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Lattice reduction in two dimensions:
analyses under realistic probabilistic models
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The Gaussian algorithm for lattice reduction in dimension 2 is precisely analysed under a class of realistic probabilistic
models, which are of interest when applying the Gauss algorithm “inside” the LLL algorithm. The proofs deal with
the underlying dynamical systems and transfer operators. All the main parameters are studied: execution parameters
which describe the behaviour of the algorithm itself as well as output parameters, which describe the geometry of
reduced bases.
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1 Introduction

The lattice reduction problem consists in finding a short basis of a lattice of Euclidean space given an
initially skew basis. This reduction problem plays a primary rdle in many areas of computer science
and computational mathematics: for instance, modern cryptanalysis [18], computer algebra [24], integer
linear programming [14], and number theory [7].

In the two-dimensional case, there exists an algorithm due to Lagrange and Gauss which computes in
linear time a minimal basis of a lattice. This algorithm is in a sense optimal, from both points of view of
the time-complexity and the quality of the output. It can be viewed as a generalization of the Euclidean
Algorithm to the two dimensional-case. For n > 3, the LLL algorithm [13]] due to Lenstra, Lenstra and
Lovdsz, computes a reduced basis of an n-dimensional lattice in polynomial time. However, the notion of
reduction is weaker than in the case n = 2, and the exact complexity of the algorithm (even in the worst-
case, and for small dimensions) is not precisely known. The LLL algorithm uses as a main procedure the
Gauss Algorithm.

This is why it is so important to have a precise understanding of the Gauss Algorithm. First, because this
is a central algorithm, but also because it plays a primary role inside the LLL algorithm. The geometry
of the n-dimensional case is involved, and it is easier to well understand the (hyperbolic) geometry of the
complex plane which appears in a natural way when studying the Gauss Algorithm.
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The previous results. Gauss’ algorithm has been analyzed in the worst case by Lagarias, [L1], then
Vallée [20], who also describes the worst-case input. Then, Daudé, Flajolet and Vallée [8] completed the
first work [9] and provided a detailed average-case analysis of the algorithm, in a natural probabilistic
model which can be called a uniform model. They study the mean number of iterations, and prove that
it is asymptotic to a constant, and thus essentially independent of the length of the input. Moreover, they
show that the number of iterations follows an asymptotic geometric law, and determine the ratio of this
law. On the other side, Laville and Vallée [12] study the geometry of the outputs, and describe the law of
some output parameters, when the input model is the previous uniform model.

The previous analyses only deal with uniform-distributed inputs and it is not possible to apply these results
“inside” the LLL algorithm, because the distribution of “local bases” which occur along the execution of
the LLL algorithm is far from uniform. Akhavi, Marckert and Rouault [2]] showed that, even in the uniform
model where all the vectors of the input bases are independently and uniformly drawn in the unit ball, the
skewness of “local bases” may vary a lot. It is then important to analyse the Gauss algorithm in a model
where the skewness of the input bases may vary. Furthermore, it is natural from the works of Akhavi [1]] to
deal with a probabilistic model where, with a high probability, the modulus of the determinant det(u, v)
of a basis (u, v) is much smaller than the product of the lengths |u| - |v|. More precisely, a natural model
is the so—called model of valuation 7, where

| det(u, v) 41 .
<L = 0O" with —1).
max(|ul, [v])? ~ / W, =

P | (u,v);
Remark that, when r tends to -1, this model tends to the “one dimensional model”, where u and v are
colinear. In this case, the Gauss Algorithm “tends” to the Euclidean Algorithm, and it is important to
precisely describe this transition. This model “with valuation” was already presented in [21, 22]] in a
slightly different context, but not deeply studied.

Our results. In this paper, we perform an exhaustive study of the main parameters of Gauss algorithm,
in this scale of distributions, and obtain the following results:

(7) We first relate the output density of the algorithm to a classical object of the theory of modular
forms, namely the Eisenstein series, which are eigenfunctions of the hyperbolic Laplacian [Theorem 2].

(i) We also focus on the properties of the output basis, and we study three main parameters: the first
minimum, the Hermite constant, and the orthogonal projection of a second minimum onto the orthogonal
of the first one. They all play a fundamental r6le in a detailed analysis of the LLL algorithm. We relate
their “contour lines” with classical curves of the hyperbolic complex plane [Theorem 3] and provide sharp
estimates for the distribution of these output parameters [Theorem 4].

(#41) We finally consider various parameters which describe the execution of the algorithm (in a more
precise way than the number of iterations), namely the so—called additive costs, the bit-complexity, the
length decreases, and we analyze their probabilistic behaviour [Theorems 5 and 6].

Along the paper, we explain the role of the valuation r, and the transition phenomena between the Gauss
Algorithm and the Euclidean algorithms which occur when r — —1.

Towards an analysis of the LLL algorithm. The present work thus fits as a component of a more
global enterprise whose aim is to understand theoretically how the LLL algorithm performs in practice,
and to quantify precisely the probabilistic behaviour of lattice reduction in higher dimensions.
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Figure 1: On the left: experimental results for the ratio (1/n) log s b1l [here, n is the dimension, b; is the first

@et L)I/™
vector of the LLL reduced basis and det L is the determinant of the lattice L]. On the right, the output distribution of

“local bases” for the LLL algorithm (see Sections[3.8]and [A.7).

We are particularly interested in understanding the results of experiments conducted by Stehlé [[19] which
are summarized in Figure[T] We return to these experiments and their meanings in Section[3.8] We explain
in Section[f.7/how our present results may explain such phenomena and constitute a first (important) step
in the probabilistic analysis of the LLL algorithm.

Plan of the paper. We first present in Section [2]the algorithms to be analyzed and their main parameters.
Then, we present a complex version of these algorithms, which leads to view each algorithm as a dynami-
cal system. Finally, we perform a probabilistic analysis of such parameters: Section[d]is devoted to output
parameters, whereas Section 5| focuses on execution parameters.

2 The lattice reduction algorithm in the two dimensional-case.

A lattice £ C R™ of dimension p is a discrete additive subgroup of R™. Such a lattice is generated by
integral linear combinations of vectors from a family B := (b1, ba, ... b,) of p < n linearly independent
vectors of R™, which is called a basis of the lattice £. A lattice is generated by infinitely many bases that
are related to each other by integer matrices of determinant £1. Lattice reduction algorithms consider
a Euclidean lattice of dimension p in the ambient space R” and aim at finding a “reduced” basis of this
lattice, formed with vectors almost orthogonal and short enough.

The LLL algorithm designed in [13] uses as a sub—algorithm the lattice reduction algorithm for two
dimensions (which is called the Gauss algorithm) : it performs a succession of steps of the Gauss algorithm
on the “local bases”, and it stops when all the local bases are reduced (in the Gauss sense). This is why it
is important to precisely describe and study the two—dimensional case. This is the purpose of this paper.
The present section describes the particularities of the lattices in two dimensions, provides two versions
of the two—dimensional lattice reduction algorithm, namely the Gauss algorithm, and introduces its main
parameters of interest.
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Figure 2: A lattice and three of its bases represented by the parallelogram they span. The basis on the left is minimal
(reduced), whereas the two other ones are skew.

2.1 Lattices in two dimensions.

Up to a possible isometry, a two—dimensional lattice may always be considered as a subset of R?. With a
small abuse of language, we use the same notation for denoting a complex number z € C and the vector of
R? whose components are (Rz, $z). For a complex z, we denote by |z| both the modulus of the complex
z and the Euclidean norm of the vector z; for two complex numbers «, v, we denote by (u - v) the scalar
product between the two vectors u and v. The following relation between two complex numbers u, v will

be very useful in the sequel
v u-v det u,v

u |uf?

A lattice of two dimensions in the complex plane C is the set £ of elements of C (also called vectors)
defined by £ = Zu @ Zv = {au + bv; a,b € Z}, where (u,v), called a basis, is a pair of R-linearly
independent elements of C. Remark that in this case, due to (1), one has S(v/u) # 0.

Amongst all the bases of a lattice £, some that are called reduced enjoy the property of being formed
with “short” vectors. In dimension 2, the best reduced bases are minimal bases that satisfy optimality
properties: define u to be a first minimum of a lattice £ if it is a nonzero vector of £ that has smallest
Euclidean norm; the length of a first minimum of £ is denoted by A1 (£). A second minimum v is any
shortest vector amongst the vectors of the lattice that are linearly independent of u; the Euclidean length
of a second minimum is denoted by A2(L). Then a basis is minimal if it comprises a first and a second
mininum (See Figure[2)). In the sequel, we focus on particular bases which satisfy one of the two following
properties:

(P) it has a positive determinant [i.e., det(u, v) > 0 or S(v/u) > 0]. Such a basis is called positive.

(A) it has a positive scalar product [i.e., (u - v) > 0 or R(v/u) > 0]. Such a basis is called acute.
Without loss of generality, we may always suppose that a basis is acute (resp. positive), since one of (u, v)
and (u, —v) is.
The following result gives characterizations of minimal bases. Its proof is omitted.

Proposition 1. [Characterizations of minimal bases.]
(P) [Positive bases.] Let (u,v) be a positive basis. Then the following two conditions (a) and (b) are
equivalent:
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(a) the basis (u, v) is minimal;
(b) the pair (u, v) satisfies the three simultaneous inequalities:

v v 1 v
(P): 12121, (B IR(OI<y  and (B): (220
(A) [Acute bases.] Let (u,v) be an acute basis. Then the following two conditions (a) and (b) are
equivalent:

(a) the basis (u, v) is minimal;

(b) the pair (u,v) satisfies the two simultaneous inequalities:

(A): 12121, and  (42): 0SR() <

v
u

N —

2.2 The Gaussian reduction schemes.

There are two reduction processes, according as one focuses on positive bases or acute bases. According
as we study the behaviour of the algorithm itself, or the geometric characteristics of the output, it will
be easier to deal with one version than with the other one: for the first case, we will choose the positive
framework, and, for the second case, the acute framework.

The positive Gauss Algorithm. The positive lattice reduction algorithm takes as input a positive ar-
bitrary basis and produces as output a positive minimal basis. The positive Gauss algorithm aims at
satisfying simultaneously the conditions (P) of Proposition 1. The conditions (P;) and (Ps) are simply
satisfied by an exchange between vectors followed by a sign change v := —v. The condition (P5) is met
by an integer translation of the type:

(u-v)
Jul?

vVi=U—qu with ¢ := |[7(v,u)], 7T(v,u):=R(-)= ()

v

u
where | 2] represents the integer nearest to the real After this translation, the new coefficient 7 (v, u)
satisfies 0 < 7(v,u) < (1/2).

PGauss(u,v)
Input. A positive basis (u, v) of C with |v| < |ul, |7(v,u)| < (1/2).
Output. A positive minimal basis (u,v) of L(u,v) with |v]| > |ul.

While |v| < |u|do

(u,v) := (v, —u);
q:=|7(v,u)],
Vi= v — qu;

® The function |z] is defined as |« + 1/2| forz > 0 and |z] = —|—z] for = < 0.
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On the input pair (u,v) = (vp,v1), the positive Gauss Algorithm computes a sequence of vectors v;
defined by the relations

Vigl = —Vi—1 + ¢ V5 with g := |7(vi1,v)] . 3)

Here, each quotient ¢; is an integer of Z, P(u,v) = p denotes the number of iterations, and the final pair
(vp, Vpy1) satisfies the conditions (P) of Proposition 1. Each step defines a unimodular matrix M, with

det M; =1,
Mi - < e 1 ) ) with ( Vitl ) = M'L < Vi ) )
1 0 Vj Vi—1

so that the Algorithm produces a matrix M for which

(Up+1)M<v1> with M;:MP~MP_1~...'M1. 4)

Up Vo

The acute Gauss Algorithm. The acute reduction algorithm takes as input an arbitrary acute basis and
produces as output an acute minimal basis. This AGAUSS algorithm aims at satisfying simultaneously the
conditions (A) of Proposition 1. The condition (A ) is simply satisfied by an exchange, and the condition
(A2) is met by an integer translation of the type:

v:=¢e(v— qu) with ¢ := |7(v,u)], e = sign (7(v,u) — [7(v,u)]),

where 7(v,u) is defined as in (2). After this transformation, the new coefficient (v, u) satisfies 0 <
T(v,u)| < (1/2).

AGAUSS(u,v)

Input. An acute basis (u, v) of C with |v| < |u|, 0 < 7(v,u) < (1/2).
Output. An acute minimal basis (u, v) of L£(u,v) with |v| > |ul.
While |v| < |uldo

,0) = (v, u);

[7(v,u)] ;€ :=sign(r(v,u) — [T(v,u)]),
e(v — qu);

(u
q:
v

On the input pair (u,v) = (wo, w1), the Gauss Algorithm computes a sequence of vectors w; defined by
the relations  w;+1 = €;(w;—1 — ¢ w;) with
¢ = [T(wi—t,wi)], & =sign(T(wi—1, wi) — [T(wi—1,wi)]). ()

Here, each quotient ¢; is a positive integer, p = p(u,v) denotes the number of iterations [this will be
the same as the previous one], and the final pair (w,, w,,+1) satisfies the conditions (A) of Proposition 1.
Each step defines a unimodular matrix A; with det \; = ¢; = =1,

Ny= [ —G% ) with AR YA B
1 0 W Wi—1
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so that the algorithm produces a matrix A/ for which

( Wptl ) :N( L ) with N = N, - Npq-...- Ni.
Wp wo

Comparison between the two algorithms. These algorithms are closely related, but different. The

AGAUSS Algorithm can be viewed as a folded version of the PGAUSS Algorithm, in the sense defined in

[4]. We shall come back to this fact in Section @ And the following is true:

Consider two bases: a positive basis (vg,v1), and an acute basis (wo,w;) that satisfy wy = vo and
wy = ny vy withn; = £1. Then the sequences of vectors (v;) and (w;) computed by the two versions of
the Gauss algorithm (defined in Eq.,@) satisfy w; = n; v; for some n; = +1 and the quotient g; is the
absolute value of quotient g;.

Then, when studying the two kinds of parameters —execution parameters, or output parameters— the two
algorithms are essentially the same. As already said, we shall use the PGAUSS Algorithm for studying
the output parameters, and the AGAUSS Algorithm for the execution parameters.

2.3 Main parameters of interest.
The size of a pair (u,v) € Z[i] x Z][i] is

U(u, v) == max{£(Jul?), (|v]*)} = £ (max{[ul?, [v]*})

where ¢(z) is the binary length of the integer =. The Gram matrix G(u, v) is defined as

cw = (i )

u-v)

In the following, we consider subsets €2, which gather all the (valid) inputs of size M relative to each ver-
sion of the algorithm. They will be endowed with some discrete probability IP,,, and the main parameters
become random variables defined on these sets.

All the computations of the Gauss algorithm are done on the Gram matrices G(v;,v;+1) of the pair
(vi,viy1). The initialization of the Gauss algorithm computes the Gram Matrix of the initial basis: it
computes three scalar products, which takes a quadratic tim with respect to the length of the input
£(u,v). After this, all the computations of the central part of the algorithm are directly done on these
matrices; more precisely, each step of the process is a Euclidean division between the two coefficients of
the first line of the Gram matrix G(v;, v;—1) of the pair (v;, v;—1) for obtaining the quotient g;, followed
with the computation of the new coefficients of the Gram matrix G (v;41, v; ), namely

|Ui+1|2 = |/U7271|2 —2q; (Uz' 'vifl) + qi2|vi|27 ('Ui+1 "Ui) =4 |Ui|2 - (Uifl Uz)

Then the cost of the i-th step is proportional to £(|q;|) - £(]v;|?), and the bit-complexity of the central part
of the Gauss Algorithm is expressed as a function of

p(u,v)

B(u,v) = Y Lal) - €(|vil?), ©6)

i=1

() we consider the naive multiplication between integers of size M, whose bit-complexity is O(M?) .
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where p(u,v) is the number of iterations of the Gauss Algorithm. In the sequel, B will be called the
bit-complexity.

The bit-complexity B(u,v) is one of our parameters of interest, and we compare it to other simpler costs.
Define three new costs, the quotient bit-cost Q(u, v), the difference cost D(u,v), and the approximate
difference cost D:

p(u,v) p(u,v)
Qu,v) = Ulail)s  D(uw)= Y Llail) [ €vil*) = €(lwol?)] )
=1 =1
p(u,v)

)

U4
Dl ) =2 3 Hahle E
which satisfy D(u,v) — D(u,v) = O(Q(u,v)) and
B(u,v) = Q(u,v) {(|ul*) + D(u,v) + [D(u,v) = D(u,v)]. ®)
We are then led to study two main parameters related to the bit-cost, that may be of independent interest:

(a) The so-called additive costs, which provide a generalization of cost (). They are defined as the
sum of elementary costs, which only depend on the quotients g;. More precisely, from a positive
elementary cost ¢ defined on N, we consider the total cost on the input (u,v) defined as

p(u,v)

Cloy(u,v) = Y cllail) - )

i=1
When the elementary cost ¢ satisfies ¢(m) = O(log m), the cost C'is said to be of moderate growth.

(b) The sequence of the i-th length decreases d; (for i € [1..p]) and the total length decrease d := d,,

defined as )

, d:=

2
d; = |2 % (10)

Vo Vo

Finally, the configuration of the output basis (4, v) is described via its Gram—Schmidt orthogonalized ba-
sis, that is the system (4*, ©*) where 4* := 4 and 9* is the orthogonal projection of ¢ onto the orthogonal
of <4 >. There are three main output parameters closely related to the minima of the lattice £(u, v),

N L e an
() = A2 (u,v) B Au,v) B |4 (12)

ldet(u,v)]  p(uv) x|

We come back later to these output parameters.
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3 The Gauss Algorithm in the complex plane.

We now describe a complex version for each of the two versions of the Gauss algorithms. This leads
to view each algorithm as a dynamical system, which can be seen as a (complex) extension of (real)
dynamical systems relative to the centered Euclidean algorithms. We provide a precise description of
linear fractional transformations (LFTs) used by each algorithm. We finally describe the (two) classes of
probabilistic models of interest.

3.1 The complex framework.

Many structural characteristics of lattices and bases are invariant under linear transformations —similarity
transformations in geometric terms— of the form Sy : u — Au with A € C\ {0}.

(a) A firstinstance is the execution of the Gauss algorithm itself: it should be observed that translations
performed by the Gauss algorithms only depend on the quantity 7 (v, u) defined in , which equals
R(v/u). Furthermore, exchanges depend on |v/u]|. Then, if v; (or w;) is the sequence computed by
the algorithm on the input (u,v), defined in Eq. (3)), , the sequence of vectors computed on an
input pair Sy (u, v) coincides with the sequence S (v;) (or Sy(w;)). This makes it possible to give
a formulation of the Gauss algorithm entirely in terms of complex numbers.

(b) A second instance is the characterization of minimal bases given in Proposition 1 that only depends
on the ratio z = v/u.

(c) A third instance are the main parameters of interest: the execution parameters D, C,d defined
in (7|9IT0) and the output parameters X, 11,y defined in (IT]I2). All these parameters admit also
complex versions: For X € {\, u,v, D, C,d}, we denote by X (z) the value of X on basis (1, z).
Then, there are close relations between X (u, v) and X (z) for z = v/u:

X (u,v)
Jul

X(z) = , for X e {\u}, X(z) = X(u,v), for X e€{D,C,d,~}.

It is thus natural to consider lattice bases taken up to equivalence under similarity, and it is sufficient to
restrict attention to lattice bases of the form (1, z). We denote by L(z) the lattice £(1, z). In the complex
framework, the geometric transformation effected by each step of the algorithm consists of an inversion-
symmetry S : z — 1/z, followed by a translation z — T~ 9z with T'(z) = z + 1, ans a possible sign
change J : 2z — —=z.

The upper half plane H := {z € C; $(z) > 0} plays a central role for the PGAUSS Algorithm, while the
right half plane {z € C; R(z) > 0, I(z) # 0} plays a central role in the AGAUSS algorithm. Remark
just that the right half plane is the union H; U JH_ where J : z — —z is the sign change and

Hy :={z€C; S(z)>0,R(z) >0}, H_:={z€C; <(z)>0,%R(z) <0}
3.2 The dynamical systems for the GAuUss algorithms.
In this complex context, the PGAUSS algorithm brings z into the vertical strip 5, U B_ with

1
B:{ZEH; |§R(z)|§2}, By:=BNH,, B_:=BNH_,
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reduces to the iteration of the mapping

o=t -4 )

and stops as soon as z belongs to the domain 7 = F, U F_ with

1
fz{zEH; |z| > 1, |§R(Z)|S§}, Fi=FnH;, F_:=FnH_. (14)

Such a domain, represented in Figure [3] is familiar from the theory of modular forms or the reduction
theory of quadratic forms [[17].

Consider the pair (8, U) where the map U : B — B is defined in for z € B\ F and extended to F
with U(z) = z for z € F. This pair (B, U) defines a dynamical system, and F can be seen as a “hole”:
since the PGAUSS algorithm terminates, there exists an index p > 0 which is the first index for which
UP(z) belongs to . Then, any complex number of B gives rise to a trajectory z, U (z), U?(2), ..., UP(2)
which “falls” in the hole F, and stays inside F as soon it attains F. Moreover, since F is a fundamental
domain of the upper half plane H under the action of P.SLo(Z )"} there exists a tesselation of H with
transforms of F of the form h(F) with h € PSLy(Z). We will see later that the geometry of B \ F is
compatible with the geometry of F.

}“+
O

0B\ F

B\ F

Figure 3: The fundamental domains F, F and the strips B, B.

(i) We recall that P.SLo(Z) is the set of LFT’s of the form (az + b)/(cz + d) with a, b, ¢,d € Z and ad — be = 1.
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In the same vein, the AGAUSS algorithm brings z into the vertical strip
~ 1
B:{zEC; S(z) #0, Og%(z)SQ}:B+UJB,

reduces to the iteration of the mapping

G =<(2) (2= |2(D)])  wim o) =simime) - @D, a9

z z z

and stops as soon as z belongs to the domain F

f:{zec; 2| > 1 ogm(z)gé}:ﬂujf_. (16)

Consider the pair (B U) where the map U : B — Bis defined in ( for zeB \ F and extended to F

with U(z) = z for z € F. This pair (B, U) also defines a dynamlcal system, and F can also be seen as a
“hole”.

3.3 Relation with the centered Euclid Algorithm.

It is clear (at least in an informal way) that each version of Gauss algorithm is an extension of the (cen-
tered) Euclid algorithm:

(2) for the PGAUSS algorithm, it is related to the Euclidean division of the form v = qu + r with
|r| € [0, 4+u/2]

(i) for the AGAUSS algorithm, it is based on the Euclidean division of the form v = qu + er with
e:==+1,r € [0,4u/2].
If, instead of pairs, that are the old pair (u, v) and the new pair (r, u), one considers rationals, namely the
old rational = u/v or the new rational y = r/u, each Euclidean division can be written with a map
that expresses the new rational y as a function of the old rational z, as y = V(z) (in the first case) or
y = V(z) (in the second case). With 7 := [-1/2,+1/2] and Z := [0,1/2], the maps V : T — T or
V : T — T are defined as follows

V(z) = % _ m C forz 40, V(0) =0, (17)
Viz)=e <i) (; - BD , forz#0, V(0)=0. (18)

[Here, () := sign(z — |#])]. This leads to two (real) dynamical systems (Z, V) and (Z, V) whose
graphs are represented in Figure [d] Remark that the tilded system is obtained by a folding of the untilded
one (or unfolded one), (first along the x axis, then along the y axis), as it is explained in [4]. The folded
system is called the F-EUCLID system (or algorithm), whereas the unfolded one is called the U-EUCLID
system (or algorithm). _ N

Of course, there are close connections between U and —V on the one hand, and U and V' on the other
hand: Even if the complex systems (8, U) and (B, U) are defined on strips formed with complex numbers
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Figure 4: The two dynamical systems underlying the centered Euclidean algorithms: on the left, the unfolded one
(U-EUCLID); on the right, the folded one (F-EUCLID)

z that are not real (i.e., 3z # 0), they can be extended to real inputs “by continuity”: This defines two
new dynamical systems (53, U) and B, U), and the real systems (Z, —V') and (Z, V') are just the restriction
of the extended complex systems to real inputs. Remark now that the fundamental domains F, F are no
longer “holes” since any real irrational input stays inside the real interval and never “falls” in them. On
the contrary, the trajectories of rational numbers end at 0, and finally each rational is mapped to 7co.

3.4 The LFT’s used by the PGAUSs algorithm.

The complex numbers which intervene in the PGAUSS algorithm on the input zy = v; /vy are related to
the vectors (v;) defined in (3) via the relation z; = v;11/v;. They are directly computed by the relation
zit1 := U(2;), so that the old z;_; is expressed with the new one z; as

1

m—z

Zi—1 = h['rru](zi)a with h[m](z) =
This creates a continued fraction expansion for the initial complex zg, of the form
20 = h(Zp) with h:= h[ml] o h[mz] o... h[mp],

which expresses the input z = z( as a function of the output 2 = z,. More generally, the 7-th complex
number z; satisfies

Z2i = hi(zp) with h; := h[mi+1] o h[mi+2] o... h[m,,]'

Proposition 2. The set G of LFTs h : z — (az + b)/(cz + d) defined with the relation z = h(Z%)
which sends the output domain F into the input domain B \ F is characterized by the set Q of possible
quadruples (a, b, c,d). A quadruple (a,b,c,d) € Z* with ad — bc = 1 belongs to Q if and only if one of
the three conditions is fulfilled
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Figure 5: On the left, the “central” festoon F( 1y. On the right, three festoons of the strip B, relative to
(0,1),(1,3),(—1,3) and the two half-festoons at (—1,2) and (1, 2).

(i) c=1lorc>3)and (|a| < c¢/2);
(it)c=2,a=1,0>0,d>0;
(i) c=2,a=—1,b<0,d<0.

There exists a bijection between Q and the set P = {(¢,d); ¢ > 1,gcd(e,d) = 1}. On the other hand,
for each pair (a, ¢) in the set

C :={(a,c); % €[-1/2,+1/2], ¢ > 1;gcd(a,c) = 1}, (19)
any LFT of G which admits (a,c) as coefficients can be written as h = h(, ) o T? with ¢ € Z and
Ra,e)(2) = (az +bo)/(cz + do), with |bo| < |a/2|,|do| < |c/2].

Definition. [Festoons] If G, ) denotes the set of LFT’s of G which admit (a,c) as coefficients, the
domain
Fao= | hF) =huo | | JTF (20)
h€G(a,c) q€EZ

gathers all the transforms of h(F) which belong to B\ F for which h(ico) = a/c. It is called the festoon
ofa/c.

Remark that, in the case when ¢ = 2, there are two half-festoons at 1/2 and —1/2 (See Figure [3).

3.5 The LFT’s used by the AGAuss algorithm.

In the same vein, the complex numbers which intervene in the AGAUSS algorithm on the input zyg =
w1 /wy are related to the vectors (w;) defined in (5] via the relation z; = w;y1/w;. They are computed
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by the relation z;41 := ﬁ(zl), so that the old z;_ is expressed with the new one z; as

1
m+ ez

2ic1 = hmy e, (24) with Iy, o (2) ==
This creates a continued fraction expansion for the initial complex 2y, of the form
z0 = E(zp) with h = Pimyser) © Pimaen) © - Pimy ) -
More generally, the i-th complex number z; satisfies
Zi=hi(zp)  With By o= By i) © Pmaracona) © - - By ey 21)

We now explain the particular r6le which is played by the disk D of diameter 7= [0,1/2]. Figure EI

shows that the domain B \ D decomposes as the union of six transforms of the fundamental domain F,
namely

B\D=|JWF) with K:={I 8 STJST,ST*J,ST*JS}. (22)
herx
This shows that the disk D itself is also a union of transforms of the fundamental domain . Remark

that the situation is different for the PGAUSS algorithm, since the frontier of D lies “in the middle” of
transforms of the fundamental domain F (see Figure|[6).

— ST2JSF~

Figure 6: On the left, the six domains which constitute the domain B4 \ D4. On the right, the disk D is not
compatible with the geometry of transforms of the fundamental domains F.

As Figure [/| shows it, there are two main parts in the execution of the AGAUSS Algorithm, according to
the position of the current complex z; with respect to the disk D whose equation is

Di—{x R (1) > 9.

z
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While z; belongs to D, the quotient (m;, €;) satisfies (m;,€;) > (2,41) (wrt the lexicographic order),
and the algorithm uses at each step the set

H:= {h(m,e); (ma 6) > (27 +1)}

so that D can be written as

U mB\D)  with M= M (23)

heH+ k>1

The part of the AGAUSS algorithm performed when z; belongs to D is called the COREGAUSS algorithm.
The total set of LFT’s used by the COREGAUSS algorithm is then the set HT = Ukle’“. As soon as z;

does not any longer belong to D, there are two cases. If z; belongs to F , then the algorithm ends. If z;
belongs to B\ (F U D), there remains at most two iterations (due to and Figure, that constitutes
the FINALGAUSS algorithm, which uses the set KC of LFT’s, called the final set of LFT’s. Finally, we have
proven:

Proposition 3. The set G formed by the LFT’s which map the fundamental domain F into the set B \ F
decomposes as G = (H* - K) \ {I} where

=> M Hi={hgme: (me)>(2,41)},  K:={I,8,8TJ,8T,ST*J,ST*JS}.
k>0

Here, if D denotes the disk of diameter [0, 1/2], then H™ is the set formed 1 by the LFT’s which map B\D
into D and K is the final set formed by the LFT’s which map F into B \ D. Furthermore, there is a
characterization of H* due to Hurwitz which involves the golden ratio ¢ = (1 + /5)/2:

b
Ht = {h(z) = %; (a,b,¢,d) € Z4,b,d > 1,ac > 0,
|| d 1 c 1
—be|=1,]a| < <2 <S<Z
lad — be] |al 5 b < 5 @GS ¢}

3.6 Comparing the COREGAUSS algorithm and the F-EucLID algorithm.

The COREGAUSS algorithm has a nice structure since it uses at each step the same set . This set is
exactly the set of LFT’s which is used by the F-EUCLID Algorithm relative to the dynamical system
defined in (I8). Then, the COREGAUSS algorithm is just a lifting of this F-EUCLID Algorithm, whereas
the final steps of the AGAUSS algorithm use different LFT’s, and are not similar to a lifting of a Euclidean
Algorithm. This is why the COREGAUSS algorithm is interesting to study: we will see in Section[5.3]why
it can be seen as an exact generalization of the F-EUCLID algorithm.

Consider, for instance, the number R of iterations of the COREGAUSS algorithm. Then, the domain
[R > k + 1] gathers the complex numbers z for which U¥(2) are in D. Such a domain admits a nice
characterization, as a union of disjoint disks, namely

R>k+1= |J WD (24)
heHk
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COREGAUSS(z) FINALGAUSS(2)
Input. A complex number in D. Input. A complex number in B \ D.
Output. A complex number in B \ D. Output. A complex number in F.
While z € Ddoz:=U(2); While z¢ F doz:=U(z);
AGAUSS(2)

Input. A complex number in B \ F.
Output. A complex number in F.

COREGAUSS (z);
FINALGAUSS (z);

Figure 7: The decomposition of the AGAUSS Algorithm.

which is represented in Figure@ The disk h(D) for h € H* is the disk whose diameter is the interval
[h(0),h(1/2)] = h(Z). Inside the F-EUCLID dynamical system, the interval h(Z) (relative to a LFT
h e HF) ) is called a fundamental interval (or a cylinder) of depth k: it gathers all the real numbers of the
interval Z which have the same continued fraction expansion of depth k. This is why the disk h(D) is

called a fundamental disk.

This figure shows in a striking way the efficiency of the algorithm, and asks natural questions: Is it possible
to estimate the probability of the event [R > k + 1]? Is it true that it is geometrically decreasing? With
which ratio? These questions are asked (and answered) in [8]], at least in the “uniform” model. We return
to these questions in Section[5.5]

3.7 Probabilistic models for two dimensions.

Since we focus on the invariance of algorithm executions under similarity transformations, we assume that
the two random variables |u| and z = v/u are independent and consider densities F' on pairs of vectors
(u, v) which are of the form F'(u,v) = f1(|u|) - f(v/u). Moreover, it is sufficient to consider pairs (u, v)
of size M with a first vector u of the form u = (c,0) with £(c*) = M. Finally, we define the discrete
models of size M as

Qs = {(u,v) € Z% %EB\}", u=(c,0) £(c*) =M},

Qus = {(u,v) € Z*; %Eg\j}, u=(c,0) £c*)=M}.

In both cases, the complex z = v/u belongs to Q[é] and is of the form (a/c) + i(b/c). When the integers
c and M tend to oo, this discrete model “tends” to a continuous model, and the density f is defined on
a subset of C. It is sometimes more convenient to view this density as a function defined on R2, and we
denote by f the function f viewed as a function of two real variables x,y. It is clear that the rles of
two variables x, i are not of the same importance: the variable y = (2) plays the crucial rdle, whereas
the variable x = R(z) plays an auxiliary rdle. This is why the two main models that are now presented
involve densities f(x,y) which only depend on y.



214 B. Vallée and A. Vera

Figure 8: The domains [R = k] alternatively in black and white.

Results of Akhavi [1] and Akhavi, Marckert, Rouault [2] show that densities “with valuation” play a
natural role in lattice reduction algorithms. We are then led to consider the 2—dimensional bases (u, v)
which follow the so—called model of valuation r (with » > —1), for which

| det(u,v)]

P | (u,v); 5 <yl =06@"""),  when y—0.

max(|ul, [v])
We note that, when the valuation r tends to —1, this model tends to the “one dimensional model”, where
u and v are colinear. In this case, the Gauss Algorithm “tends” to the Euclidean Algorithm, and it is
important to precisely describe the transition. This model “with valuation” was already presented in [21]
in a slightly different context, but not actually studied there.

The model with valuation defines a scale of densities, for which the weight of skew bases may vary. When
r tends to —1, almost all the input bases are formed of vectors which form a very small angle, and, with a
high probability, they represent hard instances for reducing the lattice.

In the complex framework, a density f on the set S C C \ R is of valuation r (with r > —1) if it is of the
form
f(z)=1S8=)|" - g(2) where ¢g(z) #0 for 3(z) =0. (25)
e (

Such a density is called of type (r, g). We often deal with the standard density of valuation r,
1

fr(z) = I |S(2)|" with  A(r //B\}_ y dxdy. (26)

Of course, when r = 0, we recover the uniform distribution on B\ F with A(0) = (1/12)(27 + 3v/3).
When r — —1, then A(r) is ©[(r + 1)~!]. More precisely

r+1
A(r) — ! (?) zlogg.

r+1
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Notations. The (continuous) model relative to a density f is denoted with an index of the form (f), and
when the valuation is the standard density of valuation r, the model is denoted with an index of the form
(r). The discrete models are denoted by two indices, the integer size M and the index which describes
the function f, as previously.

3.8 The LLL algorithm and the complex framework.

Consider a lattice of R™ generated by a set B := {by,ba,...,b,} of n independent vectors. The LLL
algorithm “reduces” the basis B by successively dealing with two-dimensional lattices £, generated by
the so-called local bases By: The k-th local basis By is formed with the two vectors ug, v, defined
as the orthogonal projection of by, bi11 on the orthogonal of the subspace (b, ba,...,bx—1). The LLL
algorithm is a succession of calls to the Gauss algorithm on these local bases, and it stops when all the
local bases are reduced (in the Gauss meaning). Then, the complex output 2, defined from (i, 9% ) as in
(1) is an element of the fundamental domain F. Figure 1 (on the right) shows the experimental distribution
of outputs 2, which does not seem to depend on index k € [1..n]. There is an accumulation of points in
the “corners” of F, and the mean value of parameter 7 is close to 1.04.

4  Analysis of the output parameters.

This section describes the probabilistic behaviour of output parameters: we first analyze the output den-
sities, then we focus on the geometry of our three main parameters defined in (IT] [I2). We shall use the
PGAUSS Algorithm for studying the output parameters.

4.1 Output densities.

For studying the evolution of distributions (on complex numbers), we are led to consider the 2—variables
function h that corresponds to the complex mapping z — h(z). More precisely, we consider the function
h which is conjugated to (v, w) — (h(v), h(w)) with respect to map ®, namely h = ®~! o (h,h) o @,
where mappings ®, ®~! are linear mappings C2 — C? defined as

Bay) = (e = o + iy, 7 =7 — i), ¢1<z,z>:(z‘;z,z;z).

Since ® and ®~! are linear mappings, the Jacobian Jh of the mapping h satisfies
Th(z,y) = | (2) -1 (2)] = I (=), 27

since h has real coefficients. Consider any measurable set A C F. The final density f on A is brought by
all the antecedents h(A) for h € G, which form disjoints subsets of B\ F. Then,

i dj = y)dz dy.
/fwy dz dj %/h(A)f(my)xy

Using the expression of the Jacobian (27)), and interverting integral and sum lead to

Z/ W' (2)2f o h(3 da:dy—// (ZW |fohxy)>d:zdg.

heg heg
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Finally, we have proven:

Theorem 1. (7) The output density f on the fundamental domain F can be expressed as a function of the
input density f on B\ F as
F@,9) =Y IN )P foh(d, ),
heg

where G is the set of LFTs used by the PGAUSS algorithm defined in Proposition 2.
(i4) In the same vein, the output density f on the fundamental domain F can be expressed as a function

of the input density f on B \ F as

=Y ()P f o (&, 1),

heg

where G is the set of LFTs used by the AGAUSS algorithm defined in Proposition 3.
(4i1) Finally, the output density f on the domain B\ D can be expressed as a function of the input density
fonD as
f@9)= > IN)Pfoh&,1),
heH+
where 'H is the set of LFTs used by the COREGAUSS algorithm defined in Proposition 3.

4.2 The irruption of Eisenstein series.

We now analyze an important particular case, where the initial density is the standard density of valuation
r defined in (26). Since each element of G gives rise to a unique pair (¢, d) with ¢ > 1, ged(c, d) = 1 for
which

1 1 i
W) = — o h(#,§) = S — 28
IR ()] = aran ° h(#,§) A(r) |z + d)2r (28)
the output density on Fis  f,(2,7) = Z |cz +yd|4+2r , (29)

1

It is natural to compare this density to the density relative to the measure relative to “random lattices”:
in the particular case of two dimensions, the set Xo = SL3(R)/SLy(Z) is exactly"")| the fundamental
domain F. Moreover, the measure of density (z) 2 is invariant under the action of PSLy(Z): indeed,
for any LFT h with det h = %1, one has

IS(h(2))| = IS(2)]-|h (2)], so that // —d:rdy = / |n' (2 )) S g drdy —/ —dxdy.
h(A
Then, the probability v on F of density["]
31
== 30
n(z,y) = — ) (30)

(¥) Not exactly: up to a convenient definition of  on its frontier.
™) the integral [, n(z,y)dzdy = 1.
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is invariant under the action of PSLs(Z). If we make apparent this density 7 inside the expression of fr
provided in (29), we obtain:

Theorem 2. When the initial density on B\ F is the standard density of valuation r, denoted by f, and
defined in (26), the output density of the PGAUSS algorithm on F involves the Eisenstein series Es of
weight s = 2+ r: With respect to the Haar measure 1, on F, whose density 1) is defined in (30), the output
density fr is expressed as

S

~ T y
fr(z,y)dedy = ———Fo - (x,y)n(x,y)dedy, where Fs(x,y)= —_—.
sy = o -
31
is closely related to the classical Eisenstein series Es of weight s, defined as
Bew) =3 Y L =(29) [Fey) ]
S ) T 2s - S 3 N
2 (¢,d)ez? |CZ + d|
(e,)#(0,0)
When r — —1, classical results about Eisenstein series prove that
Ey(z,y) ! that lim —— Fpy (z,y) = 1
s\, ~s—1 57 9\ SO tha m  ——— r\Z, =4
TP 1 3A(ry | Y

which imply that the ouput distribution relative to the input distribution of valuation r tends to the distri-
bution v5 relative to random lattices whenr — —1.

The series E; are Maass forms (see for instance the book [5]): they play an important rdle in the theory
of modular forms, because E; is an eigenfunction for the Laplacian, relative to the eigenvalue s(1 — s).
The irruption of Eisenstein series in the lattice reduction framework was unexpected, and, at the moment,
it is not clear how to use the classical well-known properties of the Eisenstein series E for studying the
output densities.

4.3 Geometry of the output parameters.
The main output parameters are defined in (1112). For X € {\, u,~}, we denote by X (z) the value of
X on basis (1, z), and there are close relations between X (u, v) and X (z) for z = v/u:
)\(u,v) = |u‘ ! /\(Z)a :u(u7v) = |u| ! #(2)7 7(“71}) = ’Y(Z)
Moreover, the complex versions of parameters A, i,y can be expressed with the input—output pair (z, 2).

Proposition 4. If z = x + iy is an initial complex number of B \ F leading to a final complex z = & + iy
of F, then the three main output parameters defined in (T1[I2) admit the following expressions

1
detL(z) =y,  N(2) = % pA2) =yi,  (z) = 2
Then, the following inclusions hold:
A=) =1t] C [%(z) > fﬁ] . uz) =l c [%(z) < jguﬂ . 31)
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a 2 p 2 p2
Fo(acp) = {(wyh y>0  (2-2) +(y-55) <15
a\ 2 t?
Fa(a?c’t) = {((E,y), Yy > 07 (1' - E) +y2 S ?}

Se(a,¢,u) [wyy v>0, <o)} for cu < 1
ela,c,u) = z,9); , < — |z-= cu <
Yy Yy Yy T 22 -

Se(a,c,u) = {(z,y); y>0,} forcu > 1

Figure 9: The three main domains of interest: the Ford disks Fo(a, ¢, p), the Farey disks Fa(a, c,t), the angular
sectors Se(a, ¢, u).

If =z leads to % by using the LFT h € G with z = h(Z) = (aZz + b)/(cZ + d), then:

ez —al?

Me) =lez =l a(s) ===, u@)=kz{ay

Proof. If the initial pair (vq,vo) is written as in (4) as

UL) = pmt () with M= (¢ b and z:h(é):aijb,
Vg Vp c d cz+d

then the total length decrease satisfies

|vp | v, |2 1 o
B - =|h 32
|U0‘2 |CUp+1 +dvp|2 |Cé+d|2 ‘ (Z)|a ( )

[we have used the fact that det M = 1.] This proves that A?(2) equals |h/(2)] as soon as z = h(Z). Now,
for z = h(Z), the relations

_ 9
ez +d?’

Y

y y:|cz_a|27

easily lead to the end of the proof. m

4.4 Domains relative to the output parameters.

We now consider the following well-known domains defined in Figure @ The Ford disk Fo(a,c, p) is a
disk of center (a/c, p/(2c?)) and radius p/(2¢?): it is tangent to y = 0 at point (a/c,0). The Farey disk
Fa(a,c,t) is a disk of center (a/c,0) and radius ¢/c. Finally, the angular sector Se(a, ¢, u) is delimited
by two lines which intersect at a/c¢, and form with the line y = 0 angles equal to + arcsin(cu). These
domains intervene for defining the three main domains of interest.

Theorem 3. The domains relative to the main output parameters, defined as

L(p):={z€B\F; ~(z)<p}, Alt):={z€B\F; Az <t},
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Mu) :={ze€ B\ F; uplz) <u}

are described with Ford disks Fo(a, ¢, p), Farey disks Fa(a, ¢, t), and angular sectors Se(a, ¢, u). More
precisely, if F(, .y denotes the Festoon relative to pair (a,c) defined in @) and if the set C is defined as
in (19), one has:

F(p) = U FO(CL, ¢, p) N f(a,c)a A(t) = U Fa(aa ¢, t) N f(a,c)v
(a,c)EC (G,C)EC

M(u) = U Se(a,c,u) N Fa,e)-
(a,c)eC

Each “local” definition of sets A, I'; M can be transformed in a “global definition” which no more involves
the festoons. It involves, for instance, a subfamily of complete (intersecting) Farey disks (for A), or
quadrilaterals (for M) [see Figure[I0].

Define the subset P(¢) of set P defined in Section [3.4]as

P(t)==A{(c,d); cd>1ct<1ldt<1(ct+dt>1(cd)=1}

and, for a pair (a/c, b/d) of rationals satisfying ad — bc = —1, denote by S(a/c, b/d) the intersection of
B\ F with the vertical strip {(a/c) < z < (b/d)}.

The “global” definition of domain A(¢) is provided in [12]: consider a pair (a/c, b/d) of rationals satisfy-
ing ad — bc = —1 whose denominator pair (¢, d) belongs to P(t). There exists a local characterization of
A(t)NnS(a/c,b/d) which does not depend any longer on the festoons, namely

At)yNnS(a/c,b/d) =Fay(a,c,t) UFa_(b,d,t) UFa(a + b,c+d,t). (33)

Here Fa,(a,c,t),Fa_(b,d,t) are the half Farey disks formed with the intersections of Fa(a,c,t),
Fa(b, d, t) with the strip S(a/c, b/d). The domain of is exactly the union of the two disks Fay (a, ¢, t)
and Fa_ (b, d, t) if and only if the condition (¢? + d? + cd)t?> > 1 holds. The Farey disk relative to the
median (a + b)/(c + d) only plays a role when (c? + d? + cd)t? < 1. This last condition is satisfied in
particular if max(ct, dt) is smaller than 1/ \/3, or, equivalently, when both ¢ and d belong to the interval
[0,1/(tv/3)]. When ¢t — 0, the proportion of pairs (a/c, b/d) for which the intersection of Eqn is
formed with three disks tends to 1/6.

Then the following inclusions hold (where the “left” union is a disjoint union)

U Fa(a,c,t) C A(t) C U Fa(a,c,t). 34)
(a,c)eC (a,c)eC
e<i/t e<2/(V31)
We now deal with the domain M (u): consider a pair (a/c,b/d) of rationals satisfying ad — bc = —1

whose denominator pair (¢, d) belongs to P(u). Then, the denominator f of any rational e/ f of the
interval ]a/c, b/d| satisfies fu > (c + d)u > 1, and the domain Se(e, f,u) N F(., sy equals the whole
festoon F(., ¢y. We obtain a characterization of M (u) which does not depend any longer on the festoons,
namely

M(u)NnS(a/c,b/d) = Se(a,c,u) NSe(b,d,u) NSe(b—a,d— c,u). (35)



220 B. Vallée and A. Vera

> ~«
P O NV WD O ¢ < NI o O WY NP @ N

Figure 10: On the top: the domain I'(p) := {z; 7(z) < p}. On the left, p = 1 (in white). On the
right, the festoon F o1 together with Fo(0, 1, p) for p = 1, po = 2/v/3,p1 = (1 + po)/2. — On the
middle, the domain A(t) N B4, with A(t) := {z; A(z) <t} fort = 0.193 and ¢ = 0.12. — On the
bottom, the domain M (u) N B4 with M (u) := {z; p(z) < u}foru =0.193 and v = 0.12.
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The domain of may coincide with the triangle Se(a, c,u) N Se(b, d,u) when the two sides of the
triangle intersect on the frontier F(, o) N Fp,q)- But, this is not always the case since the two sides
of the triangle may intersect inside the festoon F(;,_4,4—c)- In this case, the domain of (35) is a “true”
quadrilateral. This last case occurs if and only if the condition (c? + d? — cd)u® > (3/4) holds. This
condition is satisfied in particular if min(cu, du) is larger than v/3/2. This occurs in the interval [a/c, b/d]
when both ¢ and d belong to [(v/3/2)(1/u),1/u]. When u — 0, the proportion of pairs (a/c,b/d) for
which the intersection of Eqn (35) is a “true” quadrilateral tends to 2[1 — (v/3/2)]2.

4.5 Distribution functions of output parameters.

Computing the measure of disks and angular sectors with respect to a standard density of valuation r leads
to the estimates of the main output distributions:

Theorem 4. When the initial density on B\ F is the standard density of valuation r, the three main
output parameters admit the following distributions:

C(ZT + 3) r+2

< = A Sl <
Py [v(2) < p] A (r) erta)” for p<1,
Pihy[Az) <t] = ©O@"+?) for >0,
Piy[Mz) <t] = ©O(t*|logt|) for =0,
Piy[Mz) <t] = O©@1*?) for r <0,
Piylu(z) <u] = Ou>*?).

In the case when r > 0, there are precise estimates for parameter A\, whent — 0:

Py A(z) <t] ~i—o0 Az(ﬂm "2 for 1> 0,

1
Py [A(z) <t] ~i0 A2(0)@t2| logt| for r=0.
For any valuation r > —1, the following inequalities hold
11 <\/§ 2

r+1 r+1
— 272 Piy(z) <u] < As(r <> u?r 2
2) (m[1(z) <] < As(r) 7

The constants A;(r) involve Euler’s Gamma function and the measure A(r) defined in (26) in the follow-
ing way

V7 D(r +3/2) V7 T((r+1)/2) 1 1

A= A0 T+ = oam ez P T AR ey

Proof. [Sketch] First, the measure (wrt the standard density of valuation r) of each basic domain (disks
of Farey or Ford type, triangles) is easy to compute. For a disk of radius p, centered on the real axis (resp



222 B. Vallée and A. Vera

tangent to the real axis), this measure equals 245 (r)p" 2 (resp. A1(r)(2p)"?2), and involves constants
A;(r) defined in the theorem. Furthermore, if ¢ denotes the Euler totient function, there are exactly ¢(c)
basic disks of the same radius in each domain. Then, the identity

ng 287_1), for Rs>2
c>1 ()

explains the occurrence of the function ((s — 1)/{(s) in our estimates. Consider two examples:

(a) For p < 1, the domain I'(p) is made with disjoint Ford disks of radius p/(2c?). An easy application
of previous principles leads to the result.

(b) For A(t), these same principles, together with relation entail the following inequalities

r r ¢(c)
t i Z cr+2 - A )]P)(T) [/\(Z) S t] S t i Z cr+2’
e<1/t 2 e<2/(V/3t)

and there are several cases when t — 0 according the sign of r. For r > 0, the Dirichlet series involved
are convergent. For < 0, we consider the series

plc) _ds+r+1)
ct2ts  ((s+r+2)

c>1
(which has a pdle at s = —r), and Tauberian theorems (or Perron’s formula for » = 0) provide an estimate
for
p(c) Lt (c) 1
TE N0 @N , (forr>0), and Y —F ~yoo @Nlog N.

c<N c<N

For domain M (u), the study of quadrilaterals can be performed in a similar way. The measure (wrt
standard density of valuation 7) of a triangle of horizontal basis a and height / is of the form Az(r) a h™*1,
and involves the constant As(r) defined in the theorem. Furthermore, the height of each quadrilateral of
M (u) is ©(u?), and the sum of the bases a equal 1. Then P(,[u(z) < u] = ©(u*"*2). Furthermore,
using the inclusions of (3I]) leads to the inequality. m

Interpretation of the results. We provide a first interpretation of the main results described in the previ-
ous theorem.

() For any yo > 1, the probability of the event [ > yo] is

R 1 2 3) 1
P9 = yo] =Ppy[y(z) < yo] Al(r)w%ﬂ-

This defines a function of the variable yo — ,-(1o), whose derivative is a power function of variable ¥,
of the form O(y, "~ 3) This derivative is closely related to the output density f,. of Theorem 2, via the
equality

1/2
(o) = / 7 (2, yo) da.

—1/2
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Now, when r — —1, the function ¢)/.(y) has a limit which is exactly the density 7, defined in , which
is associated to the Haar measure 5 defined in 7.2.

(7i) The regime of the distribution function of parameter A\ changes when the sign of valuation
r changes. There are two parts in the domain A(¢): the lower part, which is the horizontal strip
[0 < S(2) < (2/v3)t?], and the upper part defined as the intersection of A(t) with the horizontal
strip [(2/v/3)t? < ¥(z) < t]. For negative values of 7, the measure of the lower part is dominant, while,
for positive values of r, this is the upper part which has a dominant measure. For » = 0, there is a phase
transition between the two regimes: this occurs in particular in the usual case of a uniform density.

(i7) In contrast, the distribution function of parameter p has always the same regime. In particular, for
negative values of valuation r, the distribution functions of the two parameters, A and p are of the same
form.

Open questions. Is it possible to get information on the constants hidden in the ©’s for parameter 4 (in

case of any valuation) and for A (in case of a negative valuation)? This will be important in the study of
the LLL algorithm (See Section [4.7).

Is it possible to describe the distribution function of parameter p for p > 1?7 Figure|10| [top] shows that
its regime changes at p = 1. This will be important for obtaining a precise estimate of the mean value
E(,y[y] as a function of  and comparing this value to experiments reported in the Introduction.

4.6 The corners of the fundamental domain

With Theorem 4, it is possible to compute the probability that an output basis lies in the corners of the
fundamental domain, and to observe its evolution as a function of valuation r. This is a first step for a
sharp understanding of Figure [[[right].

Proposition 5. When the initial density on B \ F is the standard density of valuation r, the probability
for an output basis to lie on the corners of the fundamental domain is equal to

¢(2r+3)
=1—A(r)  —0—-—=.
cr) () Carva
There are three main cases of interest for 1 — C(r)
[r— —1]: 3 [r=0]: _3r cB) r— 00| : \/?83/2.
m 21 + 3v/3¢((4) r

4.7 Returning to the LLL Algorithm.

The LLL algorithm aims at reducing all the local bases By, in the Gauss meaning. For obtaining the output
density at the end of the algorithm, it is interesting to describe the evolution of the distribution of the local
bases along the execution of the algorithm.

There exists for instance a variant of the LLL algorithm, introduced by Villard [23]] which performs a
succession of phases of two types, the odd ones, and the even ones. We adapt this variant and choose to
perform the AGAUSS algorithm, because, as we shall explain in Section[6} it has a better structure. During
one even (resp. odd) phase, the whole AGAUSS algorithm is performed on all local bases Bj, with even
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(resp. odd) indices. Since local bases with odd (resp. even) indices are “disjoint”, it is possible to perform
these Gauss algorithms in parallel. This is why Villard has introduced this algorithm.

Consider the Odd phase, and two successive bases By and By with odd indices, respectively endowed
with some initial densities F}, and F}_». Denote by z; and zjyo the complex numbers associated to local
bases (ug, vx) and (ug2, Vgt2) via relation . Then, the LLL algorithm reduces these two local bases
(in the Gauss meaning) and computes two reduced local bases denoted by (i, 0r) and (Gk42, Okt2)s
which satisfy in particular

07 = unl - p(21), el = lunsel - Aziso).

Then our Theorem 4 provides insights on the distribution of p(zx), A(zk+2). Since, in our model, the
random variables |uy| and zy (resp. |uk2| and zgyo) are independent, we obtain a precise information
on the distribution of the norms |05|, |txy2].

In the Even phase, the LLL algorithm considers the local bases with an odd index. Now, the basis By,
is formed (up to a similarity) from the two previous output bases, as:

upg1 = |0f], V1 = v[Og| + i|ig 2l

where v can be assumed to follow a uniform law on [—1/2, +1/2]. Moreover, at least at the beginning of
the algorithm, the two variables |05 |, |ix+2| are independent. All this allows to obtain precise informations
on the new input density Fj,; of the local basis By 1. We then hope to “follow” the evolution of densities
of local bases along the execution of the LLL algorithm.

5 Analysis of the execution parameters.

We finally focus on parameters which describe the execution of the algorithm: we are mainly interested
in the bit—-complexity, but we also study additive costs that may be of independent interest. We here use
an approach both based on tools that come from dynamical system theory and analysis of algorithms. We
shall use here the AGAUSS algorithm, with the decomposition provided in Proposition 3.

5.1 Dynamical systems and transfer operators.

Recall that a dynamical system is a pair formed by a compact set X and a mapping W : X — X for which
there exists a (finite or denumerable) set Q, (whose elements are called digits), and a topological partition
{X,}qe0 of the set X in subsets X, such that the restriction of W to each element X, of the partition
is C? and invertible. Here, we are led to so—called complete dynamical systems, where the restriction of
Wlx, : X4 — X is surjective. A special role is played by the set H of branches of the inverse function
W1 of W that are also naturally numbered by the index set Q: we denote by h(qy the inverse of the
restriction W|x_, so that X, is exactly the image hq) (X). The set H¥ is the set of the inverse branches
of the iterate W*; its elements are of the form h g,y 0 hg,y 0+ - -0 hyg, and are called the inverse branches
of depth k. The set H* := Uj>oH?" is the semi-group generated by H.

Given an initial point z in X, the sequence W(z) := (z, Wz, W2z, ...) of iterates of x under the action
of W forms the trajectory of the initial point . We say that the system has a hole Y if any point of X
eventually falls in Y: for any x, there exists p € N such that W?(z) € Y.

The main study in dynamical systems concerns itself with the interplay between properties of the trans-
formation W and properties of trajectories under iteration of the transformation. The behaviour of typical
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trajectories of dynamical systems is more easily explained by examining the flow of densities. The time
evolution governed by the map W modifies the density, and the successive densities f1, fo, ..., fn,--.
describe the global evolution of the system attime ¢t =0, t =1,t =2, ....

We will study here two dynamical systems, respectively related to the F-EUCLID algorithm and to CORE-
GAUSS algorithm, and defined in Sections [3.3]and [3.5]

5.2 Case of the F-EuCLID system.

We first focus on the case when X is a compact interval of the real line. Consider the (elementary) operator
X4, [n]» Telative to a mapping h, which acts on functions f of one variable, depends on some parameter s
and is formally defined as

X [f1(x) = [W'(@)|" - f o h(=). (36)

The operator X ;) expresses the part of the new density which is brought when one uses the branch 5,
and the operator

H, = Z H, 1) (37)

heH

is called the transfer operator. For s = 1, the operator H; = H is the density transformer, (or the Perron-
Frobenius operator) which expresses the new density f; as a function of the old density f; via the relation
f1 = H[fo]. In the case of the F-EUCLID algorithm, due to the precise expression of the set H, one has,
forany x € Z =[0,1/2]

H[fle) = > (miexfs'f(miex)'

(m.)>(2,1)

The density transformer H admits a unique invariant density ¢(z) which involves the golden ratio ¢ =

(1++5)/2,
1 1 1
1/1(3:):10g¢ (¢>+x+¢2—x>'

This is the analog (for the F-EUCLID algorithm) of the celebrated Gauss density associated to the standard
Euclid algorithm and equal to (1/1og 2)1/(1 + x).

The main properties of the F-EUCLID algorithm are closely related to spectral properties of the transfer
operator H, when it acts on a convenient functional space. We return to this fact in Section[5.4]

5.3 Case of the AGAUSS algorithm.

Theorem 1 describes the output density f as a function of the initial density f. The output density f (2)
is written as a sum of all the portions of the density which are brought by all the antecedents /(£), when
h € G. We have seen in the proof of this theorem that the Jacobian of the transformation (x,y) —
h(z,y) = h(x + iy) intervenes in the expression of f as a function of f. Furthermore, the Jacobian
Jh(z,y) is equal to |h’(z)]?. It would be natural to consider an (elementary) operator Yo, 4], of the form

Yoo, mlf1(2) = [W(2)|** - f(h(2)).
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In this case, the sum of such operators, taken over all the LFT’s which intervene in one step of the éGAUSS
algorithm, and viewed at s = 1, describes the new density which is brought at each point z € F during
this step, when the density on B\ F is f. However, such an operator has not good properties, because
the modulus |h/(z)| does not define an analytic function. It is more convenient to introduce another
elementary operator which acts on functions F' of two variables, namely

Xoo mlFl(z,0) = h(2)* - h(u)* - F(h(2), h(u)),

where £ is the analytic extension of || to a complex neighborhood of [0, 1/2]. Such an operator acts on
analytic functions, and the equalities

Kol F)(27) = Yo ulfl(2),  KopuplFllw,a) = Xogulfl@)  for  f(2) = F(z,2),

(38)
prove that the elementary operators X, ;) are extensions of the operators Xy ) that are well-adapted
to our purpose. Furthermore, they are also well-adapted to deal with densities with valuation. Indeed,
when applied to a density f of valuation r, of the form f(z) = F(z,Z), when F(z,u) = |z — u|"L(z,u)
involves an analytic function L which is non zero on the diagonal z = u, one has

XQS[F](Z’E) = ‘y|TX25+T[L](Z’E)'

Such operators satisfy a crucial relation of composition: with multiplicative properties of the derivative of
g o h, we easily remark that
X0 © X 19 = Ko fgon)-

Then, the operators relative to the main set of LFT’s g ,KC, H associated to the AGAUSS algorithm via
Proposition 3, defined as

H =) X, Ko=) X Go=) X, (39)

heM hek heG

satisfy with Proposition 3,
G,=K,o(I-H)'-1. (40)

Remark that the operator H,_ admits the nice expression

H,, [F](z,u) = Z <(m+ez)1(m+eu)>2s'F<miez’m-il-eu>'

(m,e)=(2,1)

Due to (38), this is an extension of Hy, (defined in (37), which satisfies relation H, [F](z,z) =
Ho,[f](x) when f is the diagonal map of F'. Furthermore, assertions (ii) and (4é7) of Theorem 1 can
be re—written as: Consider the densities (the input density f and the output density f) as functions of two

complex variables z,z, namely f(x,y) = F(z,%), f(z,y) = F(z,%). Then

(Assertion (ii)): F = Ggo[F], (Assertion (iii)): F = H,o (I —H,) ![F]
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and the operators G2, H, o (I — H,) ™! can be viewed as (total) “density transformers” of the algorithms
(the AGAUSS algorithm or the COREGAUSS algorithm) since they describe how the final density F' can
be expressed as a function of the initial density F'.

The operators defined in (39) are called transfer operators. For s = 1, they coincide with density trans-
formers, and, for other values of s, they can be wiewed as extensions of density transformers. They play
a central rdle in studies of dynamical systems. The main idea in “dynamical analysis” methodology is to
use these operators Xy, () and to modify them in such a way that they become “generating operators”
that generate themselves generating functions of interest. For instance, if a cost ¢(h) is defined for the
mapping h, it is natural to add a new parameter w for marking the cost, and consider the weighted operator
J(c),[n defined as

Ko (e). ] [F)(2,u) = explwe(h)] - h(2)* - h(w)® - F(h(2), h(w)).

Of course, when w = 0, we recover the operator ng,[h]. When the cost ¢ is additive, i.e., ¢(g o h) =
c(g) + c(h), the composition relation

—Su)

J(©),[] © Xs w,(e),lg) = Hs,w,(c),[goh]

—S’LU

entails, with Proposition 3, an extension of (@0} as

Gs,w,(c) - s ,w,(c) o (I H )_1 -1 (41)

==s,w,(c)

5.4 Functional analysis.

Itis first needed to find a convenient functional space where the operator H, and its variants H, ,, ) will
possess good spectral properties : Consider the open disk ) of diameter [—1/2, 1] and the functional space
Boo (V) of all functions F' (of two variables) that are holomorphic in the domain V x V and continuous
on the closure V x V. Endowed with the sup-norm,

|F[| = sup {|F(z,u)[; (z,u) €V x V},

B (V) is a Banach space and the transfer operator H_ acts on B, (M) for R(s) > (1/2) and is compact.

Furthermore, when weighted by a cost of moderate growth [i.e., c(h(q)) = O(log )], for w close enough
to 0, and Rs > (1/2), the operator H, , (©) also acts on Boo (V). Moreover, (see [22]], [6]), for a com-
plex number s close enough to the real axis, with ®s > (1/2), it possesses nice spectral properties; in
particular, in such a situation, the operator H, ,, .y has a unique dominant eigenvalue (UDE), denoted by
A(e) (8, w), which is separated from the remainder of the spectrum by a spectral gap (SG). This implies the
following: for any fixed s close enough to the real axis, the quasi-inverse w — (I — H, ,, ()~ ! has a
dominant pdle located at w = w,)(s) defined by the implicit equation \(.)(s,w()(s)) = 1.In particular,
when w = 0, one has:

1 6logo
s—1 m2

(- H,) ' [F](u) = (2, u) /fm,z)da:, )

where 1) () is an extension of the invariant density ¢, and satisfies ¢(x, z) = 1)(z). An exact expression
for 1 is provided in [22],

1 1 2 —
<lo ¢+u+log¢

y(z’u)zlogqﬁufz g¢+z 2 —

Z) for z # u, and P(z,2) = P(2).
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5.5 Additive costs.

We recall that we wish to analyze the additive costs described in Section[2.3] and defined more precisely
in @) Such a cost C. is defined via an elementary cost ¢ defined on quotients g;, and we are interested
by elementary costs of moderate growth, for which ¢(|q|) = O(log|q|). Such costs will intervene in the
study of the bit-complexity cost, and will be relative in this case to the elementary cost ¢(|g|) := £(|q|)
where ¢(x) denotes the binary length of the integer cost. There is another important case of such an
additive cost: the number of iterations, relative to an elementary cost ¢ = 1.
We first note that ¢ can be defined on LFT’s h corresponding to one step of the algorithm, via the relation
c(h(q,e)) := c(q); and then it can be extended to the total set of LFT’s in a linear way: for o = hy o hg o
.. 0 hy, we define c(h) as c¢(h) := c¢(h1) + c¢(h2) + . .. + c(hp). This gives rise to another definition for
the complex version of the cost defined by C/(z) := C(1,z). If z € B\ F leads to 2 € F by using the
LFT h € G with z = h(Z), then C(z) equals (by definition) c(h).

We study cost C(,) in the continuou model relative to a density f of type (r, g) defined in , and
we wish to prove that k — P4 [C(.) = k| has a geometrical decreasing, with an estimate of the ratio.
For this purpose, we use the moment generating function of the cost C(.), denoted by E sy (exp[wCc)])
which satisfies

E (s (exp[wCie)]) Z explwk] - P[C(o) = k] = Z explwe(h / Sf(x,y)dzdy.
k>0 hed h(F)

When the density is of the form (25)), using a change of variables, the expression of the Jacobian, and
relation (28) leads to

EpespluCio)) = Y explue(t)] [ [ v W) g(h(2). ()dody.

heg

This expression involves the transfer operator Gy 4, (¢) Of the algorithm AGAUSS, and with @,
E, ) (explwCly)]) = / /~ Y [Kapraw o (I—Hy,, )"t — 1) [g](2,2)dady.
f

The asymptotic behaviour of P[C(.y = k] is obtained by extracting the coefficient of exp[kw] in the
moment generating function. This series has a pole at e (>+7) for the value w(2 + r) of w defined by the
spectral equation A(;)(2 + 7,w(2 + r)) = 1 that involves the dominant eigenvalue of the core operator

H, , (- Then, with classical methods of analytical combinatorics, we obtain:

Theorem 5. Consider a step-cost ¢ of moderate growth, namely ¢ : N — R* with ¢(q) = O(log(q)) and
the relative additive cost C'. defined in @) Then, for any density [ of valuation r, the cost C . follows
an asymptotic geometric law. Moreover, the ratio of this law is closely related to the dominant eigenvalue

of the core transfer operator H, ,, (., via the relation

Py [Ciey = k] ~ a(r) exp[—kw( (2 + )], for k — oo, (43)

) It is also possible to transfer this continuous model to the discrete one. This is done for instance in [8].
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where a(r) is some strictly positive constant which depends on density f and cost c. The ratio w.)(2+1)
is defined by the spectral relation A(;)(2 4 7,w(2 + r)) = 1; it only depends on cost c and the valuation
7, not on the density itself, and satisfies w(c)(2 +r) = ©(r 4 1) whenr — —1.

In the particular case of a constant step-cost ¢ equal to 1, the operator H, ,, (1) is simply " - H,, and the
value w(y)(s) is defined by the the relation e® A(s) = 1: this entails that the ratio in is just equal to
A(2 + r). We recover in this case the main results of [8] 22]].

In this case, there exists an alternative expression for the mean number of iterations of the COREGAUSS
algorithm which uses the characterization of Hurwitz (recalled in Proposition 3). Furthermore, the prob-
ability of the event [R > k + 1] can be expressed in an easier way using , as

> 1 r / 2+r r
P[R >k + Z//MD drdy = Ad // 1 (2)[2*7) y"dwdy

h HE heHk

r 11k
A4 // H2+7 ) dIdy7

where A4(r) is the measure of D with respect to the standard density of valuation r,

vm D((r+1)/2)
1 T(rj2+2) e

A4(T)

This leads to the following result:

Theorem. [Daudé, Flajolet, Vallée] Consider the continuous model with the standard density of valuation
r. Then, the expectation of the number of iterations R of the COREGAUSS algorithm admits the following
expression

22+T 1

Ew[R] = f(r) //D y" (I —Hyy,) ' [1](2,2)dedy = e Z (cd)z

(e,d)
dp<c<dp?

Furthermore, for any fixed valuation r > —1, the number of iterations follows a geometric law
]P’(T) [R > k+ 1] ~Ek—oo Zi(r) )\(2 + ’I“)k

where A(s) is the dominant eigenvalue of the core transfer operator H, and a(r) involves the dominant
projector P relative to the dominant eigenvalue \(s) under the form

/ / y" Poy,[1](2)dzdy.

It seems that there does not exist any close expression for the dominant eigenvalue A(s). However, this
dominant eigenvalue is polynomial-time computable, as it is proven by Lhote [[15]. In [[10], numerical
values are computed in the case of the uniform density, i.e., for A(2) and E ) [R],

Eo)[R] ~ 1.3511315744, A(2) ~ 0.0773853773.
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5.6 Bit-complexity

We are interested in the study of the bit-complexity B defined in Section [2.3] and it is explained there
why it is sufficient to study costs @@, D defined by

P(u,v) P(u,v) .
Quy= Y el D) =2 3" ale] %]
=1 =1

These costs are invariant by similarity, i.e., X (Au, \v) = X (u,v) for X € {Q, D, P}. If, with a small
abuse of notation, we let X (z) := X(1, z), we are led to study the main costs of interest in the complex
framework. It is possible to study the mean value of the bit—-complexity of the AGAUSS algorithm, but,
here, we restrict the study to the case of the COREGAUSS algorithm, for which the computations are nicer.

In the same vein as in (32)), the i-th length decrease can be expressed with the derivative of the LFT h;
defined in 21)), as

|vi|? |vi

ool ~ (%)) sothat 2lg (Uo|) =g |h;(2)].

Finally, the complex versions of costs ), D are

P(z)

P(z)
Q) =Y Ual),  D(z):=Y_ al)lglhi(2)|-
i=1 =1

Remark that g |h}(2)| - |h}(2)]° is just the derivative of (1/log 2)|h}(£)|® with respect to s. The cost Q is
just an additive cost relative to cost ¢ = ¢ which was already studied in Section[5.5] But, we here adopt
a slightly different point of view: we restrict ourselves to the COREGAUSS algorithm, and focus on the
study of the expectation.

To an operator X, (0 (5], We associate two operators W)X, 1) and AX () defined as

d 1 d
WoXsm = gpew@mlv=o Aom =105 7 X000

The operator W, is using for weighting with cost ¢, while A weights with 1g|A’(%)|. The refinement of
the decomposition of the set H as

H* = [H"] - H - [H]

gives rise to the parallel decomposition of the operators (in the reverse order). If we weight the second
factor with the help of T ,, we obtain the operator

[(I 7ﬂs)71] © [W(é)ﬂa] © (I 7ﬂs>71 = W(f)[(I 7ﬂs)71]7

which is the “generating operator” of the cost Q(z). If, in addition of weighting the second factor with
the help of W( 1), we take the derivative A of the third one, then we obtain the operator

A [(I 7Es)71} © [W(Z)HJ © (I 7Hs)71
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which is the “generating operator” of the cost D(z). These functionals W), A are also central in the
analysis of the bit—-complexity of the Euclid Algorithm [16], [3]].

For the standard density f of valuation r, the mean values of parameters (), D satisfy

A41(T) //E\D v Wlll - H2+T)_1] [1](z,%) dzdy,

) = Q) =

i) =By (D) = s [ v A 0= B )7 [WioHay ) U~ Har ) 1(:,7) decy

and involve the measure A4(r) of disk D wrt to the standard density of valuation r, whose expression is
given in (44). Remark that A4 (r) ~ (r + 1)~! when r — —1. With (42),, this proves that

g(r)=0[r+1)7", dr)=6[r+1)7,  (r—-1).
We have provided an average—case analysis of parameters (), D in the continuous model. It is possible to
adapt this analysis to the discrete model. We have proven:

Theorem 6. On the set (2, of inputs of size M endowed with a density f of valuation r, the central
executio of the Gauss algorithm has a mean bit—complexity which is linear with respect to the size
M. More precisely, for an initial standard density of valuation r, one has

Epr,[B] = q(r)M + d(r) + ©[q(r)] + e (M)
(M) = OM?)(r+1)Mexp[—(r+1)M] for—1<r <0,
e(M) = O(M? exp|—M]) forr > 0.

The two constants q(r) and d(r) are the mean values of parameters (), D with the (continuous) standard
density of valuation r. They do not depend on M, and satisfy

giry=O[r+1)7", dr)=e[r+1)7%,  (r—-1)
Forr — —1 and M — oo with (r + 1)M — 1, then E ,y[B] is O(M?).

Open question. Provide a precise description of the phase transition for the behaviour of the bit-
complexity between the Gauss algorithm for a valuation » — —1 and the Euclid algorithm.

with

6 Conclusion

In the version of the LLL algorithm previously described in Section there are two dynamical systems,
the Odd dynamical system (relative to the Odd phases) and the Even dynamical system (relative to the
Even phases). The Odd (resp. Even) dynamical system performs (in parallel) the dynamical system
relative to the AGAUSS on all the complex numbers z; of odd (resp. even) indices. Between the end of
one phase and the beginning of the following phase, computations in the vein of Section[4.7]take place.

The dynamics of each system, Odd or Even, is easily deduced from the dynamics of the AGAUSS system.
In particular, there is an Even Hole and an Odd Hole, which can be described as a function of the hole of
the AGAUSS system. But the main difficulty for analyzing the ODD-EVEN Algorithm will come from the
difference on the geometry of the two holes —the Odd one and the Even one... This is a work in progress!

D) This is, by definition (see Section[2.3)), the execution of the algorithm, EXCEPT the initialization process where the Gram matrix
is computed.
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