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Abstract

We study a class of Euclidean algorithms related to divisions where the remainder is
constrained to belong to [a — 1, «], for some « € [0, 1]. The paper is devoted to the average-
case analysis of these algorithms, in terms of number of steps or bit-complexity. This is a
new instance of the so-called “dynamical analysis” method, where dynamical systems are
made a deep use of. Here, the dynamical systems of interest have an infinite number of
branches and they are not Markovian, so that the general framework of dynamical analysis
is more complex to adapt to this case than previously.
© 2002 Elsevier Science (USA). All rights reserved.

Keywords: Analysis of algorithms; Bit-complexity; Dirichlet generating functions; Tauberian
theorems; Dynamical systems; Transfer operators; Functional analysis; Functions with bounded
variation

1. Introduction

The complexity of most Euclidean algorithms is now well understood. The
first analyses that concern the average number of steps of the standard Euclidean
algorithm were obtained around 1969 independently by Heilbronn [11] and
Dixon [8]. Finally, Hensley [13] provided the analysis in distribution and proved
in 1994 that the Euclidean algorithm has Gaussian behaviour. The centered
algorithm was studied by Rieger [19].
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More recently, Vallée [24] has provided a classification of Euclidean algo-
rithms, in terms of their average number of iterations: some of them are “fast,”’
that is, of logarithmic complexity ® (log N) (on average and in worst-case) while
others are “slow,” that is, of the “log-squared” type ® (log> N) on average. (The
worst-case complexity of the slow algorithms is not even polynomial in log N,
being in fact of order ® (N).)

On an other hand, Akhavi and Vallée [1,25] have obtained new results about the
precise average bit complexity of classical Euclidean algorithms. Finally, Vallée
[25] proposes a unifying framework for the analysis of the main parameters of
gcd-like algorithms. She proves that the algorithms of the Fast Class have a bit
complexity of the “log-squared” type @ (log? N)) on average, while the algorithms
of the Slow Class have a bit complexity of the “log-to-the-three” type @ (log> N)
on average. Furthermore, she exhibits the precise constants that intervene in the
mean values.

1.1. The class of the a-Euclidean algorithms

All the previous analyzes however deal with particular cases of Euclidean
algorithms, relative to classical divisions: the standard division relative to a
remainder in [0, 1[, the centered division, with a remainder in [—1/2,41/2],
or the by-excess division with a remainder in [—1,0[. With respect to the
classification previously described, the first two algorithms (i.e., standard and
centered) belong to the Fast Class, while the third one, by excess, belongs to the
Slow Class. It is thus quite natural to study a “generic” Euclidean algorithm, called
the «-Euclidean algorithm, where the remainder has to belong to some interval
[ — 1, [, with & € [0, 1]. When the parameter « varies in [0, 1], this gives rise
to a whole class of Euclidean algorithms. There are now natural questions to ask:
Are there other values than O of parameter « for which the algorithm belongs to
the Slow Class? How do the number of iterations and the bit complexity evolve
with respect to o? What is the best algorithm in the whole class? In this paper, we
provide some answers to these questions.

1.2. An example of dynamical analysis

Our approach is an instance of dynamical analysis: It consists in viewing an
algorithm of the ged type as a dynamical system, where each iterative step is
a linear fractional transformation (LFT) of the form z — (az + b)/(cz + d).
A specific set of transformations is then associated to each algorithm. It appears
that the computational complexity of an algorithm is in fact dictated by the
collective dynamics of its associated set of transformations.

Technically, this method relies on a description of relevant parameters by
means of generating functions, a by now common tool in the average case of algo-
rithms [9,10]. As it is usual in number theory contexts, the generating functions
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are Dirichlet series. They are first proved to be algebraically related to specific
operators that are variations of the transfer operator introduced by Ruelle [20,21].
Transfer operators (or Ruelle operators) are one of the main tools in dynamical
system theory, since they encapsulate all the important informations relative to
the “dynamics” of the algorithm; their main analytical property that is useful in
dynamical analysis is the existence of a “spectral gap” that separates the (unique)
dominant eigenvalue from the remainder of the spectrum. In conjunction with
elementary perturbation theory [15], this determines the singularities of Dirich-
let series of costs. The asymptotic extraction of coefficients is then achieved by
means of Tauberian theorems [7,23], a primary tool in multiplicative number the-
ory. Average case estimates of the main parameters finally result. The main thread
of dynamical analysis of algorithms is then adequately summarized by the chain:

algorithm ~» dynamical system ~ transfer operator
~» Dirichlet series of costs ~» Tauberian inversion

~» average-case complexity.
1.3. Dynamical systems relative to o-Euclidean algorithms

We are then led to studying the transfer operator associated to the dynamical
system S, relative to the «-Euclidean algorithm. Here is the main difference with
previous works in dynamical analysis. Previously considered dynamical systems
of interest are “complete” —in the sense that all the branches are surjective—and
the transfer operator is then proven to be compact on some convenient functional
space (usually a space of analytic functions). Here, the involved dynamical system
Sy is no longer “complete” —in the sense that there exist some branches that
are not surjective. Generally speaking, it is not even Markovian, and thus more
complex to study.

When parameter o belongs to [1/2, 1], this dynamical system S, has been
first extensively studied by Ito and Tanaka [14] and Nakada [18]. This is why
the a-Euclidean algorithms are often nicknamed as “Japanese algorithms.” Later,
Moussa et al. [17] provided an extension of these results to the range o € [«/5 -1,
1/2]. All these authors are mainly interested in using the “natural extension”
method, well explained for instance in [22]. When it can be applied, this method
is quite powerful, since it exhibits the explicit form of the invariant density, and
often proves the exactness of the system. This is the case when the parameter o
belongs to the range [«/E — 1, 1]. However, this “natural extension” method seems
to fail in the range 10, ~/2 — 1[, and it is not possible to prove (with these methods)
the existence of an invariant measure in this range.
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1.4. Dynamical analysis of a-Euclidean algorithms

Even in the range (V2 — 1,1], the previous results are not sufficient for
our purpose, since we actually need to prove the existence of a spectral gap.
Moreover (generally speaking), the dynamical system is not complete, and there
are difficulties that are related to the coexistence of two characteristics of the
dynamical system: it is not Markovian, and it has an infinite number of branches.
Then, we have to work with more complex functional spaces, where we cannot
expect the transfer operator to be compact. However, by adapting some results of
Broise [5] to our context, we prove the operator to be quasi-compact on the space
of functions with bounded variation. Then, mixing properties entail the existence
of a unique dominant eigenvalue, so that a spectral gap is granted. Tauberian
Theorems can be then applied and entail the main results of the paper.

Finally, we obtain the following results.

For any parameter o # 0, all the algorithms &, belong to the Fast Class.

Consider valid inputs (u, v) of denominator v less than N . Then

(i) the average number of iterations of the algorithm &y is asymptotically of
logarithmic order

2
Py(a) ~ ——1ogN;

h(a)
(ii) the average bit complexity of the algorithm &y is asymptotically of log-
squared order
2 . log2
Cn(a)~y(a)logs N withy(a) = m E,lc].

The mean values involve the entropy h(«) of the dynamical system, together
with a constant By [c] related to the mean values of the digits.

For o =0, the algorithm Ey belongs to the Slow Class: on valid inputs
(u, v) of denominator v less than N, the average number of iterations is of
order 1og® N, and the average bit complexity is of order log> N..

The involved constants i («), Ey[c] are explicit as soon as the invariant density
itself is explicit, i.e., in the case when o belongs to [«/E — 1, 1]. For instance, the
entropy h(a) satisfies (here ¢ := (/5 + 1)/2 is the golden ratio)

2
i , fora e [vV2—1,¢—1],
6log¢o
h(a) = 2
—— f —1,1].
Sloga 11y’ oreele—11]

We then prove that the average number of iterations of the «-Euclidean algorithms
does not depend asymptotically on parameter « in the central range.
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1.5. Plan of the paper

The plan of the paper follows the main steps of a dynamical analysis.
Sections 2 and 3 are introductory sections where we recall the descriptions of
«o-Euclidean algorithms together with the general properties of the associated
dynamical systems. Then, in Section 4, we adapt the general framework of
dynamical analysis to our specific problems: there, we develop the line of attack
outlined earlier and introduce successively Dirichlet generating functions, transfer
operators of the Ruelle type, and the basic elements of Tauberian theory that are
adequate for our purposes. Section 5 is devoted to a functional analysis study of
the transfer operator. The main results are finally derived in Section 6.

2. The class of a-Euclidean algorithms

We first define two Euclidean divisions relative to a parameter « € [0, 1]. Then,
we present the Euclidean algorithms associated to these divisions, and introduce
the main parameters of interest for the analysis of bit-complexity.

2.1. The a-Euclidean divisions

The standard Euclidean division deals with positive integers a and b that satisfy
0< b <a.ltis of the form a = bg + r with 0 < r < b, so that the rational
r/b belongs to the interval [0, 1[. However, one may deal with other Euclidean
divisions, where the rational r/b is constrained to another interval of length one.
More precisely, any interval of the form [o — 1, o[ with « € [0, 1] may be used.
The classical cases are @« = 1 (standard division), « = 1/2 (centered division),
o =0 (by-excess division). In this paragraph, we consider any real « in [0, 1],
and we define the a-Euclidean division on pairs (a, b) of positive integers,

<.

S S

a=bg+r with oa—-1<

The pair (g, r) is easily computed from the standard pair (g, b) since

qg:.=q, ri=r, ifo0<r <ab,
{q q )

qg:=q+1, =r—>b, ifab<r<b.

=N

This division can be easily extended to a pair (a, b) when a and b are not of the
same sign: one deals with the pair (¢a, b) where ¢ is the sign of a/b.

For instance, the standard division, and the 2/3 division applied to 75 and 13
are respectively:

Standard division: 75=13 x5+ 10,
2/3-division: 75=13x6—-3, since 10> 13 x (2/3).
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Now, we can “fold” the interval [« — 1, o] and obtain the interval [0, « 1], where
a™ = max(a, 1 — a), so that o™ always belongs to [1/2,1]. The folded a-
Euclidean division acts on pairs (a, b) of positive integers as

Soﬁ.

S

a=bg+éer with 0<
The triple (g, 7, €) is easily computed from the standard pair (g, b) since

]:=4q, Fi=r, g=+41, if0<r<ab,
{q y P 8 )

g:=q+1, =—1, ifab<r<b.
We remark that ¢ and g coincide and are both defined by

g=4q La +1 J
= = — — s
q=dq b
where |.] denotes the (usual) integer part.

2.2. The a-Euclidean algorithms (case when o # 0)

To each Euclidean division is associated a Euclidean algorithm. Here, the
Euclidean algorithm relative to the w-division is called the o-Euclidean algorithm
(folded or unfolded). The unfolded version is denoted by &y, and the folded
version is denoted by &,.Each version performs a sequence of iterations, and each
iteration consists in an a-division followed by an exchange. When the parameter
«a satisfies @ > 0, the point O belongs to the interval [ — 1, o[, and the algorithm
stops when the last remainder equals O.

When given an input (vi, vg) that satisfies (¢ — 1)|vg| < v1 < «|vg]|, the
algorithm &, performs a certain number p of a-unfolded divisions, and stops
when the remainder equals O:

vo=¢1(q1v1 +v2), vi=2&(qv2+113), ...,
Up—1 =Ep(gpvp +0). 3)

It decomposes the rational x := (v1 /vo) as (vi/vo) =hiohyo---0h,(0), where
the h;’s are linear fractional transformations (LFT) of the form

h; = fl[qi,gi] with E[q’s](x) =

qg+x

The pair m := [q, €] is called the digit pair of the LFT &. The algorithm then
computes the unfolded «-continued fraction expansion of rational x = (vi/vp)
(UCF, -expansion for short):

U1 &1
L= = : (4)
o g+
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When given an input (v, vo) of positive integers that satisfy 0 < v; < a™vp, the
algorithm &, performs a certain number p of «-folded divisions, and stops when
the remainder equals O:

vo = G1v1 + €102, v =@olp 4+ 8203, ..., Vp_1=Gpbp+0. (5
It decomposes the rational x := (vy/vg) as (v /vg) = hiohyo---o fzp(O), where

the fli s are linear fractional transformations (LFT) of the form

A

h; = ﬁ[éivéi] with il[q’g](.x) =

q+ex’

The pair m := [q,£] is called the digit-pair of the LFT. The algorithm then
computes the folded «-continued fraction expansion of rational x = (vi/vg)
(FCF,-expansion for short):

V1 1
= - . (6)
Vo q1 + - &a_

ép—]
qp

ot

In fact, the executions of the two &, algorithms (the folded one and the unfolded
one) on the same pair (vy, vp) of positive integers that satisfies 0 < v; < aT v are
almost exactly the same. Comparison between (6) and (4) provides the relations:

go=1, &1 = sign(vo),
i+1

gi=gi, and & =[]z fori>1, (7
i=2

and at each step, one has 9; = |v;]. In both cases, the last non-zero remainder v »
is the ged of the pair (vy, vp).

Since both Euclidean algorithms are very similar, we do not always need to
differentiate them. In this case, we shall speak of the «a-Euclidean algorithm,
which we denote by &, .

2.3. The particular case when o« =0

The «-Euclidean algorithm (folded or unfolded) relative to o = 0 is quite
different. Like previously, each version performs a sequence of iterations, and
each iteration consists in a division followed by an exchange. Since the parameter
o equals 0, the point O does not belong to the interval [« — 1, «[, and the algorithm
stops as soon there exists some remainder that equals the previous one (in absolute
value). For « = 0, the two versions are very similar, and we only describe the
folded version that is exactly the by-excess algorithm.

When giyen an input (v, vp) of positive integers that satisfy 0 < v; < vg, the
algorithm & performs a certain number p of 0-folded divisions. Here, all the
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signs that are involved are negative, and the algorithm stops as soon as the pair
(0p, Up41) satisfies V) = Upp1:

vo = q1v1 — V2, Vi =@02 — 03, ..., Vp_1=Gplp—1Dpr1. (8)

Then the algorlthm decomposes the rational x := (vi/vp) as (vi/vg) = h 10
hz o---oh p(1), where the h s are linear fractional transformations (LFT) of the
form

N N oA 1
hi = h[t?i,—] with h[q,,](x) = q?

2.4. Bit complexity of the «-Euclidean algorithm

We consider the bit-cost C(vy, vg) of one of the algorithms &, on input
(v1, vo). Each iteration consists in an «-division of the form (3) or (5) followed
by one exchange. When performing such a division, one proceeds as in (1) or
in (2): one first carries out the standard Euclidean division, then one makes a
comparison between r and b, and finally one possibly performs a subtraction
when ¢ is negative. Then the cost of each iteration is a product involving the
binary length £(v;) of integer v; and the cost c(k;) relative to the LFT h;, where

1 —
c(hig.ep) = £(q) +2 + T‘g ©)

We will see that it is possible (for the asymptotics) to replace £(v;) by log,(v;)
that is easier to analyze. Then, when the algorithm performs p iterations on input
(v1, vo), the rational vy /v is written as v /vp = hy o --- o hp(0), and the bit-cost
C(v1, vo) is of the form

P
C(vy,v) = Zlogz(vi) x c(h;) with c(h;) =4£(q;) +2+ !
i=1

It involves three main parameters: the number p of divisions performed by the
algorithm, the digits m; = [g;, &;] and the integers v;. The first two parameters
are easily computed from the FCF,-expansions (6) and (4), and the integers v;
too: The truncated FCF A4 o --- o h,(0) defines a rational of the form u; /w;
with ged(u;, w;) = 1. The integer v; is related to denominator w; via the relation

v; = ged(vy, vo) wi = ged(vy, vo) Dlhiti0---0hp](0), (10)

where D[h] denotes the denominator of LFT /.

As in [24], we may study more general costs. When given an input pair (u, v),
we consider the rational x = u/v, and we deal with two quantities S[c], K[c] that
depend only on x:

p(x) p(x)

S[el(x) =Y c(mi(x)),  Klel@x):=_c(mi(x))logw;(x).  (11)

i=1 i=1
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The third quantity M[c] depends on the pair (u, v) itself and describes the main
cost to be studied:

p(u,v)
M[cl(u. v):= Y c(mi(u,v))logv; (u, v). (12)

i=1

The relation (10) entails the equality
u u
Mlcl(u, v) zloggcd(u,v)S[C](;) +K[c](;>, (13)

that allows us to focus on costs S[c] and K|[c].
2.5. Average values of costs

Here, 7, denotes one of the two basic intervals Zo := [ — 1, «[ or 7, =
[0, «™]. We consider the following sets:

5::{(u,u): Eezo,}, .Q::{(u,v): ged(u, v) =1, ﬁeza},
v v
SNZN::{(u,v)eﬁz vgN}, .QN::{(u,v)e.Q: vgN},

for the possible inputs of the &, algorithm. We wish to study the mean value of
M|[c]on 2y and SNZN, and, thanks to relation (13), we also study the mean values
of S[c] and K[c] on these sets. Notice that the equality M[c](u, v) = K[c](u/v)
holds as soon as (u, v) belongs to £2.

We denoie by X (u,v) one of the three costs defined in (11), (12) and by
En[X] or En[X] their mean values on 2y and .(NZN. We aim to evaluate the
asymptotic behaviour (for N — 00) of these quantities:

Xy N
En[X]=——, Ey[X]=——,
[2n] [£2n]
with Xy := Z X(u,v), )?N = Z X(u,v).
(u,v)eRN (u,v)e2y

3. Dynamical systems

We now relate a-Euclidean algorithms with dynamical systems that can be
viewed as their continuous counterpart. These dynamical systems, denoted by S,
are often called Japanese Euclidean systems. They have been extensively studied
by Nakada [18] and Moussa et al. [17]. These dynamical systems will be the main
supports of our analysis. In this section, we describe the systems and recall their
main properties.

We first recall some basic facts about dynamical systems (of the interval).
In our framework, a dynamical system is a pair S = (Z, T) formed with a
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real interval 7 and a mapping 7 :Z — 7 that satisfies the following: The
interval Z admits a topological partition P that defines a denumerable family of
intervals. The restriction of T to each interval is monotone and twice continuously
differentiable C2. Then, with an input x € Z, the system gives rise to a trajectory
(x, Tx, T%x,...). Denote by ‘H the set of inverse branches of 7. Then H" is
the set of possible inverse branches of 7", and H* := J,»; H" is the set of all
possible inverse branches. Each i of H* is a mapping h : J, — Ij,, where Jj, is the
interval of 7 where £ is defined, and I, := h(Jp) is the image of the mapping. For
h € 'H", the interval Ij, is called a fundamental interval of depth n. For n =1,
these intervals are just the intervals related to initial partition P. For n > 1,
a fundamental interval I relative to the inverse branch & :=hjiohy o---0 hy
gathers all the reals x for which each iterate 7/~!(x) belongs to I, ;- When
each branch of T (and then each inverse branch) is labeled by some digit, the
fundamental interval I; can be labeled by the same digit.

3.1. Unfolded and folded dynamical systems

They are both described in terms of some generalized integer part that we call
the a-integer part. This quantity is defined as

og(x):=|x+1—«a,

where [x] = 01(x) denotes the usual integer part of x.
_ The unfolded a-dynamical system, denoted by Sq, is relative to interval
To =[a — 1, «], and involves the shift T’

1 (1
— 0y
X X

This gives rise to a numeration process where the digits produced are of the form
m(x) :=(q(x), &(x)) with

T(x)=

) for x # 0, T(0)=0.

_ 1
q(x)= Ua(
X

), &(x) =sign(x).

The inverse branches of T are of the form ﬁ[q, ¢](x) = ¢/(g + x). This dynamical
system appears in quite a natural manner: First, we draw the set of all the maps
F; defined on [—1, 1]\ {0} by

Fi(x) = H i

for any integer i > 1. Then, we only “keep” the window Zy x Zy = [@ — 1, ] X
[ — 1, o], and obtain the representation of the dynamical system S (see Fig. 1).

The folded dynamical system, denoted by S, , is related to interval Z, = [0, o],
with o™ = max(e, 1 — «) and involves the shift T

()
X X

T(x)= forx £0,  T(0)=0.
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i /

\\‘
‘\
w\ ‘\\
\

,

’ M\

Fig. 1. The family of dynamical systems Sy .

This gives rise to a numeration process where the digits produced are of the form
m(x) :=(4(x), €(x)) with

A 1 N . 1 1
q(x):oo,(—), e(x):slgn<— —(TO[(—)).
X X X

The inverse branches of 7 are of the form,fl[q,g](x) = 1/(q + ex). The
representation of this folded dynamical system S, is easily obtained by folding
the representation of the unfolded system S, . One first uses a folding along the
y-axis, then along the x-axis (see Fig. 2).

It is then clear that the properties of both dynamical systems S, are similar.
The unfolded one (Sy) is more natural from the dynamical point of view, while
the folded one (:S\a) is more natural from the computational point of view.
Furthermore, the execution of the w-Euclidean algorithm on some valid input
(u, v) is exactly described by the trajectory of rational x = u /v under the action
of dynamical system S, namely the sequence (x, Tx, T%x, .. .) that becomes
stationary when the pth iterate 77 (x) attains 0.

3.2. Fundamental intervals and digits
The integer pair m := [q, €] is called the digit. The a-algorithms do not use all

digits of the set N x {4, —}. The set D, of the possible digits is the same for
both algorithms relative to the same value «. It involves the values of
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| \
|
|
/

\
\H‘

!
i
i
i
j
!
[
[
[
[
[

\
f/‘\‘\
.

"‘\H

’ \
’ \
|

\H

|
MH\
U‘\1 \
\ | \
\ 1NN

‘ “ ‘ "\ \
. \

W |
‘ L \
s

Fig. 2. Representation of an unfolded dynamical system and its folded version.

2
WW%Z%(Sle} “J,
o o
_ . 1 _1|» o?
r (Ol).—O'O[(m)—\‘ +1—O[J’

under the form

Dy = {[q, -l qg> r_(ot)} U

{lg.+]: g =rt(@)}.

257

Note that r~ () (respectively r*(x)) tends to infinity whenever o tends to 1

(respectively 0). The set of all possible inverse branches is denoted by H|q)

There are three different ranges for parameter o, delimited by the two numbers
V2 —1and ¢ — 1 (here ¢ is the golden ratio ¢ = (1 + +/5)/2): The right range
1, 1] where r (o) = 1 and r~ () > 3; the central range is the
interval [v/2 — 1, ¢ — 1] where r+(a) =2 and r~(a) = 2; the left range is the
interval [0, v/2 — 1] where rT(«) >3 and r~(a) = 2. The first change of range

is the interval [¢ —

at ¢ — 1 arises when the digit [1,

arises when the digit [2, +] disappears.
The partition of Z, relative to S, is formed by the intervals

I[q,+]

T+ (), 41

i[q,f]

Ir=(@).-1 =

1 1
(g ta' gta—1

i| with g #r7(a) and

i 1
| (@) +a’a}’

[ -1 -1
m p s i| with q ;ér*(ot) and

1 —a, _71i|
L r (o) +a

+] disappears, and the second change of range
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The restriction of shift 7' to I[, ], denoted by T4 is given by T, ¢(x) =
(¢/x) — g, and maps the interval I[; 4 on the interval J, 0. All the intervals
J1q.e1 €qual Z, except for the two extremal branches where

_ 1 ~ _ 1
Jir—(@).-1= [ﬁ +r (a),a} Jirt@),+1= [; _r+(0‘)’°‘]'

The partition of fa relative to 3;, is obtained by “folding” fa onto fa.
3.3. Characteristics of dynamical systems Sy,

The three classical cases o« =0, 1, 1/2 lead to three dynamical systems that
are not at all generic instances of the class. In these cases, both versions of S,
are Markovian, and often “complete” in the sense that all its branches define
surjective mappings. This is quite different in the “generic” case where the two
extremal branches are “incomplete.” Generally speaking, this dynamical system
is not even Markovian, in the sense defined below.

We recall the definition of a Markovian dynamical system.

] /HHU / ’,’H’ i \ \‘l“\\
/ ,’;’(I)I / ;;}‘W “\\\\\ M\‘\\ \
/o I B LR
/’(I / "”) | \ (Mm
/o HM( /;{)( “(M ()\\\ \
R
TR L ] R
So S 3,
e 1‘“5 I i
/I
“U/ / wf\“ H i
) LR
)((H )W IRV ll)\\\\ \
I m B HW
30 3*1/2 31

Fig. 3. Classical examples of continued fraction expansions (¢ =0, 1/2, 1).
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Definition. A system S = (Z,T) relative to a partition P of interval Z is
Markovian if the set

T =] 1"(P) (14)
n>1

is finite.
Since the system S, has at most two incomplete branches (that are the extremal
ones), the set T'(P) satisfies
T(P)={a, 0 — 1, T(@), T(x — D}.
Then, the system S, may be Markovian only in two cases:
(i) Both sequences 7/ («) and T?(a — 1) are stationary at 0, which happens if

and only if « is rational.
(i) There exists an integer i > 1 for which

[T (@), T (@— D} C{T/(2): 0<j<i}U{T/(@—1):0<j<i},

which may happen only if « is irrational quadratic.

Note that there exist relations between points of 7*, namely:

T—1)=T*a) forv/2—1<a<¢—1,
T>(a—1)=T*a) for¢p—1<a<].

3.4. Invariant density

Existence and unicity of an invariant density is central in the study of a general
dynamical system. The following result, due to Nakada [18] and Moussa et
al. [17], describes the invariant density of dynamical system S, when o belongs
to the central or to the right range.

Theorem (Nakada; Moussa, Cassa, Marmi). For o > V2 — 1, the dynamical

system Sq admits a unique invariant density IZ[Q], with an explicit form. This
explicit form is different in the right range [¢ — 1, 1] and in the central range

(V21,611

o forg—1<a<1:

1 11—«
—— whente|a—1, ,
24t o
)= {

_log(1+a) —— Wwhente l_aa
1+1¢ a

1W[Ol]
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o for12<a<¢p—1:

1 i 1 — 2«
3 whente|a—1, s
Q- +1 L o
_ 1 1 (1 —20 2a—1
7 =—1—  whente bt ,
logp | 241 | « -«
1 (20 — 1
——  whent e ,al,
¢+t | |-«
o forV2—1<a<1/2:
1 i 20— 1
R whente|la—1, ——|,
¢+t L -«
_ 1 1 1 1 20 —1 1-2
1//[a](t)= + — whent € ¢ , ¢ R
logg | 24+t P+t 2+t | 1 —« o
1 (1 -2«
—_— whent € ,of .
o+t | «o

The invariant density 1//["‘] is obtained by folding the density 1# Moreover the
dynamical systems S¢ and Sy are mixing.

For o > +/2 — 1, the invariant density surprisingly has a simple expression,
since it has at most two discontinuities at points T (o — 1) and T (). Remark
that this density may have a priori discontinuities at each point of set 7* defined
in (14). The existence of an invariant density is not known in the left range
[0, V2 — 1]. Moussa et al. [17] proved the existence of the invariant measure
for some particular values of « in the left range (e.g.,a =2 — ¢, o = 2/5) while
exhibiting its explicit form. They note that the explicit form involves in these cases
an infinite number of terms of the form 1/(ay + x).

3.5. Entropy

The entropy h(e) of the dynamical systems S, is closely related to the
mean value Ey[|logx|] of the variable x — |logx| with respect to invariant
density ¢!®. Since |T/(x)| = 1/x2,

Eq [llogx]] : f llog 1) (1) dr = [ log| 7' (0)|y!*}(0) dr = h(za)’

2y
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so that explicit values of entropy are obtained in each range:

, fora e [v2—1,¢—1],
h@) = i (15)
fora e[¢p—1,1].

6log(a + 1)’

3.6. Mean value of the binary length of digits

Denote by m the digit-function that associates to x € Z, the pair m(x) :=
[¢(x), &(x)]. Consider any digit-cost c: Dy — R* such that c o m is in £'. It
is possible to compute the average value of ¢ o m with respect to any density f.
When the density is the invariant density 1/f[“] , this mean value, denoted by E [c],
equals

Eq[c] :=/c(m(t))1/f[°‘](t)dt= > c(m)fw[“](t)dt. (16)

IO( me DO( In

We are interested in the case when the cost c¢ is the binary length ¢ of digit g.
In the central and right ranges, the expression of Ey[c] is completely explicit
but not so simple to write. Here, we provide the expression of this constant for
particular values of parameter «. These particular values ¢, belong to the right
range and correspond to Markovian dynamical systems where the leftmost branch
is complete and the point 7 (o) = 1 /o — 1 is the endpoint of a fundamental interval
relative to digit r =27 — 1. More precisely, the value ¢, satisfies

1

r+a’

Tla—1)=a—1, T(a):l—l
o

it is thus a quadratic irrational of the form
1

a=¢,:= E(—r+ r2+4r), withr=2"—1, p>1.
Finally, the average digit-cost E,[£] relative to the binary length of digit satisfies,
fora =¢p,

p k 0 k
2"+« 2" 4+ 2a -1
Ea[ﬁ]=103(1+a)|:(2+05)k1j[2mk_1;[+1 m} (17)

3.7. Mean value of the sign

The mean value of the sign & (with respect to ¥ [a]) and the mean value of the
sign & (with respect to ¥1%1) are equal. This is due to the strong relation that holds
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between the signs of the different algorithms (7). One has

5
E, = Pryle = —1]

2
log?2
°8° 4, forae[v2—1,¢—1],
_ log ¢ (18)
- g2 | foraclp—1.1]
— = 1, fora —1,1].
log(a + 1)

3.8. Density transformer and transfer operator

For a general dynamical system S, the density transformer (also known as the
Perron—Frobenius operator) describes the evolution of the densities when iterating
shift 7. It is defined as

HIf1(x) = Y[ @] f o h(x) 1, (x).
heH

If f is the initial density on interval 7, then H[ f] is the density after one iteration
of shift 7. Then, an invariant density is exactly an eigenfunction of H relative to
the eigenvalue 1.

In the sequel, an extension of the density transformer, that is called the
transfer operator (or the Ruelle operator) plays a fundamental réle. It depends
on a (complex) parameter s and is defined as

H[ 100 = Y [0 f o h@) 15, (), (19)
heH

so that H, = H. Moreover, the nth iterate of Hy can be written as

HI[f100) = Y @[ f o h(x) 15, (x).

heH"

4. Dynamical analysis in the case when a # 0. First steps

We present here the main tools involved in the analysis of the «-Euclidean
algorithms (for o # 0). We mainly deal with Dirichlet generating functions that
are relative to costs, so that the average cost involves partial sums of coefficients of
these Dirichlet series. We then use Tauberian theorems that transfer the analytical
behaviour of a Dirichlet series near its singularities into an asymptotic form
for its coefficients. Then, when viewing the algorithm as a dynamical system,
we relate generating functions of costs to the Ruelle operator associated to the
algorithm.
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4.1. Dirichlet generating functions
We recall that we consider (cf. Section 2.5)

s’?::{m,v): Eezo,}, .Q::{(u,v): ged(u, v) = 1, ZeZa},
v v
S?N::{(u,v)eﬁzvgN}, .QN::{(u,v)e.Q:vgN},

for the possible inputs of the &, algorithm. Given a cost function X (u, v), we
introduce the following Dirichlet generating functions of costs:

Fo)= Y %:Z;i For= Y %:Z;i (20)

(u,v)ef2 n=1 (u,v)ef? n=1
X(u,v) Xn
Gx(s)= D, = —=) %
(u,v)eR n>1
~ X(u,v) X
Gx()= D, === % (€20
(u,v)e!NZ nzl

where a,, a, are the number of pairs (u, v) of £2 or Q with fixed v = n, and
Xn, Xp are the cumulative values of cost X on pairs (u#, v) of §2 or 2 with fixed
v = n. Then, there are alternative expressions for the expectation of costs on sets
.QN or 51\/ s

ZnSN Xn
anN an

ZnSN Xn
- =

, En[X]=
~NI[X] >

En[X]=

that involve sums of coefficients of previous Dirichlet series defined in (20)
and (21).

4.2. Tauberian theorems

In the remainder of the paper, we aim at applying the following Tauberian
Theorem to the previous Dirichlet series F, Gx defined in (20) and (21) in order
to estimate their coefficients.

Tauberian theorem (Delange). Let F(s) be a Dirichlet series with non-negative
coefficients such that F (s) converges for N(s) > o > 0. Assume that

(i) F(s) is analytic on R(s) = o0,s # o, and
(ii) for some y >0, one has, for s near o, F(s) = A(s)(s —o) V"1 + C(s),
where A, C are analytic at o, with A(o) #0.
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Then,as N — oo,

_ A(o) —
n;\,a"_ioF(Hl)N 10gN[1+8(N)], g(N)— 0.

We first examine the case of functions F(s), F (s) that are closely linked to the
Riemann series ¢ (s),

(=Y

v>1

via the equalities f(s) = ¢(s)F(s) and f(s) = ¢(s — 1). Then, classical
properties of the ¢ function entail that the Tauberian theorem applies to F'(s) and
F(s), with 0 =2 and y = 0. More precisely, at s = 2, one has: (s — 2)F(s) =~
6/m>.

It is not a priori clear how to directly apply Tauberian Theorems to G x (s). In
the following, we obtain alternative expressions for G x (s), Gx (s) from which the
location and the nature of their singularities will become apparent. Our analysis
involves suitable Ruelle operators that can be viewed as extensions of density
transformers when one introduces some complex parameter s.

Since the first two costs X in (11~) depend onl~y on the rational (#/v), there
exists a relation between Gy and Gy, namely Gx(s) = {(s)Gx(s). The last
cost, defined in (12), involves integers v;, and depends on pair (u, v) itself, so
that, with (13),

Gumic)(s) = Gkl (s), éM[c](S) =—=C"(9)Gs1e1(s) + £ ()G k ey ().
(22)

Altogether, it is sufficient to analyze the first two costs S[c] and K[c] on the
set 2n.

4.3. Ruelle operators of costs

The Ruelle operator R; , relative to a LFT & defined on the interval J, depends
on some complex parameter s and is defined as

Ry n[f1(x) := foh(x)1y,(x), (23)

D[h](x)*
where D[h] denotes the denominator of the linear fractional transformation
(LFT) h, defined for h(x) = (ax +b)/(cx +d) with a, b, c,d coprime integers by
D[h](x) :=|cx 4+ d| = |deth|'/2|h’ (x)| /2. Then, for a LFT h of determinant 1,
the operator Ry 5, is exactly a term of the density transformer Hy defined in (19).

Once a cost function c¢ relative to the LFT 4 has been fixed, one can define
another Ruelle operator relative to /:

c(h)

A (24)

RIF10) =
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Now, given an algorithm and a set H of LFTs used in one step of the algorithm,
the Ruelle operators relative to H are defined in (19) and alternatively by

Hy:=) Ry, H=) Rl (25)
heH heH

In all cases, the multiplicative property of denominator D, i.e., D[h o
gl(x) = D[h](g(x)) D[g](x) is translated into a multiplicative property on Ruelle
operators: given two LFTs, i and g, the Ruelle operator Ry 5., associated to the
LFT h o g is exactly the operator R , o R; j,. In particular, the Ruelle operator
relative to set H" is the nth iterate H] and the Ruelle operator relative to the

semi-group H* is the quasi-inverse (I — Hy) !,

44. Ruelle operators and Dirichlet generating functions

We now show how the Ruelle operators associated to the algorithms intervene
in the evaluation of the generating functions of costs G x (s), G x (s). We recall that
it is sufficient to study G x for one of the two costs of (11). We consider here the
&y algorithm and its set of LFTs H|o]. The index « will be omitted in the sequel
of this section. The Ruelle operators Hy, HEC] relative to H will play a central role
in the analysis.

For o # 0, an execution of the algorithm on the input (vy, vg) of 2 performing
p steps decomposes the rational (v /vp) as

(v1/v) =hiohyo---0h,(0). (26)

The choice of an index i, 1 <i < p, splits the LFT A =hyohyo---0 hj into
three different parts: the beginning part b; (h) := hy ohy o --- o hj_1, the ending
part e;(h) := hj11 0 hjy2 0--- 0 hp, and finally the ith component /;. Then, as
in (10), the following equality holds:
Vi
Dle;(h)|(0) =w; = —————. 27
[ei ()] (0) = w; sod(vr. v0) (27

For some operator L that depends on parameter s, the operator AL; is defined
by

1 d
log?2 ds
When applied to Ry ; defined in (23), it is well-suited to the problem since it
produces at the numerator the logarithm log, D[/]. When applied to Ry p, 1), it
produces at the numerator, via (27), the quantity log, w; .

We now introduce our main operators, that are all built according to the same
principles: each of them is precisely related to one of the generic costs X defined
in (11), and the generic operator, relative to generic cost X, is denoted by Xj 5. If
h is a LFT of depth p, the operator X j, is expressed as a sum of p terms each of

ALg = —

Wthh may involve AR p,n), AR ¢;ny, and R[ o _; however, the precise form of
X;.» depends on cost X. The operators relative to the studied costs S [c]and K|[c]
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are respectively

P
for X = S[c], Xsn= ZRs,e;(h) o Rﬂi o Ry b;(h)s
i=1
p
for X =Klc], Xsn= Z AR oi(my © RE”:L o Ry p;()-
i=1
We claim that, when applied to function f = 1 and point x = 0, each operator
X, generates the cost X (v1, vg) of the algorithm on input (vq, vo) of §2

1
X;,1[11(0) = FX(UI,UO),
0

when (v, vg) € £2 satisfies o h(0) with h € H*.
"

Now, when (v, vp) is a general element of 2, the LFT A defined by (26) is a
general element of set H*, so that we obtain alternative expressions of the main
Dirichlet series F, G x defined in (20) and (21)

Fis):= Y v—i:ZRs,h[l](O), and

(vp)eR2 0 heH*
1
Gx()= D — Xrw= 3 Xulll0).
(vi,vp)e2 0 heH*

Now, when % is a general element of H* and i a general index in [1..p], the
beginning part b; (h) and the ending part ¢; (h) are general elements of H*, while
h; is a general element of H. Then, the following expressions

Gsiel(s) = (I —Hy) ' o HIN o (7 — Hy)~'[11(0),
Giley(s) = A[(I —Hy) '] o H o (1 — Hy) 7' [11(0),
involve Ruelle operators Hg and ch] defined in (25), and finally,
Gkie(s) = —Hy) ' o AHy o (1 — Hy) "' o HI o (1 — Hy)7'[11(0).

Now, we use relation (22), and we obtain the main result of this section.

Theorem 1. The main Dirichlet series of interest admit alternative expressions
that involve the quasi-inverse of the transfer operator H; relative to the dynamical
system S. More precisely, the main terms (i.e., the terms that contain the maximal
number of occurrences of the quasi-inverse (I — Hy)™1) of the Dirichlet series
F (s) and the two Dirichlet series Gx(s) relative to the depth X = p and bit
complexity X = C can be written as

F(s) =< (I —Hy)7'[1100),  Gp(s) = (I —H;) "2 o Hy[11(0),
Ge(s) = (I —Hy) ' o AHy o (I —Hy) ' o HIY o (1 — Hy) 7'[11(0).
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Here A < B means that B is the main term in A.

In the following section, we shall study the properties of the transfer opera-
tor Hy, and prove that Tauberian theorem can be applied to these Dirichlet series.

5. Spectral properties of the transfer operator (Case o # 0)

We study in this section main properties of the transfer operator relative to
the S, dynamical systems. As we said previously, these dynamical systems are
not so easy to study, because of two main facts: first, they have a denumerable
number of branches; second, they are not Markovian (in the general case). Most
of the classical results are stated for dynamical systems that possess one of two
properties: they are Markovian or they have a finite number of branches. We
follow here the main lines of Broise’s work [5], that we adapt in our context.

5.1. Dynamical systems with good properties

We work in a classical functional space, namely the space of functions with
bounded variation. We shall prove in the sequel that, provided that the dynamical
system S satisfies some “good” properties, the transfer operator H; fulfils all the
needed properties.

We first recall our general framework that we have already described in
Section 3. We consider a dynamical system S = (Z,T) that satisfies the
following: The interval Z admits a topological partition P that defines a
denumerable family of intervals. The restriction of T to each interval is monotone
and C2. Denote by H the set of inverse branches of T. Then H" is the set of
possible inverse branches of 7", and H* := Un>1 ‘H™ is the set of all possible
inverse branches. Each i of H* is a mapping & : J, — Ij,. The quantities 8y, A,
and £,, that are defined as follows:

8 = sup{|h’(x)|: x € Jn}, Ay :=sup{8p: h e H"},
4, ::inf{thI: heH", |Jn >O}

will play an important role in the sequel, and in the following six properties that
we now describe:

(p0) There exist a real constant b > 0 and an exponent B > 0 for which |h'(x)| >
blh(x)|?,Yh e H,Vx € Jj.

(pl) [Weak expansion] The quantity Ay satisfies Ay < 1.

(p2) [Strong expansion] There exists an integer ng and a real constant y < 1 for
which Apy < y.

(p3) [Bounded distortion] There exists a real constant ¢ > 0 for which |h" (x)| <
c|h'(x)|, Yh e H,Vx € Jj,.
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(p4) [Quasi-Markov] All the quantities £,, are strictly positive.
(p5) [Topological mixing] For any pair of two non-empty open sets (V, W), there
exists np = 1 such that T""VNW #£0@ foralln > n».

Remark 1. When the dynamical system has a finite number of branches,
properties (p3) and (p4) are always fulfilled. When the system is Markovian,
property (p4) is always fulfilled.

Remark 2. Remark first that if 7 satisfies properties (pl), (p3), then, for any
integer n > 1, the iterate T" also satisfies the same properties (pl), (p3). The
constant ¢, of property (p3) relative to 7" satisfies ¢, < cn. If T satisfies
properties (p1)—(p3), then, the iterate 7" also satisfies the same properties (p1)—
(p3). More precisely, in this case, for any integer n, one has (see [16] or [4]):

n—1

cn
Ap <yl e =Y A 1_°y. (28)
=0

Remark 3. By using property (pl) (for p > 1) and property (p0) (for p < 1), one
gets

|h' ()" < |n'(x)] forp>1,
W) <=1 @) |[h@) PP forp < 1. (29)
Then, with the change of variables u := h(x), we deal with
I(p):=1 forp>1, I(p) :=b"’*1/|u‘9(p71)|du forp <1,
* (30)

and since the integral /(p) is convergent for p = N(s) > 1 — (1/8), we obtain,
for p =N(s) > 1—(1/8):

> [l e <. G31)

hEHJh

Remark 4. With (p3), the following property holds (see [16] or [4]):

(p6) There exists d > 0 such that, for any h € 'H, one has:
sup|h’ (x)| < dinf|h’ (x)|.
I In

Then, one has, with (p4), for any 4 € H, and any real positive p:
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’ p . ’ P d’? ’ o d’? / P
sup|h'(x)|” < d”inf|h'(x)|” < —f\h ()] dx < —f|h (x)|” dx,
I Jn |Jh| 61
Jh Jh
(32)

and, with (32), (31), one obtains

dr
> o8 < 1. (33)
heH !

We prove now that the dynamical systems relative to o-Euclidean algorithms
satisfy all the previous conditions for o # 0.

Proposition 1. For « €10, 1], both dynamical systems Sy, satisfy conditions (p0)—
(p5). For o =0, the systems Sy satisfy (p0)—(p4).

Proof. For any « € [0, 1], the LFTs & of H satisfy

3/2

|n (x)| = |h(x)|2, |W ()| <1, |n" ()| =2|n )" < 2[h' (x)

’

and properties (p0), (pl), and (p3) are fulfilled. Property (p2) is satisfied with
no = 1 provided that 0 < @ < 1. However, for o = 1, property (p2) is satisfied
with ng = 2. The situation is quite different for ¢ = 0, since the point x = 1 is an
indifferent fixed point (i.e., a point where T'(x) = x and |T’(x)| = 1). Then, there
does not exist any integer ng for which property (p2) holds.

Since the dynamical system S, has only at most two incomplete branches, the
set T'(P) has only four elements &, — 1, T'(«), T (o — 1). The set 7" (P) has a
finite cardinality —at most equal to |7 (P)|" —and the quantity £, is an infimum
of a finite number of strictly positive numbers, and it is then strictly positive. Then
property (p4) is satisfied.

When proving property (p5) for « 7 0, we use two main properties:

(ql) The set {A(0): h € H*} coincides with Z N Q. It is then dense in Z, and any
open set W contains a rational, namely, some x = ho(0) relative to some
rinverse branch kg of depth k. Then, for any open set W, there exist some
open set U that contains 0, and some integer k > 1 for which Tk ) is
contained in W.

(q2) For any open set V, and for any n > 1, the set 7" (V') contains points that
are arbitrarily near to 0. Then, for any open set U that contains 0, the set
T7"(V)NU is not empty.

Finally, for any pair (V, W) of open sets, the set T~%(T~"(V) N U) is not empty,
and, foranyn > 1,
dATHT"VynU) =T Wv)ynT*Ww) cT* M (WV)nwW,

so that the dynamical system S, is topologically mixing. O
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In the sequel of this section, we deal with a general dynamical system that
satisfies properties (p0)—(p5). We shall prove the following main facts: With
(p0)—(p4), we first show that the operator Hy, is analytic (in s) near s = 1
(Proposition 2), then, with (p1)—(p4), we evaluate its essential spectrum when
s = 1 (Proposition 3), and we prove in Proposition 4 that the density transformer
H = H, has an eigenvalue equal to 1. Finally, we make use of property (p5)
when proving the unicity of the dominant eigenvalue. All these results together
entail Theorem 2, where we prove that the quasi-inverse (I — Hp,) ™! fulfils the
hypotheses of the Tauberian Theorem near s = 1.

5.2. Functions with bounded variation

We cannot use the same arguments as in previous works on dynamical analysis
where one deeply uses compactness of the Ruelle operator on a space of analytic
functions. We cannot work on such functional spaces because, generally speaking,
the transform H;[ f] of a continuous function f by Hj is not continuous. This is
due to the discontinuities brought by the incomplete branches. We have to work in
a larger functional space, and a classical space in this case is the space of functions
with bounded variation.

The variation \/Z f of a function f on the interval [a, b] is defined by

’

b n
\ 7= sugZ\f(xi) — f(xic1)

i=1
where Q is the set of finite partitions 7 of the forma =xp < x; <--- <x, =b.

The space of functions with bounded variation on the interval Z is denoted by
BV (Z). Equipped with the norm ||.||gy defined by

Iflsy=\/ £+ £l
T

this space is a Banach space, dense in £'.

We first recall classical results on variation that will be used in the sequel. Let
f, g be functions of bounded variation, and [a, b] an interval. Then, variation
fulfils the main seven properties:

b b b
o Vr+o<\Vr+Ve
b c c
i \sr+\Vr=Vr
a b a

b d
Qi)  \/(fep=\/f ifg(la,b])=Ic.dl,
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b b b
) \/1rel<suplgl\/If1+suplfI\/lgl,
a [a,b] a [a,b] a
b d
W) \/|f|1[c,d]<2\/|f|+2[5u5]|f| for [¢, d] C [a, b],
a c ¢

b
1
@D lloe N/ IAI+ 5111,

b
(vii) V|f|:/|f/(x)|dx for feCl.

Proposition 2. Let a dynamical system S satisfy (p0)—(p4). Then, for N(s) >
1 — (1/B), the Ruelle operator Hy, relative to dynamical system S acts on the
space BV (Z) and is analytic in s .

Proof. For f e BV(Z), one has

[Hasl 11, < Z/\h%x)foh(x)lfh(x)!dx
hEH_’Z'

< Y [IW@lls onw]ax,
hEH]h
and, with (31) and (vi), one obtains

[Has A1, T flloo < T f IBY- (34)

The variation of Hy,[ f] satisfies

\/Half1=\/ D 1 fohly, <Y \/|W*fohl,.
A

T heH heH T
Upon applying (v) and (iv) in each term of the sum, one obtains

\VHIfISA+B+C withA=> Ay, B=) By, C=)_ Cp
T

heH heH heH
and
An=38,\/Ifohl.  By=48] sup|fl. ch—sup|f|\/|h“’|
1
Jn h In Jn

Now, with (iii), (ii) and property (p1), one gets A, < \/ I [fl;sothat A< \/,|f].

For quantity Cj,, we use (vii) and notice that (p3) entails |h"?|" = p|h"||W/|P~! <
cp|h'|?. Now, we use (31) for Cj,, and (33) for By, and we get

Vi< [ <4d—+c,0>l(p)}llfI|Bv



272 J. Bourdon et al. | Journal of Algorithms 44 (2002) 246-285

Finally, with (34), the operator Hy; acts on BV (7).
The derivative of the operator Hyg (with respect to s) equals Gos with

Gos[ 1) = Y|l ()| Tog|l (x)| f 0 h(x) 1, (x).

heH
In the same vein as previously, we now use the fact that
"
(|n|10g|n'|)" < |W|% + Is1 1" | || [log] |

< c(lpl + [log|’|[) '],

and thus deal with the integral

J(p)=/\uﬁ@*‘>|10g|u|du,
T

that is convergent for %(s) > 1 — (1/8). Then, in this domain, the mapping
s — Hpyy is analytic. O

5.3. Sufficient conditions for quasi-compactness

Here, we cannot expect that the transfer operator be compact on BV (Z).
However, there exists a nice class of operators that will replace compact operators
for our purpose, namely the quasi-compact operators. The compact operators are
useful because their spectrum consists of isolated eigenvalues of finite multiplicity
(which can only accumulate at 0). For any operator L, the spectral radius R(L)
is the supremum of moduli || when A is an element of Sp(L), and the essential
spectral radius R, (L) is the smallest positive number r such that any eigenvalue A
of Sp(L) with modulus |A| > r is an isolated eigenvalue of finite multiplicity.
For compact operators, the essential radius equals 0. An operator L is quasi-
compact if the strict inequality R.(L) < R(L) holds. Then, except for the part of
the spectrum inside the closed disk of radius R, (L), the operator behaves just like
a compact operator (in the sense that its spectrum consists of isolated eigenvalues
of finite multiplicity).

The following theorem, due to Hennion [12] is a generalisation of previous
theorems due to Ionescu-Tulcea and Marinescu, and Lasota—Yorke. It gives suffi-
cient conditions that entail quasi-compactness. When using important properties
of the space BV (Z) with respect to space £! , namely, the fact that the unit ball of
BV(Z) is precompact in £!, we can adapt this theorem to our context and obtain
the following statement.

Theorem (Hennion, Ionescu-Tulcea and Marinescu, Lasota—Yorke). Let L be
a bounded operator on L' . Assume that there exist two sequences {r,} and {t,} of
positive numbers such that, for alln > 1, one has

1L LA gy < rall £ By + tall £ (35)
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Then, the operator L is bounded on BV(Z) and its essential spectral radius
satisfies

R.(L) < r :=liminf(r,)"/".
n—0o0

If, moreover, the spectral radius R(L) satisfies R(L) > r, then the operator L is
quasi-compact.

54. Essential radius of the transfer operator relative to a nice dynamical system

Here, we prove that the density transformer H = H; relative to a nice
dynamical system satisfies inequality (35) of Hennion’s theorem. Then, we get
an upper bound for the essential radius.

Proposition 3. Let S be a dynamical system that satisfies (p1)—(p4). Then, the
density transformer H satisfies the inequality (35) of Hennion’s theorem:

2
IH"L£1] gy <24l fllBYV + <2cn +o+ 1) £l
n

cnog
1—y
Then, the essential radius R,(H) of H on BV (Z) satisfies R,(H) < yl/"o.

with A, <yl ¢, <

(36)

Proof. For proving this inequality, we follow the lines of Collet [6] and Lasota—
Mackey [16] that we adapt in the more general context of an infinite partition. We
need some variations of (iv) and (v) that relate the variation and the norm ||.||1:

b

b b
@) \/Ifgl <[suf]lgl\/lfl+[|f(X)g/(x)|dx;

a

b d d
2
& VIiflea<2\/ f+ E/\f(x)\dx for [c, d] C [a, b].

One has

), <> [|h’<x>foh<x)1jh(x)|dx,

hEHI

and, using the change of variables u := h(x), one obtains

=LA, < Z[|f(u>|du= 11 (37)

hEHIh
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We compute the variation of H"[ ] when f belongs to BV(Z), n > 1. With (i),
one has,

\VH' 1= ) /| fohly
A

heH" T
When applying (v') and (iv’) in each term of the sum, one obtains

\/H"[f]<A+B+C with A= Y Ay, B= Y By, C= )Y_ Gy,

heH" heH" heH"
and

Ah_2sup|h|\/|foh| Bh=2[|h”(x)||foh(x)|dx,

Jn "

2
Ch= W/V/(x)‘ | foh(x)|dx.
h

Now, with (iii), (ii), one gets

An <24, \/If1;  sothat A<2An\/|f|. (38)
I
Notice that (p3) entails that |2”| < ¢,|h’|. Furthermore, from (p3),

By+Ch < 2<cn + 7) f|h/(x)| | f oh(x)|dx.
Jn

Now, when using the change of variables u = h(x), summing over 4 and using (ii),
one obtains

1
B+C<2(Cn+£_)”f”l~ (39)
n
With (28), (37)-(39), the inequality (36) is proven. O
5.5. Spectral radius of the density transformer

We now focus on the density transformer H = H; and we show the existence
of an invariant density of bounded variation.

Proposition 4. A dynamical system that satisfies (pl)—(p4) admits an invariant
density of bounded variation. The spectral radius R(H) of the density transformer
on BV(Z) equals 1.

Proof. With (pl),(p2),and (28), the sequence A, tends to 0. For any fixed § < 1,
there exists an integer ny for which 2A,, < 4. Then, the norm of H"![ f] satisfies

B A1 gy <8ILAUBY + LI f 1,
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for some finite L, so that, for any n > 1, with (37), the norm of H"*![ f] satisfies

L
[B 1 gy <"1 oy + 7511

Finally, the set {H""![17]: n > 0} is a bounded set of BV(Z). The same applies
to the set

n—1
1 .
Fi={f= ;ZHJ"'[II]: n> 1}.

Jj=0

By Helly’s theorem, there exists a subsequence of F that converges in £' to a
function f* of BV(Z). Since each element of F is a density, the limit f* is a
density too. Moreover, it is clear that f* satisfies H*![ f*] = f*, so that f* is an
invariant density for H"! that belongs to BV(Z). Now, the density

n|—l

1 .
k. J *
8 = ]E:OH [f7]

is an invariant density for H that belongs to BV(Z).

Since H is a density transformer, its spectral radius on £! equals 1, and thus,
the spectral radius R(H) of H on BV (Z) satisfies R(H) < 1. The previous result
entails that R(H) > 1, and thus finally the spectral radius of H on BV (Z) satisfies
RH)=1. O

5.6. Unicity of the dominant eigenvalue

Since the essential radius and the spectral radius of the density transformer H
satisfy R.(H) < y!/" < R(H) = 1, the density transformer H is quasi-compact
when acting on BV(Z). We shall prove now that the eigenvalue A = 1 is a unique
dominant eigenvalue by using property (pS) and a classical result that can be
found, for instance, in [2].

Property. Consider a dynamical system for which the density transformer H
is quasi-compact, and has an invariant density on BV(Z). If, moreover, the
dynamical system is topologically mixing, then the eigenvalue A = 1 is simple,
and there exists no other eigenvalue of modulus 1. The eigenvalue A =1 is said
to be the unique dominant eigenvalue.

5.7. Behaviour of the operator Hyg in a neighbourhood of s = 1

Both facts—quasi-compactness of the operator H, together with the unicity
of the dominant eigenvalue —entail the existence of a spectral gap between the
dominant eigenvalue A = 1 and the remainder of the spectrum. Thanks to the
analyticity of the operator Hys at s = 1 (Proposition 2), perturbation theory [15]
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applies to this case, and the existence of this spectral gap remains true in a
neighbourhood of s = 1.

The dominant eigenvalue is thus isolated and defines in the neighbourhood of
s = 1 an analytic function s — A(2s). The operator can be split into two parts: the
part relative to the dominant eigensubspace, and the part relative to the remainder
of the spectrum. Then, the following decomposition holds (near s = 1), for any
feBV(@):

Ho[f1(z) = A25)Po[ f1(2) + Ny [ f1(2),

where A(2s) is the dominant eigenvalue, Py is the projection on the dominant
eigensubspace and N»; is the operator relative to the remainder of the spectrum.
The projector Py is of the form Pos[ f1(z) = Y25 (2) Eos[ f], where oy is the
dominant eigenfunction normalized by E»[v{25] = 1. The decomposition is also
valid for the iterates:

HE [ £1(z) = 2* 29)P2 [ £1() + N5 [ £1(2). (40)
and leads to a decomposition for the quasi-inverse
(I —Hzy) " '[f1(0) = (k (; TPlf10) + (=N 1@ @D

valid in a neighbourhood of s = 1. There, the spectral radius R(Noy) is strictly
less than § < 1, so that the operator (I — Np;) ™! is analytic.

At s = 1 the operator Hy; is a density transformer, so that A(2) = 1 and the
eigenvector ¥, is just the unique invariant density vr. The projector E; satisfies

Ez[f]Z/f(X)dX~
T

Moreover, the dominant eigenvalue A(2s) is strictly decreasing along the real axis
(always near s = 1): From (40), one has, for a real s near 1

#(2s) = lim [HE [110)]"%.
k— 00
On the other hand,
HX [1100) < sup 8 HF[11(0) < y*C~DH[1](0).
heHk

Then, the following inequality holds (for s > 1):

1(25) <y CTDMA),
and entails that the derivative —2A’(2) is strictly positive. This quantity coincides
with the entropy /(S) of the dynamical system. Finally, the first term of (41)

defines a meromorphic operator with a simple pdle at s = 1. The residue involves
the spectral objects at s = 1, under the form

(I =Ha) [ f10x) =~ —(x )/f(X)dx (42)

(s — 1)h()
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5.8. Spectral properties of Hys on the line fi(s) =1

We prove now that the operator (I — Hp,) ™! is analytic on the line %i(s) =1,

s#1.

Proposition 5. For i (s) = 1, s # 1, all the eigenvalues of the Ruelle operator Hog
relative to dynamical system Sy have a modulus strictly less than 1.

Proof. Let A be an eigenvalue of H» 4, and let f denote an eigenfunction relative
to A. Let fy denote an eigenfunction of Hj relative to 1. As it is proven in [2] or
in [4], such a function can be chosen as a lower semi-continuous function so that
fo(x) = a > 0 for some a and all x € Z. Moreover, the function f(x)/fy(x) can
be supposed to be of modulus at most 1 on Z and attain modulus 1 at point xg.
One always has

IAf (x0)| = [Hop2ul F1xo)| = | D W (o)™ f o hixo) | 1y, (x0)  (43)

heH

< D |W o) [ f 0 h(x0)| 1, (x0)
heH

< Z |h'(x0)| fo 0 h(x0) 1, (x0) = fo(x0), (44)
he'H

and the definition of xp proves the inequality |A| < 1. Suppose now that the
equality |A| = 1 holds. Then the sequence of previous inequalities (43) becomes
a sequence of equalities. For any & € H for which xg belongs to Jj,, the equality

| foh(xo)| = fo o h(xo) (45)

holds. On the other hand, the sequence aj, := |h’(x0)| f o h(xo) 1, (x0) satisfies
the equality | > an| = > |an|. Then, there exists 6 (of modulus 1) such that
ap = B|ay| for any h, and the relation, valid for all & for which x¢ belongs to
Jn

fohGo)|h xo)|" =0 f o h(xo)] (46)

holds. For any xg € Z, the set {h(xo): h € H} contains the sequence {1/(m +
x0): m = mg}. This sequence has O as limit, so that equality (45) proves
that limy_o | f(x)| = limy—¢ fo(x) # 0. Now, the relation (46) shows that the
sequence

1 it
(m —i—xo)

has a limit equal to & when m — oo, which can be only true fort =0. O
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5.9. Conclusion: properties of the quasi inverse (I — H;)™!

From Propositions 1-5, Sections 5.6 and 5.7, we deduce the main results of
this section:

Theorem 2. For any parameter o €10, 1], the Ruelle operator Hg:BV(Z) —
BV (Z) associated to the dynamical system Sy is analytic on the right half-plane
{s: N(s) > 1}. The quasi-inverse (I —H,)~! is analytic on the punctured half-
plane {N(s) > 2: s #£2}. Moreover, near s =2, one has:

1
(s —=2) h(e)

(I —Hy) [ f1x) Yl*l(x) f f(x)dx. (47
Ty

Here, h(«) denotes the entropy of Sy, and y'®! is the invariant density.

In the following section, we shall come back to Dirichlet series F'(s) and
G x(s) that are involved in the analysis of Euclidean algorithms, and prove that
Tauberian theorem applies to these functions.

6. Average-case analysis of the £, algorithms

Now, we conclude the analysis of the &, algorithms, and we state our main
results. We begin with the case o # 0.

6.1. The first main result (case when o # 0)

We know from Theorem 2 of Section 5 that the Tauberian theorem applies to
the quasi-inverse (/ — Hp;) ™! and thus to the functions F(s) and G (s) defined
in (20) and (21). We now make precise the computations of the constants that are
involved.

Consider first the parameter X = p that denotes the number of iterations of the
algorithm. The Dirichlet series G ,(s) has a double pole at s =2, and near s = 2:

2 o (S)N(L)ZWMO)
h(a) (s —2)° P ha) ) (s —2)2

F(s)~

Then, Tauberian theorem implies the first result. In the same vein, the Dirichlet
series G ¢ (s) has a pole of order 3 at s = 2 and satisfies near s = 2:

[a] 3
Gdn~£—@<ii>(/Hmwmmo([Ammmm)
(s —2)3 \h(a)
7, To
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The first integral is related to the mean value of cost ¢, defined in (16), via the
relation

B0 =Y e [wirar=Eatel
Lo

heH I

The second one involves AH := AHj;|s=1 and is expressed in terms of entropy
via the relation

h(a) = 210g2/ AH[y](¢)dt.
Lo

With these relations and the Tauberian theorem, we compute the constants
involved, and we then obtain our main result.

Theorem 3. Consider any parameter o € 10, 1]. The average number of iterations
of the a-Euclidean algorithm on the set of valid inputs of denominator less than
N is asymptotically of log order

~ 2
Py () ~ Py(a) ~——1og N,
N (o) ~ Py () @) %8
and involves the entropy h(a) of the dynamical system S,. The average bit
complexity of the a-Euclidean algorithm on the set of valid inputs of denominator
less than N is asymptotically of log-squared order

Cn (@) ~ Cy(@) ~y () logi N
where the constant

(@) = °€2g [
L A

involves the entropy h(a) together with the mean value E[c] of digit-cost c when
the interval Iy is endowed with the invariant measure ¥'*1. More precisely, the
cost c(m) relative to m = [q, €] equals £(q) + 2 + (1 — €)/2 where £(q) is the
number of bits of digit q, and ¢ = %1 the sign used.

The mean value E,[c] of digit-cost ¢ can be easily obtained from the
expression of cost ¢ given in (9) together with E,[¢] and Pry[e = —1] which
are studied in Section 3:

Eqlc] =Eql4] +2+Ea[1%8} =Eu[¢] + 2+ Pry[e = —1].

In the center range and the right range, the invariant density (%! is explicit, so the
entropy /() and the probability Pr,[e = —1] are explicit too and given by (15)
and (18). We also provide in (17) a formula for the mean value E,[{] when «
belongs to family M that gives rise to some particular Markovian systems.
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6.2. The particular case a = 0: The induced system

The Euclidean algorithm relative to the case o = 0 is related to the by-excess
division. It is quite particular and the number of steps has already been studied by
Vallée [24]. We extend her method for studying the average-bit complexity.

The main difference comes from the Euclidean division itself, that we ex-
hibit in Section 2.3. Now, with by-excess division, any rational can be written
as (u/v) = h(1), and the stopping pointis x = 1. This point x = 1 is also an indif-
ferent point, i.e., a fixed point T (x) = x where the derivative equals 1 (in absolute
value). The inverse branch a that contains this point is relative to digit 2, and is
defined as

a(x)= T
Thus, the dynamical system Sy does not satisfy any more the expansion prop-
erty (pl), and no iterate of T satisfies (p1). On the other hand, it is easy to check
that function ¥ (x) = 1/(1 — x) is an invariant function for the density transformer
that does not belong to £!.

Since the dynamical system Sp does not fullfil the crucial strong expansion
property, we deal with the “induced” dynamical system, introduced by Bowen
in [3] that we adapt in our context. Since 1 is a fixed point, any rational (u«/v)
can be written as s(1), where the LFT & does not finish with branch a. Then, the
Euclidean algorithm relative to by-excess division uses only the LFTs that belong
to the set

H:=@*B)* with B=H\ {a}.

The induced dynamical system 8o is defined as the dynamical system whose set
of inverse branches is the set 1 := (a*B)*. This dynamical system is complete.

The transfer operator H relative to the induced dynamical system is called the
“induced” transfer operator. It involves the transfer operators A; and By relative
to sets {a} and B:

1 s 1
ASLf100) = (ﬁ) f(z_x>,

B,[f1(x) = Z(ml_x) f<m1_x>,

m>=3

and is defined as

H,:=) BA' =B,/ — A~ withH;=A, +B,.
k>0

Now, this is the quasi-inverse (I — I-NIS)’1 that plays a fundamental réle since
we shall show that Dirichlet series F(s), Gx(s) admit alternative expressions
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where this quasi-inverse intervenes. Since the dynamical system is complete, with
analytic branches, it is more convenient to work in a functional space formed with
analytic functions. We use then one of the main results of [24].

Theorem (Vallée). Consider a complete dynamical system (Z, T) whose set H
of inverse branches satisfies the following two conditions:

(C1) The set H is a set of LFTs with integer coefficients which contains, for some
integer A > 0 a subset

D .= {h: h(x) = A/(c + x) with integers c — oo}

(C2) There exist an open disk V that contains I, and a real B < 2 such that
(i) every LFT h € 'H has an analytic continuation on V that maps the
closure V of disk V inside V;
(ii) every function |h'| has an analytic continuation on V that satisfies
supp|h'(2)| =8, < 1;
(iii) the series Zheﬁ 8n*/% converges on the plane R(s) > B.
Then the quasi-inverse (I — ﬁs)_l of the Ruelle operator ﬁs relative to this
dynamical system is analytic on the punctured plane {N(s) = 2: s # 2} and has
a pole of order 1 at s =2. Near s = 2, one has, for any function f positive on
VNR,andany x e VNR,

(1 —H) "' [f1) ~

d 48
7z 2)h(H)iﬂ()[f(X)x (48)

where h(H) is the entropy of the dynamical system and 1// is the invariant density
of the Perron—Frobenius operator H := Hj.

We now apply this theorem to the induced dynamical system relative to the
By-Excess Euclidean Algorithm. Each / of H can be written as & = a*b for some
k>0and b € B, so that

k(m—x)—(k—1) .
h(x) = withm >3, k> 0.
(k+1)(m—x)—k
One can choose as disk V the disk of center 1/2 with radius 1, so that condition (ii)
is satisfied, since

1 4
W)= < < -
W= e D o % < &2 <9
Condition (iii) is also satisfied with 8 = 1 since
1 1

E+ D =37

N

o <
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Z 3hs/2

heH

Moreover,when s = 2, the function ¢ = BQ[I//] = (H2 —A)[Y]=U—-A)y] =
1/2 — x) is an invariant density for H2, so that 1/f(x) equals 1/(2 — x). The
entropy / is well-defined, and

so that <2°¢(0)%,  foro = NR(s).

2

h= :
3log2

6.3. The second main result (case when a = 0)
We shall now prove our second main result.

Theorem 4. The average number of iterations of the Euclidean algorithm relative
to the by-excess division on the set of valid inputs of denominator less than N is
asymptotically of log-squared order

- 6
Py (0) ~ Py (0) ~ — log? N.

The average bit-complexity of the Euclidean algorithm relative to the by-excess
division on the set of valid inputs of denominator less than N is asymptotically of
log-cubed order

~ 9log’ 2
Cn(0) ~ Cy(0) ~ —5—log} N.

Proof. We first show that Dirichlet series F (s) Gx(s) admit alternative
expressions where the quasi-inverse (I — S) intervenes. First, since each
rational can be written as u/v = hj o hy o --- o h, (1) with h; € H, the equality

F(s)= (1 —H,)~" 11101

holds. For studying the number p of iterations, we introduce another transfer
operator where the variable W marks the number of iterations, as

~ d -1
Hy =) w''BAY: sothat G,(s)= (I—Hg w) |y 11CD).
k=0

Then, when using the equality

d ~
_Hs,w

=B,(I —A) 2=H,(I — Ay,
dw

w=1

one obtains an alternative expression for G, (s):

Gp(s)=(1 —H;) ™ ol 0 (1 =AY~ o (1 — Hy) ' [1](1).
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Each occurrence of the quasi-inverse brings a pole of order 1 at s = 2. On the
other hand, since

/(I—A)|: jldx'v{(s—l) (s = 2),

the central term (I — A,)~! creates another pole (of order 1) at s = 2. Then, the
Dirichlet series G, (s) has a pole of order 3 at s = 2, and the number of iterations
is of log-squared order.

We remark that the average number of good steps is of logarithmic order. For
studying this parameter g, the convenient transfer operator is

wZBSA];:wfIS

k>0
so that the Dirichlet series
1 =2 o~
[11(1) = (1 — Hy) " o Hy[1](1)

w=1

Ge(s) = d (I —wH )

has a pole of order 2 at s = 2.

Then, the dominant bit-complexity cost is provided by “bad” steps. Each bad
step has a cost equal to 3log,(v;) since it consists in a subtraction and one
exchange. Then the Dirichlet series G ¢ (s) has its main term that satisfies

Gels) = 3A(1 —Hy) " o (1 =A™ o (1 —H,) ' 111(D)
= 3(1—H,) " o AH 0 (1 —H,) " o (1 — Ay "o (1 — H,) ' T11(D).

As previously, each occurrence of the quasi-inverse (I — Hs)’1 brings a pole of
order 1 at s = 2, whereas the central term (I — A;)~! creates another pole (of
order 1) at s = 2. Then, the Dirichlet series G¢(s) has a pole of order 4 at s = 2.

In both cases, the constants involve the entropy fz, and the residue at s =2 of
t(s—1). O

6.4. The phase transition between cases « =0 and a > 0

We mainly consider the average number of iterations of the &, algorithms.
There are three main ranges for strictly positive values of parameter «: the left
range |0, V2-1 [, the central range [ﬁ— 1, ¢ — 1] and the right range ¢ — 1, 1].
In each of these three ranges, the average number of iterations is of logarithmic
order and involves the entropy /(). In the central range, the entropy A («) does
not depend on parameter «. In the right range where « belongs to [¢ — 1, 1],
the mapping o — h(«) defines an decreasing function of parameter «, that is
continuous with respect to «. The behaviour of this mapping o — h(«) is not
known in the left range where « belongs to 0, +/2 — 1[. It can be proved (by using
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arguments of perturbation of dynamical systems) that this mapping « — h(«) is
continuous in this left range. It is quite natural to conjecture that this mapping
defines a increasing function of parameter «.

Moreover, at o = 0, there is an essential change in the behaviour of the
a-Euclidean algorithms that corresponds to a phase transition for associated
dynamical systems. It is then natural to conjecture that

lim h(x) =0.

a—0t
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