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SOME ALGORITHMS TO COMPUTE THE CONJUGATES
OF EPISTURMIAN MORPHISMS

GWENAEL RICHOMME!

Abstract. Episturmian morphisms generalize Sturmian morphisms.
They are defined as compositions of exchange morphisms and two par-
ticular morphisms L, and R. Epistandard morphisms are the mor-
phisms obtained without considering R. In [14], a general study of these
morphims and of conjugacy of morphisms is given. Here, given a de-
composition of an Episturmian morphism f over exchange morphisms
and {L, R}, we consider two problems: how to compute a decompo-
sition of one conjugate of f; how to compute a list of decompositions
of all the conjugates of f when f is epistandard. For each problem,
we give several algorithms. Although the proposed methods are funda-
mently different, we show that some of these lead to the same result.
We also give other algorithms, using the same input, to compute for
instance the length of the morphism, or its number of conjugates.

Mathematics Subject Classification. 68R15.

1. INTRODUCTION

Since the works of Morse and Hedlund [12], Sturmian words have been widely
studied (see [2] for a recent survey). These infinite words, that are defined over
a two-letter alphabet, have a lot of equivalent definitions. When larger alphabets
are considered, these definitions give different generalizations of Sturmian words
(see for instance [1,3-7,9,10,13]). Episturmian words is one of these generaliza-
tions [5,8], and it partially coincides with previous generalizations [1,4,7].

Sturmian (endo)morphisms are defined on two-letter alphabets. They were
initially introduced as the morphisms which preserve Sturmian words. In [15],
Séébold proved that the monoid of Sturmian morphisms is generated by the
exchange (of the two letters) morphism and two other morphisms (L and R).
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In [5,8,9], working on alphabet of arbitrary size, Justin et al. called Episturmian
the (endo)morphisms generated by the permutations and a family of morphisms
(two morphisms for each letter in the alphabet) generalizing L and R. In [14],
we show that Episturmian morphisms can be defined by exchange morphisms and
two morphisms also called L and R, so directly generalizing the binary case. One
can note that all these morphisms already appear (even if not explicitly) in some
works around generalization of Sturmian words [1,4,13]. In [9], Justin and Pirillo
show that Episturmian morphisms are the morphisms that preserve Episturmian
words. The reader will find a recent survey on Sturmian morphisms in [2].

In [14], a study of intrinsic properties of Episturmian morphisms (without any
reference to Episturmian words) is given. We sum up some of these properties.
Relations between palindromes and Episturmian morphisms are studied. On bi-
nary alphabets, Sturmian morphisms are exactly the invertible morphisms; but,
when considering larger alphabets, the monoid of invertible morphisms is no more
finitely generated (this result was also proved in [17]). So Episturmian morphisms
are invertible, but the converse does not hold necessarily. Generalizing a result
from [15], a presentation of the monoid of Episturmian morphisms is stated. This
monoid is cancellative and unitary. Consequently, for an Episturmian morphism f
given by the images of the letters, as in [2] for Sturmian morphisms, an algorithm
is given to compute a decomposition of f over exchange morphisms and {L, R}.

Most part of [14] concerns conjugacy of Episturmian morphisms. A general
study is given and then conjugacy is used in particular to state a presentation of
the monoid of Episturmian morphisms. In the present paper, we come back to
the conjugacy of Episturmian morphisms. We show that theoretical results in [14]
lead to different algorithms to compute any conjugate of an Episturmian mor-
phism, or, to compute the list of conjugates of an epistandard morphism (particular
Episturmian morphism).

In Section 2, we recall notions and useful results on words, Episturmian mor-
phisms and conjugacy of morphisms. In Section 3, using Parikh matrices, we
present algorithms to compute, given a decomposition over exchanges and {L, R}
of an Episturmian morphism f, general informations on f as its length or its
number of conjugates. In Section 4, we give two algorithms to compute, from a
decomposition over exchanges and {L, R} of an Episturmian morphism f, a right
conjugate of f given by its number. Although the two methods are fundamently
different, we show that when f is epistandard, the two algorithms produce the
same decomposition in output. In Section 5, we give two other algorithms for the
same purpose. The outputs of these algorithms are different from those of the
two algorithms in Section 4. But whatever is f in input, the outputs with these
two new algorithms are identical. In Section 6, still with the same input, we give
six different algorithms to compute a complete list of conjugates of f. Four of
them are based on the algorithms of the previous sections. Once again, although
the methods used to design the algorithms are different, we get only two different
outputs from these six algorithms: three algorithms give one output, the three
others give the other output.
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2. WORDS, EPISTURMIAN MORPHISMS, CONJUGACY

In this section, we essentially recall basic notions and results from [14].

2.1. WORDS

Given a finite set X, we will denote by #X its cardinal, that is, the number of
its elements. An alphabet A is a set of symbols called letters. Here we consider
only finite alphabets. A word over A is a finite sequence of letters from A. The
empty word € is the empty sequence of letters. Equipped with the concatenation
operation, the set A* of words over A is the free monoid with neutral element ¢
and set of generators A. Given a non-empty word v = ay . ..a, with a; € A, the
length |u| of w is the integer n. One has |¢| = 0. For a word u and a letter a, |ul, is
the number of occurrences of a in u. Two words u and v are said conjugate if there
exists a word w such that uw = wv. Powers of a word are defined inductively by

u® = ¢, and for any integer n > 1, u" = uu" ! = u" " lu.

2.2. EPISTURMIAN MORPHISMS

A (endo)morphism f on A is an application from A* to A* such that for all
words u, v over A, f(uv) = f(u)f(v). A morphism is entirely known by the images
of the letters of A. The length of f is the value ||f|| = >_ .4 [f(2)|. Given two
morphisms f and g, we will denote fg their composition. A particular morphism
is the empty morphism e: Va € A, €(a) = e.

Given two letters z,y, the exchange morphism of x and y is the morphism
defined on A by

r—Y,
Eyy Yy — x,
2=z, Vz ¢ {irvy}

We observe that E,, = E,,. Moreover, for any € A, E;, is the identity
morphism (also denoted Id). We denote by Exch(A) the set of exchange morphisms
defined on A (including the identity).

Let A be an alphabet. In [5,8,9], Droubay, Justin and Pirillo have introduced
for each letter «, the morphisms ¥, and T,

g . a—a 7. .l a—a
T z—ax, VeeA\{a} T o za, Ve A\{a}
Any morphism obtained by composition of exchange morphisms and morphisms ¥,
with @« € A will be called (as in [14]) an epistandard morphism (standard

Episturmian in [8,9]). In other words, an epistandard morphism is a morphism in

Epistand(A) = (Exch(A) U {T,, | a € A})".
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Similarly [8,9], an Episturmian morphism is an element of
Episturm(A) = (Exch(A) U{¥,, ¥, | a € A})*.

When #A = 2, epistandard (resp. Episturmian) morphisms are exactly the stan-
dard (resp. Sturmian) morphisms (see [2]).

Following [14,15], in the rest of the paper, we will always consider a finite
alphabet A containing at least two letters. We will also distinguish a letter a
in A. Following the original notation of Séébold [15], we denote L = ¥, (that is
L(a) = a, L(z) = ax for x # a) and R = ¥, (that is R(a) = a, R(z) = xa for
x # a). For any letter «, we have

VU, = EuoLEqq, and VU, =EREquq.

Thus Epistand(4) = (Exch(4) U{L})* and Episturm(A) = (Exch(A) U{L, R})*.
Note that, in the particular case where #A4 = 2, L and R are the morphisms G
and G in [2]. So all results here and in [14] can be directly considered for Sturmian
morphisms with a usual basis.
In [14], an algorithm is designed to compute a decomposition over Exch(A4) U
{L, R} of a given Episturmian morphism. Such a decomposition is not unique. The
following theorem shows what are the basic equalities between decompositions:

Theorem 2.1 ([14], Th. 7.1) (see also [15] for the binary case).  The monoid
Episturm(A4) with set of generators Exch(A)U{L, R} has the following presentation
(x,y,z,t are pairwise different letters):

E.yE.y = 1d,
EzyEyz = EyzEz:E7
EmyEzt = EztExya

E.yL = LE,, when a & {z,y},
E.yR = RE,, when a & {z,y},
LE\LEy...LExR = RE1RE> ... RELL
where k > 1 is an integer and FE1,...,Ey are exchange morphisms such that
E;...Ei(a) = a, and for each integer i, 2 <i <k, F;... Ex(a) # a.

2.3. CONJUGACY

The notion of conjugation of Sturmian morphisms was introduced by Séébold
[16]. On two-letter alphabets, the definition of conjugation is a bit different from
the notion of conjugacy given in [2] but the ideas are the same, and similar results
are obtained. Conjugacy can be easierly generalized to arbitrary alphabets than
conjugation. Thus, we follow [2,14].

A morphism g is a right conjugate of a morphism f defined on A, in symbols
f < g, if there exists a word w such that f(x)w = wg(z) for all words = in A*.
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Here, we will also say that f is a left conjugate of g, and we will sometimes write
f <w g. For instance, L <, R.
Basic properties of conjugacy are given by the following lemma:

Lemma 2.2 ([14], Lem. 3.1) (see also [2]). Let f, f',g,9’,h be some morphisms
and let wy,wq be some words.
(1) If f <w, g and g <w, h then f <wyw, h-
(2) If g £ €, [ <, g, [’ <w, g and |wy| < |wa|, then there exists a word ws
such that we = wswy and f’ <y, f.
B)If f# ¢, [ g, [ <, g and |w1| < |ws|, then there exists a word ws
such that we = wiws and g <y, g'.
(4) If f <w, g and f' <w, g' then ff" <,y 99
The family of Episturmian morphisms is self conjugated:

Proposition 2.3 ([14], Cor. 5.5, Cor. 5.6). Any (right or left) conjugate of an
Episturmian morphism is Episturmian.

Moreover, we have:

Theorem 2.4 ([14], Th. 5.1). A morphism f is Episturmian if and only if it is a
right conjugate of a unique epistandard morphism. This epistandard morphism is
obtained from any decomposition of f in elements of Exch(A)U{L, R} by replacing
all the occurrences of R by L.

Following this theorem, given an Episturmian morphism f, we denote by
Stand(f) the epistandard morphism which is a left conjugate of f. Note that
Stand(L) = Stand(R) = L, and, for an exchange morphism FE, Stand(E) = E.
Moreover, if f = f1... f, with for all4, 1 <i <mn, f; € Exch(4)U{L, R}, we have
Stand(f) = Stand(f1) ... Stand(f,).

Given an epistandard morphism fi... f, with for all i, 1 < ¢ < n, f; €
Exch(A4) U {R}, and given an Episturmian morphism ¢ ...g, with for all ¢,
1 < i < n, g € Exch(4) U {L,R}, we will say that g¢;...g, has property
P(fi...fn)ifforall i, 1 <i<wn, Stand(g;) = f;.

We denote by NbR(f) the number of right conjugates of a morphism f. For
instance, since the right conjugates of L are L and R, and since the unique right
conjugate of R is R itself, NbR(L) = 2 and NbR(R) = 1. For any morphism f,
we have NbR(f) > 1 since f is always its own right conjugate (f <. f). Similarly
we can define the number NbL(f) of left conjugates of f.

In [14], it is stated that (left and right) conjugates of a morphism can be ordered.
In the particular case of Episturmian morphism, we have (see [14], Lem. 3.3,
Lem. 3.4, Lem. 3.6):

Lemma 2.5. Let f,g be Episturmian morphisms.

(1) The morphism g is a right conjugate of f if and only if there exists a
unique word w such that f <, g. Moreover 0 < |w| < NbR(f) — 1.

(2) The morphism g is a left conjugate of f if and only if there exists a unique
word w such that g <, f. Moreover 0 < |w| < NbL(f) — 1.

Note that this lemma is in fact true for all non-periodic morphisms (see [14]).
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Using Lemma 2.2, the previous lemma shows that there exists a one-to-one
correspondance between conjugates of an Episturmian morphism and integers in
[0.NbR(f) — 1].

According to the previous lemma and following [16], for f, g Episturmian mor-
phisms, we say that g is the |w[*" right conjugate of f if w is the word such that
f <w g. Of course, f is the 0*" conjugate of f. If |w| = 1, g will be called the first
(right) conjugate of f, and f will be called the previous (left) conjugate of g. If
|w| = NbR(f) — 1, g will be called the last (right) conjugate of f.

Once again using Lemma 2.2, we can see:

Property 2.6. Given an integer p > 0, the (p+ 1) right conjugate (if it exists)
of an Episturmian morphism f is the first right conjugate of the pt* right conjugate
of f.

Now, let NbC(f) be the total number of left or right conjugates of a morphism f,
that is, NbC(f) = #{g | g < f or f < g}. For instance NbC(e) = 1, NbC(L) =
NbC(R) = 2. We have:

Lemma 2.7 ([14], Lem. 3.7). Let f be an Episturmian morphism.

(1) NbC(f) = NbR(f) + NbL(f) — 1.
(2) For any right conjugate g of f, NbC(f) = NbC(g).

3. COMPUTATION OF THE NUMBERS OF CONJUGATES

In [14] (Prop. 3.8), it was proved that, given an Episturmian morphism f,
the values NbC(f), NbR(f) and NbL(f) can be computed in time O(||f]|). The
underlying algorithms assumed that the morphism f was given by the images of
the letters. In this section, we prove a similar result when the morphism is given
by a decomposition f1,..., f, of f over Exch(A) U {L, R}. These computations
are related to the computations of ||f1 ... f»|| and of the values of |fi ... fi—1(a)]
for 1 <7 < n (we take the convention fi ... fo = Id). Then we have:

Proposition 3.1 ([14], Prop. 6.1). For any Episturmian morphism f,

NbC(f) = L'ﬂ:i.

Proposition 3.2 ([14], Prop. 6.2). If f = f1... fn is an Episturmian morphism
with f; € Exch(A) U{L, R},

o) NbL(f) =1+ > |fi.. fisa(a)l;
1<i<n|fi=R

b) NbR(f) =1+ > |fi.. fisa(a)l;

1<i<n|fi=L

¢) NbC(f) =14+ > |fi-fia(a)l.

1<i<n|fie{L,R}
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Here, we state:

Proposition 3.3. Let f1,..., fn be n > 1 morphisms in Exch(4) U{L, R}. Con-
sidering #A as a constant, the values ||f1 ... fall, NbC(f1... fn), NbDR(f1... fn),
NbL(f1 ... fn), |f1--. fi(D)] (for 0 <i<n and b€ A) can all be (simultaneously)
computed in O(n) arithmetic operations.

For the proof, we assume that A is totally ordered, and a is the least letter:
A={ay,...,an}, a1 = a. We use the Parikh matrix of a morphism f, that is, the
#A x #A matrix Py such that Py[i, j] = |f(a;)]a,-

For instance if A = {a,b,c} (with a < b < ¢) then

1 11 010
Ppb=Pr={0 1 0 Pg,=11 0 0
0 0 1 0 0 1
One can verify that if f, g are two morphisms, we have P, = PyP,. Using this

property, we can compute the matrix of an Episturmian morphism from one of its
decomposition over Exch(4) U {L, R}.

Example. When A = {a,b, c}, the Parikh matrix of RE,.Fo RRE,.REp.L is

PEab =

O N W
[eoREG RN |

9
6
1

Proof of Proposition 3.3. Let us consider the following sequence of instructions:

1. let M be a #A x #A matrix of integers
M « identity matrix;

2. let NbL, NbR, NbC, k, z, Lgth be integers
NbL « 1
NbR « 1;

3. for k from 1 to n do

#A
31 we Yy M[i1];
=1

3.2. if fx = R then NbL « NbL +uz;
3.3. if fr = L then NbR «— NbR +ux;
3.4. M «— MPy,
end for

4. NbC <+ NbR + NbL —1;

5. Lgth «— (#A — 1) NbC +1.

We verify that this algorithm allows to get all the expected values. At Step 1, we
initialize M in such a way that for all ¢,7, 1 <4,j < n, M[i,j] = |f1... fo(a;)|a,
(recall fi ... fo denotes the identity morphism). By induction, at the end of the
k'™ loop, thanks to Instruction 3.4, we have for all 4,5, 1 < i, < n, M|[i,j]
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= |f1... fe(aj)|e;- From this value of M, we can get in a bounded number of
arithmetic operations (since # A is a constant) for a; in A, the value |fi ... fi(a;)| =
Zfi If1.. fe(a))a, = Zfi MTi,j]. In particular, after Instruction 3.1, we
have x = |f1... fk—1(a)|]. Thus by induction, we can see that after Instruc-
tion 3.2 (resp. Instruct. 3.3), NbL =1+ 3",y s,.=glf1--- fi-1(a)| (resp. NbR
=1+ > i<icpip=r [f1--- fizi(a)]). So at the end of Instruction 3, with an ad-
ditional O(1) number of arithmetic operations, we have been able to compute
the values |f1 ... fi(b)| for i, 0 < i < n and for b € A. We also have NbL =
) 1 cicnifi=r |f1-.. fi—1(a)|, and, NbR = > <ickypi=r 11 fi—1(a)|. From
Proposition 3.2, this means NbL. = NbL(f7 ... f,) and NbR = NbR(f1... fn). It
follows from Lemma 2.7 that Instruction 4 computes NbC(f; ... f,,). Finally from
Proposition 3.1, Instruction 5 computes the length of f; ... f,,, that is, || f1 ... fal|-

To end, we let to the reader to verify that the given sequence of instructions
acts in O(n) arithmetic operations (recall that #A is a constant — if it is not the
case, the sequence acts in time O(n(#A4)%))). O

Note that the values in Proposition 3.3 (and in the sequence of instructions
in the proof) can grow exponentially with n so that arithmetic operations can
not be considered to be made in bounded time (for instance one can see when

A ={a,b}, for n > 0, NbC((LE)") = fr42—1=0 ((%g) ) where (fn)n>0 is
the Fibonacci sequence defined by fo =1, fi =1 and Vn > 0 foi2 = fut1 + fn).
Using Lemma 2.7 and Proposition 3.1, we can also see that all these values are in

O(lfr--- fall)-

4. COMPUTATION OF A RIGHT CONJUGATE

Let f be an Episturmian morphism, and let p > 0 be an integer. We want
to compute the p*® right conjugate (if it exists) of f. In case f is known by the
images of the letters, the computation of the images by g of the letters can be
easily made. Indeed, first we have to compute the word w of length p such that
f < g: for instance, this word is the prefix of length p of f(a?). Then for each z
in A, we can compute g(z) since f(xz)w = wg(z) (note that if w is not a prefix of
f(x)w, then the p'" right conjugate of f does not exist).

From now on, we consider that the input morphism is given by one of its
decomposition over Exch(4) U {L, R}. We study the following:

Problem 1. Let p > 0 and let f be an Episturmian morphism given by a decom-
position fi,..., f, over Exch(4) U{L,R} (n > 1). How to compute the empty
sequence if f has not a p'" right conjugate, and to compute otherwise a decom-
position g1, ..., gn of the p*® right conjugate of f such that g¢; ...g, has Property
P(Stand(f1)...Stand(fy)).

Let us recall that the 0" right conjugate of a morphism f is f itself.
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When p = 1, Problem 1 has already been solved in [14] by the following propo-
sition:

Proposition 4.1 ([14], Prop 5.2). Let f be an Episturmian morphism on A. Let
fi,..., fn be some elements of Exch(A) U {L, R} such that f = f1... fn.

The morphism f has a right conjugate different from f if and only if there exists
an integer k between 1 and n such that fr = L.

When it is the case, let k be the least integer between 1 and n such that fr, = L.
For each i between 1 and k — 1, let g; be the morphism defined by:

— gi = L if fi = R and the first letter of fiy1-.. fr(a) is different from a;
— g; = f; otherwise.

Then the first right conjugate of f is the morphism gigs...g9k—1Rfit1---fn
(Rfz...fn when k=1).

This proposition can be (quite verbosing) rewritten into Algorithm 1 that will
be used for comparison. We use a function named first that, when applied on
a non-empty word w, gives the first letter of w. Note that, since morphisms
in Exch(4) U {L,R} are not erasing, for i« < k — 2, first(fiy1...fx(a)) =
first(fit1(first(fizz... fr(a))).

Algorithm 1 solves Problem 1 when p = 1.
local: i,k integer
x letter
Step 1. Compute the least integer k such that 1 < k <n and f; = L.
If k does not exist, then quit with an empty sequence as output.
Step 2. = «— a
for i from k — 1 downto 1 do
x — first(fiz1(z))
if fi =R and x # a then g; «— L
else gi < fl
Step 3. gr — R
9k+1y--+39n < fk+17°"7fn~

As said in [14], an implementation can be done in time O(n). Indeed function
first, comparisons of morphisms with L, affectations of morphisms, and, list
constructions can all be implemented in bounded time.

Now, let us take back the example of the previous section to illustrate
Algorithm 1.

Example (continued). We work on alphabet {a,b, ¢}, with n =9 and
f17---7 n :Ra Eaca Eab7 Ra Ra Eam Ra Ebca L.

At Step 1, we get £ = 9. During Step 2, we get successively gs = Epe, g7 = R,
96 = Fac, g5 = L, g1 = L, g3 = Ea, 92 = Eqc, g1 = R. At Step 3, we state
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g9 = R. Thus,
gi,---59n :R7 EaCa Eab7 L7 La Ea67 Ra Ebw R.

By computing the images of letters, it can be verified that the morphism g =
g1...gn is the first conjugate of f = f.. f :

f1 fo(a) = a(ba)?, - go(a) = (ba)?a,
fi--- fo(b) = a(ba)’a(ba)?, .90(b) = (ba) a(ba)’a
fi--- fo(e) = a(ba)*ca(ba)®a(ba)?, - 0(c) = (ba)2ca(ba)a(ba)?a

And so f(a)a =ag(a), f(b)a = ag(b), f(c )a = ag(a) It follows f <, g.

From Property 2.6, using Algorithm 1, we can design naturally Algorithm 2
which is an answer for Problem 1 (for arbitrary value of p).

Algorithm 2 solves Problem 1.
g1y---y9n < flv"'vfn
Apply p times Algorithm 1 with input and output g1, ..., gn:
if g1,...,9n becomes the empty sequence, quit with the empty sequence
as output.

Example (continued). If we apply Algorithm 2 with p =3, n =9 and f1,..., f,
as previously, then g1, ..., g, take successively the values:

R,Euc, B, R, R, Eyc, R, By, L
R, By, Eqy, L, L, Eyc, R, By, R;
L,Eye, By, R, L, Esc, R, By, R;
R,Euc,Eu,R,L,Eyc, R, By, R.

Time complexity of Algorithm 2 is in O(n x min(p, NbC(f))) and so in O(n||f]]).
We now consider Algorithm 3 based on Proposition 3.2 that acts in O(n) arithmetic
operations.

Example (continued). Let us illustrate Algorithm 3 with the same input as we
take with Algorithm 2: p =3, n =9 and f1,...,fn = R, Fuc, Bap, R, R, Eyc, R,
Ey, L. The initial values of NL, NC and the |f; ... fi—1(a)| for 7 from 1 to n can
be computed using Section 3. By Proposition 3.2, we know that

NbL(fi...fo) = 1+ |Id(a)| + |REucEap| + |REwcEaR| + |REqe Eay RREyc(a)|
=1+1+2+2+5=11

NbC(f1...fo) = NBL(f1 ... fo) + |REscEay RRE,.(a)REy.(a)|
= NbL(f1...fs) 4+ 5 = 16.

Thus t is initialized to the value 2.

When f; is an exchange, that is when i € {8,6,3,2}, we get g; = f; and the
value of ¢ does not change.

For i =9 and i =7, |f1...fi—1(a)] = 5 > t, thus g9 «— R and g7 «— R.
For i =5, |f1... fi—i(a)| = 2, thus g5 « L and ¢ < 0. For i = 4 and ¢ = 1,
|f1... fi—1(a)] > 0, thus g4 « R and g1 « R. Observe that we get the same result
as with Algorithm 2. We will see in Theorem 4.2 that it is not by chance.
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Algorithm 3 solves Problem 1.
local: i,t, NL, NC integer
NL «— NbL(f1...fn)
NC «— NbC(f1...[fn)
t— NC—-p—NL
if (¢ < 0) then exit with the empty sequence as output
for ¢ from n downto 1 do
if f; € {L, R} then
if |f1 . fi_l(a)| <t then
gi — L
t—t—I[fi...fi—1(a)]
else
gi — R
else
gi — [i

Proof of validity of Algorithm 3. Let f = fi...f, and let g be its p*" right con-
jugate. Let also ¢1,..., g, be the result of Algorithm 3. We have to verify that
g =9g1...9n. Note that the morphism g has NbL(f) + p left conjugates. Indeed,
using Lemma 2.2, we can verify that the left conjugates of g are the left conjugates
of f, together with the ' right conjugate of f for each i such that 1 <i < p.

Let typ be the value of ¢ after initialization. From Lemma 2.7, the number of
right conjugates of g is NbC(f) — (NbL(f)+p)+1 = to+1. So tg is the number of
right conjugates of ¢ different from g. To continue, we must have ¢ty > 0. Assume
that it is the case: tg = NbR(g) — 1.

Following Theorem 2.4, the morphism f is a conjugate of a unique epistandard
morphism s;...s, with (for 1 < i < n) s; = Stand(f;): fi1...fn has Prop-
erty P(s1...8n).

The morphism g can have several decompositions verifying Property P(s1 ... sy).
Let us consider the unique one hy, ..., h, such that, for any other different decom-
position (if it exists) kY, ..., h., verifying Property P(s; ...s,), if k is the greatest
integer such that hy # hj}, then hy = L and hj, = R. In the rest of the proof, we
show that the output of Algorithm 3 is hy,..., hy,.

Before let us observe (by induction) that for any decomposition hf, ..., h!,
verifying Property P(s1...s,), we have for all i, 1 < i < n, |h}...hl_,(a)] =
|fi... fi-1(a)l.

From what preceeds and Proposition 3.2, we have ty = Z |ha ... hi—1(a)l.

1<i<n|h;,=L

Let m be an integer between 1 and n. Assume that, Vj, m+1 < j <n, g; = hy,
and, assume that, before the execution of the block of the instruction “for” with
t=m,t= ZKKm‘hi:L |hy...hi—1(a)|. We prove g, = h,, and, the following:
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Fact F: after the execution of the block of the instruction “for” with i = m,

t= > |hy ... hi_i(a)].

1<i<m—1|h;=L

The proof of validity follows by induction.

If f, & {L, R}, by definition, f,, = Stand(f,,) = Stand(h,,). It follows f,, =
hm. Moreover by algorithm, ¢,, = fmn. Thus g, = hm,. Fact F follows from
hon # L.

If f., € {L, R}, then by definition, h,, € {L, R}.

If fr, € {L,R} and |f1... fm—1(a)] > t, then, from the value of ¢, and since
|fi--  fm—1(a)] = |h1...hm-1(a)|, we deduce that h,, # L, that is, since
Stand(h,,) = Stand(fp,), hm = R. By the algorithm, it follows g, = hy,. Once
again, Fact F follows from h,, # L.

If fro € {L,R} and |f1 ... fm—1(a)| < t, then we get g,, = L. Assume h,, = R.
The number of right conjugates of hy ... Ay, _1 is 1+El<i<m71\hi:L [hy ... hi—1(a)]
=14+t >|fi...fm_1(a)|. Let A’ be the |fi...fm_1(a)|'" right conjugate of
hi...hm—1. The number of right conjugates of b’/ is 1+t — |f1... frn—1(a)|. Let
hY,...,hl _; be a decomposition of h’ verifying Property P(s1...$m—1). The
morphism A} ...k, _1gmhm+1 ... hy verifies Property P(s;...s;,) and, by Propo-
sition 3.2(b), has exactly the same number of right conjugates as hy...h,. So
Ry ...h!, gmhmi1-..h, is a decomposition of the p*® conjugate of f. From
gm = L and h,, = R, we get a contradiction with the last part of the definition
of h,...,hpm. Thus h,, = L = g,,,. Fact F follows from the diminution of ¢ that
occurs. O

From Proposition 3.3, considering #A as a constant, the initial values of NL,
NC and the |fy ... fi—1(a)| for i from 1 to n can be computed in O(n) arithmetic
operations. It follows that Algorithm 3 can be implemented in O(n) arithmetic
operations. By the remark at the end of Section 3, Algorithm 3 has complexity in
time in O(n||f]|) as Algorithm 2. Now, we compare the decompositions obtains
with Algorithms 2 and 3.

Theorem 4.2. Let fi,..., fn be morphisms in Exch(A)U{L}. With input fi,...,
fn, whatever is p in input, Algorithms 2 and 3 give the same output.

Example (continued). The decomposition g1, ..., g, = R, Fac, Eab, R, R, Eac, R,
Eye, L is the decomposition obtained by Algorithm 2 from input n =9, p = 11,
and

fla ceey fn = La Eaca Eab7 L7 Lv Eaca La Eb67 L.
Consequently the decomposition of the third conjugate of g1, ..., g, obtained pre-
viously with Algorithm 2 is the same as the decomposition of the 14" conjugate
of f1,..., fn obtained with Algorithm 3.

Theorem 4.2 shows that it is not a matter of chance to have obtained the same
decomposition of the third conjugate of ¢1,..., g, with Algorithm 3. Indeed, we
can see that the initializations of Algorithm 3 when input is g1, ..., g, and p = 3,
or, when input is fi,..., f, and p = 14, lead to the same initial value of t.



ALGORITHMS TO CONJUGATE EPISTURMIAN MORPHISMS 97

Observe that REy.L = LEuR. Thus RE, FE.wRRE,.RE,L = RE..Fq.
RRE,. LEy.R.

Consequently, when the input is n =9, p = 0 and fi1,...,fn = R, Fac, Eap,
R, R, By, L, Ep., R, then Algorithms 2 and 3 do not give the same output.
Theorem 4.2 cannot be stated with arbitrary input in Exch(4) U {L, R}.

Proof of Theorem 4.2. We act by induction on p. Let fi,..., f,, be morphisms in
Exch(4)U{L}.

Assume first p = 0. The outputs of Algorithms 2 and 3 are both a decomposition
91, - -, gn that verifies Property P(fi...f,). By Theorem 2.1, since g1 ...g, =
fi.-.fn, we have, for all i, 1 < i < n, f; = L if and only if g; = L. Thus the
outputs of Algorithms 2 and 3 are the same.

Assume now 1 < p < NbC(f1...fn) — 1. Let g1,...,g, be the morphisms
obtained by Algorithm 3 applied with the integer p — 1. Let hq,..., h, be the
morphisms obtained by Algorithm 3 applied with the integer p. By inductive hy-
pothesis, g1 ... gn is also the decomposition obtained from f; ... f, by Algorithm 2.
We have to prove that when we apply Algorithm 1 on g1 ... g,, we obtain hy ... h,.

We have hy...h, # g1...9, by Lemma 2.5. Let k be the greatest integer such
that hy # gx.

Let ¢; (resp. t;) be the value of ¢ just before the test “f; € {L, R}” in Algorithm 3
applied with the integer (p — 1) (resp. p). We have t,, = ¢/, + 1. Let also ¢y (resp.
ty) be the value of ¢ at the end of Algorithm 3 applied with the integer (p — 1)
(resp. p). By definition of k, we get for each integer ¢, k <i < n,t; =t,+ 1. In
particular ¢, = tj + 1. Since gy # hy, this implies |fi1 ... fr—1(a)| = tg, g = L,
hi = R. Moreover for each 4, 0 <i < k —1, t; = 0, and thus g; € Exch(4) U {R}.
It follows that k is the same as the one which is computed in Algorithm 1.

For 1 < i <k, let x; be the first letter of g; ... gr(a). Note that z, = gi(a) =
L(a) = a, and for 1 < ¢ < k, x; is the first letter of g;(z;+1). To end the
proof, we show by induction on ¢ from k& — 1 to 1, that ¢, = |g1...gi(zit1)] — 1
and, if g; = R then h; = L if and only if x; # a. We already know that ¢} =
ty, — 1 = |f1... fi—1(a)] — 1. Note that since g;...g; is a right conjugate of
fi...fiforall i (0 <i<mn),l|gi...9i(x)] = |f1...fi(z)|]. For instance, t; =
lg1...gk—1(a)| — 1. Since hy = R, we also have tj,_; = t}.. From z, = a, we get
teer =91 gr—1(zr)| — 1.

Let ¢ be an integer, 1 < i < k — 1, such that ¢; = |g1 ... gi(zi11)| — 1.

If g; is an exchange, we have x; = g¢;(x;1+1). It follows by Algorithm 3 that
tig=t;=lg1...gi(xiy1)| =1 =g1...gi—1 ()] — 1.

Assume g; = R (thus f; = L). We have z; = x;41.

If ; = a, then z; = g;(x;41) and so |f1... fi—1(a)]
g1 gi—1(x)| = |91 .- gi(mip1)| > ¢;. It follows h; = and t;71 =
l91 - gi—1(zi)] — 1.

Ifa; #a,t;=191...9i1R@it1)|=1=|g1...9i-1(zsa)| =1 = [g1 ... gi—1(zs)[+
|91 .. .gi_l(a)| —1= |91 .. gz—l(xz” + |f1 .. .fi_l(a)| — 1. It follows hz = L, and

i =t— 1. fic(@) = g1 gi—a (@) - 1. O

Tl
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5. COMPUTATION OF A RIGHT CONJUGATE
USING LEFT CONJUGACY

In the previous section, we have recalled a proposition (Prop. 4.1) that allows
to compute a decomposition of the first conjugate (when exists) of an Episturmian
morphism. The following proposition allows to compute the previous conjugate of
an Episturmian morphism.

Proposition 5.1 ([14], Prop. 5.4). Let f be an Episturmian morphism on A. Let
fi,..., fn be some elements of Exch(A) U {L, R} such that f = f1... fn.

The morphism f is a right conjugate of another morphism if and only if there
exists an integer k between 1 and n such that fr, = R.

When it is the case, let k be the least integer between 1 and n such that fr, = R.
For each i between 1 and k — 1, let g; be the morphism defined by:

— gi =R if fi = L and the last letter of fit1 ... fr(a) is different from a;
— g; = f; otherwise.

Then the previous right conjugate of f is the morphism gi1gs...g9k—1Lfit1--- fn
(Lfy...[n when k=1).

We let to the reader to design a corresponding algorithm that we will call
Algorithm 4.

Now let us come back to Problem 1. Let f = fi...f, be an Episturmian
morphism, let g be its pt" right conjugate (if it exists), and let h be its last right
conjugate. Let INR be the number of right conjugates of f. The number of left
conjugates of g is NR — p (we must have NR —p > 1). In other words, g is
the (NR — p — 1) left conjugate of its last conjugate. By Proposition 4.1 and
Lemma 2.2, we can see that the last conjugate of ¢ is also the last conjugate
of f, and one of its decomposition verifying Property P(Stand(f1)...Stand(f,))
is obtained by replacing each f; € {L, R} by R. Thus we obtain Algorithm 5.

Algorithm 5 solves Problem 1.
local: NR integer
NR «— NbR(f1...[fn)
if NR — p < 1 then quit with the empty sequence as output.
g1 ---gn < last conjugate of f1... f,
Apply NR — p — 1 times Algorithm 4 with input and output g1,..., gn-

Example (continued). Once again, we take as input n =9, f1,..., fn = R, Eq,,
Euw, R, R, Eyc, R, Epe, L and p = 3.

We have NR = 6. The decomposition of the last conjugate of fi,..., f,, which
has to be computed is

Ra Eaca Eab7 Ra R7 Eaca R7 Ebca R.
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We iterate twice Algorithm 4. We obtain successively:

Lv Eaca Eaba Rv Ra Eacv Ra Eb67 R.
Ra Eam Eab7 L7 Ra Eam Ra Ebm R.

Observe that we do not get the same output as with Algorithm 2.

As for Algorithm 2, the time complexity of Algorithm 5 is in O(n|| f||). Asin the
previous section, we consider Algorithm 6 which is a greedy algorithm to compute
in O(n) arithmetic operations the p** conjugate of an Episturmian morphism.

Algorithm 6 solves Problem 1.
local: i,t, NL, NC integer
NL — NbL(f1 ... fa)
NC «— NbC(f1...[fn)
t—p+NL-1
if (t > NC) then exit with the empty sequence as output
for ¢ from n downto 1 do
if f; € {L, R} then
if |f1 N fi,l(a)| § t then
gi— R
t—t—I[fi...fi—1(a)]
else
gi — L
else
gi — [i

We let to the reader to verify as in the previous section the validity of
Algorithm 6.

Example (continued). Once again with the same input, we have NL = 11, NC' =
16, and t is initialize to the value 3 + 11 — 1 = 13. Since |fi... f3(a)] = 2 =
lfr.. fa(@)l, |fr... fe(a)| = 5, and |f1... fs(a)| = 5, we get g9 = R, gs = Ej,
gr = Ra g6 = Eqe, gs = Ra g4 = L, gs = Ea, g2 = Eqc and g1 = R. We obtain the
same decomposition as with Algorithm 5.

We also let to the reader to prove:

Theorem 5.2. When used with the same input, Algorithms 5 and 6 give the same
output.
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In Theorem 5.2, there is no restriction on the input (it is the case in Th. 4.2)
since the computation in Algorithm 5 is, whatever is the value of p, done from the
same decomposition: that of the last conjugate of the input.

To end this section, let us mention that all we have done in this section and in
the previous one can be adapted to get algorithms to compute a left conjugate of
an Episturmian morphism.

6. COMPUTATION OF ALL THE CONJUGATES

In this section, we want to compute, not only one particular conjugate of an
Episturmian morphisms, but all the conjugates.

Any left or right conjugate of f is also a right conjugate of Stand(f). Thus we
treat the

Problem 2. Let f be an epistandard morphism given by a decomposition fi, ...,
fn over Exch(4) U{L} (n > 1). How to compute an ordered list £ = (ho,...,
ANbC(fi...f,) — 1) of the conjugates of f such that for each 1 <i < NbC(f;... fn)—
1, h; is a decomposition of the i*" right conjugate of fi...f, verifying Prop-
erty P(fl . fn)

Solutions to Problem 1 give naturally solutions to Problem 2. Algorithm 2 (resp.
Algorithm 5) can be transformed to give an O(nNbC(f)) (and so O(n||f|])) time
algorithm to solve Problem 2: we call Algorithm 7 (resp. Algorithm 8) these
transformations. Moreover, applying Algorithm 3 (resp. Algorithm 6), for each
value of p, 0 < p < NbC(f) — 1, we get Algorithm 9 (resp. Algorithm 10) that
solves Problem 2 in O(nNbC(f)) arithmetic operations (and so in time O(n|| f||?)).
By Theorem 4.2, Algorithms 7 and 9 (resp. Algorithms 8 and 10) give the same
output.

All these algorithms show that, for any conjugate g of an epistandard morphism
fi-..fn (with f; € Exch(A) U{L}), g has at least one decomposition g ...gn
(with g; € Exch(A4) U {L, R}) that verifies Property P(fi...fn). Conversely by
Theorem 2.4, for any decomposition ¢g; . .. g, with Property P(f1... fn), g1-.-Gn is
a right conjugate of f ... f,. Thus one idea to solve Problem 2 can be to make out
the list of decompositions we can obtain from fi ... f, replacing some occurrences
of L by R. The problem is that we can obtain several decompositions of the
same conjugate. For instance, from LL, the two decompositions LR and RL are
obtained for the first conjugate. Thus we have to eliminate some decompositions
to keep only one for each conjugate (this can be done using Th. 2.1) and we have to
order the list. A simpler way to obtain the list is to compute it inductively. Here
again, we propose two algorithms for this purpose. The first one is Algorithm 11.
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Algorithm 11 solves Problem 2
ifn=1
if f1 € EXCh(A) then £ « (fl)
else L« (L,R)
else
apply recursively Algorithm 11 to compute the list
(ho,-..,hi—1) of conjugates of f1 ... fn_1
if f, € Exch(A) then
L — (h0f717 RN hk—lfn)
else
j — |f1 .. 'fnfl(a)|
(*) £ — (hoL,...,hk_1L7hk_jR,...,hk_1R)

Let us observe that Algorithm 11 was already presented by Levé and Séébold [11]
in case of standard morphisms, that is in the binary case.

Algorithm 12 is a variant of Algorithm 11 obtained (by of course applying re-
cursively Algorithm 12 and) by replacing Instruction (*) by

,C — (hoL, ey h,j_lL7 hoR, ey hk_lR).

Example (continued). The list of conjugates we obtain

if input is with Algorithm 11 with Algorithm 12
L (L, R) as with Algorithm 11
LE,.E. (LEy.Equp, REqcEap) as with Algorithm 11

LE, . E,L (LEwEawL, RE,.EuL, as with Algorithm 11
LE,.E.wR,RE..E.R)
LE,.E.wLL | (LE,EwLL, REyEoyLL, | (LEyEopLL, RE,.E.LL,
LE,.E,4RL, RE,ERL, | LE,.E.wLR, RE,.E., LR,
LE,.E.wRR,RE,.E.,RR) | LE,.E.zRR, RE,.E.; RR).

We can observe that the output with Algorithm 11 (resp Algorithm 12) is the
same as with Algorithm 7 (resp. with Algorithm 8). Again, it is not by chance as
we will see in Theorem 6.2.

To prove the validity of Algorithms 11 and 12, we need the following lemma:

Lemma 6.1. For all Episturmian morphisms f,

(1) NbC(fE) = NbC(f) for all exchange morphisms E;
(2) NBC(fL) = NbC(fR) = NbC(/) + | f(a)];
(3) NbC(f) > |f(z)|, for all letters x.

Proof. The first and the second part are direct consequences of Proposition 3.2(c).
They are already mentioned in [14] (Lem. 4.2).
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To prove the third part, let f be an Episturmian morphism, and let E be an
exchange morphism. We have for all z in A:

e NbC(E) =1 = |E(x)];
e NbC(L) = NbC(R) = 2 > | L(z)| = |R(2)};
e NbC(fE) = NbC(f) and thus, since E(x) is a letter, NbC(fE) > |fE(z)|;
o NbC(fL) = NbC(fR) = NbC(f) + |f(a)| = |f(2)| + [f(a)| = [fL(z)| =
|fR(x)].
The proof of the third part follows by induction on the number of morphisms in
the decomposition of f over Exch(4) U {L, R}. O

Proof of validity of Algorithms 11 and 12. Let f1,...,f, be morphisms in
Exch(A)U{L}.

If n =1, the algorithms act correctly.

Assume that n > 2. We denote f = f1...f,—1 and k = NbC(f). Let
(ho,-..,hk—1) be the output of one of the two algorithms applied on fi,..., fn_1.

By construction, for any integer i, 1 < i < k — 1, h; is the first right conjugate
of h;—1. Thus for any morphism ¢, h;¢ is the first right conjugate of h;_1¢ (see
Lem. 2.2(4)). It follows that (hoo, ..., hk—1¢) is a list of k consecutive conjugates
of fi...[no.

If f, is an exchange morphism, since NbC(f f,,) = k, by Lemma 6.1, the list of
conjugates of f1...fn is (hofn, .-, he—1fn)-

Assume now f,, = L. Since hoL has no left conjugates (it is epistandard),
(hoL, ..., hi—1 L) is the list of the first k conjugates of fi ... f,. In a similar way
(hoR, ..., hig—1R) is the list of the last k conjugates. The number of conjugates
of fi...fnis NbC(f) + |f(a)|. We denote as in Algorithm 11 and 12, j = |f(a)|.
By Lemma 6.1, j < k. It follows that (hoL,...,hx—1L, ht—jR,..., hiz—1R) and
(hoL,...,hj—1L,hoR, ..., hi—1 R) are both the list of the k + j conjugates of f f,.

The proof of validity ends by induction. O

As announced in the example, we have:

Theorem 6.2. From a given input,

(1) Algorithm 11 computes the same output as Algorithms 7 and 9;
(2) Algorithm 12 computes the same output as Algorithms 8 and 10.

Proof. We prove only Part 1 of this proposition. The second part is similar. We
already know that Algorithms 7 and 9 give the same output. Let us compare this
output with the one of Algorithm 11. We act by induction on n.

If n =1, the result is true: the output is (f1) where f; is the input.

If n > 2, we denote f = f1...fn—1 and k = NbC(f). Let (ho,...,hr_1) be
the output of Algorithm 11 applied on fi,..., fr—1. By inductive hypothesis,
(ho,--.,hk—1) is also the list of decompositions of the k conjugates of f1... fn_1
obtained with Algorithm 7 or 9.

Note that, whatever is a morphism f, in Exch(4) U {L, R} when we apply
successively k times Algorithm 1 to obtain successive conjugates of fy ... f,, we
obtain the list (hofn, ..., hx—1fn)-
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Thus if f, is an exchange morphism, we obtain the same output with
Algorithms 7 and 11.

Now assume f,, = L. The first conjugates of f; ... f,, are hoL,..., hx—1L. The
last conjugates of fi...f, are hyx—_;R, ..., hy—1 R where j = |fi... fr_1(a)| as in
Algorithm 11. To end the proof we have to show that when we apply Algorithm 3
with input fi,..., fn, and p = k, we get the decomposition hj_;R. When we do
this application, we initialize NL at 1 and NC at NbC(f1 ... f,). By Lemma 6.1,
NbC(f1...fn) = NbC(f1... fne1) + |f1-.. fnm1(a)] = k + 4. It follows that the
initial value of t is j — 1. When executing the “for” block in Algorithm 3 with
i = n, we get g, = R and ¢ is unchanged. Moreover, after that, the algorithm
continues as if the input is f1,..., fn—1 and p = k — j. Indeed NbC(f; ... fr_1) =
NbC(f1 ... fn) — 7 and, by Proposition 3.2 NbL(f1 ... fn—1) = NbL(f1...fn) — J.
So by inductive hypothesis, the obtained decomposition is hy—;R. g
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