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ABSTRACT. The exponent of periodicity is a key parameter used in all
currently known algorithms for solving word equations. A lower bound
for it is 2°/%! where |E| is the length of the equation E. We prove that
in fixed dimension, i.e., when the variables belong to a fixed set V, the
exponent of periodicity can be bound by a polynomial p(|E|) of degree
no more than thrice the size of the set V.

1. INTRODUCTION

Traditional analysis of the complexity of solvability of word equations
has been done by considering the length of (number of symbols occurring
in) the word equation as parameter. Studies using finer parameters, like the
number of variables, number of occurrence of variables, have been done for
particular cases (one variable [6], two variables [5], each variable occurring
no more than twice [2], total number of occurrences of variables fixed [3]). It
has been conjectured that satisfiability of word equations in fixed dimension
is tractable, very much like the case of integer programming, word matching,
disjoint paths, etc.

The exponent of periodicity of a word equation E is a key parameter used
in all currently known algorithms for solving word equations (see e.g. [3],
[7]) and as Koscielski and Pacholski showed in [4], a lower bound for it is
20291E] \where |E| is the number of symbols occurring in E.

We prove in this paper that the exponent of periodicity of word equations
E in fixed dimension (i.e., with variables in a fixed set V') is bounded by a
polynomial p(|E|) of degree no more 3|V|, where |V| is the size of the set V.

The proof goes as follows: first, a system of linear diophantine equations
Y(E;S) is associated to each solvable word equation £ and minimal solu-
tion S, with the property that minimal solutions of ¥(E;.S) correspond to
minimal exponent of periodicity of the solution S (an idea going back to
Bulitko [1]). Then we transform the system to get another one with bet-
ter parameters and similar bounds on their solutions. Finally, we use some
standard bounds on minimal solutions of linear diophantine equations.

2. PRELIMINARIES AND DEFINITIONS

Given two alphabets, C of constants and V of variables, a word equation
E is a pair of words U,V (usually written U = V') in the alphabet C U V.
1
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A solution of E is a map V — C* such that the word S(U) obtained by
replacing each variable x occurring in U by S(z) is equal to S(V).

The exponent of periodicity of a word W is the maximum number n such
that it can be written W = UV"Z, for words U, V, Z with V not empty.
The exponent of periodicity of a solution S of a word equation £ : U =V is
the exponent of periodicity of S(U).

Definition 1. Let W be any word, and P a primitive word (i.e. P cannot
we written as P = V™ for every word V and integer n > 2). A P-stable

sequence for W is a sequence of words Wy, ..., W, such that
(1) W = WoP* ... Pk,
and:

(1) P? is not a subword of W; fori=0,...,n.

(2) W; # P for0<i<n.

(3) P is a suffix of W; for i <n.

(4) P is a prefiz of W; for 0 <i <n.

The right hand side of (1) is called a P-stable presentation of W.

It is not difficult to prove that a word W has a unique P-presentation (cf.
Lemma 2.8 in [4]). The n of such a P-stable presentation of W is called the
P-order of W.

To the P-stable presentation of the word W in (1) is associated the pa-
rameterized word

WAL, ..o, An] = WoPMW P2 ... PAIY,

where A1,..., A\, represent non-negative integer variables. We will call A\;
and A\, boundary parameters, and Ao, ..., A\,—1 internal.

3. A SYSTEM OF LINEAR DIOPHANTINE EQUATIONS (LDE) ASSOCIATED
TO THE WORD EQUATION E

Consider the word equation £ : U =V, with U = Uy---U, and V =
Vo« -+ Vy, a solution S(U) = S(V), and a fixed primitive word P. We have
on one hand the parameterized word associated with the P-stable decom-
position of S(U),

(2) S(U)[Ly, ..., L, = UPlru, PL2... pLey,,

which, by the way, is the same as that of S(V).

On the other hand, we get another parameterization of S(U) by using
S(U) = SWUy)---S(U,) and the parameterized words associated to each
S(Uj), namely S(Uj;) = UjoP%" - -- P*7"iUjy,,

(3) S(Uo)[a()l, e ,OéguO]S(Ul)[Oéll, e ,alul] cee S(Uu)[aul, e ,Oéuuu]
= S(U)[Oém, sy Mgy A1y - - o5 Qg y v o Oyl - e e aauuu]-

When S(Uj) has P-order 0 we assume that the corresponding set of param-
eters a;i1, ..., ajy,; does not appear.
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How do the parameters of the expressions (2) and (3) relate?
Lemma 1. Fach L; correspond exactly to one of the following cases:
(4) Ly = aij,
or

(5) Ll = apup + c(p)jl) + Qg1 + c(jlaj?) +-- 4+ Qg1 + C(]m7q) + Qq1,

where p < j1 < -+ < jm < q and:

(1) apu, is the last parameter of S(Up).

(2) aq is the ﬁrst parameter of S(Uy).

(3) Fori=1,...,m, the words S(Uj,) have P-order 1.
(4) c(i,7) is given by the equation

pelid) — Uiu;Ugi+1)0 - - - Ui—1)0Ujo

where S(Uijt1),...,S(Uj—1) are of P-order 0.

(5) The parameters ay,, or aq (or both) could not appear. If oy, does
not appear, then S(Up) is of P-order 0 and c(p, j1) is given by the
equation

pepa) — WSU(p+1)0 o U(j1_1)0Uj107

where W is a proper suffiz of S(Up) and S(Upy1),...,S(Uj 1) are
of P-order 0. A symmetric analysis holds if ag1 does not appear.

Proof. For each L; there are only two possible cases:

(i) The occurrence of P%i fits completely inside one S(U;). In this case,
from the definition of P-stability, obviously we will have an equation like
(4).

(ii) The occurrence of P covers several adjacent words S(Uj). Suppose
that S(Up)S(Ups1) - - - S(Uy) is the smallest set of consecutive words S(Uj)
which cover P%i Also recall that the P-stable presentation of S (U;) is given
by:

S(U]) = Ujopaj1 e PO Ujuj~
From here the conditions 1 and 2 follow immediately.

For 3, 4 and 5 observe that because for each p < j < ¢, S(U;) is a subword
of PLi (our choice of minimality of the sequence) all such S(U;) are of P-
order either 0 or 1. By grouping adjacent S(U;) of P-order 0 and using the
definition of P-stability we get the decomposition of (5). O

Observe that a similar analysis (which we will skip) holds for the P-stable
presentation of S(V),
(6) VoPlv Pl ... pluy,,
Lemma 2. The coefficients of L in (5) are bounded as follows:
(1) m < q—p<|E]
(2) 2o, 4) <2|E].
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Proof. Ttem 1 follows directly from the definitions of m and of p,q in the
proof of Lemma, 1.

Item 2 is a consequence of conditions 4 and 5 of Lemma 1 and the fact
that each S(Uy) of P-order 0 cannot have PP as subword. So Y ¢(i,7) is
no bigger than twice the number of symbols in FE. O

3.1. The associated system of LDE. From the above data we will build
the system 3 (F;S) of LDE associated to the solvable word equation E, a
minimal solution S, and a primitive word P as follows:

(1) Observe that for every symbol U; and V; denoting the same variable
x, S(U;) (resp. S(Vj})) is the same word (so, same P-stable represen-
tation). Hence we can use the same set of variables, say A{,..., A%
for each of these occurrences.

(2) Because S is a solution, S(U) = S(V). So it follows that u = v and
we get the following set of LDE:

(7) Ly=1L),-- ,L,=L..

(3) The final system X(E;S) of LDE is got by replacing the L; by the
corresponding right hand side of (4) or (5), and similarly for the L.

For a system ¥ of LDE and solutions v = (uy,...,u,) and v = (v1,...,v,)
of it, define u < vifu; < w;foreachi =1,...,n. A solution u of X is minimal
if there are no other solutions v with v < u.

Lemma 3. FEvery solution in non-negative integers to S(FE;S) gives a so-
lution to the word equation E. Moreover, the exponents associated to the
P-stable presentation of S(U) = S(V) give a minimal solution to 3(FE;S).

Proof. The first statement is clear. For the second, suppose it is not minimal.
Then there is a smaller solution to ¥(E;S). The replacement of this smaller
solution into the parameterized words where they came from gives a smaller
solution to the word equation F, in contradiction with the choice of S. [

We are looking for good bounds on the size of exponent of periodicity of a
minimal solution of a word equation. From the above lemma, this translates
into looking for good bounds for the size of a minimal solution to L(E;S).

4. GETTING BETTER PARAMETERS FOR X (F;S)

We will modify the system Y (F;S) to get a system of LDE with good
parameters. From here on, by solution of a system of LDE we will always
mean non-negative integer solution. We need some definitions first.

For a system X of LDE, define the size of a solution u = (uy,...,u,) as
ul| = 52, ], and

||X|| = max{||u|| : v is a minimal solution of ¥ }.
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The number ||X]|| is a uniform bound on the size of all minimal solutions.
That it is well defined follows from the fact that the set of minimal (non-
negative) solutions of a system of LDE is a finite set (a finitely generated
sub-monoid of N” in the case of homogeneous systems of LDE).

There are three types of equations L = L' in X(F; S), depending on if L
and L’ are of the form (4) or (5):

(1) Both of type (4). The equation is A = \'.

(2) One of each type (w.l.o.g. suppose L = \). The equation is then of
the form X\ = L/, with L’ of type (5).

(3) Both of type (5).

First, observe that the equations in 1 define certain equivalence classes
E; of variables, two variables A, \ being in the same class if A = )\ is an
equation in 1. Pick one representative of each class, and define ¥ as those
equations in X(E;S) of the form 2 and 3 after replacing all the variables of
each class E; by its corresponding representative. Observe that

(8) 2B S = 1134,

and X1 does not have equations of type 1.

Second, define Y5 as follows: For each A, list all equations of type 2 of
Y1, namely A = L;,...,A = L;,, and replace them by L;; = L;,,L;; =
Lig,...,Liy = L;,. So ¥ has only equations of type 3, i.e., of the form
L = L', where L and L’ are of the form (5). As for the parameters of ¥y we
have:

Lemma 4. Let the system Yo be AX = B. Then it holds:

(1) X9 has no more than 2|V| variables.

(2) |bj| <2|E| +4.

(3) laij| < 4|E].

(4) [[Z1]] < (1B +2)[|%2]] + 2| E].

Proof. 1. First note that if U; is a symbol of constant in the word equation
E, then S(U;) is of P-order 0, hence generates no variables for X(E;S5)
(hence for X5). Similar analysis hold for symbols V;. We can conclude that
the only variables that count are those arising from symbols of variables in
E. Because Y5 has only equations of the form L = L’ with L, L" as in (5),
it is enough to analyze (5). For each such L, there occur only boundary
variables (one final, ay,,, and one initial, c1) and variables arising from
S(Uj) of P-order 1. Hence the total number of variables is no bigger than
twice the number of S(U;) (or S(V})) of P-order > 2 (for the initial and
final boundary variables) plus the number of S(U;) (or S(V;)) of P-order 1.
It is easy to see than 2|V is a good bound.

2 and 3. For each L as in (5), group all constant coefficients and identical
variables in it. Then the constant coefficients are no bigger than > (i, j),
and a variable cannot occur more than m + 2 times, hence the factors of
the variables cannot be bigger than m + 2. In the equation L = L', these
bounds will at most be doubled. Then use Lemma 2.
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4. As for the size of the minimal solutions, observe that each solution s
of 33 can be extended to one of X; by using the equations A = L;; for the
variables of ¥; not in ¥5. Hence it holds ||X1]] < (m + 2)[|22]| + > (3, j)-
From here, the bounds follow using Lemma 2. O

The next lemma shows that there is a system of LDE equivalent to o
whose rank is no more than its number of variables.

Lemma 5. Let ¥ be a system of linear diophantine equations with M equa-
tions and N variables, and suppose that ¥ has a non-negative solution. Then
there is a subsystem X' C X with no more than N equations such that s is
a solution of X iff s is a solution of X'.

Proof. Let ¥ be AX = B with A = (a;;) and M x N matrix, and B =
(b1,...,byn), and consider the tuples A; = (a;1,...,a;n) as vectors in QY.
There are at most IV linearly independent, w.l.o.g. suppose A1,..., Ay. Let
A’ the matrix with these rows, B’ = (by,...,by) and let ¥/ be A’X = B'.

Because X is solvable there is Sy with ASy = B. Hence, for every A with
k> N, it holds Ay = > By A; for certain Sy;, so

b = ArSo = (Y BriAi)So = > _ Bri(AiSo) =Y Bribi-

Now, obviously every solution of ¥ is a solution of ¥/. Conversely, let S =
(s1,...,8n) be a solution of ¥’ and k > N. Then

AS = (Z Bridi)S = Zﬁki(AiS) = Zﬂkibz’ = by.
Hence AS = B, so S is a solution of X. [

5. BOUNDS FOR MINIMAL SOLUTIONS OF X (FE;S)

We will use the following theorem which bounds uniformly the minimal
solutions of homogeneous LDE.

Theorem 1 (Pottier, [8]). Let ¥ : AX = 0 be a system of homogeneous
linear diophantine equations. Then

S]] < (1 + [|Al o)A,
where [|Al|1,00 = sup;{3_; [ai;}-

A similar result holds for non-homogeneous system of linear diophantine
equations. In fact, from the above theorem we get:

Corollary 1. Let AX = B be a system of non-homogeneous linear diophan-
tine equations. Then

L+ IZI < (14101 l1,00) ™,

where C' is the matriz whose rows are (a;1,a;2, ..., Gin, —b;).
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Proof. We can assume that B # (0,...,0)!. Consider the homogeneous
system CX’ = 0, where X’ = (z1,...,2n,2). We only need to prove that if
(s1,-..,8n) is a minimal solution of AX = B, then s = (s1,...,8,,1) is a
minimal solution of C X’ = 0.

Suppose that this is not the case. Then there must be a solution s’ < s of
CX'" =0 of the form s = (s1,...,s,,1) with s; <s; for all i and s/ < s; for

YN
some j (a key point is that the last component cannot be zero). But then
(sh,...,s)) is a solution of AX = B, in contradiction with the minimality
of s. 0

Finally we can present the main result of the paper:

Theorem 2. The minimal solutions of 3(F;S) are uniformly bounded as
follows:

I12(B; 9)|| < BIV||IEDHVF + smaller terms
Proof. The texts in parenthesis refer to what result was used.
IZ(E; S)I| = (%] (Eq. 8)
< (Bl +2)[[%2|| +2|E| (Lem 4)
< (|B[+2)((1 + [|C1,00)™™C = 1) + 2|E| (Cor 1)
< (|E[+2)((1+8[V[|EN*V —1) +2|E| (Lem 4,5)
O

Corollary 2. The exponent of periodicity of a minimal solution of a word
equation E is bounded by a polynomial p(|E|) of degree no bigger than 2|V |+
1, where |V| is the number of different variables in E.
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