Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 44 Nurnber 7 July 2009 ISSN 0747-7171

Journal of
Symbolic
Computation

Special Issue on
International Symposium on Symbolic and
Algebraic Computation
Guest Editors: Carlos D'Andrea,
Bernard Mourrain

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Journal of Symbolic Computation 44 (2009) 726-767

journal homepage: www.elsevier.com/locate/jsc

Contents lists available at ScienceDirect

Journal of Symbolic Computation

4 Journal of

4 5ymbolic
Computation

Regularity of the Euclid Algorithm; application to the
analysis of fast GCD Algorithms™

Eda Cesaratto®P, Julien Clément?, Benoit Daireaux ¢, Loick Lhote?,
Véronique Maume-Deschamps ¢, Brigitte Vallée?

4 GREYC, UMR CNRS 6072, Université de Caen and ENSICAEN, Caen, France

b Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET) and Instituto de Desarrollo Humano,
Universidad Nacional de Gral. Sarmiento, Buenos Aires, Argentina

¢ IrisResearch Center, Stavanger, Norway

4 ISFA, Université de Lyon, Université de Lyon 1, Lyon, France

ARTICLE INFO

ABSTRACT

Article history:

Received 29 November 2007
Accepted 25 April 2008
Available online 8 October 2008

Keywords:

Euclid algorithm

Divide and conquer algorithms
Fast multiplication

Analysis of algorithms
Transfer operators

Perron formula

There exist fast variants of the gcd algorithm which are all based
on principles due to Knuth and Schénhage. On inputs of size n,
these algorithms use a Divide and Conquer approach, perform
FFT multiplications with complexity p(n) and stop the recursion
at a depth slightly smaller than Ign. A rough estimate of the
worst-case complexity of these fast versions provides the bound
O(u(n) logn). Even the worst-case estimate is partly based on
heuristics and is not actually proven. Here, we provide a precise
probabilistic analysis of some of these fast variants, and we prove
that their average bit-complexity on random inputs of size n is
©® (u(n) log n), with a precise remainder term, and estimates of the
constant in the @-term. Our analysis applies to any cases when
the cost w(n) is of order £2(nlogn), and is valid both for the
FFT multiplication algorithm of Schénhage-Strassen, but also for
the new algorithm introduced quite recently by Fiirer [Fiirer, M.,
2007. Faster integer Multiplication. In: Proceedings of STOC07.
pp. 57-66]. We view such a fast algorithm as a sequence of what we
call interrupted algorithms, and we obtain two main results about
the (plain) Euclid Algorithm, which are of independent interest.
We precisely describe the evolution of the distribution of numbers
during the execution of the (plain) Euclid Algorithm, and we exhibit
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an (unexpected) density  which plays a central réle since it
always appears at the beginning of each recursive call. This strong
regularity phenomenon proves that the interrupted algorithms are
locally “similar” to the total algorithm. This ultimately leads to
the precise evaluation of the average bit-complexity of these fast
algorithms. This work uses various tools, and is based on a precise
study of generalised transfer operators related to the dynamical
system underlying the Euclid Algorithm.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Gcd computation is a widely used routine in computations on long integers. It is omnipresent
in rational computations, public key cryptography or computer algebra. Many gcd algorithms have
been designed since Euclid. Most of them compute a sequence of remainders by successive division,
which leads to algorithms with a quadratic bit-complexity (in the worst-case as well as in the average-
case). Using Lehmer’s ideas (1938) (which replace large divisions by large multiplications and small
divisions), computations can be speeded-up by a constant factor, but the asymptotic complexity
remains quadratic. Major improvements in this area are due to Knuth (1971), who designed the
first subquadratic algorithm in 1970, and to Schonhage (1971) who subsequently improved it the
same year. They use Divide and Conquer techniques combined with Lehmer’s ideas to compute in
a recursive way the quotient sequence (whose total size is O(n)). Moreover, if a fast multiplication
with subquadratic complexity (FFT, Karatsuba...) is performed, then one obtains a subquadratic
gcd algorithm (in the worst-case). Such a methodology has been recently used by Stehlé and
Zimmermann (2004) to design a Least-Significant-Bit version of the Knuth-Schénhage algorithm.
According to experiments due to Cesari (1998) and Moller (2008), these algorithms (with an FFT
multiplication) become efficient only for integers of size larger than 10000 words, whereas, with
Karatsuba multiplication, they become efficient for smaller integers (around 100 words). A precise
description of the Knuth-Schénhage algorithm can be found in Yap (1996) and Méller (2008) for
instance.

1.1. Previous results

The average-case behaviour of the quadratic gcd algorithms is now well understood. First results
are due to Heilbronn (1969) and Dixon (1970) in the seventies, who studied for the first time the
mean number of iterations of the Euclid Algorithm. Then Brent analysed the Binary algorithm (Brent,
1976), and Hensley (1994) provided the first distributional analysis for the number of steps of the
Euclid Algorithm. Since 1995, the CAEN Group (Vallée, 2003, 2000, 2006) and its collaborators have
performed an average-case analysis of various parameters of a large class of Euclidean algorithms.
More recently, distributional results have also been obtained for the Euclid algorithm and some of
its variants: first Baladi and Vallée prove that a whole class of so-called additive costs of moderate
growth follows an asymptotic Gaussian law (Baladi and Vallée, 2005) (for instance, the number of
iterations, the number of occurrences of a given digit, and so on...). In 2006, Lhote and Vallée (2006,
2008) showed that a more general class of parameters also follows an asymptotic Gaussian law. This
class contains the length of a remainder at a fraction of the execution, and the bit-complexity. To
the best of our knowledge, there are yet few results on “efficient” gcd algorithms. In Daireaux and
Vallée (2004), the authors perform an average-case analysis of Lehmer’s algorithm, and exhibit the
average speed-up obtained using these techniques. However, as far as we know, there does not exist
any probabilistic analysis of subquadratic gcd algorithms. It is the goal of this paper to perform such
a study.

An extended abstract (12 pages) which contains the main results of this paper, without proofs, has
appeared in the Proceedings of the ANALCO-ALENEX conference (a satellite conference of the SODA
conference) in January 2007.
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Fig. 1. Density distribution of x5y in the case § = 1/2, corresponding to the density distribution of the rational x; := Ay41/Ak
obtained as soon as ¢(Ay) is smaller than (1/2)€(Ap). The diagram compares Monte-Carlo simulations with the exact value of
¥ (x). For simulations, we consider 3 537 944 rationals with 48 bits, drawn according to the Gauss density ¢. For estimating the
density, the interval [0, 1] is subdivided into equal subintervals of length 1/50.

1.2. Our results

There are two algorithms to be analysed: the #§ algorithm and the § algorithm. The § algorithm
computes the gcd, and the #§ algorithm (for “half-gcd” Algorithm) only simulates the “first half” of
the 4 algorithm. We first show that these algorithms can be viewed as a sequence of the so-called
Interrupted Euclidean algorithms. An Interrupted Euclidean algorithm is a subsequence formed by
successive iterations of the plain algorithm, as we now explain: On an input (A, B), the plain Euclid
algorithm builds a sequence of remainders A;, a sequence of quotients Q;, and a sequence of matrices
M; [see Section 2.1]. On an input (A, B) of binary size n, the Interrupted Euclidean algorithm &5 54,
starts at the index k of the execution of the Euclid Algorithm, as soon as the remainder A, has already
lost & n bits (with respect to the initial A which has n bits) and stops at index k + i as soon as the
remainder Ay; has lost y n additional bits (with respect to the remainder Ay). The #§ algorithm
just simulates the interrupted algorithm &g 1/,5;. A quite natural question is: how many iterations
are necessary to lose these y n bits? Of course, it is natural to expect that this subsequence of the
Euclidean algorithm is just locally similar to the “total” Euclidean Algorithm; in this case, the number
of iterations would be close to y P (where P is the number of iterations of the “total” Euclid algorithm).
We prove in Theorem 1 that this is indeed the case: This is why we say that the algorithm is “regular”.

For a probabilistic study of fast variants, a precise description of the evolution of the distribution
during the execution of the plain Euclid Algorithm is of crucial interest. For real inputs, we know
that the continued fraction algorithm does not terminate (except for rationals ...). Moreover, as the
continued fraction algorithm is executed, the distribution of reals tends to the distribution associated
to the Gauss density ¢, defined as

11
px) = — : (1)

For rational inputs, we begin with a given distribution on the set of the inputs x := A;/A¢ of size n,
and we consider the rationals x; := Ay, 1/Ax. We focus on the first index k where the binary size of x;
is less than (1 — §)n and we denote the corresponding rational X, by x5y. What is the distribution of
the rational x5y ? The evolution of this distribution is clearly more intricate than in the real case, since
at the end of the Algorithm (when § = 1), the distribution is the Dirac measure at x = 0. We obtain
here a precise description of this distribution (see Theorem 2 and Fig. 1) which surprisingly involves
the density function
12 log(m + x)

o= 72 =~ m+x)(m+x+1)

m>1

(2)
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One of our referees writes: “The authors find the result surprising, but there is an heuristic explanation
for it. Suppose one is riding various horses, some fast and some slow, on a long race, switching once
a minute to a random new horse. What horse will you be riding when you cross the finish line?
Probably, a fast one! Chasing down the quantitative consequences of this idea, weighting the horses
in proportion to their speed, and then thinking of horses as integers Q that would express the size of
the step (Ax, Ax—1) — (Ar_1 — QAk, Ay), one arrives at the authors’ v (x) density.”

We also need precise results on the distribution of some truncations of remainders. This is done in
Theorem 3. Then, the choice of parameters in the fast algorithms must take into account this evolution
of distribution. This is why we are led to introduce some variants of the classical algorithms, denoted
by #¢ and § for which the precise analysis can be performed.

The fast versions also involve other functions, which are called the Adjust functions. Such functions
perform a few steps of the (plain) Euclid Algorithm. However, the bit-complexity of the Adjust
functions depends on the size of the quotients which are computed during these steps. Even for
estimating the worst-case complexity of the fast variants, the Adjust functions are not precisely
analysed. The usual argument is “The size of a quotient is O(1)”. Of course, this assertion is false in
the worst-case, and only (perhaps) true on average, provided that the distribution on input pairs be
made precise. Moreover, the Adjust functions are related to some specific steps, which happen just
when the pairs have lost a fraction of their bits. We are then led to study the mean value of the size
of the quotients computed at these specific steps, and we prove that it is asymptotic to a constant n
which is defined in (20). And, we also need this type of result for our truncated data. This is covered
by Theorem 4.

There are now two main fast multiplication algorithms, both based on FFT principles. We consider
in fact a whole class of possible fast multiplication algorithms, for which the following is true:

There exist a function a(n) satisfying' a(n) = O(loglogn), a(n) = £2(1) and two constants A;, A,
(probably large) such that, for any pair of integers u, v whose respective sizes satisfy £(u) = n and
£(v) = Kn for some integer K, the bit-cost M (u, v) of the product between two numbers u and v satisfies

AiK u(n) <M(u,v) <A, K u(n) with w(n) = a(n)nlogn. (3)

In particular, Fiirer proved this year (Fiirer, 2007) that it is possible to choose a(n) = 2°0°¢"" and
improves the previous function a(n) = log log n, due to Schénhage and Strassen.?

Such a fast multiplication also leads to a fast division:

There exist two constants As, A4 (larger than A1, Ay) such that, for any pair of integers u, v whose
respective sizes satisfy £(u) = n and £(v) = Kn for some integer K > 1, the bit-cost D(u, v) of the
division between two numbers v and u satisfies>

A3 (K — 1) u(m) <D(v,u) <Az (K —1) u(n) with wu(n) = a(n)nlogn. (4)

Finally, we obtain the exact average-case complexity of our versions of the two main algorithms
of interest, the #§ algorithm, and the § algorithm itself. When they use a fast multiplication which
satisfies (3) and a fast division which satisfies (4), we prove the following estimates [Theorems 6 and
7] for the average bit-complexity B, G of both algorithms, on the set of random inputs of size n:

E,[B] = ©(1) n(log n)* a(n) [1 +0 (L)] :
a(n)

_ 2 1
E,[G] = ®(1) n (logn)* a(n) [1 +0 (a(ﬁlogn))] .

1 The notation f = £2(g) means that there exists B > 0 such that, for n large enough, f, > Bg,, and the notation f = ©(g)
means that f = £2(g) and f = 0(g).

2 The function log* denotes the iterated logarithm function, that is log*(n) denotes the number of times the logarithm
function must be iteratively applied before the result is less than or equal to 1.

3 In this case (K — 1)n is the size of the quotient.
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Furthermore, we obtain precise information about the ®-term, which involves two types of constants:
first, the constants Aq, A,, Az, A4, which intervene in the cost of the multiplication and the division
[see (3) and (4)], second, together with the density i defined in (2), another mysterious “spectral”
constant o (defined in Section 1.3). Our proven average bit-complexity of the #§, 4 algorithms then
appears to be of the same order as the usual (heuristic) bound on the worst-case complexity of #4, 4
algorithms.

1.3. Methods

Even if our main conclusions obtained here are “expected”, and certainly will not surprise the
reader, the irruption of the density v defined in (2) is unexpected, and an actual proof of this
phenomenon is not straightforward. This is due to the fact that there are correlations between
successive steps of the Euclid Algorithm. Accordingly, the tools which are usual in analysis of
algorithms (Flajolet and Sedgewick, in press), such as generating functions, are not well-suited in this
case. All the analyses which will be described here are instances of the dynamical analysis paradigm,
where the algorithm is seen as a dynamical system. Then, the analysis uses, together with generating
functions, the transfer operator of the underlying dynamical system as a main tool. Here, the transfer
operator H; relative to the Euclidean dynamical system is

1 1
H[f1() := ) o <m+x>, (5)

m>1

and the Gauss density ¢ defined in (1) is just the unique density fixed by H := H;, whereas one of the
main objects of this paper, the density v, is proportional to

d
H'[¢], with H := &Hskzr

The present paper mainly uses two previous works, and can be viewed as an extension of them: first,
the average-case analysis of the Lehmer-Euclid algorithm performed in Daireaux and Vallée (2004);
second, the distributional methods described in Baladi and Vallée (2005) and Lhote and Vallée (2008).
First, we again use the general framework that Daireaux and Vallée have developed for the analysis of
the Lehmer-Euclid Algorithm, which explains how the Lehmer-Euclid algorithm can be viewed as a
sequence of Interrupted Euclidean algorithms &s 5.,1. Most of the studies in the Dynamical Analysis
framework use well-known properties of the transfer operator H; when it acts on the functional
space C'(I), namely the existence of a unique dominant eigenvalue, separated from the remainder
of the spectrum by a spectral gap. But, in the present paper, we also need other properties (deeper
ones) which were already crucial in previous distributional analysis (Baladi and Vallée, 2005, 2004;
Lhote and Vallée, 2008) - namely, the US (Uniform Estimates on Strips) Property for the quasi-inverse
(I — H,)~! of the transfer operator -. The US(«) Property can be summarised in an informal way as
follows:

Property US(«) (Uniform Estimates on Strips). When Hs acts on the functional space C'(4) of functions
with a continuous derivative on the unit interval 4 := [0, 1], the following holds on the strip 8, =
{s,1T—a<Ns<1+a}

(i) The quasi-inverse (I — Hs)~! has a unique pdle located at s = 1.
(ii) It is of polynomial growth with respect to |3s| when |Js| tends to oo.

It is known from works of Mayer (1991) and Efrat (1993), that the quasi-inverse (I — H;)~!, when
it acts on a nice space ¥ of analytic functions, has a unique pole located at s = 1 in the half-plane
s > 1/2. The other singularities of the quasi-inverse are located on the line s = 1/2 or at values s
for which the Riemann zeta function satisfies ¢ (2s) = 0. Then, for any o < 1/2, the vertical strip 4,
contains only one pdle of the quasi-inverse (I —H;) !, located at s = 1. But this does not mean that the
US-strip can be chosen as 4, for two main reasons: first, we do not know if the quasi-inverse (even
if it acts on ¥') has a polynomial growth on $, when |3Js| tends to co. Moreover, the quasi-inverse
(I — Hy)~' (when it acts on C') may possess many other singularities than when it acts on ¥ .
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Extending methods due to Dolgopyat, Baladi and Vallée proved that there exists an« > 0 for which
Property US(«) holds. The arguments which show the existence of such a strip are not completely
constructive, and we do not know any explicit strictly positive lower bound on «. In the paper, such
a lower bound is denoted by o, and the parameter ¢ := min(o, 1/2) plays a central role in our
analyses: This is the mysterious constant which intervenes in the constants of our two main theorems,
Theorems 6 and 7. It also intervenes in the exponents of all the remainder terms of Theorems 1-5.

In order to establish our main results, we are led to studying parameters of various type, whose
generating functions involve operators G, ; which depend on two variables s, t. However, for small
values of parameter t, all these operators can be viewed as a perturbation of the quasi-inverse
(I—H,)~ " and the US Property extends to these perturbated quasi-inverses. In particular, the existence
of a strip 4 where the US property holds uniformly with respect to t is crucial in the analysis.

Plan and notations. Section 2 describes the main algorithms #§ and §. Section 3 presents the
main steps towards a proven analysis. Here, we state our main results of general interest, without
proofs. In Section 4, we describe the versions #4 and § to be analyzed, and, with the results of
Section 3, we show the two main results about their average bit-complexity. Section 5 describes the
general framework of the Dynamical Analysis paradigm, and Section 6 is devoted to the proof of the
main results stated in Section 3. Some technical results are gathered in an Appendix.

We denote the logarithm in base 2 by Igx, and ¢(x) denotes the binary size of integer x, namely
L(x) = |lgx] + 1.

2. Fast and interrupted Euclidean algorithms

We present in this section the main algorithms studied in this paper. We first describe the general
structure of the Euclid Algorithm (Section 2.1), then we present the idea of Lehmer, made more precise
by Jebelean (Section 2.2). Next, we explain the principles of the Lehmer-Euclid algorithm (Section 2.4),
which were used later in the Knuth-Schénhage algorithm. We finally explain how the #§ algorithm,
described in Section 2.5 can be seen as a sequence of interrupted Euclidean algorithms (introduced in
Section 2.3) where the sequence of divisions is stopped as soon as the integers have lost a fraction of
their number of bits.

2.1. Euclid’s algorithm

Let (A1, Ag) be a pair of positive integers with A; < Ap. On input (Aq, Ag), the Euclid algorithm
computes the remainder sequence (Ay) with a succession of divisions of the form

) A
Ak = Qui1Akg1 + Arg2,  With Qg = L—J , (6)
Akt1

and stops when A, 1 = 0. The integer Qy is the k-th quotient and the successive divisions can be
written as

. A 0 1
A = Qryrhper, With Ay = ( X:]) and @y := (1 Qk)’

so that
Ay = M(,’)J’oi with M(i) = @14, ---4Q,;. (7)

In the following, we consider a part of the plain Euclidean Algorithm &, (which is sometimes called
a “slice”) between index i and index j, namely the interrupted algorithm & j, which begins with the
pair »; as its input and computes the sequence of divisions (6) withi < k < j — 1. Its output is the
pair +; together with the matrix

J
Mij = l_[ Qy, M,i) = M, (8)
k=it 1
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with matrix M; defined in (7). We define the size of a matrix M as the maximum of the binary sizes
of its coefficients. The size £; ;, of the matrix M j satisfies

J
Lij <2G—D+ ) Q). (9)

k=i+1
The (naive) bit-complexity C; j, of the algorithm & j satisfies

J J
Cijp = Y LA - £(Q) < L) - Y £(Qo. (10)

k=i+1 k=i+1

The Lehmer Algorithm (Lehmer, 1938; Knuth, 1998) replaces large divisions by large multiplica-
tions and small divisions. The fast algorithm applies recursively the principles of Lehmer, and using
fast FFT multiplications of complexity ® (u(n)) (with w(n) = a(n)nlogn) replaces the costly compu-
tation of the remainder sequence A; (which requires O(n?) bit operations), by a sequence of matrix
products: it divides the total Euclidean Algorithm into interrupted Euclidean algorithms, of the form
&ij) and computes matrices of the form .M j), defined in (8). The recursion, based on Divide and Con-
quer techniques, is stopped when the integers are small enough, and, at this moment, the algorithm
uses small divisions. One finally obtains a subquadratic gcd algorithm.

2.2. How to replace large divisions by small divisions?
Lehmer remarked that, when two pairs (A, B) and (a, b) lead to rationals A/B and a/b that are close

enough, the Euclid algorithm on (A, B) or (a, b) produces (at least at the beginning of the execution)
the same quotient sequence (Q;). This is why the following definition is introduced:

Definition (Set IT,,)). Consider y €]0, 1]. For an input pair (A, B), we denote by I7,,(A, B) the set
A a
11y (A, B) == 1(a, b); £(b) = [y€(B)], - — -

defined as
1
< —r.
B b|™ b}

And the criterion (due to Lehmer and made precise by Jebelean (1997, 1995)) is:

Lemma 1 (Lehmer, Jebelean). Considery €]0, 1]. Associate with a(large) pair (A, B) a small pair (a, b) €
I, (A, B), together with the sequence of the remainders (a;) of the Euclid Algorithm on the small input
(a, b). Denote by k the first integer k for which ay satisfies £(ay) < [y£(B)/2] ~ £(b)/2. Then the
sequence of the quotients q; of the Euclid Algorithm on the small input (a, b) coincides with the sequence
of the quotients Q; of the Euclid Algorithm on the large input (A, B) fori < k — 3.

Usually, this criterion is used with a particular pair (a, b) of the set I, (A, B), where the integer
b is obtained by the | yn|-truncation of B, i.e., the suppression of its (1 — y)n least significant bits.
Then a is easy to compute since it may be chosen itself as the | yn]-truncation of A. This special pair is
denoted by T, (A, B). However, the Jebelean criterion holds for any choice of (a, b) € I, (A, B), not
only for the special pair T,, (a, b), even if the integer a is less easy to compute in the general case: the
integer a can be chosen as the integer part of the rational (Ab)/B, and its computation needs a product
and a division.

2.3. Interrupted algorithms

In Jebelean’s property (Lemma 1), the Euclid Algorithm on the small pair (a, b) of binary size m
is stopped as soon the remainder a; has lost [m/2] bits. This is a particular case of the so-called
Interrupted Euclidean Algorithm of parameter § (with 0 < § < 1), which stops as soon as the current
remainder has lost ém bits (with respect to the input which has m bits). This (general) interrupted
Algorithm denoted by &, and described in Fig. 2, is defined as follows: on the input (A, B) of size n,
this algorithm begins at the beginning of the Euclid Algorithm, and stops as soon as the remainder A;



E. Cesaratto et al. / Journal of Symbolic Computation 44 (2009) 726-767 733

Algorithm &5(A, B) Algorithm & (A, B)

n = {(B) n:= £(B)

i:=1 i:=1

A=A, A =B A=A Ay =B

Mo =] Mn = I

While lgA; > (1—-46)-n While lgA; > (1—-6)-n
Qi = |Ai—1/Ai] Qi = |Ai—1/A;s]
Aip1 = A1 — Qi Ay Ajpr = Ai1 — Qi Ay
Mi=Mi—1-Q; M =M1 - Q4
foa=g4-1 t:=i+1

Return (A;—1, Ai, Mi_1) Return (Ai_3, Ai—2, Mi_3)

Fig. 2. The &; Algorithm, and the ) algorithm, which is a slight modification of the &; Algorithm.

Algorithm LE55.+)(A, B)

Input. The pair (A’, B’) obtained after Pj iterations of the £ Algorithm on the
input pair (A, B).

Output. The pair (C’, D") which would be obtained after P, iterations of the £
Algorithm on the input pair (A, 13).

(i) Truncate the input (A’, B’), and consider the small pair (a,b) := Ts,(A4', B').
(ii) Perform the & /2 algorithm on the pair (a,b), which produces a pair (¢, d) and
a matrix M.
(iii) Perform the product (§) := M1 (j;‘: )-
(iv) Use the Adjust function, which performs some steps of the Euclid Algorithm
from the pair (C, D) and stops as soon the current remainder pair (C', D’) has a
size less than (1 — 4 — v)n.

Fig. 3. An implementation of the £&5 s, Algorithm using the #§ algorithm (in the case where 2y < 1 — ).

has lost § n bits (with respect to the input B). Then, with the notations defined in Section 2.1, one has
&s = 8(1’135), with

Ps := min {k; 1gA, < (1 —d)n}. (11)

Fig. 2 also describes the é’} Algorithm, which is just a slight modification of the &; Algorithm, where
the last three steps are suppressed (in view of applications of Lemma 1), and Ps denotes the variable
Ps — 3.Then, P; is just the number of iterations of the &; algorithm and P; = P is just the number
of iterations of the Euclid Algorithm. The variable Ps denotes the number of steps of the plain Euclid
Algorithm which would be used to obtain the output of the &5 algorithm.

In the following, it will be convenient to consider more general interrupted algorithms, of the form
&[s,5+y1- The Algorithm &5 s, is defined as follows: on the input (A, B) of size n, this algorithm begins
at the Ps-th iteration of the Euclid Algorithm, as soon as the remainder A has lost § n bits (with respect
to the input B) and stops when the remainder A; has lost y n additional bits (with respect to the input
B). Then, €051 = &5 = &(o,py) and &5, 151 = E(Ps,Ps 4y where Pj is defined in (11). Of course, we can

also design the variants with a hat, where the last three steps are suppressed: this is the é’\l /2 algorithm
which is used in Jebelean’s Lemma.

2.4. Implementing the interrupted algorithms with the help of the 351 /2 Algorithm. Principles of the Lehmer—
Euclid Algorithm

With Jebelean’s lemma, it is possible to use the éi /2 algorithm inside the &s 5, algorithm. This is
the main idea due to Lehmer, which gives rise to the £&|s s, described in Fig. 3. We now comment
this figure.
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Suppose that the Euclid Algorithm, on an input (A, B) of length n, has already performed P;
iterations. Now, the current pair, denoted by (A’, B') has a binary size close to (1 — §)n. We may use
the Jebelean Property to continue. Then, we choose a degree 2y of truncation (with 2y < 1 — §)and
consider the small pair (a, b) = Ty, (A", B') with T, defined in Section 2.2. The #§ algorithm on this
pair (a, b) (of size m &~ 2y n) will produce a matrix .M which would have been produced by the Euclid
algorithm on the pair (4’, B). Then, the pair (C, D) computed as (§) = M ™! (g: ) is a remainder pair
of the Euclid algorithm on the input (A, B). The size of the matrix .M is approximately m/2, but smaller
than m/2 (due to the three backward steps of Lemma 1), and thus of the form (m/2) — r (A, B), where
(A, B) is the number of bits which are “lost” for the matrix M during the three backward steps. Then,
with (9), r (A, B) satisfies,

P12

3<r(AB)<Qab) with Q= Y &g +1. (12)

i=P1/2-2

Here, g; are the quotients that occur in the Euclid Algorithm, and Ps is defined in (11). Since the
truncature length m is of the form m & 2y n, then the size of the pair (C, D) is approximately equal to
[1— 8 — y]n, but slightly larger. If we wish to obtain a remainder pair (C’, D) of length [1 —§ — y]n,
we have to perform, from the pair (C, D) a certain number of steps of the Euclid Algorithm, in order
to cancel the loss due to the backward steps. This is the goal of the Adjust function, whose cost R(A, B)
will be estimated with (10) as

3(1—8)n <R(A,B) < (1—8)n-Q(a,b). (13)

We recall that, in the papers where the worst-case of fast GCD’s is studied, the authors suppose that
Q is O(1) (in the worst case). We will prove that the mean value of Q on £2,, will be indeed asymptotic
to a precise constant n, which will be defined later. Then, the mean asymptotic cost of Step (iv) will
be of order O(n).

Step (iii) performs a matrix product and uses a fast multiplication of type (3). The integer pair
(A’, B) has size &~ (1 — 8)n, while the coefficients of the matrix M ~! have size ~ yn. Then, if there
exists an integer K for which (1 — §) = Ky, the total cost S(A, B) of Step (iii) is “expected” to satisfy

4A, u(yn) < S(A, B) < 4A,

p(yn). (14)

Finally, we have designed an algorithm L& 4, which produces the same result as the
interrupted algorithm &5 5,1, and is described in Fig. 3.

In Section 3.4, we shall state a class of results which prove that these last estimates (14) hold in
the average case, as soon as a convenient choice of parameters §, y is done. In the same vein, these
results will prove that the mean value of parameter R on £2,, is of order O(n), which will entail, with
(12)and (13), that the cost R of the Adjust functions will be negligible with respect to the cost of matrix
products.

2.5. The usual designs for the recursive gcd: The #§ and § algorithms

There are two main ideas: first, the decomposition

€10,1/21 = €[0,1/4]1 * €[1/4.1/2)>

is used. Second, each of the two interrupted algorithms L& 1/4) and £&[1/4,1/2) is designed as
previously, but it now calls (in a recursive way) the é’\[o,l /21 algorithm on truncated data of size n/2.
This leads to a recursive version of the #§ algorithm. Then, the first recursive call uses y = 1/4,
and two values for §, namely § = 0 and § = 1/4. In fact, the precise decomposition used is
€10,1/21 = &l0,1/4] - €[1/4,1/2], Which leads to modifying the Adjust function for this step: the second
Adjust function may also perform some backward steps in the Euclid Algorithm on large inputs.

The general structure of the algorithm #§ is described in Fig. 4. The recursion is stopped when the
naive algorithm &;,, becomes competitive. This defines a threshold for the binary size denoted by S
(remark that S = S(n) is a function of the input size n).
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Algorithm HG(A, B, S)
Algorithm G(A, B) 1 n := {(B)
] n := £(B) ] If n < S then return c‘::]/g(A,B)
2 T :=+/nlogn 3 M= T
3 While ¥#(A)>T do 1 7'; 1/4
4 (4, B, My) :=HG(4, B) 5 For i:=1 to 2 do
5 Return gcd(A, B) 6 (a3, b:) := Tay(A, B)
7 (Ci,de‘,Ma‘) = Hg(a‘fabi'.s)
C} e -1/7A
Algorithm HG(A, B) : ( Di ) =M (%)
- f(B) 9 AdJuSt(Ci.:Di:Mg)
S :=log’n 10 (A, B) == (Cs, Di)
Return ‘HG(A, B, 5) 11 M= M- M
' 12 Return (A, B, M)

Fig. 4. General structure of the classical algorithms #¢ and §.

With this #¢§ algorithm, we can obtain an algorithm named ¢ which computes the gcd. The idea for
designing such an algorithm is to decompose the total Euclid Algorithm into interrupted algorithms, as

0,11 = €10,1/21 - €11/2,3/41* ** Eli—(1/2)k, 1—(1/2)k+1] "+ -

Then, the #§ algorithm, when running on inputs of size n/(2¥) produced by the €(0,1—(1/2)k algorithm
can easily simulate the &;_q 7k 1_(1/2)k+17 algorithm.
This decomposition also stops when the naive algorithm gcd becomes competitive. This defines a
threshold for the length denoted by T (remark that T = T(n) is also a function of the input size n).
We now consider the #§ Algorithm, where all the products use a FFT multiplication which satisfies
(3). In this case, we choose the recursion depth H so that the main cost will be the “internal” cost, of
order ® (w(n)) logn, since the cost due to the leaves (where the naive &, is performed) will be of

asymptotic smaller order. Then, H satisfies the relation*

(M)
2 (2—H> ~_ u(n)logn,

so that 2% ~. S(n) = a(n) log’n, H A~ lgn—2l1glgn —Iglglgn.
(We use here the fact that a(n) = O(loglogn).)

This is the “classical” version of the Knuth-Schénhage algorithm. Clearly, the cost of this algorithm
comes from three types of operations:

(i) the two recursive calls of line 7;

(ii) the products done at lines 8 and 11: with a clever implementation, it is possible to use in line 8
the pair (c, d) just computed in line 7. If all the matrices and integer pairs have - on average -
the expected size, the total expected cost due to the products is

[12 + 8 + 8] 1e(n/4) = 28 ©(1)u(n/4),

where the constants hidden in the ®-term are A;, A, defined in (3);
(iii) the two functions Ad just performed at line 9, whose total average cost is R(n).

We consider as the set of all possible inputs of the #§ algorithm the set £2 := {(u, v); 0 < u < v},
and the set of all possible inputs of size n,

2p :={(w,v); 0=<u=<v, £v)=n} (15)

4 The notation a(n) ~< b(n) means: There exist two constants A, Bwith0 < A < B < 1 for which Ab(n) < a(n) < Bb(n).
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is endowed with some probability P,. We denote by B(n) the average number of bit operations
performed by the algorithm #§ on £2,. Since each of the two recursive calls is made on data with
size n/2, it can be “expected” that B(n) asymptotically satisfies
n n
B(n) ~ 2B (5) +280(1)u (:1) +RMn) forn>S. (16)
Moreover, the average cost R(n) can be “expected” to be negligible with respect to the multiplication
cost w(n). If the FFT multiplication is used of type (3), the total average bit-cost is “expected” to be

B(n) ~ @ (u(n) logn) = ©(n(logn) a(n)),

where the constants hidden in the ®-terms are 7A;, 7A,, with A1, A, defined in (3).

With this (heuristic) analysis of the #§ algorithm, it is easy to obtain the (heuristic) average bit-
complexity of the § algorithm which makes a recursive use of the #§ algorithm and stops as soon as
the naive algorithm becomes competitive. It then stops at a recursion depth M, when

n 2
(2_M) ~< u(n)logn,

so that
n T(n) = +/nl M ]l —lgl
~-T(n) = /nlogn, N> —lgn n.
oM s g _23 glg

The average bit-cost G(n) of the g algorithm on data of size n satisfies

M-1

G~ Y B (%) sothat G(n) ~ O (BM)).

i=0
3. The main steps towards a proven analysis

The previous analysis is based on the Divide and Conquer equation (16). It is only heuristic because
this equality is not a “true” equality. It is not clear why a “true” equality should hold, since each of
the two recursive calls is done on data which do not possess a priori the same distribution as the
input data. And, of course, the same problem will be asked at each depth of the recursion. If we wish
a “Divide and Conquer” probabilistic approach to be possible, we have to make precise the evolution
of the distribution during the Euclid Algorithm, but also the distribution of the associated truncated data.

We first describe in Section 3.1 the main parameters of interest, together with their probabilistic
version. Then, we state our main two results, Theorems 1 and 2, which are of general interest. In
particular, Theorem 2 involves the density ¢ already defined in (2) which plays a central role in
our analysis. These theorems are stated here, but not proved. This will be done in Section 6. Then, in
Section 3.5, we explain how Theorem 2 can be applied to truncated data and gives rise to Theorem 3, as
soon as the truncation is a probabilistic one, defined in Section 3.4. Section 3.6 describes the analysis
of the Adjust Functions (Theorem 4), and finally Section 3.7 provides estimates for the mean bit-
complexity of the interrupted algorithms described in Section 2.4, in particular the mean-complexity
of Steps (iii) and (iv) (Theorem 5).

3.1. Parameters Ps and X5y, and their probabilistic variants

Consider a density f on the unit interval = [0, 1], which s “extended” to the set £2 := {0 < u < v}
via the equality f(u, v) := f(u/v). The set §2, formed with the inputs of size n, already defined in
(15), namely £2,, := {0 < u < v, £(v) = n} is endowed with the restriction of f to §2,,: for any pair
(u5 v) E Qﬂr

P (1, v) = — f(E), where |2l = Y f(E) (17)

|$2alp™ N wwes, Y
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is the total f-weight of the set £2,. Remark that, for f = 1, we recover the uniform density on £2,,. For
reasons which will appear later, the subsets 2, £2, formed with coprime inputs

Q:={u,v) e R, gedu,v) =1}, (18)
0= {u,v) € 2, gedu,v) =1, L) =nl, (19)

play an important (intermediate) role. We endow an with the probability ﬁmf defined in the same
vein as in (17).

For (u, v) € £2, the Euclid Algorithm creates a sequence of successive remainders uy, with ug :=
v, Up i=1U, ..., U, := gcd(u, v). The corresponding integer pairs are denoted by Uy := (uk1, ux), and
the corresponding rationals are denoted by x; := u. 1/ux. Forsome § €]0, 1[, we have already defined
(respectively in Sections 1.2 and 2.3) the random variables x5, and Ps. But, we need a generalized
framework where the parameter § possibly depends on the input size n: this means that we now
consider a sequence § = (§,) of the ]0, 1[ interval. For (u, v) € £2,, the number of iterations Ps(u, v)
is the smallest integer k for which Igu, < (1 — §,)n. We are also interested in describing the density
of the pair U5 defined as

Upgy := Uy when Pjs(u, v) = k.

This integer pair is the input for all interrupted algorithms with a beginning parameter §. Since the
density on £2, is defined via the associated rationals, the position of rational

X(5) ‘= Xk when P(;(u, U) =k

inside the interval [0, 1] will be essential.

We do not succeed in directly studying these two variables P, x5y, and we replace them by some
of their probabilistic variants, as we now explain. Associate, to some sequence é := (§,), a sequence
o = (pn) which depends on sequence § and satisfies p < (1 — §). Then, for any n, consider the
interval I,,(8) as

I,(8) := [2(17&1)" (1 —(1- 8n)2—npn) ’ 2(178n)n:| )

Then, I,,(8) is an interval of length (1 — §,,)2(1=%—#n)" its right bound being close to the point 21~
When the input size n varies, this defines a sequence I(§) of intervals. We always consider the case
where the interval length tends to co with n, which will be the case in our framework when &, does
not tend to 1 too fast.

For a given input size n, draw an integer W uniformly in the interval I,(§) and denote by P; the
first integer k for which uy is less than W, and by x s, the rational x;. The two underlined variables
define probabilistic variants of the plain variables. Since they depend on the sequence I(5), we call
them the I(§)-probabilistic variants. Moreover, as soon as the inequality p, > 1/n holds, the interval
I,(8) is contained in an interval JA/2, A] and contains at most two possible rationals x; (this is due to
the fact that up,, < (1/2)uy). This proves, that in the case when p, > 1/n, the probabilistic variable
X5, €quals X(5), X(s)+1, O X(5).+2, While the variables Ps and Py satisfy |Ps — P;| < 2.

3.2. An asymptotic Gaussian law for the number of iterations of the interrupted algorithm

Since the rational x loses £(x) bits during P(x) iterations, it can be expected that it loses 6£(x) bits
during 8P (x) iterations, which would imply that Ps(x) is sufficiently close to 3P (x). This is what we
call the regularity of the algorithm. With techniques close to the renewal methods, we prove a quasi-
powers expression for the moment generating function of P, from which we deduce an asymptotic
Gaussian law for P; on 2, then an asymptotic Gaussian law for the deterministic variable Ps on £2.
We then obtain an extension of the result of Baladi and Vallée (2005) (which exhibits an asymptotic
Gaussian law for P := Py), even if our proof cannot directly apply to § = 1.

Theorem 1. Consider the transfer operator Hy defined in (5) when it acts on the functional space C'(I),
denote by A(s) := log A(s) the logarithm of the dominant eigenvalue A(s), and by o a strictly positive
lower bound on the width of the US strip. Let o := min(o, 1/2). Consider the set §2, endowed with
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Theorem 1
1 200 for § € [0,1/8]
p(d) == gulin(ZJ —-d) =410 for 6 € [1/8,3/4]
1—9)g ford € [3/4,1]
I(8) 1= [20780% (1= (1 - 5,)27#6nIn)  20=dnn]

i 200 for 6 € 0,1/8]
7(d) := g min (i_l 1—94, 25) = %g for d € [1/8,3/4]
(1—48)g ford e [3/4,1]

Theorems 2, 3, 4, 5
- 30 for & € [0,1/2]
d):=ar Z1-6)=42" :
oY= i (2' ) {(1 —8)a for é e [1/2,1]
I.(0) := [2(1—5,,)n (1 —(1- (5n)2—p(6,, ).n) :2(1_5,@11]

g dc  for 6 €[0,1/16]
7(6) = gmin (g, — B 25) =<q1s  for§e[1/16,1/2]
1200 for 6 € [1/2,1]

]

7(0,7) = 2v, 7(d,7):=min (@ — 27, 204, 27) for 6 > 0, and v < %p(é).

Fig. 5. Definition of functions p and 7. Functions p describe the interval where the probabilistic choice is done, and functions
t quantify the remainder terms. Both define piecewise affine functions of §.

a probability P, ¢ relative to a strictly positive function f of class C!, together with a sequence § :=

(81)_€10, 1[, and associate to § the three sequences p(8), T(8), I(8) as in Fig. 5. Suppose that the sequence
27170) /(1 — §) tends to 0 (for n — 00). Then, the following holds

(i) The7(5) probabilistic variant P of Ps is asymptotically Gaussian, with a speed of convergence
2_'7?(511)
max ( (8,n)" "2, =—no ).
1 - (Sn
Moreover, the expectation and the variance of the variable P satisfy

1 2~ (n)
E,[Ps] = 2log2 éyn+D 0] ,
Byl = 2log 2y den Pt (1—6n>
A//(l) zfn?(Sn)
VarlPs] =2log2|——=|6,n+D 0] .
n,f[_a] g ’A/(1)3 n + 2 + ( 1 —5n )

The constants D1, D, and the constant in the O-term only depend on the function f.
(ii) The variable Ps is asymptotically Gaussian on §2, with a speed of convergence of order

21T (8n)
max ( (8,3, =—— ),
1 - 8n
and the expectation and the variance of the variable Py satisfy
A//(l)
|A"(1)] A'(1)3
The main hypothesis on sequence 7(8) holds as soon as the sequence § satisfies

E,f[Ps] = 2log 2 San + 0(1) Vas[Ps] = 2log2 San + 0(1).

Sy = 400, (1—46,)n > logn.

Then, Theorem 1 holds for a quite large class of sequences § which contains all the constant sequences
8 €10, 1[. For constant sequences 8, the speeds of convergence are of respective order n='/2 and n=1/3,
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3.3. Distribution of the probabilistic variant of the variable x s

Our second result is related to the distribution of the probabilistic variant x 5, and, here, it does not
seem possible to derive some information for the deterministic variable xs. This result shows that,
after P; iterations, the rational computed by the Euclid Algorithm is approximatively distributed with
the density ¢ defined in (2), the remainder term being exponential with respect to the size n.

Theorem 2. Denote by o a strictly positive lower bound on the width of the US strip and let ¢ =
min(o, 1/2). Consider a sequence 6 := (6,) €]0,1[, and associate with § the three sequences
0(8), t(8),1(8) as in Fig. 5. For any n > 1, consider an interval ] C I whose length |J| satisfies
lg(JD| < (n/4)p(8,). Then, for any strictly positive density f of class C', the probability that the I(8)-
probabilistic rational Xi5) computed by the Euclid Algorithm belongs to the interval | satisfies

2—1’11’(8")
st (fooa) o0
J — Onp

Here, \r the density defined in (2) and the constant in the O-term only depends on the function f via its
norm [If |, := sup |f| + sup |f'|

As previously, the sequence 27"*©n) /(1 — §,)) tends to zero as soon as the sequence § satisfies
Sy = 400, (1—246,)n > logn.

Then, Theorem 2 holds for a quite large class of sequences § which contains all the constant sequences
s €]0, 1[.

3.4. Probabilistic truncations

Finally, we are also interested by the distribution of the truncated pairs. We recall that
the truncated pair T, (A, B) classically used is obtained with truncations of “numerator” A and
“denominator” B of pair (A, B). It is not clear how to describe the distribution of such a truncated
pair. This is why we define a probabilistic truncation, which randomly chooses an element of the set
1, defined in Section 2.2. This leads to a more regular distribution, and it is always possible to apply
Jebelean’s Property (Lemma 1).

For x = (A, B) € £2,, and a degree of truncation y, we define 7, (A, B) as follows:

(1) Choose atrandom a denominator b in the set {v, £(v) = |yn]}ofintegers of binary sizem := |yn|,
with a probability proportional to b. More precisely, we choose a denominator b according to the
law

1 i
Pr[b:bo]:a-bo with 6, = Z b.

b;€(b)=m

(2) Compute the integer a which is the integer part of x - b. This computation involves the product A - b
then the division of the integer A - b by B. This can be done in O((n)) with a O-constant larger than
the constant of the multiplication (see Eq. (4)). Of course, this does not give rise to a very efficient
algorithm. However, we will see that using this probabilistic truncation does not change the order
of the average complexity of the #§ algorithm. We return to this remark in Theorem 5.

(3) Define (A, B) as the pair (a, b), and remark that the set 7, I(a, b) gathers the pairs (C, D) of £2,,
for which the associated rational C/D belongs to the interval

@)= [osna] wop (@)= p=oe
(

This is sufficient for applying Jebelean’s criterion (Lemma 1).
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We start with a strictly positive density f of class €' on [0, 1], and for any integer m, the function
gm = gnlf] defined on £2,, as

gnlfl(u, v) = f(Hdt,  with y::%

1
Ul J)

only depends on the rational u/v and satisfies
Pns[(A, B); mm(A, B) = (a, b)] = Ppg,r1(a, b).

Furthermore, for any (u, v) € £2,,, the relation

gnlflw ) =£ (=) +o (I ()] 1rm1)

involves the norm ||f||; of the function f, defined as ||f||; := sup |[f| + sup |f/ , and proves that the
function g,[f] (viewed as a function defined on Q) is a smoothed version of the initial function f.
Furthermore,

P
m,gmlf] =1 + O(z—m)
P g

Since f is a density on [0, 1], the cumulative sum of g,,[f](x) on £2,, satisfies

> alflw vy = > v[Z (/ f(t))}em (/f(t)dt)=9m.
(u,v)€2m L(v)=m u<v (%) I

This allows a comparison between two probabilities:

Lemma 2. Consider y €]0, 1] and a strictly positive density f of class ' on I. For any n, for any
m := |yn], forany (a, b) € £2,, one has

Py s[(A, B); ) (A, B) = (a, b)] = P y(a, b) - [14 027,

where the constant in the O-term only depends on f via its norm ||f||; := sup |[f| + sup |f".

3.5. Truncations and evolution of densities

We will deal with the probabilistic truncation 7, defined in Section 3.4, and, with Theorem 2 and
the previous comparison of densities done in Lemma 2, we obtain the following result which will be
a central tool in our analysis.

Theorem 3. Denote by o a strictly positive lower bound on the width of the US strip and let ¢ :=
min(o, 1/2). Denote by i the density defined in (2). Consider a sequence § := (8,) €]0, 1[, and associate
with § the two sequences p(6), I(§) as in Fig. 5. For any sequence y which satisfies 2y < (1/2)p(6), the
distribution of the (2y )-truncation of the I (§)-probabilistic rational X(5) computed by the Euclid Algorithm
satisfies

—nt(8n,¥n)
Pr,y [%; 7T2y) (X(5)) = Yol = Payny, v Vol - [1 +0 (ﬁ)] ,
— Un

where t(8, y) is the sequence defined in Fig. 5.

As previously, the sequence 27" n-¥) /(1 — §,) tends to zero as soon as the sequences §, y satisfy
y < (1/4)p(8) and
Syn — 400, Vall = +00, (1 —36,)n > logn.

Then, Theorem 3 holds for a quite large class of sequences §, y which contains all the constant
sequences ¥, § €]0, 1] satisfyingy < (1/4)p(8). Remark also that the best bound which should relate
y and § should be 2y < 1 — 4. Here, the condition is more restrictive since it implies in particular
2y < (1 — §)/4. This extra factor 4 explains the design of our future algorithm #¢, described in
Section 4.
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3.6. Mean number of bits lost during the backward steps

We wish to study the parameter Q defined in (12). In fact, we study a more general parameter, the
parameter Qz, which corresponds to the three backwards steps, when the pair (u, v) has already lost
a fraction § of its bits. And, we are indeed interested in the probabilistic version Q s of Qs, defined as

and the (initial) parameter Q is obtained for § = 1/2. A central result is:

Theorem 4. Consider the set §2, endowed with a probability P, s relative to a strictly positive function
f of class C'. Then, for sequence § €10, 1[, the mean value of the cost Q , is asymptotic to a constant n,
which does not depend on § and density f, and involves the Gauss density ¢ defined in (1), together with
the operators H; ., (¢ and H, defined in (32) and (33), under the form

2_”7(5n)
EnslQs =1 {HO( =3, )]

. —6log2 , d
with 7 := T2 /IH1 © <£H?,w,[£]) i [e]()dt, (20)

where p(8) and t (8) are the sequences defined in Fig. 5.

3.7. Mean bit-complexity of the interrupted algorithm LE5 5141

We return now to the algorithm «£&|s 5, defined in Fig. 3 and we use the notations of Section 2.4.
We will study a probabilistic version of the algorithm £L&|s 5, which will be denoted by LE&; 5, ;-
We now describe the main differences between L£&s s, and its probabilistic version. In the
probabilistic version L& 5 ;.

(a
(b
(c
(d

the input pair of the algorithm is the pair U, relative to the parameter p(4);
the output pair of the algorithm is the pair U ; ) relative to the parameter p(§ + y);
Step (i) uses the probabilistic truncature 7,y defined in Section 3.4;

Step (ii) uses the probabilistic version E] /20 defined as the plain Euclid algorithm which stops at
the iteration of index P, , — 3.

—_ — — —

Then, the Adjust function becomes also probabilistic, since it performs steps for adjusting two
probabilistic lengths: the (probabilistic) length of the pair (C, D) and the (probabilistic) length of the
output (C’, D). It is denoted by Adj. Due to the nature of probabilistic choices of these length, this is
the length due to the three backwards steps which is dominant,

—nt(8p)
R(A,B)5(1—5)H-Qg(a,b)|:1+0(1_8 )], (21)

for some ¢ close to 1/2.

As in the initial L£&5 51,1, Step (iii) uses any fast multiplication of type (3).

The following result studies the bit-complexity of the Interrupted Algorithm L&, s ] and proves
two facts: first, the cost of the multiplications performed in Step (iii) is exactly of the same order as
this expected. Second, the cost of the function Adj performed in Step (iv) is negligible with respect to
costs of Step (iii). o

Theorem 5. Consider two sequences y , é satisfying2y < (1/2)p(8), with the sequences p(8), T(8) from
Theorem 3. Then, the probabilistic version L& ;. of the LE&s 5.+ algorithm described in Section 3.4
satisfies the following:
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(a) In the case when the ratio (1 — 8,)/yn is integer, the mean bit-complexity cost E, ., [S] of Step (iii)

satisfies:
1— 6, 271t 6n)
Vn 1—46,

where the hidden constants in the ®-term are independent on the pair (y, 8) and can be chosen as
4A1, 4A, for constants Aq, A, relative to the fast multiplication defined in (3).
(b) In the case when the ratio (1 — 68,)/yy is integer, the mean bit-complexity cost E, [T] of Step (i)

satisfies
1—38, 2717 Cn)
Vn 1—6,

where the hidden constants in the ®-term are independent on the pair (y, §) and can be chosen as
2min(Aq, A3), 2max(A,, Ay) for constants Ay, A, relative to the fast multiplication defined in (3), and
constants Az, A4 relative to the fast division defined in (4).

(c) The mean bit-complexity cost IE, ., [R] of Step (iv) satisfies:

2-nt(én)
Btk = (1= sgm 140 (2

and involves the constant n defined in (20).
(d) Suppose that the sequences y, t(8) satisfy

log(yan) a(yyn) < (1 —346,) N7 (Sn)
Then, the total bit-complexity of Steps (i), (ii) and (iv) s

1-6, 1
EnylS+R+TI =601 alt) | 140
Wl I=60) ” e ”)[ (1og(ynn)a(ynn))}

and involves the functions p(n) and a(n) associated with the fast multiplication. As previously, the
hidden constants in the ©-term are independent on the pair (y, §) and can be chosen as 4A), 4A),

' mi A3 L Aq
A :=min [ Ay, 5 ) A, = max ( Az, 5 (22)

and involve constants A; defined in (3) and (4). The hidden constant in the O-term is independent on
the pair (y, §) too.

Eny[ST=©(1)

Eny[T]=6(1)

Remark. A sufficient condition to ensure the condition needed in (d) is that y and § satisfy
n(l1—23a,) =20, nyp=820", o« p>0.

4. The algorithms to be analyzed

There are three main differences between the usual #¢ and § Algorithms and our versions to be
analysed which are denoted as HG and g (see Fig. 6).

(i) Our algorithm #§ has the same effect as the probabilistic algorithm £8[0 12" which is defined
as the algorithm £ LE 12 where the last three steps are suppressed. It is thus randomised.

(i) It is a recursive version of the £8[0 1/2) s the #G algorithm is the recursive version of the
£LE0,1/2)- They are both based on a Divide and Conquer principle. However, the relation 2y <
(1/2)p(8) which relates the two parameters y, § with the width o of the US strip, crucial for
applying Theorem 5, leads to a recursive algorithm #§ with L recursive calls, where L depends
on the width ¢ and satisfies L > 4/c¢. Then, the ,}(’gﬁorithm is based on the decomposition

. 1
g[i%(i-i-l)y] T E[(L—l)V,L)/]’ with y = Z’

€10.1721 = &10.1 " Ey 291
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Algorithm G(A, B)
1 n := {(B) Algorithm HG(A, B)
2 T :=\/nlogn 1 n = {(B)
3 While n =T do 2 S :=log’n
4 (A, B,M) :=HG(A, B) 3 Return HG(A, B, S)
5 Return gcd(A, B)
Algorithm HG(A, B, S)

1 n = ¥¢B)

2 Randomly choose an integer W € I,,(1/2)

3 If n < S then return E(O,W)(A, B)

4 ~v:=1/(2L)

5 Fori:=1to L—1do

6 Randomly choose an integer W; € I,(iv)

7 Wi =W

8 M:=1T

9 For i:=1 to L do

10 (a,b) := 7@ (A, B)

11 (ci,di, M) == ‘HG(a,b, S)

12 (Si)::M;‘(f})

13 Adj (Ci, Di, My, W5)

14 (TB) = (Cy, D)

15 M =M M;

16 Return (A4, B, M)

Fig. 6. General structure of the algorithms HG and g to be analysed. The number of recursive calls L satisfies L > (4/c). For

two integers Wy, W, € [2", 1], with Wy > W, the algorithm &, w,) is the Euclid algorithm which begins as soon u, < W,
and ends as soon as u; < W,. The Adj function is the probabilistic variant of the Adjust function defined in Section 3.7.

and use truncations of degree 2y. More precisely, one begins to randomly choose L integers W;
(fori e [1..L]) with W; € I,(iy), and the decomposition used is

10,1721 = Eown) *Ewywyy Ewiwin T Ewwyy

where the algorithm &, w;, ,) is the Euclid algorithm which begins as soon as uy < W; and ends
assoonas uy < Wi1.

(iii) The study is done when the initial density equals i, since it is quasi-invariant under the recursive
calls. This choice makes the study of various recursions easier. The constants which appear in
Theorems 6 and 7 are relative to this particular case. Since any other strictly positive density f of
class C! satisfies

min f - Enf[C] - max f
maxy ~ E,y[C] ~ miny’

Theorems 6 and 7 hold with any strictly positive density of class €', with other constants, which
depend on f. Remember that v is almost constant, with miny» > 0.9 and maxy¥ < 1.1 so
that the previous bounds are close to 1 for the choice f = 1, that corresponds to the uniform
probability.

As before, the recursive calls in the HG Algorithm are stopped when the naive a /2 Algorithm
becomes competitive. The calls of the g Algorithm to the HG algorithm are stopped when the naive
gcd algorithm becomes competitive.
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4.1. The first recursive call

Inside the first recursive call of g to Hg, the parameter § belongs to [0, 1/2]. We suppose that
there are L > 2 recursive calls of #¢ to himself. We denote by B; the bit-complexity of the HG

Algorithm when it performs L recursive calls, and we analyse the asymptotic behaviour of the mean
value E, [B;] (forn — o0).
Suppose indeed L > 2. Then, the possible values for pairs (§, y) of the first recursive call satisfy

i 1
deA =9—, with 0<i<L-1y¢, = —, 23
1 oL <i< } vii=op (23)
and the pairs relative to the h-th recursive call are
1
$€Ap:=1—, with 0<i<IL"—1 = —
" 2tk == } LT

We stop the recursion at a level H for which the total bit-cost P(n) of the naive gcd computations is
negligible with respect to the total cost of the algorithm. More precisely, if a(n) is the function which
intervenes in the multiplication cost, we ask

—olr (V) = nlog2n — KW logn - (logn ™ 9(oe?
P(n)_()<L <LH)>_nlog n= o H logl ) LH—()(log n). (24)

The parameters § and y must satisfy the condition 2y < %,0(5). Since § € [0, 1/2], thisis only possible
if

NEPUIIR BV 4
—_ = < — = —0 or > —,
L=V =35° 2% o

and, in this case, the minimum value of 7 (8, y) at the h-th recursion level satisfies

K

K >0, Vh=1 min{r(,pm).8€ M) 5

With (25), Theorem 3 entails the following Divide and Conquer probabilistic equation,

IEn,w[BL] = (Z E&n,w[BL]) : [] +0 (2—nK/L)] + Cn,la

deAq

where G, ; is the total bit-complexity of steps Steps (i), (iii) and (iv) performed during the executions
of the & ; ] Algorithm, together with the matrix product performed in Line 11, for § € A; easily
estimated with Theorem 5. Expanding the recursion (always with Theorem 3) leads to the estimate

Eny[BL] = (P(n) + XH: Cn,h> [ﬁ 1+0 (2‘”K/Lh>:| ,
h=1 h=1

where P(n) is the cost of the “leaves” and C, j, is the total mean cost of all the Steps (i), (iii) and (iv) of
the interrupted algorithms at the h-th level, corresponding to § € Ay, ¥y := ;. The error term comes
from the comparison of the distributions made with Theorem 3, and is of the form, with (24) and (25)
H nkK nkK
14+0(s(n)), with e(m)=Y 2 1" <H2 i = @(logn)2 K18"" — g(n—K1losn),
h=1
The cost G, j, at the h-th recursion level is easily evaluated with Theorem 5. We let b(n) := a(n) log n.
For h = 1, Theorem 5 entails the estimate

o =000 [£2(1-50) |G [+ ()
+601) [; i} n (%) [1 +0 <b(nl/L)>] ’
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where the first term is due to the cost of the interrupted algorithms and the second term to matrix
products of Line 11. One has

— (12 n 1
Cra =0 <2L> [1 +0 (b(n/L))]

where the hidden constants are now respectively 6A7 + 8A, 6A), + 8A,, with (A], A}) defined in (22)
and A, A, defined in (3). In the same vein,

1
e =00 (5) [1+0 (575 |

and finally

< L 1
=g iosn-[1+0 () |

where the constants in the @-term are always respectively 6A] + 8A;, 64, + 8A,. Now, with (24),

the error term due to the leaves is of the form 1/a(n), and the function b(log? n) is larger than a(n).
Finally,

L 1
Epyl[Bl]l=01)——um)logn-[1+0| —
n,y Bl ( )210gLM( ) log |: + (a(n))]
where the constants in the ®-term are always respectively 6A] + 8A;, 6A), + 8A,.

Theorem 6. Consider the HG algorithm defined in Fig. 6, relative to a parameter L which satisfies L >

(2/0) — 1, and involves ¢ := max(o, 1/2), where o is a strictly positive lower bound for the US strip.
Suppose that the algorithm uses a fast multiplication of type (3). Then, the mean bit-complexity B of this
HG algorithm on the set $2,, endowed with the density V defined in (2) satisfies

L 1
Eny[B] = 6 <@> n (logn)* a(n) - [1 +0 (@)] :

Here, the constants in the ®-term can be chosen as 3A + 4A1, 3A;, + 4A,, where A}, A}, defined in (22)
are the constants related to the fast multiplication and the fast division. The mean bit-complexity B; of this
HG algorithm on the set £2,, endowed with any density f of class C' satisfies

1
Enf[Bil = ©(1)n(logn)?a(n) - [1+0( — | |.
’ a(n)
Here, the constants in the ®-term can be chosen as
min f

max ¥

max f

min ¥

3 3
min (7A1, 4A, + 5A3) , and max (7A2, 4A, + 5A4) ,

where A1, A, are the constants related to the fast multiplication and As, A4 are the constants related to the
fast division.

4.2. The k-th recursive call

The k-th recursive call of § to J§ is made on integers with size n, = n(1 /2)%"1. 1t deals with

values §® which belong to the interval [1 — (1/2)¥"!, 1 — (1/2)*], so that the values (1 — §®)n
belong to the interval [ny, ny/2]. If we wish to perform at the k-th level an algorithm HG homothethic

to the algorithm of the first level [with a ratio (1/2)*"!], we deal with a truncation my of the form
me = 2yYn = 2y®n with y® = 1/(2%1L). Now the parameter 7 (6%, y®) relative to values
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8®, y® used in the kth recursive call of § to #§ is related to the parameter (8", V) relative to
values 8V, yV used in the first recursive call of § to #, via the inequality
ne@®, y®) = nr (6, y®).

On the other hand, the density ¥* of the input pair is close to the initial density, with an
approximation factor described in Theorem 2, relative to § = 1 — 2. Then, all the previous study
performed for the first recursive call can be applied to the k-th recursive call, as soon as n is replaced
by nk. Then, the bit-complexity By of the k-th recursive call is, with Theorems 2 and 6,

L 1 2—nt(1-(1/2)%)
Eny Bkl = © (@> ni(log m)* a(n) - [1 +0 (a(nk)>] 1Ol )| (26)

with the same constants involved as in Theorem 6.

4.3. End of the recursion

We stop calling the algorithms #§ inside the g algorithm when the naive gcd algorithm becomes
competitive, with a complexity P;(n) = @ (nlog? n). Then, the level of recursion M is defined by

ny, =nlog’n sothat ny = 211\/1 = +/nlogn, M = (1/2)(logn).

Then, the hypothesis needed in Theorem 5(d) is fulfilled (see the remark after Theorem 5) and the
total cost G of the 4 Algorithm satisfies

Eny[G] = %E [Be ] = © (L>n(lo n)?a(n) - [1 —|—O<;)]
T T T g ) TR a(J/nlogn)

where the constants in the @-term are equal to two times the constants of Theorem 6. Finally, we
have proven the following:

Theorem 7. Consider the #§ algorithm defined in Fig. 6, relative to a parameter L which satisfies L >
(2/0) — 1, and involves g:_: max(o, 1/2), where o is a strictly positive lower bound for the US strip.
Suppose that the algorithm uses a fast multiplication of type (3).

Then, the mean bit-complexity G; of the G algorithm on the set $2,, endowed with the density i defined
in (2) satisfies B

_o( L Yam - f140(
Eny (Gl =0 <logL) n (logn)” a(m) [1 +O(a<ﬁlogn>)]'

Here, the constants in the ®-term can be chosen as min(14A;, 8A; + 3A3), max(14A,, 8A;, + 3A,), where
A1, A, are the constants related to the fast multiplication and As, A4 are the constants related to the fast
division. The mean bit-complexity G, of the g algorithm on the set §2, endowed with any density f of class

C! satisfies

_o( L Yam - [14+0( A
En,f[GL]—()( )n(logn) a(n) [1+O<a(ﬁlogn)>]'

logL
Here, the constants in the ®-term can be chosen as

minf . max f
min(14A;, 8A; + 3A3), and -
max min

max(14A2, 8A2 + 3A4),

where A1, A, are the constants related to the fast multiplication and As, A4 are the constants related to the
fast division.
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5. Description of the dynamical analysis method

Here, we present the main tools which will be used in the proof of Theorems 1 and 2. These tools
come from analysis of algorithms (generating functions, here of Dirichlet types, described in 5.1) or
dynamical systems theory (mainly transfer operators Hg, described in 5.3 and 5.4). We introduce the
main costs C of interest (in 5.2), and their related Dirichlet series, for which we provide an alternative
expression with the transfer operator (in 5.5). For obtaining the asymptotic estimates of Theorems 1
and 2, we extract coefficients from these Dirichlet series, in a “uniform way”. Then, Property US
(already described in 1.3) is crucial here for applying with success the Perron Formula, as in previous
results of Baladi and Vallée (2005).

5.1. Dirichlet series

For analysing a cost C, we deal with the generating Dirichlet series of the cost C. We recall that we
deal with the sets £2, £2 of all possible inputs, and their subsets £2,,, £2, which gather the inputs (u, v)
with £(v) = n defined in (18). We will explain later why it is easier and also sufficient to deal with
inputs of £2 (which is, from the algorithmic point of view, the set of trivial inputs...). We consider
these sets endowed with probability P,  or P, ; defined from a positive function f of the interval £ as

1 u ~ 1 u
P,r(u, v) := (—) , Por(u,v) := — (—) , for any (u, v) € £2,,
nf (U, V) IQnIff 5 nf (U, V) |~Qn|ff 5 y (U, v) n

where
u ~ u
2= D F(2). 1@= Y £(5)
v v
(u,v)e2n (u,v)e2n

are the total f-weights of the sets £2;, 'fzn.
To any cost C, defined on £2 (or £2), we associate Dirichlet series

1 u ~ 1 u
o= Y. —cuwf(z). Fo= Y —Zcuwvi(s).
(u,v)efn (u,v)ef
whose alternative expressions are
Cy ~ [
F@=) = FO=) —.
v>1 v>1
where c,, ¢, denote the cumulative costs of C on w, := {(u, v) € 2}, @, = {(u,v) € [NZ}, namely,
u ~ u
c= Y cuvi(s), &= Y cwwr(s).
(u,v)Ewy (u,v)ewy

For the trivial cost (C = 1), the corresponding cumulative costs a, or @, are just the f-weights of
subsets w,, @,, namely

u ~ u
a, = -1, a, = - 1.
= 2 0G) = X ()
(u,v)€wy (u,v)ewy

The mean values of the cost C on £2,,, on are then given by the ratio of partial sums,

> ¢ > G
Eq [C] = S 3 [c] = 2= : (27)
n,f = Z P} n,f == ~ .
a Y a
L(v)=n ’ £(v)=n ’

We are mainly interested by some particular costs C.
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5.2. Costs of interest

We now describe the main costs that intervene in this paper, defined on the set §2 of all the possible
inputs. For each theorem, we consider two costs, the deterministic cost that we wish to study and
the probabilistic cost (underlined) that we succeed to study. For Theorem 1, we consider the costs
Cy :=P;s,C, = P; foré € [0, 1], defined by the relation (11). This means that

Ps(u,v) =k iff lgu, < (1 —08)0(up) < lguy_+.
For Theorem 2, we consider the cost C; (which depends on the interval J),

Uk+1
Uy

G =1xp) €J1 with X = for k= Ps, and C, := x5 € JI.

Finally, for Theorem 4, we consider the cost C4, (which depends on the interval J),

Pg(u,v) Ps(u,v)
Guv)=Quv)= Y ), and Cuv)= Y  £g)
i=Ps (u,v)—2 i=Pg(u,v)—2

and, for Theorem 5, the costs Cs = £(us)), Cs := £(U4).

We first provide alternative expressions for Dirichlet series FC (s), as a function of the transfer
operator Hs relative to the Euclidean dynamical system. We first recall some basic facts about
dynamical systems and transfer operators.

5.3. The Euclidean dynamical system

When computing the gcd of the integer-pair (u, v), Euclid’s algorithm performs a sequence of
divisions. A division v = uq + r replaces the pair (u, v) with the new pair (r, u). If we consider
now rationals instead of integer pairs, there exists a map T which replaces the (old) rational u/v by
the (new) rational r /u, defined as

1 1

When extended to the real interval I = [0, 1], the pair (I, T) defines the dynamical system relative to
Euclid algorithm. We denote by # the set of the inverse branches of T,

1
H = hy i x = ; > 1y,
{[‘” g+x 1 }

and, more generally, by #P” the set of inverse branches of depth p (i.e., the set of inverse branches of
TP), namely #P = {h =hyo---ohp; h; € #, Vi}. With HO = {Id}, the set #* := Up=o#? is the set
of all the possible inverse branches of any depth. Then, the Euclid algorithm on the input (u, v) builds
a continued fraction

Y—n0) with h=hyohyo---oh,e . (28)
v

One then associates with each execution of the algorithm a unique LFT® h € #* whose depth is
exactly the number p of divisions performed. Remark that the i-th LFT h; used by the algorithm is
exactly the LFT relative to matrix @; of Section 2.1, so that the LFT hy o hy o --- o h; is relative to
matrix M, of Section 2.1. Then, the CF-expansion (28) of u/v, when split at depth i, creates two LFT’s
bi == hjohyo---ohi_yande; := h;jo--- o h,, defining each a rational number: the “beginning”

5 The symbol [B]] is known as the Iverson bracket and denotes a Boolean which equals 1 iff B is true.
6 FTisa compact notation for linear fractional transformation.
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rational b;(0), and the “ending” rational e;(0). The “ending” rational e;(0) can be expressed with the
remainder sequence (u;)
u.
ei(0) := hiz1 0 hipp 0+ 0 hy(0) = ——,

1

while the “beginning” rational b;(0) can be expressed with the two sequences (p;), (r;) related to
coefficients of matrix M; defined in (7),
. |pil
bl(O) = h] o hz Oo-+--0 hi_](O) = ﬁ
T
The main parameters of interest of the Euclid Algorithm involve the denominators sequences u;, 1;,
which are called the continuants. The continuants are closely related to derivatives of LFT’s, as we now
explain. For any LFT h, the derivative h’(x) can be expressed with the denominator function D: if the
function D is defined by

ax+b
D[g](x) = cx + d, forg(x) = m+b with gcd(a, b, c,d) =1,
cx+d
then
, deth .
h(x) = ———, with deth :=ad — bc. (29)
D[h](x)?
Finally, since any LFT h € #* has a determinant of absolute value equal to 1, one has:
u = b2, 1= ej(0)] 2 (30)

5.4. Transfer operators

One of the main tools in dynamical systems theory is the transfer operator (Ruelle, 1978), denoted
by H;. It generalises the density transformer H that describes the evolution of the density: if f = f
denotes the initial density on I, and f; the density on { after one iteration of T, then f; can be written
as fi = H[fo], where H is defined by

HIf1(0) = Y I (®)|f o h(x). (31)

he¥

It is useful to introduce a more general operator that depends on a complex parameter s,

1 1
H[f100) = Y W@ foh(x) =) o (m H) :

he# m=>1

and multiplicative properties of derivatives entail that

HIf10 = Y IN@IPfohk), (—H) 'l =Y IN®ISfohX).

he 3P he3t*

Now, relation (29) between the denominator and the derivative of a LFT, and the fact that any element
of #* has a determinant equal to 41, entail an alternative expression for the transfer operator,

P = —1 o — -1 = —] o
Hs[f](x)—h;p Bicos ) ° . U —H) [f](x)—h;n Dl ° e

which will show, with (30) that the transfer operator can be viewed as a generating operator for
denominator sequences u;, r;. This is the main idea on which is based the dynamical analyses. We
now explain the relation between Dirichlet series and transfer operators.
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5.5. The Dirichlet series F¢(s)

We describe alternative expression of the Dirichlet series fc (s), FC (s), as a function of operator H;.
Let us begin with the trivial cost: -~

Cost Cp = 1. The Euclid algorithm writes each rational u/v € £2 in a unique way as u/v = h(0)
with h € #*. Then,

Fo2s):= Y vizf(%) =" Y INOF -f o h(0) = ( — H)'[F](0).

(u,v)efR k>0 phegek

from which we deduce an alternative expression of Fy(2s), with the help of the Riemann ¢ function:

1 d ~
Fo2s)=>_ > f (—”) = £(25) Fo(25) = £(25) (I — H)"'[f1(0).

2s
d>1 (uv)eR (dv) dv

All the studies of the paper are based on refinements of the (simple) equality.

Cost Cy, C, for Theorem 1. We will show in Section 6.4 that a main tool for studying the second cost
Ps on £2, via its moment generating function E, s[exp(wPs)], is the Dirichlet series G(2s, 2t, w) which
depends on three parameters s, t, w and is equal to

G(2s,2t, w) = e" ¢ (254 2t) (I — Hyy) ™' o (Hy — Heyy) o (I — Hy)~'[f1(0).

Cost Gy, C, for Theorem 2. We will show in Section 6.1 that a main tool for studying the distribution
of x5y on §2 (via the estimate of P, [x(5) € J])is the Dirichlet series which depends on two parameters
s, t, together with the interval J,

F(2s,2t,]) = £(2s+2t) (I — Hy) ™' [1) - (Hg — Hgy) o (I — Hy) "' [f1] (0).

Cost C4, C, for Theorem 4. We will show in Section 6.7 that a main tool for studying the mean value
of Qs is the Dirichlet series which depends on two parameters s, t,

0
£ (25 +26)(I —Hgp) ' (Hy — Hgyo) o (%Hi“’“l) o (I —Hy)~'[f1(0),
0

w=
and involves the weighted transfer operator Hs ,, [¢] relative to the binary size ¢ and defined as

exp(wf(m)) 1
(m+x)% (m +x) '

Hw lf10 =) (32)

m>1

Cost Cs, C; for Theorem 5. We will show in Section 6.8 that a main tool for studying the mean value
of £(us) is the Dirichlet series which depends on two parameters s, t,

£(2s+26)(I —Hgye) ' o H,, o (I —Hgy) ' o (Hsre — Hy) o (I — Hy)'[f1(0),

and involves the operator H; := d/(ds)H; defined as

i = -2 Y Dy (). (33)

= (m + x)> m -+ x

With alternative expressions of these Dirichlet series at hand, we now perform the second step:
we find the dominant singularities of these Dirichlet series and their nature, and then transfer this
information for obtaining asymptotic expressions of their coefficients. All the expressions previously
obtained in this subsection involve the quasi-inverse (I — H;)~!. This explains why the singularities
of the Dirichlet series will be related to the dominant spectral objects of the transfer operator Hs. A
precise study of these spectral properties will lead to the asymptotic study of the coefficients of these
Dirichlet series.
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5.6. Spectral properties of the transfer operator Hs

We now recall the main properties of the transfer operator H, and its quasi-inverse (I—H,) ~'. These
properties depend on the Banach space where the operator acts. Here, the Banach space is €!({), and
we recall now the main properties of the operator Hy, when acting on this functional space.

For i(s) > 1/2, the operator H; acts on €!({) and the map s — H; is analytic. For s = 1,
the operator is quasi-compact: there exists a spectral gap between the unique dominant eigenvalue
(that equals 1, since the operator is a density transformer) and the remainder of the spectrum. By
perturbation theory, these facts — existence of a dominant eigenvalue A(s) and of a spectral gap -
remain true in a complex neighborhood V of s = 1. There, the operator splits into two parts: the
part relative to the dominant eigensubspace, denoted Py, and the part relative to the remainder of the
spectrum, denoted N;, whose spectral radius is strictly less than n|A(s)| (with < 1). This leads to
the following spectral decomposition

Hs[f1(x) = A(S)Ps[f1(x) + N[f1(x),

which extends to the powers H{ of the operator

H{[f1(x) = A" (5)Ps[f1(x) + N¢[f1(x), (34)
and finally to the quasi-inverse (I — H,) ™!
A
(I —H)'[f1(0) = %Ps[f](x) + (=N ' [f1(). (35)
— A(s)

The first term on the right admits a pole (of order 1) at s = 1, while the second term is analytic on the
half-plane {)(s) > 1}. The dominant eigenvalue A(s) is analytic in a neighborhood of s = 1, and the
pressure function A(s) := log A(s) plays an important réle. In particular, near s = 1, one has

1w f, f(ot. (36)

— _1 ~
(= 1)1 ~ 375

where —A’(1) is the entropy of the system, equal to 72/(61og2) and ¢ is the Gauss density, already
mentioned in (1).

For Theorem 2, the Dirichlet series (1/t)F(2s, 2t,]) defined in Section 5.5 can be viewed as a
perturbation of

Fi(2s,]) := —(I —Hy)"'[1; - H, o (I — Hy) "' [f11(0),

for small t. This Dirichlet series F;(2s, J) involves the operator H; := (d/ds)H;, has a pole of order 2
at s = 1, and satisfies for s close to 1, with (36)

—1 1\? )
FGSD ~ ( = (1)) % (0) ( /] H [<p]<t>dt) ,

where H' := H] and ¢ is the Gauss density defined in (1). This explains why ¥ = H'[¢] introduced in
(2) plays a central réle in our analyses.

5.7. US Property for the Dirichlet series Fc(s)

We have obtained a first information about the singularities of the quasi-inverse (I — H;)~ ! and
an alternative expression of Fc(s) as a function of this quasi-inverse. We now wish to perform the
second step and transfer this information for obtaining asymptotic expressions of the coefficients of
the Dirichlet series. As a main tool, we rely on convenient “extractors” which express coefficients of
series as a function of the series itself. There exist an easy “extractor” for Dirichlet series: the (plain)
Tauberian Theorems. However, they do not provide remainder terms, and they are not adapted for
our study, since we wish to obtain uniform estimates with respect to auxiliary parameters , w, t, J.
We then adopt the Perron Formula, which may provide remainder terms, as soon as we have a precise
knowledge of F-(s) on vertical strips.
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The Perron Formula of order two (see Ellison and Ellison (1985)) is valid for a Dirichlet series
F(s) = 3 .-, 73 and a vertical line s = D > 0 inside the convergence domain of F,

D+ioco TZS—H

1
U (T) := Zan(T - = F(s)

—ds. (37)
& 7 Jooice  S@sH D)

It is next natural to modify the integration contour s = D into a contour which contains a unique
pole of F(s), and it is thus useful to know that the Property US [Uniform Estimates on Strips| holds. We
have already described this Property in an informal way in Section 1.3. It is now necessary to describe
it more precisely.

Theorem A (US Property for the Euclidean Dynamical System (Dolgopyat, 1998; Baladi and Vallée, 2005)).
When the transfer operator Hs relative to the Euclidean dynamical system acts on the functional space
C'(4) of functions with a continuous derivative on the unit interval § := [0, 1], there exists « > 0 for
which the following holds on the strip 8 := {s, 1 —a < Ns < 1}.

(i) The quasi-inverse (I — H;)~! has a unique péle in the vertical strip 8 := {s, |\s — 1| < «}, located at
s=1

(ii) There existty > 0,& < 1/5, C > 0, such that, on the truncated strip {s, [Rs — 1| < «, |3Is| > to},
letting t := s,

10 —H) ™ 1 = 0(I3s*)  with |If[l1.c := sup [f| + (1/t) sup |f'].

From works of Dolgopyat (1998) and Baladi and Vallée (2005), we know that (I —H,) ™! satisfies the
US Property, with a strip of width @ > 0. With this US-Property, we can shift the integration contour
in (37). If, for instance

n(t
FO = (- R0 [g10) = 30 O,
n>1
we obtain
WT_Z T_)_R T25+1 F) +L F) T25+1 q
= nfra"( T (S(Zs—i-l) (S> 2in /m:l_t_c, O st ®

Finally, if the pole is simple, the residue is not zero, and the following estimate shows the importance
of the parameter o, defined as a lower bound for this width «, since it intervenes in the remainder
term, as
3-2t 5
w(T) = Ress_1_(F(s) |14+ O(T™°7)]. 38
M = G5 o Res=1-F O [1+0077)] (38)

The real o mentioned in all our Theorems 1-7 is a lower bound for this width «.

6. Proofs of Theorems 1 and 2

Here, we provide the complete proofs of Theorems 1 and 2. We first recall some notations. On an
input (u, v), the Euclid algorithm builds a sequence of remainders (u) and a sequence of rationals
Xk = Upt1/ U

We recall that Ps(u, v) is the smallest integer k for which Ig uy is less than (1 — §)£(ug). We are
interested in describing the position of the rational

X(5) = Xk when Ps(u, v) = k.

6.1. Proof of Theorem 2 — Step 1. The Dirichlet series of interest

We here provide an estimate of the distribution of the rational X5y which is a probabilistic version
of the rational x ).
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We first deal with intermediate sets 'V,E,’f;w(] ), u,(v’?M(] ), defined as
k
Vu() = {@v) € 2 v =N, 1 =M, Xep1 €])
ux’?Mm i={W,v) €2, v=Nu =M, X €]}

and the set’

ANW . ]) = [(Z vxk}wm) \ (Z u,(v"?Mmﬂ (39)

k>0 M<W M<W

gathers the pairs (u, v) of £2 with v = N for which the following is true: “if k denotes the smallest
index for which the remainder u;, has a denominator at most W, the rational x; belongs to J”. This
shows that these intermediate sets will be closely related to our problem.

We now observe two facts: The f-weights u(k) ), N,(Vk)M (J) of the tilded version of the intermediate

sets
k k ~ k k =~
Viw() = Viu D N2, U () i= Uy, () N2

are easily generated by the transfer operator, since the two following equalities hold

N(k)
Uas2t =33 N2str = (I = Hsy) ' [1) - sy 0 H{If1] (0) (40)
N>1M=>1
~(l<)
Vst k=33 stmzr = (= Hy) ' [1- K] (0. (41)
N>1M=>1

On the other hand, there are nice relations between V(k) v, u(") () and their tilded versions, as
we now explain. Each of these two sets V,E,kzv, 0, ‘u,(\f v (J) decomposes as a disjoint union

k k k k
Vi =2 (V0N 2a). w0 =Y (U N 2a).
d>1 d>1

which involves the set £24; of pairs (u, v) of £2 for which ged(u, v) = d; the map (u, v) — (du, dv)
defines two bijections which preserve the f-weights,

— first from '\7,8(),\,, (J) onto (Véﬁz),dzw N .Q[d]>,

- second from ﬂ}v"?,v,(]) onto (ugg,w hHn .Q[d]> .

Then, the Dirichlet series U, V and their tilded versions f], V are related via the Riemann ¢ function,
as follows:

(k)

Ues,t,J, k) _ZZ NSMt —;(s+t)ii(s,r,],k), (42)
N>1M>1
v () .
Vs, t,], k) = ZZ o = 6T OVE 6]k, (43)
N>1M=>1

Finally, the series F(s, t, J) defined as
F(s,t,]) =Y _[V(s,t.],k) = U(s, t,], k)] (44)

k>0

7 The sum A + B between sets A, B replaces the union A U B when A and B are disjoint.
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admits with (42), (43), (40) and (41) the alternative expression which involves the ¢ function and the
transfer operator H;

F(2s,2t,]) :=¢(2s +20)(I —He) ™' [1) - (Hs — Hyp) o (I — Ho) 7' [f1] (0). (45)

On the other hand, F (s, t, J) is a Dirichlet series of the form

Fo.tpy =Y 3 2l

N>1M=>1

whose coefficient ay j (J) satisfies the following, with the definition of F given in (44),

> = 3 3 (o0 — i 0)

M<W M<W k>0

-2 (z o) - (3 o) |

and the last expression is exactly the f-weight of the set Ay (W, J) defined in (39). Finally, the equality

zn
Y AR ) = {(u, v) € 2u; xp5) €]}

N=2—1
holds and entails the equality

m_q
Prrlxesy €1 =

anm (),

|“Q |f N=21—1 pm<2(1-8)n

where |£2, s is just the f-weight of £2,. Comparing the Riemann sum with the integral entails

2= Y £(5) = > > 5 () =12l [1+ 2700 1]

(u,v)es2n v=2n-1u<v

For studying the I(5) probabilistic version x 5,, we are led to evaluate the expression
21

1
20, NZ 2, 2 )

Prflxs €J1 =
2n—1 |In(8)| W1l (8) M=W;

Since |£2,| = (3/4)2%", we have finally to evaluate

2"—1

|1<6>| 2. 2 2 vl

N=2n—1Wi€ln(§) M<W;
which is a particular case of

T w

Eo<TWW)—W =D 2 ) am(, (46)

N=T/2 Wi=W_ M<W,

where T and W are polynomially related.

It is then sufficient to extract coefficients from the Dirichlet series F (s, t, J) given in (45). However,
it is not possible to directly deal with the characteristic function of the interval J, since it does not
belong to the “convenient” functional space C'(I) where the Property US holds. Then, for a function &
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positive which satisfies £(x) < x, we replace the function 1; by two functions 1#(7 o) and ‘M,w of e'(I)
which are good approximations of 1;, and satisfy 1//(;8) <1 < 1//J &)

[vzo| < i (47)
17 e(UD
/I\x/ﬁ,g) (W) du < [J| + (D, fl\x/fg,g) — Y| @ du < s

We replace the Dirichlet series F(s, t, J) by the series F* (s, t, ], ), F (s, t, ], ¢) defined as
F¥(25,2t,],8) = (25 + 26)(I — Hey) ™' [wqi,g) - (H; = Hsy) o (I — Hs)‘][f]] (0). (48)

The coefficients of these series, denoted by af\,E v, &), have the following combinatorial sense: The
sum of these coefficients

> ayyU.e) (49)

M<wW

equals the sum, taken over all pairs (u, v) with v = N, of the quantities f (x;) - Wi &) (xx), where x; is
the rational relative to the smallest index k for which uy is less than W.

We have introduced several objects X for which there exist related objects X*, X, for instance,
the Dirichlet series F(s, t, J), the coefficients ay ; (J, €), etc. We denote by X2 the difference X+ — X~
and by X< any element of the set {X*, X, X“}. Then, the inequalities

NoayuG.oo <Y avu) < Y aiyl.e) (50)

M=<w M<wW M<w

show that our main object of interest Eo(T, W, W_) defined in (46) can be evaluated with the help of
the various E(? (T, W, W_), via the relation

Eo(T,W,W_) = E; (T, W, W_) + 0 (Eg"(T, W, W_)). (51)

It is then sufficient to deal with the series F (s, t, ], €), defined in (48).
6.2. Proof of Theorem 2 — Step 2. Extraction via the Perron Formula

The series F¢ defined in (48) depends on two complex variables s and t (with ] and ¢ as parameters).
We will use the Perron Formula, two times.

First, suppose that the complex s is fixed, satisfies is > 1 and consider the Dirichlet series F* as a

function of t, which has an only poleatt = 1 —sinthestrip1 —a < %i(s +t) < 1+ «. Then, with
the Perron formula (see Section 5.7)

< —
aymU.€) w209+ (0) &
Z Z Z N2s - {(2) (3 _25) )\./(1) /IW(],s)(u)

Wi<W M<Wj N>1
Hs - H] —1
X ) (1—Hy) [f1{ wdu

S J—

1 W2[+1

— ——F%(2s,2t,], e)dt.
2 Jyi(s4t)=1-o L2+ 1)

This is now a Dirichlet series with respect to s, which has an only pble at s = 1 in the strip

1— 8 < Ns < 1+ B, and using again the Perron Formula for extracting coefficients, we finally

obtain four terms for the sum of coefficients

EPTwy=> 3" 3" > af 0.,

T{<T N<T{ W1=W M=W;
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namely, defining domains Iy, = {s € C|Ns = 1 -8}, 7 = {t € C| Nt = —a}and
I ={(s,1t) ECZ|‘Rt:,B—aandERs:1—,B},
@) T
~ @503 “w / S, WH [p](w)du
;(2)(ﬂ(0) TZS-H W2(1 s)+1
2inn (1) Jp s@s+1) 3 —25)(1—5) (/w(’ o - (A —Hy o (1 —H)- Wu)du)
L BT T 4 0) dt
to -3 1"1“ )t(2t—|—1)( —Hiyo) [Wq,e)'( 1— Hige) [T(D:H( )
25+1 2t+1
B t(2s+2t) T w (I —Hep)!

r A s@s+1D)r@t+1)
x [‘ﬁff,s) +(Hy = Hgyp) o (I — Hs)‘l[f]] (0)ds dt.

If we choose o = S, it seems that the fourth term has a péle at t = 0, but this is not a “true” pdle, since
there is an occurrence of a secant operator, of the form (1/t) (Hs,¢ — Hs) which tends to the operator
H, when t — 0. We then choose & = B, and, for reasons which will appear later, due in particular to
possible applications of Proposition A (see Appendix), we choose « = 8 = ¢ := min(o, 1/2).

The first term will provide the main term. For E;—L (T, w), it is @ (T>W), more precisely equivalent
to

3
au)%w with a() = ﬁfjﬂ/[w](t)dﬁ/jw(ﬂdt. (52)

(For the computation of the constant a(J), we used the equality ¢ (2) = —A/(1) log 2 which comes from
spectral properties at s = 1 described in Section 5.6). Then Theorem A (Section 5.7) entails estimates

for the four terms of E?(T, W). Furthermore, the constants involved in the O-terms depend only on J
and &, but not in the same way for all the terms: in the first two terms, the interval J intervenes via the

integral of the function wg &) whereas, in the last two terms, the interval J intervenes via the norm
Il - 1,1 of the function 1/f(<l> &) Finally, with Theorem A, and (47), each Ef(T, W) can be written as

3

4
ES(T, W) = a(])%W : |:ZA;>(T, W)i|
i=1

with
Ul Ul
1 1
AT W) =0 —— w22, AT, W)=0 (_) 12 -
s (umun) W =0 e (53)

—20 —20
AET, W) =01 S(UD)(l) L AATLW _o( (UD)( ) -
5 ( ) ( + m W ( ) m W

Remark that A? does not depend on (T, W) while A§> depends only on (T /W) and A? only depends on
W. Moreover, in view of applying propositions of the Appendix, we remark the following: since there

is a polynomial of degree 4 in the denominator of the integral that defines the term AY,itis possible

to take the derivative two times, and this defines a function (T, W) Af(T, W) of class C2. Finally,
the terms

3 2
FP(T,W) =Y AS(T,W),  HY(T,W):=Y AS(T,W)
i=1 i=1
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define a function T +— Flo(T, W) of class €2, and a function W — Hf(T, W) of class G2. Moreover, if
we consider the notion of uniform order given at the beginning of Section 7, it is clear that each term
A; is of uniform order with respect to the convenient variables, and, each of the two derivatives of A,
is of uniform order.

6.3. Proof of Theorem 2 — Step 3. Final estimates for variable X5y ON 2

This step can be decomposed into three sub-steps.
Step 3 (a): The triple (W, ], €) is fixed, the variable is T. The sums ) _,,_,, aﬁ’M(], €) are positive, so
that the functions B

T ES (T W)=Y Y > ayy,0.e

N<T Wi <W M<Wj

are increasing. Then, it is possible to transform in E?(T, W) the double sum over indices N into a
simple sum with Proposition B of the Appendix and deduce from the estimates of E?(T, W) estimates
for the sums

ES(T, W) = a()) T*W [Ff(T, W) + O(T‘Q)] ,

with ¥ (T, W) = FZ(T, W) + (T/3)(d/dT)F{ (T, W). We will be interested in the following by
E®(T, W) := ES (T, W) — ES'(T /2, W) for which we get the estimate

EC(T,W) = Z a() T*W [FO(T, W) + O(T"9)], (54)

where FO(T, W) := (4/3)Fy (T, W) — (1/3)Fy (T /2, W) defines a function T > F(T, W) of class
¢'. Applying now Proposition A of Section 7 in case (WB), with the choice (T — T_)/T = O(T)
(always, for each value of the triple (W, J, ¢) fixed) provides the estimate

EC(T,W) —E(T_, W 3
( T)_T_( ):ia(])TW (55)

—20
X [A? +0(W™%) 40 ((%) ) +0(T™*") + O(T"‘)} :

Step 3 (b): The pair (J, €) is fixed, T and W are polynomially related. We let T = W". Then, v and our
initial parameter § are related via the equality 1/v = 1—4§, and the parameter v > 1 is unbounded for
5 €]0, 1]. We wish to obtain an estimate of our main object of interest E(?(W”, W, W_), (uniformly
with respect to v),

E°(W", W) — E®(W", W_)

ES(W", W, W_) =

W —W_
First, observe the following decomposition of E(W", W) — E®(W", W_) as
[ESW", W) — ES (W2, Wo)] = [EC(W", W) — ES(W2, Wo)]. (56)

For the first term of (56), relation (54) entails the estimate
3
ESW!, W) = Za(h W [HZ(W) + 0(W ™) + 0(W™)],

where H® (W) “comes from” H?(W”, W) after transforming it in the same way which transforms
F; into F. Then, W +— H<(W) is of class @'. Applying Proposition A in case (WU) with the choice
(W —-W_)/W = (1/v)® (W) provides the estimate

E°(W", W) —E®(W", W_) 3
W — W_ 4
% I:A? + O(W—Z(v—l)g) +0 (W—y) +0 (W—ZQ-H’) + O(w—UQ‘H’)] . (57)

v+ 1) a() W
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For the second term of (56), we take the same choice for (W — W_) /W, which leads to the choice

L oW Y howi—e w)
= =) = .
T_ w! w

Using now (55) with T™* = W™ (i.e., y = vx) leads to an estimate for

EC(WY,W_) —E®(WY, W_)

W — W_
of the form
3
~a) W w147 + 0w ) + 0w VT Low ) 0w | (58)
Finally, using (56)-(58) and choosing
1 ) W —Ww_ 1 _
y= —Qmm(l),Z), s, — _@(W y)s T:WU’ (59)
2 w v

together with the precise estimates of terms A?(T, W) given in (53) leads to the final estimates for
Eé>(T, W, W_), namely

EX(T,W,W_) = %a(l)wzv [14v0 (RF(W))]

E;NT, W, W_) = 3% a(h)W?" 0 (R*(W)),

with
RE(W) = max (—E(UD ,w20—De —1 W_y>
Ul UleCUD
RA(W) = max (M ! w—y> .
Ut Ulecn
This entails the final estimate for the “true” Eo(T, W, W_) forT = W" and (W — W_)/W as in (59),
3 e 1 —y —20—
Eo(T,W,W_) = Za(h)W? [14+10 (— Wy, w2 ”")] . 60
of =30 [ U e (60)

Step 3 (c): (T, W, ], €) are polynomially related. We now consider the case when the function &
(which quantifies the approximation of the characteristic function 1;) is a power function, of the form
x — x'* We suppose that all our parameters X € {|J|, €(|/|), T, W} have an exponential dependence
on n (now J and ¢ vary), and we fix their exponents e(X) :=n~'lgX as

1
eM=1, eW)=(010-9) = " e(UD =—-2y, el =-2y(1+0).
Then, the exponents of the three terms in the remainder term of (60) are at least equal to
1
T := min (2)/0, p(8) —2y(6 +2), ZQ(S) , with p(§) := o min (5, 1-— 8) .

We first choose the exponent of the function ¢ : x — x'*? in order to equalise the first two exponents.
Since the exponent & must be strictly positive, this is only possible for y < (1/4)p(8) and, in this case,
the best choice of 0 leads to

1
T = 11(8, y) := min (5,0(8) — 2y, 2g8> .
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Consider now the case when the interval J is large enough (with respect to g, and the fraction (1—3§)),
so that the exponent —e(|J|) satisfies —e(|J|) = 2y < (1/4)p(5). Then, there is a lower bound 7 (5)
for 71(8, ), which depends only on ¢ and §, with

§) := o mi (1 -9 25) (61)
7(8) := o min 3 a1 .

Step 3 (d): Conclusion. We return to our initial problem, and with (60), together with the definition
of the interval

1
(8) := [2079" (1 — (1 — 8)27°@") 2079  with p(8) := o min (5, 1-— 5) ,

the definition of 7(§) given in (61) and the expression of a(J) in (52), we obtain an estimate for

= 1 _ 3 2n 1 —nt(§)
w2, e = (32) (fvon) [1+ 5 0e 00

N=2n—1 Wely () M<W

Since all our estimates are uniform with respect to §, it is then possible to obtain the same results for
a sequence &, (which may depend on the size n). Since the first term equals the cardinality of £2,,, this
leads (as we already explained in Section 6.1) to the estimate of the probability

Z Z anm(J).

Wel () M<W

1 =1
Poslxy) €)=
e |szn|fN§_1 12 (3)]

Here, the variable X ;, is the () probabilistic variant of the variable xs), whose definition is now
recalled: consider, for a given size n, the interval I,,(6) and choose an integer W uniformly in this
interval. Denote by X(5) the rational x; associated to the first index k for which Ig uy is less than W.
Since, in any interval ]A/2, A], there are at most two elements of the sequence x;, then, for n large
enough, there are only three possible values for X5y namely x(5y; with 0 <i < 2.

6.4. Proof of Theorem 3

It uses both Theorem 1 and Lemma 2, so that the best choice of the remainder term 7 (6, y) is given
by

1
7(0, y) = 2y, (8, y) = min (t1(3, ¥), 2y, ) = min <2y, 5p(5) — 2y, 2g8> .

6.5. Proof of Theorem 1— Step 1. The Dirichlet series of interest

We study, in the same vein as before, a probabilistic version P of Ps. We prove that it follows an
asymptotic Gaussian law on £2, from which it will be easy to deduce an asymptotic Gaussian law for
the deterministic version Ps on £2.

We wish to use the Quasi-Powers Theorem which provides sufficient conditions, which entail an
asymptotic Gaussian behaviour.

Theorem B (Quasi-Powers Theorem (Hwang, 1998)). Assume that the moment generating functions
E, f[exp(wR)] for a cost R are analytic in a complex neighbourhood ‘W of w = 0, and satisfy

Ens[exp(wR)] = exp[B,C(w) +D(w)] (14 0k, 1)), (62)

with B, kn, — oo asn — oo, C(w), D(w) analytic on ‘W and the O-term uniform in ‘W. Then, the mean
and the variance satisfy

Eyf[R] = C"(0) - B +D'(0) + O(x; 1), VIRl =C"(0) - B +D"(0) + OCie ).
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Furthermore, if C"(0) # O, the distribution of R is asymptotically Gaussian on $2, with speed of

convergence O(k; ' + By /%),

R(x) — C'(0) By ] 1 /y 2 _ _
Poflx | ——" <Y|= — eV 2dy + 0k + BV,
" [ TR V2 S no
We shall show that Theorem B can be applied to our framework, with
1 —nT(8n)
Bn=2énn,  Kkn= ﬁZ ", C(w) =2log2((w) — 1),
— ©n

where 7(8) is defined in Fig. 5 and & (w) is the solution of the equation A(s) = —w which involves
the pressure function A(s) := log A(s). This will entail Theorem 1.
We first wish to estimate the generating function E, r (exp[wP;]), as a quasi-power. We deal with

the function G(s, t, w) := {(s + t) E(s, t, w) with
G(2s,2t, w) = e” (I — Hyye) "' (Hy — Hose) o (I — €”Hy) "' [f1(0).

The series G can be written as a Dirichlet series which depends on two variables s, t, together with a
parameter w,

b(k)
G(s, t, w) = e+ NM - e V(s  t,1,k) — UG, t,1, k)], 63
( ) 12; NZJMZJ BTG ; ( ) — U( ) (63)

where the functions U and V are defined in (42) and (43). Here, the coefficient ), _,, bﬁ,)m equals the

f-weight of pairs (u, v) with v = N for which uy, 1 is at most W, while uy is greater than W. Then, the
quantity

= (k)
K
2 D bum
N=2n—1 M52(1—8)n
equals the f-weight of the subset of pairs (u, v) of size n for which Ps equals k + 1, and the expression
211

Z Z Zeu)(l<+])b1(\lk,)M

N=21—1 pm<2(1=8)n k>0

is the cumulative generating function of parameter P; on §2,. As previously, it is then sufficient to
extract coefficients from the Dirichlet series G(s, t, w).

6.6. Proof of Theorem 1 — Step 2. Extraction with the Perron Formula

This series G defined in (63) depends of two complex variables s and t (with w as a parameter). We
will use the Perron Formula, two times.

We proceed in two steps, as previously. We first consider the Dirichlet series as a function of ¢,
which has an only péle at t = 1 — s in the vertical stripinthe strip 1 — a < (s +t) < 1+ «.Then

p® w2a-9+1 , H; — H,
Y2 T =0 | () 0 em e
— | —

Wi<W M<W; N>1 k>0

1 w2t+1
27 Jysn=1-a L2+ 1)
This is now a Dirichlet series with respect to s, which has an only pdle at s = &£ (w) in the vertical strip

1— B8 < Ns <1+ B,wheres = &(w) is the solution of the equation A(s) = —w. Using again the
Perron Formula for extracting coefficients, we obtain finally four terms for this sum of coefficients

e “D(T, W, w) := Z Z Z Z Zewkbgi)m, (64)

T1<T N<T; W1<W M<W; k>0

G(2s, 2t, w) dt.
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namely, defining domains I = {s € C|N(s —&(w)) = =B}, 1 ={t e C|REw)+t) =1—«a}
and I = {(s,1) e C2 [R(t +E(w)) =14+ B —aand R(s — E(w)) = —B},

Vt () [f] Ww3—26w) T26w)+1 (Hs(w) _ HS>
2 w d
SO DN Ew) G- 2&w) Ew@E@ + D S\ 1—ga) ) eI

£ (2)¢(0) (AR AN e wpy y-1
2ir A'(1) I s2s+ 1) (3 —=2s)(1 —5s) (/I(HS —Hj) o (I —e"Hy) [f](u)dU> ds

+Cylf] ng(w)H/F m(l - I'l-%(w)th)_1 ° (Hé(w) - Hé(w)+f) |:
1

C(ZS + zt) T2s+1 w2tt1
n 4r?  sQs+1Dtt+1)

2t+1
Pw

— 1 (0)d
—N(&(w))]() t

(I —Hgy) ™" o (Hs — Hyy) o (I — ”Hy) 7' [f1(0) ds dt.

Here, the first term involves the dominant eigenfunction ¢, of H; and the dominant eigenmeasure vy
of the dual HY at s = &£ (w) and the second term involves

Colf]l:= £26Gw) +2) Ve () [f].

2ir§(w) (25 (w) + 1)
We first choose, as in Theorem 2, « = B8 = o. The first term will provide the main term, which is
of the form A(w)W3—26 W T28w)+1_ Applying Theorem A entails estimate for the other three terms, so
that D(T, W, w) is written as

4
D(T, W, w) = R(w) W32 72+ [1 AW, w)} |
i=2

Here, R(w) is analytic and not zero when w € ‘W and the following estimates hold

T\
AT, W, w) =0 (W) . AT, W, w) =0(W™2), AT, W, w) =0(T™%%),

where the constants involved in the O-terms are uniform when w is near 0. Moreover, the term
A, defines a function (T, W) > A,(T, W, w) of class €2 which depends only on T/W (with w as
a parameter), whereas the term A; depends only on W (with w as a parameter). Finally, the term
Fi(T,W, w) := Ay(T, W, w) + As(T, W, w) defines a function T — F;(T, W, w) of class C2.

6.7. Proof of Theorem 1 — Step 3. Final estimates for variable Ps on $2

We now follow the same lines as in the proof of Theorem 2. We first consider W as fixed. For
transforming the double sum over indices N into a simple sum, it is possible to apply Proposition D
of Appendix, and transform the double sum over indices N into a simple sum. We deduce from the
estimate of D1 (T, W, w) in (64) an estimate for the sum

D(T, W, w) := ZT: YD D ey
N=T/2 W1 <W M<W; k>0

=Ry (w) TZf(w) W372§(w)) [l + F(T, W, w) 4+ O(ng/Z)] ’

where T — F(T, W, w) defines a function of class €.

Then, as in Section 6.3, we consider that T and W are polynomially related, and use two times
Proposition A as in Section 6.3, in cases (WB) and (WU). Due to the change of the exponent in
Proposition C, we slightly change definition for p(§), I(§) and 7(§) and define

1 ~ .
2(8) := o min (Z’ 1— 5) ;o L) =207 (1= (1= 8)27°0m)  2070n]

1
7(8) := o min (Z’ 1-3, 25) :
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We then obtain an estimate for the moment generating function of the 7(8)—pr0babilistic variant P
on £2,, namely

271
1

Enslexp(wPy)] = —— Z Z Zewkbﬁi)m

|-Qn|f N=2n—1 |In(3)| WGTn(a) M<W k>0

— d(w)22n8(§(w)—1) |:1 + 1 O(z—ﬂ?(ﬁ))]
1-96 ’
with a constant in the O-term uniform with respect to w € W. As in the proof of Theorem 2, all our
estimates are uniform with respect to §, so that we can consider a sequence §,, which may depend on
the size n. Then, the Quasi-Powers Theorem, applied with

C(w) :=2log2(E(w) — 1), D(w) :=lgd(w)
entails an asymptotic Gaussian law for the probabilistic variant P; on £2,, with a speed of convergence
given by

2—'725(511)
max ((Snn)_l/z, —) .
1 - (Sn

Furthermore, we have already remarked that, in any interval JA/2, A], there are at most two elements
of the sequence x,. Then, for n large enough, the two variables - the probabilistic variable P and its
deterministic version Ps - are closely related since they satisfy |P; — Ps| < 2.

Finally, Proposition 1 of the paper of Lhote and Vallée (2008), together with the inequality |P; —
Ps| < 2 proves that the asymptotic Gaussian law also holds for Ps on £2, with a speed of convergence
of order

z_nﬁ(‘sn)
max | (8,n)~ "3, =—— ).
1 - Bn

6.8. Proof of Theorem 4. Sketch

We study here the parameter Qs and introduce the Dirichlet series which depends on two
parameters s, t,

0
H(2s,2t) := £ (254 2t)(I — Hep) ' (Hgye — Hy) o (%Hiw,m) o (I —Hy)~'[f1(0).
w=0

It involves the weighted transfer operator H; ,, [¢; relative to the binary size £ and already defined
in (32)
exp(wf(m)) 1
H X) = .
s, (1 1) r; (0 ——

Applying the same principles as in Sections 6.1 and 6.4 proves that it is well adapted to the study of
costQ..
=<5

6.9. Proof of Theorem 5. Sketch

We study here the parameter £(U) ) and introduce the Dirichlet series which depends on two
parameters s, t,

L(2s,2t) := §(2s + 20)(I —Hyy) ™' o Hy, o (I —Hey) ™' o (Heye — Hy) o (I — Hy) "' [f](0).

It involves the derivative of the operator H;. Applying the same principles as in Sections 6.1 and 6.4
proves that it is well adapted to the study of cost £(U (5))-

7. Conclusion

This paper provides the first average-case analysis of a subquadratic gcd algorithm. We therefore
extend the domain of applicability of dynamical analysis techniques, and show that such methods
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are also efficient for studying more complex Euclidean algorithms. The type of analysis performed
here requires a precise study of the interrupted algorithms, and a precise description of the evolution
of the distribution during the execution of the algorithm. This uses heavily the powerful tools of
distributional analysis provided by Baladi and Vallée (2005) and Lhote and Vallée (2008).

It would be also interesting to adapt the methodology developed here to other subquadratic gcd
algorithms. We have in mind the algorithm recently designed by Stehlé and Zimmermann (2004),
based on a division using the least significant bits of the integers. The analysis of the plain gcd
algorithm using this division is done in Daireaux et al. (2005). This is clearly a first step in that
direction; however, a complete analysis of the SZ Algorithm would use Property US, and this Property
is not known to hold in the context of the dynamical system related to this gcd using the least
significant bits.
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Appendix. Propositions A-D

We are interested in finding estimates for partial sums of coefficients, of the form

@, (N) = Z ce(w).

k<N

However, Perron’s formula of order two provide estimates only for double sums,

Wy(T) := Y @y (N) =Y Y c(w)

N<T N<T k<N

in the following general framework where the double sum ¥,,(T) is of type (P), as it will be defined
soon. We first need a definition:

Definition (Uniform Order). A function T — H,,(T) is of uniform order O(T~¢%) for w € W if
H, (aT) = O(T~%) with a O-term uniform for all € [1/2,2] and w € ‘W.

We then state our main definition of type (P):
Definition (Type (P)). A function T — W¥,,(T) is of type (P) if the estimate
W, (T) = F,(T) [Gy(T) + Hy(T)], T—o00, weW (65)
holds, with
Fu(T) = b)T*™,  Gu(T) =c(w) +0(T™),  H,()=0T"%*), o <1/2

and O-error terms uniform for w € ‘W. The four terms |a(w)|, |b(w)|, |c(w)|, |a(w) — 1| admit strictly
positive lower bounds on ‘W and the function H,, is of uniform order O(T ~2°). Furthermore,

(i) The function T — G,,(T) satisfies one of the two following properties:
(W)[Weak Form] G,, is of class €' and G/, is of uniform order O(T ¢~ 1).
(S) [Strong Form] G,, is of class €2 and G/, is of uniform order O(T~4~2).
(ii) The function w — a(w) satisfies one of the two following properties:
(B) [Bounded] |a(w)| admits an upper bound on ‘W.
(U) [Unbounded] |a(w)| is not bounded on 'W.

The data of such a function ¥,, is described by (a, b, c, d, o) or more precisely by (a, b, G, o).
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In such a general framework, the main question is as follows:
From estimates on ¥,,(N), is it possible to deduce estimates for @,,(N)?
It proves useful to introduce intermediate objects: for two indices N_ and N, which satisfy N_ <
N < N,, consider the two averages

o YN (N 1

@1 (N) = N, N ~N._N k}NH Dy (k)
W) =W, (ND) -

@ (N) := NN =N k:NEH ®,, (k).

The following of the appendix is devoted to the three main steps:

(a) It is always possible to deduce from (65) estimates for @i(N), as soon as N_ and N, are well-
chosen. This is the aim of Proposition A.

(b) Then, if the coefficients c,(w) are positive, these estimates can be transferred into estimates for
@,,(N). This is the aim of Proposition B.

(c) Einally, if the coefficients ¢, (w) are dominated by ¢, (w) (i.e. |c,(w)| < ¢y(w)), and if estimates for
¥, (T) of the same vein as ¥,,(T) hold, then it is possible to obtain estimates for &,,(N). This is
the aim of Proposition C. Furthermore, this proposition naturally applies to a “moment generating
function” setting described in Proposition D.

A.1. Statements of the propositions

We now describe the three results in a more formal way.

Proposition A (Basic Versions). Consider a function T +— W,,(T) which satisfies (P) on ‘W with the data
(a, b, G, o), where G is described by the pair (c, d). Then, the following holds for qbui)(N) defined by
Ww(N—i-) - Ww(N) lpw(N) - Ww(N—)

@ (N) := NN , & (N) := NN
J’__ - —

[Case (WB)] For N_ = N — | N'™*], Ny = N + | N'™*|, the sums ®X (N) satisfy
@5 (N) = a(w) b(w) N~ - [c(w) + ONT>*) + 0N + O(N )],
where the constants in the O-terms are uniform on ‘W. With the optimal choice x = o, one has
DE(N) = a(w) b(w) N*™ =1 [c(w) + O(N™7) + O(N~%)],

where the constants in the O-terms are uniform on 'W.

[Case (WU)] For N— = N — | g5 N'™*J, Ny = N + | g5 N'7*J, the sums @, (N) satisfy

@, (N) = a(w)b)N* ™" [c(w) + 0 (N"27) + O(N™) + O(N"9)],

where the constants in the O-terms are uniform on ‘W. With the optimal choice x = o, one has
@ (N) = a(w)b(w)N ™" - [c(w) + O(N~7) + ON"H],

where the constants in the O-terms are uniform on ‘W.

[Case (SB)] ForN_ = N — | N'=|, N, = N + | N'=9 |, the sums ®=(N) satisfy

+ _ a(w)—1 N / —0
@, (N) = a(w) b(w) N : [Gw(N) + ——G,(N) + O(N )] )
a(w)

where the constant in the O-term is uniform on ‘W.
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Proposition B (Positive Coefficients). Consider a function @w related to a sequence of positive functions
T, W — C which satisfies (P), (SB) on ‘W with the data (@, b, G, &). Then the sum ®,,(N) satisfies

®,(N) :=a(w) b(w) N*™~" . [Ew (N) + (V) + o(N—"")] :
a(w)

where the constant in the O-term is uniform on ‘W.
Proposition C (Domination). Consider two functions ¥,,, @w related to two sequences of functions c, :
W — C,C,: W — RT,whichsatisfy (P)(SB) on ‘W with the respective data (a, b, G, o) and (a, b, G, 7).
Suppose furthermore, that the following holds:

(i) ¢, dominates c,, i.e., |cp(w)| < Ch(w), YVw € W.

(i) The two functions a(w), a(w) satisfy : o < 5 /2, Yw € W, |Ra(w) — Ra(w)| < a.

Then, the sum &,,(T) satisfies, for any w € W,

N

@,)(T) := Y ca(w) = a(w) b(w) N*™" . {cwuv) +—G,(N) + 0<N—ﬂ)] ,
= a(w)

with B := min(o, ¢ — 2a) and a constant in the O-term uniform on ‘W.

Proposition D (Particular Case of Proposition C). Consider the case when ‘W is a neighbourhood of 0,
i WNR — R, and |cp(w)| < cp(Rw). We let in this case Cp(w) := cn(Mw). Then, if ¥ satisfies
(P), (SU) withthedata (a, b, G, o), the function a(w) is real as soon as w is real, and ¥,, satisfies (P), (SU)
with the data (a(Mw), b(Rw), Gy, o). If, moreover, the function w — a(w) is continuous, then the
difference fa(w) — a(w) = Ra(w) — a(Rw) is less than o /4 on a small enough neighbourhood of
w = 0. And, it is possible to apply Proposition C, with 8 = o /2.

This framework arises in a natural way when we study moment generating functions, since, in this case,
the coefficient ¢, (w) is a sum of terms of the form a; , exp[wbj 1, with reals a; , > 0, bj n.

A.2. Proof of Proposition A
For (T — T_)/T := T~%, with x > 0, the estimate of ¥,,(T) entails
lIlw(T) - Ww(T—) = (Fw(T) - Fw(T—)) Gw(T) + (Gw(T) - Gw(T—)) Fw(T) +0 (Fw(T)T_ZU) .

There are two main cases: If T — G,,(T) is only of class !, then

Fy (T)
F, (T) }

G (T)) r 0 (TZ" Fu@ ) (66)
Y + T—T_ TF. (T) )

[, (T) — ¥, (T_)] = F.(T) [Gw (T) + G, (T)

T—T_ (TF,;; (T)
0
T F/ (T)

T-T_

IfT — G,(T) is of class G2, then

W, (T) — W, (T_)] = F/.(T) | G, (T G’TF“’(T)
T_T_[ w(T) — ¥, (T_)] = F, ( )[ w(T) + G, ( )%}
T—T_ _(TF/(T) TF,(T) _, e Fu(D)
- o(F{D(T) Gu(T), F D) Gw(T)>+T_TO(T —TF&)(T)). (67)

In both cases, our assumptions on F,,(T) imply that the two terms in (66) or (67) are both

T

c(w)(a(w) — DO (1) = (a(w) — 1 OT™)

T ; —20\ __ L —20+x
T—T_ a(w) O( ) a(w) o )

In case (B), the optimal choice is then given by x = o. In case (U), the optimal choice is given by the
equality a(w)T™* = [1/a(w)]T~2°™*. Moreover, if we wish to transfer theses estimates on integer
parts, we need the conditiono < 1/2.
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A.3. Proof of Propositions B and C

In the case where (SB) holds, we compare 5*(N) and 5w (N). We have

Py (N) = @, (N) + ~——— Z (@0 (N) = @, (K))
~ k=N_+1

BuN) = BEN) + —— Z (@0 (N) — B, ().

Ny =N 2 N+1
If the coefficients ¢, (w) are real positive, the sequence k — 510 (k) is increasing, and the inequalities
@, (N) < @,(N) < @/ (N)
entail that 5w (N) has the same estimate as 53}[ (N), namely

@, (N) = a(w) b(w) N1, [G (T) + %G/ (N) + O(N™ “)]

@, (N) — &, (N)| = ONa@)=1-9),
This provides the proof of Proposition B.

We now prove Proposition C. If the series no longer has positive coefficients, but is dominated, we
observe that, for k < N,

N N
12, (N) = @, (R = | Y a(w)| < Y Glw) = By (N) — Dy (K),
n=k+1 n=k+1

which entails the inequality
@0 (N) — @, (N)] < |@,(N) — @, (N).

We apply the arguments of Proposition B which prove that
@ (N) — @, (N)| = ON 717,

together with the estimate for @ (N) obtained in Proposition A, and finally

_ N SO
@, (N) = a(w) b(w) N*™ 1-[G (N)+ﬁG ', (N) + O(N™%) 4+ o(N* ™)~ 0)]

= a(w) b(w) N“™~! [Gw (N) + Lc’w (N)+0 (Nﬁ)] :
a(w)

with 8 := min(o, o — 2a). This proves Proposition C.
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