R. Multiplication is de ned to satisfy distributivity, with
rimy  romy = (rirp)(mimsy). When the monoid M is a group, then the algebraic structure
is called a group ring. For example, the Laurent polynomials with complex coe cients may
be constructed as the group ring C[Z], viewing Z as an additive group.

We now de ne a useful class of symbolic polynomials.

De nition 2.1. The ring of symbolic polynomials in Xy;:::; X, with exponents in ng;:::;np
over the coe cient ring R is the ring consisting of nite sums of the form
X
Cixiilxgiz X%in
|
where ¢; 2 R and ejj 2 Int(Z)[ng; ny; 2 np]. Multiplication is de ned by

Clx‘ill X%ln C2X§Zl X%zn = 01C2Xill+e21 Xﬁln+e2n
We denote this ring R[Ny; 2 Np; X1; 505 Xy

We make use of the notion of \integer-valued polynomials,” Int(D)[ny; :::np]. For an integral
domain D with quotient eld K, univariate integer-valued polynomials may be de ned as

Int(D)[X] = ff(X)jf(X) 2 K[X] and f(a) 2 D; for all a 2 Dg

For example %nz %n 2 Int(Z2)[n]. Integer-valued polynomials have been studied by Os-
trowski [2] and Polya [3], and we take the obvious multivariate generalization.
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Our de nition of symbolic polynomials is isomorphic to the group ring R[Z[ng; :::; np]V]:
We view Z[ny;::inp] as an abelian group under addition and use the identi cation

X18Xo%2 X & =(eg;:irev) 2 Z[ng; i ny]Y

We note that R[; X1; 5 Xy] = R[Xg; 5 %y]. Under any evaluation : fng;:npg ¥ Z, we
have
CR[Ng; N X Xy] X R[xl;:::;xv;xll;:::;xvl]:

That is, evaluates symbolic polynomials to Laurent polynomials. It would be possible to
construct a model for symbolic polynomials that, under evaluation had no negative variable
exponents, but this would require keeping track of cumbersome domain restrictions on the
exponent variables.

By de nition, these symbolic polynomials have a ring structure. What is more inter-
esting is that they also have a useful unique factorization structure that can be computed
e ectively.

3 Factorization

We now show the multiplicative structure of our symbolic polynomials, and describe two
algorithms for factorization. For simplicity we rst show the case when R = Z and exponents
are in Z[ny; :::; npl.

Proposition 3.1. Q[ng;:::;np; Xg; 5 Xy] is @ UFD, with monomials being units.
We sketch the proof. The fact that x; xN; X% are algebraically independent can be used
to remove exponent variables inductively. We observe that

. hijnd Y j hij Y .
ik — g __ n — hijj - .
Xk'k = Xy ] = Xkl = Xkj s hij 2 Z[ny; ...,Ilp].

This gives the isomorphism
Z[Ng; No; i Np;s Xa; iiXv] = Z[N2; i Np; X105 X115 X12; 5iX1dy ;s 25Xv0; Xvl; Xv2; 2 X%vd, ]

where d; is the maximum degree of ny in any exponent polynomial and x;j corresponds to

x?lj. Once all the exponent variables have been removed, we factor in Z[X10:::0; ::3; Xvd, :::d; s
then reform the exponent polynomials of xj; :::; Xy.

When the exponents come from the integer-valued polynomials Int(Z)[ny;:::;;np], as
opposed to Z[ny; :::np], care must be taken to nd the xed divisors of the exponent poly-
nomials. For example, the fact that n(n 1) is always even implies the factorization

X2 yn2 N = (x yn(n 1):2)(X+yn(n 1):2)
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Fixed divisors are given by the content when polynomials are written in a factorial basis.
That is, for each exponent variable n;, using the polynomial basis 1; n;; nig; o n%; ::, where
nn 1) (n j+1)

j! '
Combining these two ideas, we make the change of variables to x?jk, to obtain factorization
in Q[ny;:inp; Xy; i Xy]. The same strategy may, of course, be used to compute greatest
common divisors, square-free factorizations and similar quantities.

We have described this transformation as though the exponent polynomials were dense.
In this worst case, the number of new variables will be DP, where D is the degree bound
on the n;. In practice, the number of variables occurring in exponents will be small and
the exponent polynomials will be of low degree so the introduction of new variables may
be acceptable. In many cases, most of the new variables will occur only trivially. Blindly
changing to a factorial basis to make xed divisors manifest may not, however, be the best
strategy. This destroys any sparseness in the input polynomials. A better strategy would
be to convert only when necessary.

If the number of exponent variables is large, then another method may be used to
manage the complexity of many variables. We may use projections to map the exponents
to integers at several points, and combine them via interpolation. Naively, an exponential
number of factorizations in Q[Xi;:::; Xy] will be needed, but this not always necessary. If
there are may small factors, then there is a combinatoric problem of factor identi cation.
If the coe cient eld is large enough, and the polynomials are not special, then coe cient
values may be used to greatly limit the search. We have experimental implementations of
both the \change of variables™ method and the \projection"™ method, but it is too early to
say which method will be most useful in practice.

nl =

4 Generalizations

As mentioned earlier, we may contemplate other algebraic structures to encompass a wider
class of expressions. Without going to the most general model of polynomial-valued integer
functions, we may consider
Allowing exponent variables to also appear as regular variables. To do this we can work
in R[Ny; 5 np; Ny i Np; X i Xy This is useful if we require formal derivatives.
Symbolic exponents on coe cients. We discuss this case more below.
Symbolic polynomials as exponents, or richer structures.
Other polynomial forms, such as exponential polynomials, e.g. [1] [4].

Other problems, e.g. Grobner bases of symbolic polynomials [5].

Let us examine more closely the question of symbolic exponents on coe cients. Suppose
we wish to factor a polynomial of the form x*™ 24", Assuming m and n may take on only
integer values, the factorization over Q is (x2™ + 22N)(x™ + 2M")(x™  2™). This, however
is equivalent to x*™ 16", which is not manifestly the di erence of fourth powers. So how
can we approach symbolic integer coe cients?
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If the coe cient ring is a principal ideal domain, then we may extend our de nition to
allow symbolic exponents on prime coe cient factors:

De nition 4.1. The ring of symbolic polynomials with exponents in ng; ny; :::;; Ny over the
coe cient ring R, a PID with quotient eld K, is the ring consisting of nite sums of the

form > Y
dij
i J
where each product has a nite number of nonzero dj;, ki 2 K, c; are primes 2 R, djj 2
Int(Z)[Nny; n2; i nplnZ and ejj 2 Int(Z)[ny; n2; i np]. Multiplication is de ned by

XiilxgiZ X?]in

klcf” Cg}lm X!ill X?]ln kgcfﬂ C(riglm X!i21 ngn -

k1k2C(1111+d21 Ctri#m+d2m Xli11+€21 X?]ln+e2n

Let us consider the case of integer coe cients. We note that, for any base, any set of
Iogarlthmbof distinct primes is linearly independent over Q. This is easily SQ%n for the
equation  ; njlog(pi) = 0; holds with p; distinct primes and n; 2 Z, only if pit = 1;
which reqwres nj = 0. This implies that

X
ilogpi &0

for any non-zero algebraic numbers ;. We can write any product of integers to symbolic
powers as an exponential of a linear combination of logarithms of primes, e.g.

6™  7"**1 = exp(mlog2 + mlog 3 + (n? + 1) log 7)

where exp and log use the same base. We can therefore treat 2", 2”2, ... as new variables
for factoring, etc.

As stated, this approach would require factoring each integer that appears with a sym-
bolic exponent. In practice we do not want to factor the constant coe cients. Instead, we
can form, for any particular problem, an easier to compute basis, e.g. from £70";105"g the
set £2"; 3"; 35"g which does not require factoring of 35. This can be done using only integer
gcd’s and extracting integer roots.

5 Conclusions

We see a mathematically rich and practically important middle ground between the usual
approaches of \symbolic computation" and \computer algebra.”"” Rather than working with
loosely de ned expressions, or strictly with classical polynomial and matrix algebras, there
is room to work in other well-de ned algebraic contexts. These can provide the structure
to make operations well-de ned, while at the same time allowing more symbolic treatment
in mathematical computations. In this light, we have explored how to usefully work with
symbolic polynomials | polynomial-like objects where the exponents can themselves be
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polynomials. These are able to represent the kinds of symbolic polynomials we have seen
in practice. The algebraic structure allows us to perform arithmetic on these objects, to
simplify and transform them. We nd, moreover, a UFD structure that admits algorithms
for factorization, gcd, etc. This encourages us to look at more algebraic treatment of other
symbolic structures, such as matrices of unspeci ed size.
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A computational method to obtain the law of the nilpotent lie
algebras g,

Juan Carlos Benjumea Juan Nunrez Angel F. Tenorio

Abstract

In this paper we study the law of the Lie algebras g, associated with a particular
type of Lie groups: the Lie groups G, formed by all the n  n upper-triangular matrices
with ones in the main diagonal. The Lie algebras g, are formed by all the n  n upper-
triangular matrices with zeros in the main diagonal. We compute their laws by using a
computational algorithm, which we have constructed and particularly implemented in
MAPLE V€.

2000 Mathematics Subject Classi cation: Primary 17{08, 17B30; Secondary 68W30.
Key words and phrases: nilpotent Lie algebra, law of Lie algebra, algorithmic procedure, algebraic
programming, computer algebra.

Introduction

At present, a very studied topic in Mathematics is the relation existing between Lie groups
and Lie algebras. It is well-known that there is a unique Lie algebra associated with every
Lie group given. The construction of this Lie algebra can be made by using the left-invariant
di erentiable vector elds (see [9], for example). On the other hand it is possible to obtain a
Lie group associated with a given nite-dimensional Lie algebra (see Theorem 3.17.8 in [9]).
Note, however, that it does not occur in in nite dimension, where there exist Lie algebras
which are not associated with Lie groups (see [10]).

Besides, the existence of a Lie group associated with a given Lie algebra does not imply
the uniqueness of such a Lie group. Indeed, such a Lie group is not unique. In page 42 of
[7] it is proved that the Lie algebra associated with a given Lie group and its connected
component of the identity are isomorphic each other. A more restrictive condition over the
Lie group has to be imposed to assert the uniqueness of the Lie group associated with the
given Lie algebra.

In this way, Lie’s Third Theorem (and its converse) states that there exists a unique,
up to isomorphism, simply connected Lie group associated with a given Lie algebra (see
Theorem 2.8.2 in [9]). As a consequence, Lie’s Third Theorem and its converse set a uniquely
correspondence between simply connected Lie groups and Lie algebras. A direct proof of
this result, which is known as Cartan’s Theorem, uses a geometrical construction based on
Maurer-Cartan constants and on the group of automorphisms. However, the accustomed
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proof in the literature is based on Ado’s Theorem (see [5]), which sets that given a Lie
algebra g, there exists a linear algebra isomorphic to it.

In this paper we study the law of the Lie algebras associated with some particular Lie
groups: the Lie groups G formed by all the n  n upper-triangular matrices with ones
in the main diagonal. These Lie algebras, denoted by gn, are formed by all the n n
upper-triangular matrices with zeros in the main diagonal.

The importance of the Lie algebras g, and the Lie groups G, lies in the following fact:
every nilpotent Lie algebra is isomorphic to a Lie subalgebra of some Lie algebra g, (see
[4]) and, analogously, every simply connected nilpotent Lie group is isomorphic to a Lie
subgroup of some Lie group G (see Theorem 3.6.3 in [9]).

To compute these laws, we have constructed a computational algorithm which can be
implemented in any symbolic computation package, although we have particularly used
MAPLE V¢ to do it. It constitutes the main aim of this paper. Observe that the order n
of the matrices in gn is going to be the unique input data needed to obtain the law of gp.

Note that the computational study of Lie algebras has been developed throughout these
last four decades. Since the seventies of the 20th century, several authors have used algo-
rithms to study the structure of Lie algebras (see [1], for instance). Moreover, in recent
papers on this subject authors have even turned to specialized computational packages, like
MAGMA (see [3]) or GAP (see [2]) for instance. It constitutes our motivation.

The structure of this paper is the following: the rst section sums up the concepts and
results used to develop and justify that algorithm, which is completely detailed in the second
section. In the next section we explain all the clusters in the programming to implement
the algorithm. Finally, some conclusions obtained from this implementation, like the time
that it takes according to di erent dimensions, for instance, are shown.

1 Theoretical groundwork

We recall in this section the preliminary concepts and results on Lie algebras that will be
used in the paper. For a general overview on Lie groups and Lie algebras, the reader can
consult [9]. General information about commands and programming of MAPLE V¢ can
be consulted in [6] for instance.

As the Lie algebras g, will be constructed starting from their associated Lie groups G,
we also remind the construction of the Lie algebra associated with a given Lie group G.

The m-dimensional Lie algebra g associated with a given m-dimensional Lie group is the
vector space (G) formed by all the left-invariant vector elds endowed with the Lie-Poisson
bracket de ned by:

X;Y]=X Y Y X; 8X;Y2 (G):

Each 1-dimensional vector space of left-invariant vector elds is associated with a one-
parameter subgroup of G. Indeed, by using the one-parameter subgroups, a basis of the
Lie algebra g can be obtained. Recall that a one-parameter subgroup of G is a group
homomorphism ” : C ¥ G de ned between the additive group C of the complex numbers
and the Lie group G.
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To obtain the left-invariant vector eld associated with a one-parameter subgroup 7, it
is necessary to nd all the orbits for such elds. These orbits are exactly the curves g ”(t),
for all g 2 G. The m coordinates of these orbits are functions of the parameter t. These

coordinates can be expressed by x;(t), for i = 1;:::;m. The coordinates of the left-invariant
vector eld associated with ” are obtained as the derivativ?§ dd_%t=0 yforalli=1;:::;m,
m

and are expressed with respect to the basis of vector elds % )
i—

In this paper, we consider a particular subfamily of Lie algebr«:-fs.l of the linear algebras.
A linear (or matrix) algebra L is that whose vectors are matrices and the Lie bracket is
de ned by the commutator [a;bj]=a b b a, forall a;b 2 L. So, every linear Lie algebra
is a Lie subalgebra of some general linear algebra gl(C; n), formed by all the n  n square
matrices.

We consider the Lie algebras gn (with n 2 N n fl1g) associated with the Lie group Gp
formed by n  n upper-triangular matrices with the following structure:

(@] 1
1 X2 X133 Xin 1 Xin
0 1 X2:3 Xoon 1 X2:n
0 0 1 X3n 1 X3:n
i) =g . . . . : : : D
0O O 0 1 Xn 1:n
0O O 0 0 1

Then, the Lie algebra g, is a Lie subalgebra of gl(C;n). It was proved in [8] that there
existsabasisB="fej;j j1 i n 17i+1 j, ngin g, Each vector eld ej; cag
be expressed with respect to the generator system ~2-j1 i n 17i+1 j n

@xi;j
of the C1(Gp)-module (Gp) in the following way:
e > @
ekj = + Xh: : 2
i Bxeg - MK Xy 2

The law of the Lie algebra gn with respect to this basis is the following:

<i=L:5n 1
[€i:h; €n:k] = €ik; _h=i+1::5;n 1
" k=h+1:::;n

As many the vectors of the previous basis B as the law of the Lie algebra g, with respect
to B will be computed in the algorithm which we show in the next section.

2 The algorithm to compute the law of g,

We devote this section to construct and to implement with MAPLE V¢ the algorithm
which allows to compute the law of the Lie algebra g,, with n 2 Nn flg. The only input
data needed will be the order n of the matrices of the Lie algebra g,.
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Step 1. Firstly, it is necessary to determine the dimension of gn, which will be used in
n

next steps. This dimension is dn = , .
Step 2. The basis B of the Lie algebra g, is constructed according to the procedure given
in the previous section. So, we choose d,, one-parameter subgroups of the Lie group Gn
such that their associated vector elds are linearly independent.

Step 3. According to (1), the d,, one-parameter subgroups needed to obtain a basis of the
Lie algebra gn are de ned as ~j;j(t) = gn(Xr:s(t)), where:

oo = O IT(rs) & (i3));
LSt if (r;s) = (i )):

Step 4. Once the one-parameter subgroups are chosen, the products gn(Xr;s) 7i;j(t) are

computed, for every pair (i;j) where i;j 2 1;2;:::;ng and i < j. For each pair (i;]), the

vector eld associated with ~j;j is obtained by deriving the resulting coordinates in these

products with respect to the parameter t in t = 0.

Step 5. Finally, all the brackets products are computed starting from the previously
obtained basis. In this way, the nal output data of the algorithm are the nonzero Lie
brackets in the law of gn, with respect to the basis calculated before. Note that this basis
is an intermediate output in the algorithm.

3 Implementing the algorithm with MAPLE V °

To make easier the implementation of the algorithm with MAPLE V¢, we are going to
consider it divided into several steps.

Firstly, we start loading the package linalg to active the commands related to Linear
Algebra. Remind that Lie algebras are vector spaces with a second structure: the Lie-
Poisson bracket.
> restart:with(linalg):

To start running the algorithm, we need to input the order n of the matrices in gn.
Starting from this data, it is very easy to compute the dimension of g,, which is the output
denoted by r. In this way, Step 1 of the algorithm is nished.
> n:=8:
> r:=n*(n-1)/2;

In Step 2, we will construct the r one-parameter subgroups of G,. To do it, we de ne a
r-dimensional vector A. The coordinates of A are the complex coordinates in a global chart
of the Lie group G,. The output r is used to construct the vector A.
> Az=matrix(l,r):

for i from 1 to r do
A[l,i]:=a.i:
od:
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The following cluster constructs the previously mentioned global chart of G,. So the
matrices of G, are de ned starting from the coordinates of A, row by row. To do it, we
consider a loop which allows us to de ne each row in the matrix. Inside this loop we program
other two loops to de ne each row in the matrix. The rst one de nes the elements in the
row before the main diagonal and the second one, the elements after the main diagonal. The
main diagonal is de ned in the sentence F[j,j1:=1 inside of the main loop of the cluster.
> F:=matrix(n,n):
> for j from 1 to n do

for k from 1 to j-1 do

FLj.k]:=0:
od:
FIj,3]1:=1:

for k from 1 to n-j do
FLi.J+k]:=A[1,k+sum(n-s,s=1..j-1)]:
od:

od:

At this point we start to program Step 3. We construct the r one-parameter subgroups
which will determine later the r linearly independent left-invariant vector elds in gn. In
this way, we de ne these one-parameter subgroups by means of two nested loops. They
will allow us to de ne the one-parameter subgroups by indicating the row and the column
in which the parameter is. In this way, the one-parameter subgroups can be de ned and
determined. However, other two nested loops are needed inside of the previous two nested
loops. These two new loops serve to de ne all the terms in the n n matrix of the one-
parameter subgroup. To determine its elements, all of them will be de ned as zero, except
the located in the main diagonal, which will be de ned as ones. Once all the elements in
the matrix are de ned, we rede ne the term determined by the pair (h, 1) as the parameter
t.
> for h from 1 to n-1 do

for i from h+l to n do
Phi.h.i:=matrix(n,n):
for j from 1 to n do
for k from 1 to n do
Phi.h.i[j,k]:=0:

od:
Phi.h.i[j,j]:=1:
od:
Phi.h.i[h,i]:=t:
od:
od:

In Step 4, we program a cluster which computes the left-invariant vector eld associated
with each one-parameter subgroup de ned in the previous step. To do it, we compute the
orbits gn(Xr;s) 7i;j(t) for each one-parameter subgroup ”i;(t). These orbits are denoted
by M.h.i and the associated vector eld Y.h.i can be obtained by deriving the terms of
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M.h_1 with respect to t and by substituting t = 0.
> for h from 1 to n-1 do
for 1 from h+l to n do
M.h.i:=evalm(F&*Phi.h.i):
Y.h_i:=M.h.i:
for j from 1 to n do
for k from j to n do
Y.h.i[J,K]:=unapply(diff(unapply(M.h.i[j,k],t)(t),t),t)(0):
od:
od:
od:
od:

The following cluster reorders the vector elds obtained in the previous one. Instead of
depending on two subindices, we search that they depend on a unique subindex. This is
got with the following sentences:
> for h from 1 to n-1 do

for 1 from h+l to n do

-

if h=1 then

X.(i-1):=Y.h.i:

else X.(i-h+sum(n-s,s=1..h-1)):=Y.h.1i:
fi:

od:

od:

Although we have computed a basis of g, these vector elds are expressed as matrices.
However, working with the vector expression of these elds is computationally more useful.
This is then the objective of the following cluster.

So, we program a cluster which rewrites these vector elds. In this way, each vector

eld goes on from a n  n matrix expression to a r-dimensional vector expression.
> for 1 from 1 to r do

Z.1:=matrix(1,r):

for j from 1 to n-1 do

for k from j+1 to n do
if j=1 then
Z.[j,k-1]:=X_1[],k]:
else Z_I[1,k-j+sum(n-s,s=1..j-1)]:=X.1[],K]:
fi:

od:

od:

od:

The following loop returns the remaining intermediate outputs: the vector expression
of each vector eld in the basis of gp.
> for I from 1 to r do

print(cat(“z*,1,=),Z.1);
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od:

In the next cluster the Lie-Poisson bracket is de ned. For it, we construct the command
cor, which will depend on two arguments. These arguments are the subindices of the vector

elds multiplied in the bracket, in the the same indicated order.
> cor:= proc(i,j)

local h,producto:

producto:=array(l..r):

for h from 1 to r do

producto[h]:= sum(C’Z.i[1,k]*diff(Z.j[1,h],a-k)-Z.j[1,K]

*diff(Z.i[1,h],a.k)”,’k’=1..r):

od:

producto

end:

Finally, we program a cluster which implements Step 5 in the algorithm. This last
cluster determines the nonzero brackets in the law of g, and it is based on the following
procedure:

For each bracket, the program studies if this is nonzero. To decide this, a variable m
is considered in the cluster. For each bracket, if a coordinate is nonzero, the variable m
is increased in one unit. In this way, the nonzero brackets are those which m is not equal
to zero. Besides, to decide what is the result of such a nonzero bracket, we determine the
coordinate equalled to 1 in the bracket. Remember that each vector eld of the basis of
gn is determined by the coordinate equal 1 (see (2)). In this way, we obtain, as the nal
outputs, the brackets such that m is nonzero; that is, the nonzero brackets in the law of gy.
> for i from 1 to r-1 do for j from i+l to r do

m:=0:

for k from 1 to r do

if cor(i,j)[k]<>0 then m:=m+1 fi:

od:

if m<>0 then

for k from 1 to r do

it cor(i,j)[k]-1=0 then

print(cat(“[Z°,1,“,Z2°,],“1=2°,k)):

fi:

od:

fi:

od:

od:

4 Some nal conclusions

The implementation of the algorithm shown in this paper allows us to compute the law of
the Lie algebra g, starting from the order n of the matrices in g,. Indeed, we obtain all
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the nonzero brackets in the law as the nal outputs. Besides, we obtain other intermediate
outputs: the dimension and a basis of gn.

The algorithm have been implemented with MAPLE V € in a computer Pentium IV 2.5
GHz and 256 MB of RAM. In the following table, we show the computational time and the
memory used to return the outputs:

Input Dimension | Computational Used

(order n) of gn time memory
2 1 0s 0B
3 3 0s 832 KB
4 6 0.25s 1.31 MB
5 10 13s 1.44 MB
6 15 7.8s 1.50 MB
7 21 37.2s 1.62 MB
8 28 144 s 1.69 MB
9 36 486.1 s 1.87 MB
10 45 1449.7 s 2.00 MB

It can be observed that we have computed the basis of g, for n up to and including 10.
Starting from n = 8, the time running the computer increases two or three times when the
order n increases one unit. So, for n = 10, the program runs 24 minutes approximately to
compute the law of g;g. However, it is convenient to note that most computational time
needed to run the algorithm corresponds to decide if each bracket is nonzero in the law of
On-

Note also that in this paper we have only considered matrices of order less than 11,
because the Lie groups gn needed to obtain minimal representations of 6-dimensional simply
connected nilpotent Lie algebras are those whose order n is less than 7. Besides, to obtain
all the conjugacy classes in the Lie groups G, we think convenient to translate this problem
to the associated Lie algebras. In this way, obtaining an algorithm which allows to compute
the law of the Lie algebras is a rst step to study such conjugacy classes.
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Colored partitions and dynamical systems

Farida Benmakrouha Christiane Hespel

Abstract

We study the validation of a family (By) of bilinear system, global modelling of an
unknown dynamical system ().
Two formal power series in noncommutative variables are used for describing ( ) : the
generating series for the system’s behavior (G) and the Chen series for the system’s
input. The family (B) of bilinear systems is described by its rational generatrice series
(Gk) such that the coe cients of (G) and (Gk) coincide up to order k.
Computing and bounding these coe cients, we propose an estimation of the error due
to approximations by (Bk). This error computation is a sum of di erential monomials
in the input functions and behavior system. This error computation allows one to better
measure the impact of noisy inputs on the convergence of (By).

Introduction

The model validation is a crucial problem in system identi cation[2]. It measures con dence
in the model to reproduce the behavior of a dynamic system, under some hypothesis.

In a discret-time approach, the model validation is really an invalidation since it determines
wether a discret sample input-output is inconsistent with the model[3].

In [4], the authors develop new methods for validation of continuous-time non-linear sys-
tems. They use Barrier certi cates whose existence prove inconsistency of a model, from
experimental data.

To validate a continuous-time model of an unknown dynamic system [1], we propose an
exact symbolic computation of coe cients of rational power series. We use a deterministic
model (versus probabilistic one) by considering that data noises are bounded.

So, the purpose of this paper is to apply combinatorial techniques for computing coe cients
of rational formal series (Gk) in two noncommutative variables and their di erences at order
k and k-1.

This in turn may help one to study validation of a family (By) of bilinear systems, described
by the series (Gk) and global modeling of an unknown dynamical system ( ).

Computing and bounding these di erences, we propose an estimation of the error due to
approximations by (Bg). This error computation is a sum of di erential monomials in the
input functions and behavior system. We identify each di erential monomial with its col-
ored multiplicity and analyse our computation in the light of the free di erential calculus.
This error computation allows one to better measure the impact of noisy inputs on the
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convergence of (Bk). Indeed, one can determine the contribution of the inputs and of the
system in the error computation.

1 A local modeling of the unknown system

he problem consists in modeling an unknown dynamic system ( ) for t 2 [0;T] =
i21 [ti; ti + d], when knowing some correlated sets of input/output.
We construct a behavioral model, based on the identi cation of its input/output functional
(the generating series), in a neighborhood of every tj, up to a given order k [1, 6]. At once
a local modeling by a bilinear system (Bj)x around every t; is provided. Then a family
((Bi)i21)k, global modeling of the unknown system is produced, such that the outputs of
( ) and ((Bij)i21)k coincide up to order k.

2 The bilinear system

We consider a certain class (GP) enclosing the electric equation

yO(® = fFy(®) +u@® )

where u(t) is the input function
, the unknown system is an a ne system.
In this case, equation (1) can be written

X

X Ao(X) + Ar(x)u(t)
y(t)

X(t)

()

u(t) is the real input

X(t) is the current state

Ao=a@d where a©® = f(x)jx)
Ar=4

The class (GP) encloses the nonlinear di erential equation relating the current excitation
i(t) and the voltage v(t) across a capacitor [11]

v + kv + kov? = (1)

Let a® = FO(x)jx (o)
We notice that the fundamental formula [11]provides the following bilinear system (By),
approximating at order k :

Xk(®) = (Mo + Mgu(t))xk(t)
V() = x(t)
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O 1
1
0

Xk (0) =§ : E
0

Mo = (CZOZ;f) (resp M1 = (C211<+1)) expressed in basis (CZI1<) where C,y is the column of
Hankel matrix, indexed by w.

where =(X(0) 1 0 0)

(0) 1
a(1> a(2)
2© 23
20
O 1
0 0O 0
1 0O 0
010 0
Mi=Bo o1 0
0 0O 0
So, at order k, we obtain the ith derivative of the state vector x as a function of the
previous ones. Our solution consists of two steps : to compute x(i n ')(0) and to compute
the di erence of the ith derivative x{(0) xg'()k 1 (0).

3 First step : Computation of XEE 2;:)(0)

By derivating and term’s regrouping, we can show that :

(k n-+i)
X nyk (0
N min(is&k 1) k> 1
K n l+m+i
a(m k n rI“+m 1 (a(0)+u(0))l lxgk 2 I:m;l-(l m)(o)
m=1 =1
+
it k> 2
Kk nl
u(m on 1 @O 4+ y@) 1X(k . ,;(' M0) + mii1)
m=1 =1
( o =0 ifn<m)

We analyze now these equations in the light of the free di erential calculus. Considering
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the derivative a® and u(® specialized in time t=0 as di erential letters, it is clear that our
computation is a sum of di erential monomials in a and u.

3.1 Colored partitions and multiplicities

A number partition or multiplicity is a sequence = ( 1; 2; 3; ) (often written as
112233 ) of nonnegative integers. On a single letter a, the di erential monomials
become :

a =@MW)n@i)e @iy 1 i <i;<::ii

Such a monomial is indexed by the following partition [12] :
— (ili1i2i2 iqiq)

Let C = fa;ug be a set of two colors. We call colored partition on C an element of the
free monoid generated by the cartesian product N N i.e. any nite sequence of couples
of nonnegative integers

= DCE )
So, a colored partition  will denote the di erential monomial
a = (a(il))el (a(ip))ep(u(jl))fl (u(jq))fq
1 ip<ip<:iiiipy 1 J1<ix<:iii]q

where e, (resp fi) = § (resp }JI). The weight and the size of are de ned as follows :

XX
wgt( ) = k: &
c k
XX
size( ) = K
c Kk

The empty partition is noted
If L is the set of colored partitions, we de ne a partial order on L :

=f( % g =T 9

a % and  { 8i

L, with this partial ordering forms a Young lattice. [13]
We consider now B; a subset of L de ned by :

f =wgt( ) =g
and we note 1 ( max) the order ideal generated by max, if

max = Max( = 2 Bj)
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3.2 Combinatorial analysis of our computation

Let us now interpret combinatorially our computation by identifying each di erential mono-
mial with its colored multiplicity. The recursive relation is captured by the operation :
max €= cli J+1).
21( max)_
wat( )=j i

By factorizing according to the colored partitions, we get :

) xX X
(k n+i) _ i j+1). .41
k mk — ct 1+, Yed i+ )
c 21( max)
wgt( )=j i
where :
Ohm = (@@ +u@)m+ s
p=m
and i
ol = @O +u@m 17 i gy
p=1
withni=k n 1, n=1I1 8l>1

3.3 Computation of XEE 2;:)(0)

We consider now permutations of a colored partition on an alphabet X = Sczc Xc. A
permutation [13] of is a word in which each letter belongs to X and for each x; 2 X, the
total number of appearances of x; in the word is §, for some c2 C

Letusnote = 1 size( ) @ permutation of and  the set of permutations of
Since, our alphabet X, = fa®jp = 1;min(k 1;i + 1)g,and X, = fu®Pjp = 1;i + 1)g
j = ¢, for some c,ij. S

XE:: 2;(') is a linear combination of monomial y;* y,"(yi 2 Xa Xy) and all distinct
monomials obtained frogy it by a permutation of variables.

We get nally ,ifs=( ;jj j&0)andr =size( )

. X
K -
Ek :;(I) — :(a(O)_'_u(O))k n+i r s gn
wgt( )=i+1
> Y
g” = A1 Aj +b

2 j=2
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where: 8 p )
< Mithomy if . =al)
— ij—lj ij j
) - mj 1 mj+i_ j+2 if ) :u(ij)
8 p
< k n 2+m m; if — 4(i1)
mi=m i ! 1=a
Ar=_ P et
- n mi + i+ : — @
- my=1 i1 it =ulW

and b = 1if ; =ul*D, 0 otherwise.

Remark : x(i :;(i) is not a symmetric polynomial even if its structure is the same, be-

cause input and system contributions are di erent.

4 Second step: Computation of x5 (0) xgzl': i)l)(O)

The rst derivative coincide up to order k-2, but at order k-1, we have
k 1) k 1) _ k 1) k 1)

X5k Xok 1y = 0 and Xj Xik 1) 6 0.

Let M (resp P) the set of partitions on the single letter a (resp u)

W; a subset of M de ned by

fjl size() i+2g

Vi a subset of P de ned by
f jsize( ) = b%c wgt() i 2 or =ul D or =ul Yy
and S, a subset of L de ned by
T jwgt( ) =1g
We de ne now an operation r : M P LA L
r(; )=+ & i+ D)
and asubset Prof L 80 t i
Pe=Ff =r(; ;)i 2S¢ 2Vi; 2Wiwgt( ) =k+i Ig
We obtain, by a straightforward computation :
Xg(k_H) glz;I)l) — r_( . ) h -f :gl:(a(0)+u(0))k+l 2 r1 s
r(; ;)2P¢
0Ot

where
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CpPp Q . L
. p1 12 +i|,-J:1l bk 2 if size( )&1
1 if size( )=1
P R
with r = size( ), rp =r+size( ),s=( ;ji /60 =12 v j=cl), g de ned

previously.

1=f 2 j & 1 ;size( 1) <size() and & @) % g
Taking into account that VS)(O) = xgg(O), we obtain a right computation of the output’s
di erence at order k and k-1. By majorization of these output’s di erences, and when k
tends towards in nity, we get an overestimation of the error due to approximation by the

(Bk)

5 Conclusion

The validation which is presented in this paper is not statistical. It consists in valuing the
convergence of a bilinear models family (By) on the unknown system ( ) by an e ective
symbolic computation. It displays the respective contributions of the input and of the
system itself.

More than a symbolic validation, these computing tools are parameterized by the input and
the system’s behavior. They can particularly provide a valuation process for rough and
oscillating inputs as well as for smooth inputs.
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A Tikhonov-Regularization method for the reconstruction of
blurred and noisy images

Abderrahman Bouhamidi Khalid Jbilou

Abstract

In the present paper, we consider a Tikhonov regularization method for large ill-
conditioned linear systems. Such a problem arises for example in image restoration
where the computation of a stable solution with classical methods is expensive. In
some cases the matrix of the linear system may be approximated by Kronecker prod-
ucts and then Tikhonov regularization problem leads to linear matrix equations such as
generalized Sylvester equations. We use the global GMRES method which is an orthog-
onal projection method onto a matrix Krylov subspace to solve the obtained Sylvester
equation. Some numerical examples in image restoration are given to illustrate the
e ectiveness of our approach.

1 Introduction
Consider the linear discrete ill-posed problem

mxin kHx gko; (@)

whereH2 RM N x2 RV, g2 RMand M N. The matrix H is assumed to be very
large and of ill-determined rank, i.e., H has some singular values close to the origin.

The right-hand side vector g in (1) represents the output and is assumed to be contaminated
by a noise n, i.e., g =b+n.

Such a problem arises, for example, from the discretization of ill-posed problems such as
integral equations of the rst kind and image restoration [1, 5, 7, 8]. In image restoration,
the problem consists of the reconstruction of an original image that has been degraded by a
blur and an additive noise. The matrix H represents the blurring matrix, the vector x to be
approximated represents the original image, the vector n represents the additive noise and
the vector g represents the blurring and noisy (degraded) image. The well known Tikhonov
regularization replaces the problem (1) by the new one

min(kHx gko? + 2KLxk,?); )

where L is a regularization operator chosen to obtain a solution with desirable properties
such as small norm or good smoothness. The most popular techniques for determining
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the parameter are the L-curve criterion [7]; see also [2, 3] and the Generalized Cross-
Validation (GCV) method [4, 6]. In image restoration, the problem (2) is generally too
large to solve exactly and iterative methods are needed. In Krylov methods, we project
(2) onto a Krylov subspace of small dimension and then we solve, at each iteration, this
small problem. Another alternative is to project the original problem (1) onto a Krylov
subspace and then apply a regularization method to the smaller projected problem. In the
present paper, we will consider the case where the matrices H and L are decomposed as
Kronecker products. Then the problems (1) and (2) are replaced by new ones involving
matrix equations such as the generalized Sylvester equation with small dimensions. To
solve these equations we use the global GMRES method introduced in [9].

Let us recall that a Kronecker product of a matrix A = (ajj) of size n  p by a matrix
B = (bjj) of size s q is de ned as the (ns) (pg) matrix A B = (a;B). Some
properties of the Kronecker product are given in [10]. The vec operator transforms the
matrix A to a vector a of size np 1 by stacking the columns of A, namely, a = vec(A) :=
(a11;  ;aip;az;  ;agp;  ;ani; ;anp)T. For two matrices A and B in R" P, we
de ne the following inner product hA; Big = tr(AT B) where tr(Z) denotes the the of the
square matrix Z. The well known Frobenius norm denoted by k : kr isk Akp=" hA; Aig.
A system of matrices of R" P is said to be F-orthogonal if it is orthogonal with respect to
the scalar product h:; :ig.

2 Tikhonov-Sylvester regularization

The Tikhonov regularization method is one of the most popular regularization methods.
The parameter is chosen to control the \smoothness" of the regularized solution and it
is called the regularization parameter. The matrix L de nes a (semi)norm on the solution
[8] and it is called the regularization operator. Usually, L represents the rst or the second
discrete derivative operator. The minimizer & of the problem (2) is computed as the solution
of the following linear system

Hi=HTg; whereH =(H"H+ 2LTL): (3)

We assume that H = H, H;andL =L, L; where H;, L; are matrices of sizen n
and Hy, L, are matrices of size p p. In this case we have M = N = np. The problem (3)
can be expressed as

(Ho H)"(Hy Hp)+ %L L)"(L, L) k=(H, H)o
Using some properties of the Kronecker product, we obtain
(H{ H)R(HF Hz) + (L] L))R(LIL2) = HI GHy; @)
where R and G are the matrices of size n  p such that vec(R) = & and vec(G) = g. Setting
A=HJH;, B=LJ]L,,C= LIL;, D=HJH,, and E = H{ GH,, the linear matrix
equation (4) is referred to as the generalized Sylvester matrix equation and is written in

the following form
ARD 2CRB=E: (5)



A Tikhonov-Regularization method for the reconstruction of blurred and ... 73

3 The global-GMRES method for generalized Sylvester ma-
trix equations

In this section, we present a numerical Krylov subspace method for solving the generalized
Sylvester matrix equation
AXD 2CXB=E (6)

where A;C2 R" ""B:D2 R° > Eand X2 R" P.
Let A be the linear operator de ned from R" P onto R" P as follows

A (X)=AXD ?2CXB: (7
Then the problem (6) can be written as
A (X)=E: (8)

Let V be any n p matrix and consider the matrix Krylov subspace associated to the
pair (A ;V) and to an integer k de ned by K¢(A ;V) = spanfV; A (V); AR L(V).
We note that Af (V) is de ned recursively as Al (V) = A (A' }(V)). Remark that the
matrix Krylov subspace Ky (A ;V) is a subspace of IR" P. The modi ed global Arnoldi

Kk(A ;V), ie hVi;Vjie = jjfori;j =1; ;k; where ;j denotes the classical Kronecker
symbol. The algorithm is described as follows
ALGORITHM 1 Modi ed Global Arnoldi algorithm
1. SetV; = V=kV k|:.

2. Forj=1;:.:;k. do

v =A (Vj),

fori=1;:::;). do
hi;j = hVi;ViF; V=V hi;jVi;

endfor

hj+1j =KV kr;  Vj+1 = V=hj+rj:

EndFor.
Hereafter, we need some notations. Let Vi denote the n  kp matrix: Vi = [V1;V2; i VK]

Hy denotes the (k +1) k upper Hessenberg matrix whose nonzero entries h;.;j are de ned
by Algorithm 1 and Hy is the k  k matrix obtained from Hy by deleting its last row. Note

orthonormal with respect to the scalar product h:;:ig. At step k, the approximate solution
Xk produced by the global-GMRES method is such that

Xy = Xo + Zi where Zy 2 Ki (A ;Ro); ©

Re=E A Xi) ?r A Ki(A ;Ro) ; (10)

where the notation ?r means the orthogonality with respect to the scalar product h:;:ig.
As can be seen from (9) and (10), we are dealing with an orthogonal projection method
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and then we have the minimization property

kKRkkr = i KE A (X)kr: 11
=t S A OOk w

Therefore, using the relation (9), the approximation Xy is given by X = Xg + Vi(yk  1p)
where yg is the solution of the following small least-squares problem

min Kk Rgkr €1 Hyy ko; (12)
y2 RK

and ey is the rst unit vector of IRK*1,
In the practical implementation, we used the restarted global-GMRES(m) where m is
a chosen integer parameter. The global-GMRES(m) algorithm for solving the generalized
Sylvester matrix equation (6) is summarized as follows
ALGORITHM 2. The global-GMRES(m) for the generalized Sylvester equation
1. Choose Xg, a tolerance " and set k = 0.
Compute : Ro=E A (Xo), =]jRojjr and V1 = Ro= .
2. Construct the F-orthonormal basis Vi;Vz;:::;Vm by applying Algorithm 1
to the pair (A ;Vi).
3. Determine yy, as the solution of the least squares problem:
y r2ni|grn k e Hmyks.
Compute: Xy =Xo+Vm(ym Ip) and the corresponding residual Rp,.
4. 1T jjRmjjr <™ Stop;
else Xg = Xm, Ro = Rm, =]jjRojir, V1 =Rp= , k=k+1, Goto 2.
Note that when the operator A is symmetric, the matrix Hy, is symmetric and tridiag-
onal and in this case the computational cost is reduced. The optimal value of the parameter
is determined by using the L-curve criterion or the GCV method.

4 Projection plus Tikhonv regularization

An economical approach is to project the original problem onto a Krylov subspace and
then apply Tikhonov regularization to the small projected minimization problem. Since
H =H, Hj, the initial minimization problem (1) can be expressed as

min kG HiXHJ ke (13)
X2Xo+Ky(H;E)

where the linear operator H is de ned by H(V) =H;VHJ] and V isann p matrix.

To solve (13), we apply the global-GMRES method. Starting from an initial guess Xq
and the corresponding residual Ry, we form an F-orthonormal basis of the matrix Krylov
subspace Ki(H; Rp) and get the (k +1) k matrix Hy. The projected problem we wish to
solve is

myink e1  Hyyke (14)
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where = kRoke and e; is the unit vector of IRK*1,

As the matrix Hy may be ill-conditioned, we apply Tikhonov regularization to the
projected problem (14). Thus, we consider

myin(k er  Hiykd + ZKLiykd); (15)

where Ly is some chosen regularizing operator. Hence, we solve (15) and we compute the
approximation Xx = Xo + Vi (Yk: I,) where yi. solves the minimization problem (15).
At each outer iteration K, an optimal value .ot Of the parameter is determined by using
the GCV method. In our computations, we used the preceding algorithm in a restarted
mode. The algorithm is restarted every m iterations where m is a xed parameter.

5 Numerical examples

In this section we give two examples illustrating our approach for computing the solution of
the linear discrete ill-posed problem (2). All computations were carried out using Matlab
6.5 on an Intel Pentium workstation with about 16 signi cant decimal digits. We illustrate
our method in the context of image restoration. The original image is denoted by X in
each example and it consists of 256 256 grayscale pixel values in the range [0; 255]. Let k
be the vector whose entries are the pixel values of the original image X ordered row-wise
and let H represent the blurring matrix. Then the vector b = Hk represents the associated
blurred and noise-free image. We generated a blurred and noisy image g = b+n, where n is
a noise vector with normally distributed random entries with zero mean and with variance
chosen such that jjnjj=jjgjj = 10 2. The original image and the noise are not available, but
the blurred and noisy image G = vec(g) together with the blurring matrix H are known.

5.1 Example 1

In this example, the original image is the corridor image. The blurring matrix H is given
by H=H; H;2 R 256° where H; = H, = [h;] and [h;;] is the Toeplitz matrix of
dimension 256 256 given by hj; = 2r—11 forji jj randhjj =0forji Jjj=>r, with
r = 10. The blurring matrix H models a uniform blur. In this example, the matrix L in
the linear discrete ill-posed problem (2) is L = L, L1, where L1 = ly56 and L is the
tridiagonal matrix of size 256 256 given by L, = tridiag([1;2;1]). The restored image
is obtained by applying the global GMRES(20) (Algorithm 2) to the problem (5). The
optimal value oot ” 0:0014586 of the parameter is computed by using the GCV method.

In this example, the relative error was % * 8:1395 10 2. The results are shown
if Figure 1.

5.2 Example 2

In the second example, we use the method described in Section 24. Tt21e original image is the
lena. The blurring matrix H is givenby H = H, Hj; 2 R?5 256" where H; = 1,56 and
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Figure 1: Original image (left), degraded image (center) and restored image (right).

H, = [hjj] is the Toeplitz matrix of dimension 256 256 given by hj; = ﬁexp( "—éﬁ)
forji jj randhj=0forji jj>r,withr=10and =7. At each outer iteration K,
k = 1;:::;10, the matrices Ly is the identity matrix. At each outer iteration k, the optimal
parameter .qpt is computed by using the GCV method. The obtained optimal values are
Lopt =20 10 2, .05t = 1:2973 10 2, gopr = 1:1892 10 2, 405 = 8:8546 10 3,
sopt = 9:6782 10 3, gopt = 7:0270 10 3, 7.0pr =8:1081 10 3, gop =5:9202 10 3,
9.0pt = 7:0528 10 3, 1.0 =5:2252 10 3.
The results of this example are given in Figure 2.

Figure 2: Original image (left), degraded image (center) and restored image (right).
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Well known theorems on triangular systems and the D°
principle

Francois Boulier Francois Lemaire Marc Moreno Maza

Abstract

The theorems that we present in this paper are very important to prove the correct-
ness of triangular decomposition algorithms. The most important of them are not new
but their proofs are. We illustrate how they articulate with the D® principle.

Introduction

This paper presents the proofs of theorems which constitute the basis of the triangular
systems theory: the equidimensionality (or unmixedness) theorem for which we give two
formulations (Theorems 1.1 and 1.6) and Lazard’s lemma (Theorem 2.1). The rst section
of this paper is devoted to the proof of the equidimensionality theorem. Our proof is original
since it covers in the same time the ideals generated by triangular systems saturated by
the set of the initials of the system (i.e. of the form (A): IAl) and those saturated by
the set of the separants of the system (i.e. of the form (A): S}). The former type of
ideal naturally arises in polynomial problems while the latter one naturally arises in the
di erential context. Our proof shows also the key role of Macaulay’s unmixedness theorem
[24, chapter VII, paragraph 8, Theorem 26]. Its importance in the context of triangular
systems was rst demonstrated by Morrison in [14] and published in [15]. In her papers,
Morrison aimed at completing the proof of Lazard’s lemma provided in [3, Lemma 2]. Thus
Morrison only considered the case of the ideals of the form (A) : SE\-, which are the ideals
w.r.t. which Lazard’s lemma applies. The case of the ideals of the form (A) : Ij‘- was
addressed in [2]. The proof of [2, Theorem 5.1] involves the same gap as that given in [3,
Lemma 2]. It was xed in [1]. The proof provided in [1] does not explicitly use Macaulay’s
theorem but relies on the properties of regular sequences in Cohen{Macaulay rings, which
are the rings in which Macaulay’s theorem applies.

What is this gap in the proofs mentioned above ? Among all the indeterminates the

zero divisors modulo the ideal de ned by A. This assumption is indeed true but certainly
deserves a speci ¢ proof.

In the case of the ideals of the form (A): I}, let’s mention the equidimensionality result
of [19] which is not su cient since it does not solve the problem of the embedded associated
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prime ideals of (A): I/&'—. In the case of the ideals of the form (A): Sg-, there is a simple proof
[16, 4] which unfortunately does not seem to generalize to the ideals of the form (A): |;‘\L.

The second section of this paper is devoted to the proof of Lazard’s lemma. This lemma
was communicated by Lazard to the rst author a few days before his PhD defense in
1994, with a sketch of proof. The proof given here is very close to the original one. As
stated above, Lazard’s lemma was rst published in [3] but its rst complete proof is due
to Morrison [14, 15]. Among the few other proofs published afterwards, let’s mention the
ones given in [18, 4, 8, 17].

In the remaining sections, we show how the equidimensionality theorem and Lazard’s
lemma apply to the so called \regular chains" [11, 9, 23, 2]. We last recall a few basic
algorithms which carry out a generalization of the \D>" principle [6] for regular chains and
which implictly rely on the equidimensionality theorem. Historically, the \D°" principle
suggests to compute modulo zero dimensional ideals presented by triangular systems as if
these ideals were prime (whenever a zero divisor is exhibited, the ideal is split). It is its
generalization to non zero dimensional ideals which requires the equidimensionality theorem.

Throughout this paper, K denotes a commutative eld of characteristic zero.

1 The equidimensionality theorem

A = Tpy;:::;png. We assume that deg(pi; Xij) = 0 and deg(pi; xk) =0foralll i n
and i <k nie. that A is a triangular system w.r.t. at least one ordering such that
Xy < < Xp and that the x indeterminates are precisely the main indeterminates of the
elements of A. The initial of a polynomial p; is the leading coe cient of p;, viewed as a
univariate polynomial in Xj. The separant of p; is the polynomial @p;i=0@Xx;.

In the following, h denotes either the product of the initials of all the elements of A or
the product of the separants of all the elements of A.

We are concerned by the properties of the ideal A = (A) : h1 which is the set of all
the polynomials f 2 R such that, for some nonnegative integer r and some 1;:::; n 2R
we have h"f = 1p1+ + ,pn. When h is the product of the initials of the elements
of A, the ideal A is often denoted (A) : Ij‘- in the literature. When h is the product of the
separants, the ideal A is often denoted (A): Sg-.

In general, the ideal A may be the trivial ideal R (take A = fXy; X1 X20). We assume
this is not the case.

of M by the canonical ring homomorphism R ¥ R=A. The elements of Ro=Ap, which is
isomorphic to (M=A) 1(R=A), have the form a=b where a 2 R=A and b 2 M=A. In this
section, we prove the following theorem.

Theorem 1.1. An element a 2 R=A is zero (respectively regular’) if and only if every

Yregular = not a zero divisor.
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element a=b 2 Rg=Aq is zero (respectively regular).

Proposition 1.2. To prove Theorem 1.1, itissu cient to prove that every element of M=A
is regular.

Proof. This is a very classical proposition. If every element of M=A is regular then Rg=Ay, is
a subring of the total ring of fractions of R=A [24, chapter IV, paragraph 9]. The proposition
then follows [24, chapter |, paragraph 19, Corollary 1]. O

Let us recall the Lasker{Noether theorem [24, chapter IV, Theorems 4 and 6].

Theorem 1.3. (Lasker{Noether theorem)

In a noetherian ring, every ideal is a nite intersection of primary ideals. Every repre-
sentation of an ideal A as an intersection of primary ideals can be minimized by removing on
the one hand the redundant primary ideals and by grouping on the other hand the primary
ideals whose intersection is itself primary. The so obtained minimal primary decomposition
of A is not uniquely de ned. However, the number of its components and the radicals of its
components (the so called \associated prime ideals™ of A) are uniquely de ned.

All the rings considered in this section are noetherian.

Proposition 1.4. To prove Theorem 1.1, it is su cient to prove that no associated prime
ideal of A meets M.

Proof. According to [24, chapter IV, paragraph 6, Corollary 3], if M does not meet any
associated prime ideal of A then every element of M=A is regular. Theorem 1.1 then follows
from Proposition 1.2. O

Recall the de nition of the dimension of an ideal.

De nition 1.5. The dimension dimp of a prime ideal p of a polynomial ring R with
coe cients ina eld K is the transcendence degree of the fraction eld of R=p over K. The
dimension dim B of an ideal B of R is the maximum of the dimensions of the associated
prime ideals of B.

The rest of this section is completely dedicated to the proof of the following theorem
which admits Theorem 1.1 as a corollary. This reformulation of Theorem 1.1 is often
convenient for writing proofs.

Theorem 1.6. The associated prime ideals of A have dimension m and do not meet M.

In order to apply Macaulay’s unmixedness theorem, one needs to get rid of the saturation
by h. For this, one may use the Rabinowitsch trick [20, section 16.5]. One introduces some
new indeterminate Xn+1 and a new polynomial pn+1 = hXp+1 1. One denotes A’ the
triangular system of R’ = R[xn+1] obtained by adjoining pn+1 to A. One denotes A’ the
ideal (A") of R'. Consider the two following canonical ring homomorphisms:

R ' h 'R *R=(pn+1) R
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The isomorphism h 'R ? R%=(pn+1) is classical [7, Exercise 2.2, page 79]: every element

of R corresponds to itself, x,+1 corresponds to h *. If B is an ideal of R, one denotesh B

or ( B) the ideal of h 'R generated by B. If B is an ideal of R’ then B! is an ideal of
R" = R"=(pn+1).

Lemma 1.7. The ideal A is proper. 1f ¢\ \ ¢} is a minimal primary decomposition
of Athen  ( g))\ \ I( d) isa minimal primary decomposition of A.

Proof. We use the notations of extensions and contractions de ned in [24, chapter 1V,
paragraph 8], w.r.t. the ring homomorphism so that ( A) = A®. The ideal A’ is equal
to the ideal A® since both ideals admit a same generating family: A. By [24, chapter IV,
Theorem 15 (a)] we have A = A®® since A = A h1. Therefore, since A is assumed to be
proper, so are A® and A'.

Consider now a minimal primary decomposition ¢} \  \ g} of A", According to [24,
chapter 1V, paragraph 5, Remark concerning passage to a residue class ring], q“l\ \ ¢
is a minimal primary decomposition of A’ = A®. Since A = A®¢, by [24, chapter IV,
Theorem 15 (b) and a comment just above this theorem], the associated prime ideals of A
do not meet M. By [24, chapter IV, Theorem 17] the intersection  ( ¢))\  \ 1( q})
is @ minimal primary decomposition of A. O

Proposition 1.8. To prove Theorem 1.6, it is su cient to prove that the associated prime
ideals of A’ have dimension m and do not meet M.

Proof. Let p’ be an associated prime ideal of A’ and p =  ( p') the corresponding
associated prime ideal of A according to Lemma 1.7. Let a be an element of the subring R
of R'. Thena 2 p'ifandonlyifa=12 p’anda=12 p’ifand only if a2 p. Therefore,
if p’ does not meet M then p does not either and dimp m. If moreover dimp’ =

m then X1;:::;Xn must depend algebraically on ti;:::;tym modulo p’ hence they depend
algebraically on ty;:::;tmy modulo p and dimp  m. Combining both inequalities, one
concludes that dimp = m. O

One distinguishes two sorts of prime ideals associated to an ideal A: the isolated or
minimal ones and the embedded or imbedded ones. An embedded associated prime ideal
of A is an associated prime of A which contains another associated prime ideal of A. In
the context of polynomial rings, its algebraic variety is included (embedded) in that of
the associated prime ideal that it contains. One thus sees that, at least in the context
of polynomial rings, it is much easier to get informations on the minimal associated prime
ideals (they correspond to the irreducible components of the algebraic variety of the ideal [24,
chapter VII, paragraph 3, Corollary 3 to Hilbert’s Nullstellensatz]) than on the embedded
associated prime ideals, which have no such simple geometric meaning (see however [7,
section 3.8] for a geometric interpretation of embedded primes). In our case, the problem
of the minimal associated prime ideals is easily solved by Lemma 1.10. The problem of the
embedded associated prime ideals is solved by a di cult theorem: Macaulay’s unmixedness
theorem. Recall Krull’s principal ideal theorem [24, chapter VII, Theorem 22].
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Theorem 1.9. (principal ideal theorem)

elements (1 k n)thendimA n k.
Let us come back to our study of the ideal A of R?.

Lemma 1.10. The dimension of A’ is m. Moreover, none of the m{dimensional associated
prime ideal of A’ meets M.

Proof. Consider an associated prime ideal p’ of AL,
First consider the case of h being the product of the initials of the elements of A. Then
none of these initials belongs to p’ (otherwise p’, which contains hxn,+1 1 would also

(the polynomials of A’ cannot degenerate at all).

Consider now the case of h being the product of the separants of the elements of A. Let
p- =agxd+ +ay x-+ag be any element of A”. Since its separant s = day xd 1+ +ga
does not belong to p’ (otherwise p’, which contains hxn+1 1 would also contain 1), at

One then concludes, rst that dimp’ m hence dimA? m, second that if dimp’ = m
then pP" \ M = ;. The ideal A’ admits a basis made of n + 1 elements in a polynomial
ring in n +m + 1 indeterminates. According to the principal ideal theorem, dimA’ m.
Combining both inequalities, one concludes that dimA’ = m. O

Let us recall Macaulay’s unmixedness theorem [24, chapter VII, Theorem 26].

Theorem 1.11. (Macaulay’s unmixedness theorem)
k elements (1 k n)and if dimA = n Kk then all its associated prime ideals have

dimension n k.

The following proposition, combined to Proposition 1.8, concludes the proof of Theo-
rem 1.6 hence that of Theorem 1.1.

Proposition 1.12. The associated prime ideals of A’ have dimension m and do not meet M.

Proof. The ideal A’ admits a basis made of n+ 1 elements in a polynomial ring inn+m+1
indeterminates. According to Lemma 1.10, its dimension is m. According to Macaulay’s
unmixedness theorem, all its associated prime ideals have dimension m. According to
Lemma 1.10 again, none of these prime ideals meets M. O

Let us state a few easy corollaries to Theorem 1.1.

Corollary 1.13. The minimal primary decomposition of A is uniquely de ned.

2The characteristic zero hypothesis is used here.
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Proof. By Theorem 1.6, the ideal A has no embedded associated prime ideal. The corollary
then follows [24, chapter 1V, paragraph 5, Theorem 8]. O

Corollary 1.14. Theorems 1.1 and 1.6 hold if A is replaced by any ideal (A): ST where
S is any subset of R containing h, provided that (A) : ST is proper.

Proof. The ideal (A) : ST is the intersection of the primary components of (A) : h1 which
do not meet the multiplicative family generated by S. Since the primary components of
(A) 1 hT do not meet M, the primary components of (A) : ST do not meet M either
and, Theorem 1.6 holds for this ideal also. Theorem 1.1 follows from Theorem 1.6 and
Proposition 1.4. O

Corollary 1.15. Every regular element of Rg=Ag is invertible.

Proof. Still a well known theorem. By Theorem 1.6, the ideal Ag has dimension zero. By [24,
chapter VII, paragraph 7], the associated prime ideals of Ag are maximal. The ideal Ag is
thus contained in nitely many prime ideals. There is a bijection [24, chapter 111, Theorem
7] between the ideals of Ry which contain Ay and the ideals of Rg=Ag. This bijection maps
prime ideals to prime ideals [24, chapter 111, Theorem 11]. The ring Ro=Ao thus involves

Corollary 1.16. Let1 1 n be an index. Denote Aj = fp1;:::;pig. If his the product
of the initials of A, denote h; the product of the initials of the elements of A; otherwise,
denote h; the product of the separants of the elements of Aj. Denote Aj = (Aj) : hil. Let
a 2 R be any polynomial. If a is regular in Rj=Aj then a is regular in R=A.

regular in Rj=A;. Then, by Theorem 1.1 and Corollary 1.15, there exists some a 2 Rg;j such
thataa 12 Ag;. Since Rpi Rpand Agi Ao, we have aa 12 Ag and a is invertible
in Ro=Ag. By Theorem 1.1 again, a is regular in R=A. O

2 Lazard’s lemma

In this section, we keep the notations of section 1 but we restrict ourselves to the case of h
being the product of the separants of the elements of A. The ideal A = (A) : h1 is often
denoted (A) : Sj\'- in the literature. It is assumed to be proper.

Theorem 2.1. (Lazard’s lemma)
The ideal A is radical.
The minimal prime ideals of A have dimension m and do not meet M.
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Before proceeding, let us consider the basic case of a system A made of a single poly-
nomial py =t; (xy 1)°(x1 2). Then the separant h =t; (x; 1)?>(4x; 7) involves as
a factor the polynomial t; which does not depend on x; and the multiple factor (x; 1)
of p1. The ideal A is generated by (x; 2) and satis es Theorem 2.1. Observe that the
theorem would not hold in the case of h being the product of the initials of A only. In that
case, the ideal A, which would be generated by (x; 1)3(x; 2), would not be radical.

Proposition 2.2. To prove Theorem 2.1, it is su cient to prove that Ag is radical.

Proof. The second statement of Lazard’s lemma follows from Theorem 1.6. Let us assume
Ag is radical. Then Rg=A, does not involve any nilpotent® element by [24, chapter 1V,
Theorem 10 and Corollary]. Thus R=A does not either by Theorem 1.1 (for if a is a non
zero element of R=A then its image a=1 in Rg=Ag is non zero ; if a power a% of a were zero,
then (a=1)? would be zero too and Rg=A, would involve nilpotent elements). Therefore, A
is radical and the proposition is proved. O

In the rest of this section, we prove that Ag is radical by proving that Ryo=Ag is isomorphic
to a direct product of elds. Since a direct product of elds does not involve any nilpotent
element, the ideal Ag is radical and the proof of Lazard’s lemma is complete.

Indeed, if Ry;:::; Rk are rings then one denotes S = R; Rk their direct product.
Elements of S are tuples with k components. Given any two elements a = (az;:::;ax) and
b= (by;:::;bk) of Sonede nesa+has (ap +by;:::;ax +by) and ab as (ap by;:::;axby).

involve any nilpotent element then S does not either. This is the case in particular when
the rings R; are elds. See [24, chapter 111, paragraph 13] for an equivalent formulation
based on direct sums. The following theorem is a generalization of the Chinese Remainder
Theorem. See [24, chapter 111, paragraph 13, Theorem 32] or [7, Exercise 2.6, page 79].

Theorem 2.3. (Chinese Remainder Theorem)

R=(A1 \  \ Ay) is isomorphic to the direct product (R=A1) (R=Ay).

The proposition below concludes the proof of Theorem 2.1. The scheme of its proof is
the original scheme of proof communicated by Daniel Lazard.

Proposition 2.4. The ring Rp=Ap is isomorphic to a direct product of elds.

Proof. The ring Ro=Ay can be constructed incrementally. It is isomorphic to the ring Sp
de ned by:
So=K(ty;:::itm)i  Si=Si alxil=(pi) s
The proof is an induction on n.
The basis n = 0 is trivial.
Assume Sy, ; is a direct product of elds K; Ky. Then Sy is isomorphic to the
direct product of the rings K;[Xn]=(pn) sr:]'- forall1 j r. In the formula above one

3A nilpotent element of a ring R is a nonzero element of R a power of which is zero.
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assimilates the polynomials pn and s, with their images by the canonical ring homomor-
phisms, noticing that the image of the separant of p, in each Kj[X] is the separant of the
image of pn in this ring.

Therefore, in each Kj[xp], the ideal (pn) : s,ﬁ'— is generated by the product of the simple
irreducible factors of pn. It is thus the intersection of the maximal ideals m- generated
by these factors. According to the Chinese Remainder Theorem, each Kj[xn]=(pn) - sr:,'-
is isomorphic to the direct product of the elds Kj[xn]=m-. Since direct products are
associative, the ring Sy, itself is a direct product of elds. O

Corollary 2.5. Theorem 2.1 holds if A is replaced by any ideal (A) : ST where S is any
subset of R containing the separants of the elements of A, provided that (A): ST is proper.

Proof. The ideal (A) : ST is the intersection of the primary components of A which do not
meet the multiplicative family generated by S. Since A is radical, its primary components
are prime ideals [24, chapter 1V, Theorem 5]. Thus the primary components of (A):S7 are
prime ideals and (A): S is radical. The dimension properties shared by all the associated
prime ideals of A also hold for all the associated prime ideals of (A) : ST. O

3 Regular chains

indeterminates are ordered according to some total ordering O. Let p be any polynomial
of Rn K. The greatest indeterminate w.r.t. O among the indeterminates p depends on is

i.e. a polynomial system whose elements have distinct main indeterminates. Renaming
the indeterminates if necessary, we assume that the main indeterminate of p; is x; for each

1 i n. The multiplicative family M, the initials and the separants of the elements of A
are then de ned as in section 1.
Fix some 1 i n. Denote A; the system fps;:::;pig. Denote h; the product of the

of Ro:ij. Denote Rgp = Ro.n and A = Ap.

De nition 3.1. The system A is a regular chain if, foreach 2 i1 n, the initial of p; is
regular in the ring R; 1=A;j 1. Assume A is a regular chain. Then A is said to be squarefree
if, foreach 1 i n, the separant of p; is regular in Rj=A;.

The above de nition is not exactly the same as that of [2, De nition 4.1] but they are
strictly equivalent. The di erence is that, in [2], the t indeterminates greater than x; would
have been withdrawn from the rings R; 1 and R;. This change is not important for the
elements of A;j do not depend on the t indeterminates greater than x; and, by [24, chapter I,
paragraph 16, Theorem 6], if R is a ring, a is one of its elements and X is an indeterminate
over it then a is zero (respectively regular) if and only if it is zero (respectively regular) in
the ring R[x]. The following results are corollaries to Theorems 1.1 and 2.1.
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Corollary 3.2. The system A is a regular chain if, for each 2 i n, the initial of p; is
invertible in the ring Ro;i 1=Ao:;i 1. Assume A is a regular chain. Then A is squarefree if,
foreach 1 i n, the separant of p; is invertible in Rg.i=Ag:i.

Proof. It is an immediate corollary of Theorem 1.1 (enlarging the set of the t indeterminates
with the x indeterminates which are not needed). O

Corollary 3.3. Assume A is a squarefree regular chain. Then A is radical. Its minimal
prime ideals have dimension m and do not meet M.

Proof. By Corollary 1.16 and the de nition of squarefreeness, the separants of the elements
of A are regular in R=A. Thus they do not lie in any associated prime ideal of A by [24,
chapter 1V, paragraph 6, Corollary 3]. Thus, denoting Sg- the multiplicative family that
they generate, A = A S} and the proof follows from Corollary 2.5. O

3.1 Splittings

In this section, we provide two propositions which permit to justify many algorithms carry-
ing out the \D®" principle for triangular systems [6]. We keep the notations of section 3 and
we assume that A is a regular chain. Let 1 i n be an index. Assume that there exists a
factorization p; = bcin (Ro:i 1=Ao;i 1)[Xi] such that 0 < deg(b; x;); deg(c; X;) < deg(pi; Xi)-
Foreachl j n,denote Bj = A if j <i otherwise denote Bj = (A;nfp;g) [ fbg. Denote
B =B, Foreachl j n,denote hy;j the product of the initials of the elements of B;
and Bj the ideal (Bj):hgh of R and Bo;j the ideal (Bj):hgh; of Ro;j. Replacing b by ¢ in the
formulas, de ne C and foreach 1 j n, de ne Cj, he;j, Cj and Co;; Denote By = Bo:n
and Co = Co:n.

Proposition 3.4. The triangular sets B and C are regular chains. Foreachl j nwe
have A; Bj and A; C;j.

Proof. We focus on the set B. The arguments for C are similar. Since 0 < deg(b; X;) <
deg(pi; Xi), the set B is triangular. Foreach 1  j <iwe have A; = B;j thus A; = Bj and B
is a regular chain up to index i 1. In the ring Ro;; 1, the initial of p; is the product of the
initials of b and c. Since A is a regular chain, the initial of p; is invertible in Ro:j 1=Ao:i 1.
Therefore, the initial of b is invertible in Ro:i 1=Bo:;i 1. By Corollary 3.2, the set B is a
regular chain up to index i and A; B;. Leti<j n beanindex. We have A;  B;j.
Thus the initial of pj, which is invertible in Ro;j 1=Aq;j 1, isalso invertible in Ro;j 1=Bog;j 1.
By Corollary 3.2, the set B is a regular chain up to any index and A;  B;. O

We have proved that A B \ C. In general the equality does not hold because of
possible common factors of b and c. In the particular case of squarefree regular chains, b
and ¢ have no common factors and the equality holds, the following proposition shows.

Proposition 3.5. Assume A is squarefree. Then so are B, C and we have A = B\ C.
Moreover, the sets of the minimal prime ideals of B and C form a partition of the set of
the minimal prime ideals of A.
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Proof. First we prove that B and C are squarefree regular chains. As in the above proof,
we focus on B. By Proposition 3.4, the set B is a regular chain. Assume A is squarefree.
Let1 j <ibeanindex. Since A; = Bj, the separant of p; is regular in Rj=Bj and B is a
squarefree regular chain up to index i 1. Denote s;, s, and s; the separants of pj, b and c.
We have sj = spc+scb. Let us prove that sy, is regular in Rj=Bj. Since A is squarefree, s;
is invertible in Ro:;j=Aq;i. By Proposition 3.4, foreach 1 j nwe have A; Bj thus s;
is also invertible in Rg:i=Bo;j. Then, using the fact that b 2 B; we see that s, c, hence sy,
is invertible in Rg.j=Bo;j. By Corollary 3.2, the set B is a squarefree regular chain up to
index i. Leti <j n bean index. Using again the fact that A;  Bj, we see that the
separant of pj is regular in Rj=B;j. Thus B is a squarefree regular chain up to any index.

Similar statements prove that C is a squarefree regular chain.

By Corollary 3.3, the ideals B and C are radical. They are equal to the intersections
of their minimal prime ideals by [24, chapter 1V, Theorem 5]. To conclude the proof of
the proposition, it is thus su cient to prove that the sets of the minimal prime ideals of B
and C form a partition of the set of the minimal prime ideals of A. Denote V, V, and V.

ideals have dimension zero, these sets are nite. The minimal prime ideals of A, B and C
have dimension m and do not meet M. Therefore, by [24, chapter IV, Theorem 15(d)], the
ring homomorphism R ¥ Rq provides a bijection between the minimal prime ideals of A
(respectively B, C) and those of Ag (respectively Bg, Cp) hence, using [24, chapter VII,
paragraph 3, Corollary 2], a bijection between the minimal prime ideals of A (respectively
B, C) and the elements of V (respectively Vy, V). It is thus su cienté) prove that V,
and V. form a partition of V. The cardinal jVj of V is the product Jf‘=1 deg(p;j; Xj)-
Similar statements hold for V, and V.. Since deg(pi; Xi) = deg(b; X;) + deg(c; Xj) we see

rst that jV j = jVyj+jVj. Second, we have Vy, V and V., V. Third, V,\V; is empty for
a common zero of B and C would annihilate sj = sy ¢ + s¢ b which is invertible. Therefore
V =Vy [V, the sets Vy and V¢ form a partition of V and the proposition is proved. O

3.2 The D°® principle for triangular systems

In this section, we provide the scheme of many algorithms carrying out the \D>" principle
for triangular systems. More e cient algorithms can be found in [13, 12]. See also [22, 21, 5].
The triangular set A is assumed to be a regular chain.

De nition 3.6. For every a 2 R we de ne the pseudoremainder of a by A as
prem(a; A) = prem(:::prem(prem(a; Pn; Xn); Pn 13 Xn 1) 1115 Pa; Xa):

The pseudoremainder algorithm is based on [24, chapter |, paragraph 16, Theorem 9].
Itis de ned in [10, volume 2, page 407]. The next proposition is proved in [2, Theorem 6.1].

Proposition 3.7. For every a 2 R we have a 2 A if and only if prem(a; A) = 0.

The parameter a of algebraic_inverse denotes an element of R. The function returns an
inverse of a in Ro=Ag or fails. If it succeeds then a is proved invertible in Rg=Ag hence regular
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in R=A by Theorem 1.1. The function thus implicitly relies on the equidimensionnality
theorem. If it fails by encountering a zero divisor, it exhibits a nontrivial factorization of
some element p; of A. The exhibited factorization might allow some calling function to
split A as two regular chains by using Proposition 3.4. Observe that the function may fail
even if a is regular in R=A for it checks the regularity of many di erent elements of R=A.

function algebraic_inverse (a; A)
begin

if a & 0 then
1/a
else
the inverse computation fails (inversion of zero)
endif
else
let x; be the main indeterminate of a
(uz; uy; ug) := extended_Euclid (a; pi; Xi; A)
if uz & 1 then
the inverse computation fails (inversion of a zero divisor): ugz is a factor of pj
else
Uz
endif
endif
end

Here is the generalization of the extended Euclidean algorithm called by algebraic_inverse.
The main indeterminate of the two polynomials a and b is xj. The polynomials a and b
are viewed as polynomials in (Ro;i 1=Ao;i 1)[Xi].- The function fails or returns a triple
U = (ug; uz; ug) of elements of (Ro.i 1=Ao;i 1)[Xi] satisfying a Bezout identity in the ring
(Ro:i 1=A0:i 1)[xi] i.e. arelation uja+uyb = uz. A proof that U satis es a Bezout identity
can be designed by using the two following loop invariants (i.e. properties which hold each
time the loop condition is evaluated). These loop invariants are natural generalizations of
the very classical loop invariants of the basic extended Euclidean algorithm:

uta+uxb=uzgandvia+veh=v3zin (Roi 1=Ao;i 1)[Xi];

the set of the common divisors of uz and vs is equal to the set of the common divisors
of a and bh.

Observe that the second invariant is stated without using the word \gcd" which would be
controversial in this context for the ring (Ro:i 1=Ao:i 1)[Xi] is not a UFD. A de nition of
the gcd in this context is however provided in [13]. Observe that the function needs to
recognize zero in Ro:;i 1=Ao:i 1 in order to evaluate the loop condition and to determine the
degree of ug after the loop execution. This is achieved by Proposition 3.7. The function also
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needs to check the regularity of the leading coe cient of vz before performing the Euclidean
division. This can be achieved using algebraic_inverse.

function extended_Euclid (a; b; x;; A)

begin
U:.=(10;a)
V = (0; 1; b)
while v3 & 0 do

g := the quotient of the Euclidean division of uz by v3 in (Ro:i 1=A0:i 1)[Xil
T:=V

V=U qV
Uu=T
done

¢ := the coe cient of x{*9(3®

return algebraic_inverse (c; A) U
end

in us
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Unique Normal Forms for Nilpotent Vector Fields of Higher
Dimensions

Guoting Chen

Abstract

Unique normal forms for nilpotent planar vector elds have been studied under the
graded Lie algebra context. A unigue normal form with respect to the classical degree up
to certain order is given for nilpotent vector elds in dimensions 3 and 4. New orderings
are used and the corresponding unique normal forms are given up to certain order. Their
comparison leads to the important conclusion that the unique normal form depends on
the ordering and the choices of complementary subspaces. Maple implementations are
used to study the problem and to compute the bases of some complementary subspaces.

Introduction

Normal forms of dynamical systems or vector elds are basic and important tools in bi-
furcation theory of vector elds, and this has a long history. Recently further reduction
of classical normal forms has been studied in many ways in order to obtain unique nor-
mal forms and some general methods are given ([2, 5, 9, 10, 13]). But the problem of the
unique (simplest) normal form for a given vector eld is far from trivial. For non nilpotent
vector elds, unique normal forms are known in many cases in R? and R (for example in
[2, 6, 9, 14, 15]). For the nilpotent cases the question is more di cult. In dimension 2 it is
rst considered in [3] and [10]. A special case is studied in [6]. Other studies are done in

[4, 14].

In the present paper we study unique normal forms for formal vector elds in dimensions
3 and 4 with a nilpotent linear part of index one. For the dimensional 3 case a unique normal
form up to terms of degree 5 is given in [5], and up to terms of degree 8 is given in [16]. For
the dimensional 4 case, a unique normal form up to terms of degree 3 is given in [5].

Normal form theory in a graded Lie algebra context is given in [2]. New grading for
vector elds has been introduced in [10] and has been used successifuly for nilpotent planar
vector elds of dimension 2 in [3, 6, 10, 14]. Although in dimension 2 it seems that new
grading unique normal forms induce unique normal forms in the classical order, one can
ask the question: is it necessarily true in higher dimensional case? This question has never
been raised. In fact it seems that it is usually admitted. Our results give a negative answer
to this question.

Dedicated to Jean Della Dora on the occasion of his 60th birthday
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We rst consider vector elds in R® with an equilibrium at the origin with a nilpotent
linear part of index onelggl = y@x + z@y, where @x = @=0x, @y = @=@y and @, = @=0z. We
shall write X(x;y;z) = [::11 Xk, where Xy denotes the homogeneous part of degree k. We
use also notations for the corresponding dynamical system

x=y+ ;  y=z 2=

where the dots represent terms of degree 2. The matrix of the linear part is the nilpotent

matrix of index one o) 1
010

A=Q@0 0 1A:
000

In Section 1, we give a brief presentation of the method that we shall follow, that is the
graded Lie algebra and normal forms using multiple Lie brackets (see [2, 7]). In Section 2 we
compute the structure of unique normal form for nilpotent vector elds in R® with respect
to the classical order (total degree). In Section 3, we consider a linear grading function
(see [10]) for vector elds in R® and compute unique normal forms with respect to the new
grading by showing two di erent choices of complementary subspaces. In Section 4, some
comparisons are done with nilpotent vector elds in dimensions 4 where a unique normal
form is given up to certain order.

1 Preliminaries on unique normal forms in a graded Lie al-
gebra

We give a brief review of Baider’s method (see [2, 7]) for unique normal forms that we shall
follow in this paper. Notice that one can also use the method of [10].

Let fLjg be a family of vector spaces over R, let L; denote their direct sum, and
let L = j obi denote their complete direct sum. Elements of L are treated as (formal)
in nite series * = “g+“1+  with *; 2 L. Elements of the form * =0+ +0+°;+0+
are homogeneous (of order j), and in such cases we simply write * = ;j, thereby viewing L
as a subspace of L. Subscript always indicates(-?omogeneity of the corresponding order.

Throughout the section we assume L = ~; ,L;j is a graded Lie algebra, i.e. a Lie
algebra over R with bracket [ ; ] satisfying [Li;Lj] Li+j:

For any m 2 L the adjoint mapping ad(m) : L ¥ L isde ned by * ¥ [m;“]. Note that
if m2 L then ad(m)j; : Lj ¥ Li+j: We have

X1 .
exp(ad(m))‘ = j—,(ad(m))J -
j o’

Foreach k 0de nethek-jetof “=“g+“1+ 2LtobeJx()=“+ + “k Note
for “ =g+ + 2L,andm=mg+mg+1+ ,k 1, that

exp@d(m))(‘) = Ik 1(*) + (“k  [‘0;Mk]) + Ok+1
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where Oy41 denotes terms of order greater or equal to k + 1.
Fork Oand ‘2L let

Ck(*):==fm=my+my+ jad(*)(m) = Ik (‘) + Ok+19

(the k-th order centralizer of ). We have m 2 Cy(*) i exp(ad(m)) xes Jx(*): Now
m2 Cg(*) i
X
[i jsmj]=0; fori=1, ;k; D
j=1
Now suppose that we have obtained a normal form up to the order k, i.e. Jx(‘) isin a
normal form. We look for a normal form up to order k + 1: Consider the linear mapping

k+1(M) = [“o; Mgaa] + [F1me] +  +["ksmy];

where m 2 Cx. We have +1(m) 2 Li+1. Assume that Cx41 is @ complementary subspace
of its image Vi+1 in Lig+1, SO that the following splitting holds

Lik+1 = Vk+1  Ck+a:

Then one can nd m 2 Cy(“) such that Jyx+1(exp(ad(m))“) 2 Cx+1, which is a normal form
of order k + 1.

Remark 1.1. Once a Cx+1 is chosen with a given basis, the homogeneous part of degree
k + 1 can be written under the given basis. So the chosen bases of the corresponding Cy
determine a structure or a model of the normal form. A normal form with a determined
model is unique. We shall compute the structure of unique normal forms for nilpotent
vector elds in dimensions 3 and 4 up to certain orders.

2 Unique normal form with respect to the classical degree in
R3

Let us rst consider the classical graded Lie algebra H of vector elds in R®. The Lie
bracket isde nedby[;]:H H ¥ H where

[U;V]=DV U DU V

forany U;V 2 H. For any k 0 we denote by Hy the vector space of homogeneous vector
elds in R3 of order k + 1 with respect to the classical order (total degree). (One remarks
that the subscript is k). Then fH;[; ]g forms a graded Lie algebra with respect to the
classical order, ie [Hi; Hj]  Hixj.
Let X be a vector eld in H with a nilpotent linear part Xo = y@x +z@y 2 Ho. We
shall study the unique normal form of X in H. In [5], we have proved that, via a near
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identity transformation and a linear transformation, one can reduce generically the second
order terms of X to the following normal form

X1 =+ 20Xy + 23%2)0;

where ,.2; 2.3 are parameters. It can be achieved by considering the linear map 1(mj) =
[Xo; m1] and via a linear change of coordinates. We shall suppose that this has been done
and study the normal form of higher order.

We now consider terms of order 3. We need to study the linear map

2(myg;mz) = [Xo; mz] + [Xg;myq]
subject to the condition [Xp; m;] = 0. From [Xg; m1] = 0 one obtains
my=  12°+ o(y® 2X2)+ ayz+ 4xz @x+( 32’ + ay2)@y + 42°0;:

By computing the kernel of 5, one nds that its dimension is 7 and if m =mj; + m, 2
ker( ) then m; = 1z?@x. Then the image V, of , in Hy is of dimension 27 and hence
dimC, =30 27 = 3. One can prove that x3;x?y; x?zg form a basis of a complementary
subspace C, to the image V, of » in H,. The homogeneous part of degree 3 in a unique
normal form can be chosen to be in the form

_ 3 2 2.
X2 = 31X°+ 32Xy + 33X°Z:

The method can be used to compute a basis of Cy successively for any k = 2;3; . We
have implemented the method in Maple and obtained a basis for all kK 12 under some
non degeneracy conditions (algebraic conditions on the coe cients of the vector eld). We
state the results in the following proposition.

Proposition 2.1. Let X be a nilpotent vector eld in R® as above. Then a non degenerate
unique normal form of X up to order 12 is

v Y =12,

24 20Xy + 23Xz 3aXCH 3X?y+ X’z gaxtH 4xPy
51X° + 5oXly + 53Xz + 61X+ Xy 4+ 63X°Z + gaxty?
7aX' + 7oX8y + 73X%Z + 7.4X%y2 + 75X°yz+ gixB+ X'y
g3X'Z+ gaxX®y?+ g1xX¥+ 9XBy + g3xBz+ guX'yZ+ gsxyz
0.6X/2% + 101X+ 10oX% + 103X%Z + 10.4XBy2 + 10.5x3yz
11;1X11 + 11;2X10y + 11;3X102 + 11;4x9y2 + 11;5X9yZ + 11;6X922
122X+ oxMy + axMz + pux0y2 + 15.5x10yz

12:6X102% +  15.7x%?Z + Og3

IN X
Il
X <

++++ 4+ + |

In Table 1, we shall show the number of parameters in each degree remaining in a normal
form and compare with those obtained by other methods.
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3 New ordering of vector elds in R®

3.1 Linear grading function

The idea of linear grading function is to de ne a new grading (new ordering) so that H
remains a graded Lie algebra with respect to the new ordering. It is rstintroduced in [10].
For details and properties of linear grading functions we refer to the original paper. The
method has been applied to nilpotent vector elds of dimension 2 in [6, 10, 14].

For our purpose we need the following linear grading function: for any i;j;k 2 N,

(x'yIzK@y) = 3i +4j + 5k 3;
(x'yIz*@y) = 3i +4j +5k  4;
(x'yIzK@,) = 3i +4j + 5k 5:
Let He (k 1) be the vector space spanned by all n]gpomial vector elds of degree k with
respect to . One has [Hs;Ht] Hs+t. Hence H = | ; Hy is a graded Lie algebra. We
have for example
H1 = Spanfy@y; z@y; x2@,9
Ha = Spanfz@yx; x*@y; xy@-9
Hs = Spanfx®@y; xy@y; x20;; y20.9:
The following lemma can be veri ed immediately using the de nition of .
Lemma 3.1. We have
Xiyj:zk@y 2HN i Xfyj:zk@x 2 Hn+1,
X!yj_zk@z 2Hy i X'_Y’Z‘f@y 2 Hn+1,
xiyizkg, 2 Hy i xlyizK@, 2 Hy+q:
C&gsider the nilpotent vector eld X of the preceding section in H. We can write

X = 1Vj, with Vj 2 Hj. As in the preceding section one can assume (see [5]) that

Vi =y0x + Z@y + Xz@z:

Now we need to consider the adjoint map ad(Vy) = [V1; ] in the new graded Lie algebra
context. We have [V1; ]1: Hk ¥ Hg+1.

Lemma 3.2. Let notations be as above. We have ker[Vy; lju, = SpanfVig, and for any
2 k60, ker[Vy; ]jn, = f0g, i.e. the linear map [V1; Jjn, is injective.

Proof. Let my = 1y@x + 220y + 3x?@; 2 Hy. One has
Vimi=(1 2020+ ( 2 X%y +2( 3 1)xy@;:

Then my 2 ker[Vy; ]jn, implies my = Vi. Hence ker[Vy; ]ju, = SpanfV,g:

This method can be used to compute the kernel of [V1; ] in any Hx. We have imple-
mented the method in Maple and the computations show that [V1; ] is injective for any
2 k 60. O
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Now we have dimIm[Vy; Jju, = 2. If C; is a complementary subspace of Im[Vy; Jjn,in
H,, then dimC, = 1. We can prove that C, = Spanfxy@,g is such a one. We obtain a
normal form in H whose homogeneous part of degree 2 with respect to is Vo, = ,xy@,.

Proposition 3.3. (a) Let notations be as above. Let C; be a complementary subspace to
the image gt ad(V1)jn; , in Hj. Then one can reduce the vector eld to a normal form
V.=Vi+ ; ,VjwithVj 2Cj for j 2. Furthermore the normal form is unique up to
the order 60.

(b) One can choose the complementary subspaces to be

Cs = Spanfxz@,9; Cs = Spanfx3@,g; Cs = Spanfz2@,g; C¢ = fOg;

and for7 N 60, _
Cn = SpanfylzK@, : 4j +5k 5= Ng:

Proof. For part (a) it su ces to prove the uniqueness. LetV =V, + +V, 1+ be a
normal form up to the order k 1 (with k <= 60). We now look for a normal form of order
k.Letm=my+my+ +mg+ be such that

[Vi;m1] =0;
[Vi; ma] + [V2;mye] = 0;

Viimg 1] +[Vo;mg 2]+ + [V 1;m] =0

Then according to Lemma 3.2, one has m; = V;. We obtain from the other equations that
mj = Vj. Hence

Vi mg] +[Varmi 1]+ + [V 1mg] + [V my]
=[Veome Vil +[Va; Vi i+ + [V 15 V2]
= [V1; mg Vi]:

Finally a normal form obtained by using ad(V1) is unique up to the order 60. Notice that
in the terminology of [10], our result shows that the rst order normal form is unique up to
the given order.
We have implemented the algorithm in Maple. We have been able to obtain a basis of
Cn for N 60 as stated in part (b) of the proposition.
O

We state the corresponding normal form in the following proposition.
Proposition 3.4. Let X be a nilpotent vector eld as above. Then X can be generically
reduced to a unique normal form up to order 60 in the new ordering

Y= % >
2=X2+ oxy+ 3xz+ X3+ 522+ Y 2 + Ogy:
7 4j+5k 5 60

where Og; represents terms of degree 61 in H.
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The dimension of Cy is given in the following lemma. This is useful for calculating the
number of parameters remaining in the normal form of the above proposition.

Lemma 3.5. For any N 2 let d = #F(j; k) 2 N?j4j +5k 5= Ng: Let N +5=20p+s
with 0 s <20. Then for s = 1;2;3;6;7;11 we have d = p, and for other values of s, we
have d = p + 1.

Proof. The assertion follows from a calculation of the number of solutions of 4j+5k 5 = N.
For example with s = 5 we have, with j' = j +Kk,

X X X
d = 1= 1= 1
4j+5k=20p+5 4j0+k=20p+5 k=4(p jO+1)+1
> i=5G" 4p D)
= l=p+1:

4p+1 jO 5p+1
The proof is similar for other s. O

In Table 1, the number of parameters in each degree remaining in a normal form in H is
compared with that of Proposition 2.1. It leads to the important conclusion that with this
choice of complementary subspace the normal form obtained is not unique with respect to
the classical degree. One remarks that the third equation in the normal form of Proposition
3.4 contains all terms of the form yJzX with j +k 3.

In the following paragraphe we shall show that we can choose another complementary
subspace so that the normal form contains the same number of parameters as in the case
of the classical degrees.

Total degree | Prop. 5.3 in [5] | Prop. 2.1 | Prop. 3.6 | Prop. 3.4
3 3 3 3 5
4 2 2 2 5
5 3 3 3 6
6 4 4 7
7 5 5 8
8 4 4 9
9 6 6 10
10 5 5 11
11 6 6 12
12 7 7 13
13 8 14
14 8 15
15 9 16

Table 1. Comparison of the numbers of parameters.
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3.2 Second choice of a complementary subspace

In the preceding paragraphe, the basis for Cy do not contain X. To give another choice
of complementary subspaces, we have looked for bases so that the powers in x are the
maximum possible. We state the result in the following proposition. It is obtained by an
implementation of the method in Maple.

Proposition 3.6. Let X 2 H be a nilpotent vector eld as above. Then X can be generically
reduced to a unique normal form up to order 56 in the new grading :

X=Yy, ¥Y=2
Z=X2+ xy+ xz+ 23+ X%y + x4 gxz2+ oz 4+ oxX°

+ Xy + pxfz 4 1+ 1Y+ sxty? + (X7 4+ gex!
17Xy + 19x%z + 19XPyz + (ox®+ ox°z2 + X'y + Xz
2X% + 3x°2% + LBy + guxTy?+ hxBz 4+ asxTyz + Dex!O
O+ axBy2+ L7+ axBz% 4 Loxll e ,oxBz2 4 T y10y
02+ Lx107 4+ axdyz+ Lx24+ 5x0722 + Lxlly+ gaxily
LxUz+ guxlyz+ LxB3+ goxdy27+ Lx1072+ Uxi2y
Xy + L1274 oxllyz 4 0514 4 posd1p2 4 a3y
20x0yz2 + SoxI2y2 4 D537 4 0x1073 4 0 51205 L 0515
X222 4 Dly e oxI82 4 O laz g 1p3 ) 13y,
D16+ 4xi2y27 + 0x13722 + WISy 4 4exi2yz2 + b oxldy
U152 + gexllyz + Lxl7+ gxi3y27 + 0 x1472 4 016y
sexUz% + OoxIBy2 4 Ux16y 4 051353 4 0 15y 4 1518
50X y?z + §ox192% + Py + gixtyz? + LixtoyZ+ i x1z
+ Lxlbyz 4 L1904 (515027 4 ox16,2 4 xI8y
saxByz2 + LxITy2 4 0y187 4 (14272 4 ) y1553 4 05Ty,
+ 5ex0y?z + §ex'Tz% + foxy + Og;

2

2

R IR I R

+
=
X
N
o

Remark 3.7. In Table 1, the numbers of parameters in each degree remaining in the normal
forms of Propositions 2.1, 3.4 and 3.6 are compared for certain degrees.

One can conclude that a unigue normal form obtained with respect to a new ordering
may not be a unique normal form with respect to the classical order. This gives a negative
answer to the question raised in the introduction.

Remark 3.8. According to Lemma 3.2, one may conjecture that the adjoint map [V1; ] is
injective in Hy for any k 2. This is an interesting phenomena since it is not true in
dimensions 2 and 4 with respect to the linear grading function (see the following section for
the case of dimension 4). In fact in dimension 2 (see [6]) we have de ned a new grading as
follows, for any i;j 2 N,

'yla) =2i+3) 2

"yley) =2i+3j 3
One then has generically V{ = y@x + x?@y. We have proved (see [6]) that [V/; ]ju, is not
injective for any k = 6p + 1, in which case
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0. 1; X3 y? Pv/ Oy
ker[Vi; liHepss = Spanf(g 5)V1g:

4 Nilpotent vector elds in dimension 4 with respect to a
new ordering

Now we consider vector elds in dimension 4. We de ne a similar new ordering ~ as follows:
“(XDdxExE@:) = 4i + 5§ + 6k +7r  4;
~(xxIxkxh@,) = 4i +5j + 6k +7r  5;
~(XxdxXExE03) = 4i +5) + 6k +7r 6
~(XDdXEx50,) = 4i + 5] + 6k +T7r 7

where @; = @=0x; for1 i 4. We denote by Hy the space of vector elds of homogeneous
degree N with respect to the new ordering. Similarly to the three dimensional case, one has
generically V1 = Xo@; + X3@, + X403 + x%@4 2 H1: We now consider the adjoint linear map
[V1; ]jHj. By computations in Maple we have proved that it is not injective for j = 13;25
and 37. Therefore Lemma 3.2 shows that there is an interesting phenomena for nilpotent
vector elds in dimension 3 which is di erent from the dimensional 2 and 4 cases.

In fact we have ker[V1; ]j,;, = SpanfV;g similarly to the three dimensional case. One can
compute a unique normal form up to the order 13 by using the linear map [V1; ]. For example
we obtain a normal form up to order 2 with ¥V, = »X1X2@4. We have dim ker[Vy; ]jF113 =1
with

ns3 3
ker[V1; lip,, = Span (5xex3  3dxa +xixa)B + (533 3xaxsxa +Xix3)02

o
3 3
+( 3xox2 + Ex§x4 +33%4)03 + ( 3X3XoX4 + §x%xé +x3)0s :

Therefore the image of [V1; Jj,4 , is of dimension dimH;3 1 =19 and the dimension of its

complementary subspace is dimHq4 19 = 3. We then compute a basis of a complementary
subspace to be Fx$x204; X2X3X404; X1X2X5049.
To nd a unique normal form of order 15 we need to consider the following equations

[Vi;me3] = 0;  [Vq; maa] + [V2; ma3] = O:

Under some non degeneracy condition (here , & 0) one has m;3 = 0 and my4 = 0. Hence
the dimension of the image of the linear map >(mi3; my4) in His is dimHy4 +1 = 23 and
the dimension of its complementary subspace is dimH;5 23 = 1. One computes then a
complementary subspace to be Spanfx?xs@4g.

Similar arguments can be done to obtain a unique normal form for the order 27 and 39.
We have implemented the algorithm in Maple and obtained a unique normal form in H up
to the order 40 which we state in the following.
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Proposition 4.1. Consider a vector eld X in dimension 4 with a nilpotent linear part of
index 1, i.e. X3 = Xo@1 + X302 + X4@3. Then a non degenerate unique normal form of X
up to the order 40 with respect to the new grading ~

X1 = X2; X2 = X3; X3 = Xy,

X4 = 1X%+ 2X1X2 + 3X1X3 +  4X1Xgq + 5Xf+ 1(;2)X3 sxfxz
+ 7X§X3+ 8X%X4+ 9X‘11+ 10X§X2+ %)X1X3X4+ 11X§X3
+ DB+ 1+ Dxdoxs+ 1§+ xBE+ 1xdx
+ gi)X1X3X4+ 54)X1X2X3+ 15XiX3+ 16XiX4+ (2)X3X2X3+ 17Xl
+ DG+ Dxdoxa+ 19$x + (P xixaxs + %)X1X2X3+ 19X9X3
+ @OxpE+ (XDG+ aoxdxa+ SOxdxoxs + SIxBxExe + a1x]
+ xbE+ Dxboxa+ X8+ Dxixaxs + $xxoxd + 28
+ x5 + gga)x‘ixal DG+ uxxa + xExoxs + §4)X1Xz
+ S+ xd+ DXOE+ DxExoxs + gs)X1X3X4+ 26X{X2
+ DxExaxs + Ddoxd + Dxhdxs + Dx38x3 + 27xIxs
+ 0B+ OE+ aexixa+ Dxxoxs+ xDx3+ {Pxixdx,
+ X+ aoxd+ (xEE + gg)X1X2X4+ S XXBxs + 59)X1X3X4
+ 30x8xo + DxExaxs + DxSxoxd + Pxdxdxs+ OxhE+ 31x8xq
+ gzl)xlxz (3)X1X4 (4)X1X3 (5)X1X2X3X4+ 32X§X4+ gZ)XlX2X3
+ OB+ o+ Oxboxd+ wxd®+ @xDE+ Pxixox
+ x038xs+ xExaxd + Oxbd + saxdxe + xIxexa
+ SO+ G)x8xBxa + Sl)xl)(zXS"' GG+ axixa+ DxExE
+ XX+ DG+ xxaxaxs + XX+ IxDxxa
+ 300%s + DxBxoxa + IxDxE+ Pxx3xs + DxExox2
+ X+ andt+ DxBE+ Pxdoxa+ §XDdxs + §xdxag
+ g+ 5exdO% + Dxxaxs + D3+ WxIxZxs
+ Oxbxdxg + Ox6x3 + (7)x5x3x + Oxixoxax2 +  39x30xg
+ G+ EXBG+ XD+ PxDoxaxa + 55 X883
+ 40X10X4+ ‘(1)X1X2X3+ ()X1X2 (4)X1X3X4+ ‘(10)X1X2X4
L ® (7)y 62 (®)

40 X923 + 49 X§XBxXaxs + 4o XXaXG + On

In [5], a unique normal form with respect to the classical degree up to the order 3 is
given (see Proposition 5.5 in [5]). The homogeneous part of both degree 2 and 3 has 5 terms
which are the same as in the above proposition.
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A New Operation on Words Suggested by DNA Biochemistry:
Hairpin Completion

Daniela Cheptea Carlos Mart n-Vide Victor Mitrana

Abstract

In this paper we propose a new formal operation on words and languages suggested
by DNA manipulation, called hairpin completion. By this operation, based on a Watson-
Crick-like complementarity, one can generate a set of words, starting from a single
word. Speci cally, starting from one single stranded molecule x such that either a
su x or a pre x of x is complementary to a subword of x a new word z, which is a
prolongation of x to the right or to the left, respectively, is obtained by annealing. This
operation is considered here as an abstract operation on formal languages. We settle
the closure properties under the non-iterated version of this operation of some classes in
the Chomsky hierarchy as well as some complexity classes. Then the e ect of iterated
version on the space complexity classes is investigated. As an immediate consequence,
one gets that the iterated hairpin completion of every regular language is polynomially
recognizable.

1 Introduction

A DNA molecule consists of a double strand, each DNA single strand being composed
by nucleotides which di er from each other by their bases: A (adenine), G (guanine), C
(cytosine), and T (thymine). The two strands which form the DNA molecule are kept
together by the hydrogen bond between the bases: A always bonds with T, while C with
G. This paradigm of Watson-Crick complementarity will be one of the main concepts used
in de ning the formal operation of hairpin completion investigated in the present paper.
Two other biological principles used as sources of inspiration in this paper are that of
annealing and that of lengthening DNA by polymerases. The rst principle refers to fusing
two single stranded molecules by complementary base pairing while the second one refers
to adding nucleotides to one strand (in a more general setting to both strands) of a double
stranded DNA molecule. The former operation requires a heated solution containing the
two strands which is cooled down slowly. The latter one requires two single strands such
that one (usually called primer) is bonded to a part of the other (usually called template)
by Watson-Crick complementarity and a polymerization bu er with many copies of the four
nucleotides that polymerases will concatenate to the primer by complementing the template.
On the other hand, it is known that a single stranded DNA molecule might produce a
hairpin structure. In many DNA-based algorithms, these DNA molecules cannot be used
in the subsequent computations. Hairpin or hairpin-free DNA structures have numerous
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applications to DNA computing and molecular genetics. In a series of papers (see, e.g.,
[4, 6, 7]) the problem of nding sets of DNA sequences which are unlikely to lead to \bad"
hybridizations is considered. On the other hand, these molecules which may form a hairpin
structure have been used as the basic feature of a new computational model reported in [16],
where an instance of the 3-SAT problem has been solved by a DNA-algorithm in which the
second phase is mainly based on the elimination of hairpin structured molecules. Di erent
types of hairpin and hairpin-free languages are de ned in [14], [3], and more recently in [10],
where they are studied from a language theoretical point of view.

We now informally explain the hairpin completion operation and how it can be related
to the aforementioned biological concepts. Let us consider the following hypothetical bio-
logical situation: we are given one single stranded DNA molecule z such that either a pre x
orasu x of z is Watson-Crick complementary to a subword of z. Then the pre x or su x
of z and the corresponding subword of z get annealed by complementary base pairing and
then z is lengthened by DNA polymerases up to a complete hairpin structure. The mathe-
matical expression of this hypothetical situation de nes the hairpin completion operation.
Assume that we have an alphabet and a complementary relation on its letters. The hairpin
completion operation, which is a unary operation, might be de ned as follows:

(i) awordw = —R in which a hairpin structure determined by the complementarity
of and R appears produces the new word R —R |

(i) aword w = —R in which a hairpin structure determined by the complementarity
of and —R appears produces the new word —R-R,

This operation is schematically illustrated in Figure 1.

—R

AN B IR S

Figure 1: Hairpin completion

Of course, all these phenomena are considered here in an idealized way. For instance, we
allow polymerase to extend in either end (3’ or 5°) despite that, due to the greater stability
of 3’ when attaching new nucleotides, DNA polymerase can act continuously only in the
5" 1 3’ direction. However, polymerase can also act in the opposite direction, but in short
\spurts" (Okazaki fragments). Moreover, in order to have a \stable" hairpin structure the
subword x should be su ciently long.

This operation is considered here as an abstract operation on formal languages. This
line of research lies within a vividly investigated area, that of operations on words and
languages suggested and motivated by the biocomputing and bioinformatics elds:

sticking investigated in [9, 5, 12] (a particular type of polyominoes with sticky ends are
combined provided that the sticky ends are Watson-Crick complementary),

PA-matching considered in [11] which is related to both the splicing (an operation intro-
duced in [8] that opened a broad area of intensive research) and the annealing operations,
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superposition operation introduced in [1] (two words which may contain transparent
positions are aligned one over the other and the resulting word is obtained by reading the
visible positions as well as aligned transparent positions). A rather di erent superposition
based on a Watson-Crick-like complementarity is proposed in [2], where one generates a set
of words, starting from a pair of words, in which the contribution of a word to the result
need not be one subword only, as happens in classical bio-operations of DNA computing
[13].

The paper is organized as follows: the next section gives the de nitions of the basic
notions and concepts. Then we consider the non-iterated hairpin completion and show that
the hairpin completion of a regular language is not necessarily regular but context-free,
while the hairpin completion of a context-free is not necessarily context-free but context-
sensitive. Actually, we prove that each space complexity class NSP ACE(f(n)) is closed
under hairpin completion as soon as f(n) logn is space-constructible. Moreover, both
time complexity classes P and NP are closed under hairpin completion. The last section
presents two results concerning iterated hairpin completion. The rst one extends the
results regarding the behavior of space complexity classes under hairpin completion to the
iterated version. As a consequence, we obtain that the iterated hairpin completion of every
regular language is polynomially recognizable.

2 Preliminaries

We assume the reader to be familiar with the fundamental concepts of formal language
theory and automata theory, particularly the notions of grammar and nite automaton
[15].

An alphabet is always a nite set of letters. For a nite set A we denote by card(A)
the cardinality of A. The set of all words over an alphabet V is denoted by V . The empty
word is written "; moreover, V* =V nf"'g. Given a word w over an alphabet V, we
denote by jwj its length, while jwj, denotes the number of occurrences of the letter a in w.
If w=xyz for some x;y;z 2V , then X;y;z are called pre X, subword, su X, respectively,
of w.

Let be a \superalphabet"”, that is an in nite set such that any alphabet considered

in this paper is a subset of . In other words, is the universe of the languages in this
paper, i.e., all words and languages are over alphabets that are subsets of . An involution
over a set S is a bijective mapping :S ¥ Ssuchthat = 1. Any involution on

such that (a) & a for all a 2 is said to be here a Watson-Crick involution. Despite
that this is nothing more than a xed point-free involution, we prefer this terminology since
the hairpin completion de ned later is inspired by the DNA lengthening by polymerases,
where the Watson-Crick complementarity plays an important role. Let ~ be a Watson-Crick
involution xed for the rest of the paper. The Watson-Crick involution is extended to a
morphism from  to  inthe usual way. We say that the letters a and a are complementary
to each other. For an alphabet V, we set V. = faja 2 Vg. Note that V and V can intersect
and they can be, but need not be, equal. Remember that the DNA alphabet consists of
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four letters, Vpna = TA; C; G; Tg, which are abbreviations for the four nucleotides and we
may set A=T,C =G.

We denote by ()R the mapping de ned by R:V XV | (a1ay:::a,)R = an:::aa;.
Note that R is an involution and an anti-morphism ((xy)R = yRxR for all x;y 2V ). Note
also that the two mappings ~and R commutes, namely, for any string x, (X)R = xR holds.

A nite transducer is a 6-tuple M = (Q;Vi;Vo;do; F; ) where Q;Vj;V, are nite and
nonempty sets (the set of states, the input alphabet, and the output alphabet, respectively),
Jo 2 Q (theinitial state), F  Q (the set of nal states), and is the (transition-and-output)
function from Q (Vi [ f'g) to nite subsets of Q V,. This function is extended in a
natural way to Q V; . Every nite transducer M as above de nes a nite transduction

M()=Tf 2V, j thereexistsq2 F suchthat (q; )2 (qo; )3, 2V;:

If M( ) & ;, then we say that is \accepted” by M. The language accepted by a nite
transducer M is the set of all such that M( ) & ;. The §ite transduction M is extended
to languages L V; in the obvious way, namely M(L) =, M( ). If we ignore V, and
the output part of , then we obtain a nite automaton (with " moves). A nite automaton
is denoted (Q;V;qo; F; ). A language is regular i it is accepted by a nite automaton.

De nition 2.1. Let V be an alphabet, for any w 2 V* we de ne the k-hairpin completion
of w, denoted by ¥, for some k 1, as follows:

w>*, = fRwjw= R ;jj=k ; 2V* 2V g
w+, = fw Rw=  Rjjj=k ; 2V™* 2V g
w B = w¥ [w+yg
The hairpin completion of w is de ned by
L
w = w B,
k 1

Clearly, w ¥, 7 w B, foranyw2V*andk 1, hencew ¥=w ¥ ;. The hairpin
completion operation is naturally extended to languages by

L L

LY, = w B LY = w I
w2L w2L

The iterated version of the hairpin completions is de ned as usual by:

w( 1)° = fwg; W(E )" = (w(E )" By W(EK) =c 5 oW(EK)"
w( 1)% = fug; w( I = (w(r)") ¥; w(l) = oW( 1)
L(Tw) = oo W(¥y) L(Y) = ,oW(E)
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3 Non-iterated Hairpin Completion

In this section we consider the non-iterated hairpin completion as a formal operation on
languages. A family of languages F is closed under hairpin completion if the hairpin com-
pletion of any language from F lies in F. We show that the class of regular and context-free
languages are not closed under hairpin completion but almost all space complexity classes
are closed under hairpin completion.

Theorem 3.1. For any integer k 1, a language is linear if and only if it is the morphic
image of the k-hairpin completion of a regular language.

Proof. Letk 1and L be aregular language over the alphabet V. Let further beaword in
VvV of length k. We de_ne the following two languages L( ) = L\f Rj 2v*, 2V g

and Lj( )=L\f R j 2V™* 2V gwhich are obviously regular languages. One can
easily observe that

L
L By= ((Lr () +1) LWC ) 1))

2V ;j j=k

We prove that both languages L,( ) +x and L;( ) > are linear for every 2V with
J J =k, therefore L ¥ is still linear as a nite union of linear languages. To this aim, we
construct a linear grammar generating L,( ) -+ for an arbitrary of length k. A similar
construction for the language L;( ) # is left to the reader.

Let G = (N;V;S;P) be a regular grammar generating L.( ). We de ne the linear
grammar G' = (N%;V [V;S;PY, where:

N' = N[FfA'jA2Ng[(N flx]jxisasu xof g)[
(N fhxijxisasu xof Rg);

and the set of rules P is de ned as follows:

For each rule A ¥ aB 2 P the set P contains all rules:

A 1 aBa A aB:[ )a
(A;[ax]) ¥ a(B;[x]);x2V™* (A;[a]) ¥ aB’
Al 1 aB! Al 1 a(B:hRi)

(A;haxi) ¥ a(B;hxi);x 2V

For each rule A ¥ a2 P the set P! contains the rule (A;hai) ¥ a.

For any RR2L,( )+ thestring  R2L,( ) hence R is generated
by G. Note that & ". It follows that S =) A; =) A = Az =) R
and the following derivation is possible in G':

S AN AFRD (Ag;hRiy R =) —RR;
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This means that R R js generated by G’. The converse inclusion, namely L(G')
Lr( ) +, is left to the reader. The rst part of the proof is complete as soon as we recall
that the class of linear languages is closed under morphisms.

Now, for a linear language L generated by a linear grammar G = (N;V;S;P) we con-
struct a regular language R and a morphism h such that L = h(R ¥ ). Without loss of
generality we may assume that V. \V = ;. Let G' = (N;V [V [ f#;#;%9;S;P?) be the
right-linear grammar having the set P" de ned as follows:

P'=fA ¥ xyR"BjA ¥ xBy2Pg[fA ¥ x#k$ﬁij T x2Pqg:

The regular language R we are looking for is exactly the language generated by G°. Clearly,
every word w 2 R ¥ is of the form

— v.vRy v-R...y R kegKe—R,, «R ...\, vR,, <R
W = X1Y1 X2V2 i1 XpYp Xp+1# $H Xp+1 YpXp - iiY2Xo Y1X1

for some p 0 and XXz :::XpXp+1Yp:::Y2y1 2 L. We now de ne the morphism h :

(VI[VIL[f##%) ¥V byh(a)=aforanya2V and h(b) = h(#) = h($) =" for

any b 2V, which completes the proof. O
As an immediate consequence we have:

Theorem 3.2. The hairpin completion of a regular language is not necessarily regular but
always linear.

Proposition 3.3. 1. For any k 1, there is a context-free language L such that L ¥y is
not context-free.
2. For any k 1 and any context-free language L, L ¥ is context-sensitive.

Proof. 1. Let L = fwawRbXcbkjw 2 f0;1gg; clearly, L ¥ .= fwawRbkchkwawRg. We
informally de ne a nite transducer working as follows:

The rst segment consisting of 0;1 of the input word, as well as the next a, remain
unchanged.

Then, the transducer removes all symbols until an occurrence of b is met before a
symbol in the alphabet f0; 1g.

Now, the transducer copy the segment of 0; 1 until an a is read.
The rest of the input word is removed.

The reader can easily write the formal details of this transducer. By applying this transducer
to L ¥y, one gets fwaw jw 2 0; 1g which is a well-known non-context-free language.
2. The second assertion follows immediately by showing that L ¥ .2 NSPACE(n). O
We infer as above that:

Theorem 3.4. The hairpin completion of a context-free language is not necessarily context-
free but always context-sensitive.
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It is known that the class of context-sensitive languages is a space complexity class, by
the above proof (see also the proof of Theorem 4.1) we can state that such classes are closed
under hairpin completion.

Theorem 3.5. NSPACE(f(n)), where f(n) log n is a space-constructible function, is
closed under hairpin completion.

The case of time complexity classes is slightly di erent, namely:

Proposition 3.6. 1. If L2 NTIME(f(n)), then L ¥, 2 NTIME(nf(n)) forany k 1.
2. If L2DTIME(f(n)), then L ¥ 2 DTIME(nf(n)) for any k 1.

Proof. Letk 1,L V ,andw 2V . We prefer to give the argument in the form of a
recognizing algorithm for the language L + which can be easily implemented on a Turing
machine.

Algorithm 3.7.
i:=1;
while i+k+1 n i k)
if (Wl:i+k]l=wn k i+21:n]R)and (w[l:n i]2L)
then Output: w 2 L +; halt
elsei:=i+1
endif
endwhile
Output: w2 L +y

In this algorithm, w[i::j] denotes the subword of w starting at position i and ending at
position j, 1 1 J jwj. Since a similar recognizer can be designed for the language
L *, we are done. O

As an immediate consequence, we state:

Theorem 3.8. Both classes P and NP are closed under hairpin completions.

We nish this section by pointing out two open problems:

1. Is it decidable whether or not the hairpin completion of a given regular language is
regular?

2. Is the n factor needed in Proposition 3.6?

4 Iterated Hairpin Completion

Theorem 4.1. NSPACE(f(n)), where f(n) log n is a space-constructible function, is
closed under iterated hairpin completion.

Proof. Let us consider the following recursive boolean function which determines whether
or not a given word x isin L( ¥ ) :
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Algorithm 4.2.
Function Membership(x; L( ¥ ) );
Membership:=false;
if x2 L then Membership:=true; endif; halt;
if (jxj 2k)and (x 2 L) then halt; endif;
choose nondeterministically a decomposition x = —R=R with &E"andj j=k;
if (Membership(  —R:L(¥) ) or Membership( ~RR;L(1,)))
then Membership:=true; halt; endif;

This function can clearly be implemented on an o -line nondeterministic (multi-tape)
Turing machine in f(n) space provided that L is accepted by an o -line nondeterministic
(multi-tape) Turing machine in f(n) space.

Note that log n is needed in order to store the left- and right-hand border of the current
subword within the input word. By nite state one can keep track of whether or not this
subword is complemented. O

By Theorem 3.2, the hairpin completion of a regular language is not necessarily regular
but always linear. A natural question regards the iterated hairpin completion of a regular
language. Is this language regular or still linear?

Proposition 4.3. For any k 1, the iterated k-hairpin completion of a regular language
is not necessarily context-free.

Proof. Let L = fakbakc"ak jn  1g be a regular language, where a;b;c are letters. It is
easy to note that

(L(T}) )\ R = fakt"ac"akbakc"ak jn  1g;
provided that R is the regular language R = fakt"aktMakbakcPak j n;m;p  1g. As
(L(¥y) )\ R is obviously not context-free, we are done. O

However the iterated k-hairpin completion of a regular language is always recognizable
in polynomial time.

Theorem 4.4. If L is a regular language, then L(¥y) 2 P for any k 1.

Proof. The statement follows from Theorem 4.1 and the inclusion NSPACE(logn) P. O

The following nal problem which remains unsolved naturally arises: Can the last the-
orem be extended to any language in P? In other words, is P closed under iterated hairpin
completion?
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Decision Problems for CD Grammar Systems and Grammars
with Regulated Rewriting

Liliana Cojocaru

Abstract

In this paper we deal with cooperating distributed grammar systems (henceforth
CD grammar systems) that work under a powerful protocol, recently introduced in
[2]. The new protocol is based on the level of competence of a component to rewrite
a certain number of nonterminals occurring in the underlying sentential form. We
tackle the particular case of f 1;= 1g-competence mode, for which we propose two
coverability structures, the coverability tree and the twin coverability tree associated
to the derivations in a CD grammar system working in f 1;= 1g-competence mode.
The coverability tree structure has been adopted from Petri nets theory, and due to
the niteness property that it has, it turned out to be a strong tool in solving decision
problems. Analysing the structure of the coverability tree and of the twin coverability
tree we solve several decision problems such as emptiness, niteness, boundedness and
reachability problems for the above mentioned competence-based protocol. In [2] it has
been proved that there exists a strong relation between CD grammar systems working
in f 1;,= 1g-competence mode and forbidding random context grammars. Due to
this, the decidability results we have found have positive consequences upon several
decision problems left open in [10], for several grammars with regulated rewriting, such
as forbidding random context grammars and ordered grammars.

Introduction

A cooperating distributed grammar system is a set of Chomsky grammars that work sequen-
tially on a common sentential form according to a speci ed protocol of cooperation. At
a given moment only one component is active. The protocol decides which component is
active or idle. It gives running and stop conditions depending on the mode of derivation
used by the system. The system models the blackboard architecture in cooperative prob-
lem solving, in which the blackboard is the common working tape and the components are
knowledge sources (agents, processors, abstract computers, etc.). For the formal de nition
and basic results related to CD grammar systems the reader is referred to [5], [7] and [8].

Recently, a new cooperation protocol, based on the level of competence of a component to
rewrite a certain number of di erent nonterminals on a sentential form has been introduced
in [2] and [6] with several forerunner related papers [3], [1]. Several variations on the same
theme have been considered in [9], in which the author deals with CD grammar systems
with start and stop conditions that work in maximal or full competence mode.
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In the case of f k;=Kk; kg-competence based protocols the common sentential form
is divided into pieces of work distributed rewritten by those components of the CD grammar
system that are f k;=Kk; kg-competent to proceed the derivation, k 1. With respect
to the cooperation protocol de ned in [2], a component is  k-competent, = k-competent
or k-competent, k 1, on a certain sentential form if it is able to rewrite at most, exactly,
or at least k distinct nonterminals occurring in the sentential form, respectively. Once a
component starts to be f-competent on a sentential form, it has to continue the derivation
as long as it is f-competent, f 2 f k;=k; kg, k 1, on the newest sentential form.
The formal de nition of competence-based protocols is provided in Section 1.

In [2] it is proved that competence-based protocols lead CD grammar systems to work
at least at the level of forbidding random context grammars for the case of ¥ 1;= 1g-
competence mode, at the level of ETOL systems for  1-competence mode, and at the level
of random context ETOL systems for  k-competence mode, k 2. Finally, they are as
powerful as random context grammars for the case of ¥ k; = kg-competence mode, kK 2,
i.e., they characterize the class of recursively enumerable languages.

In this paper we focus on a structural characterization of CD grammar systems that
work in ¥ 1;= 1g-competence mode, by means of the coverability tree-structure associated
to the derivations in such a system. This structure has been rstly introduced in [14], under
the name of reachability tree, in order to study the reachability problem for vector addition
systems. It has been adopted afterwards in Petri nets theory under the name of coverability
tree, where the structure provides a nite representation of every reachable marking in a
Petri net. Informally, the coverability tree is a method that consists of the reduction of an
in nite structure (as a derivation in a grammar system) to a nite one.

Besides the coverability tree, that gives a structural representation of the variation of the
number of nonterminals in the underlying sentential form, we introduce also the twin cover-
ability tree associated with a coverability tree for a certain CD grammar system that works in
f 1;,= 1g-competence mode. The twin coverability tree, 0 ers a structural representation
of the number of terminal symbols pumped into the underlying sentential form at each step
of derivation. The formal de nitions of these coverability trees for CD grammar systems
working in ¥ 1;= 1g-competence mode, are presented in Section 2. We give also several
examples that illustrate the manner in which we build these tree-structures. We prove in
Section 3.1 that these tree structures are well de ned, i.e., they give a good representation
of CD grammar systems behaviour and that they are always nite. Therefore they can be
used as an analysis tool to check properties of grammar systems. Analysing the structure of
these trees, we solve in Section 3.2 several decision problems, such as emptiness, niteness,
boundedness or reachability for CD grammar systems working in ¥ 1;= 1g-competence
mode. Furthermore, in [2] it has been proved, using a constructive method, that the class
of languages generated by CD grammar systems that work in the ¥ 1;= 1g-competence
mode includes the class of languages generated by forbidding random context grammars.
With an a rmative answer for the emptiness and niteness problems for CD grammar sys-
tems that work in the f 1; = 1g-competence mode we study in Section 4 the above decision
problems for several grammars with regulated rewriting, such as forbidding random context
grammars and ordered grammars.
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1 CD grammar systems working in competence mode

The aim of this section is to introduce the basic notions that concern CD grammar systems
that work in competence mode. Several basic results and a setting of the notations of
concepts from the topic covered in this paper will be given, too. For further information
the reader is referred to [8] and [12]. Let X be an alphabet, always composed of a nite set
of letters, jXj be the cardinal number of the set X, and X be the set of all strings over
the alphabet X. The empty word is denoted by , and the number of occurrences of the
symbol a 2 X in the string w 2 X is denoted by jwj,.

De nition 1.1. A cooperating distributed grammar system of degree s, is an (s + 3)-tuple

= (N;T; ;P1;::;Ps), where N and T are disjoint alphabets, the nonterminal and the
terminal alphabet, respectively. Py;:::;Pg are nite sets of context-free rulesover N (N [
T) , called the system components, and 2 (N [ T) is the system axiom.

De nition 1.2. Let = (N;T; ;Py1;::;;Ps) be a CD grammar system and dom(P;) =
fA 2 NJA ¥ z 2 Pjg be the domain of the component P;, 1 i s. We say that P; is
k-competent on a sentential form x, x 2 (N [ T) , if and only if jalphy (X) \ dom(P;)j = kK,
where alphy (x) = A 2 Njjxja > 0g.

In the sequel we denote by clevj(x) the level of competence of the component P; on X.
The cooperation protocol, based on the capability of a component P;, 1 i s, to be

k-competent, = k-competent, = k-competent on a sentential form x, x 2 (N [ T) , is
de ned in [2] as follows.

De nition 1.3. Let = (N;T; ;Pq;:::;Ps) be a CD grammar system, x;y 2 (N [T) ,
1 i s.
1. We Si%}/ that y is derived from x in the  k-competence mode of derivation, denoted by
X k-comp. y, i there exists a derivation X =Xg )i X1 i DiXm 1 DiXm =Y
such that (a) clevi(xj) kfor0 j<mand (i) clevi(xm) =0or (i) y2T , or

(b) clevi(xj) kfor0 j<mand clevi(Xm) > k.
2. We se}}/ that y is derived from x in the = k-competence mode of derivation, denoted by
X )i_k'C mp. y, i there exists a derivation X =Xg Di X1 Di:i DiXm 1 DiXm =Y
such that (a) clevij(xj) =k for 0 j <m and clevj(xm) & k or

(b) clevi(xo) =k, clevi(xj) kforl j mandy22T .
3. We se}}/ that y is derived from x in the  k-competence mode of derivation, denoted by
X k-cOMp. y, i there exists a derivation X =Xg Di X1 i DiXm 1 DiXm =Y
such that (a) clevi(xj) kfor0 j <m and clevij(xm) <k or

(b) clevi(xg) kandy2T .

Let M =f k-comp.;=k-comp.; k-comp.jk 1g, and let DT denote )if, for some i,
1 i s, f2M. Wedenote by ) T the re exive and transitive closure of ).

De nition 1.4. The language generated by in f-mode of derivation, f 2 M, is
Le( )=fw2Tj D Twg.
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The family of languages generated by CD grammar systems in f-mode, f 2 M, is
denoted by L(CD, CF, f).

De nition 1.5. The Parikh vector associated with a string x 2 X with respect to the
alphabet X = fay;az;:apg is  x (X) = ((Xjay; [ Xja,; 25 1 Xlay)-

De nition 1.6. Let = (N;T; ;Pj;::;Ps) be a CD grammar system and let L¢( ) be
the language generated by in f-mode, f 2 M. The set of all sentential forms obtained
during terminal derivations of a word w 2 L¢( ), is denoted by

Se(;w)=fxj D TxD Twiw2Ls( )g.
We denote by Sg( ) the set of all sentential forms obtained during the derivation process
of Le( ), i.e., Se( ) =fXjx 2 Se( ;w);w 2 Le( )g.

The sentential form Parikh set associated to the language L¢( ), with respect to the
nonterminals alphabet N, starting with the axiom , is the set of all Parikh vectors asso-
ciated with all possible sentential forms obtained during the derivation process of L¢( ).

The sentential form Parikh set associated with L¢( ), with respect to the nonterminal
alphabet N, is denoted by N(Sf( ) =T nX)jx 2 Sg( )g.

The sentential form Parikh set associated with Lg( ), with respect to the terminal
alphabet T, is analogously de nedas 1(Sg( ))=F t(X)jx 2 S¢( )o.

2 Coverability trees for competence-based protocols

The coverability tree is a state-based structure intensively used to solve decision problems for
Petri nets. It is built starting from the initial state of the Petri net by exhaustively building
the reachable state space. Through the special symbol I, representing the marking of an
unbounded transition node, the method functions also for unbounded nets. Thus, the set of
natural numbers N is extended to the set Ny = N [ fIg de ned by the arithmetical rules
IT+1=1l+g=a+1 =11 =11 g=3 I=I1fora2Nanda<1!.

Furthermore, we consider Ny, = N [ f1g, where I is a marked ! symbol used in the
construction of the coverability tree for CD grammar systems working in ¥ 1; = 1g-comp.-
mode. The addition and multiplication operations are de ned for this special symbol as
follows: Li+ta=a+li=a, 1+ Li=1, L +1 =01+, =1 1 =g L, =1, I, =1,
fora2 N, and 't <1 a< 1. Wedenote by Ngijig =N [F!;1g. Observe that, by
de nition ! and ! cannot be decreased. The above operations de ned on Ny, N\, and
N¢1.1,9 Can be extended in the same way for the space NY', NY} and NY!, , respectively.

For each U 2 N}, we denote by U(j) the jth place of U. We say that between two
vectors U, V 2 Nr!“;!t, holds the relation UV, ifandonly if U(j) V(j),forl j m.

Due to many similarities that exist between distributed grammar systems and Petri nets,
the coverability tree-based method has been proved to be a strong decidability tool in the
theory of grammar systems, too. It has been already applied for parallel communicating
grammar systems in [20], [21], [16] and for cooperating distributed grammar systems in
[17], [18]. Our solution in solving decidability problems for CD grammar systems working
in f 1;= 1g-comp.-mode is based on the same approaching.
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To have a better picture upon the way in which the coverability tree associated to the
derivations in a CD grammar system that work in ¥ 1;= 1g-comp.-mode is built, we
recall that for the = 1-comp.-mode a component is not allowed to perform a derivation
step if two or more than two di erent nonterminals occur in the current sentential form.
These nonterminals have to be rewritten by other components that are = 1-competent
on that sentential form, otherwise the derivation cannot continue anymore. However, a
component is allowed to keep on rewriting nonterminals as long as it is competent on the
newest sentential form. So that once a component becomes = 1-competent, it will be active
as long as the component is = 1-competent on the newest sentential form.

The 1-comp.-mode works in the same manner, with the di erence that this protocol
can delay the process of derivation due to the freedom property to not rewrite nonterminals
on a given sentential form. This property has consequences only on the length of derivation.
It does not change the language, so that we have L(CD,CF, 1-comp)= L(CD,CF, = 1-
comp).

Let = (N;T; ;P1;::;Ps) be a CD grammar system with s components, s 1,
N = fA1;Az; 5 Amg be the ordered set of nonterminal symbols, jNj = m, m 1, and
T = fay; ap;::;;apg be the ordered set of terminal symbols, jTj=p, p 1.

Let L = f1;2;:::;;sg be the set of labels attached to the system components. For each
component Pj, i 2 L, we denote by L = f1;2;:::;jPijg the set of labels attached to pro-
ductions in Pj, where jPjj is the number of rules of P;. We denote by L the set of all pairs
(i;j) 2 N?such thati2 L and j 2 L;.

To any context-free rule r, of the form lhs(r) ¥ rhs(r) we attach two vectors 2
(NLTf 1g)™, and ¢ 2 NP, de ned as:

r = (rhs(Nja,  JIhs(Nja;irhs(Nia,  jIhs(Nja,; =irhs(niay, - jIhs(Njam).
rt = (rhs(nja; irhs(Niay; 11 jrhs(Nia, )-

The sequential behaviour of , working in ¥ 1;= 1g-comp.-mode, is characterized by
the next ring rules adopted from Petri net theory (see [19]).

The £ 1;=1g-enabling rule:

Theelement#2 L, #=(i;j), i 2L, j 2L, isenabled at the vector V 2 NY}, , abbreviated
VI#i ,if V() jlhs(r)ja,, Aqg 2 dom(Pi), 1 g m, where r is the production from P;
labeled by j, and there is no other place ¢’ in V, q & ¢, such that vV (¢")  jlhs(r')jag, A} 2
dom(Pj), r’ 2 P;.

The £ 1;= 1g-computing rule:

If V[#i then # may occur yielding a new vector V', computed with respect to the rule
r 2 Pyq), labeled by #(2), nondeterministically chosen from Py, with respect to the
f 1;=1g-enabling rule, to rewrite the nonterminal A,. Vlisde nedby V'=V + . We
abbreviate this computing rule by V[#i V.

Note that, due to the inequalities that characterize the !¢ symbol, i.e.,, It <1 a<1,

the relation V(q)  jlhs(r)ja,, Aq 2 dom(P;), r a production in Pj, 1 i S, never
holds for V(q) = Y. That is why enabling rules depend only on those values of V (q)
that are in Ni. Furthermore, if more than one component P;j, 1 i m, satis es the

f 1;= 1g-computing rule, then at a vector V 2 NY!, more than one vector # 2 L might
be enabled.
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De nition 2.1. The coverability tree attached to a grammar system workingin f 1;=
1g-comp.-mode, is a rooted tree B( ) = (V;E), in which the vertices are elements in NY},,
and the edges are elements in L. The set of nodes and edges are de ned as follows:

1) The root v is labeled by the Parikh vector, n( ) associated to the system axiom

, such that there is at least one element # 2 L, f 1;= 1g-enabled at the vector n( ).
The children of vg are nodes labeled by those vectors n( ) such that n( )[#i ()
and N( D= n()+ 1, wherer is the rule labeled by #(2) from Puc1y- In this case #
is the label of the edge from vq to its child labeled by N ( ).

2) Forany v 2 V, v & Vo, labeled by a vector n( ) 2 Ny, there is at least one
element # 2 L, ¥ 1;,= lg-enabled at the vector n( ). Let us denote by L L the set
of all these elements. Let v, be the parent node of v, and #, 2 L be the label of the edge
from v, to v. We consider Ly = T#j# 2 L; #(1) = #p(1)g and L, = T#j# 2 L, #(1) & #,(1)g.
Then L =L; [ Ly, and L1 \ L, = ;. The children of v are nodes labeled by those vec-
tors n( ") such that N()# wN(Dand# 2 Ly if Ly & 5, or # 2 Ly if Ly = 3,
and there is no other node v on the path from vy to v labeled by n( ') and yielded by
#. We say that # is the label of the edge from v to its child labeled by n( ). Furthermore,

8
% -if there exists a node v on the path from vy to v labeled by
1

n(M)such that n(%)  n( D and Nn(MG) < N DG

= -if there exists j°, 1 j° m, j°6& j, such that n( )G =1;

N OG) = " () >0, and r 2 Py, labeled by #(2), rewrites Ajo;
% 'y if ~n()@)=%and ((G)= 1L

n( )J)+ r(); otherwise.

Note that the above coverability tree attached to a CD grammar system , simulates
the work of ,inthe f 1;= 1g-comp.-mode, as follows. The root is labeled by the Parikh
vector attached to the axiom . Each child of the root is a node labeled by the Parikh
vector attached to the sentential form obtained from  after the application of only one
rule from the component that is ¥ 1;= 1g-competent on . Once a component starts to
be f 1;= 1lg-competent on a sentential form, it continues the derivation as long as it is
T 1;,= 1g-competent on the newest sentential form. This characterization is given by the
#(1) = #p(1) condition that is checked at each new node v added in the coverability tree,
where v, is the parent node of v.

In the case that at a given point of derivation an arbitrary number of nonterminals
are "pumped" into the new sentential form, by nonlinear context-free rules, we use the
I-notation in order to mark in the Parikh vector associated to the underlying sentential
form, those places with the above property. We call the new resulting vector an !-Parikh
vector. Through this "I-marking"”, any node v 2 V, di erent from the root, is labeled by
the Parikh vector or by the I-Parikh vector associated with the corresponding sentential
form obtained during the generative process.

A place V (q) in an !-Parikh vector V 2 NY', yielded by an element # 2 L, that has
the !-value cannot be decreased. However, due to the f 1;= 1g-competence protocol
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the nonterminals Aq settled at the place V (q), can be rewritten by rules of the component
P(1), of theformAq ¥ ¢, c2T ,Aq ¥ ,orAq ¥ x,x2 (N [T), such that alphy (X)\
dom(Py1)) = ;, until all nonterminals A4 are rewritten by such rules. In order to overcome
this phenomenon we associate an emptiness limit !y to each place V (q) in an !-Parikh
vector V. 2 NY', that is entirely rewritten. The idea to introduce this limit comes from
the fact that once the component Py ;) is = 1-competent on a sentential form it continues
the derivation until it loses its competence. As the sentential form x does not contain any
symbol from dom(Py1)) the above rules can be applied until Aq is fully rewritten. The
1. symbol is seen as an emptiness limit for those places that do not hold any nonterminal
symbol anymore.

Leaves, in the above coverability tree, are those nodes that end or block the derivation
process, i.e., they are labeled by null vectors or by vectors from NY (because the underlying
sentential form contains only terminal symbols), or by vectors that have at least two places
that correspond to nonterminals that can be rewritten by only one component, so that
the derivation in the f 1;= 1g-comp.-mode cannot continue anymore. In other words no
element of L can be enabled in these nodes. Finally, the last case stands for those nodes
v, labeled by a vector V for which the pair (#;V"), # 2 L, V,v' 2 N}, , where V [#iV’,
occurs already on the path from the root to v, so that the node v cannot have any children
due to the item 2) in the de nition of the coverability tree. We call these last types of
leaves cutting points, because they are in fact cutting points in loops that appear during
the derivation process.

To each coverability tree B( ) = (V;E), associated to the derivations in a CD grammar
system,  that works in f 1;= 1g-comp.-mode, we associate a twin coverability tree,
denoted as B¢( ) = (V¢E), built with respect to the terminal symbols pumped into the
underlying sentential form at each step of derivation performed by . Informally, the twin
coverability tree is built in the same manner as the coverability tree. The di erence is
that each node introduced in the twin coverability tree is labeled by a vector in Nf that
characterizes the number of terminals pumped at each step of derivation into the underlying
sentential form. Because in the twin coverability tree we take into account also the number
of terminals pumped into the sentential form when the system enters in a loop?, the twin
coverability tree might have more nodes and edges than the coverability tree. Formally, the
twin coverability tree is de ned as follows.

De nition 2.2. The twin coverability tree attached to a coverability tree for a CD grammar
system , working under the ¥ 1;= 1g-comp.-mode protocol, is a rooted tree B¢( ) =
(V¢;Ev), in which the vertices are elements in N&{ and the edges are elements in L. The set
of nodes and edges are de ned as follows:

1)The root vq is labeled by the Parikh vector 1 ( ) attached to the system axiom ,
such that there is at least one element # 2 L, ¥ 1;= 1g-enabled at the vector n( ). The
children of vq are nodes labeled by those vectors 1( ") de nedas 1( )= 1( )+ rt
where r is the rule labeled by #(2) from Py, and # is the label of the edge from vq to the
child node labeled by 1( ") such that N()#i ~N( Dand N( D= nN()+ .

1This phenomenon is marked in the coverability tree by cutting points.
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2) For any v 2Vy, v & vg, labeled by a vector 1( ) 2 N&, there exists at least one ele-
ment#2 L, f 1;=1g-enabled at the vector n( ). Let usdenote by L L the set of all
these elements. Next, we consider the same sets L; and L,, as we have settled for the cover-
ability tree, more exactly Ly = f#j# 2 L;#(1) = #p(1)g and L, = t#j# 2 L; #(1) & #,(1)9.
Then L =1L; [ Ly and L1 \ L, = ;. The children of v are nodes labeled by those vectors

1( ") de ned by:

rt(J) > 0and r 2 Py, labeled by #(2), rewrites Ajo;

8

= N if there exists j°, 1 j° m; such that N( )G) =1,
N(i) =

7( )0) =

1()J)+ rtQ); otherwise;

where # is enabled at n( ), N w~( 9, and r is the rule from Pu(1), labeled by
#(2). Furthermore, #2 L, if Ly & ;, and # 2 L, if L; = ;, and there is no other node v on
the path from vg to v in the coverability tree, labeled by n( ') and yielded by #.

In the case that there exists one node v on the path from vg to v, labeled by n( 9)
and yielded by # in the initial coverability tree, then a new node V' is added in the twin
coverability tree attached to the coverability tree (which is the case of a cutting point in
the coverability tree). It is labeled by 1( ’) 2 N§ and it is de ned by:

8 if there exists at least one vector # 2 L enabled at one of
% 1 the vectors V 2 N'!“;!t that label the nodes from the path
v, v tov; ie:; vviiv, in the coverability tree, such that
1(HG) = rt(J) > 0; where r is the rule from Py labeled by #(2);

% 7( )(); otherwise (that is the case when no terminal is pumped
B into the sentential form during the execution of the loop).

The label of the edge vV, is the element # enabled at n( ).
Next we give two examples that illustrate the way in which the coverability and the
twin coverability trees are built.

Example 2.3. Let = (fA;B;C;D; A" B! Dlg; fa;b;cg; ;Pi:P»;P3) be a CD grammar
system that works in = 1-comp.-mode, that has:

P,=fA ¥ aA®b;A ¥ ab,;B ¥ CB%;B ¥ C,q,

P,=fD 1 D';D" " AB,;A" ¥ A;;B" ¥ B,qg,

P;=1fB ¥ ¢;;C T B,g.

Note that each time two (or more than two) nonterminals of the set fD; A’; B’ D'y
appear together on the same axiom or sentential form, the derivation in the = 1-comp.-
mode cannot be continued by the component P,. The derivation will be taken by one of
the components P; or P3, in the case that only one nonterminal from dom(P1) or dom(P3)
occurs in the sentential form, otherwise the derivation will be blocked on that branch of
derivation. The same remark holds for the component P; and P3 each time A, B or B, C
appear together in an axiom or sentential form, respectively. Next, let us consider = AD.
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The coverability tree attached to is B( ) = (V;E), where E= fvgVvy; VoV1; V1V2; VoV3; VaVy;
V4Vo1, V4Vs, VsV, VeVo2, VoV7, V7Vg, VgVg, VoVio, VioVi1, V11Vi2,V12V13,V13Vi4, V14V03, V14Vis;
Vi5Vie; VieVoa, V10V17; V17Vis; V1sVos; VisVie; VoVoo; V2oVos; V2oV21; V21Vo2; Vo2Vo7g and
V= fvg; Vp; V1, i Va2; Vo1, i Vorg. The nodes are labeled by:

Vo = (1;0;0;1;0;0;0), vz =(0;0;0;0;2;0;0), vp = (0;0;0;1;1;0;0),

vi =(0;0;0;1;0;0;0),  vio =vi2 =(1;0;0;0;1;0;0), v7 =(1;0;0;0;0;0;1),
V2 =(0;0;0;0;0;0;1),  ve =vi3=(2;0;0;0;0;0;0), vg = (2;1;0;0;0;0;0),
v3 =(1;1;0;0;0;0;0),  Va=Ve =Vig =Vig = Vig = Vo0 = V22 = (1;0;0;0;0;0;0),
V5 = V15 = V17 = V19 = V21 = (0; 0; 0; 0; 1; 0; 0), Vo1 = i = Vo7 = (0;0;0;0; 0; 0; 0).

The edges are labeled by VoVp = V4V5 = VgV109 = V10V11 = V14V15 = V18V19 = VoqV21 = (1; 1),
VoVi = V4Vo1 = VeVo2 = VgVpo = Vi1pVi7 = Vi3Vig = V14Vo3 = VieVo4 = VigVos = V2oVoe =
VooVor = (1;2), viva = Vov7 = (2;1), Vovz = V7vg = (2;2), V5Vg = Vi1Vi2 = VipViz =
V1sV1g = V17Vig = V21V22 = (2;3);V3Vs = VgVg = (3;1).
Observe that, in the node v, = (0;0;0;1;1;0;0) none of elements in L can be enabled,
because v(4)  jlhs(Nja,, V(5) jlhs(rjas, and Ay = D, As = A’ 2 dom(P,), r;r’ 2 P,.
The node vg, is a cutting node, because the node vs, is yielded for the second time in the
path from the root vp to vg, at # = (1; 1) enabled at vector (1;0;0;0;0; 0; 0) attached to vg.
Due to the same phenomenon the nodes vi3, Vig, V19, and vy, are cutting points, too. The
language is generated as follows:
AD ) 1.1y aAD,, ;
AD )(1;2) abD )(2;1) abD! )(2;2) abAB )(3;1) abAc )(1;1) abaA’bc )(2;3) abaAbc )(1;1)
D) 1:2) aba™b™M;
AD D 2.1y AD" D 2.0y AAB D 3.1y AAC D 1.1y aAAC D 1.1y aAaAe D 2.3y 11 D12
a"b"amb™Mc.
The twin coverability tree attached to is Be( ) = (V¢Er), Vi =V VL Vg visivigi vy g
and E¢ =E [fvev; vieVic; viaviy; viovlg; vaovd g. All the new looping edges are labeled by
the same vector (1;1), with the exception of vigvlg = (2;3). The nodes are labeled by:

Vo =Vv7 =Vvg =(0;0;0), v4 =vi0 = V2o = (1,1;1), vo = (0;0; 1),

Vo =Vvi =V, =v3=(1;10), v} =V, =Vl =Vvig =V} = (1;1;1),

Vs = Vg = V11 = Vi» = Vi3 = V17 = Vig = Vo1 = Vo = Vo1 = V22 = (2;2;1),

V14 = V19 = Vo2 = Vos = Vo7 = (3;3;1), V15 = Vig = Vo3 = (4;4;1), Vos = (5;5;1).
Note that, because veVi, vigVis, V13V)y, V22v),, are looping edges, labeled by (1;1) that use
the rst rule of the rst component, they pump an unbounded number of terminals into
the newest sentential form. That is why Vi, v}y, Vi, v}; are marked by an !-vector. The
node Vg is also labeled by an !-vector, because the pumping process is performed during
the execution of the loop. The language is L=1-comp.( ) = fa"b"amb™cjn  1;m 1g.

Example 2.4. In order to have an example for a coverability tree with ! and !{-notations,
we consider the following grammar, working in = 1-comp.-mode:
= (fA;B; C; D; A’ B'; D'g; fa; b; cg; s P1;P2; P3)

Pp=fA " aA"h ;A ¥ ab,;B ¥ CB";;B ¥ C,qg,
P,=fD ¥ D';;D" ¥ AB,;A" ¥ A;;B" 1 B,g,
P;=1fB ¥ c;;C ¥ c,Q.
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For the axiom = B the coverability tree, following the I and !¢-notations, is given by

B( ) =(V;E), where V=1vo;vy;::;Vis;Vor; 5 Vorg and E= fvoVoz; VoVi; V1Voz; VoVz; VoVs;
V3V4, V4Vs5, V5V03; V3V, VeV7, V7Vg, VgVg, VeV10; V1oV11; V11V12; V12Vos; V2V13, V13Vi14, V11Vo4, V14Vos,
V1aV1is; VisVg7g. The vectors? that label the nodes are:

Vo = (0;1,0;0;0;0;0),  v2=(0;0;1;0;0;1;0), vz =(0;1;1;0;0;0;0),

V4 =(0;0;2;0;0;0;0),  ve=1(0;0;1;0;0;1;0), v =(0;0;1;0;0;0;0),

vz =(0;1;1;0;0;0;0;), vg=(0;0;1;0;0;0;0)  v11 =(0;1;1;0;0;0;0),

Vos = (0;0; 1;;0;0;0,0) vipo = (0;0; 1;0;0;1;0), vi3 =(0;0;0;0;0;1;0),

V1 =Vs = V12 = V35 = (0;0;1;0;0;0;0), vi4 = (0;1;0;0;0;0;0),

Vo1 = i = Vg7 = (0;0;0;0;0;0;0).
Edges are labeled by:

VoV2 = V3V = (1;3), VoV1 = V3V4 = V7Vg = V11Vi2 = ViaVis = (1;4),

V2V3 = VgV7 = VigVi1 = Vi3Vig = (2;4), VoVo1r = V11Vos = V1aVos = (3;1),

V1Vo2 = V4V5 = VsV03 = VgVg = VgV1o = VaV13 = V15Vo7 = V12Vo5 = (3;2).
The twin coverability tree attached to is B¢( ) = (V¢;Et), where V¢ =V [fv};v};vig and
E¢ =E [fv11V); v7v§; vigvig. The new edges are labeled by the same vector (1;3). The nodes
are labeled by:

Vo = Vi =V =V3=V4 =V =V; =Vg =V} =(0;0;0),

Vo1 = Vo2 = V5 = Vi3 = Vi4 = V15 = (0;0; 1),

Vg = Vig = V11 = V12 = Voa = Vgs = Vs = V¥ = (0;0; 1),

Voz = Vos = Vo7 = (0;0; 2).
The language in this case is: L=i-comp.( ) = fc"jn  1g.

3 Analysis upon the coverability tree

In this section we prove that the coverability tree and the twin coverability tree associated
with the derivations in a CDGS working in f 1;= 1g-comp.-mode, are nite and well
de ned. The niteness property of these trees has signi cant consequences on several deci-
sion problems, such as emptiness, niteness, boundedness or reachability problems for CD
grammar systems working in ¥ 1; = 1g-comp.-mode.

3.1 Coverability tree properties

Theorem 3.1. For any CD grammar system , working in f 1;= 1g-comp.-mode, the
coverability tree attached to is a nite tree, and it can be e ectively constructed.

Proof. To prove this statement we use the same method, based on the Konig’s Lemma, as
in [19]. Each node in the coverability tree attached to a CD grammar system that works in
f 1;= lg-comp.-mode, can have only a nite number of children. This holds due to the
fact that jLj is nite, and for each node in the tree an element from L can be enabled at
a vector V. 2 NY!, only one time. Furthermore, on each path from the root to a leaf in

2Some of vectors are equal, but either they are reached on di erent subtrees, or they are enabled by
di erent elements from L.
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the coverability tree, a node labeled by a vector V 2 NY!,, together with the element # 2L
enabled at V, is unique.

Let us consider an arbitrary path from the root to a given leaf in this tree. The
number of vectors that label nodes in this path can be parted into two groups, vectors that
can be compared with each other using the relation between two vectors de ned at the
beginning of Section 2, and incomparable vectors. The rst set of vectors is a nite set
because the growing of the value on a given position implies an !-notation that stops this
phenomenon. The set of incomparable vectors is nite, too. Otherwise, due to the nite
dimension of these vectors, i.e., m, to accomplish the in nity condition at least one value
should in nitely increase, but then an Y-notation should be used reducing the cardinality
number of this set to a nite one.

Due to the Konig’s Lemma: Any rooted tree in which each node has a nite number of
successors and there is no in nite path emanating from the root is a nite tree. the above
coverability tree is nite. Due to this property the construction of this tree follows directly
from De nition 2.1. O

As a consequence of Theorem 3.1 and De nition 2.2 we have.

Corollary 3.2. For any CD grammar system , working in ¥ 1;= 1g-comp.-mode, the
twin coverability tree associated with the coverability tree attached to is a nite tree, and
it can be e ectively constructed.

Theorem 3.3. Let be a CD grammar system working in f 1; = 1g-comp.-mode, B( ) be
the coverability tree attached to , and L¢( ), f 2 F 1-comp.;= 1-comp.g, be the language
generated by in f-mode. The sentential form Parikh set associated to L¢( ) with respect
to the nonterminal alphabet N, i.e., N(S¢( )) de ned in De nition 1.6, is completely
covered by the set of vectors in N;", that label the nodes in B( ), considering 'y = 0. The
same property holds for the sentential form Parikh set associated to L¢( ) with respect to
the terminal alphabet T, i.e., T(S¢( )).

Proof. This statement is a direct consequence of the way in which the coverability tree
simulates the work of a CD grammar system in the f 1;= 1g-comp.-mode, (see also the
explanation given to this simulation that follows De nition 2.1). Due to the arithmetical
ruless ' +1 =1+a=a+1 =11 g=1 1 g=a I =1 a<l! a2N, thatare
valid in Ny, the set of all vectors and !-vectors, that label nodes in the coverability tree,
considering 1+ = 0, covers the set of all Parikh vectors associated with sentential forms from
Se( ). O
Due to Theorem 3.3 all paths in the coverability tree associated to a CD grammar system
that works in the f 1;= 1g-comp.-mode, cover all possible derivations (terminal or not)
spent by the system during the generative process of a language. Furthermore, all possible
terminal derivations that generate the language L¢( ), f 2 f 1-comp.;= 1-comp.g-mode,
can be recovered between paths in the above coverability tree. We conclude that the above
tree structures are well de ned and they give a good representation of the behaviour of CD
grammar systems working in ¥ 1;= 1g-comp.-mode. Therefore, these structures can be
successfully used as an analising tool in solving decision problems for these systems.
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3.2 Decidability results

Due to Theorem 3.1 and Theorem 3.3 several decision problems, such as: the emptiness
or the niteness property of the generated language, the boundedness or the reachability
property of a component during the language generation process, can be solved through
a structural analysis of the above trees. We recall that the emtiness/ niteness problem
for grammar systems consists in deciding whether the language generated by a particular
grammar system is empty/ nite or not. The next theorems deal with these problems.

Theorem 3.4. It is decidable whether the language generated by a CD grammar system,
starting with an arbitrary axiom, working in ¥ 1;= 1g-comp.-mode is empty or not.

Proof. In order to check whether the language generated in the f 1;= 1g-comp.-mode, is
empty or not we have to check whether or not there exists at least one leaf in the coverability
tree labeled by a null vector or by a vector in NY,}. O

Theorem 3.5. It is decidable whether a component of a CD grammar system, working
in ¥ 1;,= 1g-comp.-mode, with an arbitrary axiom, is ever active (or reachable) in any
derivation (terminal or not). It is decidable whether a certain production of a certain
component of a CD grammar system, working in f 1;= 1g-comp.-mode, with an arbitrary
axiom, is ever active (or reachable) in any (terminal) derivation.

Proof. Let = (N;T; ;Py;::;Ps) be a CD grammar system with s components, s 1,
and P; be the component we are interested in. An inspection over all elements # 2 L that
label edges in E, where B( ) = (V;E) is the coverebility tree associated with , such that
#(1) =i, solves the rst claim of the theorem. If we consider frq;rp;:::; rip;j9 the ordered
set of rules from Pj, where jP;j is the number of rules in Pj, and rj, 1 j  jPjj, represents
the rule we are interested in, then an inspection over all elements # 2 L that label edges in
E, such that #(1) =i and #(2) = j, solves the second claim of the theorem. O

Theorem 3.6. It is decidable whether a component of a CD grammar system, working in
the £ 1;= 1g-comp.-mode, with an arbitrary axiom, is activated of an unbounded number
of times in any (terminal) derivation.

Proof. Let = (N;T; ;Pq;::;Ps) be a CD grammar system with s components, s 1.
Let P; be the component we are interested in. From the de nition of the coverability tree,
between each two consecutive nodes v and V' labeled by V and V! (v, V! 2 NT!, ) such
that # is the element in L, enabled at vector V, we have the next ring rule V[#i VO If# 2
L such that #(1) = i, and # yields a vector V? that labels a cutting point in the coverability
tree, then P; is activated of an unbounded number of times. Otherwise, for any path from
the root to a leaf labeled by a null vector or Ii-vector, we check whether there exists at
least one element # 2 L, such that #(1) = i, that yields an -vector, or not. O

Corollary 3.7. It is decidable whether a component of a CD grammar system, working
in the f 1;= 1g-comp.-mode, is activated at least q times, g 1, during a (terminal)
derivation.
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De nition 3.8. Let be a CD grammar system working in ¥ 1;= 1g-comp.-mode,
B( ) and B¢( ) be the coverability tree and the twin coverability tree associated with ,
respectively. We say that the place V (q), V 2 Ny}, (orV 2 N#) is bounded in B( ) (or in
B¢( )) if there exists a constant ¢ such that V(q) ¢, for any vector V that is a label of
a node in V (or in V). We say that B( ) (or B¢( )) is a bounded coverability tree if each
place V(q) is bounded, foranyq, 1 q m(rl g p), and any vector V that is a
label of a node in V (or in Vy).

Note that if the coverability tree associated with a CD grammar system is bounded this
does not emerge that the twin coverability tree associated with it is bounded, too. Example
2.3, with the axiom = AD deals with this case. That is why the boundedness property of
the coverability tree is not a su cient condition for the niteness of the language generated
by a CD grammar system. In order to cover this lack of the coverability tree analysis
method we have introduced the twin coverability tree structure.

Theorem 3.9. It is decidable whether the language generated by a CD grammar system
working in the ¥ 1;= 1g-comp.-mode, is nite or not.

Proof. In order to decide whether the language generated by a CD grammar system working
in the ¥ 1;,= 1g-comp.-mode is nite or not it is enough to check whether the twin
coverability tree associated with the coverability tree of a CD grammar system is bounded
or not. This is done through a searching for the ! symbol in the twin coverability tree. If
no ! symbol occurs in any of the vectors that label nodes in this tree then the language is

nite. It is in nite otherwise. O

4 Consequences on decision problems for grammars with
regulated rewriting

Almost all decision problems for grammars with regulated rewriting have been proved to
be decidable and NP-hard, see [10]. Several problems are undecidable, such as the context-
freeness problem of the languages generated by -free matrix grammars without appearance
checking or the emptiness and niteness problems for -free matrix grammars with appear-
ance checking, for instance. However, there are many other decision problems for grammars
with regulated rewriting that are still open. We recall here only a few of them: the member-
ship, emptiness and niteness problems for ordered (O) grammars and forbidding random
context (fRC) grammars, or the emptiness and niteness problems for -free ordered gram-
mars. For CD grammar systems that work in ¥ 1;= 1g-comp.-mode, from [2] we have.

Theorem 4.1. For X 2 fCF;CF g, L(fRC,X) L(CD, X, f-comp.), f2f 1;,=1g.

In Section 3 we proved that the emptiness and niteness problems are decidable for CD
grammar systems working in ¥ 1; = 1g-comp.-mode. With an a rmative answer for these
systems, due to the constructive proof in [2] of Theorem 4.1, we have a positive answer for
the emptiness and niteness problems for the class of languages generated by fRC grammars,
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with or without -rules. On the other hand from [10] we know that the class of languages
generated by fRC grammars equals the class of languages generated by ordered grammars,
see Theorem 4.2.

Theorem 4.2. For X 2 fCF;CF g, L(fRC,X) = L(O; X).

Due to the above theorem and due to the constructive character of the proof in [10],
the emptiness and niteness problems are decidable for ordered grammars, too. So that the
following theorem holds.

Theorem 4.3. The emptiness and niteness problems are decidable for forbidding random
context grammars and ordered grammars.

On the other hand, it is well known from [10], that the class of languages generated by
ordered grammars is closed under intersection with regular sets. Considering an arbitrary
word w, for which we want to decide whether or not w 2 L, L 2L(O, X), we have to
compute the intersection L\ fwg 2 L(O,X), X 2 fCF;CF g, and decide with respect
to Theorem 4.3, whether L \ fwg is empty or not. Thusw 2 L if L\fwg & ;,andw 2 L,
otherwise. From the above explanation and Theorem 4.2, we have.

Theorem 4.4. The membership problem is decidable for forbidding random context gram-
mars and ordered grammars.

In this way we settled the emptiness, niteness and membership problems for forbidding
random context grammars and ordered grammars left open in [10].

5 Conclusions

In this paper we proposed two coverability structures, the coverability tree and the twin
coverability tree, associated to the derivations in a CD grammar system that works in
f 1,= 1g-comp.-mode. A structural analysis upon these coverability trees gives positive
answers to several decision problems, such as the niteness, emptiness, boundedness and
reachability problems for CD grammar systems working in ¥ 1;= 1g-comp.-mode. Using
the generative power of these systems we solved several open problems such as the niteness,
emptiness and membership problems for the class of languages generated by forbidding
random context grammars and ordered grammars. The structure of the coverability trees
and the analysis of these trees, for the general case f Kk;=k; kg of competence-based
protocols, k 2 are left open for further research. Our intuition is that the transition from
an Y-Parikh vector to an 1-Parikh vector, used for the case of ¥ 1;= 1g-comp.-mode,
is not possible in all the cases. This requires another method to be applied, such as the
simulation of these systems by several other classes of Petri nets, described in [4], [11], [13],
[15], [22].
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Abstract

We propose in this article a classi cation of the di erent notions of hybridization
and a generic framework for the automatic hybridization of algorithms. Then, we detail
the results of this generic framework on the example of the parallel solution of multiple
linear systems.

Introduction

Large-scale applications, software systems and applications are getting increasingly com-
plex. To deal with this complexity, those systems must manage themselves in accordance
with high-level guidance from humans. Adaptive and hybrid algorithms enable this self-
management of resources and structured inputs. In this paper, we propose a classi cation of
the di erent notions of hybridization and a generic framework for the automatic hybridiza-
tion of algorithms. We illustrate our framework in the context of combinatorial optimiza-
tions and linear algebra, in a sequential environment as well as in an heterogeneous parallel
one. In the sequel, we focus on hybrid algorithms with provable performance. Performance
is measured in terms of sequential time, parallel time or precision.

After surveying, classifying and illustrating the di erent notions of hybrid algorithms in
section 1, we propose a generic recursive framework enabling the automation of the process
of hybridization in section 2. We then detail the process and the result of our generic
hybridization on the example of solving linear systems in section 3.

1 A survey and classi cation of hybrid algorithms

1.1 De nitions and classi cation

In this section we propose a de nition of hybrid algorithm, based on the notion of strategic
choices among several algorithms. We then re ne this de nition to propose a classi cation

This work is supported by the INRIA-IMAG project AHA: Adaptive and Hybrid Algorithms.
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of hybrid algorithms according to the number of choices performed (simple, barogue) and the
amount of inputs/architecture information used (tuned, adaptive, introspective, oblivious,
engineered). Figure 1 summarizes this classi cation.

De nition 1.1 (Hybrid). An algorithm is hybrid (or a poly-algorithm) when there is a
choice at a high level between at least two distinct algorithms, each of which could solve
the same problem.

The choice is strategic, not tactical. It is motivated by an increase of the performance of the
execution, depending on both input/output data and computing resources. The following
criterion on the number of choices to decide is used to make a rst distinction among hybrid
algorithms.

De nition 1.2 (Simple versus Baroque). A hybrid algorithm may be

simple: O(1) choices are performed whatever the input (e.g. its size) is. Notice that,
while only a constant number of choises are done, each choice can be used several
times (an unbounded number of times) during the execution. Parallel divide&conquer
algorithms illustrate this point in next section.

barogue: the number of choices is not bounded: it depends on the input (e.g. its size).

While choices in a simple hybrid alogrithm may be de ned statically before any execution,
some choices in baroque hybrid algorithms are necessarily computed at run time.

The choices may be performed based on machine parameters. But there exist e cient
algorithms that do not base their choices on such parameters. For instance, cache-oblivious
algorithms have been successfully explored in the context of regular [11] and irregular [1]
problems, on sequential and parallel machine models [2]. They do not use any information
about memory access times, or cache-line or disk-block sizes. This motivates a second
distinction based on the information used.

De nition 1.3 (oblivious, tuned, engineered, adaptive, introspective). Considering
the way choices are computed, we distinguishe the following class of hybrid algorithms:

A hybrid algorithm is oblivious, if its control ow depends neither on the particular
values of the inputs nor on static properties of the resources.

A hybrid algorithm is tuned, if a strategic decision is made based on static resources
such as memory speci ¢ parameters or heterogeneous features of processors in a dis-
tributed computation.

A tuned algorithm is engineered if a strategic choice is inserted based on a mix of the
analysis and knowledge of the target machine and input patterns. A hybrid algorithm
is self-tuned if the choices are automatically computed by an algorithm.

A hybrid algorithm is adaptive if it avoids any machine or memory-speci ¢ parame-
terization. Strategic decisions are made based on resource availability or input data
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Figure 1: Classi cation of hybrid algorithms

properties, both discovered at run-time (such as idle processors).
An adaptive algorithm is introspective if a strategic decision is made based on assess-
ment of the algorithm performance on the given input up to the decision point.

In [12], Ganek and Corbi de ned autonomic computing to be the conjunction of self-
con guring, self-healing, self-optimizing and self-protecting systems. Self-con guring re-
lates to what we call adaptivity, self-optimizing to self-tuning. Autonomic computing thus
adds fault-tolerance (self-healing) and security (self-protecting) to our notion of hybrid com-
puting. Above de nitions deliberately focus on a general characterization of adaptation in
the algorithm. They consider neither implementation nor performance. To implement an
adaptive algorithm, we may distinguish two approaches. Either the choices are included in
the algorithm itself, or they may be inserted dynamically to change the software itself, or
its execution environment. An algorithm is evolutive (or interactive) if a strategic choice
is inserted dynamically. Re exive languages enable to change the behavior of a program
dynamically [18]. Polymorphism or template specialization is a way to optimize an algo-
rithm. We view polymorphism and template mechanisms as a possible way to implement
the di erent kinds of hybrid algorithm we propose.

1.2 lllustrations on examples

We illustrate the previous criteria on some examples of hybrid algorithms or libraries.

BLAS libraries. ATLAS [23] and GOTO [?] are libraries that implement basic linear
algebra subroutines. Computation on matrices are performed by blocks. The block size
and the sequential algorithm used for a basic block are chosen based on performance mea-
sures on the target architecture. The decisions are computed automatically at installation
with ATLAS while they are provided only for some architectures with GOTO. ATLAS
implements self-tuned simple hybrid algorithms and GOTO simple engineered ones.

Granularity in sequential divide&conquer algorithms. Halting recursion in di-
vide&conquer to complete small size computations with another more e cient algorithm is
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a classical technique to improve the practical performance of sequential algorithms. The re-
sulting algorithm is a simple hybrid one. Often the recursion threshold is based on resource
properties. This is the case for the GMP integer multiplication algorithm that succes-
sively couples four algorithms: Schonhage-Strassen (nlog nloglogn), Toom-Cook 3-way
( (n14%)), Karatsuba (n'°923) and standard (n2) algorithms.

Linpack benchmark for parallel LU factorization. Linpack [6] is one milestone in
parallel machines’ power evaluation. It is the reference benchmark for the top-500 ranking
of the most powerful machines. The computation consists in a LU factorization, with raw
partial pivoting in the "right-looking" variantp[6], the processors assumed being identical.
To limit the volume of communication to O(n?"p), a cyclic bidimensional block partitioning
is used on a virtual grid of g> = p processors. The block (i; j) is mapped to the processor of
index P (i; j) = (i mod q)g+(j mod q) and operations that modify block (i; j) are scheduled
on processor P (i;j). Linpack has a standard implementation on top of MPI with various
parameters that may be tuned: broadcast algorithm (for pivot broadcasting on a line of
processors), level of recursion in the "right-looking"™ decomposition algorithm and block
size. The parallel architecture may also be tuned to improve the performance [21]. Linpack
is an engineered tuned simple hybrid algorithm.

FFTW. FFTW [10] is a library that implements discrete Fourier transforrB of a vector
of size n. We summarize here the basic principle of FFTW. Forall 2 g ' nythe RFT,

Cooley-Tuckey recursive algorithm reduces to g FFT subcomputations of size g and %

FFT subcomputations of size g, plus O(n) additional operations. Hybridization in FFTW
occurs at two levels:

at installation on the architecture. For a given ng the best unrolled FFT algorithm
for all n no is chosen among a set of algorithms by experimental performance
measurements. This hybrid algorithm is simple tuned.

at execution. FOr a given size n of the input vectors and for all ng m n, a
planner precomputes the splitting factor gy, that will be further used for any recursive
FFT with size m. This precomputation is performed by dynamic programming: it
optimizes each sub-problem of size m locally, independently of the larger context where
it is invoked. The planner adds a precomputation overhead. This overhead may be
amortized by using the same plan for computing several FFTs of the same size n.
FFTW3 also proposes heuristic algorithms to compute plans with smaller overhead
than dynamic programming.

The number of choices in FFTW depends on the size n of the inputs. FFTW is a self-tuned
baroque hybrid algorithm.

Granularity in parallel divide&conquer algorithms. Parallel algorithms are often
based on a mix of two algorithms: a sequential one that minimizes the number of operations
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T1 and a parallel one that minimizes the parallel time T4 . The cascading divide&conquer
technique [16] is used to construct a hybrid algorithm with parallel time O(T4) while per-
forming O(T1) operations. For instance, iterated product of n elements can be performed
in parallel time T4 = 2:log n with % processors by choosing a grain size of logn. Even
if this choice depends on the input size n, it can be computed only once at the beginning
of the execution. The algorithm is a simple hybrid one.

Other examples of such parallel simple hybrid algorithms are: computation of the maximum
of n elements in asymptotic optimal time (loglog n) on a CRCW PRAM with W pro-
cessors [16]; solving of a triangular linear system in parallel time O(pﬁlog n) with (n?)
operations [19]. In section 3 we detail an extended baroque hybridization for this problem,
enabling a higher performance on a generic architecture.

Parallel adaptive algorithms by work-stealing - Kaapi. Cilk [17], Athapascan/Kaapi
[15] and Satin [22] are parallel programming interfaces that support recursive parallelism
and implement a work-stealing scheduling based on the work rst principle. A program ex-
plicits parallelism and synchronization. While Cilk and Satin are restricted to serie-parallel
tasks DAGs, Kaapi accepts any kind of data ow dependencies. However, all are based on
a sequential semantics: both depth rst sequential search (DFS) and width (or breadth)

rst parallel search (BFS) are correct executions of the program. Then the program imple-
ments a parallel algorithm (BFS) that can also be considered as a sequential one (DFS).
The (recursive) choices between both are performed by the scheduler. To save memory,
depth- rst execution (DFS) is always locally preferred. When a processor becomes idle, it
steals the oldest ready task on a non-idle processor This stealing operation then corresponds
to a breadth rst execution (BFS). Since each parallel task creation can be performed ei-
ther by a sequential call (DFS algorithm) or by creation of a new thread (BFS algorithm)
depending on resource idleness, any parallel program with non- xed degree of parallelism
is a hybrid baroque algorithm. Because the choice does not depend on the input size but
only on resource idleness, the algorithm is adaptive. In section 2.3 we detail a more general
coupling for this problem.

2 Generic algorithmic schemes for hybrid algorithms

In this section we detail a generic scheme to control the time overhead due to choices in
a hybryd algorithm, providing a proven upperbound for sequential and parallel baroque
hybridization.

2.1 Basic representation

Let f be a problem with input set 1 and output set O. For the computation of f, a hybrid
problem f. Since an algorithm is nite, the number k 2 of algorith’-r-ﬁ’s is nite; however,
each of those algorithms may use additional parameters, based on the inputs, outputs or
machine parameters (e.g. number of processors).
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We assume that each of those algorithms is written in a recursive way: to solve a given
instance of f, algorithm f; reduces it to subcomputations instances of f of smaller sizes. Hy-
bridization then consists in choosing for each of those subcomputations the suited algorithm
f;j to be used ( g. 2). This choice can be implemented in various ways. For instance, f may

Algorithm f; ( I n, input, O output, ::: ) T
f(n-1,...);
f(n/2,...);

g;

Figure 2: Recursive description of a hybrid algorithm ;.

be implemented as a pure virtual function, each of the f; being an inherited specialization.

Scheme for decreasing overhead due to choices. For baroque algorithms the choices
between the di erent fi’s are performed at runtime. Therefore an important problem is
related to reducing the overhead related to the computation of each choice. In the next
section, we describe an original alternative scheme to decrease the overhead induced by
the choices for each call to f in the previous algorithm. Generalization to various com-
putations [5] (namely Branch&X computations and linear algebra) is based on the use of
an exception mechanism. For a given subcomputation, a default given computation fj is
favored. However, this choice may be changed under some exceptional circumstances de-
pending on values or machine parameters. Then, if the total number of such exceptions is
small with respect to the total number of subcomputations, the overhead due to choices
become negligible. We detail such a scheme in next section.

2.2 Baroque coupling of sequential and parallel algorithms

We presented the coupling of a sequential algorithm fs.q and a parallel one fpar that solve
the same problem f. For the sake of simplicity, we assume that the sequential algorithm
performs a rst part of the sequential computation (called ExtractSeq) and then performs
a recursive terminal call to T to complete the computation. Besides, we assume that the
sequential algorithm is such that at any time of its execution, the sequence of operations
that completes the algorithm fseq can be performed by another parallel recursive ( ne grain)
algorithm f,,,. The operation that consists in extracting the last part of the sequential
computation in progress to perform it in parallel with fp, is called ExtractPar. After
completion of fpar, the nal result is computed by merging both the result of the rst
part computed by fsq (not a ected by ExtractPar) and the result of the ExtractPar part
computed by fpar.
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More precisely, given a sequential algorithm fseq (resp. parallel o), the result r of its
evaluation on an input x is denoted fseq(X) (resp. fpar(X)). We assume that x has a
list structure with a concatenation operator ] and that there exists an operator  (not
necessarily associative) for merging the results. At any time of evaluation of fsq(X), X
can be split into X;1]X», due to either an ExtractSeq or an ExtractPar operation on x. The
result computed by the parallel algorithm is then fpar(X) = F(X1) F(X2). We assume that
both results fseq(Xx) and fpar(X) are equivalents with respect to a given measure. In the
restricted framework of list homomorphism [3], this hypothesis can be written as f(x]y) =
f(x) T(y). However, it is possible to provide parallel algorithms for problems that are not
list homomorphisms [4] at the price of an increase in the number of operations.

To decrease overhead related to choices for f between fseq and fpqr, fseq is the default choice
used. Based on a workstealing scheduling, fpar is only chosen when a processor becomes
idle, which leads to an ExtractPar operation.

This exception mechanism can be implemented by maintaining during any execution of
Tseq(X) a lower priority process ready to perform an ExtractPar operation on X resulting in
an input X, for fpar only when a processor becomes idle.

Then the overhead due to choices is only related to the number of ExtractPar operations
actually performed.

To analyze this number, we adopt the simpli ed model of Cilk-5 [17] also valid for Kaapi [15].
It relies on Graham’s bound (see Equation 2 in [17]). Let T (resp. TP2") be the exe-

cution time on a sequential processor (i.e. work) of fseq (resp. fpar), and let Tfar) be the
execution time of fpar 0N an unbounded number of identical processors.

Theorem 2.1. When the hybrid program is executed on a machine with m identical pro-
cessors, the number of choices that result in a choice fpar for T instead of fseq is bounded

by (m  1):TP>

Proof. On an in nite number of processors, all the computation is performed by fpar; the
parallel time of the hybrid algorithm is then Tﬁf’ar). Then the number of steal requests is

bounded by Tﬁf’ar) on each processor (Graham’s bound), except for the one running fseq.
The latter only executes the sequential algorithm, but is subject to ExtractPar, due to steal
requests from the others. This is true for any execution of such hybrid baroque algorithm. O

The consequence of this theorem is that for a ne grain parallel algorithm that satis es
TP 7% even if the hybrid algorithm is baroque (non constant number of choices),
the overhead in time due to choices in the hybrid algorithm is negligible when compared to
the overall work.

Remark. The overhead due to the default call to ExtractSeq can also be reduced. ldeally,
ExtractSeq should extract a data whose computations by f,ar would require a time at least

T3 which is the critical time for foar.
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2.3 Application to the coupling of DFS/BFS for combinatorial optimiza-
tion

The performance and overhead of the previous scheme were experimentally determined for
the Quadratic Assignment Problem (for instance NUGENT 221). This application imple-
ments a Branch&Bound algorithm: it recursively generates nodes in the search tree, which
has 221938 nodes and a maximal depth of 22.

Locally, each processor implements by default a sequential algorithm fgeq that implements
a depth rst search (DFS) in the tree. It enables to save memory and also to optimize
branching in the tree without copy (sons of a node n are sequentially created from the value
of n with backtracking). To minimize critical time, the alternative Ty, parallel algorithm
implements a breadth rst search (BFS) algorithm. When a processor becomes idle, it
picks the oldest node of a randomly chosen non-idle processor (ExtractPar). This parallel
algorithm introduces an overhead due to node copy.

The experiments were conducted on the iCluster2?, a cluster of 104 nodes interconnected by
a 100Mbps Ethernet network. Each node features two Itanium-2 processors (900 MHz) and 3
GB of local memory. The algorithm was parallelized using Kaapi. The degree of parallelism
(threshold) can be adjusted: after a given depth, the subtree of a node is computed locally
by fseq. This thresold de ned the minimum granularity and should be chosen such that the
time of the local computation by fsq is comparable to the time overhead of parallelism.

Figure 3: Impact of granularity Figure 4: Execution time (sequential time: 34,695s)
# Tasks in NUGENT 22 NUGENT 22 [threshold = 8, #task=209406)
250000 2000
1800 @ Without checkpoints [
200000 ! 1600 +—y M
1400 +—] ECIC (freg y=20g} [
/ 5 1200 +—
150000 E 1000 +—
# Tasks / = BHG
100000 2L )
/ 400 +—
200 +—
50000 0 : i i _
/ 20 40 60 120
# processors
0 T T T T T

3 5 8 10 15 22
Threshold of parallelism

The sequential execution time (C++ code without Kaapi) was 34,695 seconds. With Kaapi,
at ne grain (threshold 10), the execution on a single processor generated 225,195 tasks
and ran in 34,845 seconds. The impact of the degree of parallelism can be seen in Figure 3
that gives the number of parallel tasks generated for di erent thresholds. The degree of
parallelism increases drastically for threshold 5 and approaches its maximum at threshold
10. Figure 4 shows that the application is scalable with a ne threshold (8, i.e. 209406
nodes). Since the critical time T4 is small, there are few successful steals and the overhead
of hybridation between fsq and T, has small impact on e ciency.

 http://www.opt.math.tu-graz.ac.at/qaplib
2http://www.inrialpes.fr/sed/i-cluster?
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Notice that Kaapi also includes a (hybrid) checkpoint/restart mechanism [15] to support the
resilience and the addition of processors. This features makes the application itself oblivious
to dynamic platforms. The overhead of this checkpoint mechanism appears negligible for
this application (Figure 4).

In the next section, we detail various forms of hybridation on a single example, the solving
of a triangular system.

3 Hybridization for triangular system solving

3.1 Triangular system solving with matrix right-hand side

Exact matrix multiplication, together with matrix factorizations, over nite elds can now
be performed at the speed of the highly optimized numerical BLAS routines. This has
been established by the FFLAS and FFPACK libraries [8, 9]. In this section we discuss
the implementation of exact solvers for triangular systems with matrix right-hand side (or
equivalently left-hand side). This is also the simultaneous resolution of n triangular systems.
Without loss of generality for the triangularization, we here consider only the case where the
row dimension, m, of the the triangular system is less than or equal to the column dimension,
n. The resolution of such systems is e.g. the main operation in block Gaussian elimination.
For solving triangular systems over nite elds, the block algorithm reduces to matrix
multiplication and achieves the best known algebraic complexity. Therefore, from now on
we will denote by ! the exponent of square matrix multiplication (e.g. from 3 for classical,
to 2.375477 for Coppersmith-Winograd). Moreover, we can bound the arithmetical cost
ofam Kk byk n rectangular matrix multiplication (denoted by R(m;k;n)) as follows:
R(m;k;n)  Cimin(m;k;n)" 2max(mk;mn;kn) [14]. In the following subsections, we
present the block recursive algorithm and two optimized implementation variants.

3.2 Scheme of the block recursive algorithm

The classical idea is to use the divide and conquer approach. Here, we consider the upper
left triangular case without loss of generality, since any combination of upper/lower and
left/right triangular cases are similar: if U is upper triangular, L is lower triangular and B
is rectangular, we call ULeft-Trsm the resolution of UX = B. Suppose that we split the
matrices into blocks and use the divide and conquer approach as follows:

A X B

z—}H—A z—}H—{ z—}—{
Al Az Xl Bl
Ag X B,

1. Xy :=ULeft-Trsm(As; By);
2. B :=B;1 AxXy;

3. X1 :=ULeft-Trsm(As; B1);
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With m = n and classical matrix multiplication, the arithmetic cost of this algorithm is
TRSM(m) = m? as shown e.g. in [9, Lemma 3.1].

We also now give the cost of the triangular matrix multiplication, TRMM, and of the
triangular inversion, INVT, as we will need them in the following sections.

To perform the multiplication of a triangular matrix by a dense matrix via a block decom-
position, one requires four recursive calls and two dense matrix-matrix multiplications. The
cost is thus TRMM (m) = 4TRMM (m=2) + 2MM (m=2). The latter is TRMM(m) = m?
with classical matrix multiplication.

Now the inverse of a triangular matrix requires two recursive calls to invert A; and As.
Then, the square block of the inverse is A, *AA;%. The cost is thus INVT(m) =
2INVT(m=2) + 2TRMM(m=2). The latter is INVT(m) = %m3 with classical matrix
multiplication.

3.3 Two distinct hybrid degenerations
3.3.1 Degenerating to the BLAS \dtrsm"*

Matrix multiplication speed over nite elds was improved in [8, 20] by the use of the nu-
merical BLAS? library: matrices were converted to oating point representations (where
the linear algebra routines are fast) and converted back to a nite eld representation after-
wards. The computations remained exact as long as no over ow occurred. An implementa-
tion of ULeft-Trsm can use the same techniques. Indeed, as soon as no over ow Occurs one
can replace the recursive call to ULeft-Trsm by the numerical BLAS dtrsm routine. But
one can remark that approximate divisions can occur. So we need to ensure both that only
exact divisions are performed and that no over ow appears. However when the system is
unitary (only 1’s on the main diagonal) the division are of course exact and will even never
be performed. Our idea is then to transform the initial system so that all the recursive calls
to ULeft-Trsm are unitary. For a triangular system AX = B, it su ces to factor rst the
matrix A into A = UD, where U, D are respectively an upper unit triangular matrix and
a diagonal matrix. Next the unitary system UY = B is solved by any ULeft-Trsm (even a
numerical one), without any division. The initial solution is then recovered over the nite
eld via X = D Y. This normalization leads to an additional cost of O(mn) arithmetic
operations (see [9] for more details).
We now care for the coe cient growth. The use of the BLAS routine trsm is the resolution
of the triangular system over the integers (stored as double for dtrsm). The restriction is
the coe cient growth in the solution. Indeed, the k™ value in the solution vector is a linear
combination of the (n k) already computed next values. This implies a linear growth in
the coe cient size of the solution, with respect to the system dimension: for a given p, the
dimension n of the system must satisfy pTl p" T+ 2)" 1 < 2Ma where m, is the size
of the mantissa [9]. Then the resolution over the integers using the BLAS trsm routine is
exact. For instance, with a 53 bits mantissa, this gives quite small matrices, namely at most
55 b5forp=2,atmost4 4forp 9739, and at most p = 94906249 for 2 2 matrices.

Swww.netlib.org/blas
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Nevertheless, this technique is speed-worthy in many cases.

In the following, we will denote by Sg| as(p) the maximal matrix size for which the BLAS
resolution is exact. Also, BLASTrsm is the recursive block algorithm, switching to the BLAS
resolution as soon as the splitting gives a block size lower than Sgias(p).

3.3.2 Degenerating to delayed modulus

In the previous section we noticed that BLAS routines within Trsm are used only for small
systems. An alternative is to change the cascade: instead of calling the BLAS, one could
switch to the classical iterative algorithm: Let A 2 Z_;™ ™ and B; X 2 Z_,;™ " such
that AX = B, then 8i; X;. = ﬁ(Bi; A fi+1:m)X[i+1:m); ) The idea is that the iterative
algorithm computes only one row of the whole solution at a time. Therefore its threshold
t is greater than the one of the BLAS routine, namely it requires only t(p  1)? < 2™Ma for
a 0:p 1 unsigned representation, or t(p 1) < 2Ma*! for a %::F’Tl signed one. Now
we focus on the dot product operation, base for matrix-vector product. According to [7],
where di erent implementations of a dot product are proposed and compared on di erent
architecture (Zech log, Montgomery, oat, ...), the best implementation is a combination
of a conversion to oating point representation with delayed modulus (for big prime and
vector size) and an over ow detection trick (for smaller prime and vector size).

DelayTrsm, is the recursive block algorithm, switching to the delayed iterative resolution as
soon as the splitting gives a block size lower than t (of course, t must satisfy t  Sgas(p)).

3.4 Tuning the \Trsm" implementation
3.4.1 Experimental tuning

As shown in section 3.2 the block recursive algorithm Trsm is based on matrix multiplica-
tions. This allows us to use the fast matrix multiplication routine of the FFLAS package
[8]. This is an exact wrapping of the ATLAS library* used as a kernel to implement the
Trsm variants. The following table results from experimental results of [9] and expresses
which of the two preceding variants is better. Mod<double> is a eld representation from
[7] where the elements are stored as oating points to avoid one of the conversions. G-Zpz
is a eld representation from [13] where the elements are stored as small integers.

n 400 700 1000 2000 5000

Mod<double>(5) BLASTrsm BLASTrsm BLASTrsm BLASTrsm BLASTrsm
Mod<double>(32749) DelayTrsmsg | DelayTrsmso | DelayTrsmsg BLASTrsm BLASTrsm
G-Zpz(5) DelayTrsmioo | DelayTrsmisg | DelayTrsmigg BLASTrsm BLASTrsm
G-Zpz(32749) DelayTrsmsg | DelayTrsmsg | DelayTrsmsg | DelayTrsmsy | DelayTrsmsg

Table 1: Best variant for Trsm on a P4, 2.4GHz

In the following, we will denote by Spei(n;p) the threshold t for which DelayTrsm; is the
most e cient routine for matrices of size n. Spej(n;p) is set to 0 if e.g. the BLASTrsm routine

4http ://math-atlas.sourceforge.net[23]
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is better. The experiment shows that Spe(n;p) can be bigger or smaller than Sgas(p)
depending on the matrix size, the prime and the underlying arithmetic implementation.

3.4.2 Hybrid tuned algorithm

The experimental results of previous section, thus provide us with an hybrid algorithm where
we can tune some static threshold in order to bene t from all the variants. Moreover, some
choices have to be made for the splitting size k in order to reach the optimal complexity

Topt:
Topt(m) = MincfTopt(k) + Topt(m k) + R(m k;k;n)g:

Algorithm ULeft-Trsm(A;B)
Input: A2z, M, B2Z,,m "
Output: X 2Z_,;™ " such that AX = B.

if m  Spe(M;p) then // Hybrid modulus degeneration 3.3.2
X := DelayTrsm(A; B);

else if m  SgLas(p) then // Hybrid BLAS degeneration 3.3.1
X :=BLASTrsm(A; B);

else // Hybrid block recursive 3.2
k := Choice(1::b%c);

. . AL Ay X1 _ B,

Split matrices into k and m k blocks As X, = B,

Xy :=ULeft-Trsm(As; B2);

B1:=B1 AxXy;

X1 :=ULeft-Trsm(Ay; B1);
return X;

3.5 Baroque hybrid parallel Trsm

The previous algorithm takes bene t of parallelism at the level of Blas matrix product
operations. However, using the scheme proposed in x2.2, it is possible to obtain an algo-
rithm with more parallelism in order to decrease the critical time when more processors are
available. Furthermore, this also improves the performance of the distributed work-stealing
scheduler.

Indeed, while X, and B; are being computed, additional idle processors may proceed to
the parallel computation of A; 1. Indeed, X; may be computed in two di erent ways:

i. X1 = TRSM(A1;B1): the arithmetic cost is Ty = k3 and T4 =k;
ii. Xy =TRMM(A; 1 B): the arithmetic cost is the same T; = k® but T4 = log k.

Indeed the version (ii) with TRMM is more e cient on a parallel point of view: the two
recursive calls and the matrix multiplication in (ii) (TRMM) are independent. They can
be performed on distinct processors requiring less communications than TRSM.
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Since precomputation of Al1 increases the whole arithmetic cost, it is only performed if
there are extra unused processors during the computation of X, and Bjp; the latter has
therefore higher priority.

The problem is to decide the size k of the matrix A; that will be inverted in parallel.
With the optimal value of k, the computation of A; ! completes simultaneously with that
of X, and B;. This optimal value of k depends on many factors: number of processors,
architecture of processors, subroutines, data. The algorithm presented in the next paragraph
uses the oblivious adaptive scheme described in 2.2. to estimate this value at runtime using
the hybrid coupling of a \sequential™ algorithm fs with a parallel one f,.

3.5.1 Parallel adaptive TRSM

We assume that the parallel hybrid TRSM is spawned by a high priority process. Then the
parallel hybrid TRSM consists in computing concurrently in parallel (Figure 5):

\sequential” computation (fs5) at high priority: bottom-up computation of X =
TRSM(A; B) till reaching k, implemented by BUT algorithm (Bottom-Up TRSM
- XA.1); all processes that perform parallel BLAS operations in BUT are executed at
high priority;

parallel computation () at low priority: parallel top-down inversion of A till reach-
ing k, implemented by TDTI algorithm (Top Down Triangular Inversion - xA.2); all
processes that participates in parallel TDTI are executed at low priority.

1 k7pTi kgur m

Algorithm HybridParallelTrsm(A; B)
Input: A2 Z:pzm mB2 Z:pzm n Top-Down Bottom-Up
Output: X 2 Z:pzm " such that AX = B. Inverse TRSM
krpTi :=0; Kgut :=m;
Parallel ¥
At high priority: (Xz;B}) := BUT(A; B);
At low priority: M :=TDTI(;; A);

g
Here, BUT has StOppEd TDTI and kBUT KroTi-

0 1 .
Now, |et0A1 = Ml::kBuTlliikBuT’
X1 :=A; LB

N

1

At each step, the sequential bottom-up BUT algorithm  Figure 5: Parallel adaptive TRSM
(resp. the parallel top-down TDTI) performs an Ex-

tractSeq (resp. ExtractPar) operation on a block of size kg (resp. k;) (Figure 5 and detailed
subroutines BUT and TDTI in appendices). Note that the values of kg and k; may vary
during the execution depending on the current state.
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3.5.2 De niton of parameters k; and kg

Parameters kg (resp. K;) corresponds to the ExtractSeq (resp. ExtractPar) operations
presented in x2.2. The choice of their values is performed at each recursive step, depending
on resources availability. This section analyzes this choice in the case where only one system
is to be solved, i.e. n = 1.

Let r =kgut KrtDTI.

On the one hand, to fully exploit parallelism, kg should not be larger than the critical
time T4 of TDTI, i.e. kg = log?r.

On the other hand, in order to keep an O(n?) number of operations if no more pro-
cessors become idle, the number of operations O(k?) required b)bT DT1 should be
balanced by the cost of the update, i.e. k;:r, which leads to k; = " r.

With those choices of k; and kg, and assumin'g)that there are enough processors, the number
of choices for k; (and so kg) will th%] be O(" r); the cost of the resulting hybrid algorithm
becomes T; = O(n?) and T4 = O( nlog?(n)), a complexity similar to the one proposed
in [19] with a ne grain parallel algorithm, while this one is coarse grain and dynamically
adapts to resource idleness. Notice that if only a few procegors are available, the parallel
algorithm will be executed at most on one block of size " n. The BUT algorithm will
behave like the previous hybrid tuned TRSM algorithm. Also, the algorithm is oblivious to
the number of resources and their relative performance.

4 Conclusion

Designing e cient hybrid algorithms is the key to get most of the available resources and
most of the structure of the inputs of numerous applications as we have shown e.g. for linear
algebra or for combinatorial optimization Branch&X. In this paper, we have proposed a
classi cation of the distinct forms of hybrid algorithms and a generic framework to express
this adaptivity. On a single simple example, namely solving linear systems, we show that
several of these \hybridities" can appear. This enables an e ective hybridization of the
algorithm and a nice way to adapt automatically its behavior, independent of the execution
context. This is true in a parallel context where coupling of algorithms is critical to obtain
a high performance.

The resulting algorithm is quite complex but can be automatically generated in our simple
framework. The requirements are just to provide recursive versions of the di erent methods.
In the AHA group®, such coupling are studied in the context of many examples: vision and
adaptive 3D-reconstruction, linear algebra in general, and combinatorial optimization.

Acknowledgments. The authors gratefully acknowledge David B. Saunders for useful
discussions and suggestions for the classi cation of hybrid algorithms.
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A Appendix

A.1 Bottom-up TRSM

We need to group the last recursive ULeft-Trsm call and the update of B;. The following
algorithm thus just computes these last two steps ; the rst step being performed by the
work stealing as shown afterwards.
Algorithm BUT
Input: (Az;Asz;B).
OUtpUt: Xo, kBUT-
Mutual Exclusion section f

if (kTDTI kBUT) Return;

kB = ChOiCG(lZZ(kBUT kTDTI))-

Split remaining columns into kypT::(KsuT kZB) and :(ngUT kg)::ksuTt

Ax1 Ao X B
4 Az1 Asp O 2l = 4B,, 5
Az3 22 B2

ksut := ksut Kg;

g
Xz;z :=ULeft—Trsm(A3;3; Bz;z);
B1:=B1 A2Xzg;
Bz;l = Bz;l A3;2x2;2;
B
Xz1 =BUT Ag1iAsy g !

2;1
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A.2 Top down triangular inversion of A;

Algorithm TDTI
Input: A, L A;A; .
OUtpUt: A 1, KtpTi-
Mutual Exclusion section f
if (kTDTI kBUT) Return;
k) = ChOiCG(lZZ(kBUT kTDTI))-
Split remaining columns of A, and Aj into kypT::(ktpt1 + k) and (krpt +

ki):ksut > 3
Ax1 Ao
4 Az1 Agp O
Az:3
g
Parallel f
As1 =Inverse(As.);
T:=A LAy
go 1
Apr = TiAgg
Al Al :
Now, let Ay 1= "1 721 and Al = 22
Ag1 Az
Mutual Exclusion section f
kot := krpT1 + ki,
g

Agl =TOTI(A] 1AL Ags);
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On the complexity of the D5 principle

Xavier Dahan Marc Moreno Maza Eric Schost Yuzhen Xie

March 17, 2006

Abstract

The D5 Principle was introduced in 1985 by Jean Della Dora, Claire Dicrescenzo
and Dominique Duval in their celebrated note \About a new method for computing
in algebraic number elds"”. This innovative approach automatizes reasoning based on
case discussion and is also known as \Dynamic Evaluation™. Applications of the D5
Principle have been made in Algebra, Computer Algebra, Geometry and Logic.

Many algorithms for solving polynomial systems symbolically need to perform stan-
dard operations, such as GCD computations, over coe cient rings that are direct prod-
ucts of elds rather than elds. We show in this paper how asymptotically fast algo-
rithms for polynomials over elds can be adapted to this more general context, thanks
to the D5 Principle.

1 Introduction

The standard approach for computing with an algebraic number is through the data of
its irreducible minimal polynomial over some base eld k. However, in typical tasks such
as polynomial system solving, involving many algebraic numbers of high degree, following
this approach will require using probably costly factorization algorithms. Jean Della Dora,
Claire Dicrescenzo and Dominique Duval introduced \Dynamic Evaluation" techniques (also
termed \D5 Principle™) as a means to compute with algebraic numbers, while avoiding
factorization. Roughly speaking, this approach leads one to compute over direct products
of eld extensions of k, instead of only eld extensions.

Applications of Dynamic Evaluation have been made by many authors: Gonzalez-Lopez
and Recio (1993), Gomez D az (1994), Duval (1994), Lombardi (2003) and others. Many
algorithms for polynomial system solving rely on this philosophy; see, for instance, the work
of Lazard (1992), Kalkbrener (1993), Delliere (1999), Moreno Maza (2000), Mora (2003).
Boulier et al. (2006).

This work is aiming at Iling the lack of complexity results for this approach. The
addition and multiplication over a direct product of elds are easily proved to be quasi-
linear (in a natural complexity measure). As for the inversion, it has to be replaced by
quasi-inversion: following the D5 philosophy, meeting zero-divisors in the computation will
lead to splitting the direct product of elds into a family thereof. It is much more tricky to
prove quasi-linear complexity estimate for quasi-inversion, because the algorithm relies on
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other algorithms, for which such an estimate has to be proved: the GCD and the splitting
algorithms.

In this article, direct product of elds will be described using triangular sets. In what
follows, we assume that the base eld k is perfect.

De nition 1.1. A triangular set T is a family of n-variate polynomials over k:
T =(M(X1); Ta(X1;X2) 5 1115 Ta(Xq;:i1Xn));

which forms a reduced Grobner basis for the lexicographic order induced by X, > > X4,

uct of elds. Hence, our questions can be basically rephrased as studying the complexity of
operations (addition, multiplication, quasi-inversion) modulo triangular sets. The following
notation helps us quantify the complexity of these algorithms.

De nition 1.2. We denote by deg;(T) the degree of T; in X;, forall 1 i n, and by
deg(T) the product deg;(T) deg,(T). We call it the degree of T.

Observe that hTi is zero-dimensional and that forall 1 i n, theset (Ty:::;Tj)isa
triangular set of k[Xy;:::;Xj]. The zero-set of T in the a ne space A"(k) has a particular

feature: it is equiprojectable (Aubry and Valibouze, 2000; Dahan and Schost, 2004); besides,
its cardinality equals deg(T).

De nition 1.3. A triangular decomposition of a zero-dimensional radical ideal 1  Kk[X4,
i Xn] is a family T =T1;:::;T€ of triangular sets, such that I =hT%i \  \ hT¢i and
hT'i+hTJi =hliforalli & j. A triangular decomposition T? of I re nes another decompo-
sition T if for every T 2 T there exists a (necessarily unique) subset decomp(T; T') T!
which is a triangular decomposition of hTi.

Let T be a triangular set, let T = TL::::Te be a triangular decomposition of hTi, and
de ne K(T):=K(T?Y) K(T*®). Then by the Chinese remainder theorem, K(T) * K(T).
Now let T! be a re nement of T. For each triangular set T' in T, denote by U'L;:::; Ubei

the triangular sets in decomp(T'; T%). We have the following e isomorphism:
0 K(TH 7 KUt K(U"e); )
which extend to the following e isomorphisms, where y is a new variable.
i1 KTH] 7 KU™D] NCRDI\E @)
De nition 1.4. For h = (hy;:::;he) 2 K(TYH[y] K(T®[y], we call split of h with
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Note that if g 2 K(T)[y], then we have split(g; fTg; T) = split(split(g; fTg; T); T%. For
simplicity, we de ne split(g; T) = split(g; fTg; T).
We now introduce a fundamental notion, that of non-critical decompositions. It is

motivated by the following remark. Let T =T1;:::;T¢ be a family of triangular sets, with
Th=@8T800md). Forl i nywewrite 7Y, =T{; TJ;:::; T) and de ne the family
T i by: )
T i=fT), jj eg (with no repetition allowed).

Even if T is a triangular decomposition of a 0-dimensional radical ideal I ~ K[Xg;:::; Xn],
T i is not necessarily a triangular decomposition of 1 \ k[Xy;:::;X;j]. Indeed, with n = 2
and e =2, consider T' = ((X1 1)(X1 2);Xx)and T?2=((X1 1)(X1 3);X» 1). The
family T = T1; T2 is a triangular decomposition of the ideal 1 = hTi \ hT2i. However,

the family of triangular sets
Ti=f{ =0 D 2 T3=0G D 3)g

is not a triangular decomposition of I N\ kK[X;] since hT#i +hTZi =hX; 1i.
are coprime if the ideal ha;bi  K(T)[y] equals hli.

(T :::;TR). The least integer * such that T- & T! is called the level of the pair fT;Tg.

A family of triangular sets T is non-critical if it has no critical pairs, otherwise it is said to
be critical.

The pair fT1;T2g in the above example has level 1 and is critical. Consider Ut =
(X1 1;X), U2 =(X; 2;X5),U%=(X;y 1;X, 1 andU??2=(X; 3;Xp, 1.
Observe that U = fUY1; U%2;U%1;U%?g is a non-critical triangular decomposition of 1
re ning fT1; T2g and that U ; is a triangular decomposition 1 \ K[X1; X>].

This notion of critical pair is fundamental. In fact, fast algorithms for the innocuous
splitting operations ; of Equation (2) are not guaranteed for critical decompositions, as
shown in the following extension of the previous example. Consider a third triangular set
T3=((X1 2)(Xy 3);X2+X; 3). One checks that V = fT1;T2;T3g is a triangular
decomposition of T = ((X1 1)(X1 2)(X1 3); X2(X2 1)). However, splitting an element
p from fTg to V requires to compute

pmod (X1 1)(X1 2); pmod (X; 1(X1 3); pmod(Xy 2)(X1 3);

whence some redundancies. In general, these redundancies prevent the splitting compu-
tation from being quasi-linear w.r.t. deg(T). But if the triangular decomposition is non-
critical, then there is no more redundancy, and the complexity of splitting p can be hoped
to be quasi-linear.

Removing critical pairs of a critical triangular decomposition in order to be able to
split fast requires to delete the common factors between the polynomials involved in the



152 Dahan et al. Transgressive Computing

decomposition. To do it fast (in quasi-linear time), the coprime factorization or gcd-free
basis computation algorithm is used. Of course to implement this algorithm over a direct
product of elds, one rst need to be able to compute GCD’s over such a product in quasi-
linear time.

Since K(T) is a direct product of elds, any pair of univariate polynomials ;g 2 K(T)[y]
admits a GCD h in K(T)[y], in the sense that the ideals hf;gi and hhi coincide, see Moreno
Maza and Rioboo (1995). However, even if T; g are both monic, there may not exist a monic
polynomial h in K(T)[y] such that hf;gi = hhi holds: consider for instance f =y + %1
(assuming that 2 is invertible in k) and g =y + 1 where a 2 K(T) satis es a> =a, a& 0
and a & 1. GCD’s with non-invertible leading coe cients are of limited practical interest;
this leads us to the following de nition.

De nition 1.7. Let ;g be in K(T)[y]. An extended greatest common divisor (XGCD) of
f and g is a sequence ((hi;ui;vi;Ti);l i e), where T = T1;:::;T¢ is a non-critical
decomposition of T and for all 1 i e, h;;uj;vi are polynomials in K(T¥)[y], such that
the following holds. Let fy;:::;f. = split(f;fTg; T) and g1;:::;ge = split(g; fTg; T); then
forl i e, we have:

h; is monic or null,
the inequalities deg u; < deg g; and degv; < deg f; hold,
the equalities hfj; gii = hh;i and h; = u;f; + vjg; hold.

One easily checks that such XGCD’s exists, and can be computed, for instance by
applying the D5 Principle to the Euclidean algorithm. To compute GCD’s in quasi-linear
time over a direct product of elds, we will actually adapt the Half-GCD techniques (Yap,
1993) in Section 4.

Our last basic ingredient is the suitable generalization of the notion of inverse to direct
products of elds.

De nition 1.8. A quasi-inverse of an element f 2 K(T) is a sequence of couples ((uj: T'); 1

i e)where T=T%:::;T®is a non-critical decomposition of T and u; is an element of
K(TH forall 1 i e, such that the following holds. Let fy;:::;f. = split(f; fTg; T);
thenfor1 1 e we have either fj = u; =0, or fju; = 1.

Obtaining fast algorithms for GCD’s, quasi-inverses and removal of critical pairs requires
a careful inductive process that we summarize in this paper.

We rst need complexity estimates for multiplication modulo a triangular set and
splitting w.r.t. triangular decompositions. This is done in Section 3.

Assuming that multiplications and quasi-inverse computations can be computed fast
in K(T), and assuming that we can remove critical pairs from critical triangular
decompositions of hT 1, we obtain in Section 4 a fast algorithm for computing GCD’s
in K(T)[y]. Note that Langemyr (1991) states that GCD’s over products of elds can
be computed in quasi-linear time, but with no proof.



On the complexity of the D5 principle 153

T into a non-critical one (Section 7).
These are the basic blocks for our inductive process, which yields our main results:

Theorem 1.9. For any " > 0, there exists A~ > 0 such that addition, multiplication and
quasi-inversion in K(T) can be computed in A" deg(T)1+ operations in k.

Theorem 1.10. There exists G > 0, and for any " > 0, there exists A+ > 0, such that one
can compute an extended greatest common divisor of polynomials in K(T)[y], with degree at
most d, using at most G A? d**" deg(T)*" operations in k.

Due to space constraints, it is not possible to give all details of our algorithms in this
paper. Hence, some algorithms like GCD receive a detailed treatment, while we have to be
more sketchy on other ones.

2 Complexity notions

We start by recalling basic results for operations on univariate polynomials.
De nition 2.1. A multiplication time isa map M: N ¥ R such that:

For any ring R, polynomials of degree less than d in R[X] can be multiplied in at
most M(d) operations (+; ) in R.

Foranyd d’, the inequalities M@ M@ ang M(dd®)  M(d)M(d") hold.

Note that in particular that the inequalities M(d) d and M(d) + M(d") M(d + d*)
hold for all d; d’. Using the result of Cantor and Kaltofen (1991), that follows the work
of Schonhage and Strassen, we know that there exists ¢ 2 R such that the function d @
cdlogp(d) logp logp(d) is a multiplication time. In what follows, the function logp is de ned
by logp(x) = 2log,(maxf2;xg): this function turns out to be more convenient than the
classical logarithm for handling inequalities.

Fast polynomial multiplication is the basis of many other fast algorithms: Euclidean
division, computation of the subproduct tree (see Chapter 10 in von zur Gathen and Gerhard
(1999) and Section 6 of this article), and multiple remaindering.

Proposition 2.2. There exists a constant C 1 such that the following holds over any
ring R. Let M be a multiplication time. Then:

1. Dividing in R[X] a polynomial of degree less than 2d by a monic polynomial of degree
at most d requires at most 5M(d) + O(d) C M(d) operations (+; ) in R.

2. Let F be a monic polynomial of degree d in R[X]. Then additions and multiplications
in R[X]=F requires at most 6 M(d) + O(d) C M(d) operations (+; ) in R.
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within 11 M(d) logp(d) + O(dlogp(d)) C M(d) logp(d) operations (+; ) in R.

5. Assume that R is a eld. Then, given two polynomials in R[X] of degree at most
d, computing their monic GCD and their Bezout coe cients can be done in no more
than 33 M(d) logp(d) + O(dlogp(d)) C M(d) logp(d) operations (+; ;=) in R.

6. Assume that R isa eld and that F is a monic squarefree polynomial in R[X] of degree
d. Then, computing a quasi-inverse modulo F of a polynomial G 2 R[X] of degree less
than d can be done in no more than 71 M(d) logp(d) + O(d logp(d)) C M(d) logp(d)
operations (+; ;=) in R.

Proof. The rst point is proved in Theorem 9.6 of (von zur Gathen and Gerhard,
1999) and implies the second one. The third and fourth points are proved in Lemma 10.4
and Theorem 10.15 of the same book. The fth point is reported in Theorem 11.5 of that
book (with a better constant), and is a particular case of Section 4 of this article. If F has
no multiple factors in R[X], a quasi-inverse of G modulo F can be obtained by at most
two extended GCD computations and one division with entries of degree at most d. Using
estimates for the GCD leads to the result claimed in point 6. O

We now de ne our key complexity notion, arithmetic time for triangular sets.

De nition 2.3. An arithmetic time is a function T & An(T) with real positive values and

(Eo) For every triangular decomposition T = T1;:::;T® of T, we have Ap(TY) +  +
An(T®)  An(T).

(E1) Every addition or multiplication in K(T) can be done in at most A,(T) operations
in k.

(E2) Every quasi-inverse in K(T) can be computed in at most An(T) operations in k.

(E3) Given a triangular decomposition T of T, one can compute a non-critical triangular
decomposition T? which re nes T, in at most A,(T) operations in k.

(E4) For every 2 K(T) and every non-critical triangular decomposition T of T, one can
compute split( ;fTg; T) in at most A,(T) operations in K.

Our main goal in this paper is then to give estimates for arithmetic times. This is done
through an inductive proof; the following proposition gives such a result for the base case,
triangular sets in one variable.
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Proposition 2.4. If n =1, then T 2 k[X1] @ C M(degT) logp(degT) is an arithmetic
time.

Proof. A triangular set in one variable is simply a squarefree monic polynomial in
k[X1]. Hence, (E1), (E2) and (E4) respectively follow from points 2, 6 and 4 in Proposi-
tion 2.2. Property (Ep) is clear. Since n = 1, all triangular decompositions are non-critical,
and (Ej3) follows. O

3 Basic complexity results: multiplication and splitting

This section is devoted to give rst complexity results for triangular sets: we give upper
bounds on the cost of multiplication, and splitting. In general, we do not know how to
perform this last operation in quasi-linear time; however, when the decomposition is non-
critical, quasi-linearity can be reached.

Proposition 3.1. Let M be a multiplication function, and let C be the constant from

Additions and multiplications modulo T can be done in at most CnQ
operations in K.

n M(deg; T)

If T is a non-critical decompoﬂ)tion of T, then for any h in K(T), split(h; fTg; T) can
be computed in at most nC" ~; |, M(deg; T) logp(deg; T) operations in k.

Proof. The rst part of the proposition is easy to deal with: the case of additions is
obvious, using the inequality M(d) d; as to multiplication, an easy induction using point
(1) in Proposition 2.2 gives the result. The end of the proof uses point (4) in Proposition 2.2;

the non-critical assumption is then used through the following lemma. O
Lemma 3.2. Consider a non-critical decomposition T of the triangular set T = (Ty;:::;Tn).
Write T , 1 = fUY;:::;USg, and, for all i s, denote by T"%;:::;TH8 the triangu-

i s and j ej). Then T , 1 is a non-critical decomposition of the triangular set
(Ty;:::;Th 1). Moreover, for all i s, we have:
deg, T" =deg, T:

J ei

As an illustration, consider again, for n = 2, the triangular sets

T = (X1 DX 2); X)
T2 = (X2 D1 3); Xz 1)
and T3 = (X1 2)(X1 3); Xo+X; 3):

These triangular sets form a critical decomposition T of the ideal hT1i \hT2i \ hT3i, which
is also generated by T = ((X1 1)(X1 2)(X1 3);X2(X2 1)).
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Here, T 1isgiven by fUL; U2 Ug=Ff(X; 1D(X1 2);(X1 D(X1 3);(X1 1(X:
3)g, so that s = 3. Take for instance U = (X; 1)(X1 2); then we have e; = 1 and
Ther =T Note then that deg, T =1 di ers from deg, T = 2, so the conclusion of the
previous lemma is indeed violated.

4 Fast GCD computations modulo a triangular set

GCD’s of univariate polynomials over a eld can be computed in quasi-linear time by means
of the Half-GCD algorithm (Brent et al., 1980; Yap, 1993). We show how to adapt this
technique over the direct product of elds K(T) and how to preserve its complexity class.
Throughout this section, we consider an arithmetic time T @ A,(T) for triangular sets in

Proposition 4.1. For all a;b 2 K(T)[y] with dega; degh d, one can compute an extended
greatest common divisor of a and b in O(M(d)log(d))A,(T) operations in k.

We prove this result by describing our GCD algorithm over the direct product of elds
K(T) and its complexity estimate. We start with two auxiliary algorithms.

Monic forms. Any polynomial over a eld can be made monic by division through its
leading coe cient. Over a product of elds, this division may induce splittings. We now
study this issue.

De nition 4.2. A monic form of ¥ 2 K(T)[y] is a sequence of quadruples ((uj; vi; mj; T;),

1 i e), wherg T =T1%::::T¢ is a non-critical decomposition of T, uj;v; are in K(T‘)
and mj is in K(T")[y] forall 1 i e, and such that the following holds.

Let fy;:::; e = split(f; fTg; T). Denote by Ic(f;j) the leading coe cient of fj. Then,
forall 1 1 e we have u; = Ic(fj), and m; = v;fj, and either u; =v; =0 or ujvj = 1.
Observe that for all 1 i e, the polynomial m; is monic or null.

The following algorithm shows how to compute a monic form. This function uses a
procedure quasilnverse(f; T). This procedure takes as input a triangular decomposition

T=TY:::;T¢of T and a sequence f = fy;:::5fe in K(Tl)_[y] K(T®)[y] and returns
asequence (((fij;T");1 j  e);1 i e)where((fij;T");1 j € isaquasi-inverse
of fi modulo T' and such that (TY;1 j ;1 i e)isanon-critical re nement of T.

Its complexity is studied in Section 5.

The number at the end of a line, multiplied by A,(T), gives an upper bound for the
total time spent at this line. Therefore, the following algorithm computes a monic form of
T in at most (8d + 6)An(T) operations in k.

monic(f;T) ==
1 T:=1Tg
2 v:=(0)

3 g:=°F
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4  while g & 0 repeat

4.1 u = split(lc(g); fTg; T) [d+1]
4.2  (w;TY := quasilnverse(u; T) [3d + 3]
4.3 v :=split(v;T; TY [d+1]
44 forl i #Vrepeat

4.4.1 if vi = 0 then vj ;= wj; [d+1]
45 T:=T

46 g:=g leadingTerm(g)

5 f :=split(f;fTg; T) [d]
6 u:=lc(f)

7 m=vf [d]
8 return ((ui;vi;mi;TH):1 i #T)

Division with monic remainder. The previous notion can then be used to compute
Euclidean divisions, producing monic remainders: they will be required in our fast Euclidean
algorithm for XGCD’s.

De nition 4.3. Let f;g 2 K(T)[y] with g monic. A division with monic remainder of
f by g is a sequence of tuples ((gi;qi;vi;ui;ri;TH);1 i e)such that T =T%:::;T¢
is a non-critical decomposition of T, and, for all 1 i e, we have uj;vi 2 K(T") and
gi:; qi; ri; 2 K(TH[y], and such that the following holds.

Let fq;:::;fe = split(f; fTg; T) and g1;:::;0e = split(g; fTg; T). Then, forall 1 i
e, the polynomial rj is null or monic, we have either uj = vi = 0 or ujv; = 1, and the
polynomials g; and ujri are the quotient and remainder of f; by gj in K(T)[y].

The following algorithm computes a division with monic remainder of f by g and requires
at most (56M(d) + O(d))An(T) operations in k. We write (q;r) = div(f; g) for the quotient
and the remainder in the (standard) division with remainder in K(T)[y].

mdiv(f;g;T) ==
1 (q;r) :=div(f;9) [5M(d) + O(d)]
2 ((uiviiri;THY:1 i #T) := monic(r; T) [8d 2]
3 (gi;1 i #T):=split(q;fTg; T) [d+ 1]
4  (gi;1 i #T) :=split(g; fTg; T) [d]
5 return ((0i;gi;ui;vi; T');1 0 #T)

XGCD’s. We are now ready to generalize the Half-Gcd method as exposed in Yap (1993).
We introduce the following operations. For a;b 2 K(T)[y] with 0 < degh < dega =
d, each of the following algorithms Mgycq(a;b; T) and Mpgcq(a;b; T) returns a sequence
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(s2) M is a square matrix of order 2 with coe cients in K(T")][y],

such that, if we de ne (ai;:::;ae) = split(a;fTg; T) and (by;:::;bs) = split(h; fTg; T),
then, forall1 i e, de ning (ti;si) = (aj; bi) *M;, we have

(s3) in the case of Mycq, the polynomial tj is a GCD of aj; bj and sj = 0 holds,

(s%) in the case of Mhgcd, the ideals htj; sji and ha;; bji of K(T N[y] are identical, and deg s; <
dd=2e degt; holds.

The algorithm below implements Mgcq(a;b;T), and is an extension of the analogue
algorithm known over elds. Observe that if the input triangular set T is not decomposed
during the algorithm, in particular if K(T) is a eld, then the algorithm yields generators
of the ideal ha;bi. If T is decomposed, then the lines from 5 to 7.3.1 guarantee that
Mgcd(a; b; T) generates a non-critical triangular decomposition of T.

Mgca(a; 0, T) ==
0 G:=[T:=[]
1 ((Mi;T')1 0 €)= Mpgea(a;h; T) [H(d)]
2 (ay;:i:i;ae) :=split(a;(TH1 i e) [O(d)]
3 (by;:iiiibe) = splitb;(Th1 i e)) [O(d)]
4 foriinl erepeat
4.1 (ti; si) = (ai; by) M [AM(d) + O(d)]

4.2 if s =0 then

4.2.1 G :=G;(M;;Th

4.2.2 T:=T;T'

4.3 ((sij: Qs rijs Ui Vi, T 10§ eg) i= mdiv(ti;si) [3M(d) + O(d)]

44  (Mij;1 § &) =split(Mi;(THL j &) [O(d)]
45 forjinl ejrepeat
0 1
451 M = Mi; 2M(d) + O(d
] Vi Givis i [2M(d) + O(d)]

452 ifrij=0then
4521 G:=G;(M;T)
4522 T:=T;THI

453  ((Niji: TI); 1k ejf) i= Mgea(sij; rijs TY) [G(d=2)]
454  (Mij;l k) = split(Mij; (T 1 k&) [O(d)]
455 forkinl ej repeat

4551 Mijk = NijkMijk [BM(d) + O(d)]

4552 G :=G;(Mijjk; TI%)

4553 T:=T,TUK

5 T!:= removeCriticalPairs(T) [1]
6 Res:=[]

7 for (M;T) 2 G repeat

7.1 U := decomp(T; T?)

7.2 (M1 #U) = split(M; T g; U) [O(d)]



On the complexity of the D5 principle 159

7.3 forl ° #Udo _
7.3.1 Res := Res; (Mj;U")
8 return Res

The Half-GCD algorithm can be adapted to K(T)[y] (not reported here due to space
consideration) leading to an implementation of Mngcq(a; b; T). It has a structure very similar
to Mgcd(a; b; T), see (Yap, 1993) for details in the case when the coe cients lie in a eld.

Now, we give running time estimates for Mngeq(a;b; T) and Mgeq(a;b; T). For 0 <
degb < dega = d, we denote by G(d) and H (d) respective upper bounds for the running time
of Mgcq(a;b) and Mpged(@; b), in the sense that both operations can be done in respective
times G(d)An(T) and H(d)An(T).

The number at the end of an above line, multiplied by An(T), gives an upper bound
of the running time of this line. These estimates follow from the super-linearity of the
arithmetic time for triangular sets, the running time estimates of the operation mdiv(f;g; T)
and classical degree bounds for the intermediate polynomials in the Extended Euclidean
Algorithms; see for instance Chapter 3 in (von zur Gathen and Gerhard, 1999). Therefore,
counting precisely the degrees appearing, we have: G(d) G(d=2) + H(d) + (33=2)M(d) +
O(d). The operation Mpgeq(a;b; T) makes two recursive calls with input polynomials of
degree at most d=2, leading to H(d) 2H(d=2) + (33=2)M(d) + O(d). The superlinearity
of M implies

H(d) ?M(d) logd +O(d log d) and G(d) 2H(d) + 2M(d) + O(d):

This leads to the result reported in Proposition 4.1.
We conclude with a speci cation of a function used in the remaining sections. For
a triangular decomposition T = TY;:::;T® of T, two sequences f = fy;:::;f. and g =

sequence (((9ij; uij;Vij: TH) 1§ el i e) where ((gij; Uij; vij; T 1§ &) s

an extended greatest common divisor of fj and gj and such that (TY;1 j ei;1 i e)
is a non-critical re nement of T.

runs in at most O(M(d)log(d))An(T) operations in K.

5 Fast computation of quasi-inverses

Throughout this section, we consider an arithmetic time A, 1 for triangular setsinn 1
variables. We explain how a quasi-inverse can be computed fast with the algorithms split,
xged, and removeCriticalPairs.

1 i n. Let f be in K(T). Then one can compute a quasi-inverse of ¥ modulo T
in O M(dp) log(dn) An 1(T<n) operations in k.
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We consider rst the case where T is a non-constant polynomial and its degree w.r.t. X,
is positive and less than dn; we give the algorithm, followed by the necessary explanations.
Here, the quantity at the end a line, once multiplied by A, 1(T<pn), gives the total amount
of time spent at this line. At the end of this section, we brie y discuss the other cases to
be considered for f.

quasilnverse,(f; T) ==

1 ((glaUhVu <n) 1 i e):=xged(f;Th;T<n) O M(dn) log(dn)
2 (Thi:in T8 = split(Th; FT<ng; fT<n;::"T2ng) [O(dn)]
3 (fi;iinfe) o= split(F; FT<ng; FT2,; 10, TE Q) [O(dn)]

4 T:=1f1g, C:=1fg; result:=fg;

5 fori=1l:::edo

5.1 if deg(gj) =0 then

511 C:=C; (upTL [ThH; T:=T, 7L, [T}
5.2 else if deg(gj) > 0 then

521 C:=C; (O;TL, [g); T:=T; 7L, Lo

5.2.2 qj:= quotlent(T' 1 0i) [BM(dp) + O(dn)]
5.2.3 ((g.,,u.J,v.J, T2):1 § &) :=xged(fi;qi; TL,)
5.2.4 (T 'T'e) = split(qi; FTL,g; FTL ;00 T) [O(dn)]

525 forj=1:::¢ do N §
5251 C:= c; Ui TS LT, T:=T; 78 7Y

6 T, := removeCritlcaIPalrs(T<n) [oD)]
7 for (u;S)2Cdo

7.1 (RY;:::;RY := decomp(S<n; T.,,)

7.2 (Sl;""S},) = split(Sp; FS<ng; FRY; :::; R'g) [O(@dn)]
7.3 (u1;:::u) = split(u; FS<ng; FRY; 1 R'g) [O(dn)]

7.4  result := result; ((ug;RK [S"),l k 1)
8 return result

We rst calculate an extended greatest common divisor of ¥ and T, modulo the triangu-

lar set T<, = (T1;:::;Tn 1). This induces a non-critical decomposition T2 ;:::;TE, g of
T<n. For further operations, we compute the images of Tn and f over this decomposition.
Let1 i e. If the value of g; is 1, then u; is the inverse of f modulo fT., [ T}g.

Otherwise, deggi > 0, and the computation needs to be split into two branches.

In one branch, at line 5.2.1, we build the triangular set fTL, [ gig, modulo which f
reduces to zero. In the other branch, starting from line 5.2.2, we build the triangular set as
fTL [gig, modulo which f is invertible. Indeed since the triangular set fTL,, [qig generates
a radical ideal, T} is squarefree modulo fTL, g, and gcd(f; i) must be 1 modulo fTL, [aig.
Therefore we can simply use the xgcd (step 5.2.3) once to compute the quasi-inverse of f
modulo fTL,, [ gig.

After collecting all the quasi-inverses, we remove the critical pairs in the new family of
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triangular sets. Since no critical pairs are created at level n in the previous computation,
the removal of critical pairs needs only to perform below level n. At the end, we split the
inverses and the top polynomials w.r.t the last non-critical decomposition.

We also need quasi-inverse computations in two other di erent situations. One is when
f may not have the same main variable as the triangular set T. We need also to compute
the quasi-inverses in the sense of quasilnverse(f; T) introduced in Section 4 where T =

splits and removal of critical pairs. The dominant cost is the two xgcd calls. Therefore, in
each situation, the total cost is bounded by O M(dn) log(dn) An 1(T<n).

6 Coprime factorization

We present in this section a quasi-linear time algorithm for coprime factorization of univari-
ate polynomials over a eld. Other fast algorithms for this problem are given by (Gautier
and Roch, 1997), with a concern for parallel e ciency, and in (Bernstein, 2005), in a wider
setting, but with a slightly worse computation time. Remark that the research announce-
ment (Bernstein, 2004) has a time complexity that essentially matches ours.

Due to space consideration, we present our algorithm only for polynomials over a eld k;
however, it adapts over a direct product of elds, following the ideas presented in Section 4.
We will use this tool in Section 7 for computing non-critical re nements of a triangular
decomposition (see the example in the introduction for a motivation of this idea).

be written (necessarily uniquely) as a product of some of the bj, and each b; divides one
of the aj. The associated coprime factorization of A consists in the factorization of all

factorization of A can be computed in O(M(d) logp(d)®) operations in k.

For brevity’s sake, we will only prove how to compute a gcd-free basis of A, assuming without
loss of generality that all a; have positive degree. Deducing the coprime factorization of A
involves some additional bookkeeping operations, keeping track of divisibility relations; it
induces no new arithmetic operations, and thus has no consequence on complexity.

The subproduct tree. The subproduct tree is a useful construction to devise fast algo-
rithms with univariate polynomials, in particular the coprime factorization. We review this
notion brie y and refer to (von zur Gathen and Gerhard, 1999) for more details.

by the polynomial m;. Else, let r’ = dr=2e, and let Sub; and Sub, be the trees associated



162 Dahan et al. Transgressive Computing

to my;::i;mpe and mpsq;ic; my respectively. Let p; and p; be the polynomials at the
roots of Sub; and Sub,. Then Sub is the tree whose root is labeled by the product pip>
and has children Sub; and Sub,. A row of the tree consists in all nodes lying at some given
dlstaﬁye from the root. The depth of the tree is the number of its non-empty rows. Let
d= -, deg(m;); then the sum of the degrees of the polynomials on any row of the tree
is at most d, and its depth is at most logp(d).

We now de ne some subroutines required for our gcd-free basis algorithm, starting by the
computation of multiple gcd’s. Recall that the cost at given any line in our pseudo-code
denotes the total time spent at this line; for simplicity, in what follows, we omit the O( )
in the complexity estimates attached to the pseudo-code.

Multiple gcd’s. The rst algorithm takes as input p and (az;:::;ae) in K[x], and outputs
the sequence of all gcd(p;aj). The idea of this algorithm is to rst reduce p modulo all
a; using fast simultaneous reduction, and then take the gcd’s of all remainders with the
polynomials a; (see also Exercise 11.4 in (von zur Gathen and Gerhard, 1999)).

We make the assumption that all a; are non-constant in the pseudo-code below, so as
to apply the results of Proposition 2.2. To cover the general case, it su ces to introduce
a wrapper function, that strips the input sequence (ai;:::;ae) from its constant entries,
and produces 1 as corgpondmg gcd’s; this function induces no additional arithmetic cost.
Finally, we write d = ;_; dega;.

1 if deg p dthenp:=pmod(a; ae) [M(deg p) + M(d) logp(d)]
2 (Qu;::030e) i=(pmod ay;:::;p mod ae) P [M(d) logp(d)]
3 return (ged(dr;ai); ;5 9cd(Ge; @e)) i M(deg a;) logp(deg ai)

The cost of lines 1 and 2 follows from Proposition 2.2. The function d @ M(d) logp(d) is
super-additive, so the complexity at line 3 ts in O(M(d) logp(d)). Hence, the total cost of
this algorithm is in O(M(deg p) + M(d) logp(d)).

Pairs of gcd’s. The next step is to compute several pairs of gcd’s. On input, we take
two families of polynomials (ai;:::;ae) and (by1;:::;bs), where all a; (resp. all b;) are
squarefree and pairwise coprime. The following algorithm computes all gcd(aj;b;). As
above, we suppose that all a; are non-constant; to cover the general case, it su ces to
introduce a wrapper function, with arithmetic cost 0, that removes each constant a; from
the inputpand addbthe appropriate sequence (1;:::;1) in the output. Here, we write
d = max( ;dega;j; deg bj).

pairsOfGed((ar; :::; ae); (b1; :::; bs)) ==
1 Build a subproduct tree Sub(az;:::;ae) and let f = RootOf(Sub) [M(d) logp(d)]
2 Label the root of Sub by multiGed(f; fby;:::;bsg) [M(d) logp(d)]

3 for every node N 2 Sub, going top-down do
3.1 if N is not a leaf and has label g then
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3.1.1  fy := leftChild(N); f, := rightChild(N);
3.1.2  Label f; by multiGed(fi; g) [M(d) logp(d)?]
3.1.3  Label f; by multiGed(f;; g) [M(d) logp(d)?]

To give the complexity of this algorithm, one proves that the total number of operations
along each row is in O(M(d) logp(d)), whence a total cost in O(M(d) logp(d)?).

A special case of gcd-free basis. The input of our third subroutine are sequences of

We denote by removeConstants(L) a subroutine that removes all constant polynomials
from a sequence L (such a function requires no arithmetic operﬁ;ion, S0 ig cost is zero in
our model). In the complexity analysis, we still write d = max( ; dega;; i degb;).

1 @)1 i en j s:=pairsOfGed((as;:::;ae); (b1;:::;bs)) [M(d) logp(d)?]
2 forjinl:::sdo
21 L :={5moveCOnstants(g1;j;:::;ge;j)

22 = T [M(d) logp(d)]
23  j:=bjquo ; M(d)]
3 foriinl:::edo

3.1 Lj:= SmoveConstants(gi;l; 10 Oics)

3.3 i-—aj quo [M(d)]
4 return removeConstants(g1;1;:::; i i 0ess 1,500 s 150105 e)

The validity of this algorithm is easily checked. The estimates for the cost of lines 2.2, 2.3,
3.2 and 3.3 come for the cost necessary to build a subproduct tree and perform Euclidean
division, together with the fact that ; (resp. ;) divides b; (resp. a;). The total cost is
thus in O(M(d) logp(d)?).

Gcd-free basis. We nally give an algorithm for gcg:-jree basis. As input, we take square-
free, non-constant polynomials ag;:::;ae, withd = ; .dega;. We need a construction
close to the subproduct tree: we form a binary tree Sub’ whose nodes will be labeled by se-

and all other nodes are empty. Then, we go up the tree; at a node N, we use the subroutine
above to compute a gcd-free basis of the sequences labeling the children of N.

1  Build the tree Sub’(as;:::;ac)
2 for every node N 2 Sub’ and from bottom-up repeat
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2.1 if N is not a leaf then

2.1.1  fy:=IleftChild(N) ; f, := rightChild(N)

2.1.2  Label N by gcdFreeBasisSpecialCase(f1; T) [M(d) logp(d)?]
3 return the label of RootOf(Sub)

The total number of operations at a node N of the subset tree is O(M(dn) logp(dn)?),
where dy is sum of the degrees of the polynomials lying at the two children of N. Summing
over all nodes, using the tree structure, the total cost is seen to be in O(M(d) logp(d)®)
operations, as claimed.

7 Removing critical pairs

We next show how to remove critical pairs. This is an inductive process, whose complexity
is estimated in the following proposition and its corollary. We need to extend the notion of
\re ning" introduced previously. Extending De nition 1.3, we say that a family of triangular
sets T? re nes another family T if for every T 2 T, there exists a subset of T? that forms a
triangular decomposition of hT1. Note the di erence with the initial de nition: we do not
impose that the family T forms a triangular decomposition of some ideal I. In particular,
the triangular sets in T do not have to generate coprime ideals.

aQj+1 23 + KM(dj+1 dn) |ng(dj+1 dn)SAj (T j);

Before discussing the proof of this assertion, let us give an immediate corollary, which
follows by a direct induction.

Corollary 7.2. Given a triangular decomposition U of hT i, one can compute a non-critical
triangular decomposition W of hTi that re nes U in time

K 2" lM(dl dn) logp(dy dn)3+ + M(dn) |ng(dn)3An 1(T n 1)
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Letus x i e, and write U' = (Ul;:::;U}). By de nition, there exists a subset

next step is to compute

Ui U = split(ULg; (U505 U)); Va:
Consider now a triangular set V in V. There may be several subsets V; such that V 2 V;.
Let Sy  T1;:::;eg be the set of corresponding indices; thus, for any i 2 Sy, there exists
polynomials Uj'f‘l(‘) in K(V)[Xj+1], for i 2 Sy, and for all V.

This process will re ne the family V, creating possibly new critical pairs: we get rid of
these critical pairs, obtaining a decomposition W. It nally su ces to split all polynomials
in the coprime factorization obtained before from V to W to conclude. The cost estimates
then takes into account the cost for the two calls to the same process in j variables, hence
the term 2a;, and the cost for coprime factorization and splitting. Studying the degrees of
the polynomials involved, this cost can be bounded by

KM(dj+1 dn) |ng(dj+1 dn)SAj (T j)

for some constant K, according to the results in the last section. O

8 Concluding the proof

All ingredients are now present to give the proof of the following result, which readily implies
the main theorems stated in the introduction.

Theorem 8.1. There exists a constant L such that, writing
Y

variables, for all n.

Proof. The proof requires to check that taking L big enough, all conditions de ning
arithmetic times are satis ed. We do it by induction on n; the case n = 1 is settled by
Proposition 2.4, taking L larger than the constant C in that proposition, and using the fact
that logp(x) 1 for all x.

Let us now consider index n; we can thus assume that the function A; is an arithmetic

makes no di culty, using the super-additivity of the function M. Addition and multiplica-
tion (condition (E;)) and splitting (condition (E4)) follow from Proposition 3.1, again as
soon as the condition L  C holds. The computation of quasi-inverses (condition (Ey)) is
taken care of by Proposition 5.1, using our induction assumption on A, as soon as L is large
enough to compensate the constant factor hidden in the O( ) estimate of that proposition.
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The cost for removing critical pairs is given in the previous section. In view of Corol-
lary 7.2, and using the condition M(dd®)  M(d)M(d"), after a few simpli cations, to satisfy
condition (E3), L must satisfy the inequality

K(2n 1+2n 2L+ +Ln l) Ln1

where K is the constant introduced in Corollary 7.2. This is the case for L K + 2. O
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L"algebre de decomposition universelle
(Universal Decomposition Algebra)

Gema M. Diaz-Toca Henri Lombardi Claude Quitte

Abstract

In this paper we present important properties of the Universal Decomposition Alge-
bra of a polynomial over a commutative ring. Moreover, when the base ring is a eld,
we introduce new algorithms which make it possible to approach both splitting eld of
T and Galois group in a dynamic way without applying factorization algorithms.

Resume

On donne les principales proprietes de I'algebre de decomposition universelle d’un
polynéme sur un anneau commutatif. Dans le cas d’un corps on applique ces resultats
pour un traitement constructif et dynamique du corps des racines et du groupe de Galois
d’un polyntme.

Introduction

Toutes les algebres qu’on considere sont associatives, commutatives et avec element neutre.
Il revient donc au méme de se donner une A-algebre C ou un homomorphisme A 1 C.

Dans tout cet article, A est un anneau commutatif, f = TN+ [ _ ( L)ka,T" k2 A[T]
et B = Adua.r est 'algebre de decomposition universelle de f sur A.

Dans la section 1 nous introduisons les modules de Cauchy et la base classique corres-
pondante de I'algebre de decomposition universelle. Nous montrons que les deux de nitions
naturelles de la norme co ncident.

Dans la section 2 nous introduisons les notions d’idempotent galoisien, d’algebre pre-
galoisienne, de quotient de Galois d’une algebre pregaloisienne. Une algebre pregaloisienne
est une algebre qui veri e un bon nombre de proprietes des algebres galoisiennes, sans la
condition de separabilite. Le prototype d’une algebre pregaloisienne est une algebre de
decomposition universelle, ou un quotient de Galois d’une algebre de decomposition univer-
selle.

Dans la section 3 nous montrons comment calculer des elements galoisiens dans une
algebre de Boole munie d’un groupe d’automorphismes. Ceci s’applique en particulier a
I’'algebre de Boole des idempotents d’une algebre de decomposition universelle ou plus ge-
neralement d’une algebre pregaloisienne.
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Dans la section 4 nous ameliorons les resultats connus concernant les points xes d’une
algebre de decomposition universelle (sous I'action de Sp).

Dans la section 5 nous montrons constructivement quelques proprietes importantes qui
apparaissent sous I’hypothese de separabilite du polynéme servant a construire I'algebre de
decomposition universelle. Nous montrons que I'algebre de decomposition universelle est
alors reduite si 'anneau de base est reduit, et plus generalement que le nilradical de B
est engendre par celui de A. Nous donnons une generalisation du resultat qui a rme que
( 'algebre de decomposition universelle se diagonalise elle-m&me lorsque le polyntme est
separable ) au cas d’un quotient de Galois.

Dans la section 6 nous generalisons un resultat donne separement par P. Aubry et A.
Valibouze ([1]) et par L. Ducos ([8]) sur la structure ( triangulaire ) des ideaux galoisiens.

Dans la section 7, pour etudier constructivement le ( corps des racines ) d’'un polyntme
f 2 K[T] (ou K est un corps discret), nous proposons d’utiliser des ( approximations )
de ce corps qui sont des quotients convenables de I'algebre de decomposition universelle
associee a f. Dans I'article [6] le premier auteur a donne dans le méme esprit un traitement
de la theorie de Galois d’un polyntme separable sur un corps discret en calcul formel. Cette
etude du corps des racines ( par approximations successives ) peut etre consideree comme
une variante du systeme D5 [4] de traitement de la cloture algebrique en Calcul formel, ou
encore comme la version constructive de I'approche de Bourbaki dans [3].

Puisque I'article est ecrit dans le style des mathematiques constructives a la Bishop
([2, 10]) tous les theoremes ont un contenu algorithmique. La terminologie constructive
speci que non precisee se trouve dans [10]. Rappelons qu’en mathematiques constructives
un ensemble est dit discret lorsqu’on dispose d’un test d’egalite pour ses elements.

Remerciements. Nous remercions Thierry Coquand pour ses conseils judicieux.

1 Modules de Cauchy et base canonique

On note B = Adua.+ I'algebre de decomposition universelle de f sur A de nie comme suit:

JMf)=hay ;@ 2:iii;an ol
L’algebre de decomposition universelle peut €tre caracterisee par la propriete suivante.

Note 1.1. (propriete caracteristique)

Soit C une A-algebre pour laquelle (T) se decompose en produit de facteurs (T  z;).
Alors il existe un unique homomorphisme de A-algebres B ¥ C qui envoie les x; sur les z;.
Ceci caracterise I'algebre de decomposition universelle B = Adua.f, a isomorphisme unique
pres.
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J (F), donc I'action passe au quotient et ceci de nit S, comme groupe d’automorphismes
de I'algebre de decomposition universelle.

Note 1.2. (changement d’anneau de base)
Soit : A ¥ A; une A-algebre. Notons (f) I'image de f dans A1[T]. Alors I'algebre
Adua;r A Ag, est naturellement isomorphe a Adua,: (f)-

Pour etudier I’algebre de decomposition universelle on introduit les ( modules de Cauchy )
qui sont les polyntmes suivants:

f1(X1) = (X))

..... _ XKy X X i (XX i O
forn(Xp 1105 Xpy) = DX 1980 AO9EX 1)) (1 ko 1)
Le polyndme f; est symetrique en les variables Xj;:::; Xj, unitaire de degre n i+1

en X;. Le fait 1.1 implique que I'ideal J (T) est egal a I'ideal engendre par les modules de
Cauchy. Donc l'algebre de decomposition universelle est un A-module libre de rang n!.

Lemme 1.3. Le A-module B est libre et une base est formee par les ( monomes ) x xﬂ” i
tels que pour k =1;:::;n lonaitdc n K. Nous noterons cette base B(T).

Lemme 1.4. Pour tout element z 2 B on a Cg-a(z)(T) = Cs,(z)(T). En particulier
Tre=a(z) = Trs,(z) et Ng=a(z) = Nsg,(2).

Demonstration. Puisque le polyntme caracteristi&)ue est lanormede T zilsu tde
montrer I’egalite des deux ( normes ): Ng=a(z) = = 55, (2). Ecrivons Ns,(z) sur la base
canonique B(T), c’est clairement un element de A. Si on prend pour coef cients de  des
indeterminees aj, pour coordonnees de z sur la base B(f) d’autres indeterminees et pour
A I'anneau librement engendre par ces indeterminees on voit qu’il s’agit de demontrer une
identite algebrique, c’est-a-dire une egalite entre deux elements d’un anneau de polyndmes
a coef cients dans Z. Notons N pour Ng-a. Comme N(z) = N( (z)) pour tout 2 S,, on
obtient N(~ 5 (2)) = N(2)™. Puisque Ns, (z) 2 A, N(Ns,(2)) = (Ns,(2))™. Ainsi N(z)
et Ns,(z) sont deux polyntmes en les indeterminees qui sont egaux apres avoir ete eleves
a la puissance n!. Puisqu’on est dans un anneau factoriel, on doit avoir Ns,(z) = cN(z)
avec ¢ 2 Z et ¢" = 1. En n, puisque toute situation particuliere est obtenue comme
specialisation de la situation generale (avec des coef cients indetermines), pour conna'tre ¢
on peut specialiser z en 1: ¢ = 1. O

2 ldempotents galoisiens dans une algebre pregaloisienne

Dans la suite nous notons B(C) I'algebre de Boole des idempotents d’un anneau C. Les
operations sont UV (= uUv, U_V:=UuU+V UV,U V:i=u+vVv 2uv=(u V)?
u:=1 u=1 u. Etlarelation d’ordre partielestu v OQ urv=u QO u_v=yv.

Dans une algebre de Boole un element non nul minimal est appele un atome. Dans le
cas d’un anneau on parle d’idempotent indecomposable.
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Rappelons qu’un automogghisme d’un anneau C est dit separant s’il existe Xi;:::X;
ai;::inac 2 Ctelsquel = E;l ai(Xi (Xj)) et qu’un groupe G d’automorphismes de
C est dit separant si les elements & Idc de G sont separants. Une algebre galoisienne est
par de nition un triplet (A; C; G) ou G est un groupe separant d’automorphismes de C et
A = Fix(G) est le sous-anneau des points xes de G (cf. [5]).

Nous utiliserons les notations suivantes lorsqu’un groupe G opere sur un ensemble E.
Pour x 2 E, St(x) designe le stabilisateur de x; pour F  E, Stp(F) designe le stabilisateur
point par point de F et Stab(F) le stabilisateur de F. Etsi H G, Fix(H) = E™ designe
la partie de E formee par les elements xes par tous les 2 H.

Nous donnons maintenant une de nition qui permet d’inserer I'algebre de decomposition
universelle dans un cadre un peu plus general et utile.

De nition 2.1. (algebre pregaloisienne)
Une algebre pregaloisienne est donnee par un triplet (A;C;G) ou

1. C est une A-algebre avec A C, A facteur direct dans C,
2. G est un groupe ni de A-automorphismes de C,

3. C est un A-module projectif de rang constant jG;j,

4. pour tout z 2 C, Cc-a(2) = Cs(2).

Par exemple (A; B;Syp) est une algebre pregaloisienne.

NB: La notion d’algebre pregaloisienne est un peu moins contraignante que la notion plus
usuelle d’algebre galoisienne.

De nition 2.2. Dans une algebre pregaloisienne (A; C; G) un idempotent e de C est dit
galoisien si son orbite sous G est un systeme fondamental d’idempotents orthogonaux (s 0).
Un ideal de C est dit galoisien lorsqu’il est engendre par I'idempotent complementaire d’un
idempotent galoisien.

Theoreme 2.3 (theoreme de Structure 1). Soit une algebre pregaloisienne (A;C;G),

de e = e; et r = jHj, de sorte que rm = jGj. Posons Ci = C/hl eji C (1 i m).
Soiten n :C ¥ C; la projection canonique.

1. Les C; sont des A-algebres deux a deux isomorphes, et C > C" (comme A-algebres).

2. L’algebre C1 est un A-module projectif de rang constant r = jHj. La restriction de
a A, et méme a CC, est injective. Et A (identi e a son image dans C;) est facteur
direct dans Cj.

3. Le groupe H opere sur C; et C!! est canoniquement isomorphe a C®: plus precisement
Cf'= (CM)= (C°).

4. Pour tout z 2 Cyq, C,=a(2)(T) = CH(2)(T).
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5. (A;Cy; H) est une algebre pregaloisienne, on dira que c’est un quotient de Galois de
(A; C; Q).

6. Soit g1 un idempotent galoisien de (A;C1;H), K son stabilisateur dans H, ¢’ 2 e;,C
tel que (g°) = g1. Alors g’ est un idempotent galoisien de (A; C; G), son stabilisateur
est K, et on a un isomorphisme canonique C1/h1  g4i > C/hl  dli.

Demonstration. Le point 1 est evident. La premiere a rmation du point 2 en est une

avec i(e1) = ej. Montrons que la restriction de a C© est injective: sia 2 C® et e;a=0
alors en transformant par les j, tous les gja sont nuls, et donc aussi leur somme, egale
a a. Montrons que (A) est facteur direct dans C;. Soit : C; ¥ e;C I'isomorphisme
reciproque de la restriction de ae;C. Il s’agit d’'un isomorphisme de A-algebres, e; etant
I’element neutre pour la multiplication dans e;C. Soit ” : C ¥ A une forme A-lineaire
veri ant (1) =1. Onde nit :C1 ¥ (A)par (y)= (CX+ X))+ + (X)) ou
X = (y). Onabienque estuneforme lineaire veri ant (1) =1doncC; = (A) Ker
Voyons le point 3. Montrons d’abord CY' = (CM). Soit u 2 C tel que (u) =z 2 CH.
Puisque z 2 C!!, pour tout 2 H, (u) umodhl eqi, ce quisigni e, e; (u) = eLu.
Comme (e;) =ej et (e1) =1c, on obtient avec y = eju: (y) =z et pour tout 2 H,
(y) =y cest-a-dire z2 (C). P P P
Montrons maintenant que z 2 (C®). Onposev = i(y) = ; i(ewy) = ;& i(y)
a (ej) = jjetdonc (v) = (y). Montrons que vest xeparG. Si 2 G, (v) =
i (&i i(y)). Fixons i et posons (ej) = ej. Notre but est de montrer que ( i(y)) =
j(y), c’est-a-dire que xe y. Or cela resulte de y 2 CH et i 2 H puisque
1 —
j i(e1) = ei.
Voyons le point 4. Soit u tel que (u) =z ety =eu. Ona j(y) =0pouri & 1 et
(y) = z. Dans la decomposition C =e;C emC, y s’ecritdonc (y;0;:::;0)etT vy
secrit (T y;T;:::;T). Cela donne Ceoa(y)(T) = TP Cc,=a(2) avec p = jGj jHj. En
considerant (y) pour un 2 G arbitraire on peut ecrire = § pour un certain i et un
element de H. Ceci permet de voir que la composante dans e;C de Cg(y)(T) n’est autre
que TP CH(2)(T) (qu’on remonte de C1[T] dans e;C[T]). Par raison de symetrie il en sera
de méme pour les autres composantes, c’est-a-dire qu’on a Cg(y)(T) = TP CH(2)(T).
Le point 5 est une synthese des points precedents.
Voyons le point 6. En tenant compte du fait que la restriction de a e;C est un isomor-
phisme on a g”? = g’ = g'e;. Deméme pour 2Hona () =g'si 2K,oug' (g") =0
si  2K. Ennpour 2GnH,e; (el) =0 etdonc g’ (g = 0. Ceci montre que g’
est un idempotent galoisien de B avec pour stabilisateur K. L’isomorphisme canonique est
immediat. O

J i J

3 Elements galoisiens dans une algebre de Boole

Le lemme suivant constitue un ra nement constructif de la theorie des algebres de Boole
nies.
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Lemme 3.1. Soit C une algebre de Boole. Les proprietes suivantes sont equivalentes :
1. C est nie.
2. C est discrete et de type ni.
3. 1c est une somme nie d’atomes.

Dans un tel cas C est isomorphe a I’algebre de Boole P(S) des parties nies de I’ensemble
S des atomes.

En particulier dans le contexte des anneaux commutatifs B(C) est nie si et seulement
si 1¢ est une somme d’idempotents indecomposables orthogonaux.

De nition 3.2. Si G est un groupe ni qui opere sur une algebre de Boole C, un element
e de C est dit galoisien (pour G) si son orbite sous G est un s o: les elements de I'orbite
sont deux a deux orthogonaux et leur somme est egale a 1.

Note 3.3. Soit G un groupe ni operant sur une algebre de Boole C discrete, e & 0 dans C,

G. Les proprietes suivantes sont equivalentes :
L’element e est galoisien.

Pour tout i > 1, e;e; = 0.

w e

Pour tout 2 G, e (e) =eouO.
4. Pour tous i & j 2 f1;:::;kg, ejej = 0.
Les hypotheses sont veri ees par exemple si C = B(B), G = S, et A est connexe.

Theoreme 3.4 (theoreme de structure 2). Soit G un groupe ni operant sur une alge-
bre de Boole C discrete et non triviale. On suppose que 1 et 0 sont les seuls elements xes
par G.

1. Pour toute famille nie d’elements de C il existe un element galoisien e; (notons

feijl i k;eje&0g.
2. L’algebre de Boole C ne peut avoir plus que 2/C elements.

3. Si e et h sont des elements galoisiens avec e < h (cagbhe = e et h & ¢) si E est le
stabilisateur de e et H le stabilisateur de h alors h= " ,,,_¢ (e).

4. C est nie si et seulement si il existe un atome e. Dans ce cas e est galoisien, I’orbite
de e est I’ensemble des atomes, G opere sur cette orbite comme sur G=E, et sur C
comme sur P(G=E)(%).

1 Ici, pour que I'a rmation soit valide d’un point de vue constructif, P(G=E) denote I’ensemble des
parties nies de G=E.
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Demonstration. Nous montrons seulement le point 1. On considere la sous-algebre de Boole
CY C engendree par les orbites des elements de la famille nie donnee. C' est de type

ni et discrete donc nie. En consequence ses elements minimaux non nuls forment un
ensemble lgi S = feq;:::;exg et CP est isomorphe a I'algebre de Boole des parties nies de
S:Cl=f ioF €iJF 2 P(f1;:::;kg)g. Clairement G opere sur Cl. Pour 23S, (ey) est
une somme de certains ej, mais il ne peut y avoir deux termes dans la somme, car alors en
transformant I'un de ces termes par ! on aurait un element non nul < e; dans C'. Donc
(e1;:::;ex) estun s o et e; est galoisien. O

Algorithme 3.5. Calcul d’un element galoisien et de son stabilisateur.

Entree : e: element non nul d’une algebre de Boole C; G: groupe ni d’automorphismes de
C; S = St(e) (sous groupe stabilisateur de e).

# On suppose que 0 et 1 sont les seuls points xes pour I'action de G sur C.

Sortie : e;: element galoisien correspondant; H: le sous groupe stabilisateur de e;.

Variables locales : h: dans C; : dans G; L: liste d’elements de G.

Debut
ee e L [
pour dans G=S faire
# G=S designe un systeme de representants des classes a gauche modulo S
h e (e)
si h&0 alors e h;L L [] nsi;
n pour s
H e sous-groupe de G forme par les tels que: 8 2 L; 2 5 S.
Fin.

Sous les hypotheses du theoreme 3.4 on peut calculer un element galoisien e1 qui engen-
dre la méme algebre de Boole que I'orbite de e au moyen de I'algorithme 3.5. En outre on
peut egalement calculer le stabilisateur de e; (la nouvelle approximation du groupe de Ga-
lois) ( sans sortir du groupe ). On pourra penser au cas C = B(B), G = S, et A connexe,
ou plus generalement C = B(C), (A; C; G) est une algebre pregaloisienne et A est connexe.

On notera que I'element e; obtenu comme resultat du calcul depend de I'ordre dans
lequel est enumere I'ensemble ni G=S et qu’il n’y a pas d’ordre naturel (intrinseque) sur
cet ensemble.

4 Points xes de Aduaf

Lemme 4.1. Soit C une A-algebre qui est un module projectif de rang constant k 1 (par
exemple une algebre pregaloisienne ou C = B).

Un x 2 C est inversible (resp. regulier) si et seulement si Nc-a(X) est inversible
(resp. regulier) dans A.
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Un x 2 A est inversible (resp. regulier) dans C si et seulement si il est inversible
(resp. regulier) dans A.

Lemme 4.2. Soit J le jacobien du systeme de n equations a n inconnues de nissant I’alge-
bre de decomposition universelle B = Adua.¢.

Q

1.OnaJ= " j5 n(xi Xxj)dans B.
2. OnaJ?=discf 2 A.
3. En particulier les proprietes suivantes sont equivalentes :

(a) discT est inversible (resp. regulier) dans A.

(b) J est inversible (resp. regulier) dans B.

(c) Les xj Xj sont inversibles (resp. reguliers) dans B.
(d) x1 X est inversible (resp. regulier) dans B.

() g=a = 0 (resp. pg-a &st un B-module ( de torsion ), i.e. annule par un
element regulier).

Demonstration. Le point 1 est facile par recurrence sur n.

Le point 2 est une consequence immediate du point 1, et on en deduit I'equivalence des
points (a) a (d) dans 3, en tenant compte du lemme 4.1.

Pour le point (e) rappelons que pg-a est un B-module isomorphe au conoyau de la matrice
jacobienne, ce qui implique que Ann( g-a) et IB ont méme nilradical. En n J est regulier

(resp. inversible) si et seu@nent si -~ hJi contient un element regulier (resp. contient 1). [
Iébous notons di(f) = ~; jo; (Xi +Xj) 2 A. Il est clair que di(f) est congru modulo
2a 1 g n(Xi X;)etdonc 2; di(f)? = h2;disc(F)i.

Theoreme 4.3. Si Anna(h2;di(f)i) = 0 et a fortiori si Anna(h2;disc(f)i) = 0 on a
Fix(Sn) = A.

Demonstration. Puisque 2;di(f)?> = h2;disc(f)i un element qui annule h2; di(f)i annule

a fortiori h2; disc(f)i. 1l su t donc de demontrer la deuxieme a rmation.

Voyons le cas ou n = 2. Un element z =c+dx; 2 B (c;d 2 A) est invariant par S, si et

seulement si d(x; Xxp) =d(ay 2x3) = 0 si et seulement si da; = 2d = 0.

On procede ensuite par recurrence sur n. Onecrit B = A E ou E est le A-module engendre

par les elements & 1 de la base B(f). On note E' le sous module de E forme par les elements
Xes sous Sp. Pour n > 2 on considere I'anneau A; = A[X1]/hf(X1)i = A[x1], le poly-

nome F(T) = F2(T;x1) 2 A1(T) et I'algebre de decomposition universelle B; = Adua,:F,

On veri e que B ” Bj: une simple constatation si on utilise la de nition des algebres
de decomposition universelle via les modules de Cauchy. On identi e B et B; et on ecrit
n 1

B1 = A; E! correspondant a la base B(F) formee par les monomes xgz xﬂ [ avec
di <n i pour chaque i. Pour passer de I'ecriure d’un element g 2 B sur la base B(F) (B
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vu comme Ai-module) a son ecriture sur la base B(f) (B vu comme A-module), il su t
d’ecrire chaque coordonnee, qui est un element de A; sur la A-base de A; formee par les
monomes 1;Xq;:::; Xy
Notons aussi que di(f) = ( 1)™ 'F( xy)di(F) par un calcul direct et passons a la recur-
rence proprement dite.

Nous supposons que Anna(h2;di(f)i) = 0. On en deduit que Anna, (h2;di(F)i) =0, car si
b= o+ X3+ + p 1X] 1 2 A; annule di(F), il annule di(f) = ( 1)™ 1F( xy)di(F),
donc chacun des ; annule di(f). De méme chacun des j annule 2. Donc b = 0.

Soit alors y 2 EY, ecrivons y = g(X2;:::Xn) avec g 2 A[Xz;:::; X, 1] et degx, g n i
pour i = 2;:::;n 1. Autrement dit nous voyons y comme un element de Adua,:F.
Puisque y est invariant par S, 1, on en deduit par hypothese de recurrence que g 2 Ag,
c’est une ( constante ) qu’on ecrit h(x;) avec deg(h) < n. Il reste a voir que g 2 A. Si
h(X) =cg+ci X+ +cn 1X™ onecrit h(x;) = h(x2). On note que h(xy) est I’ecriture
reduite de g sur la base canonique B(f). Concernant h(x»), pour obtenir I’ecriture reduite,
nous devons remplacer dans le terme ¢, 1X3 L X5 1 par son ecriture sur la base canonique,
qui resulte de fo(X1; X2) = 0. Cette reecriture fait appara™re le terme cp lx? x5, et ceci
impligue (par I'egalite des ecritures h(x;) et h(x,) sur la base B(f)) que ¢, 1 = 0. Mais
alors h(xy) est une ecriture reduite et donc tous les ¢j pour i > 0 sont nuls. O

Note 4.4. Le cas discf regulier est bien connu. On le trouve avec une preuve voisine
de celle ci-dessus dans la these de Lionel Ducos [7]. Par ailleurs Ekedahl et Laskov ont
traite le cas ou 2 est regulier dans [9]. Dans le cas n = 2 I'etude faite ci-dessus montre
qgue des que Anna(h2;difi) & 0, Fix(S2) = A Anna(h2;difi)x; contient strictement
A. Un calcul dans le cas n = 3 donne la m&me reciproque: on trouve un element v =
X2xp + apxs + (a2 + ap)xy + aX, & 0 tel que Fix(S3) = A Anna(h2;difi)v. Par contre
pour n 4, la situation se complique.

5 Separabilite de Adua:r

Dans cette section on suppose que disc T est un element inversible de A.
Le lemme suivant comme moyen de prouver constructivement le theoreme 5.2 a ete
suggere par Thierry Coquand.

Lemme 5.1. Soit Q A I C une algebre dans laquelle ( f se factorise completement ),
c’est-a-dire (f) = “I_;(T uj). Pour tout 2 S, notons : B ¥ C I'unique homo-
morphisme de A-algebres qui envoie chaque Xj sur u j. Soity 2 B tel que  (y) = 0 pour
tout 2 Sp, alors les coordonnees de y sur la base naturelle B(f) decrite dans le lemme 1.3
sont dans Ker

Demonstration. Nous donnons la preuve pour n = 4 et laissons le soin au lecteur de rediger
une preuve formelle par recurrence .

On commence par remarquer que les X;  X; sont inversibles pour i & j et par suite les
ui uj sont inversibles pour i & j. La base naturelle est formee par 24 elements x}"x5'2x3"
avec0 m; 4 i. Notonsy = a(xy; X2) + X3c(X1; X2) avec a et ¢ des polynébmes formels
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de degre 3 en Xiet 2en X, Notons a et T les images des polynémes formels a et ¢
dans C par . Notre but est de montrer que a et T sont des polynémes identiguement nuls.
En considerant pour d’une part I'identite et d’autre part la transposition qui echange 3
et 4, on obtient dans C:

a(uy; uz) + ugt(ug; uz) = 0 =1a(uy; uz) + ust(ug; uz)

Puisque uz uy4 est inversible, on en deduit a(uy; uy) = 0 =tT(uy; uy).

La preuve qu’on vient de faire fonctionne aussi si on permute arbitrairement les x; (on
change alors de base naturelle), de sorte que a(u;; uj) = 0 = T(u;; u;) chaque fois que i & j.
On va montrer gque a est identiqguement nul, la méme preuve s’appliquant a t. On considere
a(uy; Xz): ce polyndme de degre 2 admet les trois racines up, U, Us et puisque les uj uj
sont inversibles la formule d’interpolation de Lagrange montre que a(uz; X>) est nul comme
polyndme en X,. Chacun de ses trois coef cients est un polynéme de degre 3 en X;
gu’on evalue en u; (on obtient ainsi 12 coordonnees de y sur la base naturelle, les 12 autres
correspondant au polyndme c¢). Notons e(X1) 'un de ces trois polynémes, lu dans A[X4].
La preuve que nous avons faite, montrant que g(u;) = 0 fonctionne aussi si on permute
arbitrairement les x;. Donc g(u;) = 0 pour tous les i. Encore une fois nous appliquons la
formule d’interpolation de Lagrange et nous voyons que €(X1) est identiquement nul. O

Theoreme 5.2. 1. Le nilradical de B est I'ideal engendre par le nilradical de A. En
particulier, si A est reduite, B est reduite.

2. Pour toute algebre reduite A ¥ D, B A D ” Adup, () est reduite.

Demonstration. Il su t de montrer le point 1. Soit N le nilradical de B. Appliquons le
lemme precedent avec C = B=N et y 2 B qui est nilpotent. L’element y reste nilpotent si
on le transforme par un element de S,. Le lemme s’applique: les coordonnees de y sur la
base naturelle sont toutes dans N\ A. O

Le theoreme suivant s’applique en particulier pour I'algebre de decomposition uni-
verselle B.

Theoreme 5.3. (diagonalisation d’un quotient de Galois d’une algebre de decomposition
universelle)

Soit e un idempotent galoisien de B, G son stabilisateur et By = B/hl ei. On note
yi = (Xj) la classe de xj dans B;. Soit : B; ¥ C un homomorphisme d’anneaux. On
note uj = (vyj). On considere C; = B; AC. Pour tout 2 G notons :C1 ¥ Cl'unique
homomorphisme de C-algebres qui envoie chaque yi 1c sur u j. Soit : C; ¥ CiCl
I’lhomomorphisme de C-algebres de niparz & ( (2)) 2G.

1. est un isomorphisme: C diagonalise B;.

2. En particulier By a Bj est isomorphe canoniquement a leGj: B, se diagonalise
elle-méme.
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Demonstration. Les deux algebres sont des C-modules projectifs de rang constant jGj et

est une application C-lineaire dont il su t de demontrer la surjectivite. Dans C; nous
notons y; a la place dey; 1c et u; a la place de 1g;, u;. La surjectivite resulte par
le theoreme chinois de ce que les Ker  sont deux a deux comaximaux: Ker  contient
yi U, Ker contienty; uj, donc Ker +Ker contientlesu; uj,etilyaau
moins un indice i pour lequel i6& 1icequidonneu j u jinversible. O

6 Structure triangulaire des ideaux galoisiens

Nous demontrons dans cette section un resultat donne dans [1] et [8] en le generalisant un
peu: notre theoreme 6.1. Notre methode de preuve est di erente car elle ne s’appuie pas
sur I’existence d’une cloture algebrique, et le cadre est plus general puisque nous avons a la
base un anneau commutatif presque arbitraire a la place d’un corps.

Ceresultat a rme que la structure de I'ideal J (f), qui est une structure ( triangulaire )
(au sens de Lazard) lorsqu’on considere les modules de Cauchy comme generateurs, se
retrouve pour tous les ideaux galoisiens de I'algebre de decomposition universelle dans le
cas d’'un polyndme separable.

Les anneaux que nous considerons sont les anneaux A qui veri ent la propriete suivante:
I’anneau total des fractions de A, Frac A, est zero-dimensionnel. C’est notamment le cas
des anneaux integres, des anneaux zero-dimensionnels et des anneaux n theriens.

Nous aurons besoin des resultats suivants que nous utilisons librement dans la preuve
du theoreme.

Si (A; C; G) une algebre galoisienne, C est un A-module projectif de rang jGj, et A
est facteur direct dans C.

Si A est zero-dimensionnel, tout module projectif de rang constant est libre.

Si A est zero-dimensionnel, et si N A" est libre, il existe M A" libre tel que
A" =M N (theoreme de la base incomplete).

Theoreme 6.1. Soit (A;C;G) une algebre galoisienne avec

les yi y;j inversibles pour i & j.

On suppose que I’'anneau total des fractions de A, Frac A, est zero-dimensionnel. On note
G=Gy, Gi=F 2G; (Y)=yk; 8k ig;(i=1:::;n), et

Y
ri(T) = T i)

2Gj 1=Gj

ou Gj 1=Gj designe un systeme de representants des classes a gauche. Alors:
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Demonstration. Le groupe G; est un groupe separant d’automorphismes de I'anneau C.
On note A; I'anneau des points xes de G;. On sait que C est un Aj-module projectif de
rang constant jG;j et que A[yi1] Ai. En outre A; est facteur direct dans C, donc est un
A-module projectif de rang constant jGj=jG;j: Les coef cients de ri(T) sont xes par G,
donc dans A, parce que les (y;) pour 2 G=G; parcourent I'orbite de y; sous G. En outre
deg r; = (G : Gy), de sorte que A[X1]/hr1(X1)i est libre de rang (G : G1). L’ideal a; est
forme par tous les R 2 A[X;] qui annulent y;. Un tel polyndme R veri e R( (y1)) = 0 pour
tout 2 G=G; parce que ses coef cients sont dans A et que  xe tous les elements de A.
Donc R est multiple des (T (y1)). Or les ideaux hT  yji sont deux a deux comaximaux
(parce que les y; y;j sont inversibles), et I'intersection d’ideaux deux a deux comaximaux
est egale a leur produit, donc R est multiple de ri. Ainsi a3 = hri(X1)i et Afyi] est libre
de rang (G : Gy).

On a donc la situation suivante:

A1 est un A-module projectif de rang constant jGj=jG4j;
Aly1] est libre de rang jGj=jG1j;
Alyll  Ag

Supposons maintenant I'anneau A zero-dimensionnel. Alors A est libre sur A, et AJy1] =
A par le theoreme de la base incomplete. Donc Aly;] = A1 = Fix(G;) et (Aly1]; C; G1) est

Yi Yj inversibles. Tout le raisonnement precedent fonctionne a I'identique en remplacant
A par A1, G par Gy, y1 par y, et G; par G,. On termine donc par recurrence.

Passons au cas general. Nous avons de nouveau Alyi1] = APXi]J/hri(X)i et Alyi]
A; = Fix(G1). Notons S I’ensemble des elements reguliers de A et F = FracA =S A:
Remarquons que puisqu’un element regulier de A est regulier dansConaC S C =
C A F. Le cas zero-dimensionnel implique que S *A; = S Aly;], et notre objectif
est de montrer I'egalite A; = Aly1]. Soit doncF; 2 Apets 2 S tel que sz 2 Alys]:
Sz =Cp+Ciy1 + +Cy, 1yf1 ! Posons sy = 2G=G, (y1)¥. Ce sont les sommes de
Newton pour le polyndme r; = Ry, donc des elements de A. On a

+1 + k+dq l:

K — ~ ok K
Szy; = Coy1 +C1y, +Cd; 1Y1
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donc pourun 2 G=Gy, si (Y1) =y

ky — k k+1 k+dy 1.
S (zyp) =cCoy< +cCiys ~+  +cCgp 1ye ¢

P
Comme zy§ 2 Ajona  ,5.q, (zy§) xepar Gdoncdans Aets oo (zy)< =
CoSk +  +Cd; 1Sk+d; 1 2 SA. Sous forme matricielle:
2

32 3
So S1  S2 Sd, 1 Co
. ) . S
Sdi 1 S2d; 2 Cd; 1

or le determinant de la matrice carree au premier membre est egal au discriminant de r;
donc est inversible. Ainsi les ¢j sont tous multiples de s.

Nous terminons en veri ant que A[y1] veri e bien I’hypothese du theoreme, ce qui
permet de faire fonctionner la recurrence. En e et, puisque Afy;] est libre sur A les ele-
ments reguliers de A sont reguliers dans Aly:] et I'anneau total des fractions de A[y:]
contient F[y1] * F[X1]/hr1(X1)i, lequel est zero-dimensionnel, donc egal a son anneau
total des fractions. O

Le theoreme 6.1 s’applique pour I’algebre de decomposition universelle dans la situation
suivante:

On suppose le polyndme T separable. On considere un idempotent galoisien e =1 s et
I’ideal galoisien correspondant b = hsi. On pose

avec:
yi est la classe de xj modulo b ou de X; modulo a;

On note G = Gy = St(e) = St(b)  Snh, on le considere comme un groupe de A-automor-
phismes de C.

On sait alors que (A; C; G) est une algebre galoisienne. En e et A = Fix(G) et un ele-
ment de G distinct de I'identite ne xe pas tous les y; et donc I'un des y; (vi) engendre
I'ideal hli de C car lesy; yj sont inversibles pour i € j.

7 Corps des racines

Dans cette section, nous remplacons I'anneau A par un corps discret K et nous expliquons
comment I'algebre de decomposition universelle permet d’obtenir le corps des racines d’un
polynéme, ou au moins un substitut constructif de ce dernier.

Une K-algebre est dite nie si c’est un K-espace vectoriel de type ni (en mathema-
tiques constructives cela n’implique pas qu’on connaisse une base de I'espace vectoriel),
strictement nie si c’est un K-espace vectoriel de dimension nie.

Rappelons que les quotients de I’algebre de decomposition universelle B = Aduk.¢ sont
des K-algebres nies et toute K-algebre nie est un annneau zero-dimensionnel.
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7.1 T arbitraire

En mathematiques classiques un corps des racines pour un polyntme unitaire f sur un corps
discrebK est obtenu en quotientant I'algebre de decomposition universelle Aduk.¢ par un
ideal hl el ou e est un idempotent indecomposable (qui existe d’apres le theoreme 3.4,
ou bien simplement en considerant un ideal non nul dont la dimension comme K-espace
vectoriel est minimale).

En mathematiques constructives on ne dispose pas toujours d’un tel idempotent. Le
theoreme suivant explique comment contourner la di culte que pose la non existence du
corps des racines en mathematiques constructives.

Theoreme 7.1. Soit (zj)i2) une famille nie d’elements de B = Aduk.¢. Il existe un idem-
potent galoisien e; de B tel que chague (zj) est nul ou inversible dans I'algebre quotient

B;=B hl e1i ( est la projection canonique B ¥ Bj).

Demonstration. Puisque B est zero-dimensionnel on peut pour chaque i 2 | calculer un
idempotent gi 2 B tel que z; est inversible modulo 1  g; et nilpotent modulo g;. Applique
a la famille des g; le theoreme 3.4 donne un idempotent galoisien eq, tel que pour chaque i,
1 epdivisegioul gj. Donc dans I'algebre quotient By = B/hl e;i chaque (zj) est
nilpotent ou inversible. O

Le theoreme d’unicite du corps des racines admet la version constructive suivante, qui
decoule du theoreme 3.4:

Theoreme 7.2. Soient deux K-algebres strictement nies A; et Aﬁ non nulles pourlg)esquelles
T se decompose en produit de facteurs lineaires dans C;1 = A; 0 et Cy, =A, 0. On
suppose en outre que C; et C, sont engendrees par les zeros correspondants de f. Alors il

existe une K-algebre C =B hl ei (e idempotent galoisien) avec les mémes proprietes,
et deux entiers rj tels que C; > C" et C, * C'2,

7.2 T separable

Ici nous donnons une preuve constructive d’un resultat classique.
Notez que le rsultat fondamental suivant est obtenu sans utiliser le corps des racines
(une approximation convenable de ce corps su t).

Theoreme 7.3. Soit K un corps discret et ¥ 2 K[X] un polynéme separable. Alors I’alge-
bre de decomposition universelle B = Aduk.f est separable (i.e., tout element annule un
polynéme separable de K[T]).

Demonstration. Si K est de caracteristique nulle, un polynéme est separable si et seulement
si il est sans facteur carre. Le fait que B est reduite implique alors que le polyntme minimal
de tout element de B est separable.

Dans le cas general, la preuve est un peu plus compliquee. Soit z 2 B. Applique a la famille
des (2) (z) ( & dansSp) le theoreme 7.1 donne un idempotent galoisien e; tel que
dans I'algebre quotient B; = B/hl e;i chaque 1( (2) (2)) est nul ou inversible (
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est la projection canonique B ¥ Bj). On rappelle que d’apres les theoremes 2.3 et 4.3, le
stabilisateur G de e; opere sur B et les points xes pour cette action sont exactement les

tels que 1(21)(5 7 1(z¢)g soit I'orbite de  1(z) pour I'action de G. On considere le poly-
néme P(T) = }=1(T 1(zi)). Ses coef cients sont xes par G donc P; 2 K[T]. Et c’est
un polynéme separable par construction (comme polyndme dans B1[T] son discriminant
est inversible). Ainsi 1(z) annule le polyndme separable P1(T) 2 K[T], c’est-a-dire encore

P1(z) 2 h1 e;i. Si feq;:::;exg est I'orbite de e; sous S, on aura pour i = 1;:::;k un
polyndme separable P; 2 K[T] avec P;j(z) 2 hl e-ri, Finalement le ppcm P des P; est
lui-méme un polynodme separable de K[T] et P(z) 2 ;hl eji = hOi. O

Algorithme 7.4. Calcul d’un ideal galoisien et de son stabilisateur.

Entree : (C; G): quotient de Galois de (B; S), y: element ni nul ni inversible de C; S = St(y).
Sortie : c: ideal galoisien contenant y, et tel que tout conjugue de y sous G est nul ou inversible
dans C=c; H: le sous groupe stabilisateur de c.

Variables locales : a: ideal de C; : dans G; L: liste d’elements de G.

Debut
c <y>L []
pour dans G=S faire
# G=S designe un systeme de representants des classes a gauche modulo S
a c+< (y)>
si a6l alors ¢ alL L [] nsi;
n pour s
H le sous-groupe de G forme par les tels que: 8 2L, 2 5, S.
Fin.

L’algebre B = Aduk:¢ est reduite quand le polyndme T est separable, donc tout ideal de
type ni est engendre par un idempotent. Ce resultat implique qu’a partir d’un element ni
nul ni inversible y de B on peut calculer un ideal galoisien ¢ tel que y 2 ¢ et tout conjugue
de y sous Sy est nul ou inversible dans B=c: c¢ est un ideal strict engendre par y et le plus
grand nombre possible de conjugues de .

En outre, le resultat reste le m&me si nous considerons une algebre galoisienne (K; C; G)
qui est un quotient de Galois de (K; B; Sp).

Notons que I'algorithme 7.4 calcule un ideal galoisien ¢ engendre par un idempotent
galoisien e; qui serait construit par I'algorithme 3.5 a partir d’'un idempotent e tel que
(1 e)C =yC. Ainsi (C=c;H) est une nouvelle approximation du corps de racines de f et
de son groupe de Galois, meilleure que la precedente approximation (C; G).
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An introspective algorithm for the integer determinant

Jean-Guillaume Dumas Anna Urbanska

Abstract

We present an algorithm computing the determinant of an integer matrix A. The
algorithm is introspective in the sense that it uses several distinct algorithms that run
in a concurrent manner. During the course of the algorithm partial results coming from
distinct methods can be combined. Then, depending on the current running time of each
method, the algorithm can emphasize a particular variant. With the use of very fast
modular routines for linear algebra, our implementation is an order of magnitude faster
than other existing implementations. Moreover, we prove that the expected complexity
of our algorithm is only O n3(log(n) + log(kAk))? log(n) bit operations, where KAK is
the largest entry in absolute value of the matrix.

1 Introduction

One has many alternatives to compute the determinant of an integer matrix. Over a eld,
the computation of the determinant is tied to that of matrix multiplication via block recur-
sive matrix factorizations [12]. On the one hand, over the integers, a na ve approach would
induce a coe cient growth that would render the algorithm not even polynomial. On the
other hand, over nite elds, one can nowadays reach the speed of numerical routines [9].
The classical approach is thus to reduce the computation modulo some primes of constant
size and to recover the integer determinant from the modular computations. For this, at
least two variants are possible: Chinese remaindering and p-adic lifting. The rst variant
requires either a good a priori bound on the size of the determinant or an early termination
probabilistic argument [10, x4.2]. It thus achieves an output dependant bit complexity of
O (n* log(jdet(A)j)) where ! is the exponent of matrix multiplication (3 for the classical
algorithm, and 2:375477 for the Coppersmith-Winograd method). Of course, with the co-
e cient growth, the determinant size can be as large as (nlog(n)) (Hadamard’s bound)
thus giving a large worst case complexity.

Now the second variant uses system solving and p-adic lifting [4] to get an approximation
of this determinant with a O n3(log(n) + log(kAk))? bit complexity [16]. Indeed, every

sijSi+1. This means that there exist integer matrices U;V with detU;detV = 1, such
that A = USV. The s; are called the invariant factors of A. Then, solving a system with
a random right hand side will reveal s, as the common denominator of the solution vector
entries with high probability.
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The idea of [1] is thus to combine both approaches, i.e. to approximate the determinant by
p-adic lifting and recover only the remaininE)part (det(A)=s) via Chinese remaindering.
Then G. Villard remarked that at most O(" n) invariant factors can be distinct and that,
in general, only the last O(log(n)) of those are nontrivial [11]. This remark, together
with a preconditioned p-adic solving computing the i-th invariant factor enable them to
produce a O (n?*'2) worst case algorithm, where O hides some logarithmic factors,
and an algorithm with an expected O(n3(log(n) + log(kAk))? log?(n)) complexity. Note
that the actual best worst case complexity algorithm is O (n%%97283 |og(kAKk)), which is
O (n*?log(kAK)) without fast matrix multiplication, by [14]. Unfortunately, these last
two worst case complexity algorithms, though asymptotically better, are not the fastest for
the generic case or for the actual matrix sizes. The best expected complexity algorithm is a
Las Vegas algorithm of Storjohann [18] which uses an expected number of O (n' log kAk)
bit operations. In section 5 we compare the performance of this algorithm to ours, based
on experimental results of [19].

In this paper, we propose a new way to extend the idea of [17, 20] to get the last consecutive
invariant factors with high probability in section 3.2. Then we combine this with the scheme
of [1]. This combination, is made in an adaptive way. This means that the algorithm will
choose the adequate variant at run-time, depending on discovered properties of its input.
More precisely, in section 4, we propose an algorithm which uses timings of its rst part to
choose the best termination. This particular kind of adaptation was somewhat introduced in
[15] as introspective ; we use here the more speci ¢ de nition of [3]. This enables us to prove
in section 4.1 an expected complexity of O n3(log(n) + log(kAk))? log(n) bit operations,
gaining a log(n) factor and improving the constants from [11]. Moreover, we are able to
detect the worst cases during the course of the algorithm thus enabling us to switch to the
asymptotically fastest method. In general this last switch is not required and we show in
section 5 that when used with the very fast modular routines of [7, 9] and the LinBox library
[8], our algorithm can be an order of magnitude faster than other existing implementations.

2 Base Algorithms and Procedures

In this section we present the procedures in more detail and describe their probabilistic
behavior. We start by a brief description of the properties of the Chinese Remaindering loop
(CRA) with early termination (ET) (see [5]), then proceed with the LargestinvariantFactor
algorithm to compute s (see [1, 11, 17]). We end the section with a summary of ideas of
Abbott et al. [1], Eberly et al. and Saunders et al. [17].

2.1 Output dependant Chinese Remaindering Loop (CRA)

CRA is a procedure based on the Chinese remainder theorem. Determinants are computed
modulo several primes pj. Then the determinant is reconstructed modulo pg  pn 1 INn
the symmetric range via the Chinese reconstruction. The integer value of the determinant
is thus computed as soon as the product of the p; exceeds 2jdet(A)j. We know that the
product is big enough if it exceeds some upper bound on this value or, probabilistically,
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if the reconstructed value remains identical for several successive additions of modular
determinants. The principle of early termination (ET) is thus to stop the reconstruction
before reaching the upper bound, as soon as the determinant remains the same for several

steps [5].
Algorithm 2.1 is an outline of a procedure to compute the determinant using CRA loops
with early termination, correctly with probability 1 . We start with a lemma.

Lemma 2.1. Suppose that primes p; greater than | > 4 are randomly sampled form a set
P, and let r, be the value of the determinant modulo pp  pn computed in the symmetric
range. Then

C
log(j A)j if A
(i) rn = det(A), ifn>N = dlog,(jdet(A)j)e if det(A) &0 :
0 whenever det(A) =0
(ii) if rn, & det(A) then there are at most R =d|og,(“"§é’“%)e primes pn+1 such that
rn =det(A) mod po  PnPn+1;

(iii) ifro=rpn+1 = = rp+k then Prob(r, & det(A)) < if only k > dlog(1= )=Iog(|ogFl’%)e,
where P =jPj dlog(H)=log(l)e and H is arbupper bound for the determinant (e.qg.
H can be the Hadamard’s bound: jdet(A)j 6 (" nkAk)").

Proof. For (i), notice that bPPrc 6 r, < d®Pre. Then r, = det(A) as soon as
b%c > jdet(A)j. With | being the lower bound for p; this reduces to n > dlog, j det(A)je
in the case when det(A) & 0.

For (ii), we observe that det(A) =r, + Kpg:::pn and it su ces to estimate the number of
primes greater or equal | that divide K.

For (iii) we notice that k primes dividing K can be chosen with probability E - IP) kn +1 ,
which can be bounded by (F',—?U)k Since R 6 dlog,(zTH)e we get the result. O

To compute the modular determinant in algorithm 2.1 we use the LU factorization and we
refer to it as LU iteration. Early termination is particularly useful in the case when the
computed determinant is much smaller than the a priori bound. The running time of this
procedure is output dependant.

2.2 Largest Invariant Factor

A method to compute s, for integer matrices was rst stated by V. Pan [16] and later in
the form of the LargestinvariantFactor procedure (LIF) in [1, 11, 5, 17]. The idea is to
obtain a divisor of s, by computing a rational solution of the linear systems Ax =h. If b
is chosen at random from a su ciently large set, then the computed divisor can be as close
as possible to s, with high probability. Indeed, with A = USV, we can equivalently solve
SVx = U b fory = Vx, and then solve for x. As U and V are unimodular, the least
common multiple of the denominators of x and y, d(x) and d(y) satis es d(x) = d(y)jsn-
Thus, solving Ax = b via p-adic lifting [4], enables us to get s, with high probability at the
cost of O(n3(log(n) + log(kAk))?) independently of the size of s,,.
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Algorithm 2.1 Early Terminated CRA

Require: An integer matrix A.

Require: 0 < < 1.

Require: A set P of random primes greater than I.

Ensure: The integer determinant of A, correct with probability at least 1

1. H= (pﬁkAk)”; P’=jPj dlog(H)=log(De; i = 0; // Hadamard’s bound
2: repeat

3:  Getaprimep; fromthesetP; P =P fpjg

4:  Compute det(A) mod pj; //via LU factorization of A modulo p;.
5. Reconstruct rj, the determinant modulo py  pi; // by Chinese remaindering
6: k=maxft:r; { = =rig;R=dlog|m'F;'lf“%e

7. i+

8: until RR DR _k+1) or Qpi >2H +1

(GPj n)(Pj n 1)::(Pj n k+1)

The algorithm takes as input parameters and r which are used to control the probability
of correctness. r is the number of successive solvings and is the size of the set from which
the values of a random vector b are chosen. With each system solving, the output s, of the
algorithm is updated as the Icm of the current solution denominator d(x) and the result
obtained so far.

The following theorem characterizes the probabilistic behavior of the LIF procedure.

Theorem 2.2. Let Abe an n matrix, H its Hadamard’s bound, r and be de ned as
above. Then the output s, of Algorithm LargestinvariantFactor of [1] is characterized by
the following properties.

i) Letr =1, p be a prime, | > 1, then P(p"%f)) 6 ldae;
. . _ _ sn(A) _ )
i) if r=2, =d(n+1)Hethen E log(=5;—=) = O(1);
i) ifr=2, =6+d2log(log(H))e then s, = s with probability at least 1/3;
iv) if r=d2log(log(H))e, =2 then E Iog(%f)) =0(1);

v) if r = log(log(H)) + log(), 2j and > 2 then s,(A) = s, with probability at least
1

Proof. The proofs of (i), (ii) and (iv) are in [1]. The proof of (iii) is in [11]. To prove (v) we
slightly modify the proof of (iv) in the following manner. From (i) we notice that for every
prime p dividing sp, the probability that it divides the missed part of s,(A) satis es:

POIT)6 )"
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As there are at most log(H) such primes, we get

P(sn=sn)>1 log(H)(1=2)" >1 log(H)2 '*90°o) 105 =3 mg(Wﬁ:

O

2.3 Abbott-Bronstein-Mulders, Saunders-Wan and Eberly-Giesbrecht-
Villard ideas

Now, the idea of [1] is to combine both the Chinese remainder and the LIF approach. Indeed,
one can rst compute s, and then reconstruct only the remaining factors of the determinant
by reconstructing det(A)=s,. The complexity of this algorithm is O n2log(j det(A)=sn(A) j)
which is unfortunately O (n*) in the worst case. However, nothing is known about the al-
gorithm expected complexity.

Now Saunders and Wan [17, 20] proposed a way to compute not only s, but also sy 1
(which they call a bonus) in order to reduce the size of the remaining factors d=(snSn 1).
The complexity doesn’t change.

Then, Eberly, Giesbrecht and Villard have shown that the expected number of non trivial
invariant factors is small, namely less than d3log (n)e + 29 in general if the entries of
the matrix are chosen in a set of consecutive integers [11]. As they also give a way to
compute any s;(A) which leads to an algorithm with expected complexity O(n3(log(n) +
log(kAk))? log(n)) log (n)).

Our idea is to extend the method of Saunders and Wan to get the last O(log n) invariant
factors of A slightly faster than by [11]. Then, we are able to remove one of the log(n)
factors of the expected complexity. Moreover, we will show in the following sections that
this enables us to build an adaptive algorithm solving a minimal number of systems.

We should also mention, that it should be possible to change a log(n) factor in the expected
complexity of [11] to a log log(n) employing the bound for the expected number of invariant
factors twice. Indeed their extra log(n) factor comes from the algorithm where n non trivial
invariant factors are to be computed. But in the expected case, as they have only log(n) of
those, this extra factor could be consequently reduced.

3 Computing the product of O(log(n)) last invariant factors

3.1 On the number of invariant factors

The result in [11] says that an n matrix with entries chosen randomly and uniformly from
a set of size  has the expected number of invariant factors bounded by d3log(n)e + 29. In
search for a sharpening of this result we prove the following theorems.

Theorem 3.1. Let p be a prime. The expected number of non-trivial invariant factors
divisible by p is at most 6.
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Theorem 3.2. The expected number of nontrivial invariant factors is at most log (n) +
log (log (n) +1)+09.

Both proofs can be found in the appendix A.

3.2 Extended Bonus ldea

In his thesis [20], Z. Wan introduces an idea of computing the penultimate invariant factor
(i.e. sp 1) of A while computing s, using 2 system solvings. The additional cost is com-
paratively small, therefore s, 1 is referred to as a bonus. Here, we extend this idea to the
computation of the (n  k)th factor with (k + 1) solvings.

Let x4 be the rational solution to the equation Axd) = b@) where b®) is a random vector.
Then xU) coordinates have a common denominator s,, and we let nU) denote the vector of
numerators of x4). Then x® = LnW and ged(n®;s,) = 1.

is an integer matrix, the Smith form of which is equal to

sn(A). sn(A) ... sn(A)
sn(A) sn 1(A)" """ s1(A)

diag( ):

Therefore, we may compute s, k(A) when knowing Sg+1 Sn(A)A 1 . The trick is that
the computation of A ! is not required: we can perturb A ! by right multiplying it by B.
Then, sk+1(sn(A)A 1B) is a multiple of sk+1(sn(A)A 1). Instead of s,(A)A 1B we would
prefer to use s,A 1B which is already computed and equal to N, where N = [n(j)]jz ekl
is the matrix of numerators. The relation between A and N is as follows.

Lemma 3.3. Let s,IN, gcd(sn; N) =1 be a solution to the equation AX = B, where B is
n Kk and the entries of B are uniformly and randomly chosen from the set f0;1;::: 1g.

Then
S

ged(si+1(N); sn)

Proof. The Smith forms of s,(A)A 1B and N are connected by the relation %f)si(N) =
si(sn(A)A 1B), i = 1;:::;(k +1). Therefore the quotient % equals ﬁr‘(m
and by taking m one obtain an (integer) factor of s, k(A). Moreover, the

under-approximation is solely due to the choice of B.

jsn i(A);1=1;2:::;k:

O

Remark 3.4. Taking gcd(sk+1(N);sn) is necessary as s.«i% may be a rational number.
Particularly, it happens when s;(N) = gcd(N;jj) > 1, and in this case, since gcd(sn; N) =1,
the impact of s;(N) on s, k is neglected. Moreover, this allows us to consider pjsy in all

probability consideration throughout the paper.
In fact we are interested in computing the product ¢ =siSh 1 Sn k(A) of the invariant
factors of A. Then, following the idea of Abbott [1], we would like to reduce the computation

of the determinant to the computation of defiA), where ~ is a factor of |, we have obtained.
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We can compute ~, as sk*1=gcd(sis;  sk+1(N);sK*1). The product of the (k +1) rst
invariant factors of a matrix is equal to the gcd of all its (k +1) (k + 1) minors. In our
approach, it su ces to compute bn=(k + 1)c of those. In the following lemmas we show that
by repeating the choice of matrix B twice, we will omit only a nite number of bits in .
We start with a technical lemma, the proof of which is in Appendix B.

Lemma 3.5. For n n matrix A with entries chosen randomly and uniformly from the set
f0;1:::S 1g, the probability that p' < S divides the determinant det(A) is at most % for

p&2;35and § for p=12;3;5and S > 81.

In the next lemma we discuss the impact of choosing only a few minors in s :::Sk+1(N)
calculation. Here, ordy(x) denotes the higher power of p dividing Xx.

Lemma 3.6. Let N and B be as de ned in lemma 3.3. Suppose that B is a random
matrix with entries chosen uniformly form the set f0;1;:::S 1¢;S > max(H;81) and
k = O(log(n)). Let N = [Nyj:::N jNY" where Nj are (k +1) (k + 1) matrices, =
bn=(k + 1)c. Then

XX P rob d ngiZl::: (det(Ni)) =111 2 O(1): 1
rob ordy( o ey ) = 1o9®) 2 O ®

I=1 pljsn
Proof. The bound S on kBk is chosen in the way that following remark 3.4 we can only
consider p 6 S. Therefore from Lemma 3.5 we get that for | > 1

P rob(p'j det(N;)) 6 a;

where =3forp>5and =4forp=2;3;5.
Now the sum (1), which represents the size of the over-approximation due to partial gcd
computation can be bounded by

KX o ord ($izis RN K o ged (det(Ny)) |
- rob ordp( ged(minors(N)) ) =1 llog(p) o ro pjigf;;; (det(N;)) log(p)
1=1 pljsn 1=1 pljsn

X 4 X g4 X 4 XX 3
6log2(2+ (5) )+log3(l+ (5) )+log5(l+ () )+ log(p)()

1=3 2 1=2 3 1=2 5 p=>5 |=1 P

63+4+6+1=14

With  being about m, the expected size of overestimation due to partial gcd calcu-
lation is O(1). O
To consider the impact of the choice of B on our method we start with a remark, which is
a small modi cation of [20, Lem. 5.17].

Remark 3.7. For every matrix M there exist a full rank kK n, k 6 n, matrix V, such that
ordp(ssllsskim) is less or equal ordy(det(V B)).
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Lemma 3.8. Let Abe an n n integer matrix, S > max(H;81) and Bj, i =1;2ben Kk
matrices with the entries uniformly and randomly chosen from the set f0;1;:::Sg. Then
for M = s, (A)A 1

k(A)
sk

log ged(s2  sk+1(MBy);s2  sk+1(MB3)) 2 O(1):

Proof. From Remark 3.7 and Lemma 3.5, we have P rob(B; : ordp(%) 61)6

with =3forp>5and =4forp=2;3;5. Now the expected size of the under-estimation
is less than or equal to

X 4 2 X 4 2 X 4 2 20 S X 3 2
g2+ () +log@A+ ()7 +logB)A+  (5)) + log(p)(-7)
1=2 7 =2 =2 5<p6H I=1 P
1 9
63+4+6+ A Iog(x)x2 1dx;
which is O(1). O

It is worth noting that the above mentioned schemes could lead to an algorithm to com-
pute several last (or rst) invariant factors with possibly better probabilistic behavior and
expected complexity than that of [11].

4 Introspective Algorithm

Now we should incorporate algorithm 2.1 and the ideas presented in sections 2.2 and 3.2
in the form of an introspective algorithm. Indeed, we give a recipe for an auto-adaptive
program that implements several algorithms of diverse space and time complexities for
solving a particular problem. The best path is chosen at run time, from a self-evaluation of
the dynamic behavior (e.g. timings) while processing a given instance of the problem. This
kind of auto-adaptation is called introspective in [3].

In the following, CRA loop refers here to algorithm 2.1, slightly modi ed to compute
det(A)=K. If we re-run the CRA loop, we use modular determinant results already com-
puted to recover det(A)=K mod p.

Theorem 4.1. Algorithm 4.1 correctly computes the determinant with probability 1

Proof. Termination is possible only by the early terminated CRA loop or by the determinant
algorithm used in the last step. The choice of k from theorem 2.1(iii) and the choice of the
determinant algorithm from [13, 19] ensures that 1 probability is obtained. O
4.1 Complexity

The following theorem gives the complexity of the algorithm.



An introspective algorithm for the integer determinant 193

Algorithm 4.1 Extended Bonus Determinant Algorithm

Require: Aninteger n  n matrix A.

Require: 0 < <1, an error tolerance.

Require: A stream S of random integers uniformly chosen from the set f0;1:::; max(d(n+
1)He; 81)g, H - Hadamard’s bound for A.

Require: A set P of random primes greater than I.

Ensure: The integer determinant of A, correct with probability at least 1

1: k =log(1= )=d|og(log'l°%)e; see Lem. 2.1(iii)

2. fori=1tokdo

3:  run the CRA loop for det(A) ; //see Alg. 2.1

4. if early terminated then Return determinant end if

5. end for

6: imax = log (n) +log (log (n) +1) +9); //see Theorem 3.2

7. forj =1;2do

g 1i=0~1=1LK=1,

9:  while i <imax do

10: Generate bj a random vector of dimension n from the stream S;

11 Compute s by solving Ax; = bj; //see Section 2.2

12: if i=0theni=1,~g =sp;

13: else

14: N = s,X, where X = [X{]i=0::-:i; //see Section 3.2;

15: ~i=0;

16: for 1 =1;:::bn=ic do

17: ~i = gcd(~j; det(N))), where N is the Ith minor of N;

18: end for

19: i=i+1;

20: end if

2L: K=lem(~i 1;K); ~i 1 =K;

22: Resume CRA looping on d = det(A)=K; for at most the time of one system solving;

23: if early terminated then Return d K; end if

24: if ~j 1=~i 2 then

25: Resume CRA looping on d = det(A)=K; for at most the time of (imax 1) System
solvings;

26: if early terminated then Return d K;

27: else i = imax; end if

28: end if

29:  end while

30: end for

31: run an asymptotically better integer determinant algorithm;
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Theorem 4.2. The expected complexity of Algorithm 4.1 is
O n'log(1= ) + n3(log n + log(kAk))? log(n)

where O hides some log(log(n)) factors. The pessimistic complexity depends on the algo-
rithm used in the last step.

Proof. To analyze the complexity of the algorithm we would consider the complexity of
each step. With k de ned as in the algorithm, the complexity of initial CRA iteration is
O (n'log(1=)). The system solving in the LIF algorithm is performed 2imax times with
log(kBk) = O(nlog(n)), which results with a complexity of O(imaxn®(log(n) + log(kAk)?).
Considering the time limit, this is also the time of all CRA loop iterations. To compute
~i by means of the CRA determinant algorithm, we need O bn=ici*(log(i) + n(log(n) +

is O (n?) and thus negligible.
With the expected number of invariant factors bounded by inax (see Thm.3.2), it is expected
that the algorithm will return the result before the end of the while loop, provided that
the under-estimation of ~; .. is not too big. But by updating s, O(log(n)) times and
updating the product ~;__. twice, it is expected that the overall under-estimation will be
O(1) (see Theorem 2.2(ii) and Lemma 3.8), thus it is possible to recover it by several CRA
loop iterations.

]

5 Experiments and Further Adaptivity

The described algorithm is implemented in the LinBox exact linear algebra library [8]. In a
preliminary version imax is set to 2 or 1 and the switch in the last step is not implemented.
This is however enough to evaluate the performance of the algorithm and to introduce
further adaptive innovations.

Comparing the data from table 5 we notice that the algorithm with imax = 1 (which is in fact
a slightly modi ed version of Abbott’s algorithm [1]) runs better for small n. Those timings
have been evaluated on a set of matrices which have the same Smith form as diagfl; 2;::;ng
and the number of invariant factors of about g For every matrix, with each step, the
size of s,  decreases whilst the cost of its computation increases. This accounts for better
performance of Abbott’s algorithm, which computes only s, in the case of small n. For
bigger n calculating s, 1 starts to pay out. The same situation repeats at each step.

The switch between winners can be explained by the fact that in some situations, obtaining
sn i by LU-factorization (which costs 'O?ézf(‘l D) the time of LU) outperforms system solving.
Then, this also holds for all consecutive factors and the algorithm basing on CRA wins. The
condition can be checked a posteriori by approximating the time of LUs needed to compute
the actual factor. We can therefore construct a condition that would allow us to turn to
the CRA loop in the appropriate moment. This can be done by changing the condition in
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n imax =1 | imax =2 || n imax =1 | imax =2

100 0.17 0.22 300 5.65 5.53

120 0.29 0.33 350 9.76 9.64

140 0.48 0.55 400 14.99 14.50

160 0.73 0.78 600 57.21 54.96

180 1.07 1.16 800 154.74 147.53

200 1.49 1.51 1000 | 328.93 309.61

250 2.92 3.00 2000 | 3711.26 | 3442.29

Table 1: Comparison of the performance of Algorithm 4.1 with i set to 1 and 2 on
engineered matrices.

line24 (~ 1=~j 2) to

~i 1 time(solving) )

l0g(——) 6 —ecuy 9O
if the primes used in the CRA loop are greater than |I. This would result with a perfor-
mance close to the best and yet exible. If, to some extend, s, j could be approximated a
priori, this condition could be checked before its calculation. This would require a partial
factorization of s, j+1 and probability considerations as in the appendix A and [11].
For a generic case of random dense matrices our observation is that the bound for the
number of invariant factors is quite crude. Therefore the algorithm 4.1 is constructed in
the way that minimizes the number of system solving to at most twice the actual number
of invariant factors for a given matrix. Under the assumption that the approximations sp
and ~;j are su cient, this leads to a quick solution.
Indeed for random matrices, the algorithm nearly always stopped with early termination
after one system solving. This together with fast underlying arithmetics of FFLAS [7]
accounted for the superiority of our algorithm as seen in gure 5 where comparison of
timings for di erent algorithms is presented.

6 Conclusions

In this paper we presented an algorithm computing the determinant of an integer matrix
which expected time complexity is O n3(log(n) + log(jjAjj))? log(n) . Our algorithm uses
an introspective approach so that its actual running time is only O n3(log(n) + log(jjAjj))*k
if the number k of invariant factors is smaller than a priori expected. Moreover, the adap-
tive approach allows us to switch to the algorithm with best worst case complexity if it
happens that the number of nontrivial invariant factors is unexpectedly large. This adap-
tivity, together with very fast modular routines, allows us to produce an algorithm, to our
knowledge, faster by at least an order of magnitude than other implementations.

Ways to further improve the running time are to reduce the number of iterations in the
solvings or to group them in order to get some block iterations as is done e.g. in [2]. A
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32768

1024

Time (s)

32

[Storjohann-Giorgi-Olesh] (Certified) — s—
Magma (Monte Carlo)
Hybrid algorithm s

512 1024 2048 4096 8192
n

Figure 1. Comparison of our algorithm with other existing implementation. Tested on ran-
dom dense matrices of the order 400 to 10000, with entries f-8,-7,...,7,8g Using fast modular
routines puts our algorithm several times ahead of the others. Scaling is logarithmic.

modi cation to be tested, is to try to reconstruct s, with only some entries of the solution
vector x = n=d. Parallelization can also be considered to further modify the algorithm.
Of course, all the LU iterations in one CRA step can be done in parallel. An equivalently
e cient way is to perform several p-adic liftings in parallel, but with less iterations [6].
There the issue is to perform an optimally distributed early termination.
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A Proofs of theorems 3.1 and 3.2

In order to prove theorems stated in section 3.1, we will start with the following lemma.

X . .
Lemma A.1. For > 11 the sum over primes p: (Ed—e)J can be bounded by (%)J.

8<p<

Proof. We will consider primes from the interval 5=t 6 p < 5, k = 0;1;:::maxfdlog( )e
3;2g separately. For the kth interval dﬁe equals 2K*1. In each interval there are at most
dze odd numbers and at most ; primes. The reasoning goes as follows: if in the interval

there are more than 3 odd numbers, at least one of them is divided by 3 and so does not
count. For this to happen it is enough that > 12. We may therefore calculate:

dlogg.ge 3 K1
1 ; 2 ; 1 ; 1
(=d_e) 6 sz () 6 557 (@100 2 e )
8<p< k=0
O
Remark A.2. For =2' we may consider primes p > 4.

X X 1 .
Remark A.3. If we exclude ¥2,3,5,7,8,16g, we get the same bound for (—d—ke)J.

k2N g<pk<
Proof.[Theorem 3.1] The idea of the proof is similar to that of [11]. Let A be a random
matrix with entries chosen uniformly and randomly from the set f0;1;2::: 1g. Let

M Depi(p) denote an event that the submatrix A;, including the rst i columns of A mod
p has rank at most i 2 over Z,.

We are now going to nd P(MDepi(p) j -MDep; 1(p)). Since the event MDep; 1(p) did
not occur, Aj 1 has p-rank (i  2) or (i 1). For MDep; it must be (i 2), thus, there
exists a set of (i 2) rows R; > which has the full rank. Consider any row v; that is left. If
vj is a combination of R; » the last (ith) entry of v; is determined mod p. For > p this
means that the probability that v;j is a combination of R; » isat most 1. Forp< this
probability is ldﬁe which is always less than or equal to % As there are n i+ 2 vectors
outside R; », the probability that none of them is linearly independent with R; » over Z,
is at most (57)" "2 forp< and ()" 2 for p >

Singe P(MDepi(p) j =M Dep; 1(p)) > P (M Depi(p)"~=MDep; 1(p)), we have P(M Dep;(p)) 6
P( J!=1(M Depj(p) ~ zMDep; 1(p))) which can be bounded by (%)n '+22—+} for p <
and ()" *2— for p >

Let the number of invariant factors divided by p be greater than j. The rank of A mod p is
then at most n  j over Z,. This in consequence means that for j > 1 the submatrix An j+2
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has the rank at most n  j, so the event M Dep,, j+2(p) is ful lled. Therefore matrix A has
at least j invariant factors divided by p with probability at most

2 ip+1
G P<
Gy ps @

1!
Now the expected number of invariant factor divided by p is not greater than

X5 2.4
3+3 (5)1:3+9(§) 66; p=2

j=s
X 2 p+1 2(p+1)
Sy = .
P ey 1T 12 0% 2P
1+W<2; p> =2 (3)

O Proof.[Theorem 3.2] In addition
to M Depi(p) introduced earlier, let Dep; denote an event that the rst i columns of A are
linearly independent and M Depj, an event that either of M Depj(p) occurred. Recall that
P(Dep1_MDepi(p)) 6 " and P(Dep;j :(Dep; 1 _MDep; 1(p))) 6 " L
To bound P(MDep; j z(Depi 1_ MDep; 1(p))) we sum the results for all primes. For
p< ,i6n 1thesum can be bounded by

2 n i+2 > 1 n i+2 2 n i+2 1 n i+2.
GNP (G MPe ()" MR ()"
>p=>8
thanks to the lemma A.1.
For primes p >  we should estimate the number of primes dividing the (i  1)th minor.
By the Hadamard’s bound (notice that Dep; 1 does not hold), the minors are bounded in

absolute value by ((i 1) Z)iTl. Therefore the number of primes p >  dividing the minor
is at most %(Iog (i 1)+ 2)): Summarizing,

P ((MDep; ~ Dep;) j: (Dep; 1_ MDep; 1(p))) _
6(E)n i+1+(§)n i+2+(%)n i+2+%(log (l 1)+2)(1)n i+2

for26i6n 1.
By the same argument as in the previous proof

P(MDepn 3126 "+ (1) 1 +3C) +2) + T I oy (0 i+ 1) +2) (T
@
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Similarly, the probability that the number of invariant factors at least j is greater than
P(MDepn j+2).
To calculate the expected number of invariant factors we rst consider the case

n j+1

1 0 hog (0 jn+a (Y

<1:
1

It su ces that n(log (n) +1) 6 J; and therefore log (n) + log (log (n) + 1) 6 j. Conse-
quently, the expected number of invariant factors is

dlog (n)+|o%og (n)+1)e X . 1. . 2
1+ + (=) — 3(§)J +
i=1 j=dlog (n)+log (log (n)+1)e+1

+20) + I og (0 j+1+2) (Y =diog (n)+log (log () + e+

+1+%+4+16I0g (n) +1log (log (n) +1)+9:

B Modular determinant

Lemma B.1. For n n matrix A with entries chosen randomly and uniformly from the
set f0;1:::S 1g, the probability that p' < S divides the determinant det(A) is at most %

for p & 2;3;5 and 5 for p=12;3;5 and S > 81.

Proof. To check whether ord,(det(A)) > | we will consider a process of diagonalization for
A mod p' as described in Algorithm LRE of [5]. It consists of diagonalization and reduction
steps. At ith diagonalization step, if an invertible entry is found, it is placed in the (i; i)
pivot position and the ith row and column are zeroed. If no invertible entry is found, we
proceed with a reduction step i.e. we consider the remaining (n i+ 1;n i+ 1) minor
divided by p. The problem now reduces to determining whether ord, ofan (n i+1;n i+1)
matrix is greater thanl n+i 1.

In the probabilistic consideration we need to determine the distribution of entries mod p!
after each reduction step. First, for A with entries chosen uniformly and randomly from
the set f0;1:::Sg, the probability that an entry is determined mod p';i 6 1, is less than
or equal to (0) = édge. After k reductions and m diagonalization steps we consider
i 61 2k (each reduction is performed on a matrix of order at least 2 and reduces the
determinant by at least p?) and a conditional probability of choosing the entries of a matrix

S
dpe

I . m
A" determined mod p' with a probability at most (k) = Nikd%e, where Nk = —
(the division is repeaFSe_d k times). Since k is less than or equal to dI=2e 1 and | 6 logp(S),

we have Ny > ps_k > Sand ;6 5 throughout the diagonalization process.
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We will estimate the probability inductively. The estimations are performed for p > 5.
First, for | = 1, we recall the result of [20, p.62] that

X 3
P(pjdet(A)) 6 16 =:
i=1 P
Then forn =2;1 = 2,
. . . 3
P(p?jdet(A)) 6 (1 P(pjaij8ij)) 2+P(pjaij8ij) 6 2+( 1)¥ 6 7
Again for n = 2;1 <1 < n this becomes

P(p'jdet(A)) 6 (1 P(pjaij8ij) 1 +P(pjaij8ij)P(p ?jdet(Ar)):

Notice, that we sum over all possible diagonalization/reduction steps combinations.
bounds the probability of choosing the last diagonal entry determined mod p' A; is equal
to A=p. By induction for p > 5, P (p' j det(A)) can be bounded by 4 2 +(2 )4 > 6 3

Now we will consider n > 2. Again we can sum over all possible dlagonal|zat|on/reduction
steps combinations and the resulting bound for the probability is

> . )
P('jdet(d) 6 (1 P(jaidijen)):::(L P(jal) "8ijeir1) |
i=n
+ (1 P(piaij8ijen))::: (1 P(pjaj 185 6i+1)) PP T det(AD)
i=l 1
+(1 P(pjaij8ijen):::(l P(pjafj '8ije2)) 1
for I 6 n and similarly for | > n

PE;A)6 (1 P(jajdijen):::(1 P(@jaj "8ijeir1)) 1 P(p' 'jdet(A}))

i=n
+(L P(pjaj "8ijen)::: (1 P(pjaj "8ije2)) i
Again, we can use the induction to get

X2, 3 L2 X3 04 25 2 3 24p* 2 3
P(p'j det(A)) 6 G o =] (|2(4)) 6 2 o, T O
=2 ph IO prep pre(pt %) p p
for p > 5. For p = 2;3;5 by similar calculatlons we can preye that, provided that Ny > 9,

P(p:A) 6 4 . The condition on N is satis ed assoonas S >9i.e S > 8l.
O

Laboratoire de Modelisation et Calcul
Universite Joseph Fourier, Grenoble |
BP 53X, 38041 Grenoble, FRANCE
fJean-Guillaume.Dumas;Anna.Urbanskag@imag.fr
www-Imc. imag. fr/Imc-mosaic/fJean-Guil laume .Dumas;Anna.Urbanskag



202 Dumas et al. Transgressive Computing




Newton’s method for the common eigenvector problem 203

Newton’s method for the common eigenvector problem

Abdellatif EI Ghazi Said El Hajji Luc Giraud Serge Gratton

Abstract

In [1] we have proved the sensitivity of computing the common eigenvector of two
matrices, and we’ve designed a new approach to solve this problem based on the notion
of the backward error.

In this paper we will use Newton’s method to compute a common eigenvector for
two matrices, taking the backward error as a stopping criteria, note that a recent
optimization-based approach has been proposed for eigenvalue and generalized eigen-
value computations [3].

We mention that no assumptions are made on the matrices A and B.

Introduction

Let A and B be complex n  n matrices, a nonzero complex vector X is a common eigenvector
of A and B if there exist complex numbers and such that:

Ax = X
Bx= X )
It's known that whenever the matrices A and B commute, they has at least one common
eigenvector. Also if the matrices A and B can be simultaneously brought to an upper
triangular form i.e : if there exists a nonsingular matrix P and triangular matrices R and
S such that:

P AP =R

P IBP =S

Then the rst column of P is a common eigenvector of A and B.
In 1984 D. Shemesh [2] gave a computable criterion for two square matrices to possess
a common eigenvector:

Theorem 0.1 (Dan Shemesh). Two square matrices A and B have a common eigenvector

if and only if
™I

L= Ker[AK; B'] & fog
k;1=1

The Shemesh theoretical condition is not easy to bring into use in practice for two
reasons:
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First, it relies on an algorithm to compute the powers of matrices A and B, (the sen-
sitivity of computing the matrix powers is detailed by N.Higham in [4]), then compute the
intersection of the null-space of the matrices [AK; B']. These algorithms are closely related
to the problem of the rank determination, that involves a lot of thresholds, whose deter-
mination is delicate and crucial to ensure the backward stability of the algorithm,( more
about stability can be found in [6, 7]).

Second, the condition enables to decide when a common eigenvector exists, but does
not provide an algorithm for computing it.

So rise the necessity to build a numerical algorithm to compute the common eigenvector
when it exist.

1 Ill-poseness of the problem

In [1] we’ve shown that it is not easy to nd a common eigenvector of a pair of matrices in

the presence of round-o errors since the related perturbations are likely to transform a pair

of matrices having a common eigenvector into a pair which does not enjoy this property.
We’ve proved the topological reason beyond this in the theorem :

Theorem 1.1. [1]:
The set of matrices which does not have any eigenvector in common is dense in the set of
all pairs of matrices i.e.

S = Mn(q:)2

where
S = f(A; B) 2 My (C)?=A and B does not have a common eigenvectorg

Then we've de ned a new concept of approximate common eigenvector based on the
notion of the backward error de ned by :

De nition 1.2. Let x be an approximation of the solution of the problem (P), the backward
error  associated with %, noted (%), is given by:

R A+ Ax=-~x

) = rr~1;|p minf : B+ B)x= x g

where s

k Ak2 k Bk?
+ ;
kAK?2 kBk?
Furthermore, we have proved an explicit expression of the backward error ().

Theorem 1.3. [1] The backward error is given by:

Vi
U
Y kAx (’f;ﬁ‘x) xk2  kBx (’T;E’X) xk?2
Z + 2 )
kAk2kxk? kB k2kxk?

In the next section, we will use Newton’s method to nd an approximation to the
common eigenvector , we’ll use the backward error as a stopping criteria.

() =
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2 Gauss-Newton’s method.
X is a common eigenvector of A and B if

AX= X
Bx= X

Since an eigenvector is not unique, we can suppose that x verify for a given y :

y'x=1
then =yTAxand =y'Bx

Set
F:c" 1@t

3
Ax  (YTAX)x
x 7914 Bx (yTBx)x 2
yTx 1
We have F(x) = 0.
In the neighborhood of the current iterate X., F can be expanded in Taylor series

F(Xc +p) = F(Xc) + I(Xc):p + O(p?)

J is the gradient of F. 2 3
(1 xyDHA (yTAX)I
J)=4 (0 xy"H)B_ (y'Bx)I 5
yT

By neglecting terms of order p? and higher and choosing a step p such that
F(Xc+p)=0

we obtain J(X;):p = F(Xc), the correction p are then added to the solution, we get the
algorithm:

step 0 : choose xp

step 1 : repeat until convergence
step 1.1 : solve J(X)pk = F(Xk).
step 1.2 : update Xg+1 = Xk + Pk

Newton’s method is attractive because under appropriate conditions it converges rapidly
from any su ciently good initial guess. In particular, if the Jacobian is nonsingular at the
solution, local quadratic convergence can be proved [5,Theorem 5.2.1 page 90]. The Kan-
torovich Theorem yields a weaker bound on the convergence rate but makes no assumption
on the nonsingularity of Jacobian at the solution [5,Theorem 5.3.1 page 92].



206 El Ghazi et al. Transgressive Computing

2.1 The damped Gauss-Newton.(DGN)

To accept the Newton step p we require that it decrease kF Kk, this is the same requirement
we would impose if we were trying to minimize

1 1
f=2F":F = ZkFk?
2 2

To get a more useful method we take instead

Xk+1 = Xk + KkPk
Where  is a parameter to be xed so F(xx + kpk) decrease su ciently.
The Newton step p is a descent direction for T since:
rf'p=F":Jp= FT:F<0

The resulting method, is called the damped Gauss-Newton method.

2.1.1 Backtracking:

The common procedure of choosing | is to try the full Newton step i.e choose ¢ =

1 because once we are close enough to the solution we will get quadratic convergence.

However, we check at each iteration that the proposed step reduces f. If not, we backtrack

along the Newton direction until we have an acceptable step. Because the Newton step is

a descent direction for f, we are guaranteed to nd an acceptable step by backtracking.
The criterion f(xx+1) < f(Xk) can fail to converge in one of two ways:

T is decreasing too slowly relative to the step lengths
The steps are too small, relative to the initial rate of decrease of f

To xthe rst problem we require that the average rate of decrease of f to be at lest some
fraction a 2]0; 1] of the initial rate of decrease in that direction:

i)  FO)+arfii(eer  xo) (1)

The second problem can be xed by requiring the rate of decrease of T at xx+; be larger
than some fraction b 2]a; 1[ of the rate of decrease of T at Xxy:

rf(a) :(Xeer Xk)  brf(an) :(er X)) (2)

Then we choose for | the largest number in the sequence 1, 3, I, 4:::: such that (1) and (2)

hold. In practice we haven’t to check condition (2) because backtracking avoid excessively
small steps. We get the algorithm:

step 0 : choose Xxp and set xg = yTXg(O, choose a 2]0; 1]
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step 1:

k = 1 and repeat until convergence
step 1.1 : solve J(X)pc = F(Xc)
step 1.2 : update Xg+1 = Xk + kPk-
step 1.3 : If (1) holds set xx = Xx+1, and go to step 1 else ¢ = % k, and go
to step 1.1

2.1.2 Exact Line searches

We can choose  so that xy+1 exactly minimizes f in the direction py:

or

with

Let

then

Let

then

and

k =minf(Xc + pg)

f(x+ p)= %kF(x+ p)k?

2 . 3
Ax+ p) (Y Ax+ p)(x+ p)

F(x+ p=4Bx+ p) ('BXx+ p)Xx+ p)°S

as
as
az
ai
=N

yT(x+ p) 1
u = (Y App
u, = (y'Bp)p
vi = Ap (YTAX)p (Y Ap)X
v, = Bp (y'Bx)p (¥ Bp)x
v = y'p
wi = Ax (YTAX)x
w, = Bx (y"Bx)x
wy = y'x 1

2 3
u “+vy +w;

Fix+ p)=%4u; 2+v, +w, O
V3 +Wj3

L (kuzk? + kupk?)

Re(uf vi) + Re(uj v2)

$(kvik? + kvok? + 2Re(u] wy) + 2Re(uf wp) + v3)
Re(v wi) + Re(v; wz) + wavs

(kw1 k? + kwok? + w2)

f(x+ p)=as *+az *+a, 2+a; +ap

df
d—(x+ p)=4a, 3+3a3 >+2a +a



208 El Ghazi et al. Transgressive Computing

It’s root are the eigenvalues of the companion matrix:

o 1
00 ;2
c=@10 32A
3
01 3=

Then  is the eigenvalue of C that minimize . We get the algorithm:

step 0 : choose xg and set xg = yTXg(o,

step 1 : repeat until convergence
step 1.1 : solve J(Xk)pk = F(Xk)
step 1.2 : compute a;;ay;as; as, and the matrix C.
step 1.3 : compute the eigenvalues of C, and

step 1.4 : update Xx+1 = Xk + KkPk-

3 Newton’s method.

As the function T is special and easy to have it’s second derivative, we can use (directly)
the Newton’s method, and take

1
f(xc+p) 7 F(Xc) + rf(xC)Tp + EPT rzf(xc)p

Since f = 2FT(X)F (X)
rf =J(x)"F(x)
and

2l
r’f(x) =J)"JI(x) + Fi(X)r?Fi(x)
i=1
where
Fi(x) = el F(x); ei = (0;:::;0;1;0;:::;0)7
and the minimizer of T is given by

2l
Xert =Xk D)TIX)+  FiGOr2Fi)] P30T F (xk)
i=1
with
nd nl
Fig)r?Fi(x) = (e FO))(ef r?F(x)) =
i=1 i=1

X
ef (Ax (YT AX)X):ef rP(Ax (YT AX)X)+ ¢ (Bx (YT Bx)x)e] r’(Bx (y' Bx)x)+
i=1 j=1

y'x Driy’™x 1)
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Or
el r’(Ax  (YTAX) =elr(A (YTA)I xyTA)=elr( (yTA)I xy'A)=
r( (yTAX)el el xyTA)=r( x'ATye] xTeiyTA)= ATyel ey'A
Then

X
ef (Ax (T AX)el rP(Ax  (yTA)X) = el (Ax  (YTA)X)( ATyel eiy'A)=
i=1 i=1

[ATyel (Ax (v Ax)x)e] +elei(Ax  (yTAX)X)yT Al =
i=1
ATy(Ax  (YTAX)X)T  (Ax  (YTAX)X)YTA
And
¢'x Driy’x 1)=0
We get

Fi)r?Fi(x)
i=1

= (ATy(Ax (YTA)X) +(Ax (YT A)X)yTA+BTy(Bx (y'Bx)x)"+(Bx (Y Bx)x)y'B)
and we get the algorithm :

step O : choose Xxg and set Xy = yTX&o’
step 1 : repeat until convergence

step 1.1 : compute J(Xk), k=Y Axx and | =y'BX

step 1.2 : compute ea = AXk kXk,e = BXk KXk, and set

Df(x) =[37J  ATyep +eay' A+BTyeg +egy' B]

step 1.3 : compute p=DF 1JTF, and update Xy+1 = Xk + Pp.

3.1 Test examples

For a given vector u, we build a couple of matrices A and B having u as a common
eigenvector. To avoid to have a common eigenvector with multiplicity 1, we’ll associate the

common eigenvector u with a Jordan block.

o Jordfﬂ block 1

(0

A

2
1 0 0
0 1 0
Ja = 0
0 1
0 0

0 [Random matrix]
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With the same technique with di erent parameter we build Jg
Complete u to build a basis of IR" and set Qa the corresponding matrix.

Setv = (1;2;:::n)T or any vector linearly independent with u, and complete < u;v >
to get a basis for IR" and set Qg the corresponding matrix.

Set A =Qa:Ja:QR.
SetB = Qp:Jg:Qg.

Then A and B have u as a common eigenvector.

3.1.1 Numerical experiments

We note by e; the it" element of the canonical basis of IR" and x = rand(n; 1)’ is a Matlab
notation to design a randomize vector of size n.

The example below summarize what we’ve got for many test with di erent matrices and
di erent sizes. we generate two square 20 20 matrices with a common eigenvector u =
(1;1:::;1)T each component of u is equal to one. with an inial guess x = rand(n; 1)’ we
found:

DGN with backtraking DGN with exact line search Newton
iteration 7 6 6
the approximation u u u
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DUMPED GAUSS-NEWTON WITH EXACT LINE SEARCHES

10°

10°

10°

167

107

102

DUMPED GAUSS NEWTON WITH BACKTRACKING

—— Backward error
+  norm(F)

2 3 4 5 6 7

DGN with backtraking

10°

10°

10°

107

NEWTON'S METHOD

Backward error
+  norm(F)

10°

10° |

0|

05|

162

1 2 3 4

DGN with exact line search
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Latin squares associated to principal autotopisms of long
cycles. Application in Cryptography

Raul M. Falcon Ganfornina

Abstract
Fixed a principal isotopism = ( ; ; ) 2 S3, where Sy, is the symmetric group of
theset N = f0;1;:::;;n 19, we are going to study in this paper the number () of Latin
squares which have as a principal autotopism. As an application in Cryptography,
we use it in the construction of secret sharing schemes based in F-critical sets of Latin
squares.

Keyword: Latin square, Autotopism group, Critical set, Secret sharing scheme.

1 Introduction

A quasigroup [1] is a nonempty set G endowed with a product , such that if any two of
the three symbols a;b;c in the equation a b = ¢ are given as elements of G, the third is
uniquely determined as an element of G. It is equivalent to say that G is endowed with left
= and right n division. Two quasigroups (G; ) and (H; ) are isotopic [4] if there are three
bijections ; ; from H to G, such that:

(a b= (a (b); foralla;b2 H:

Thetriple =( ; ; )iscalled anisotopismfrom(G; )to(H; ). fG=Hand = = |,
the isotopism is indeed an isomorphism. If = | the identity map on G, s called a
principal isotopism. If G =H and , is called an autotopism. Finally, =(; ; )is
called the trivial autotopism.

If we consider the multiplication table of a quasigroup, we obtain a Latin square. A
Latin square, L, of order n, isa n n array with elements chosen from a set of n symbols
N = fXq;:::; Xng, such that each symbol occurs precisely once in each row and each column.
A Latin subrectangle of L is a rectangular subarray R of L such that exactly the same
symbols occur in each row of R. The set of Latin squares of order n is denoted by LS(n).
A partial Latin square, P, of order n, isan n array with elements chosen from a set of
n symbols, such that each symbol occurs at most once in each row and in each column.
The set of partial Latin squares of order n is denoted as PLS(n). It is said that a xed
P 2 PLS(n) can be uniquely completed to a Latin square L 2 LS(n) if L is the unique
Latin square such that P L and it is denoted P 2 UC(L). If besides any proper subset
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of P can be completed to two distinct Latin squares it is said that P is a critical set of
L and it is denoted P 2 CS(L). A critical set of L is said minimal if it has the smallest
size of all possible critical sets of L. Critical sets were introduced in the last 70’s of the
past century [15], [6]. Applications of them in Cryptography were obtained by Seberry [18]
in 1990. Later on, it has been proved that critical sets allow to construct secret sharing
schemes [5]. In [10] it can be observed some of these applications to Cryptography.

The cardinality of LS(n) for all n 2 N, N(n;n), is still an open problem, although it
is known that this cardinality grows exponentially. Studies of N(n;n) with n 11 can be
found in [20], [2] or [14]. We will consider from now on N = f0;1;::;;n 1g. So, if L = (l;;),
the orthogonal array representation of L is the set of n? triples f(i;j;1;;):0 i;j n 1g.
An isotopism of a Latin square L isa triple = (; ; )2 1,=Sn Sn Sp, where
Sn is the symmetric group on N and so, ; and are respectively, permutations of rows,
columns and symbols of L. The resulting square L is also a Latin square and it is said to be
isotopic to L. In particular, if L = (lj;), then L = f(i; j; 1 @@ ‘0 L n lg
The set of all Latin squares isotopic to L is called its isotopy class. An isotopism which
maps L to itself is an autotopism. The stabilizer subgroup of L in I, is its autotopism
group, U(L)=f 21,:L =Lg. Gi@n P 2 PLS(n), contained in L, and F  U(L), it
is de ned the extended autotopy PF = >P  2PLS(n).

Cardinalities of isotopy classes and autotopism groups have been already studied, for
example in [17], [7] or, more recently, in [13] and [14]. In these two last papers, authors
have used autotopism group sizes (computed by B.D. McKay’s nauty [11]) to give counts of
Latin squares of order up to 11. Indeed, as a rst step to obtain it, they have studied the
possible autotopisms of a given Latin square. To do it, they have de ned the cycle structure
of a permutation as the sequence (ny; ny;:::), where n;j is the number of cycles of length i
in . So, they have proved the following:

Theorem 1.1. (McKay, Meynert and Myrvold [13]) Let L 2 LS(n). Every non-

trivial = ( ; ; ) 2U(L) veri es one of the following assertions:
a) ; ; have the same cycle structure with at least one and at most bn=2c xed points,
b) One of ; ; has at least one xed point and the other two have the same cycle

structure without xed points,

c) None of ; ; has xed points.

Also in these papers, they have studied the reciprocal question. That is, given an
isotopism = (; ;) 2 I, how many Latin squares there exist such that is an
autotopism of all of them. However, they are not interested in the number of Latin squares
but in the number of isotopy classes. Besides, they only study [13] some concrete cases of
autotopisms:

a) For some prime p, ; and have order p with the same number m of xed points,
wherel m bn=2c.



Latin squares associated to principal autotopisms of long cycles. ... 215

b) For some prime p dividing n, and have order p and no xed points, and has
order Lorp. Ifp=2andn 2 (mod4), has at least two xed points.

To obtain the previous number, they use computer programs which incorporate two
methods of approach to generation: the orderly approach method [9], [16] and the canonical
construction path method [12]. In particular, this last one allows to construct a Latin square
one row block at a time, where a row block consists of the rows which correspond to a cycle
of .

Nevertheless, a study of the number of Latin squares associated to any autotopism is even
necessary. Indeed, this question will allow to study better the problem of the smallest size of
F-critical sets [8]: Fixed L 2 LS(n), P 2 PLS(n) contained in Land F U(L), itisde ned
F(P) = P=<F>, where < F > is the subgroup of U(L) generated by F. Then, P is uniquely
F-completable to L, which is denoted as P 2 UCE(L), if F(P) 2 UC(L). Furthermore, P is
a F-critical set if P 2 UCg(L) and Q 2 UCE(L) for all Q P. Analogous to critical sets,
it is expected that F-critical sets will have applications in Cryptography, specially as secret
sharing schemes.

In this paper we will start this study with a particular case of autotopisms, the principal
ones, which have been partially studied in [13], although only to get the number of isotopy
class. The paper is structured as follows. In the next section, xed a principal isotopism

=(; ;)2 Iy we will study the number ( ) of Latin squares which have as a
principal autotopism. First, we will prove that and must have the same cycle structure
with all their cycles of the same length and without xed points. Then, we will study the
cases in which this length is 2, with k 2 f1;2;3;4g. We will use the canonical construction
path to generate the associated Latin squares. So, in the general case, we will see that:

=m0y,

where () is the number of di erent ways in which we can choose a determined set of row
blocks. Finally, the paper nishes in the third section with a study in Cryptography about
the possible use of a set F of autotopisms of a Latin square L as shares of a secret sharing
scheme. To get it, we will keep in mind the concept of F-critical set of L.

2 Principal autotopisms of Latin squares

Fixedn2 Nand 2 I,, we will denote by ( ) the number of Latin squares of order n
such that is an autotopism of all of them, and by LS( ) the set of such Latin squares.
Thatis, ( )=]jLS( )jand L 2 LS( )ifandonlyif 2 U(L). In this paper, we are
interested in the value of () if isa principal isotopism, thatis, if = ( ; ; ), where
is the identity map in N = f0;1;::;;n  1g. Itisclear that (; ; ) 2 U(L) for all L 2 LS(n).
So, ((; ;) = N(n;n), the number of Latin squares of orden n. Therefore, we must
study when is a non-trivial principal autotopism of a Latin square.

Let us see a result which allows to x the structure of in the more general case in
which is one of the permutations of
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Proposition 2.1. Let = ( ; ; ) 2 I, be a non-trivial isotopism. If one of the permu-
tations ; or isequalto , then ( ) = 0 only if the other two permutations have the
same cycle structure with all their cycles of the same length and without xed points.

Proof.

We are in the case (b) of Theorem 1.1. So, if the other two permutations have not
the same cycle structure or have xed points, then ( ) = 0. Let us study the di erent
possibilities:

a) If = , let us consider that and have the same cycle structure without xed

points. Let us take b;c 2 N = f0;1;::;;n 1g such that b appears in a cycle of length

of , (bxox3:::x ), and c appears in a cycle of length of , (cyaysity ). We

can suppose that > . If L=(lij) 2 LS(n) is such that 2 U(L), there must

exist a 2 N such that Iy, = ¢. So, Iy = ¢ = I which is a contradiction with
being L 2 LS(n).

+17

b) If = , we reason analogously to (a).

c) If = , let us consider that and have the same cycle structure without xed
points. Let us take a;b 2 N such that a appears in a cycle of length of
(axax3::x ), and b appears in a cycle of length of , (byays:iy ). We can
suppose that < . If L =(ljj) 2LS(n) issuch that 2 U(L), then Iy = lay
which is a contradiction with being L 2 LS(n).

+17

O

Keeping in mind the previous proposition, we will be interested from now on in principal
autotopisms = ( ; ; ), such that and have the same cycle structure with all their
cycles of the same length and without xed points. Given such a , we are interested in
the exact value of (). To see it, we start with cycles of length n and later on, we will
decrease this length.

2.1 Cycles of length n

If and are both cycles of length n, we obtain the following result:

Proposition 2.2. Let =(; ;)2 I, besuchthat and are both cycles of length n.
Then, ( )=n.

Proof.

Let = (apas:::an 1) and = (bob1:::bn 1) be two cycles of length n of N. We can
obtain a Latin square L = (lj;) such that 2 U(L). To do it, for all i 2 N, let us take
loi 2 N, such that lp; & lgx for all j & k. We can supppose that ag = 0. Now, xed i2 N,
we take tj 2 N such that by, = 1. S0, lajb, ,; (moa ny = loi, for all j 2 N. In this way, we can
de ne the Latin square L. Furthermore, by swapping the elements lpj in N, we can obtain
n! distinct Latin squares and it cannot exist other one such that has as an autotopism.

]

Let us see an example:
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Example 2.3. Let us consider n = 3 and N = f0; 1;2g. There are 36 elements of 13 with
the form ( ; ; ). However, from Proposition 2.1, only ve of them are autotopisms of some
Latin square of order 3. They are:

1=0; ) 2=1(012);(012); ); 3 = ((012); (021); )
4 = ((021); (012); ); 5 = ((021); (021); )

Besides, it can be seen that:

LS( 1) =LS(3)
80 1

< a b c =
LS( 2)=LS( 5)= @c a bA2LS@):ab;c2N _
" b c a z
80 1 9
< a b c =
LS( 3)=LS( 4)= @b ¢ aA2LS@):ab;c2N _
" cab z

So, ( 1)=12and ( ;) =6,ifi212;3;4;59. Let usobserve that LS( 2)\LS( 3) =
; and that LS( 2) [LS( 3) =LS(3). C

2.2 Cycles of length

NS

Now, if n > 2 is even and if and are both cycles of length 3, we obtain the following
result:

Proposition 2.4. Let =(; ;) 2 I, where n > 2 is even, be such that and are
both the composition of two cycles of length 3. Then, ( )=n! 5! 2,
Proof.
Let us suppose that:
=(aoa1:::ag 1)(a%ag+1:::an 1); :(bobl:::b% 1)(bgb%+1:::bn 1)

By using the canonical construction path [12], we can obtain a Latin square L = (lj;) such
that 2 U(L). To do it, similarly to Proposition 2.2, we take l5,;; 2 N for all i 2 N,
such that l,; & Ik for all j & k. Now, xed i 2 N, we take t; 2 N such that by, = i.
So, 'ajbtiﬂ- (mod ) = lai, for all j 2 fO;l;:::;g 1g. In this way, we can de ne a Latin
subrectangle R of L of § rows and n columns. Indeed, R is a row block, because its rows
correspond to the cycle (aoal:::ag 1). Besides, by swapping the elements lp; in N, we can
obtain n! di erent Latin subrectangles of L, all of them associated by construction to the
same rows.

Now, we do the same process with an in the place of ag, although when we choose the

elements Ia%i 2 N, we must keep in mind R, as L must be a Latin square. That s, it must be
n

Ia%i 2 ﬂaogi ao(2+1); i lagng for all i 2 10; 1; 55 7 19 and Ia%i 2 Flagr; lag2; i Iao(% 1)9
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for all i 2 £5; 5 + 1;:::;ng. Therefore, in this way we can obtain nally n! 3! 2 di erent
Latin squares WhICh have as an autotopism. O

Let us see an example:

Example 2.5. Let us consider n = 4 and N = 10;1;2;3g. If =(; ;)2Ilzisa
principal isotopy such that and are both products of two cycles of length 2,  must be
one of the followings:

1 = ((01)(23); (01)(23); ); 2 = ((01)(23); (02)(13); );
= ((01)(23); (03)(12); ); 4= ((02)(13);(01)(23); );
= ((02)(13); (02)(13); ); s = ((02)(13);(03)(12); );

7 = ((03)(12); (01)(23); ); s = ((03)(12); (02)(13); );

= ((03)(12); (03)(12); ).

By swapping the values of a;b;c;d;e; f;g in N, we have that:

b dl 2 80 b dl 2
c = a c =
b a d c dawpb
LS g 2LS@¢4 LS = (% 2LS@4
(1 f g § ()B ( 2) S § ()B
f il gl Eiiho
c = a c =
d ¢c b a - _ ge f g h -
LS( 3 Bge g h§2|_S(4)B LSC D= _8; o 4 C§2 Ls(4)_
ah g f gl 3 2nf E h gl =
a c = a c =
LS( s) ge T h§2|_5(4)_ LS( ¢) = ge Ty h§2 LS@)_
T 5@c d a b = 7 2@d ¢ b a =
809 E ¢ 21 9 sa” g f gj__ e
a c = a c =
LS( ;)= ge T h§2 Ls@)_ | LS( o) = ge T h§2|_5(4)_
7730f e h g = #7530y h e f =
anb 2 d c, q " cdawb 7
a b cd =
_ e f g h o
LS( 9)_S§h 01 e§2 LS(4)_
" dc b a 7

So, jLS( )j= ( i) =4' (2!)2 =96. By the other way, let us observe that LS( ;)\
LS( j) = ;. except for:
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(:J) | g0 LS( i)\|18( i) (:J) | g9 LS( i)\|18( i)

o o

s |Zgd 2 ¢ Z| we |3 0 ¢ =
(1:9) b-a d §2LS(4) (1:8) b-a d §2LS(4)
(5:9) ? c d a = (6:8) > d ¢ b =
’ god ¢ b a, a ’ 8ot d a b, a

2 4) a b c d = (2:6) ab cd =
(2:9) gc d a IO§2|_s(4) 2:7) gc d a b§2|_s(4)
(4:9) = h a d c 3 6:7) = d c b a 3
' and ¢ b a, 9 ’ anb a d c, P

_ a b c d = b ¢ d =

@9 |2y ¢y q = ©9 dcb a =
B8 | By & g x2LS@_ | GD |G g 4 px2LS@_
(4:8) ¢ dawb ” 1) b a d c ”

Where a;b; c;d 2 N. Therefore, as all the previous mters%:tlon contains 4! Latin squares
and ( j)=4 4l foralli2f0;1;::;99, itcan beseenthat _,LS( i) =6 4!+9 2 4!l =
24 41 =576 = jLS(4)]. C

2.3 Cycles of length 2

Let us suppose now that and are both cycles of length 3:

Proposition 2.6. Let = (; ;) 2 I,, where n > 3 is a multiple of 3, be such that
and  are both the composition of three cycles of length §. So:
n 6 X pg B
()=n ! :
3 k
k=0

Proof.
Let us suppose that:

:(aoal:::a% 1)(a%a%+l:::a%n 1)(327”a2§+1:::an 1);

:(boblzzzbg 1)(b%b%+1:::b%n 1)(bz_nb2_n+1:::bn 1)

To obtain a Latin square L = (lij) such that 2 U(ch5 it is useful to consider the
sets S" = fl,, nb; g?lai nb; %+1;:::;Iai pDGas) B .gand §; = S'J where i;j 2 0;1;2g.
Let us observe that, analogously to the previous results, if, xed 2 10;1; 2g, we know the
3 elements of S;, we can de ne a Latin subrectangle R; of L of § rows and n columns.

Indeed, each R; is the conveniently ordered (that is, unless principal isotopism) following
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3 narray: o 1

Iai %bo Iai %bl et Iai %bn 1

% I"-:Jli %+1b0 Iai %+1bl T Iai %+1bn 1 g

Ia(i+1)§ b0 a4y g ab1 aG+1) § 1Pn 1
Therefore, if we exactly know the elements of Sp;S; and S, we will obtain L. Indeed,
the product of the di erent ways in which we can x these three sets is the number of
di erent Latin squares which have as a principal autotopism.
We can start with Sp, which can be xed of n! di erent ways. Now, to obtain S1, we X
ina rststep the elements of SX%. This set will contain k elements of S%! and § k elements
. . : Pns n=3 2
of S%2, where k can vary between 0 and 5. That is, we can x S0 of §! Efb 3
ways. Besides, for each of the previous ways, the k elements of S%2 which have not been
chosen for S must be in S and the §  k elements of S%! which have not been chosen
for S10 must be in S2. To complete these sets we must choose k elements of S%° which

will correspond to St1, corresponding the rest of the elements of S%° to S¥2. So, S; can
3

P.- =
np3 Tn= NS8O G ent ways.

be chosen of = k=0 K

Finally, to obtain Sy, let us observe that according to the previous process, we know
which elements correspond to each S2J and we only must assign each of them to the
corresponding Iak b~ SO, We can  x Sy of 3! % di erent ways. Therefore, we nally

3

obtain that:
( )=n! Eus% n=3 ° LS. EIG% n=3 °.
- - 3. k 3. - - 3| k .

Let us see an example:

Example 2.7. Let us consider n = 6 and N = f0;1;2;3;4;59. There are 152 = 225
principal isotopisms ( ; ;) 2 lg, with and being a composition of three cycles of
length 2. We will work, for example, with the following principal isotopisms:

1 = F((01)(23)(45); (02)(35)(14); )a;
2 = 1((02)(14)(35); (01)(23)(45); )a:

So: 80 1 9
a b c d e f
% c e a ft b d %
Ls( »=_f" E ; ! E J' 2 LS(6) ;
% m o p q r s %
T p r ms o g i

a;b;iirs2N
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80 1 o
a b c d e f
§ g h i j k I §
b a d c f e -
LS( ») = m o paqr s 2 LS(6)
§ h g j i I k §
o m g p s r i

a;b;:;r;s2N
- P, 2° .
From Proposition 2.6, ( 1)= ( 2)=6! (2)°® i, = 460800. Besides:

80 1
Ez LS(6)
asb;i k12N

being jLS( 1) \LS( »)j = 6! = 720. C

IMAY ©

LS( 1)\LS( 2)=

WY

=D O T O QD
O O = D® T
D =ho QDO
o O OO0 =h Qo
O QO =hoT @
D T O D QO =h

2.4 Cycles of length

EYb=]

Let us now suppose that and are both the composition of four cycles of length §:
= (aoal:::a% l)(a%a%ﬂ:::az?n 1)(a27na27n+1:::a37n l)(aBTna3Tn+1:::an 1);

Z(bobliiib% 1)(b%b%+1212b27n 1)(b27nb27n+l:::b37n l)(bsTnbaTn+lZZan 1):

To obtain (), we will now indicate a possible algorithm to follow. So, to get a
Latin square L 2 LS(n) which has  as a principal autotopism, we can de ne, xed
i;j 2 10;1;2;3g and analogously to the proof of Proposition 2.6, the sets S = flj,, nby

N gand S; = i S*J. Fixed the elements lg; corresponding to each

Si, we can obtain a subrectangle R;j of L, in a similar way as we have just done it in the
mentioned proof. Therefore, to get L, we must X all the sets S; and to do it, we can follow
the next algorithm: rst, we X Sp, which can be obtained of n! di erent ways. Then, we
are going to x the sets S; with i from 1 to 3, in this order. To obtain each S; we must X
the sets S*J, with j from 0 to 3, also in this order.

Let us observe that, once we have xed the elements of S% for all j 2 f0;1;2;3g,
whenever we want to  x the elements of a set S¥J, with i & 0, we must choose x; elements
of SOt with t 2 f0; 1; 2; 3gnfjg, insuch away that  Xx¢= %. Besides, all these elements
must be adequately chosen to obtain nally a Latin square. So, to simplify the notation,
we are going to de ne for each i 2 f1;2;3g and j 2 f0; 1; 2; 3g:

n o
st = sphishhishlistd 2 010 2 4;
such that:
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i) sjJ =0, for all i 2 £1;2;3g and j 2 0;1;2; 3g,
P, ..
i) oS’ =10, foralli2f1;2;3g and j 2 0;1;2; 3g,
P
i)~ §_os¢) =4, for all i 2 f1;2;3g and t 2 f0;1;2; 3g,

P
iv) ;s =10, forall j 20;1;2;3g and t 2 f0; 1;2; 3g n fig.

0
elements of SynA to X the elements which belong to S'J, if we choose sg* ones of S“°nA,

std ones of S%n A, si¥ ones of S%2n A and st ones of S®3n A. Let us observe that the
previous conditions (i) to (iv) are therefore necessary to get a Latin square starting from
all the so xed S"J.

Therefore, the canonical construction path method in this case follows the next algo-
rithm:

Then, xed a subset A Sp, we will say that we choose sid = _(_Si:j;sil?j;s“j; sih)

Algorithm 2.8.

i) Sp can be xed of n! di erent ways.

i) To determine S1° we must choose (0;s7;55% 7 s7°  s;°) elements of So, where

1;0 1;0 n
S +S5 e

Fixed s1° and s3":

iii) To determine S% we must choose (s5™;0;s57; 7 sy s37) elements of Son SO,
11 n 1,0 n 1,0 1,0 11 11 n

where s; 7 Sy and 3 s s, Sy +Sy 1
iv) To determine S%° we must choose (0;s5°;55% 7 s7° s5°) elements of Son S™¥°,

2,0 n 1,0 .20 n 10 n 10 10 2,0 2,0 n
where s} 7 S1.S, 7 Sy and gz s;t syt siU+s, 7

Fixed s5* and sy

V) The rest of the s7° + s5;° +s5° + 55 1 elements of S%3 which we have not yet
used to x S0 and S must be in S%2. Besides, we must choose sy” elements
of S%°nstland 1§70 550 sgt syt sg® elements of S%n S10, where
n 1 n

1,0 11 1; 1;2 1;1 1,0 1,0 1;1 1;1 n 1;2 n
3 52 S0 S S0 7 SoandsiT syt syt st pHsyt g

Fixed s2° and s3°:

vi) To determine S21 we must choose (s5;0;s5™; 2 s5™  s37) elements of SonfSI [
2:0 2;1 n 1,1 _2;1 n 11 2;0 n 2;0 2;0 1;1 11
Sz_l g, V\Z/_hlere So 7 S0 S 7 S sy and 3 siT syt syt s;
sy~ +sy” 5. Besides:
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a) Asto x SZ!and S1?2, we would have used s5™ + s3 elements of S0, to exist
S%2 we must also impose that s5* +sg° 0.
11

b) Asto x S%°and S¥2, we would have used s7°+1  s7° 0 sgt st sp?

elements of S%, to exist S%2 we must also impose that s5° + 1 s7°  3°
c) Asto x S2° S%1 and S12, we would have used 0 (s7° +s5° + s5 + 55!
S 23%;0 203(1);1 leé;l) elements of S%3, to exist S%2 we must impose that

; 2:1 1,0 1,0 11 1;1 n
0 sy +sy +sy +sy” s; Sy Sy S 1

. 2:1 2;1,
Finally, xed sy~ and s5":
vii) The rest of the s7%+s5° +s5! +s51 70 570 sp' s3* elements of S%3 which we
have not yet used to  x S%°, S%1 and S12 must be in S%2. Besides, we must choose sg;z
0;0 1:2 2:1 n 2;0 2,0 2;1 2;1 1,0 1,0 1;1 1;1 2;2
elements of S™"nfSH“[S~*gand 7 s] ng Zs(l, 321 +§112 +322 2+s0 +3122 sgl
0;1 2;0 1;2 n ; ; ) ) ; n ; ;
elemeg’gs of 2SO anS1 [281 g,I/\éherelzo 5211 sOll 3222 Sy So 2 So° So
) ) ) ) ) ; ; ; ; n
and s+ +syT +SyT  s; Sy Sy Sy + sy 1
After this process, the elements of the sets S13;S5%3;S30;531.532 and S33 are all
determined. So, we can obtain a Latin square L which has as a principal autotopism.
To get it, we must only x in each S"J the elements which correspond with each I,, nbj 0,
4 4

with t 2 f0;1;::;;n  1g. It can be done, once we know which elements are in SH| of %!
di erent ways.

So, if we denote by () the number of di erent ways in which we can choose the
elements that are included in all the subsets S*J with i 2 f1;2;3g and j 2 10;1;2;3g, by
following the previous algorithm, we obtain nally the following:

Proposition 2.9. Let = (; ;) 2 I,, where n > 4 is a multiple of 4, be such that
and are both the composition of four cycles of length 7. So:

(H=n 27 ()

In the next table, we can see some values of (), obtained by computing the previous
algorithm with Maple":

n 8 12 16 20 24 28
() || 535 | 60582 | 10144679 | 1829667628 | 362014297870 | 75689842399097

Let us see an example:
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Example 2.10. Let us consider n = 8 and N = 10; 1;2;3;4;5;6;7g and let us take the
following principal isotopisms:

1 = F((01)(23)(45)(67); (01)(24)(35)(67); )g;

2 = F((02)(13)(46)(57); (02)(14)(36)(57); )g;
3 = F((04)(15)(26)(37); (03)(15)(26)(47); )g:

So:

80 1 9
a b c¢c d e f g h
b a e f ¢ d h g
i J k I m o p q
_ j i mo k I g p -
LSCO=SBY st u v ow x y 2LS(®)
s r v w t uy X
z A B CDEF G
- Az DEBZCGF T abiyz ABEG2N
80 1 9
a b ¢ d e f g h
i j k I m o p q
c e a g b h d f
_ k m i p j g | o o
LS( 2) = rs tuwvwx y 2LS(®)
z A B C D E F G
t v r X s y u w
éOB D z F A GC El éa;b;:::;y;z;A;B;:::;F;GZN
a b ¢c d e f g h
i J k I m o p ¢
r s t uv w X Yy
_ z A B C DE F G o
LSCa) = By f g a h b c e 2LS(®)
Il o p i q J k m
u w X r y s t v
) C E F z G ABD ,a;b;:::;y;z;A;B;:::;F;GZN
From Proposition 29, ( 1) = ( 2) = ( 3) = 8! (4)'? 535 = 88355635200.
Besides:
80 1
a b c de f g h
b a e f ¢c d h g
c e ag b hdf
_ e ¢c b hagtd -
LS( 1)\LS( 2)\LS( 3) = d fgahoboce 2 LS(8)
f d h b g a e ¢
g h dc f e aob
) h 9 fed c b a a;b;c;d;e;f;g;hZN
being jJLS( 1) \LS( 2)\LS( 3)j = 8! =40320. C
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2.5 Cycles of length §
Let us nally study the general case. So, xed n 2 Nand N = f0;1;::;;n 19, let us
suppose that and are both the composition of k cycles of length g:
= (aoal:::aE 1)(aEaE+1:::az?n (A kl)na(k kl)“+1:::a“ 1);

= (bobl:::bE 1)(bEbE+1:::b2?n (b kl)nb(k k1).1+1:::bn 1)
To obtain (), we can follow a similar algorithm to the previously indicated. So, to
get a Latin square L 2 LS(n) which has as a principkal autotopism, we can de ne:
S =flay pty nilay pby pyi ke by p 18 Si= 0 S' forallij 2 F0; Lk g
=0
Then, it is easy to prove the following:

Theorem 2.11. Fixed k 2 N, let = (; ;) 2 1,, where n > Kk is a multiple of k, be
such that and are both the composition of k cycles of length 2. Then:
n, kk 1
=nl! —1 .
()=nt ! ()
where () is 1, if k = 1, and the number of di erent ways in which we can choose the

elements that are included in the corresponding subsets S™, if k > 1.
In the next table we can see the valuesof ( )and ( ),if2 n 9

(n[ kK[ )] O | N(n;n)
2 1 ] 1 2 2
G 12 12
T 1 24
al 5| g % 576
5 1 || 1 120 161280
T 1 720
6 2 | 1 25920 812851200
3 || 10 460800
7T 1 5040 61479419904000
T 1 40320
g 2 | 1 23224320 108776032459082956800
4 || 535 || 88355635200
T 1 362880
9| 3 | o5 | o4s100630680 | 5524751496156892842531225600

2.6 Concluding remarks

Although we have studied in this section the case in which is a principal autotopism,
an analogous study can be done with the other two possibilities given in Proposition 2.1,
thatis, =(; ; )or =(; ; ), although in the rst one, the canonical construction
path must be done with columns blocks in place of row blocks. So, this algorithm and as a
consequence, Theorem 2.11, proves indeed that the necessary condition of Proposition 2.1
is also su cient.
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3 Application in Cryptography: F-critical sets

A secret sharing scheme [3], [19] is a method of sharing a secret key K, by giving n pieces
of information called shares to n participants, in such a way that K can be reconstructed
from certain authorized groups of shares and it cannot be done from unauthorized groups
of them. The access structure is the set of all the previous authorized groups. A key
management scheme consists of a number of secret sharing schemes, all of them with a
common participant, which can have more than one share. In a multilevel scheme the
participants are rank‘gd in m ranks, in such a way that I; of them are in the rank r; for
i 2 f1;:::;; mg, where E“Zl li = n and the secret key can be recovered from the shares of the
li participants of rank r;.

There are di erent mathematical models of secret sharing schemes: geometric con gu-

rations, polynomial interpolation, block designs, matroids, vector spaces, graphs, etc. One
of this model uses critical sets in Latin squares: We x a Latin square L = (l;jj) 2 LS(n)
which will be the secret key, although its order n is made public. Each share is then a triple
(1;5: i) 2 L and the set of all the used triples is denoted by S. So, if some participants
get a critical set of L by sharing its corresponding triples, they will obtain agconsequence
the secret key L. The access structure is then = fP 2 PLS(n) : P s i)
L and 9C 2 CS(L) such that C  Pg. In this model all the participants have shares of
the same \weight”. By the other way, a multilevel scheme can also be analogously given,
by placing all the participants in di erent levels, in such a way that it exists only a critical
set in each level. If one participant is in more than one level, then we have an example of
a key management scheme.

There are models in which shares are not of the same weight, that is, models in which
some shares can o er more information than other ones. It is useful for example in hierar-
chical models in which there exists some need to provide di erent levels of con dentiality
for data. So, in the previous example, we can obtain a hierarchical model if we give to
each participant a di erent number of triples as share. An other possibility would be to
consider di erent types of shares. In this sense, we can study the use of autotopisms of a
Latin square as shares of a secret sharing scheme. To do it, let us observe that, as we have
seen in previous sections, each autotopism can be associated to a di erent number of Latin
squares. So, the information about L which gives each autotopism is not the same. To give
a possible measure of this di erence, we give the following:

De nition 3.1. Let 2 I,. We de ne the weight of in LS(n) as:

)= E i(f )( ;)éo-
O '

By the other way, a set of autotopisms can never de ne an unique Latin square, because
autotopisms are associated to symmetries of Latin squares and so, given a Latin square L
associated to a set F of autotopisms, every Latin square L' isotopic to L by an isotopism
of type (Id; 1d; ) is also associated to F. So, if we want to de ne a secret sharing scheme
by using autotopisms as shares, we must also use one or more triples of the corresponding
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Latin square to nally get the secret key. Indeed, xed a subgroup F of U(L) it will be
necessary to use the triples of a F-critical set of L. In this sense, it is interesting to extend
in a similar way the previous concept of weight to these triples. To do it, as, xed a triple
T = (i;J;k) 2 N3, there are w Latin squares of order n which contain T, it is enough
to de ne the weight of T in LS(n) as 1(T) = W

It can be interesting to extend these concepts to sets of isotopisms and partial Latin
squares (as sets of triples), because, in this way, it could be studied the possible relations
of interest to cooperate among participants in such a model. Leaving it for a future study,

we have therefore interested in the following protocol:

We x a Latin square L of order n. The number n is made public, but L is kept secret
as the key.

A set S which is the union of a number of triples and autotopisms of L is de ned.
Each element of S is privately distributed to an unique participant.

When a group of participants whose shares constitute a subset F of U(L) and a F-
critical set come together, they can reconstruct L and hence, the secret key.

To nish this paper, let us see an example of this protocol:
1

(0]

0 1 2 3 45
1 2 0 4 5 3

Example 3.2. Let us consider L = g 2 é g i g 2 LS(6); and the shares:
4 5 3 1 2 0
5 3 4 2 01

1 = ((012)(345); 1d; (021)(354)); 2 = (1d; (012)(345); (021)(354));

3 = ((03)(14)(25); (03)(14)(25); 1 d); 4 = (1d; (03)(14)(25); (03)(14)(25));
T1 =(0;4;4); T2 =(1;1;2); Tz =(1;5;3); Ta=(2;2;1);
Ts = (2;4;3); Te = (3;1;4); T7 = (3;2;5); Tg = (3;3;0);
To = (4,0;4); Ti0 = (5;3;2); T1 = (5;5;1):
So, we have that:
1 1
(1) =¥( Z)ZM; ( 3)=I( 4):460800;

6 1
812851200 135475200’
We can therefore see that ; and ; are the shares which give more information about
L. By the other way, there are a lot of possible combinations to reconstruct L, by taking
together asubset Aof F=F 1; 5; 3; 49 andasubset B of T = fTq;Ty;:::; T110. So, for
example, if m is the total number of shared shares, we have the following minimal subsets
of the corresponding access structure of this secret sharing scheme:

I1(Ty) = forall i 2 f1;2;:::;11g:
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(m[ A | B [ m ] A | B |
11 T 6 1L 2 11, T2, Ts; Tog
11 4 Tn ngg 6 1 [ 4 fT2; T3; T7; TQQ
10 3 TnfTy;Tug 6 2L s T3, Te; Tg; T100
10| sL 4| TnfTy;Te;Tiag || 6 1L 3L 4 T2, T4, Teg
9 1 T nfTs;T7, T109 S 1L 2L s LLESLP
9 2 TnfTy;T7;T10g || 5 2L 3L a4 TT1;T2g
7 1 [ 3| T2 T3, T4, Ts; Tog || 5 1L 2L 4 T2, Tag
7 2L 4| fT1; T2, T4 Te; Tog || 5 F LILETe)
C
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Algorithms for the splitting of formal series; applications to
alien di erential calculus

Frederic Fauvet Francoise Richard-Jung Jean Thomann

Abstract

We present algorithms which involve both the splitting of formal series solutions
to linear ordinary di erential equations with polynomial coe cients into a nite sum
of subseries which themselves will be solutions of linear ODEs, and the simpli cation
of the recurrence relations satis ed by their coe cients.When coping with series that
are solutions of a given di erential equation at an irregular { singular point of rank
k 2, it enables us to reduce the computations to series solutions of an ODE with an
irregularity of rank one. In particular, we are able to conduct e ective calculations with
Ecalle’s alien derivations for these series. We apply our techniques to some \accelerating
functions™ of Ecalle.

Introduction

The question of decomposing (\splitting") a given formal series which is a solution of some
linear di erential equation into a nite sum of series which are also solutions of some dif-
ferential equation is a classical one and is encountered e. g. in formal calculations for
dynamical systems or in the quest for obtaining e ective estimates for some generating
functions. However, even if the theoretical framework for this simple question is well known
(Ore extensions, holonomic functions, e ective D-modules, etc) the explicit calculations that
one might wish to conduct with computer algebra systems are in practice very explosive,
even for simple examples. In this paper we describe a pragmatic approach to this problem:
we introduce algorithms that imply new procedures, which rely and articulate with existing
ones. The calculations have been performed in Maple. These procedures have been rst
tested on \academic examples”, for which they improved signi cantly upon the existing
techniques. Then, we have applied them to series that appear in the complete solution of
some linear di erential equations with polynomial coe cients which present a particular
mathematical interest.

In the neighborhood of an irregular singular point, say at z 1, a linear di erential
equation with analytic coe cients has a basis of solutions of the form:

y(z) =e¥u f(u) @

In that expression:
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u=z" ( isaninteger, 2C€)
Q is a polynomial in u with a vanishing constant coe cient

f is a formal series in u 1, with possibly logarithms, more precisely:
f(u) 2 Cllu "llog u]

The (optimal) rami ed variable u, the polynomial Q and the exponent are formal in-
variants (in the sense that they depend on the class of the equation modulo a transformation
with formal coe cients) of the equation, for which algebraic algorithms have been designed
and implemented during the last two decades ( [5], [I4]). The formal series f, whose coe -
cients are computable through recurrence relations are generically divergent but the growth
of these coe cients is no worse that some Gevrey order ([I6]) and resummation techniques
are at hand to get approximate solutions of the given equation, with errors that are ex-
ponentially small. When the Newton polygon ([I6, [I5]) of such an equation has just one
slope, equal to one, the series can be resummed by applying the Borel{Laplace transforms;
when it has one slope equal to k, we have to apply the Borel transform to a function of the
new variable zX. In the case of a multiplicity of slopes the series will be multisummable
(|11, [15, 10]) and they can be treated by applying the same mechanism, but with a { nite {
succession of stages (there are several critical times, in Ecalle’s language), using convolution
operators that involve some special functions : Ecalle’s \accelerating functions".

In the present paper, we present calculations for situations of a single slope, equal to
k 2. We are able to compute e ectively the action of alien derivations on these series,
generalizing the ones made in [8] for equation of rank one (and single level). In rank 2,
such formal{numerical calculations are completely new and in fact, let alone numerical
computations such as ours, almost no examples of calculations on resurgent functions of
\level k™ (meaning divergent series, which are resurgent as functions of some zK), or worse
with a multiplicity of levels, can be found in the litterature (see however [10], [Z]). Note,
that although we cope with relatively simple examples, results of this sort are not anecdotic:
even in the case of linear ODEs with polynomial coe cients, it is only in the last 25 years,
thanks to Ramis’ works and Ecalle’s theory of acceleration of resurgent functions that
the asymptotics of such solutions have completely been elucidated. The great majority of
so called classical functions fall within this class. The paper is organized as follows : in
section 1, we introduce very brie y the context that is relevant for the examples we work on :
irregular{singular points of linear ODEs, Stokes phenomenon, Ramis’ theorem in di erential
Galois theory, Ecalle’s alien derivations and accelerating functions. The algorithms for the
splitting of series are introduced and described in section 3 and, in section 4, we explicit
the calculations we have performed for the accelerating functions Cz and Ca.
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1 Stokes phenomenon, di erential Galois groups, accelerat-
ing functions

1.1 Stokes phenomenon; alien derivations

The formal series contained in a basis of formal solutions such as in (@) are generically
divergent, but they are asymptotic, in some sectors, to some analytic solutions. The com-
parision of these analytic \resummations™ of the series on various sectors gives rise, for a
nite number of critical directions, to the Stokes phenomenon ([16]).
An important object attached to such an equation is its (local) Galois di erential group,
for which we refer to [15]. J. -P. Ramis proved that it is characterized by the \exponen-
tial torus™, the \formal monodromy" (which are formal invariants that we don’t describe
here, referring to [11], [16]), and the Stokes matrices. Now, the \important part" in the
Galois di erential group comes from the Stokes matrices, which are di cult to calculate
and involve transcendental constants. These matrices are unipotent, their logarithms are
nilpotent matrices that correspond to operators that are derivations acting on the space of
series we are working on. These derivations, in turn, can be decomposed into elementary
components : the so called alien derivations of Ecalle, which can be de ned independantly
of Galois considerations. Alien derivations are operators, introduced by Jean Ecalle ([6]),
acting on some spaces of holomorphic functions; they are in fact derivations relatively to
a convolution product. A series T solution to an ODE, at an irregular singular point for
which the Newton polygon has a single slope, equal to one, will have a convergent Borel
transform > = B(f) and this germ ~ of analytic function can in fact be continued along
any broken line from the origin, and we de ne resurgent functions and alien operators in
this context. This property of analytic continuation along any broken line starting from
the origin of C, going around a nite number of singularities possibly met on leads to the
general de nition of resurgent functions. Let us introduce them in the most simple setting,
which is already enough to treat many natural but non trivial examples. The whole point
is that our procedures for the splitting of series enable us to decompose a divergent series
into a nite sum of series which, as functions of some new variable zX, are resurgent in the
sense explained below.

De nition 1.1. An analytic germ, continuable as above, is called a simple resurgent func-
tion if the behaviour of its analytic continuation at any singularity ! is of the form

g Ds( D+ )

where r, s are regular germs.
We denote by R the space of simple resurgent functions.

Let ! a non zero complex number and d the half line through I. We are going to de ne
an operator:
1R IR
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For series belonging to R and if ! is the only singularityond , 1 amounts to extracting
the singular part s at the singularity !, up to a factor 2i (and thus acts as 0, if there is
no singularity at the point 1):

1 F()=s()

which is also equal to the variation of 2i f, namely the di erence between the continuation
by the right and by the left of 2i f at the singular point !. For the general case, the
de nition of 1 involves an average of the singular parts obtained at ! relatively to the
way we go around the singularities that are met between , when performing the analytic
continuation the origin and !

Alien derivations  thus constitute a family of linear operators, indexed by points !
of the complex plane but they are also derivations of the convolutive algebras of resur-
gent functions and moreover they satisfy a simple commutation relation with the ordinary
derivation @ = dz, namely: [@; ] =1 . For all this we refer to [8] and of course to
the original papers of Ecalle. We denote by the same symbol the operators that are the
pullbacks in the space of formal series C[[z 1]] or of more general algebras of rami ed formal
series, which are indispensable in applications, by (the extended){ inverse Borel transform.

For solutions of linear ODEs, the generic case involves only, for each critical time, one
singularity as in De nition [l on each singular direction and this will be the situation for
the examples described in detail below.

Now, these derivations and also the can be seen as acting on a formal basis of solutions
to an eqy,atlon such as the one above. It acts in the following way, where we denote by
Y(z) = =juiexp( i2)fi(z) the general solution of the equation, supposed non resonant,
and where the A | | are constants (see [8] or [6]) :

. ;fi=A, ; fj or inacompact form: D GY=AL u'@@TjY
There is only a nite number of  (for ¥ = j) that can act non{trivially on Y

and that action is expressed as the action of an ordinary (meaning non alien!) di erential
operator in the variables uj, on the formal integral Y, constituting a simple example of
resurgence equation called by Ecalle a bridge equation, as it throws a bridge between alien
and ordinary di erential calculus. We thus get a Lie algebra of Galois derivations acting on
the vector space of solutions. In fact, they \belong" to the Lie algebra of the di erential
Galois group of the equation (later on we shall call it the Lie{Galois algebra, to be short),
and constitute the most important { and most di cult to determine { part of that algebra.

1.2 Accelerating functions

Ecalle’s accelerating functions can be de ned by an integral formula:
Z
1
C = exp(u tu)du where isa Hankel contour:



Algorithms for the splitting of formal series; applications to alien ... 235

The accelerating functions are used to de ne convolution operators to sum divergent series
with several critical times; they come together with decelerating functions and it was ob-
served by Anne Duval 15 years ago (see [1Z], in which the results mentionned in the present
section can be found. See also [7]) that these (decelerating) functions fall within the class
of so-called Faxen integrals and are particular cases of G-functions of Meijer. As such, they
can be written in explicit, though complicated, expansions involving the Gamma function.
Each C is an entire function, with an expansion at the origin :

> -

C @®=2i sin n_w
0o (1+n)

t" with1l= +1= =1:

An accelerating function with a rational satis es a simple linear di erential equation
with polynomial coe cients, namely Cg-, is a solution of A = 0, where A is the following
operator:

Yop
DY ( 1)'P (StD+j) whereD = g:
j=1 4
In fact the operator A admits a simple order one left factor, which entails that Cy-,
belongs to the kernel of the following operator, of order q 1:

N ) Moo _
g ( J) (DYPpt? (= +j) where is the Euler operator t:
j=1 j=1 4
Such an equation has a single slope at 1: the formal series solutions at z A will be
\k {summable", and resurgent with respect to some variable zK.

The family of accelerating functions (C,-p,) constitutes an interesting object of study per
se, and it was already remarked in [IZ] that it deserves a thorough study. We show below
how our algorithms for the splitting of series make possible calculations that pave the way
for the determination of the di erential Galois groups of the equations above, of low degree.

2 Simpli cation tools for recurrence equations

2.1 Ore polynomials and series equality

Let Rbearingand :R ¥ R be an injective endomorphism of R.
Let Dbe a pseudo-derivation w.r.t. , that is a map from R to R satisfying:

(a@a+b)= a+ b, (ab)= (@) b+ ab foranya,b2R:

De nition 2.1. The left skew polynomial ring given by and is the ring (R[x]; +;:) of
polynomials in x over R with the usual polynomial addition, and multiplication given by:

xa= (a)x+ a foranyaZ2R:

This ring is denoted R[x; ; ] and its elements are called skew polynomials or Ore polyno-
mials.
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We refer to [4] for this de nition and the rst properties of this ring, and to [3] for the
arithmetic and algorithmic point of view, when R is a eld (in particular, greatest common
right divisor, extended right Euclidean algorithm).

In the following, we will deal with R = C[n], the automorphism of R over C that takes
n to n+1, and R[x; ;0] the ring of linear ordinary recurrence operators (with polynomial
coe cients). In this ring, the multiplication is given by:

xa= (a)x; foranya2R:

We are interested in formal series anx", such that the coe cients (an)n o are de ned

n o0
by a nite di erence equation with polynomial coe cients. That means that the coe cients

of the series are de ned by:
ag;ai;:..;am 1, the rst m terms (also called initial conditions), aj 2 C;

and a recurrence equation
Po(MNan, + +Pr(N)apn+r=0;8n m r;
with Pg;:::;Pr 2 C[njand Pr( ) &0;8 m r (2).

An equivalent manner of writing the condition (1) is to de ne

maxf 2 IN;P.( ) =0g
= 1 ifP()&0;8 2N,;

and to suppose that m > +r.
1
skew polynomial:

X U Po+Pix+  +Px)=( MPo)+ + THPOXx

Our objective is to simplify the skew polynomial de ning the previous series: reduce its
degree, simplify the coe cients P; (in particular reduce their degree in n).

2.2 Redundant initial conditions

P=(FPo+Px+ +Px")xM™ " withP.()6&08 2N.

Suppose that m>r, P,( 1) &0and Po( 1)am r 1+P1i( Dam r+ +P( l)an 1 =0.

Let b be the series de ned by bg = ag;:::;bm 2 =am 2,Q =  (Po)+ (P)x+ +
P HXHx™ r 1 Then a=h.
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