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Abstract

It is well-known that the existential theory of equations in free
groups is decidable. This is a celebrated result of Makanin which was
published 1982. Makanin did not discuss complexity issues, but later it
was shown that the scheme of his algorithm is not primitive recursive.
In this paper we present an algorithm that works in polynomial space.
This improvement is based upon an extension of Plandowski’s tech-
niques for solving word equations. We present a PSPACE-algorithm in
a more general setting where each variable has a rational constraint,
that is, the solution has to respect a specification given by a regular
word language. We obtain our main result about the existential the-
ory in free groups as a corollary of the corresponding statement in free
monoids with involution.

1 Introduction

Around 1980 great progress was achieved on the algorithmic decidability
of elementary theories of free monoids and groups. In 1977 Makanin [24]
proved that the existential theory of equations in free monoids is decidable
by presenting an algorithm which solves the satisfiability problem for a single
word equation with constants. In 1982 he extended his result to the more
complicated situation in free groups [25]. Using a result by Merzlyakov [31]
Makanin also showed that the positive theory of equations in free groups is
decidable [26]. In [37] Razborov obtained a description of the general solution
of given bounded periodicity exponent of an arbitrary system of equations in
a free group.

The algorithms of Makanin are very complex: For word equations the run-
ning time was first estimated by several towers of exponentials and it took
more than 20 years to lower this bound for Makanin’s original algorithm to
EXPSPACE, [14]. For solving equations in free groups Koscielski and Pachol-
ski showed that the scheme proposed by Makanin is not primitive recursive,
[21].

In 1999 Plandowski used another method for solving word equations and
he showed that the satisfiability problem for word equations is in PSPACE,
[34, 35]. One ingredient of his work is to use data compression to reduce the
space. The importance of data compression was first recognized by Rytter
and Plandowski when applying Lempel-Ziv encodings to the minimal solution
of a word equation [36]. Another important definition is the ¢-factorization
of a solution to a word equation. The roots of the notion of /-factorization
are in the notion of synchronizing factorization from [19].



Gutiérrez extended Plandowski’s method to the case of free groups, [16].
Thus, a non-primitive recursive scheme for solving equations in free groups
has been replaced by a polynomial space bounded algorithm. Hagenah and
Diekert worked independently in the same direction and using some ideas of
Gutiérrez [15] they obtained a result which includes the presence of rational
constraints [4, 17].

The present paper is the journal version of [16] and [4]. It shows that the
existential theory of equations in free groups with rational constraints is
PspACE-complete. Rational constraints mean that a possible solution has
to respect a specification which is given by a regular word language. The
idea to consider regular constraints for word equations goes back to Schulz
[38] who also pointed out the importance of this concept, see also [7, 13]. The
PspACE-completeness for the case of word equations with regular constraints
has already been stated by Rytter according to [34, Thm. 1].

Our proof reduces the case of equations with rational constraints in free
groups to the case of equations with regular constraints in free monoids with
involution, which turn out to be central objects. (Makanin uses the notion
of “paired alphabet;” one of the differences is that he considered “non con-
tractible” solutions only, whereas we deal with general solutions.) Our work
extends the method of [34, 35] so that it copes with involutions, and it ex-
tends the method of [16] so that it copes with rational constraints. The first
step is a reduction to the satisfiability problem of a single equation with
regular constraints in a free monoid with involution. In order to avoid an ex-
ponential blow-up, we do not use a reduction as in [26], but a simpler one. In
particular, we can handle negations simply by positive rational constraints.
In the second step we show that the satisfiability problem of a single equa-
tion with regular constraints in a free monoid with involution is in PSPACE.
This part is technical and first we introduce several notions like base-change,
projection, partial solution, and free interval. After these preparations we
can follow Plandowski’s method. Throughout we shall use many of the deep
ideas which were presented in [34, 35], but we apply them in a different set-
ting. Hence, as we cannot use Plandowski’s result as a black box, we have
to go through the whole construction again. On the positive side, we obtain
a self-contained presentation.



2 Basic Notions and Statements of Theorems

2.1 Preliminaries

An involution on a set is a bijection ~ such that 7 = x for all elements z. If
M is a monoid, then an involution =~ : M — M means that we also require
1 =1 for the unit element 1 and 7y = 77 for all z,y € M.

Let X be a finite alphabet. By ¥* we denote the free monoid over . Elements
of 3* are called words. The length of a word w is denoted by |w|. A factor of
a word w is a word v such that w = wyvws; it is called properif 1 # v # w. By
F(X) we denote the free group over ¥. Elements of F/(X) can be represented
by words over I' = YUY, where ¥ = {@ | a € ¥ } is a disjoint copy of ¥. We
let @ = a, this defines an involution ~ : I' — I'; and the involution is extended
to '™ by @y~~~ a, = G, - --a;. The meaning of w is the inverse w1 in F(X).
A word w € T is freely reduced, if it contains no factor of the form aa with
a € I'. For w € I we denote by @ the freely reduced word which denotes
the same group element in F'(X). Hence, u = v if and only if ¥ (u) = ¥(v),
where ¢ : I'" — F(X) denotes the canonical homomorphism.

The classes of rational and recognizable subsets are defined for every monoid
M, [10]. Rational sets (or languages) are defined inductively as follows.
All finite subsets of M are rational. If C',C5 C M are rational, then the
union C7 U Cs, the concatenation C; - Cy, and the generated submonoid
C are rational. A subset C' C M is recognizable, if and only if there is a
homomorphism % to some finite monoid M’ such that C' = h~'h(C). Kleene’s
Theorem states that in finitely generated free monoids both classes coincide,
and we follow the usual convention to call a rational (or recognizable) subset
of a free monoid regular.

The empty word is the unit element of a free monoid, it is denoted by 1
as the unit element in other monoids. The singleton set {1} is rational in
F(X), but not recognizable if ¥ # (). A subset C' C F(X) is rational if and
only if C' = (C") for some regular language C’ C IT'*. In particular, we can
use a non-deterministic finite automata over I' for specifying rational group
languages over F'(X).

The existential theory of equations with rational constraints in a monoid M
with a generating set I' is defined as follows. Let € be a set of variables
(or unknowns). Atomic formulae are either of the form L = R, where
L,R € (T UQ)* or of the form X € C, where X is in Q and C C M is
a rational language. An existentially quantified formula is a block of exis-
tentially quantified variables followed by a Boolean combination of atomic
formulae. It is closed, if there are no free variables. The existential theory of
equations with rational constraints in M is the set of all closed existentially



quantified formulae which are true in M.

2.2 Free Groups
The following proposition is due to Benois [1], see also [2, Sect. II1.2].

Proposition 1 The family of rational languages over the free group F(X)
forms an effective Boolean algebra.

Proof. (Sketch.) It is enough to show that the family of rational languages
is closed under complementation. Let C’ C I'* be a regular language and
C' = ¢(C") the corresponding rational group language in F'(X). Assume that
(' is given by some non-deterministic finite automaton. Using the same state
set we can construct (in polynomial time) a finite automaton which accepts
the following language

C"={vel*|uecl  unv}

where u = v means that v is a descendant of u by the rewriting system
{a@ — 1| a €T} Then we complement C” with respect to I'*; and inter-
sect '\ C” with the regular set of freely reduced words. We obtain a regular
set C’. Hence, the complement of C'in F(X) is the rational group language
»(C"). O

Problem 2 By EFG we denote the following decision problem:

INPUT: A finite alphabet ¥ and a closed existentially quantified formula with
rational constraints in the free group F(X).

QUESTION: Is the formula true in F(X)?

Theorem 3 The problem EFG is PSPACE-complete.

The difficult part is to show that EFG is in PSPACE. For this we prove a
more general statement about the existential theory of equations with regular
constraints in free monoids with involution.

2.3 Free Monoids with Involution

In the following let I" be a finite alphabet of constants and €) be an alphabet of
variables together with involutions ~: ' — I and ~ : 2 — ). The involution
on €2 is without fixed points, but we allow fixed points for the involution on



I'. The involution is extended to (I'UQ)* by 77 %, =T, --- %1 forn >0
and z; e TUQ, 1 <i < n. Clearly, u = u for all u € (T UQ)*.

From now on, almost all monoids M under consideration are equipped with
an involution ~ : M — M. A morphism between monoids with involution
M and M' is henceforth a mapping h : M — M’ such that h(1) = 1,
h(zy) = h(x)h(y), and h(T) = h(z) for all ,y € M. Thus, a morphism is
a homomorphism of monoids which respects the involution. The pair (I'*,7)
is called a free monoid with involution. A morphism h : I'* — M is specified

by a list (h(a);a € T') such that h(a) = h(a) for all a € T.

Problem 4 By EFMI we denote the following decision problem:
INPUT: A closed existentially quantified formula with reqular constraints in
a free monoid with involution (I'*,7).

QUESTION: Is the formula true in (I'*,7)?

The proof of the following statement is the main technical contribution of
the paper.

Theorem 5 The problem EFMI is PSPACE—complete.

2.4 Equations with Constraints

In the following it is more suitable to work with Boolean matrices instead of
finite automata. Let n > 1. Henceforth, My, C B?"*?" denotes the following
monoid with involution:

A 0 nxn
M2n:{(0 B)‘A>B€B }7

where

(0 5)-(0 -0 2

The operator 7 denotes transposition and B"*" is the monoid of Boolean
n X n—matrices.

Definition 6 An equation F with constraints is a list
E=(T,hQpL=R)
containing the following items:

e The alphabet T' = (I, ™) with involution.



e The morphism h : I'* — Mo, which is specified by a mapping h : I' —
Ms,, such that h(a) = h(a) for alla € T.

e The alphabet Q2 = (2,7) with involution without fixed points.

e A mapping p: Q — My, such that p(X) = p(X) for all X € .
e The word equation L = R where L, R € (T UQ)T.

A solution of F is a mapping o : Q — I'*, which is extended to a morphism
o: (TUuQ)* — I'" by leaving the letters from T invariant such that the
following three conditions are satisfied:

o(L) = o(R),
o(X) = o(X) foral X €Q,
ho(X) = p(X) forall X €.

Let d = |LR| be the denotational length of the word equation L = R. The
input size of E is given by

[E]l = d+n+logy (| + |€2]).

The definition of input size takes into account that there might be constants
or variables with constraints which are not present in the equation. Due to
this definition we assume that the input to Problem 7 is kept on a separate
read-only storage.

Problem 7 By EWC we denote the following decision problem:
INPUT: An equation with constraints, E = (I'; h,Q), p; L = R).
QUESTION: Is there a solution o : ) — I'*?

Theorem 8 The problem EWC is PSPACE—-complete.

We now turn to the proofs of Theorems 3, 5, and 8. The PSPACE-hardness
of the problems EFMI, EFG, and EWC follows directly from a result of Kozen
[22], since the empty intersection problem of regular sets can easily be en-
coded in the problems above. Therefore the PSPACE-hardness is not dis-
cussed further in the sequel.

The difficult part is to show that the problems EFG, EFMI, and EWC can
be solved in polynomial space. We proceed as follows. Section 3.1 yields a
(polynomial time) reduction from the problem EFG to the problem EFMI.
Section 3.2 yields a reduction from EFMI to EWC, but this reduction involves
non-deterministic steps. It can be performed however in non-deterministic



polynomial time. Section 4 is the core of the paper. It shows that the prob-
lem EWC can be solved by some non-deterministic PSPACE algorithm. By
Savitch’s theorem such a procedure can be transformed into a polynomially
space bounded deterministic decision procedure, see e.g. [18]. This concludes
the proof of Theorems 3, 5, and 8.

Remark 9 Problem EWC is Np-hard for n = 1 already, since then we are
in the framework of word equations (without constraints); and linear inte-
ger programming can easily be reduced to word equations, see e.qg. [3]. We
conjecture that the problem is in fact NP-complete, if n is bounded by some
constant which is not part of the input, see also [36].

3 Reductions

3.1 Reduction of Problem ErG to EFrmi

The next technical lemma follows directly from the well known fact that the
Cayley graph of a free group is a tree. The proof of Lemma 10 is therefore
omitted. As above, let ¢ : I'* — F(X) be the canonical morphism.

Lemma 10 Let u,v,w € I'* be freely reduced words. Then we have uvw =1
in F(X) (i.e. Y(uvw) =1) if and only if there are words P,Q, R € I'* such
that u = PQ, v=QR, and w= RP in I'*.

Proposition 11 There is a polynomial time reduction of problem EFG to
EFMI.

Proof. The reduction follows standard lines. The input to the problem EFG
is a closed existentially quantified formula with rational constraints in the
free group F'(X). Using De Morgan’s law we may assume that there are no
negations at all. Since we are in a group, the atomic formulae are now of
the either form: W =1, W # 1, X € C or X ¢ C where W € (I' U Q)*,
X € Q, and C C F(Y) is rational. The reason that we keep X ¢ C' instead
of X € C where C = F(X)\ C is that the complementation may involve an
exponential blow-up.

The next step is to replace every formula W # 1 by

AX WX =1AX ¢ {1},

where X is a fresh variable, hence we can put X to the front.
We may assume that |WW| > 3, since if 1 < |IW| < 3, then we may replace
W =1by Waa = 1 for some a € I'. For the present reduction it is convenient

9



to assume that |W| = 3 for all subformulae W = 1. This is easy to achieve.
As long as there is a subformula z,- -z, =1, z; e TUQ for 1 <i < k and
k > 4, we replace it by the conjunction

ElY:.ﬁC‘l.TQY:l/\?Ig"'.Tk:l,

where Y is a fresh variable and 3Y is put to the front, and then proceed
recursively.

Now, there are no negations and all atomic formulae are of type W = 1,
XeCor X gC,where We (TUQ)™, [W|=3,X €Q,and C C F(X) is
rational.

At this point we switch to free monoids with involution. Recall that ¢ : I'™* —
F(X) denotes the canonical morphism and that X € C' (resp. X ¢ C') means
in fact X € ¢(C") (resp. X & (C")), where C’ C I'* is a regular language
specified by some finite non-deterministic automaton over the alphabet I'*.
Using 1-symbols we obtain an interpretation over (I'*,”) without changing
the truth value of the input formula: We replace each subformula X € C
(resp. X ¢ C) syntactically by ¢¥(X) € ¥(C") (resp. ¥(X) & ¥(C")) and we
replace each subformula W =1 by (W) = 1.

We keep the interpretation over words, but we now eliminate all occurrences
of ¢ again. We begin with the occurrences of ¢ in the constraints. Let
C" C T'* be regular. According to the proof of Proposition 1 we construct a
finite automaton, which accepts the following language

C'"={vel*|Fuecl u>nv}

In particular, ¢(C") = ¢(C”) and C' C C" where C = {7 € T~ lueC}.
We replace all positive atomic subformulae of the form ¢(X) € ¥(C’) by
X € C". A simple reflection shows that the truth value has not changed
since we can think of X as being a freely reduced word. For a negative
formula ¢(X) & 1 (C") we have to be a little more careful. Let N C I'* be the
regular set of all freely reduced words. The language N is accepted by some
deterministic finite automaton with |I'| 42 states. We replace ¢(X) & (C")
by
XgC"ANX €N,

where C” is as above. Again the truth value did not change.

We now have to deal with the formulae ¢ (zyz) = 1 where z,y,z € T" U Q.
Observe that the underlying quantifier free formula is satisfiable over I'* if
and only if it is satisfiable in freely reduced words.

Based on Lemma 10 we replace each atomic subformulae ¥ (zyz) = 1 with
x,y,z € I'UQ by a conjunction

dP3Q3R:x=PQANy=QRAz=RP,

10



where P, (), R are fresh variables and the existential block is put to the front.
The new existential formula has no occurrence of 1 anymore. The atomic
subformulae are of the form x = yz, X € C or X ¢ C, where x,y,z € U}
and C' C I'* is regular. The size of the new formula is polynomial in the size
of the original formula. This finishes the reduction from the problem EFG
to EFMI. [

3.2 Reduction of Problem ErMmi to EwcC

Proposition 12 There is a non-deterministic polynomial time reduction of
problem EFMI to EWC.

Proof. The input to problem EFMI is a closed existentially quantified for-
mula ® with regular constraints over a free monoid with involution. We
define a procedure which transforms the input ® into an equation with con-
straints Fg. If @ is true, then at least one possible output E has a solution.
If the output Es has a solution, then ® is true. The procedure will work in
non-deterministic polynomial time.

We may assume that the formula ® contains no negations and all atomic
subformulae are of type U =V, U #V, X € C or X ¢ C, where U,V €
(TuQ)*, X € Q, and C C I'* is regular.

Since we work over a free monoid I'* it is easy to handle inequalities U # V'
where U,V € (' UQ)*. If two words u, v in ['* are different, then there are
three cases: u is a proper prefix of v or v is a proper prefix of u or there is
some word z such that za is a prefix of u, xb is a prefix of v, and a # b.
Therefore, a subformula U # V can be replaced by

3X3Y3Z: \/(U=VaX vV =UaX Vv \/ (U=XaY AV = XbZ)).

acl’ a#bel’

Making guesses we can eliminate all disjunctions to obtain an existentially
quantified formula which consists of a block of existentially quantified vari-
ables followed by a single conjunction over atomic subformulae of type U =
V,XeCor X ¢C,where UV € (TUQ)*, X €Q, and C C I'* is regular.
By a standard procedure we can replace a conjunction of word equations over
(I'U2)* by a single word equation L = R where neither L nor R is empty.
For example, we may choose a new letter a (a ¢ I') and then we can replace a
system [y = Ry, Ly = Rs,..., L, = Ry by Lyalsa---al;, = RiaRsa---aRy
and we add for all variables X the constraint X € I'*.

Therefore, we may assume that our input is now given by three items: a single
word equation L = R with L, R € ([ UQ)T and two lists: (X; € Cj,1<j <

11



m) and (X; € C;,m < j < k). Each regular language C; C I'* is specified by
some non-deterministic automaton A; = (Q;, I, §;, I;, F;) where Q; is the set
of states, 6; C @Q; x I' x Q; is the transition relation, /; C @); is the subset of
initial states, and Fj; C @), is the subset of final states, 1 < j < k. Of course,
a variable X may occur several times in the list with different constraints,
therefore we might have k greater than |Q2|.

For the reduction to the problem EWC we have to consider Boolean matrices
instead of finite automata. This allows us to store all constraints concerning
a variable in a single Boolean matrix. Let ) be the disjoint union of the
state spaces @j, 1 < j < k. We may assume that ¢ = {1,...,n}. Let
0= Ulgjgk: 0, then § € @ x I' x @ and with each a € I' we can associate a
Boolean n x n matrix g(a) € B™*" such that g(a);; = 1, if (i,a, j) € § and
g(a); ; = 0 otherwise. We define a morphism h : I'* — My, by

h(a) = (g(oa) g(g)T) fora € T.

The list of matrices (h(a);a € T') can be computed in polynomial time and
we have h(a) = h(a). Now, for each regular language C;, 1 < j < k we
compute vectors [, F; € B** (corresponding to initial and final states) such
that for all w € I'* and 1 < 5 < k we have the equivalence:

w e C; e I'h(w)F; = 1.

Having done these computations we make a non-deterministic guess p(X) €
Mo, for each variable X € Q. We verify p(X) = p(X) for all X € Q and
whenever there is a constraint of type X € C; for some 1 < j < m (or
X ¢ C; for some m < j < k), then we verify I]p(X)F; = 1,if 1 < j <m
(or IV p(X)F; =0, if m < j < k).

This finishes the reduction of problem EFMI to EWC. 0]

4 Problem Ewc is in Pspace

4.1 Road-Map

The proof of Theorem 8 is based on three transformation rules for equations
with constraints. FEach transformation preserves unsolvability; and it can be
applied as long as the computation respects a given polynomial space bound.
(The notion of admissibility given in Definition 31 formalizes the notion that
the size of some object is bounded polynomially in the input size.)

12



No transformation rule introduces any new variable, but it may happen that
the number of variables decreases. So, the global strategy is to apply the
rules until all variables have been eliminated; the final step is then a direct
evaluation of an equation without variables.

If the final output is yes, then the input equation is solvable, too. The main
difficulty in the proof is the converse. We have to show that we can perform
all these transformations within polynomial space such that for a solvable
equation with constraints at least one computation path leads to the output
yes.

In order to overcome this difficulty various notions and concepts are devel-
oped. We follow the approach of Plandowski [34, 35], but we have two sources
for additional complications. We have to cope with the involution and we
have constraints. It is fairly standard to handle regular constraints. It may
look rather technical if a reader sees it for the first time, but there is no
surprise and the real additional difficulty is condensed in one subsection.
There are in fact three subsections 4.2, 4.6, and 4.9, where regular constraints
play a crucial role. In 4.2 we show why an explicit specification of the con-
stants is necessary. On an algebraic level we have to solve a membership
problem in a submonoid of Boolean matrices. The submonoid is given by
a list of matrices and we ask whether some other matrix A is a product of
matrices from the list. Clearly, the answer may be no, but if we add A to
the list, then it becomes trivially yes. In our language this means that it
may happen that an equation with constraints becomes solvable by enlarg-
ing the alphabet of constants. This effect is not possible without constraints:
If a word equation L = R without constraints has a solution, then it has a
solution over the alphabet of constants which appear in the string LR.

The presence of constraints makes it necessary to formalize the notion of
projection in 4.6. A projection is a controlled way of introducing new con-
stants such that unsolvable equations remain unsolvable. The use of new
constants is inherent in Plandowski’s method. If during the transformation
the underlying word equations becomes too long, long subsequences of con-
stants (factors) are coded as a single new letter. So, the alphabet of constants
changes all the time: We remove constants in order to keep the alphabet size
polynomially bounded, and introduce them in order to keep the length of the
underlying word equation polynomially bounded. The technical preparation
for this is done in Section 4.9. It introduces the notion of free interval and it
is there where our presentation becomes more involved due to constraints.
Dealing with involutions is the main source for new difficulties. For example
we cannot directly apply the usual method for bounding the exponent of
periodicity. We need a new concept of p-stable normal form in Subsection 4.3.
The result of this section is however as expected: If a wq represents a solution

13



of minimal length, then the number of repetitions inside wy is bounded singly
exponential in the size of the equation. Thus if wy = uv*w, then in binary
notation k£ uses polynomially many bits only.

This leads directly to Section 4.4. Word equations are not stored in plain
form, but Plandowski’s method uses data compression to keep them within
polynomial size. More specifically, we allow regular expressions with expo-
nents in binary notation.

The following three subsections explain the transformation rules in detail:
In 4.5 we formalize the way to remove constants and 4.6 deals with the
controlled way of introducing them. In 4.7 we formalize guessing a partial
solution.

The transformation rules lead to the formal description of a search graph
in 4.8. The difficulty of proving Theorem 8 is reduced to showing that the
search graph contains a path from a solvable input equation to some trivial
equation. This part is very complex, but the basic ideas can be traced to
[36] where Lempel-Ziv encodings of minimal solutions of a word equation are
investigated. Key notions are critical word and ¢-factorization. The technical
part is developed in sections 4.10 to 4.15.

4.2 A PspAceE—Complete Subproblem

The following proposition states that two basic operations, which are used
several times as subroutines, can be performed in PSPACE.

Proposition 13 The following problems are PSPACE—-complete with respect
to the input size n + log |T'|.

INPUT: A matrix B € B™" and a homomorphism g : I'* — B"*" given as
a list of matrices (B, ..., Bjr)).

QUESTION: Is there some u € ¥* such that g(u) = B?

INPUT: A matriz A € My, and a morphism h : T' — Mo, given as a list of
matrices (Ay, ..., Ajr) with A,, = Az for all a; € T.

QUESTION: Is there some w € I'* such that h(w) = A and w =w?

Proof.  The first problem is closely related to the intersection problem of
regular languages and its PSPACE-hardness is again due to Kozen [22], see
also [11, MS5]. The PspaCE-algorithm starts with the unit matrix. Then it
guesses a word u letter by letter and, simultaneously, calculates g(u): If we
guess the letter a;, then we move to the i-th matrix in the list (B, ..., Bjr))
describing g, and we multiply B; on the right to the current value held in the
work space. We terminate if and only if g(u) = B.
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The second problem can be solved since w = w implies w = ubu for some
u €I and b € I'U {1} with b = b. Hence we can guess some B and b and
we verify A = Bh(b)B and b = b. Then using the first part, we check that
B = h(u) for some u € I'*.
Since there is no reference which shows the PSPACE-hardness of the second
problem, we sketch a reduction from the first to the second one: Consider
a mapping g : ¥ — B™" and B € B"*", the pair (B,g) is an instance
of the first problem. Let I' be the disjoint union ¥ U ¥ and let g(a) = 1,
where 1 € B"*" is the identity matrix. In the notations of above we have
h(a) = <g(0a) (1)) fora e I'. Let A = <§ BPT)’ then the pair (A, h)
becomes an instance of the second problem. Clearly, if g(u) = B for some
* _ B 0
u € ¥*, then h(uu) = (0 BT
h(a) and h(b) commute for all a,b € X. If there is some w = w € I'* with

) . For the converse note that the matrices

B
h(w) = <0 BOT , then we can write w = wyw; and we may assume that
wy = uUy with uy, us € X*. It follows that g(ujus) = B. O

Assume that an equation £ = (', h, Q, p; L = R) contains a variable X in the
specification which does not occur in LRLR. In this case the equation might
be unsolvable, simply because p(X) ¢ h(I'*). However, by Proposition 13
we can test this in PSPACE. Therefore, if X does not appear in LRLR and
p(X) € h(I'*), then we can remove X and X from the specification. This
yields the following remark.

Remark 14 Henceforth, if E = (I',h,Q, p; L = R) is an equation with con-
straints, then we assume that all variables occur somewhere in LRLR. As a
consequence, we may assume |Q| < 2|LR).

4.3 The Exponent of Periodicity

A key step in proving Theorem 8 is to find an effective bound on the exponent
of periodicity in a solution of minimal length. This idea is used in all known
algorithms for solving word equations, c.f. [24, 34, 35]. Tt turns out that the
well-known result on word equations [20] transfers to the situation here: The
exponent of periodicity can be bounded by a singly exponential function.
Let w € I'* be a word. The exponent of periodicity exp(w) is defined by

exp(w) =sup{a € N| Ju,v,pe T p#1:w=up®v}.
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Proposition 15 Let E = (I',h,Q,p; L = R) be a solvable equation with

constraints. Then there is a solution o : Q — T such that exp(c(L)) €
2(’)(d+n logn) )

The proof of Proposition 15 is independent of the rest of the paper. Therefore
we postpone it to the appendix, Section 6.

4.4 Exponential Expressions

In order to keep the computation in polynomial space Plandowski’s method
uses exponential expressions. We give inductive definitions for an exponential
expression, its evaluation, and its size.

Definition 16 o Fuvery word w € T is an exponential expression. The
evaluation eval(w) is equal to w, its size ||w|| is equal to the length |w|.

e Let e, € be exponential expressions. Then ee’ is an exponential expres-
sion. Its evaluation is the concatenation eval(ee’) = eval(e)eval(e’), its
size is |lee’|| = el + ¢

o Let e be an exponential expression and k € N. Then (e)* is an expo-

nential expression. Its evaluation is eval((e)*) = (eval(e))¥, its size is

1(e)* I = [lell + max{1, [log,(k)]}.

Lemma 17 Let u € I be a factor of a word w € I'*. Assume that w can be
represented by some exponential expression of size p. Then we can find an
exponential expression of size at most p* that represents u.

Proof. The proof is an easy argument by structural induction. O

Lemma 17 will be applied to exponential expressions where the size ||e]| is
bounded by some value which is polynomial in the input size of the equation
Ey. Since the size of the exponential expressions for factors can be the
square of the original polynomial, we can apply this subroutine in nested
way a constant number of times, only. In our application the nested depth
does not go beyond two.

The next lemma is straightforward since we allow a polynomial space bound
without any time restriction. The proof of Lemma 18 is omitted.

Lemma 18 The following two problems can be solved in PSPACE.

INPUT: Ezponential expressions e and €.
QUESTION: Do we have eval(e) = eval(e’) ?

16



INPUT: A mapping h : I’ — Msy, and an exponential expression e.
OUTPUT: The matrixz h(eval(e)) € My,.

Remark 19 The computation above can actually be performed in polynomial
time, but this is not evident for the first question, see [32] for details.

Henceforth, we allow that the part L = R of an equation with constraints
may be given by a pair of exponential expressions (ey, er) with eval(ey) = L
and eval(eg) = R.

Definition 20 Let E = (I', h,Q, p;er, = eg) and E' = (I', h,Q, p; e}, = €f)
be equations with constraints. We write E = E', if eval(er) = eval(e}) and
eval(er) = eval(el) as strings in (I' U Q)*.

The meaning of £ = F’ is that F and E’ represent exactly the same equation
if they were written out explicitly. By Lemma 18 we can decide F = E’ in
polynomial space; moreover, Remark 19 says that this decision is actually
possible in polynomial time.

4.5 Base Changes

In this subsection we describe the first transformation rule. Let h : I'* — M,
be a morphism. Let (IV,”) be another alphabet with involution and let
3 :T" — T'* be some mapping such that 3(a@) = 3(a) for all a € T". We define
B T — My, by b’ = h3. We extend (3 to a morphism 5 : (I"UQ)* — (TUQ)*
by leaving the variables invariant and we call the morphism 3 a base change.
Let 5 be a base change and E' = (I, h3,€), p; L' = R’) be an equation with

constraints. The equation (§,(E") is defined by

Lemma 21 Let E' be an equation with constraints and 3 : I — I'* be a
base change. If o’ is a solution of E', then o = Bo’ is a solution of B.(E').

Proof. Clearly o(X) = o(X) and ho(X) = hfo'(X) = ho'(X) = p(X) for
all X € Q. Next by definition o(a) = a for a € I' and G(X) = X for X € Q.
Hence of(a) = po’(a) for a € T and therefore o = o’ : (I"U Q)" — T'™.
This means o(3(L) = fo'(L) = Bo’(R) = o3(R) since o'(L) = o'(R). O

Lemma 21 leads to the first rule.
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Rule 1 If we have E = (,.(E") and we are looking for a solution of E, then it
is enough to find a solution for E'. Hence, during a non-deterministic search
we may replace E by E'.

For readability of the following examples all constraints are defined by mem-
bership in a regular language rather than by a mapping p. We also strengthen
constraints in the examples (thereby having fewer solutions) in order to avoid
lengthy regular expressions.

Example 22 Let I' = {a,b,c,a,b,c}. Consider the following equation E:
XX = YbebabebY ZabchyY

with constraints X € I'*°T* and Z € bebal*. Define I'" = {a,b,a,b} and a
base change 3 : T — T'* by B(a) = abcb and B(b) = beb. Then the equation
E is of the form [.(E') where E' is given by

XX =YabY ZaY .

We may strengthen the constraint to X € I""T"* and Z € al"*. According
to Rule 1 it is enough to solve E'. The effect of the base change 3 is that
both the equation E' and the alphabet of constants are smaller. (The letter
¢ is not used anymore.) Note also that the length restriction on X switched
from | X| > 300 to |X| > 100. However, base changes may have a prize: It
might be that E = (B.(E') has a solution, whereas E' is unsolvable. As we
will see later, in our example the guess has been correct in the sense that E’
has a solution.

4.6 Projections

Let (I',7) and (I",”) be alphabets with involution such that I' C ITV. A
projection is a morphism 7 : I'* — I'* such that both, 7(a) = a for a € T
and w(a) = 7(a) for all a € T".

Let E be an equation with constraints £ = (I',h,Q,p; L = R). Then we

define an equation with constraints 7*(E) by
7 (E) = (I, hr,Q, p; L = R).

The equation 7*(FE) uses a larger alphabet of constants than E does, but
the word equation L = R is exactly the same. Therefore 7*(E) uses con-
stants which do not appear in . = R. These constants may help to find
(short) solutions which satisfy regular constraints. Note that every projec-
tion m : ' — T'* defines a base change 7 such that 7, 7*(F) = E. Let
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E' = 7*(E). By Rule 1 we may replace m.(E") by 7*(E). We formulate this
special case a second rule.

Rule 2 Let 7 be a projection. If we are looking for a solution of E, then it
is enough to find a solution for m*(FE). Hence, during a non-deterministic
search we may replace E by m*(E).

Remark 23 The reason to introduce Rule 2 will become clear only later. In
Section 4.8 we define the formal notion of a search graph. We restrict the use
of Rule 1 to so-called admissible base changes (c.f. Definition 31), whereas
there is no such restriction for the projection m when we apply Rule 2.

Lemma 24 Let E = (I',h,Q,p; L = R) and E' = (I",,Q,p;L = R) be
equations with constraints. Then the following two statements hold.

i) There is a projection 7 : I'"* — T'* such that 7*(E) = E', if and only if
both, h'(I'") C h(I'*) and for all a € I with a =@ there is some w € I'*
with w = W such that h'(a) = h(w).

ii) Let 7*(E) = E' for some projection ™ and let o' : Q — I"" be a
solution of E'. Then there is a solution o for E such that |o(L)| <
2| Manl|o’(L)].

Proof. i) Clearly, the only-if condition is satisfied by the definition of a
projection since then A’ = hm. For the converse, assume that A/(I") C h(I'™)
and that a = @ implies h'(a) € h({w € I'" | w = w}). Then for each a € I"\T'
we can choose a word w, € I'* such that h'(a) = h(w,). We can make the
choice such that w; = w, for all a € I"\ I". If a # @, then we can find w,
such that |w,| < |Ma,|, since we can take the shortest word w, € I'* such
that h(w,) = h'(a) € M,,. For a = @ we know that there is some word
w, € I with h'(a) = h(w,) and w, = wW,. Hence we can write w, = vbv with
beTu{l}and b=b. For b# 1 we can demand |w,| < 2|Ms,|—1. Forb =1
we can demand |w,| < 2|Ms,| — 2. Thus, we find a projection 7 : I'"* — T™*
such that 7*(F) = £’ and moreover, |7(a)| < 2|My,| for all a € T".

ii) According to the proof of i) we may assume that 7 : " — I'* satis-
fies |m(a)| < 2|My,| for all @ € T". Since 7 defines a base change with
m.(F') = E, we know by Lemma 21 that o = 7o’ is a solution of E. Clearly,
0(L)] = 70’(L)] < 2| Moo’ (L) n
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Example 25 Let us continue with the equation which has been obtained by
the transformation in Fxample 22. In order to simplify notations, we let F
be the equation XX = YabY ZaY, and T = {a,b,a, b}.

Remember that the constraint on X has changed to |X| > 100. Let us
reintroduce a letter ¢ and put I' = {a,b,c,a,b,c}. We may define a pro-
jection w : T" — T* by w(c) = b, The equation E' = 7*(E) looks as
above, but in E’ the constraint for X has changed. The new constraint is
|X| > 100V X € I'cl™. Thus, a solution for X might be very short now.

During the procedure we occasionally have to decide whether there is a pro-
jection 7 : I — T™* such that 7*(F) = E’. This decision is possible according
to the next proposition.

Proposition 26 The following problem PSPACE-complete.

INPUT: Alphabets (I',7) C (I,™) and mappings h, h', where h is the restric-
tion of h'.

QUESTION: Is there a projection w : I — T'* such that h' = hr?

Proof. This follows from Lemma 24 i) and Proposition 13. 0

4.7 Partial Solutions

Let 0 C Q) be a subset of the variables which is closed under involution. We

assume that there is a mapping p’' : Q' — My, with p/(X) = p/(X), but we do
not require that p’ is the restriction of p :  — M,,. Consider an equation
with constraints £ = (I', h,Q, p;e; = egr). A partial solution is a mapping
0:Q — I*QT*UT™ such that the following conditions are satisfied:

i) o(X) e I"XT*  forall X € (Y,
i) 6(X) el for all X € Q\ 7,

iii) 5(7) =6(X) for all X € Q.

The mapping 6 is extended to a morphism ¢ : (IT'UQ)* — (TTUQ')* by leaving
the elements of I' invariant. Let E’ = (I',h,Q,p';e, = er) be another
equation with constraints (using the same I' and h). By abuse of language,
we write E' = §,(FE), if there exists some partial solution § : Q@ — I*QT*UT™
such that the following conditions hold: L' = §(L), R = §(R), p(X) =
h(u)p' (X)h(v) for 6(X) = uXv, and p(X) = h(w) for §(X) =w € I'*.
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Lemma 27 In the notation of above, let E' = 0,.(E) for some partial solution
0:Q = I*QT*UT*. Ifo’ is a solution of E', then o = ¢’ is a solution of
E. Moreover, we have o(L) = o'(L’) and o(R) = o'(R’).

Proof. By definition, ¢ and o’ are extended to morphisms ¢ : (I'U Q)* —
(TuQ)* and o' : (I'UY)* — I'* leaving the letters of I' invariant. Since
E' = §,(F) we have §(L) = L' and 6(R) = R'. Since ¢’ is a solution, we have
o(L)=0"0(L)=0'(L') =0'(R') =0'0(R) = 0(R) and o leaves the letters of
I invariant. The solution ¢’ satisfies ho'(X) = p/(X) for all X € €. Hence,
if §(X) = uXw, then p(X) = h(u)p (X)h(v) = h(uo’(X)v) = ho'(uXv) =
ho'6(X) = ho(X). If §(X) = w € T, then o(X) = ¢/6(X) = w and
p(X) = h(w), again by the definition of a partial solution. O

Lemma 28 The following problem can be solved in PSPACE.

INPUT: Two equations with constraints E = (I', h,Q, p;e;, = er) and E' =
(T, h, Y plserr = eprr).
QUESTION: Is there some partial solution § such that §.(E) = E'?

If 0.(F) = E' is true, then there are exponential expressions of polynomial
size ey, e, for each X € Q' and e, for each X € Q\ Q' such that

§(X) = eval(e,)Xeval(e,)  for X € (Y,
I(X) = eval(ey) for X € Q\ V.

Proof. Let L = eval(er), R = eval(egr), L' = eval(er/), and R’ = eval(eg:).
The non-deterministic PSPACE algorithm works as follows:

For each variable X € Q' we guess exponential expressions e, and e, with
eval(e,),eval(e,) € I'". We define exponential expressions ex = e, Xe, and
we define §(X) = eval(ex). For each X € Q\ € we guess an exponential
expression ey with eval(ex) € I'" and we define 6(X) = eval(ex).

Next we verify whether or not §,(F) = E’. During this test we have to
create an exponential expression f; (and fg, resp.) by replacing X in ey,
(and eg, resp.) with the expression ex. This increases the size in the worst
case by a factor of max{||ex|| | X € Q}. The other tests whether p(X) =
h(u)p' (X)h(v) for 6(X) = uXv and p(X) = h(w) for §(X) = w € I'* involve
exponential expressions over Boolean matrices and can be done in polynomial
time.

The correctness of the algorithm follows from our general assumption (Re-
mark 14) that all X € Q appear in LRLR. Therefore, if we have 6,(E) = F',
then every factor of §(X) (or of §(X)) appears necessarily as a factor in
L'R' = §(LR). Hence every factor of §(X) has an exponential expression of
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polynomial size by Lemma 17. U

Remark 29 Actually, the test for §,(FE) = E' can be performed in non-
deterministic polynomial time by Remark 19.

Lemma 27 leads to the third and last rule.

Rule 3 If 0 is a partial solution and if we are looking for a solution of E, then
it 1s enough to find a solution for §.(F). Hence, during a non-deterministic
search we may replace E by 6,(F).

Example 30 We continue with our running example. After renaming, the
equation E is given by

XX =YabY ZaY,
and the alphabet of constant is given by I' = {a,b, c,a,b,c}. We strengthen
constraints such that X € I'*cI'™* and Z € a{a,b,a,b}*.
We may guess the partial solution as follows: 6(X) = aX, 0(Y) =Y, and
0(Z) = ab. The new equation 6,(E) is

aXXa=YabYabaY .

The remaining constraint is that the solution for X has to use the letter c.
The process can continue, for example, we can apply Rule 1 again by defining
another base change 3(b) = ba to get the equation

aXXa=YbYaby

over I' = {a, b_,_c,c‘z,l_), c}. Since the last equation has a solution (e.g., given
by o(X) = beecbbabe and o(Y) = abeeb), the first equation with constraints in
FExample 22 has a solution too.

4.8 The Search Graph and Plandowski’s Algorithm

The input of Problem EWC is an equation with constraints. In order to fix
notations we call it Ey = (I'o, ho, Qo, po; Lo = Ry) and we let d = |LoRy|.
According to Remark 14 we assume || < 2d.

Definition 31 Let py be a polynomial. The notion of admissibility is defined
with respect to po(|| Eol|)-

o An exponential expression e is admissible, if |le|| < po(||Eoll)-
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o A base change 5 : 1" — I'* is admissible, if |I'| < po(||Eo||) and for all
a € I there is an admissible exponential expression for ((a).

o An equation with constraints E = (I, h, 2, p;e;, = eg) is admissible, if
T\ To| < po(||Eol]), h(a) = ho(a) for a € Ty, and eper is admissible.

In the following we assume that a polynomial py (of large enough degree)
has been fixed whenever we speak about admissibility. We do not calculate
po explicitly, but it will become clear from the context what large enough
actually means.

Definition 32 The search graph of Ey is a directed graph where nodes are
admissible equations with constraints. For two nodes E, E’ there is an arc

E — FE’, if there are an admissible base change (3, a projection w, and a
partial solution 0 such that 6.(m*(F)) = (.(E').

Lemma 33 Let py be a polynomial of degree at least 1. The following prob-
lem is PSPACE-complete.

INPUT: Equations with constraints Ey, E, and E’ such that E and E’ are
admissible with respect to po(|| Eol|).

QUESTION: Is there an arc E — E’ in the search graph of FEy?

Proof. The arc from E to E’ is established by applying Rules 2, 1, and 3
(in this order) to E. More precisely, we let Eq = (I, ho, Qo, po; Lo = Ro),
E=({T,,Q pe, =egr), and E' = (I",h, Y, p;e, = er). We first guess
some alphabet (I, ™) of polynomial size together with h” : I — Ms, and
we guess some admissible base change 3 : IV — I'* such that ' = h"3. We
compute [,(E’). Next, we guess some equation with constraints E” which
uses [ and 2. We check using Lemma 28 that there is some partial solution
§:Q — " QT" UT"" such that 0,(E") = B.(F’). (Note that every equation
with constraints E” satisfying d,(E") = f.(E’) for some § can be represented
in polynomial space by Lemma 17.) Finally we check using Proposition 26
that there is some projection m : I — I' such that 7*(F) = E”. We obtain
5.(n°(E)) = A.(E').

The PspAcE-hardness follows by Proposition 13 which shows that the prob-
lem is PSPACE-hard on instances of the following type: The equation for £
and E' is X = X, we have p(X) = p'(X) = A € My,, and I"\ T = {a,a}
with h/(a) = A. O

Remark 34 Following Remarks 19 and 29 the problem in Lemma 33 can be
decided in non-deterministic polynomial time, if the monoid Ms, is not part
of the input and the parameter n is viewed as a constant.
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On a high-level description, Plandowski’s algorithm applies Rules 1 to 3 in
a non-deterministic way until a trivial equation is found. An actual imple-
mentation of the algorithm depends on the chosen polynomial py and it has
the following structure.
begin
FE = EQ
while Q # () do
Guess an equation with constraints £,
which is admissible with respect to po(| Fo|)
Verify that £ — E’ is an arc in the search graph of Ej
E:=F
endwhile
return “eval(e;) = eval(eg)”
end

Lemmata 21, 24 ii), and 27 say that the algorithm returns true only if Ej is
solvable. The proof of Theorem 8 is therefore reduced to the statement that
there is a polynomial py such that for all Ey we have, if Fy is solvable, then
the search graph contains a path to some solvable equation without variables.

Remark 35 If the arc E — E' is due to some w : I'"" — IT'*, § : Q —
T ur”, and g : T — T7*, then a solution o' : Q' — I of E'
yields the solution o = mw((c’)0. Hence we may assume that the length of
a solution has increased by at most an exponential factor by Lemma 24 ii).
Since we are going to perform the search in a graph of at most exponential
size, we automatically get a doubly exponential upper bound for the length of
a minimal solution by backwards computation on such a path. This is still the
best known upper bound (although a singly exponential bound is conjectured),

see [33].

4.9 Free Intervals

For a word w € I'* we let {0, ..., |w|} be the set of its positions. The idea is
that factors of w are between positions. To be more specific, let w = ay ---a,,
be a word with a; € T'. Then [a, f] with 0 < a < 8 < m is called a positive
interval and the word wa, ] is defined as the factor an1 - - - ag.

It is convenient to have an involution on the set of intervals. If [«, ] is a
positive interval, then [, ] is also called a (non—positive) interval, and we
define w[3, o] = wla, 5]. Moreover, we define w[a, | to be the empty word.
For all 0 < o, B < m we let [«, 5] = [5, a]; therefore, w]a, 5] = wa, 5]

In the following we assume that the input equation Ej has a solution ¢ with
wy = 0(Ly) = 0(Ry) and my = |wp|. We have wy € I'§, but in this section
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the alphabet I'y is replaced by some other alphabet I', which turns out to
be a set of non-empty words over I'y. We let d be the denotational length
of the equation and Ly = z1---24 and Ry = g1 ---2q, x; € (Io U Q) for
1 <1< d. We assume 2 < g < d < my whenever necessary. We also make
the assumption that o(z;) # 1 for all 1 < i < d. This assumption can be
realized e.g. in the preprocessing.

We are going to define an equivalence relation ~ on the set of intervals of wy.
For this we need some preparation. For i € {1,...,d} we define positions
1(¢) and r(7) such that o(z;) starts in wy at the left position 1(7) and it ends
at the right position r(z). Formally, we define 1(i) € {0,...,my — 1} and
r(i) € {1,...,mp} by the congruences:

lo(xy -+ x;_1)| mod mg
lo(xy -+ x;)| mod myg

We have 1(1) = I(¢g + 1) = 0 and r(g) = r(d) = mg since the range for
the congruences are different for left— and right positions. We have o(x;) =
wo[l(7),1(7)] and o(T;) = wo[r(i),1(2)] for 1 < ¢ < d. The interval [1(i),r(7)] is
positive, because o(x;) # 1.

The set of I- and r—positions is called the set of cuts. Thus, the set of cuts
is {1(2),r(i) | 1 <1i < d}. The positions 0 and mg are cuts and there are at
most d cuts. These positions split the word wy into at most d — 1 factors.
Let us consider a pair (4, j) such that 4, j € {1,...,d} and z; = z; or x; = 7;.
For u,v € {0,...,r(i) — 1(z2)} we define a relation ~ by:

1) + p,1@) + 0]~ [10) + 1 1() +v], if 2 = =),
1(@) + p,1(@) +v] ~ 1) = por(G) —v], if 2 =75,

Note that ~ is a symmetric relation. Moreover, [a, 3] ~ [¢/, 3] implies both,
[B,a] ~ [F,d] and wola, f] = wo[e/, F']. By ~ we denote the reflexive
and transitive closure of ~. Then = is an equivalence relation and again,
[a, B] = [o/, ] implies both, [3,a] =~ [, /] and wg|a, O] = wele!, F].

Next we define the notion of free interval using this equivalence and cuts.

Definition 36 An interval o, (] is called free, if whenever [, (] = [o/, 7],
then there is no cut v with min{co/, '} <+ < max{c«’, 5'}.

Clearly, the set of free intervals is closed under involution, i.e., [«, ] is free
if and only if [3, a] is free. It is also clear that [a, (] is free if |3 — o] < 1.
Free intervals correspond to long factors in the solution which are not related
to any cut. If there were no constraints, then these factors would not appear
in a solution where mgy is minimal. In our setting we cannot avoid these
factors.
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Example 37 The last equation in Example 30, namely
aXXa=YbYaby,

has a solution which yields the word

X X
% N7 % Y
0o 17 _5_6 9 _11 12 13  _17 18
wo=|al|bcch|b|abc|chb | a|b| bech | a | .
Y

The set of cuts is shown by the vertical bars. The intervals [1,5], [13,17], and
[6,9] are not free, since [1,5] ~ [17,13] ~ [7,11] and [6,9] =~ [0, 3] and [7, 11],
[0,3] contain cuts. There is only one equivalence class of free intervals of
length longer than 1 (up to involution), which is given by [1,3] ~ [17,15] ~
7,9] ~ [11,9] ~ [5,3] ~ [13,15].

The next lemma says that subintervals of free intervals are free again.

Lemma 38 Let [, 5] be a free interval and p,v such that min{a, f} <
w, v < max{a, 3}. Then the interval [, v] is also free.

Proof. We may assume that o < u < v < 3. By contradiction assume that
[1t, ] is not free. Then there is some k > 0 and some cut 4" such that

[, v] = (o, vo] ~ [p, va] ~ -+~ g, vi]

with min{ug, vp} < v < max{ug, vx}. If & = 0, then we have a immedi-
ate contradiction. For k& > 1 the relation [u,v] ~ [u1,14] is due to some
pair z;, x; with x; = x; or ; = T;. Since [a, ] contains no cut, the
same pair x;, z; defines an interval [y, 3] such that [a, 5] ~ [aq, (1] and
min{aq, 51} < pi,v1 < max{ay, f1}. Using induction on k we see that
[, £1] is not free. But then [«, (] is not free, and this is a contradiction. [

Next we introduce the notion of implicit cut for non-free intervals. For our
purpose it is enough to define it for positive intervals. So,let 0 < a < § < my
such that [a, (] is not free. A position v with a@ < 7y < (3 is called an implicit
cut of [a, B], if there is a cut 4" and an interval [o/, 3] such that

min{a/, 3’} < ' < max{d/, ('},
[, 8] ~ [, 7],
y—a = W —al

The following observation will be used throughout. If we have a < pu < v <
v < [ and 7 is an implicit cut of [a, 3], then ~ is also an implicit cut of [u, v].
In particular, neither [u, v] nor [v, u| is a free interval.
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Definition 39 A free interval [«, 3] is called maximal free, if there is no
free interval [/, 5] such that both, o/ < min{«, } < max{c/,3'} < ' and
I —a| < —da.

Lemma 40 states that maximal free intervals do not overlap.

Lemma 40 Let 0 < a < o < < ' < myg such that o, ] and [, 3] are
free intervals. Then the interval [, 5'] is free, too.

Proof. Assume by contradiction that [, §'] is not free. Then it contains an
implicit cut v with a < v < . By the observation above: If v < 3, then
v is an implicit cut of [«, 5] and [«, (] is not free. Otherwise, o/ < « and
[/, (3] is not free. O

Lemma 41 states the main observation of this section.

Lemma 41 Let [, 5] be a maximal free interval. Then there are intervals
[v,8] and [, 8] such that [, B] = [y,0] ~ [/, 8] and v and &' are cuts.

Proof. We may assume that o < (3. We show the existence of [y, d] where
[, B] = [7,0] and ~y is a cut. (The existence of [y, '] where [, 5] = [/, 0]
and ¢’ is a cut follows by a symmetric argument.)

If =0, then « is a cut and we can choose § = (3. Hence let 1 < a and
consider the positive interval [« — 1,5]. This interval is not free and the
only possible position for an implicit cut is a. Thus, for some cut v we have
[ —1,0] = [o, #] with min{c/, '} <y < max{a/,3'} and |y — /| =1. A
simple reflection shows that we have [a — 1,a] = [o/,7] and [«, 8] =~ [, 5]
Hence we can choose § = 3.

In the following proposition the symbol I" refers to some set of factors of the
word wy. (Recall that wy = o(Lg) = 0(Ry) and o is a solution of the input
equation Ejy.) The set I" becomes the basic alphabet later.

Proposition 42 Let I' be the set of words w € I'y such that there is a maz-
imal free interval o, B] with w = wola, B]. Then T is a subset of T'¢ of size
at most 2d — 2. The set ' is closed under involution.

Proof.  Let [«, 5] be maximal free. Then |5 — al > 1 and [3, ] is also
maximal free by definition. Hence I' C T’y and T is closed under involution.
By Lemma 41 we may assume that « is a cut. Say o < 3. Then a # my
and there is no other maximal free interval [«, 5] with o < " because of
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Lemma 40. Hence there are at most d — 1 such intervals [«, 5]. Symmetri-
cally, there are at most d — 1 maximal free intervals [, §] where 5 < o and
« is a cut. 0

For the moment let T, = Ty UT where I' C T'J is the set defined in Propo-
sition 42. The inclusion Ty C I'§ defines a natural projection 7 : ['y — T
and a mapping hy : [y — My, by hy = hom. Consider the equation with
constraints 7*(Fy), this is a node in the search graph, because the size of T
is linear in d.

The reason to switch from I'y to I'j is that, due to the constraints, the word
wp may have long free intervals, even in a minimal solution. Over I'j long
free intervals can be avoided. Formally, we replace wy by a solution w(, where
w(, € I'*. The definition of wy, is based on a factorization of wy into maximal
free intervals. There is a unique sequence 0 = g < a3 < - -+ < ap = Mg such
that [«;_1, a;] is a maximal free interval for all 1 <14 < k and

Wo = wo[am 041] . 'wo[amh Oék]-

Note that all cuts occur as some «,,, therefore we can think of the factors
wolay_1, ;] as letters in T’ for 1 < ¢ < k. Moreover, all constants which
appear in LyRy are elements of I', too. We replace wy by the word wj, € I'*.
Then we can define o’ : Qg — I'* such that both, o'(Ly) = o'(Ry) = w(, and
po = hyo'. In other words, o’ is a solution of 7*(Ey). We have wy = 7(wy)
and exp(w() < exp(wyp). The crucial point is that w(, has no long free intervals
anymore. With respect to w(, and I'j all maximal free intervals have length
exactly one.

Example 43 Following Example 37, we use the same equation aXXa =
YbYabY and we consider the solution wy.

The new solution is defined by replacing in wqg each factor bc by a new letter
d which represents a maximal free interval. The new wqy has the form

11 12

8 9
albldd | al.

1
|

—=

3 4 6 _
dd | b|ad|d

0
wo = | a
Now all mazimal free intervals have length one.

In the next step we show that we can reduce the alphabet of constants to
be I'. The inclusion of I' into '} defines an admissible base change (3 :
I' — I'y. Consider E| = (I',h,Q, po; Lo = Ry) where h is the restriction
of the mapping hj. Then we have 7*(Ey) = [.(E{). The search graph
contains an arc from E, to Ej, since we may choose ¢ to be the identity.
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The equation with constraints E{ has a solution ¢’ with ¢'(Ly) = w{, and
exp(wp) < exp(wo).

In order to avoid an excess of notation we identify Fy and Ej, hence we
also assume o = ¢’ and wy = wy. However, as a reminder that we have
changed the alphabet of constants (recall that some words became letters),
we prefer to use the symbol I rather than I'y. Thus, in what follows we use
the following.

Assumption 44 The input equation Ey satisfies the following conditions:

EO = (Faha QO)ﬂO;LO - R0)7

Ly = z1---245 and g > 2,
Ry = zgp1--2q and d > g,
r < 2d-2,

Q] < 2d.

Moreover: All variables X € Qg occur in LoRoLoRy. There is a solution o
and a word wy with |wy| = my and exp(wy) € 20U@+™18™) sych that wy =
o(Lg) = o(Ro) with o(X;) # 1 for 1 < i < d and py = ho : Qy — My, C
B2<2n - All mazimal free intervals have length exactly one, i.e., every positive
interval o, B] with f — « > 1 contains an implicit cut.

4.10 Critical Words

For each 1 < ¢ < mg we define the set of critical words Cy by
Co={woly — v+ L), woly +L,y—L] | { <y<myg—{and yisacut}

We have 1 < |Cy| < 2d — 4 and Cy is closed under involution. Each word u €
Cy has length 2¢, it can be written in the form u = ujus with |ui| = |us| = ¢.
The word u; (resp. Uz) appears as a suffix, to the left of some cut and us
(resp. Wy) appears as a prefix, to the right of the same cut.

By B, we denote the set of triples (u,w,v) € ({1} UT*) x 't x ({1} UTY)
which satisfy the following four conditions:

1.) No factor of the word w belongs to Cy.

2.) If a factor of the word wwv belongs to Cy, then this factor is a prefix
or a suffix of uwwv.

3.) If u # 1, then a prefix of uwwv of length 2¢ belongs to CY,

4.) If v # 1, then a suffix of uwv of length 2¢ belongs to C,.
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The set By is viewed as a (possibly infinite) alphabet where the involution
is defined by (u,w,v) = (v,w,u). We can define a morphism 7, : B} — I'*
by m(u, w,v) = w € I'". Tt is extended to a projection 7, : (B, UT)* — I'*
by leaving I' invariant. We define h, : (B, UT')* — My, by hy = hmy, ie.,
h¢(a) = h(a) for a € T" and hy(u, w,v) = h(w) for (u,w,v) € B,. The symbols
my and h, are also used for restrictions of the morphisms 7, and h,y.
Later we consider finite sets I'y,I'p ¢ such that I' C I'y C I'ypy € B, UT".
Then 7 : I'j , — '} denotes the projection given by ¢ (u, w,v) = w € I'*
for (u,w,v) € Ty \ I'y and mpp(u, w,v) = (u,w,v) for (u,w,v) € I';. By
he : I — My, and hyp : FZZ/ — M,,, we denote the restrictions of hy :
(B, UT)* — Ms,. We have hyp = hymyp
For every non-empty word w € I't we define its ¢-factorization as follows.
We write

Fy(w) = (ug,wy,v1) -« - (ug, wy, vg) € B

such that w = wy---wg and for 1 < ¢ < k the following conditions are
satisfied:

e u,; is a suffix of wy -+ - w;_1,

e u; =1 if and only if i =1,

v; is a prefix of w;yq - - - wy,

e v; =1 if and only if i = &.

[ w u_ | e | we |
‘U2 w2‘ U2 ‘ ‘kal‘ Wg—1 qu‘

Note that the ¢-factorization of a word w is unique. For k > 2 we have |w;| >
¢ and |wg| > ¢, but all other w; may be short. If no critical word appears
as a factor of w, then Fy(w) = (1,w,1). In particular, this is the case for
|w| < 2¢. If we have w = puvg with |u| = |v| = £ and uv € Cy, then there is a
unique ¢ € {1,...,k—1} such that u = w1, v = v;, and pu = wy - - - w;, Vg =
Wiy + -~ wg. Thus, Fy(w) contains a factor (u;, w;, v)(u, w;i1,viy1) where v is
a prefix of w;1v;11 and u is a suffix of w;w;. For example, the /-factorization
of uv € Cy with |u| = |v| = is

Fy(uw) = (1,u,0)(u, 0, 1)
We define the head, body, and tail of a word w based on its ¢-factorization

Fé<w> = (Ul, wl? 'Ul) e ('U/k, wk7 'Uk)
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in B; and I'* as follows:

Head,(w) = (uj,wy,v1) € By,
head,(w) = w; € T,
Body,(w) = (ug,ws,vg) -+ (up_1,wk_1,v5_1) € By,
body,(w) = ws---wp_1 €T,
Taily(w) = (ug,wy,vx) € By,
tail(w) = wp el

For k > 2 (in particular, if body,(w) # 1) we have

)
Fy(w) = Heady(w)Body,(w)Tail,(w),
w = heady(w)body,(w)tail,(w).

Moreover, us is a suffix of w; and v,_q is a prefix of wy,.

Assume body,(w) # 1 and let u,v € I'* be any words. Then we can view
w in the context uwv and Body,(w) appears as a proper factor in the (-
factorization of uwwv. More precisely, let

Fy(uwv) = (ug, wy,vq) - - - (g, Wi, vg).

Then there are unique 1 < p < ¢ < k such that:

Fﬁ(uwv) = (ulawlavl) e '(upawpaUp)BOdYZ(w)(uqawq’vq) e -(uk,wk,vk),
wy -+ w, = whead,(w),
wy--wg = tail(w)v

Finally, we note that the above definitions are compatible with the involution.

We have Fy(w) = Fy(w), Head,(w) = Taily(w), and Body,(w) = Body,(w).

4.11 The /-Transformation

By Assumption 44 we have Ey = (I', h,Qo, po; 21 -+ -2y = Zgq1---24). and
the equation has a solution o where wy = o(z1---2,) = 0(xy41---24) and
mo = |wo|. We let 1 < ¢ < mg and we consider the (-factorization of the
word wy:

Fy(wo) = (ug,wy,vy) -+« (ug, W, Vg )-

A sequence S = (up, Wy, vy) - - (Uug, wy,v,) with 1 < p < ¢ < k is called
an (-factor. We say that S is a cover of a positive interval [«, 3], if both,
|wy - wp—q] < o and |wgyr - wg| < mo — . That is, wola, f] is a factor
of wy, - - wy. It is a minimal cover, if neither (upy1, Wpi1, Vpi1) -« - (Ug, Wy, Vy)
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nor (U, Wy, Vp) « -+ (Ug—1, Wg—1,Vg—1) is a cover of [a, F]. The minimal cover
exists and it is unique.

We let Q, = { X € Qp | body,(c(X)) # 1}, and we are going to define a new
left-hand side L, € (B, U €)* and a new right-hand side R, € (B, U €)*.
For L, we consider those 1 < i < g where body,(o(z;)) # 1. Note that this
implies x; € €y since ¢ > 1 and the body of a constant is always empty.
Recall the definition of 1(7) and r(7), and define av = 1(7) + |head,(o(z;))| and
B =r1(i) — |taily(o(z;))|. We have wg[a, ] = body,(o(x;)). Next consider the
(-factor S; = (up, Wy, vp) + - - (Ug, Wy, vy) which is the minimal cover of [«, 3].
Then we have 1 < p < ¢ < k and w,, - --w, = wple, B] = body,(o(x;)). The
value of S; depends only on z;, but not on the choice of the index i. This
means S; = S; whenever z; = ;.

We replace the (-factor S; in Fy(wg) by the variable x;. Having done this
for all 1 < i < g with body,(o(x;)) # 1 we obtain the left-hand side L, €
(B U Qp)* of the (-transformation E,. For R, we proceed analogously by
replacing those (-factors S; where body,(o(z;)) # 1 and g +1 <i < d.

For E, we cannot use the alphabet By, because it might be too large (even
infinite). Therefore we let I, be the smallest subset of B, which is closed
under involution and which satisfies L, R, € (I', U Qy)*.

We let I'y =T, UT. (We allow I' because the constants of I" make it easy to
cope with the constraints.) Recall that hy(u, w,v) = h(w) for (u, w,v) € I',\I'
and hy(a) = h(a) for a € T'. Finally, we define the mapping p, : 0y — Mo,
by pe(X) = h(body,(c(X))). The reason is that we know p(X) = h(co(X)).
We can write o(X) = ubody,(c(X))v, hence h(c(X)) = h(u)p(X)h(v).
The steps above define the /-transformation and yield the following equation:

E¢ = (g, he, Qu, po; Lo = Ry).

Example 45 We continue with our ezample aXXa = YbYabY and the
solution o which has been given by

wo=|a|dd|b|ad|d|a|b|dd|al,

where the bars show the cuts.

Up to involution, the set C is given by {ad,bd,ab,dd} and Cy is given by
{ddba, dbad, adda, ddab}. The 1-factorization of wo can be obtained letter by
letter.

The 2-factorization of wq is given by the following sequence:

(1, add, ba)(dd, b, ad)(db, ad, da)(ad, d, ab)(dd, a, bd)(da, b, dd)(ab, dda, 1).

Recall 0(X) = ddbad and o(Y) = add. Hence their 2-factorizations are
(1,dd, ba)(dd, b, ad)(db, ad, 1) and (1, add, 1), respectively.
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Let us rename the letters:

o &L o o4 R
Il
e e e N T
QU I
I Sl
Q
&
QU
IS)
N—

After this renaming the 2-factorization of wy becomes abcdeba and the equa-
tion E reduces to Ey : aXcdeXa = abedeba since the body of a(Y) is empty.
The reader can check that the 3-factorization of wy after renaming is the very
same word as the 2-factorization, but the 3-factorization of o(X) is now one
letter, (1,ddbad, 1), so Es becomes a trivial equation. Plandowski’s algorithm
will return true at this stage.

Remark 46 i) In the extreme case { = my, the (-transformation becomes
trivial. Let a = (1,wq,1). Then a = (1,wq, 1) and T',, = {a,a} UT. More-
over, we have L,y = Ry, = a, and hy,,(a) = h(wy) € Ms,. Since Q,,, = 0,
the equation with constraints E,,, trivially has a solution. It is clear that E,,,
s a node in the search graph, and if we reach E,,,, then the algorithm will
return true.

ii) The other extreme case is ¢ = 1. We develop the technical details as an
example. Consider a triple (u,w,v) € I'y which appears in Fy(wy). Then
w = wola, B] for some B — a > 1. All maximal free intervals have length
1 (by Assumption 44). Assume 3 — « > 2, then [a, 3] would contain an
implicit cut v and woly — 1,y + 1] € C1. But no critical word is a factor of
w, B —a=1. An immediate consequence is |I'1| < (|T] +1)3 € O(d?), since
IT| < 2d — 2. (More precisely, we could bound |T'y| by 6d, but |T'1| € O(d?)
is good enough for our purpose.) Let X € 4. Then Body,(c(X)) # 1 if
and only if |o(X)| > 3. Thus, for X € Qy we have 0(X) = bcu = vde with
bc,d,e € I and u,v € . It follows:

Fi(o(X)) = (1,b,¢)(b,c,v2) - - - (Ujp|41,d, €)(d, e, 1).

For example, for |v| =1 this means b = ujy|41, ¢ = d, and vy = e.

We can describe Ly € I'] as follows:

For1 <i < g letw, = o(z;) and a; the last letter of o(x;—1) if t > 1 and
a; = 1. Let f; the first letter of o(x;41) if i < g and f, = 1. Let b; the first
letter of w; and e; the last letter of w;.

For |w;| = 1 we replace x; by the 1-factor (a;,b;, f;).
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For |w;| = 2 we replace x; by the 1-factor (a;,b;, e;)(b;, e;, fi)-

For |w;| > 3 we let ¢; be the second letter of w; and d; its second last. In this
case we replace x; by (a;, b;, ¢;)xi(d;, e, fi).

The definition of Ry is analogous. Thus, we obtain |L1R;| < 3|LoRo| = 3d,
and F; is admissible.

By Remark 46 the equations F, and E,,, are admissible and hence nodes of
the search graph of Ejy. The goal is to reach E,,,, but it is not clear yet,
neither that the /-transformations with 1 < ¢ < mg belong to the search
graph nor that there are arcs from Fy to E; or from F; to Es and so on. We
prove these statements in the next sections.

4.12 The /-Transformation E, is Admissible

Proposition 47 There is a polynomial py (of degree 4) such that each Ej is
admissible with respect to py for all ¢ > 1.

Proof.  The input size is d+n-+logy(|I'|+[€0|). We have |T'|+[Q| < 4d—2 and
Ey = (T, h,Qo, po; 1+ -y = Tgt1---x4). The constraints are Boolean n x n-
matrices and d is the length of the equation. It is enough to show that L, and
Ry can be represented by exponential expressions of size O(d?*(d + nlogn)).
Then T’y can have size at most O(d?(d + nlogn)) and the assertion follows.
We will estimate the size of an exponential expression for L,, only.

We start again with the ¢-transformation

Fé(wo) = (Ul, wy, Ul) s (Uk, Wi, Uk)-

If £ is small there is nothing to do since |L,| < |Fy(wp)|. An easy reflection
shows that |L,| can become large, only if there is some 1 < i < g such
that heady(o(x;)) or tail,(o(x;)) is long. By symmetry we treat the case
head,(o(x;)) only and we fix some notation. We let 1 < i < g, a =1(i), and
B = a—+ |heady(o(x;))]. Let

(up—h Wp—1, Up—l) e (Uq+1, Wq+1, Uq+1)

be a minimal cover of [a, 3]. (The definition of a minimal cover has been
given at the beginning of Subsection 4.11.) We may assume that ¢ — p is
large. It is enough to show that the /-factor

(tUp, Wy, vp) -+ - (Ug, We, V)

has an exponential expression of size in O(d(d + nlogn)), because we want
the whole expression to have size in O(d?(d + nlogn)).
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Note that w,, - - - w, is a proper factor of head,(o(z;)). Hence no critical word
of C; can appear as a factor inside wy---w,. This means there is some
p < s < ¢ such that both, |w, - ws_1| < £ and |wsyq---w,| < €. Indeed,
if |w,---wy—1] < £, then we choose s = ¢. Otherwise we let p < s < ¢
be minimal such that |w,---ws| > ¢. Then |wsy---w,| > ¢ is impossible
because us1vs € Cy would appear as a factor in w,, - - - w,. We can write

(ulﬂ Wy, 'Up) T (uqa Wy, Uq) = Sl(usa Ws, Us)SQ-

Since (us, ws, vs) € Iy is a letter, it is enough to show that there are expo-
nential expressions for S; of size O(d(d 4+ nlogn)) for ¢ = 1,2. This follows
from Lemma 48 with ¢ = 1. Ul

The statement of Lemma 48 is more general than needed for the proof of
Proposition 47, but later it is used for other values of ¢. In fact, it will be
used for ¢ < 32d.

Lemma 48 Let ¢ > 0 be a value which might depend on d (and n) and let
S = (uhwlu Ul) Tt (uka Wk, Uk) € B;

be a sequence which appears as some (-factor in Fy(wy). If we have k < 3 or
|wsg -+ wy_1| < cl, then the sequence S can be represented by some exponential
expression of size O(cd(d + nlogn)).

Proof. Clearly, we may assume k > 3. We show that there is an exponential
expression of size O(d(d + nlogn)) under the assumption |w; - --wg| < £.
(Note that ¢ has been removed from the O-term.) This is enough, because
we can write S as agSiay - - - Seae, where ¢ < ¢, the a; are letters, and each
S; satisfies the assumption. Due to the factorization we may also assume
u; # 1 # vy and therefore we may define up,; as the suffix of length ¢ of
uqwy - - wg. For 1 < ¢ < k let z; = ujpqv;. Then z; € Cy is a critical word
which appears as a factor in z = uqwiws - - - wivg. If the words z;, 1 <i < k
are pairwise different, then £ — 1 < |Cy| € O(d) and we are done. Hence we
may assume that there are repetitions. Let j be the smallest index such that
a critical word is seen for the second time and let 7 < j be the first appearance
of z;. This means for 1 <+ < j the words 21, -, z;_; are pairwise different
and z; = z;. Now, |wy---wy| < £ and |z;| = 2¢, hence z; and z; overlap in
z. We can choose r maximal such that ujwy - - - w;(w;y1 - - - w;)"v; is a prefix
of the word z. (Note that the last factor v; insures that the prefix ends with
z;). For some index s > j we can write

T
2= ugwy - Wi (Wigq -+ w;) Wy -+ - WEU
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We claim that z; & {z,, ..., 2x}. Indeed, let ¢ be maximal such that z; = z
and assume that j # t. Then both, |w;y; - - - w;| and |w;4q - - - wy| are periods
of z;, but |wiy1---wy| < |z]. Hence by Fine and Wilf’s Theorem [23] we
obtain that the greatest common divisor of |w;t;---w;| and |wjiq - - - wyl is
a period, too. Due to the definition of an ¢-factorization (z; was the first
repetition) the length |w;4q - - - wy| is therefore a multiple of |w;yq - - - w;| and
we must have ¢ = s — 1. This shows the claim. Moreover, we have

(ula wlavl) e (uka W, Uk)
= (Ub wy, Ul) T (Uz‘, Wi, Ui)[(“iJrh Wit1, Uz‘+1) ce (uju Wy, Uj)]r S’

where S" = (us, ws, vs) - - - (U, W, vg) for s =i+ 1+7r(j —i) and r > 1. We
have r < exp(wy), hence r € 20(@+n1en) Tt follows that

(U1, wy, U1) T (Uz’, Wy, vi)[(ui—i—la Wit1, 'Ui—l—l) s (Uj, wy, Uj)]r

is an exponential expression of size j + [logy(r)] € O(d+nlogn). More pre-
cisely, we can effectively calculate some constant ¢ such that j + [log,(r)] <
¢(d+nlogy,n).

We have |{zs,...,2k}| < |{#1,...,2}|. Therefore by induction we may as-
sume that the sequence S’ = (ug, ws, vs) - - - (ug, wg, vx) has an exponential
expression of size at most |{z, ..., zx}[c(d+n) log, n. Hence the exponential

expression for S has size at most
c(d+nlogyn) + {zs, ...,z Hc(d +nlogyn) < [{z1,..., 2z }|c(d + nlogyn).
Thus, the size is in O(d(d + nlogn)). O

Remark 49 At this stage we know that all (-transformations are admissible
with respect to some suitable polynomial py of degree 4. Next we show that
we can modify the polynomial py such that the search graph also contains
arcs By — Ey and E;, — Ep for 1 < 0 < (' < 20. For this reason we use
the motion of admissibility with respect to the 4-th power pg of po. Thus,
admissibility is meant with respect to a polynomial of degree 16.

4.13 The Arc from E, to E;

We present the formal construction of the arc from Ejy to E;. We give all
technical details since this arc is the model for the more complicated way the
other arcs are constructed in the search graph.

An explicit description of E; = (I'y, h1, 4, p1; L1 = R;) has been given
in Remark 46. The letters of I'; can be written either as (a,b,c) or as
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b with a,c € " U{1} and b € I". We define an admissible base change
B :T1y — T by B(a,b,c) = b and G(b) = b for b € I'. Trivially, hy = hf.
Define Ey; = (.(F1). Then we have Ly; = $(L1) and Ro; = B(R;) where
B (FLu)* — (I'Uy)* is the extension with G(X) = X for all X € Q.
We have I'y; =T

It is now obvious how to define the partial solution ¢ : Qy — ' ' UT™* such
that 0.(Ey) = Eo1. If |o(X)| <2, then we let §(X) = o(X). For |o(X)| >3
we write 0(X) = aub with a,b € T and u € I'". Then we have X € O = Qg
and we define 6(X) = aXb and po1(X) = h(u). For X € Q; we have, by
definition, p;(X) = h(body,(c(X))), hence py1 = p1, too. This shows that,
indeed, 0.(Fy) = B«(E1). Formally, we can write this as 6.(7*(Ep)) = B.(E1),
where 7 is the identity. This yields the arc from Ej to Ej.

4.14 The Equation Eyp for 1 </ < ' <2/

In order to establish the arcs from E, to Ey for all 1 < ¢ < ¢ < 2¢ we use
an intermediate equation Ej,, such that there is an admissible base change
B, a projection 7, and a partial solution § with

0.(m"(Er)) = Eo = B(Er).

The way we move from F; to Ey is visualized by Figure 1.

—— e e m— = e m— m— e e mm = e mm mm e e e e e e m— e e = = = e = e

0. (" (Ey)) = Eow = B(Ep)  reachable
by admissible
base changes

—_— e e e e e e — — — — — — —— =

Figure 1: The search graph and its neighborhood

We begin with the definition of the base change 5. Recall ' C T'yy C Bp UT".
As expected, we define f(a) = a for a € I'. Consider some (u,w,v) € I'y \ T
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It is enough to define B(u,w,v) or B(v,w,u). Hence we may assume that
(u,w,v) appears in the ¢'-factorization Fy (wp). Therefore we find a positive
interval [ayg, fo] such that w = wg[ap, By] and such that the following two
conditions are satisfied:

1.) Wehave u =1 and ag =0 or |u| =0, ag > ¢, and u = wolag — ¥, ap].

2.) We have v = 1 and By = mg or |[v] = ¢, By < my— ¥, and v =
wo[Bo, Bo + £'].

Let (up, wp, vp) - - - (ug, wy, vy) be the f-factor which is the minimal cover of
[ao, Bo] with respect to the (-factorization Fy(wyg). Since ¢ < ¢ we have
wy - - -wy = w. Moreover, the word u, is a suffix of u and v, is a prefix of v.
We define

ﬁ(uﬁ ’UJ, U) = (up7 wp7 Up) e (um qu Uq) S Bzr

We have the following picture:

| u w v |
[ up wy [ wpir | - | w, vy |

The definition does not depend on the choice of [ayg, (] as long as 0 < ag <
Bo < mp and 1.) and 2.) are satisfied. We have f(u,w,v) = ((v,w,u)
and hy8 = hy. Now let I'yy C B, UT be the smallest subset such that
B(Ty) C ['; . Then I'ppr contains I' and it is closed under involution (since
Iy has this property). An easy reflection shows that I'y C I'yp. This will
become essential in Subsection 4.15.

We view ( as a morphism (3 : I';, — I'}, and we have hy¢3 = hy. Define
Eg’gl = ﬁ*(Eg/) Then

Evp = Lop,how, Lo, pe; B(Le) = B(Ry).

Let us show that (3 is admissible. Since Ey is already known to be admissi-
ble with respect to some polynomial of degree 4, it is enough to find some
admissible exponential expression (again with respect to some polynomial of
degree 4) for the (-factor above

ﬁ(u, w, U) = (upa Wp, Up) e (uqa Wy, UQ)'

Using the same terminology as above there is some positive interval o, 5]
such that w, - - - w, = wopao, Fo], the word u is a suffix of wo[0, ap], and v is a
prefix of wg[fBy, me]. If ¢ — p is small, there is nothing to do. By Lemma 48
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we may also assume that 5y — ag > 32d¢. We inductively define a sequence
of positions

<< << <G << B < o

In each step we let W, = wolay, 5;]. Thus, Wy = w,---w,. Assume that
W; = wolay, 5] is already defined such that §; — a; > 2. The interval [« 3]
is not free. Hence, there is some implicit cut v; with a; < 7; < ;. The
word W; is a factor of w, hence no factor of W; belongs to the set of critical
words Cp. This implies §6; —v; < £ or v; — a; < 0. If we have 3; —v; < V'
then we let a; 1 = «; and ;11 = ;. In the other case we let a;,; = ~; and
Bix1 = B;. Thus W, is defined such that W;,, is a proper factor of W; with
(Wil = [Wiga| < 0.

We need some additional book keeping. We define r; € {l,r} by r; = r if
B; = Biy1 and r; = 1 otherwise (i.e., a; = a;41). Furthermore the implicit cut
~; corresponds to some real cut v, and o} < v} < 3! such that W; = wy[o, 3]

or W; = wo[f], a}]. We define s; € {+, =} by s; = + if W; = wo[a, 3] and
s; = — otherwise (in particular, s; = — implies W; = wq[c, 3]). The triple
(i, 7iys;) is denoted by (7). There are at most 4(d — 2) such triples and
~(i) is defined whenever W, is defined. We stop the induction procedure
after the first repetition of some (7). Thus we find 0 < i < j < 4d such that
(i) = v(j). We obtain a sequence Wy, Wy, ..., W;, ..., W; where each word
is a proper factor of the preceding one. We have |Wy|—|W;| < 4d¢’ < 8dl and
due to |Wy| > 32d¢ the sequence above really exists, moreover |W,| > 24dV.
Next, we show that W; has a non-trivial overlap with itself. We treat the
case (i) = v(j) = (v,r,+) only. The other three cases (vy,r,—), (7,1, +),
and (v,1,—) can be treated analogously. For some o/ < v < [’ we have
W; = wold, '] and W1 = wo[y, f']. Thus, for some v < p < v < 3 we have
W; = wolp, v] and we can assume that y—v < (j—i)¢’ < 4dl' —0' < 8dl—V1'.
On the other hand we have v(j) = (v,r,+), too. Hence for some ' < v < v/
with v — g/ < ¢/ we have W; = wy[i, V], too. Therefore 0 < p — p/ < 8d¢
and W; has some non-trivial overlap. We may choose W = wy[/, ] and it
follows that we can write W; = WeW’ such that 1 < |W| < 8d¢ and W’ is a
prefix of W.

Putting everything together, we arrive in all cases at a factorization Wy =
UWeV with e < exp(wg), 1 < |[W| < 8dl, and |U| + |V| < 16dC.

We have not finished yet. Recall that we are looking for an admissible expo-
nential expression for

ﬁ(u, w, U) - (upa Wp, vp) e (uqa Wy, vi])'

Due to |Wy| > ¢ we can choose r minimal, p < r < ¢+ 1, and s maximal
p—1<s < gsuch that |w,- - w,_1| > |U|+ € and |weyq---w,| > [V|+ L.
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By Lemma 48 we may assume r < s and it is enough to find an exponential
expression for
S - ('LLT, Wy, 'UT) Tt (u87 Wg, 'Us).

Note that the word w,w,w, 1 ---wsvs is a factor of W° Hence we may
factorize W = W'W" in such a way that after replacing W by W"W' we
may assume that u,w,w, .1 - - - wsv, is in fact a prefix of W¢. Furthermore, we
may assume that w,w, 1 ---ws > 32d¢ and by symmetry we may choose some
positive interval [ag, Bo] such that wolay, Bo] = upw,w, 11 - - - wsvs. Clearly, we
have woli, j] = woli+|W|, j+|W|] for all g < i < j < Fo—|W]. In particular,
the critical word wolav, a + 2¢] appears as wol[ag + |W|, ap + 20+ |W|] again.
This means that there is some r < ¢t < s such that |w, - --w;| = |W/|. More
precisely, we can choose r <t < t' < s and a maximal ¢’ < e such that

/

S = ((Ur, Wr, UT) T (ut7 Wy, vt))e (ut’7 Wy, 'Ut’) e (u87 Ws, 'US)'

Since €' < exp(wp), |w,---w| = |[W|, and |wy - - -ws| < |W], the existence
of an admissible exponential expression for F(u,w,v) follows. Hence (3 is an
admissible base change.

4.15 Passing from E; to Eyp for 1 <0 <0 <20

In the final step we have to show that there exists some projection 7 :
I'; o — T and some partial solution 0 : , — I QI , UT7, such that
0.(m*(Ey)) = Epw. We don’t have to worry about admissibility anymore.
Once 0.(7*(E;)) = Eyp is established, Theorem 8 is proved.

For the definition of the projection 7 consider a letter in 'y \ I'y. Such a
letter has the form (u,w,v) € B, with w € T'". There is no length bound
on w known (or needed). We define m(u,w,v) = w and this is possible since
rcr,.

Clearly 7( (u,w,v)) = 7(u,w,v) and hyp(u, w,v) = h(w) = hy(r(u, w,v)).
Thus, 7 : I, — I} defines a projection such that

T (Ee) = (Loprs hoer, Qs pe; Le = Ry).

We have to define a partial solution ¢ : €, — TZ’E,Q@TZ(, ULy, such that
0(L¢) = B(Ly) and 0(R,) = B(Ry). For this, we have to consider a variable
X € Q with body,(0(X)) # 1. By symmetry, we may assume that X = x;
for some 1 < i < g. Hence o(X) = wo[l(7), r(z)].

Let ax = 1(i) + |head,(o(X))| and Bx = r(i) — |tail,(c(X))|. Then 1(i) +
¢ < ax < fBx < r(i) — L Let (up,wp,vp)---(uy,wy,v,) be the minimal
cover of [ax, fx]| with respect to the (-factorization. We have w,,---w, =
body,(o(X)).
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For body,(c(X)) =1 we have X € €\ Q and we define
6(X) = (up, wp, vy) - - - (ug, Wy, Vg)-

Then 0(X) € B} and hed(X) = po(X) since p(X) = h(body,(o0(X))). It is
also clear that the definition does not depend on the choice of i, and we have
§(X) =d(X).

Recall the definition of L. Since body, (o(X)) = 1, there is a factor f - - - f
of Ly which belongs to '}, and f; - - f. covers [ay, Sx] with respect to the
¢'-factorization Fy(wp). It follows that 6(X) is a factor of B(f; - - f.), hence
§(X) € I’} by definition of 'y .

For bodyg,( (X)) # 1 we have X € Qp and we find positions p < v such
that p = 1(:) + |heady (o(X))| and v = (i) — [taily (a(X))|.

For some p < r < s < g we have wolax,u| = wy---w,_1, wo[v, Bx] =
Wst1 -+ - Wy, and body,(d(X)) = w, - - - ws. We define

5(X) = (Up, Wy, 'Up) T (ur—la Wy—1, Ur—l)X(us—i—la Ws+1, 'Us—i—l) T (Uq, Wy, 'Uq)~

As above, we can verify that 6(X) = UXV with U,V € I}, such that
(5(X) =V XU and pg( ) = h /( )py( )hgg/(V). Finally, (S(Lg) = 5([;@/)
and §(Ry) = B(Ry). Hence 4, (7r*( Ey)) = B.(Ey). The final step in proving
Theorem 8 is completed.

5 Concluding Remarks

The PspAcE-hardness stated in Theorems 3, 5, and 8 is due to rational con-
straints, but this is a side effect and a nice coincidence, only. The reason
to include constraints has been motivated by possible applications to free
partially commutative groups (graph groups). When Matiyasevich showed
in 1996 that the existential theory of equations in free partially commuta-
tive monoids (trace monoids) is decidable [29, 30, 7], it became clear by his
method that regular constraints are a powerful tool in order to extend de-
cidability results to other algebraic structures and, in particular, they are
necessary for extending Makanin’s result from free groups to graph groups.
At that time the result of Schulz [38] on word equations with regular con-
straints had been available but no such analogue for equations in free groups
was known. So, the idea was to look for such an analogue first. Inspired by
Gutiérrez [15] we were finally led to investigate free monoids with involution
and regular constrains. This approach turned out to be fruitful. Based on
Theorem 5 of this paper (the results date back to the year 2000) it is shown
in [8] that the existential theory of equations in graph groups is decidable.

41



This result is a common generalization of Matiyasevich’s decidability result
on trace monoids and Makanin’s result on free groups. In a continuation
of this work on graph groups we obtained various other decidability results
about the existential and positive theories in graph products, see [5, 6].
Makanin has also shown that the positive theory in free groups is decidable,
[26]. It remains decidable with recognizable constraints [6]. In contrast, the
positive theory of equations with rational constraints is undecidable in free
groups, because the positive V33-theory of word equations is undecidable
[27, 9] and X* is a rational subset of the free group F'(X). So the question
remains under which restricted type of constraints the positive theory of
equations in free groups remains decidable.
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6 Appendix: Proof of Proposition 15

We first repeat the statement of Proposition 15:
Let E = (I', h,Q, p; L = R) be a solvable equation with constraints. Then
there is a solution o : Q — T'* such that exp(o(L)) € 20(d+nloegn),

Proof. Let p € I'* be a primitive word. This means that p # r* for all k > 1
and r € I'*. In the following we also write p~! instead of p. Then, p~2 for
example means the same as p®. The definition of the p-stable normal form
depends on whether or not p is a factor of p?. So we distinguish two cases.

First case: We assume that p is not a factor of p?>. The idea is to replace
each maximal factor of the form p® with a > 2 by a sequence p,a« — 2, p and
each maximal factor of the form p® with o > 2 by a sequence p, —(a — 2), p.
The p-stable normal form (first kind) of w € T'* is a shortest sequence (k is
minimal)
(g, 1001, UL, -+« ERQl, Up)

such that £ > 0, ug,u; € ', g; € {+1,—1}, a; > 0 for 1 < i < k, and the
following conditions are satisfied:

o W = ugp M uy - - - PFEYRUy.

e k = 0 if and only if neither p? nor p? is a factor of w.

o If £ > 1, then:
U c F*psl \F*pﬂl“*,
u; € (D*p¥+ N psil*) \ [*p=2T* for 1 <i < k,
U/k; E pé‘kr* \ F*piQP*.

If (up,e100,u1,...,ExQg, ug) is the p-stable normal form of w, then the p-
stable normal form of w becomes (uy, —erag, Ug_1, . .., —€101, Ug)-

Example 50 Let p = aabaa with b # b and w = p*baap*aabp=2. Then the
p-stable normal form of w 1s:

(a@baa, 2, aabaabaa, —1, aabaabaa, 0, aabad).
Second case: We assume that P is a factor of p?. Then we can write p = s

withp =srandr =7, s =5. We allow r = 1, hence the second case includes
the case p = p. In fact, if r = 1, then below we obtain the usual definition
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of p-stable normal form, compare e.g. with [3]. The idea is to replace each
maximal factor of the form (rs)®r with @ > 2 by a sequence rs, o — 2, sr.
In this notation o — 2 is representing the factor (rs)*?r = p*?r = rp* 2 =
rp?=e.
The p-stable normal form (second kind) of w € I'* is the shortest sequence
(k is minimal)

(g, g, Uy - oy O, U)
such that £ > 0, up,u; € I'", a; > 0 for 1 < ¢ < k, and the following
conditions are satisfied:

o w = ugp“ruy - - - pErug.
e k = 0 if and only if p?r is not a factor of w.
o If £ > 1, then:

ug € Trs\ (T*p*rT* U T rsrs),
u; € (DrsnsrT*)\ (srsrD* UT*p?rT* UT*rsrs) for 1 <i <k,
up € srT*\ (IT*p?rI™* U srsrl™).

Since 7s = sr, the p-stable normal form of w becomes
(Ur, vk, U1, - - -, 1, Up).
So, for the second kind no negative integers interfere.

Example 51 Let p = aab with b = b. Then r = aa and s = b. Let
w = abp*ap3a. Then the p-stable normal form of w is:

(@baab, 1, baabaaab, 0, baaba).
In both cases we can write the p-stable normal form of w as a sequence
(UO, aq, U, ...y O, uk‘)

where u; are words and «; are integers.

It is well-known [28] that for Boolean matrices A € B"*" we have A" =
A™A™  Hence the matrix A™ is idempotent. For the following we de-
fine and fix ¢(Ms,) = max{4,n!}. This choice guarantees h(uv®M2n)y) =
h(uv?*Mz2)q) for all u,v,w € T'* and all h : I'* — My, and, of course,
c(Msy,) > 3. The fact ¢(Ma,) > 3 is used at some point below.

Now, let w,w’ € I'* be two words whose p-stable normal forms are identical
up to the position of the i-th integer. Assume that in the p-stable normal w
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at this position there is the integer «; and that for w’ at this position there is
af. We know h(w) = h(w') as soon as the following conditions are satisfied:
a; - af >0, oy > e(May,), || > e(Msy,), and a; = o (mod ¢(Msy,)). Tt
is therefore convenient to change the syntax of the p-stable normal form.
Each non-zero integer o' is written as o = &(q + ac(Ms,)) where €, q, a are
uniquely defined by ¢ € {+1, -1}, 0 < ¢ < ¢(Ma,), and a > 0. For o/ =0
we may choose ¢ = ¢ = o = 0. The values ¢, ¢, and ¢(M,,) are viewed as
constants, if a = 0, then it is viewed as a constant, too. Otherwise, if a > 1,
then we view « as a variable ranging over positive integers.

Let u, v, and w be words such that uv = w holds. Write these words in their
p-stable normal forms:

w: (ug,e1(qr + are(May)), ur, ..oy ep(qr + ape(May)), ug),
v (vo,€1(s1 + Bre(May)), v1, ..oy €5(se + Bec(May)), ve),
w: (wo,e](t1 +71e(Man)), wi, -+, €5 (Em + Ymc(Map)), win).

Since uv = w there are many identities. For example, for k,¢ > 2 we have
Up = Wo, V] = Wy, q1 = t1, a3 = 71, etc. What exactly happens depends
only on the p-stable normal form of the product uivy. There are several
cases, which can be listed easily. We treat only one of them, which is in
some sense the most difficult one: We treat the case p = rs with r = 7
and s = 5. It may lead to a large exponent of periodicity. It might be that
up = srsry and vy = rasrs with rire = r (and 7 # 1 # r5). Hence we have
upvg = sp> and k + ¢ = m + 1. It follows that oy = 1, ..., q4-1 = Ve_1,
B2 = Vka1y - - -, Be = Ym, and there is only one non-trivial identity:

Q. + 81+ 4+ (ap, + Br)c(May) = tg + yc(May).
Since by assumption ¢(Ms,) > 3, the case upvy = sp® leads to the identity:

Yk = o + 1 + ¢ with ¢ € {0,1,2}.

Assume now that ap > 1 and 7 > 1. If we replace oy, (1, and 7, by some
aj, > 1, #1 > 1, and 7, > 1 such that we still have v, = o), + ] + ¢, then we
obtain new words u’, v/, and w’ with the same images under h in M, and
the identity u/v" = w’ remains true.

The following step is completely analogous to what has been done in detail in
[20, 16, 17, 3]. Using the p-stable normal form we can associate with an equa-
tion L = R of denotational length d together with its solution o :  — I'*
some linear Diophantine system of d equations in at most 3d variables. The
variables range over positive natural numbers. The parameters of this system
are such that the maximal size of a minimal solution (with respect to the
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component wise partial order of N%) is in O(2%64) with the same approach
as in [20]. This tight bound is based in turn on the work of [12]; a more
moderate bound 29 (which is enough for our purposes) is easier to obtain,
see e.g. [3]. The maximal size of a minimal solution of the linear Diophan-
tine system translates back into a bound on the exponent of periodicity. For
this translation we have to multiply the bound using the factor ¢(Ms,) and
to add ¢(Ms,) + 1. Putting everything together we obtain the claim of the
proposition since c(Ma,) € 20(m1osn), O
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