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SOLUTIONS TO TWISTED WORD EQUATIONS AND
EQUATIONS IN VIRTUALLY FREE GROUPS

VOLKER DIEKERT AND MURRAY ELDER

ABSTRACT. It is well known that the problem solving equations in virtually
free groups can be reduced to the problem of solving twisted word equations
with regular constraints over free monoids with involution. In this paper we
prove that the set of all solutions of a twisted word equation is an EDTOL
language whose specification can be computed in PSPACE. Within the same
complexity bound we can decide whether the solution set is empty, finite, or
infinite.

In the second part of the paper we apply the results for twisted equations
to obtain in PSPACE an EDTOL description of the solution set of equations
with rational constraints for finitely generated virtually free groups in stan-
dard normal forms with respect to a natural set of generators. If the rational
constraints are given by a homomorphism into a fixed (or “small enough”)
finite monoid, then our algorithms can be implemented in NSPACE(n? logn),
that is, in quasi-quadratic nondeterministic space.

Our results generalize the work by Lohrey and Sénizergues (ICALP 2006)
and Dahmani and Guirardel (J. of Topology 2010) with respect to both com-
plexity and expressive power. Neither paper gave any concrete complexity
bound and the results in these papers are stated for subsets of solutions only,
whereas our results concern all solutions.
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Keywords: Equation in a virtually free group, twisted equation, EDTOL lan-
guage, PSPACE.

INTRODUCTION

For a given semigroup S the decision problem WORDEQUATION is the following:
on input two words U and V' in variables together with letters from a generating set
3 C S, decide whether or not there exists a substitution ¢ of variables by elements
in S which yields a true identity o(U) = o(V) in S. Here, o is extended by o(s) = s
for all s € X.

In a seminal paper [36] Makanin showed that WORDEQUATION is decidable for
free semigroups. The first complexity estimation of the problem was a tower of
several exponential functions, but this dropped down to PSPACE by Plandowski
[43] using compression. The insight that long solutions of word equations can be
efficiently compressed is due to [44] which also led to the still standing conjecture
that WORDEQUATION is NP-complete for free semigroups (and free groups). Until
2013 the known decidability proofs for solving word equations were long and tech-
nical with an accompanied reputation for being difficult. This changed drastically
when Jez applied his recompression technique: he presented an NSPACE(nlogn)
algorithm to solve word equations mﬂ Actually his method achieves more: it

Date: 1 December 2019.

Research supported by Australian Research Council (ARC) Project DP 160100486 and German
Research Foundation (DFG) Project DI 435/7-1.

"n [27] Jez improved the complexity to NSPACE(n).
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describes all solutions, copes with rational constraints (which is essential in appli-
cations), it extends to free groups, and to free monoids with involution [II]. Refining
Jez’s method, Ciobanu and the present authors showed that the full solution set of a
given word equation over a free monoid with involution with rational constraints is
EDTOL [5]. As a consequence, the same is true in free monoids without involution
and for free groups where the constraints are used to ensure that solutions are given
by reduced words. Previously this was only known for quadratic word equations
[17]. EDTOL languages are defined by a certain type of Lindenmayer system. There
is a vast literature on Lindenmayer systems, see [49], but all we need here is that
an EDTOL language is specified by a nondeterministic finite automaton accepting
endomorphisms over a free monoid and by some initial word. Applying the set of
accepted endomorphisms to the initial word yields the language.

The original motivation for [5] was to prove that the full solution set in reduced
words of equations in free groups is an indexed language, a problem which was open
at that time [I8, 25]. However, the result in [5] is stronger since EDTOL forms a
strict subclass of indexed languages [15].

Transfer results as in [22] [5] from words to free groups have a long history. In
the 1980s Makanin showed that the existential and positive theories of free groups
are decidable [37]. In 1987 Razborov gave a description of all solutions for an
equation in a free group via “Makanin-Razborov” diagrams [45] [46] which formed
a cornerstone in the work of Kharlampovich/Myasnikov [30] and Sela [51] on the
positive solution of Tarski’s conjectures about the elementary theory in free groups.

The motivation for the present paper is along this line. We show that given a
finitely generated virtually free group G there is an NSPACE(n?logn) algorithm
which produces for a given equation with (small) rational constraints an effective
description of an EDTOL language which describes the solution set in standard
normal forms over a natural set of generators. Moreover, the same complexity is
enough to decide whether the solution set is empty, finite or infinite. No PSPACE
algorithm, in fact no concrete complexity bound was known for deciding emptiness
before.

In this paper, we define an NSPACE(s(n)) algorithm to be a partially defined
single-valued function f computed by a nondeterministic Turing machine consisting
of three tapes: a one-way-read-only input tape, a two-way-read-write work tape,
and a one-way-write-only output tape. If the length of the word written on the input
tape is n, the work tape is restricted to having length s(n). If the machine halts on
input w at some point, then the contents w’ on the output tape satisfies w’ = f(w).
In general such a device might specify a partially defined multi-valued function,
where several outputs are possible from the same input. However, in our case,
we require that the output is unique. The domain of the partially defined func-
tion f computed by the machine is the halting set of the machine, and for each
w in the domain there is a single output f(w). This is the standard definition
of a nondeterministic transducer which computes partially defined single-valued
function. For nondeterministic polynomial time, formal definitions go back to [4];
see also [52, 53]. It is clear that this formalism applies to other nondeterministic
complexity classes as well. Every NSPACE(s(n)) transducer can be simulated by a
deterministic transducer using at most working space s(n)? (Savitch’s Theorem),
and also by a deterministic Turing machine which uses a time bound in 20¢(")
see [42] for more details. Thus, every PSPACE algorithm can be implemented such
that it runs in deterministic singly exponential time 2P0 ("),

Several remarks are in order here, which point to some additional difficulties
in our framework. First, in general virtually free groups have torsion, which is a
serious obstacle to applying the known techniques. The reason to study virtually
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free groups is motivated by the ubiquitous presence of word hyperbolic groups [20].
Solving equations in torsion-free hyperbolic groups reduces to solving equations
in free groups [48], but solving equations in word hyperbolic groups with torsion
reduces to solving equations in virtually free groups which in turn reduces to solv-
ing twisted word equations with rational constraints [7]. The question of whether
solving twisted word equations is decidable was asked by Makanin ([38] Problem
10.26(b)). It was solved in [7], thereby showing that the set of solvable equations
over a f.g. virtually free group is decidable. This result was also independently
shown by Lohrey and Sénizergues [35]. (Actually, [35] proves a more general trans-
fer result.) What is in common: both papers are based on [I0] and use explicitly
([35] only implicitly due to [I0]) the so-called “exponent of periodicity”. Because of
this neither paper describes all solutions, nor gives any concrete complexity bounds.

The result for virtually free groups is obtained by a reduction to the problem
to describe the solution sets of twisted word equations with regular constraints,
following standard techniques. So, the main new contribution is our approach to
solving twisted word equations. We follow the approach in [5] to define a sound
and complete algorithm to produce an NFA A describing all solutions, however in
the setting of twisted equations the technical details are quite far from previous
methods. For example, for readers familiar with previous methods, in twisted
equations it does not make sense to “uncross” pairs ab where a, b are different letters
because once all pairs ab are uncrossed the twisting may produce new crossing pairs
ba, uncrossing them leads to new crossing pairs ab etc. Thus, our underlying method
is quite different from the original recompression due to Jez.

The class of f.g. virtually free groups appears in many different ways. For exam-
ple, a fundamental theorem of Muller and Schupp (relying originally on [14]) says
that a f.g. group is virtually free if and only if it is context-free [40]. This means
that, given any set of monoid generators A, the set of words w € A* which represent
1 € V forms a context-free language. Other characterizations include: (1) funda-
mental groups of finite graphs of finite groups [29], (2) f.g. groups having a Cayley
graph with finite treewidth [32], (3) universal groups of finite pregroups [47], (4)
groups having a finite presentation by some geodesic string rewriting system [19],
and (5) f.g. groups having a Cayley graph with decidable monadic second-order
theory [32]. Proofs for the most important equivalences are in [I3]. The transfor-
mations are effective. For example, starting from a context-free grammar for the
word problem, we can construct a representation as a fundamental group of finite
graphs of finite groups. However, the finite graphs of finite groups can be much
larger than the size of the context-free grammar: the result in [54] showed a prim-
itive recursive bound on the blow-up. It was only very recently that Sénizergues
and Weif} showed in [50] that the blow-up can be bounded by a doubly exponential
function.

What we use here is another characterization which is proved in [13} Sec. 2.4.5].
It follows rather easily from Bass-Serre theory [57] and the representation of a
f.g. virtually free group as a fundamental group of finite graphs of finite groups.
The characterization says that a f.g. group G is virtually free if and only if it has an
effective embedding into a semi-direct product of a free group F with basis F; by
a finite group H which acts by permutations on the symmetric set £ = F, U E;l.
(The precise statement is in Proposition [[47]) Taking this characterization as a
black box, no knowledge in Bass-Serre theory is required to understand our results.

An extended abstract of a preliminary version of this paper was presented at the
conference ICALP 2017, Warsaw (Poland), 10-14 July 2017 [9]. Ciobanu and the
second author have now extended the results of the present paper to show solutions
to equations in any hyperbolic group are EDTOL with description in PSPACE [6].
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1. ORGANIZATION OF THE PAPER

1.1. The overall structure. The paper has two main and separate parts. In a
first part we deal the following algorithmic problem. The input is a system S of
twisted word equations with regular constraints over a free monoid (with involution)
A*. The “twist” comes from a finite group H acting on A*. We present a PSPACE
algorithm which constructs an NFA As which gives a description of the set of all so-
lutions as an EDTOL language. Structural properties of the NFA Ag tell us whether
the set of all solutions is empty, finite, or infinite. Precise complexity bounds are dis-
cussed in Section 4.2 and under certain assumptions on the size of the regular con-
straints, we prove the entire algorithm can be done in NSPACE(|H|n? log |A|log n)
where n denotes the input size of S, and when |A| and |H| are constants, this
becomes quasi-quadratic nondeterministic space NSPACE(n? logn).

In a second part we apply our results on twisted word equations to the existential
theory of equations with rational constraints over finitely generated virtually free
groups. From the algorithmic viewpoint we deal with a non-uniform complexity
where the virtually free group G is not part of the input. (This allows us to assume
that G is embedded into a semi-direct product of a free group F' by a finite group
H, where the rank of F' and the size of H are constants.) The input is a Boolean
formula ® in free variables over equations and rational constraints for the solution
specified by NFAs which accepts subsets of G. The output is a specification of the
set of all solutions in standard normal forms for ® as an EDTOL language. The
proof is a reduction to the setting in the first part. The result is in the same overall
complexity as in the first part when taking into account that H, F' and A are not
part of the input.

In the final section we perform this reduction explicitly for the special linear
group SL(2,Z) (without relying on any knowledge of Bass-Serre theory) starting
with the well-known classical fact that SL(2,Z) can be embedded in semi-direct
product of a free group of rank 2 (its commutator subgroup) by the finite cyclic
group Z/127Z. A priori, there could be an exponential blow-up in the complexity
due to fact that we use matrices and not a word representation when describing
equations over SL(2,Z). However, there is no such blow-up thanks to work of
Gurevich and Schupp [21].

1.2. Technical details. We assume that the reader is familiar with some basic
facts in combinatorics on words, formal languages and finite automata, and com-
plexity theory. Apart from that (and the promise that a finitely generated (f.g. for
short) virtually free group admits an embedding into a certain semi-direct product
of a free group F by a finite group H) the paper is self-contained. In principle,
it is not necessary that the reader has ever heard of Makanin, word equations, or
any method to solve them before. The paper uses various technical tools where
the authors would have preferred to give references in the literature rather than
lengthy and somewhat pedestrian constructions, but failed to find the appropriate
references.

The heart of the paper is Jez’s compression method in the framework of twisted
equations: Section [0 and Section [Tl The adaption to the twisted setting is far
from trivial and quite different from the original method in [26] or its extension to
free groups as in [II] or [5]. Therefore to understand Sections [[0land [[T]is the most
demanding part when reading the paper.

Many of the technicalities surrounding NSPACE complexity can be overlooked if
the reader is happy enough to replace the explicit complexity bounds by PSPACE.
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2. PRELIMINARIES

We use standard notation. If A and B are sets, then A C B means set inclusion,
while A ¢ B means A C BA A # B. By A\ B we denote the set of a € A which
are not in B. By B“ we mean the set of mappings from A to B, and 24 denotes
the power set of A, that is, 24 = {B | B C A}. We also view 24 as a commutative
and idempotent monoid.

B = ({0,1}, max, -, 0, 1), denotes the Boolean semi-ring, N (resp. Z) denotes the
semi-ring of natural numbers, (resp. the ring of integers). N is also the free monoid
and Z is the free group in one generator.

Monoids (resp. groups) will typically be denoted by M and N (resp. by G and
H). If the focus is on finite monoids (resp. finite groups), then we use the notation
N (resp. H). With a few exceptions (like N or Z) we denote the identity element in
monoids by 1. A zero in a monoid M is an element 0 € M such that Ox = 20 =0
for all x € M. If a zero exists, it is unique. Nontrivial groups cannot have a zero.

Let M be a monoid and u,v € M. We say that u is a factor of v if we can write
v = zuy for some z,y € M. If we can write v = uy (resp. v = zu), then we say
that u is a prefiz (resp. suffiz) of v. If u is a prefix of v, then we also write u < v.

2.1. Complexity. The O-notation and complexity classes like P, NP, NSPACE(s(n)),
PSPACE are defined as in standard textbooks ([24] [42]), see also page 21 We use
a convention that log(m) = max{1,logy(m)}. Throughout we use the well-known
fact due to Immerman-Szelepcsényi that NSPACE(s(n)) is closed under comple-
mentation. Note that any statement about complexity depends on how the input
is given. A statement like “factorization is not known to be in P” makes sense
only if the encoding of the problem and a notion of input size has been defined. If
integers are encoded in unary, then, trivially, “factorization is in P” is true. Typi-
cally, inputs have various parameters. If certain parameters of the input are fixed,
then with respect to the input size these parameters behave as constants. Still,
for many problems P it is more accurate to use parametrized inputs, where the
input size is tuple of non-negative numbers: ||P| = (p1,...,px) with & > 1. If
P is such a problem, then with respect to polynomial resource bounds we view P
as a one-parameter problem of input size n = 1+ p; + - -- + px. The notation is
robust: every polynomial in (1 + p;)®--- (1 + pg)* is also a polynomial in n for all
¢ > 1. Throughout, we take care to define our input sizes (of systems of equations,
or Boolean formulae, with regular constraints) in a natural way.

2.2. Sets and monoids with involution. An involution of a set is a bijection
x + T such that T = x for all  in the set. The identity map is an involution. A
monoid with involution additionally has to satisfy Zy = yZ. This implies T = 1 and
0 =0 (in case there is a zero). If G is a group, then it is a monoid with involution
by taking g = g~ for all ¢ € G. By default, we choose § to be g~ ! in groups.

A morphism between sets with involution is a mapping respecting the involution.
A morphism between monoids with involution is a homomorphism ¢: M — M’
such that () = ¢(x). Note that every group homomorphism is a morphism of
monoids with involution. The set of automorphisms on a set (or monoid) M forms
the group Aut(M). For A C M N M’ we say that ¢: M — M' is a A-morphism if
p(x) = a for all x € A.

2.3. Group actions and H-monoids. Recall that a group H acts on a set ¥ (with
involution) via a homomorphism ¢: H — Aut(X). That is, ¢) defines a permutation
s gxwithlaz =z, f-(¢-x) = (fg)x (and f-T= f-z)forall f,g € Handz € X.
Thus, every g € H defines a permutation of ¥ (which respects the involution). The

stabilizer of x € ¥ is the subgroup H, = {g € H | g-x = x}. Frequently, we also
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write g(z) as a synonym for ¢g - x. If H acts on a monoid M, then we additionally
demand that every element of H acts as an automorphism: g(zy) = g(z)g(y). If M
is equipped with an involution, then we have ¢(77) = g(7)g9(Z) = g(y) g(x). In the
following we say that M is an H-monoid if it is a monoid with involution on which
H acts. A morphism between H-monoids M and M’ is given by an H -compatible
morphism which is a homomorphism ¢: M — M’ respecting for all ¢ € H and

x € M the action g - ¢(z) = ¢(g - ©), and the involution, p(T) = p(z).

2.4. Free monoids with involution and an H-action. By an alphabet we mean
a finite set ¥ with involution. (Since the identity is an involution of ¥ this covers
the case of monoids without a predefined involution.) The elements of ¥ are called
letters (or symbols). By ¥* (by X7 resp.) we denote the free monoid (free semigroup
resp.) over .. The elements of a free monoid are called words. The empty word in a
free monoid is also denoted by 1 as in other monoids. We have X7 = ¥*\ {1}. The
involution extends to X*: for a word w = a7 -+ - a,, witha; € X weletw =a,, - - - a1.
The monoid X* is called the free monoid with involution over . If @ = a for all
a € ¥ then w is simply the word w read from right-to-left. The length of word w
is denoted by |w|, and |w|, counts how often a letter a appears in w.
If a group H acts on ¥, then g € H acts on w = ay - - - ay, with a; € ¥ by

g(w) = g(a1) - g(am).

A letter a € ¥ is H-visible in w if g(a) is a factor of w for some g € H.

Sometimes it is useful to view a word of w = aq - - - a,, with a; € 2 as a labeled
linear order as follows. We let {1,..., m} be set of positions; and we label a position
1 < p < m with the letter w[p] = ap. For 1 < ¢,j < m we denote by [i, j] the interval
{i,...,7}. The labels of the interval define a factor

wli, j] = a; -+ - aj.

An occurrence of a factor u in w is an interval [i, j] such that u = wl¢, j]. Typically,
a factor has several occurrences. For a position 1 < p < |w| we define its dual
position p by p = m + 1 — p. The notion of duality extends to intervals [¢, j] with

1 <4,j <|w| by [i,j] = [j,i]. Thus, the set of intervals is a set with involution.
A word w such that w = w is called self-involuting, and for such w we have

w(i, j] = w(j, .

2.5. Automata, rational and recognizable subsets in a monoid. For no-
tation and results in the this subsection we refer to the classical textbook [16].
A regular language in finitely generated free monoids can be defined via a non-
deterministic finite automaton or via recognizability using a homomorphism to a
finite monoid, to mention just two possible definitions. We need the corresponding
notions subsets for other monoids, too.

Let M be any monoid (not necessarily equipped with an involution). A nonde-
terministic automaton over M is a directed arc-labeled graph A denoted as a tuple
A=(Q,M,é, 7, %). The vertices of A form the set Q of states, with subsets .&
of initial and .Z final states. We write A = () if there are no states. The arcs
are called transitions and they are labeled with elements of the monoid M. We
represent the set of transitions § as a subset of Q x M x Q. A transition labeled by

1 € M is called an e-transition. In pictures we draw a transition (p, h, q) as p BN q.
We say that m € M is accepted by the automaton A if there exists a path from
some initial to some final state such that multiplying the labels together yields m.
This defines the accepted language L(A) = {m € M | m is accepted by A}.

Often we specify M together with a set % of generators or, more generally,
together with homomorphism 7 from the free monoid ¥* to M. In that case, we
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may denote A alternatively as A = (Q, %, 9, ¥, %) where § C Q x ¥* x Q. This
allows two natural interpretations of L(A): first as the set of words L(A) C ¥*
obtained by reading A as a shorthand for (Q,%*,d,.7,.%); second as L(A) C M
by identifying L(A) C ¥* with w(L(A)). If the distinction is crucial, we write L(.A)
and m(L(A)). However, sometimes a sloppy notation L(A) C M is used. There
will be however no risk of confusion.

A subautomaton A’ of A= (Q, M, 7, F) is an automaton A’ = (Q', M, 7', F')
such that Q' C Q, ¢ C 4§, #' C ., and F' C Z.

An automaton is called trim if every state is on some path from an initial to a
final state. For a trim automaton .4 we have L(A) # () if and only if A # ). Clearly,
every automaton A contains a trim subautomaton A’ such that L(A’) = L(A).

If the set of transitions is finite, then we call A a nondeterministic finite automa-
ton (or NFA for short). A subset L C M is called rational if L is accepted by some
NFA over M.

A subset L C M is called recognizable if there is a homomorphism h: M — N to
a finite monoid N such that h=!(h(L)) = L. In case that M is a finitely generated
free monoid, the notion of rational and recognizable subsets coincide; so these
subsets are also called regular. It follows rather easily that a monoid M is finitely
generated if and only if all recognizable subsets are rational [39]. Finite subsets
are always rational, but finite subsets in a group are recognizable if and only if the
group is finite.

2.6. From NFAs to Boolean matrices. Nondeterministic finite automata en-
code regular languages in a concise and natural way. It is convenient to work in an
algebraic framework with recognizing morphisms, too. Let us recall a well-known
and classical construction.

Let A =(Q,%,0,.,.7) be any NFA with m states. Then we can assume that

Q = {1,...,m}, and we represent transitions as a mapping to Boolean m x m
matrices as follows. For each letter a € ¥ we define a matrix p4(a) € B™*™ by
(1) (MA(G))SJ =1 ac L(Qa ¥, 9, {S} ) {t})

We obtain a homomorphism p_4: X* — B™*™ such that for all w € ¥* we have
w € L(A) <= pa(w) € pa(L(A) <= Ise L It c.F : (ua(w))s: =1).

Example 2.1. Let ¥ be an alphabet (with involution) and H < Aut(X) be a sub-
group of automorphisms. The set R of words having a factor ee for some e € X
is regular and R is invariant under the action of H. Let F = ¥* \ R be the com-
plement: it is the set of reduced words. The set F is in canonical bijection with
the group ¥*/{ee = 1| e € X}. The language R is accepted by an NFA (actually a
DFA) with 1+ |3 states. Hence, B™*™ recognizes them where m = 1+ |X|.

The size of B™*™ s 2’"2, but there is a much smaller monoid N which recognizes
R =J{Z*eeX* | e € £} and hence F, too. The elements of N are 1, 0, and the
pairs (a,b) in X x 3. The elements 1 and 0 act as the neutral element and a zero,
respectively. The multiplication for the other elements is given by (a,b) - (¢,d) =
(a,d) if b # ¢ and (a,b) - (¢,d) = 0, otherwise. The involution is given by (a,b) =
(b,@). In effect, N “remembers” the first and last letters of elements in F. A pair
(a,b) switches to 0 once a factor €€ is recorded.

It is an H-monoid by the natural action of H induced by the action of H on X.
Consider the morphism of H-monoids p: X* — N which is defined by pu(a) = (a,a).
Then we have R = p=1(0) and F = p=Y(N \ {0}). The size of N is therefore
24|22 —|S|. Therefore each element in N can be specified by at most 14+log, (1+|2))
bits.
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3. REGULAR LANGUAGES IN PRESENCE OF AN INVOLUTION AND AN H-ACTION

The application of this section is stated precisely in Proposition We give a
construction which allows us to handle regular constraints for twisted word equa-
tions using morphisms to finite H-monoids.

We proceed in two steps. The first step forces homomorphisms to respect the
involution. This part is from the arXiv version of [5] which was inspired by [10].
We repeat that construction. Let N be any monoid. We define its dual monoid
N°P to use the same set N°P = N, but N°P is equipped with a new multiplication
r oy = yxr. In order to indicate whether we view an element in the monoid N
or N°P, we use a flag: for x € N we write 2°P to indicate the same element in
N°P. Thus, we can suppress the symbol o and we simply write 2°Py°P = (yx)°P.
The notation is intended to mimic transposition in matrix calculus, where the dual
operation is just the transpose. Similarly, we write 1 instead of 1°P which is true
for the identity matrix as well. The direct product N x N°P becomes a monoid
with involution by letting (x, y°P) = (y,2°P). Indeed,

(@1,917) - (22,557) = (y2y1, (2122)P) = (22,95") - (21, 91").-
The following observations are immediate.

e If IV is finite then N x N°P is finite, too.

e We can embed N into N x N°P by a homomorphism ¢: N — N x N°P defined
by t(x) = (z,1). Note that if n: N x N°? — N denotes the projection onto
the first component, then ne = idy.

e If M is a monoid with involution and p: M — N is a homomorphism of
monoids, then we can lift p uniquely to a morphism ¢°P: M — N x N°P of
monoids with involution such that we have p = np°P. Indeed, it is sufficient
and necessary to define ¢°P(x) = (p(z), p(T)°P).

Example 3.1 ([I0]). Let M =B"*™. Then M x MP°P is a submonoid of the set of
2n x 2n-Boolean matrices:

B™X™ x (B™*™)°P = {(Ig QOT) ’ PQc ann} with@

In the line above PT and QT are the transposed matrices.

Il
/
S 8]
Yo
SN—

Now, we switch to the new part of our construction. For readers familiar with
wreath products it might be helpful to say that the following is a wreath product
construction. Let N be a monoid with involution. Consider the direct product N,
which is the set of maps from H to N. We denote the elements of N¥ by tuples
(ng)g with the interpretation that ¢ € H is mapped to ny, € N. It is a monoid
by pointwise multiplication with involution (n,), = (7ig)4. The monoid N embeds
into N by sending n to the constant map (n),. We let act H on N* by

[ (ng)g = (ngs)g-
Now, let M be an H-monoid with involution and let »: M — N be a morphism of
monoids with involution, then we extend it to J M — NH by

V(@) = ($(g2))g-

The homomorphism ’LZ respects the involution since

V(@) = ($(97)g = ($(92))g;

and it respects the action of H since

b(fz) = (W(gfa))g = f ().
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(N x NoP)H
lm

N x N°P
A b
M L4 - N

FI1GurE 1. A lifting of a homomorphism ¢ to an H-compatible
morphism @.

Moreover, 1 factorizes though 1 because 1;(113) = (¢(gz))y implies ¢ = m where
M ((ng)g) = n1.

If we start with a homomorphism ¢ from an H-monoid with involution M to a
monoid N without involution, then i means the morphism ¢°?: M — N x N°P;
and @ is a shorthand for °P. Thus, the constructions above yield the commutative
diagram as in Figure[ll In that figure ¢ = nn;@ is a homomorphism, °P = ;¢ is
a morphism of monoids with involution, and ¢ is an H-compatible morphism. As a
direct consequence we obtain the following proposition. Recall that an H-monoid
is, by definition, a monoid with involution.

Proposition 3.2. Let H be a finite group that acts on a finite alphabet A; and
hence via a length and involution preserving action on A*. Then all recognizable
subsets of A* can be recognized by some H-compatible morphism to a finite H-
monoid. More precisely, let p: A* — N be a homomorphism to a finite monoid;
and L = ¢~ Y(F) for some F C N. Then we have L = ~1(F) where F = 7~1(F)
and 17 =nn1.

3.1. Stabilizers. Let H be a finite group acting on an alphabet A via a homo-
morphism ¢: H — Aut(A). We assume that H is given by its multiplication table.
The table can be stored with O(|H|? log |H|) bits. We also need a way to represent
the action of H and the stabilizer subgroups of H. The action is recorded by writ-
ing down for each f € H the element ¢(f) as a permutation of A. To do this, we
write ¥(f) as a set of pairs ¥(f) = {(a, f(a)) | a € A}. Thus, the action of H on
A can be stored with O(|H| |A|log|A]) bits.
For a word w € A* we denote by H,, its stabilizer:

Hy={feH| flw) =w}.

stabilizer are subgroups; and the set of subgroups of the form H,, form a commu-
tative monoid ST(H) where the operation is intersection, the identity element is
H, and the involution is the identity. Indeed, we have

Huw ={g € H | g(uv) = g(u)g(v) = uwv} = Hy, N Hoy,

Hz={ge H|g) =g(u) =1} = H,
and
Hywy={f € H| flguw) =g(uw)}={feH|[g ' (flg(u) =u} =g ' Hug

for all u,v € A*, g € H. In particular, H acts on ST(H) by conjugation, and
ST(H) is therefore an H-monoid. Let SG(H) denote the set of all subgroups of H,
then v(u) = H, yields a canonical surjective morphism

v A* — ST(H) = {H, € SG(H) | w € A*}.
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A basic test is to answer “f € H,,7”. This is easy: for w = ay - - - a,, with a; € A
we check one after another that f(a;) = a; for 1 < < |w|. This enables an efficient
test to decide whether or not H, C H,. For each f € H one after another we test
whether f € H, implies f € H,. In particular, we can answer “H, = H,7".

Lemma 3.3. We have ST(H) = {H,, | w € A* A |w| < logy |H|} .

Proof. For each w € A* and b € A we either have H,, = Hyy, or |Hy| > 2|Hyp
because Hy, = H, N Hp. So, if they are not equal, then their intersection is a
subgroup which has index at least 2 in H,,. O

The idea is therefore to use words of length at most log, |H| to represent stabi-
lizers and to perform the calculations for stabilizers on these words. The represen-
tation is not unique, but this does not matter for our application.

A main task is to compute a word w of length at most log, | H| such that H,, =
H, N H, (when u and v satisfy |u|,|v] < logy|H|). This can be done efficiently
according to the following lemma.

Lemma 3.4. Fvery element in the commutative monoid ST(H) of stabilizers can be
represented by a word in A* of length at most log|H|, thus with at most O(log |H| -
log|A|) bits. Using this representation, multiplication (that is, intersection) and
computing the H-action (that is, conjugation), can be done in space O(log|H]| -
log |Al).

Proof. Let uv = ay - - - a,,. We have to compute a word w of length at most log, | H |
such that Hy,, = He,...q,, -

We run a loop for ¢ = 1 to m. At each step we have computed a word u;_1
such that H,, , = Hg,...q, , with the invariant 2/“-1/|H, | < |H| (initially we
let ug = 1). There are exactly three mutually disjoint cases.

(1) If H,, , € H,, then we let u; = u;_1.

(2) If Hy, & Hy, ,, then we let u; = a;.

(3) If H,, and H,, , are incomparable with respect to containment, then we
let U; = Uj—1Q5.

Each case keeps the invariant because, by induction, 2/%

| < |H]. O
Remark 3.5. The reader can easily check that our computation of a word w with
H, = Hg,...q,, yields a word w of pairwise different letters. So, we could actually
put a bound |w| < min {log, |H|, |A|} on its length.

3.2. H-N-monoids. In the following H denotes a finite group and N denotes a
finite H-monoid. Let M be a set (resp. be a monoid) with involution and

w:M— N

be a morphism. We say M (together with u) is an H-N-alphabet (resp. an H-N-
monoid) if H acts on M such that u(g-2) = g - p(z). For example, the identity
map on N makes N itself to an H-N-monoid.

A morphism between H-N-monoids is an H-compatible morphism ¢: M' — M
such that pup = p/. Thus, if M is an H-N-monoid and M’ is a monoid with
involution where H acts, then every H-compatible morphism ¢: M’ — M turns
M’ into an H-N-monoid where p' is uniquely defined by the equation pp = p'.
The use of H-N-monoids is natural in our setting: the H-action is due to a group
action on letters, and the finite monoid N is used for the specification of rational
constraints. It is clear that the specification of constraints has to be compatible
with the group action.
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3.3. Free H-N-monoids and types. Let B and ) be two disjoint H-N-alphabets.
We call B the alphabet of constants and ) the set of twisted variables. The free
monoid with involution (BUY)* becomes an H-N-monoid where p: (BUY)* — N
is induced by BU .

T Ty = T T,
g (@1 am)=g-(x1) g+ (Tm).

By 6§ C (BUY)* x (BUY)* we denote a finite homogeneous relation. Here as
usual, a relation is called homogeneous if (x,y) € 0 implies |z| = |y|. If (x,y) € 0
then we also say that (x,y) is a defining relation because the algebraic object we
are interested in is the quotient monoid

BLY) /{z =y (z,y) € 0}.

We need more structure of this quotient monoid; in particular, p: (BUY)* = N
should induce a morphism of H-N-monoids. Actually we wish more, therefore we
impose the following technical restrictions on 6; and then we call 6 a type (and for
a variable X we also define the type of X denoted 6(X) below).

(1) (z,y) € 0 implies pu(x) = uly), (¥,7) € 0, and (f(x), f(y)) € 0 for all
f € H, even if these relations are not listed in the specification of 6.

(2) If a (twisted) variable X appears in 6 (that is |zy|x > 1 for some (z,y) € ),
then we call X typed. For a typed variable X we require that there is
a unique primitive wordd p € B* such that (Xp, pX) € 6. We define
0(X) = p, and say that 6(X) is the type of X.

(3) For (z,y) € 0 we allow exactly three possibilities:

(i) (z,y) = (ab, ca) with a,b,c € B.
(i) (z,y) = (X 0(X), 6(X) X) for variables X.
(iii) (x,y) = (Xa,aY) where a € B and X,Y are typed variables such that
X#£Y.

It is convenient to choose a subset X C Y which is closed under the involution
such that every Y € Y has the form Y = f(X) for some X € X and f € H. In the
following, by a variable we typically mean X € X and thus, every twisted variable
Y € Y can be written as f - X for some f € H and X € X. We assume X # X
for all variables. Having chosen 6 and X we denote by M (B, X, 0, 1) the following
quotient monoid (and an H-N-monoid with type 6):

M(Baxvevﬂ): (BUy)*/{‘T:y| (‘ray) 69}

Point (1) from above makes sure that one can extend the involution, the morphism
w and the action of H to the quotient M (B, X, 0, ). The homogeneity condition
for 6 makes it possible to solve the uniform word problem in M(B,X,0, ) in
nondeterministic quasi-linear space:

Lemma 3.6. There is an NSPACE(nlogn) algorithm which performs the following
task. The input is an alphabet B, a homogeneous relation § C B* x B*, and two
words u,v € B* such that

lwo| + B[+ Y |ayl < n.
(z,y)€0

The output is “yes” if w = v in the quotient monoid B*/{zx =y | (z,y) € 0} and
“no” otherwise.

2Recall that p is primitive if and only if it cannot be written as p = r¢ with e > 2.
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Proof. fu=vin B*/{x =y | (z,y) € 0}, then nondeterministically we can apply
rewriting rules from 6 (which preserve length) to u until we see u = v in the free
monoid B*. We get the “no” answer because NSPACE(nlogn) is closed under
complementation by the theorem of Immerman-Szelepcsényi, see for example [42].

O

Using Lemma [3.6] we represent elements in M (B, X, 0, u) by words over (BUY)*.
For 6 = () we obtain (BUY)* = M(B,X,0,u). By M(B,0,u) we denote the H-
N-monoid submonoid with type § which is generated by B. In particular, B* =
M(B,0,p). If 6 N B* x B* = ), then M(B,0,u) = B* is a free submonoid of
M(B,X,0,u). If H acts without fixed points on ), then we identify ) = H x X
and the action becomes g - (f, X) = (g9f, X). Later we will write typed variables
using a special bracket notation [X,p]. For complexity issues we will only allow 6
which satisfy 0] € O(|H|||S||*) where ||S|| is specified in Equation () below.

3.4. EDTOL languages and relations. The acronym EDTOL refers to Extended,
Deterministic, Table, 0 interaction, and Lindenmayer. See the handbook [50] for
the many results about L-systems. Let A be an alphabet. A subset L in a k-fold
direct product A* x - -- x A* is called a EDTOL relation if there is some (extended)
alphabet C with dy,...,d; € C such that A C C and a rational set R C End(C*)
of endomorphisms over C* such that

L={(h(dy),...,h(dy)) | h € R}.

The classical situation refers to & = 1. In that case we speak about an EDTOL
language; and our definition uses a characterization of EDTOL languages due to
[1]. The connection is as follows. Let $ be a symbol which is not in A and L C
A* x - x A* be a EDTOL relation, then {wi$ws---Swy | (w1,...,w) € L} is
an EDTOL language in the usual sense over the alphabet A U {$}. It should also
be noted that the class of EDTOL languages coincides with the class of HDTOL
languages ([50, Thm. 2.6]).

We say L is an effective EDTOL relation if there is an effective description of
an NFA A with transitions labeled by “deterministic tables” of pairs (c,u.) €
C x C* (encoding the endomorphism which maps ¢ to u. (and ¢ to u_c))ﬁ and
letters di,...,dr € C such that (wi,...,wg) € L if and only if there is some
h € L(A) C End(C*) such that (w1, ...,wg) = (h(d1),...,h(dk)).

4. TWISTED WORD EQUATIONS

4.1. The initial setting. We begin with a nonempty alphabet of constants A,
and a list of 2k variables V, (as always, both with involution) and a finite group H
where H acts on A via a homomorphism ¢: H — Aut(A4). In particular, [¢(H)| <
|A|! < |AIAl. As above, H acts on H x Vo by f-(9,X) = (fg,X). For w € A*
and f € H we also use the notation f(w) = (f,w). Hence, we may represent
elements in (AU (H X Vp))* by words in (H x (A*UVy))*. We abbreviate (1, ) as
x for x € A*UVy. By po: A* — N we mean a homomorphism which respects the
involution and the action of H. Thus A* is, via pg, an H-N-monoid. Assume that
o has been extended to a mapping jo: A* UVy — N such that po(X) = uo(X),
then po extends to a morphism po: (AU (H X Vp))* — N of H-N-monoids by
wo(f, X) = f - po(X). Initially we work over free monoids.

Definition 4.1. A system S of twisted word equations with regular constraints
over A and Vy is given by the following data:

3Without restriction we can assume each transition is labeled by an endomorphism which
changes at most one pair of letters ¢, c.
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A list of 2k variables such that Vy = {Xl,x, . ,Xk,Yk}.

The set of twisted variables becomes Y = H x V.

A set of pairs {(U;, Vi) | 1 < i < s} where U;, V; € (AUY)* .

A morphism po: (AUV)* — N of H-monoids, with N finite.

A solution of & is a morphism of sets with involution o: Vy — A* which is
(uniquely) extended to an A-morphism of H-N-monoids o: (AU Y)* — A* such
that

o o(U;) = o(V;) for all pairs (U;, V).
o oo (X) = po(X) for all variables. Hence, poo = po.

As usual, a pair (U;, V;) representing a twisted equation is simply written as
U, =V,.

Example 4.2. Let A = {a,a,b,b},Vy = {X,X,Y,Y,Z, 7}, f,g € H defined by
f(a) = bag(a) = ﬁ,g(b) =b U = (faX)a(gaY)7 Vi=2,U; = (f,Y)b, Vo =
ab(g,X), Us = Xa, V3 =b(f, X) and (for simplicity) po(x) =1 for allx € AUV,.
A pictorial representation of the example is shown in Figure[d The reader is invited
to verify that one possible solution is o(X) = bab,(Y) = baab, o(Z) = abaabaab,
and a second solution is o(X) = b,0(Y) = ba,o(Z) = aaab.

FIGURE 2. Pictorial representation of Example

If o is a solution of S we also say that o solves S. For {Xl,x, - ,Xk,X_k} the
full solution set Sol(S) of S is defined as

Sol(S) = {(o(X1),...,0(Xk)) € A" x--- x A" | o solves S}.

4.2. The main result on twisted word equations. Our main result shows that
Sol(S) is an EDTOL language, for which we can compute an effective description in
polynomial space. In order to measure complexities accurately, we need a precise
notion of input size. Let S be a system of twisted word equations with regular
constraints over A and Vy according to Definition .11

We define the size of S using two parameters ||S|| and m(S). Thus, the size is the
pair (||S||,m(S)). The first parameter ||S|| ignores the size of the finite monoid N.
It is the main parameter as we don’t want that the complexity due to constraints
dominates the overall complexity. The second parameter measures separately the
number of additional bits for handling the constraints. We begin by defining [|S||.
Let

(2) IS = [H|+ Al +k+s+ > |UVil.
1<i<s

Recall that 2k is the number of variables, s is the number of equations U; = V;,
and H denotes a finite group acting on A and hence on A*, too. We are interested
in a situation only where A # ) and ||S|| > 4.
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The finite monoid N is also part of the input. We measure the size relative
to ||S]|. Let N be any finite H-monoid and ms(N) € N be a number such that
elements of N can be encoded by a number of bits which is at most

(3) ms(N)(2 +log|A|) - log [|S]|.

Moreover, using this specification, monoid computations, like computing the invo-
lution, the multiplication of two elements, and the action by H, can be performed
on a Turing machine in space mgs(N) ||S]| log ||S||. We let

4) m(S) = ms(N) where N is the monoid which appears in &

There are examples where the monoid N (which appears in S) is polynomially
bounded in ||S]| and still m(S) € O(1). However, if m(S) becomes a polynomial in
IS]|, then we need to consider m(S) separately for a finer analysis below PSPACE.

An H-monoid N is called small with respect to S if ms(N) € O(1). The finite
monoid recognizing reduced words (those without factors aa for a € A) is small with
respect to S, see Example 2.1l Being small is no restriction for the computability
of the representation of the full solution set as an EDTOL relation — we can always
add trivial equations until N becomes small with respect to S. Another example
of a small monoid is the finite monoid ST(H) of stabilizers. Its size depends on A
and H, but still it is small due to Lemma [3.4]

Now, during the process we might wish to use direct products of (small) monoids.
For that the parameter mgs behaves nicely:

mS(Nl X NQ) g mS(Nl) —+ mS(NQ).

Indeed, given (ni,n2) € N1 x N2 we can use the first mg(N7) bits to encode ng
and the last ms(N3) bits to encode ny. The operations on N; x Na can be done
component wise. In particular, a direct product of small monoids remains small.

We are ready to state our main result which gives PSPACE as an upper bound
for the complexity and a quasi-quadratic space bound if NV is small.

Theorem 4.3. There is an NSPACE(|H| - ||S||* - m(S) - log |A] - log ||S]|) algorithm
which performs the following task. It takes as input a system of twisted word equa-
tions S with reqular constraints. The system use a set of constants A, a set of
variables Vo = {Xl,E, ceey Xk,X_k}, and the regular constraint is given by a mor-
phism po: AUVy — N. The output is:

e an extended alphabet C of size O(|H|?||S|*);

o distinguished letters d; € C' for each variable X;;

e a trim NFA As accepting a rational set of A-morphisms L(As) C End(C*)

such that

(5) Sol(S) = {(h(d1),...,h(dr)) € C* x--- x C* | he L(As)}.
The algorithm stores intermediate equations with a length bound in O(|H|||S||?).
Moreover, Sol(S) = 0 if and only if As = 0; and |Sol(S)| < oo if and only if As

doesn’t contain any directed cycle.

Let us comment on the rather complicated space bound
2
[H[ - [|S]" - m(S) - log|A] - log [| S|

which appears in the statement of the theorem. First, since |H| < ||S]| and |C| €
O(|H|? ||S|*), we can encode all letters by O(log ||S||) bits. Second, the p-value for
the constraints changes dynamically: it is a priori not fixed for the extended alpha-
bet C. So, it is enough to store the p-value for each symbol which appears in inter-
mediate equations. The length bound on intermediate equations is in O(|H|||S||?).
Each p-value is an element in N, which requires, by definition, m(S)-log|A|-log ||S||
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bits for the encoding. Together, we need O(|H| - ||S||* - m(S) - log | A| - log ||S]|) bits
to encode intermediate equations,

Corollary 4.4. Let S be a system of twisted word equations with regular constraints
in variables {Xl,Xl,...,Xk,Xk}. Then Sol(§) C A* x --- x A* is an effective
EDTOL relation.

Proof. This is a formal consequence of Theorem O

Sections [l through [[2 are devoted to the proof of Theorem [£3l The theorem
implies that we can decide in PSPACE (hence, in deterministic singly exponential
time) whether S is solvable and whether or not there are only finitely many solu-
tions. The decision problem of whether a word equation with regular constraints
has a solution is known to be PSPACE-hard by [31] because the intersection problem
of regular languages is a special case. In our setting, if the finite monoid N is small,
then the best known lower bound to date is NP-hardness: it is the lower bound for
deciding whether or not a linear Diophantine system over N has a solution [24].

5. PREPARATION

We begin the proof of Theorem F3] with some technical preparations. Sec-
tions [B.IH5.3l concern some reductions, and could easily be skipped in a first reading
of the paper. These sections yield a reduction to the situation as stated in begin-
ning of Section (.4l We invite the reader to jump directly to Section [5.4] and to
read the parts in between only when necessary.

5.1. Reducing to faithful actions. Recall that the action of H on A is given by
a homomorphism ¢: H — Aut(A). We don’t require that 1) is injective because
in some natural examples this is not the case, see Section On the other hand
it is enough to prove Theorem in the case where H is actually a subgroup of
Aut(A). Let us show how the reduction works. The principal idea is to replace H
by H/K where K = ker(1)) is the kernel of .

If M is any H-monoid, then the action of H induces an action of H/K on M
only if for all f € K and all m € M we have f(m) = m. In this case M becomes an
H/K monoid: the action g - K(m) = g(m) is well-defined for all g - K € H/K. By
definition of K, the free monoid A* is therefore an H/K-monoid. Inspecting the
statement in Theorem B3] there are two problems: the induced action of K on the
finite monoid is not trivial, in general. Moreover, the group acts H freely on the
set of variables H x Xp, so there is no induced action of H/K on this set unless K
is trivial. We address and solve both problems.

Let us begin with the H-monoid N, then it has a largest H-invariant submonoid
N’ where K acts trivially. It is the submonoid of K-invariant elements:

N ={meN|VfeK: f(m)=m}.

The image 10(A*) is a submonoid of N’, since for all f € K and all w € A* we have
f(po(w)) = po(f(w)) = po(w). However, the statement in Theorem doesn’t
require that po(X) takes values in N’. Let us show that S is not solvable if there
is some variable X such that 1o(X) ¢ N’. Indeed, assume the contrary that there
is a solution o: Xy — A* such that po(X) ¢ N’. Then there is some f € K such
that

po(X) # fpo(X)) = f(roo(X)) = uo(f(o(X))) = poo(X) = po(X),

which is a contradiction. We have f(0(X)) = o(X) because K acts trivially on A*.
Thus, as a first procedure in the proof of Theorem [L.3 we check that po(X) € N’
for all X € Xy (and therefore puo(f, X) € N’ for all (f,X) € H x Xp). The test
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runs over all f € H and for each f checks the following implication:

(6) (Va € A: fla)=a) = [f(uo(X)) = po(X).
If the check is positive then po(X) € N’ for all X € Aj. If the check fails then we
output that S is not solvable by defining As = ). We can perform the test within
our given space bound by definition of m(S).

After the test, we may assume that po maps AU (H x Xp) to N’, and we replace
N by N’. We can use the same bit encoding for elements in N’ as we did for N, but
if we have to guess an element in N’; we perform the test (6). Thus, the parameter
m(®D) is still valid.

In the second step we replace each variable (f, X) € H x Xy by a fresh variable
(f - K,X) € (H/K) x X. Again, this doesn’t change Sol(S) since for every H-
compatible morphism o: H x &y — A* and all f € K we have

o(f, X) = f(o(1, X)) = f(o(X)) = o(X) and po(f, X) = f(0(X)) = po(X).

We are done. We have shown the following statement.

Lemma 5.1. It is enough to prove Theorem [.3 under the additional assumption
that v is injective. This means we can assume that H is a subgroup of Aut(A).

5.2. Making the finite monoid N larger. The aim in this section is to replace
N by a larger monoid, which additionally encodes information about stabilizers for
all z € AU X). Up to a constant factor we don’t change m(S).

Let ST(H) be the monoid of stabilizers, see Section 31l We define a morphism
w1 AUXy — N xST(H) which maps a letter a € A to (uo(a), H,) and each variable
X to some (po(X), Hy) where u € A* is any word of length at most log, |H| by
guessing u. The H-action on N x ST(H) is inherited from the action on N and the
action on ST(H) by conjugation. Moreover, guessing is equivalent to taking the
union over finitely many cases, see ([@). The union will give the same solutions we
had before, and it will not introduce any new solutions.

The projection to the first component turns N x ST(H) into an H-N-monoid.
Using p1 we achieve the following:

o for all z € (AU AXp)*, pi(x) € N x ST(H) is a pair where the second
component is H, which is represented by a word u € A* of length at most
log |H| such that H, = H,.

The switch to p; has a price. By defining pq(X) we restrict the set of possible
solutions. The value 1 (X) = (po(X), Hy) fixes the stabilizer H,(x for a solution
o to be the subgroup H,. The number of choices (= nondeterministic guesses) to
extend po to w1 is bounded by

(7) (IST(H))* < |A[l¥eloelH,

These choices result in a splitting the original system into that many subsystems.
Splitting is fortunately no problem since EDTOL languages are closed under finite
union by taking the unions of the corresponding NFAs.

At the end of this we rename N x ST(H) as N and pq as po: AU Xy — N.

5.3. Introducing a zero to N and a marker symbol to A. In the following
it is convenient to have a special symbol #, but we want to make sure no variable
uses it, so we add 0 to our constraint monoid. We next embed our current IV into
N U{0} where 0 is a fresh symbol not included in NV and 0 acts as a zero in N U{0}.
We turn it into an H-monoid by defining f(0) =0 for all f € H.

The monoid N is an H-submonoid of NU{0} and, by a slight abuse of language,
we denote by po the induced mapping to the larger monoid N U {0} as well:xt

po: AU(H x Xy) 2% N < NU{0}.
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Without restriction (by adjusting constants if necessary) we may assume that N U
{0} doesn’t change the parameter m(S). Using NU{0} instead of N doesn’t change
Sol(S) because ug(AU (H x Xp)) C N. Phrased differently, without restriction N
has a zero 0; and uo(AU (H x Ap)) C N\ {0}.

At this point we to add the special symbol # to A. We let uo(#) = 0, # = #
and f(#) = # for all f € H. So, from now on we assume that # € A. Since we
did not change po(X) for any variable X we are sure that for every solution o to
S and every variable X we have |o0(X)|x = 0: the marker cannot appear in any
solution.

5.4. Triangular systems. Due to the preceding subsections we henceforth make
the following assumptions:

e H is a subgroup of Aut(A).

o There is some # € A with # = # and f(#) = # for all f € H.

e The H-monoid N contains a zero 0 and for all z € AU Xy we have

po(x) =0 < = =#.

to(z) is a pair where the second component is the stabilizer H, which is
represented by a word u € A* of length at most log |H| such that H, = H,
for all z € (AU Xp)*. Since H, = H, and u is in A* we have for all f € H:

(8) feH, < f(u)=u.

Definition 5.2. A twisted word equation U =V is called triangular if U contains
at most two variables and V' at most one variable.

Following well-known methods (see for example [§]) we enlarge the set of variables
Xo to a larger set X D Xy (using at most 2||S|| more variables) such that every
equation becomes triangular in a more specific form: every equation has the form
either Z =1 or U = Z where |U| = 2 and in both cases Z is a variable.

It therefore is enough to show Theorem[£.3]in the case where each each equation
U, = V; equals (f,z)(g9,y) = (h,Z) where z,y € AUX and Z € X. Moreover,
since (f,z)(g,y) = (h, Z) is equivalent to (h='f z)(h~tg,y) = Z we can restrict
ourselves to the case that each U; = V; is of the form (f,z)(g9,y) = Z. Due to
additional variables, we work over a set of variables

X ={X1, X1, ., Xbo, Xoo, X1 Xt 15+ - -, Xy X

where k < k' < 2||S]| and the first 2k variables belong to the original system.

Hence, the starting point is a system of equations (f, x)(g,y) = Z. The number
of these triangular equations is at most 2 ||S||, so we can ignore this blow-up. During
the process we need a more general form, nontrivial triangular equations appear
as u(f, z)w(g, y)v = v’ Zv' where u, w,v,u’,v" are words over constants. Whenever
such an equation with |u| = || = |v] = |v'| appears, then necessarily v = u’
and v = v’; otherwise the equation is “unsolvable”. That is, in a nondeterministic
implementation of our process, this branch never leads to an accepting state. In an
implementation of the algorithm we would reject the branch immediately.

Finally, it is somewhat convenient to assume |A| + |X| < |UV|. We may achieve
this for example by adding some dummy equations, and then ||S|| € O(|H|+|UV)).

5.5. Fixing more notation. During the process we enlarge the sets of constants

and variables. We begin with two disjoint infinite alphabets with involution C' and €2

and X = CUS. All constants are drawn from C and all variables are drawn from 2.

We never write down all elements from C or €2, just certain subsets which are needed

in a specific situation. Later we will choose  such that [S| € O(H|? ||S]|?), but

initially for our infinite automata 7 and F we do not impose any size restrictions.
Throughout we use following conventions and notation.
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e There are 2k distinguished letters {dl, di, ..., dy, d_k} which appear in The-
orem [£3]

e #c ACB=B={fb)|beB}CC.

e BN {dl,d_l, .. .,dk,d_k} = () unless we are at a final state (to be defined
below, see Section [[.T.2]).

e V=YV={fX)| XecX,feH}CQand X # X forall X € Q. If H

acts freely on ), then we write ) = H X X, too. We view X C ).

The action of H and the involution on X extend those on AU ).

p: (BUY)* — N satisfies p(a) = po(a) for a € A.

a,b, ¢, [p],[r, s, Al ... refer to letters in C'.

u, v, w, ... refer to words in C*.

XY, Z,[X,p],... refer to variables in .

x,Y,z,...refer to words in X*.

These conventions hold everywhere unless explicitly stated otherwise. They also
apply to primed symbols such as B’, X’ etc. Throughout we also use the following.

Remark 5.3. If we know p(z) € N for any z € (BUY)*, then we also know, by the
representation of the second component in p(x), a word u € A* of length at most
log |H| such that H, = H,. This enables for all f € H an efficient test to check
whether f(x) = x, see [8) above. Moreover, if we have z = xy with x,y,z € (BUY)*
and we have to calculate u(z) as the product u(x)u(y), then we need to find a word
w € A* of length at most log|H| such that H, = H, U Hy, = H,,. We may assume
that H, and Hy are already given as H, = H, and Hy, = H, where uv € A* of
length at most 2log |H|. In order to compute w we run the algorithm from the proof

of Lemma[33}

5.6. The initial word equation Wj,;;. For technical reasons we encode the initial
(triangular) system {(U;,V;) | 1 < i < s} of twisted equations in variables X’ where
{X;|1<i<|X|/2} € X = X as a single word. Let U = Ui #Us -+ #U, and
V=Vi#Va- - #Vs.

The initial equation Winy € (AU (H x X))* is defined as:

9) Winit = #X1 -+ #X ) o #UHHVH#X x| o# - X1 7.
In particular, each X € X appears in Wi,;;. Here:

Xo={X1,X1,...,Xp, Xz} and

X ={X1,X1,..., Xie, Xie, X+ 1, Xior1, - -, X2, X\ w2}
Note that o(W) = o(W) if and only if o(U;) = o(V;) for all 4.
5.7. Fixing the parameters n, ¢, and §. Having defined Wjy;; we fix the follow-
ing parameters n,e,d € N by
(10) n=|Wiit|, €=30n, andd=|H|e=30/H|n.
By our assumptions this implies n > |A| + |X|. We have ||S|| € |H| + ©(n).
Moreover, since n € O(||S||), we have § € O(|H|||S||) and € € O(||S]|). As a
consequence:

2

(11) O(én) € O([HI [IS]7)-

Note that the right-hand side in (1) coincides with the space bound we allow to
store intermediate equations according to Theorem (3]
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5.8. Extended equations and their solutions. The NFA over the monoid End(C*)

we will construct uses extended equations as states. The overall strategy is to re-
move variables from the equation until no variables remain. During the process
we will enter a phase called d-periodic compression repeatedly (which is the ana-
logue of “block compression” for solving word equations in free groups). During
each call of d-periodic compression, each variable may create temporarily two new
variables which will vanish before the end of that call. So at most 3 |H|n variables
are needed, including these additional (temporary) variables.

Definition 5.4. An extended equation is a tuple E = (W, B, X, 0, 1), where A C B
and M(B,X,0,u) is an H-N-monoid with type 0. Moreover, we require:

(1) W e M(B,X,0, 1) which can be written as a word in the form:
W = #x19f - F#x x| 2 FU1 - - FUH #HOH - VIFHT x| 2#F - T1H

with z;, uj, vy € (BUY)* and p(x;) # 0, p(u,) # 0, p(vg) # 0.
(2) Given W as above we call u; = v; a local equation.
(3) Wl = Winichg.
(4) For every X € X there exists some f € H such that f(X) appears in W.
(5) We say E is a standard state if first, 0 = 0, and second, all local equations
are triangular.
(6) If E = (W,B,X,0,u) is a standard state, then X C X. Moreover,

ST Wl < Wanly-

Yey Yex

(7) If E= (W,B,X,0,u) is any state, then Yy |[Wlx < 3n. (Thus, we can
bound Q by || < 3|H|n right away.)

(8) If variables X,Y are typed with X #Y and (Xa,aY) € 0, then we have
0(X)a = ab(Y) in the submonoid M(B,0, 1) generated by B.

Recall (Section B3) that if a variable X is typed, then there is a primitive word
p = 6(X) such that (Xp,pX) € 0.

Definition 5.5. Let E = (W, B, X,0,u) be an extended equation.

e A solution is a B-morphism o: M(B,X,0,u) — M(B, 0, u) such that:
— a(W) =a(W).
— o(X) € p*, whenever X is typed and p = 0(X).
e An entire solution is a pair (o, o) where a: M(B,0, ) — M(A,0, o) is
an A-morphism and o is a solution.

6. TWISTED CONJUGACY AND 0-PERIODIC WORDS

A key step in proving Theorem .3 is to solve a particular kind of a twisted equa-
tion: conjugacy. Let z,y,z € A*. An easy exercise in combinatorics on words [23]
yields:

(12) y=az < Ir,s€ A'JeeN:ix=rsAy=srAz=(rs)r

This fact is crucial in Makanin’s classical approach [36] to solve (untwisted) word
equations. Here, we need a variant of (I2)) in the twisted environment. We say
that words z,y € A* are twisted conjugate if there are f,g,h € H and z € A* such
that zg(y) = h(x)f(z). We also say that |z| = |y| is the offset of the conjugacy. A
twisted conjugacy equation is a (non-triangular) twisted equation of the form

(13) Z(9,Y) = (h, X)(f, 2).
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Proposition 6.1. Let o be a solution of the twisted equation (I3) such that the
offset |o(X)| satisfies 1 < |o(X)| < |0(Z)|. Then there are words r € A", s € A*
and e,j € N with 0 < j < |H| such that |rs| = o(X) and

(14) o(Z) = ((rs)f(rs)--- fT17 (rs))e fOrs) -~ 771 (rs) f2 (7).

A Y
11 ‘ lyg
Th \ T
X 7z
u flw)  f%(uw) fi Y
) : : : : : f :
v u fw)  f2(w) FI7 ) £ (r)

FI1GURE 3. Twisted conjugacy

Proof. Let v = o(X) and u = h(v). Since 1 < |o(X)| < |o(Z)] the word u is a
proper nonempty prefix of o(Z). If 2|u| < |0(Z)], then uf(u) is a prefix of o(Z),
and so on. Thus, 0(Z) is a prefix of a word uf(u)f?(u)--- f¥(u) for some k € N.
Next, observe that fIl(u) = fO(u) = u for every word u € A*. Thus,

o(2) = [uf () f*(u) - 7)) uf (u) - 77 ) 2 (r)
where 0 < j < |H|, u=rs and the |r| suffix of Z is where the pattern runs out, as
illustrated in Figure 3l We then have o(Y) = g~ f/(sf(r)). Hence, the nonempty
word u and the length |o(Z)| define a unique factorization u = rs, integers 0 < e
and 0 < j < |H| such that ¢(Z) has the desired form above. O

A word p is called primitive if it cannot be written as p = r¢ with e > 2. In
particular, the empty word 1 is not primitive. It is well known (and easy to see)
that a nonempty word p is if and only if p? cannot be written as p?> = apy with
x#1and y # 1.

Let w,p € AT be nonempty words. We say that w has period |p| if w is a
prefix of pl®!. In other words, if w = a; - --a, with a € A, then a; = iy |p for all
1 <i<n—|p|. A word may have several periods, for example w = aabaabaa has
periods 3,6,7,8. If |p| is the least period of w, then |p| < |w| and we can choose p
to be primitive such that p < w. For example, aab < aabaabaa is a primitive prefix
and |aab| = 3.

Corollary 6.2. Lete € N, f,g,h € H, and x,y,z € A* be words with 1 < |z| < ¢
and |z| = |H|e. If we have zg(y) = h(x)f(z), then z has a period of at most |H|e.

Moreover, let z = awf be any factorization with |w| = |x|. Then every letter b
occurring in z satisfies b = f(a) for some f € H and some letter a occurring in w.

Proof. By Proposition we have
2= ((rs)f(rs) -« fH7 () fO(rs) - f77 1 (rs) ()
where |fi(rs)| = |z| < e for all i > 0. Hence, z has a period

|(rs) f(rs) -~ fT17 (rs)| < |H]e.
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For the second claim, if z = awf with |w| = |z| = |rs| then w is a factor
of fi(rs)f!(rs) for some i > 0. If we write rs = ay...ap,, then any letter b
in z satisfies b = f?(a¢). Let ¢ € {i,7 + 1} so that f*(as) is a letter in w, then
b= fI(ar) = f7(f~*(f*(ar))) = f7~*(a) for some j > 0. O

Definition 6.3. We say that a word w is d-periodic if it has some period of length
at most 0. A §-periodic word w is called long §-periodic if |w| > 39, and very long
d-periodic if |w| > 106.

For example, aabaaabaaab is 4-periodic but not long 4-periodic. An important
property of d-periodic words is the following.

Lemma 6.4. Let w be a §-periodic word and w = p°r = ¢'s such that p,q are
primitive [p| < |¢| <0, 1 #£r<p,1#s<q, and |w| >26. Thenp=q,e=f>1,
and r =s.

Proof. The assertion is clear for |p| = |g|. Hence we may assume that p is a proper
prefix of ¢. Since ¢ < w we conclude ¢ < p°. Since |w| > 2§, and |p| < |q| < 6
we see pg < w < ¢/¥l. Thus ¢ occurs as a factor inside gg: we have pgs = gq for
some s. Since 1 < |p| < |q|, this contradicts the primitivity of g. O

Let u be a prefix (resp. factor, resp. suffix) of some nonempty word w. We say
that w is a mazimal §-periodic prefiz (resp. factor, resp. suffiz) in w if we cannot
extend the occurrence of the factor u inside w by any letter to the right or left, to
see a d-periodic word.

7. THE AMBIENT INFINITE AUTOMATON 7T~

The states of the NFA As (we are aiming for in Theorem 3] are extended
equations and transitions are certain labeled arcs between states which modify the
extended equations. Before we construct As let us define an infinite automaton 7.
It will contain Ags as a finite subautomaton. We show that 7 is sound: this means
in the notation of Theorem

(15) {(h(d1),...,h(dr)) €C* x ---x C* | h € L(T)} C Sol(S).

This implies that all subautomata of 7 are sound, too. The set of states in 7T is
the set of extended equations according to Definition [5.4] see Section [[.Il There
are two kinds of transitions: a substitution tramsition transforms the variables; a
compression transition affects the constants, but not the variables, see Section

If (W,B,X,0,u) y (W',B', X', ¢, 1) is a transition, then its label h is a
morphism h: M(B', X", 0", /) — M(B,X,0,u) (in the opposite direction of the
arc) which is specified by a mapping h: A — B* where A C B’ is some subset
(possibly empty) of constants with AN A = (). We assume that such a map h
extends to a AU X'-morphism h: M (B, X", ¢, 1/') = M(B, X, 60, u) by leaving all
letters in (B'UX')\ {f(d) | de A UA, f € H} invariant. Since h(A) C B, the
restriction of h also defines a morphism h: M (B, ¢, ') — M (B, 60, 1). Note that
we use the same letter A for both morphisms. There will be no risk of confusion.

Since B’ C C, the morphism h also induces an endomorphism of C* which
respects the involution assuming h(c) = ¢ for all ¢ € C'\ B’. However, outside B’
neither the action of H nor the value of i is defined, so C* is not an H-/N-monoid.
It is simply a free monoid with involution, and we can read the label always as an
endomorphism of the free monoid with involution C*.

New constants appear only by compression. If a word w is replaced a letter
¢ by specifying h(c) = w, then we will automatically set u(c) = p(w), h(c) = w,
h(f(c)) = f(h(c)), and hence: f(c) =c¢ <= f(w)=wforall f € H. By definition
of N, the second component in p(w) is a word u € A* of length at most log |H |
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such that the stabilizer H,, satisfies H. = H,, = H,. In particular, we have an
efficient test whether f(c) = ¢ for all f € H: we just check that f(a) = a for all
letters a which appear in the word u. The crucial observation is that whenever

(Wy, By, Xo, O, 1) =53 - 5 (W, By, X0, 0, 10)

is a labeled path and w € B} is word, then h = hgy1---hs can be viewed either
as a morphism h: M (B, 0, ut) — M(Bs, 05, us) or as an endomorphism of C*. If
we have w € By, then h defines a word h(w) € B¥ and the corresponding element
h(w) € M(Bs,0s,p1s). By € we denote the identity endomorphism on C*. Then
¢ appears as the label of transitions (W, B, X,0,u) — (W', B, X',0', ') where
h: M(B',0', 1) — M(B,0,u) is a morphism with h(a) = a for all @ € B’. For
example, the label ¢ might appear when B’ C B or §' C 0, etc.

7.1. States. We define the states of the T as the set of extended equations accord-
ing to Definition 54l Thus, every state E is of the form E = (W, B, X, 0, u).

7.1.1. Initial state. The initial state is Finit = (Winit, 4, X, 0, po)-

7.1.2. Final states. A state (W, B, 0,0, u) is final if

(1) W =W and uses no variables.
(2) The word W has a prefix of the form #d1# - --#di# where d; are the
distinguished letters mentioned in Theorem

7.2. Transitions. We denote a transition as as £ — E’ and for both kinds,
substitutions and compressions, we put some additional length restrictions on h.
For example, we allow h(c) = 1 for a letter ¢ only if E’ is a final state. Thus
labels on paths not ending in a final state are never length decreasing morphisms.
Moreover, we require that h(c) is not too long. If h is specified by a set A’, then we
require ) A, |h(c)| < |[W| where E = (W, B, X,0,u). These length restrictions
are not used in the proof of the soundness result Proposition We need them
when proving completeness for a finite subautomaton of 7.

7.2.1. Substitution transitions.
Definition 7.1. A substitution transition is denoted as
(W, B,X,0,1) = (r(W), B',X',0/, ).

We must have B C B’ and we require that the transition is defined by a B-morphism
T: M(B,X,0,u) —» M(B',X',0' 1) and a B-morphism h: M(B', X',0' /) —
M (B, X,0, 1) such that |h(b)] =1 for allb € B'. In particular, h is length preserv-
ng.

In the case that some variable is typed in the source node (W, B, X, 0, ), that is
0 # 0, then we add the following restrictions:

o X' C X. (Thus, for  # 0 the set of variables cannot increase.)

o If X € X/, then (X) = ¢/ (X). In particular, 8(X) is defined if and only
if 0'(X) is defined.

o If0(X) is not defined, then 7(X) = X.

o If0(X) is defined, then 7(X) € 6(X)* UO(X)* X 6(X)*.

We say that a substitution transition is special if B = B’. This implies that the
label h is is the identity on M (B, 0, 1); and therefore the label will be h = & = idg-.
Later it would be enough to only consider special substitution transitions. However
this would not simplify the following proof.
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Lemma 7.2. Let E = (W,B,X,0,1) — (r(W),B',X",0',)/) = E' be a sub-
stitution transition. If o' solves E' then o = ho't solves E. In particular, if

a: M(B,0,u) — M(A,0, 1) is an A-morphism, then (o, o) and (ah,c’) are entire
solutions with aoc(W) = aha’(W').
Proof. Recall by Definition 5.5 to prove o = ho'7 solves E we must show two things:
(W) = (W) and whenever X is typed and p = #(X) we must have o(X) € p*.

We begin by checking that 6 # () implies ho'7(X) € 6(X)* for all typed variables.
Consider a typed variable X € X. The first case is: 7(X) € 0(X)*X6(X)*. Hence
X € X'. By definition, #'(X) is defined and 6(X) = 6(X) = p € B*. Then
7(X) € p*Xp*, too. Hence, o'7(X) € p* because every solution ¢’ has to satisfy
o'(X) € p*. Since p € B* and h is a B-morphism we have h(p) = p. Therefore
ho'T(X) € 6(X)* in the first case. The second case is 7(X) € p* where p = 0(X) €
B*. Again, we can conclude ho'T(X) € p*. Thus, in both cases: whenever X € X
is typed, then ho'7(X) € 6(X)*.

Since h, o', and 7 are B-morphisms, so is their composition ho'r. Since o’ is
a solution of W’ = 7(W), we have o/(W’) = ¢'(W’). Hence, o'7(W) = o'7(W)
since 7(W) = 7(W) because 7 respects the involution. It follows that ho'7T(W) =
ho't(W), so a(W) = o(W). Thus, ho'r is a solution at E. As a consequence,
(o, ho'T) and (ah,o’) are both entire solutions because h is a B-morphism and
ACB.

M(B, X,0, 1) T > M(B',X',0', 1t')
g cr’
h’ i / A
M(B, 6, ) M(B', 0", 1)

O

7.2.2. Compression transitions. Compressions are defined only if X = X’. They
leave the variables invariant, but we encounter both situations B C B’ or B’ C B.
However, in case that 6 # () the situation is more subtle than for substitutions, and
we need again technical restrictions in order to guarantee soundness.

Definition 7.3. A compression transition
(W, B, X,0,n) = (W, B, X, 0/, )
is defined in T if h: M(B', X,0', /) = M(B,X,0,u) is an (AUX)-morphism such
that the following conditions hold.
o We have W = h(W’)
o h(V') can be written as a word in B* for every b € B’ and |h(c)| = 1 for
all c € B" unless E' = (W', B', X,0', 1) is a final state.
e h is specified by a mapping h: A" — B* with A’ C B’ such that
> lne)] < W)
ceA’
e A variable X is typed using 0’ if and only if it is typed using 0.
e There is some e > 1 such that for all typed variables we have

h(0'(X)) = 0(X)°.

Note that for a given (AUX)-morphism h: M(B’, X,0", ') — M(B, X, 0, 1) the
conditions to be a compression transition are effective.
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Lemma 7.4. Let E = (h(W'),B,X,0,1) - (W',B',X,0',)/) = E' be a com-
pression and o’ be a solution at E'. Then there exists a B-morphism

o: M(B,X,0,u) — M(B,0, )

such that ha'(X) = o(X) for all X € X. The B-morphism o satisfies the following
conditions. If a: M(B,0,u) — M(A,0, po) is an A-morphism, then first, (o, o) is
an entire solution at E and second, (ah,o’) is an entire solution at E'. Moreover,

ac(W) = aho'(W').

Proof. Define o(X) = ho'(X) for all variables and o(b) = b for all b € B. This
defines a B-morphism o: M (B, X,0,u) — M(B,0, 1) since M (B, X,0, 1) is a free
monoid. (There is no type yet on the left.) Let us show first that (z,y) € 6 implies
o(x) = o(y) in the monoid M (B, X, 0, ). That is, o induces a B-morphism (which
we also denote by o) o: M(B,X,0,u) — M(B,0, ).

For (z,y) € 6 with 2,y € B* the assertion o(z) = o(y) is trivial because o
leaves B* invariant. Thus, it is enough to consider a defining relation of the form
(Xp, pX) € 0 where p = 0(X) € B*. Because of Definition [[3] we know that
X is typed on the right hand side M (B’, X0 '), too. Let ¢ = ¢'(X) € B’
Thus, h(g) = p° for some e > 1 according to the last condition in Definition 7.3l
Since ¢/(X) = ¢* for some ¢ > 0, we conclude ho'(X) = p®*. Hence, whenever
(Xq, ¢X) €0, then ho'(Xp) = p'+°¢ = ho'(pX) in M (B, 0, 1) since (Xp, pX) € 6.

So far we have shown that o is a well-defined morphism such that o(X) =
ho'(X). This implies o(h(X)) = ho'(X) for all variables. For a constant b € B we
have o(h(b)) = h(b) = h(c’(b)). Hence oh = ho' and this means that the diagram
in Figure @l commutes. The morphism h: M(B’,0', ') — M (B, 60, u) in Figure @

M (B, X,0, 1) < M(B, X0, 1)
g cr’
h 1ol
M(B,0, 1) < M(B',0' 1)

FIGURE 4. ho = o'h.

denotes the restriction of the morphism h: M (B, X', ¢/, u') — M(B, X, 0, ), too.
Let W = h(W') and hence, W = h(W’). In order to see that (o, o) is an entire
solution at E we use oh = ho' and we content ourselves to consider the following
line of equations:

o(W) =ah(W') = ho/(W') = ha! (W) = ch(W') = a(W).
In particular, ac(W) = ach(W') = aho’(W’). Tt is also clear that (ah,o’) is an
entire solution at E’ since h leaves A invariant. (]

Proposition 7.5. Let Ey LENIN E; be a path in T of length t, where Ey =
(Winit, A, X, 0, o) is an initial and Ey = (W, B,0,0, 1) is a final state. Then Ej
has an entire solution (ida«,0) with c(Winit) = h1---he(W). In particular, for
X € X we have 0(X) = hy---hi(dx); and T is sound in the sense of (I3).

Proof. Since E; is final, it has a unique solution o, = idg«. By the lemmas above,
we obtain a solution o at Fg such that id a«o(Wipit) = idaxhy - - - hyid g« (W). Hence,
(ida~, o) is an entire solution as desired. O
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8. THE INTERMEDIATE AUTOMATON F

Proposition[Zhlstates that the large automaton 7 is sound. This property cannot
be destroyed by removing states or transitions. That is, every subautomaton of T
is sound, too. We define a subautomaton F of T as follows. All extended equations
E are states of F, so the state set is the same infinite set as for 7. However, for
transitions we are more restrictive. To define transitions, let us first define a weight
for equations and states. The definition is tailored that all compression transitions
and certain substitution transitions reduce the weight of the state.

Definition 8.1. Let E = (W, B, X,0,u) be an extended equation where (as usual)
W e (AUY)* is represented as a word. The weight of the equation ||W|| is defined

by
(16) W1 = {

The weight of the state ||E|| is a pair of natural numbers ||E| = (||W||,|B]).

[W[+300> ycy Wy if E is not final,
0 otherwise, that is: E is final.

For £ € N we order tuples in N lexicographically. For example (0,42) < (1,0),
but (1,0,42) > (0,10,100); and we use the fact that there are no infinite descending
chains in N. Consider any transition E My E' in T. Then we always have
|E| < |E'| unless the transition is a substitution transition where at least one
variable that appears in W pops out a constant.

Remark 8.2. The definition of ||W|| is invariant under the word representation of
W. This follows because )y cy |zly = >y ey [yly for all (x,y) € 0. Second, the
advantage to use the weight |W|| in | E|| (instead of using the more straightforward
choice of (|(W|,|B]) for ||E||) is that following a substitution transition, which does
nothing but replace variables X by o(X) for |o(X)| < 306, leads to a state of smaller
weight.

A transition (W, B, X, 0, u) LN (W',B", X", ¢, 1) in T belongs to F if and only
if the following properties are satisfied.
o If (W,B,X,0,u) LN (W' B, X',0', 1) is a substitution transition, then
W' =7(W), B=DB',and h =e¢.
o If E=(W,B,X,0,u) BN (W', B, X',0', /) = E' is a compression transi-
tion, then W = h(W’) and || E'| < | EJ.
The focus for the remaining part of the proof is on completeness. A subautoma-
ton A of T is called complete if it holds:
(17) Sol(S) C {(h(d1),...,h(dr)) €C* x---xC* | he L(A)}.
Since every subautomaton of 7 is also sound in the sense (I5]) we see that every
complete subautomaton is sound and complete.

Proposition 8.3. Let A be a trim, finite subautomaton of F. If A # 0, then S
has at least one solution. If A contains a directed cycle, then S has infinitely many
solutions. Moreover, if A is complete, then the converse of both assertions is true.

Proof. If A # (), then S has at least one solution by Proposition Now assume
that A contains a directed cycle. By hypothesis A is trim. Hence, there is an
accepting path with a directed cycle and this cycle doesn’t involve any final state

as final states are without outgoing arcs. Let FEj £> i) E; = E be this
cycle. Without restriction we have t > s and || E,|| = ||Ess1|| because N admits no

infinite strictly descending chains. This means E LN E,1 must be a substitution
transition which is defined by some 7 with |7(X)|, > 1 for some X where X appears
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in the equation belonging to Es and a is a constant. Hence, on some accepting path
we can pop out an arbitrary number of letters of X. Since on paths from an initial
state to E the labels are non-erasing endomorphisms, we see that we can make
o(X) € A* at the initial state Ei, larger and larger. Thus, there are infinitely
many solutions. The converse, under the assumption that (I7) holds, is trivial. O

9. TOWARDS COMPLETENESS

During the completeness proof we always work with a state E = (W, B, X, 60, u)
and a given entire solution (a, o). Starting at a triple (E, «, o) where E is a standard
state, we describe a deterministic process which yields a path (hq, ..., h:) inside the
(infinite) automaton F from E to some final state E; = (W, By, 0,0, pt) so that
aoc(W) = hy---hy(Wy). Thus, F is complete. The crucial property is that we are
able to control the lengths of all intermediate equations W; for 1 < s <t by

(18) [W,| < [W| + O(6n).

We make sure that whenever we see an intermediate state E; where 05 # ), then
0, has a special structure. Moreover, when we follow a compression transition then
we make sure the soundness condition holds for the corresponding label according
Definition [.3]

We then can deduce Theorem because for defining the complete NFA Ag
mentioned in the theorem it is enough to consider the starting point

E = Einit = Winis, A, X, 0, po).

Since |Winit| < n we can ensure Ag is finite by allowing extended equations in As
only if the corresponding equation satisfies a concrete length bound in O(dn) =
O(|H|n?). Moreover, we impose that As is trim. We will come back later to these
issues. For the moment we work in the infinite automaton F and there is no length
bound for the equation W.

9.1. Dummy variables denoting the empty word. In the following it is con-
venient to have the following notation at our disposal. We introduce purely formal
symbols of the form (f, D) where f € H and D is called dummy variable, but the
symbol (f, D) is just another explicit notation for the empty word 1. The dummy
variable D is never listed in ). Its only purpose is that we have a unified notation
for local equations (and avoid case distinctions). Since (f, D) = 1 every morphism
maps (f, D) to 1. The advantage is that with the help of a dummy variable, we
may, whenever convenient, assume that every local equation has the form

u(f, X)w(g,Y)v = uZv.
Here X,Y, Z are (perhaps dummy) variables and u, v, w are words over constants.

9.2. The weight of entire solution and the forward property. We need a
termination condition for the following compression procedure. Therefore we define
a weight |E, o, o|| € N3 for the triple (E, a, o) where E = (W, B, X, 0, 1) is a state
with an entire solution («, o) by

1B, 0] = (erx laa (X)), W], |B|) if E is not final,
o (0,0,0) otherwise.

At non-final states the weights [[W/| = |[W| + 3063 oy, [Wl]y and ||E| =
(|1E||,|B]|) were defined in Equation (I6). Thus, actually for all states, we can
write ||E, a, o|| as a pair

1B, a 0l = (Y lao(X)L, | E]).

Xex
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Being at (E,«,0) we say that a transition F o= (W', B, X", ¢, u') sat-
isfies the forward property if E' has an entire solution («h,o’) such that first
|IE', ah,o'|| < ||E, o, ol and second, aho’(W') = ac(W).

Following a transition £ Iy B’ which satisfies the forward property means that
we switch from (E, «, 0) to (£, ah,0’) = (E', &/, 0’). Typically after each such step
we rename the tuple (W', B X", ¢/, i/, o', 0") as (W, B, X, 0, u,«,0). Since using a
transition satisfying the forward property reduces the weight ||E, o, o||, there are
no infinite paths of transitions where all transitions on the path satisfy the forward
property.

9.3. Meta rules. Let E = (W, B, X, 0, 1) be a state with an entire solution («a, ).
We apply the following meta rules whenever possible.

9.3.1. Remove wariables with short solutions. If |o(Y)| < 300 for some variable
Y € Y such that |W|y > 1, then follow a substitution transition F —£5 E' which is
defined by a B-morphism 7 such that 7(Z) = o(Z) if |0(Z)| < 30§ and 7(Z) = Z
otherwise. The state £/ = (7(W), B, X', 6, /') uses the same set of constants, but
we have X' ¢ X. We also have 6§’ C 0 and p' is the restriction of p. (Thus,
according to our convention we can also write £/ = (71(W), B, X', 0, ).) Let o’ be
the restriction of o, then («,¢’) is an entire solution at E’ and we have ago(W) =
ac'T(W). Moreover, |W’|| < |[W]|. Hence, |E’|| < || F|| and the transition reduces
the weight of the state.

As a consequence, whenever we are at a state E = (W, B, X, 0, u) with an entire
solution («, o), then we assume |o(Y)| > 300 for all Y € Y where |[Wly > 1.

9.3.2. Remove useless constants. We say that a letter a € B\ A is useless (with re-
spect to o) if [o(W)|;.q = 0 for all f € H. Note that a letter a € A is never useless.
If B contains a useless letter a, then define B’ = B\ {f -a | f € H}. The inclusion
of B’ into B defines canonical embeddings M (B, X,0,u) — M(B,X,0,u) and
M(B',0,u) — M(B,0, ) such that W € M(B',X,0,u) and o(W) € M(B',0, ).
The state E' = (W, B, X, 0, 1) has an entire solution (o, ¢’) where ¢’ is the restric-
tion of . Moreover, ||E’|| < ||E||. Hence, we can follow the compression transition
E =5 (W, B', X,0, 1) which satisfies the forward property.

As a consequence, whenever we are at a state E = (W, B, X, 0, u) with an entire
solution («, o), then we assume that B doesn’t contain any useless letters.

Remark 9.1. We may have that B\ A contains letters that are not H-visible, but
a solution o uses them. Removing useless letters does not remove such letters.

9.3.3. Moving to a final state. Let E = (W, B, 0,0, 1) be a standard state without
any variables and with an entire solution (o, ). Then o = idp is the identity on
M(B,0,0,u) = M(B,0,u) and we have W = W. If E is final, there is nothing to
do. Hence, we assume that E is not final. Since W = W, Definition [5.4] tells us

W = #u1# - - - FrorFudtFFuHF Tt - #FTIH
Hence we can enlarge B to a set B’ which contains all distinguished d; for 1 < ¢ < k.
(By our convention none of the d; belongs to B because the state E is not final.) We
define a B-morphism h: M (B’,0,u) — M (B, 0, u) by letting h(d;) = z;. Moreover,
we let

W' = dtdit - - FtdfrudtFugtdit - - #di#.
We have no variables and W’ = W’. Hence E' = (W', B’,0,0, y') is final. The
entire solution at E’ is (ah,idp) and we have ah(W') = a(W) since none of the
d; belong to B. Since ||E,«,idg| > (0,0,0) = ||E’,ah,idp|| the compression

transition £ — E’ satisfies the forward property. Hence, we are done.
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As a consequence, whenever we are at a standard state E = (W, B, X, 0, ) with
an entire solution (a, o), then we assume that X # (. Moreover according to the
other meta rules we have |o(X)| > 30§ for all X € X and every constant b € B is
H-visible in W.

10. COMPRESSION ROUND: THE FIRST PHASE

We perform the compression in rounds. Each round has two phases. The first
phase is called d-periodic compression, the second one is called pair compression.
During d-periodic compression we perform all meta rules whenever possible. Recall
how meta rules decrease the weight (|||, |B]) at states: removing a variable makes
[IW | smaller, removing useless letters doesn’t change ||V ||, but it makes B smaller.
Moving to a final state decreases the weight of the state down to (0,0) (which
was the exceptional weight at final states) . None of these rules increases the sum
> xex l@o(X)[. Therefore all meta rules satisfy the forward property according to
Section

10.1. A simple, but useful, estimation. During the rounds the length oscillates
but it can be bounded by some function in O(dn). In order to obtain such a bound
we will later apply the following fact twice with different parameters.

Lemma 10.1. Let 0 < ¢ < 1 and ¢ > 1 for some real constants q,c, and let

s: N = N be a function with s(0) < 1fq5n and which satisfies a bound

s(t+1) < gs(t) +con

for allt € N. Then s(t) < T, - on for allt € N.

Proof. The statement is true for ¢ = 0. Assuming it is true for £ > 0 then

¢ 5n+c5n:L-6n.
—q 1-gq

(19) s(t+1) < gs(t) +cdn < a7
(I

In O-notation (I9) reads as: if s(0) > 0 and s(t + 1) € g¢s(t) + O(dn), then
s(t) € O(on) for all ¢t.

10.2. Alphabet reduction at standard states. During our procedures we in-
troduce more and more letters, so the set B grows, and removing useless letters is
not enough to keep the size of B in O(|H| - |W]).

The following procedure which we call alphabet reduction is not a meta rule
(which we may apply whenever possible). If we call the procedure we explicitly say
so. When we call it we wish that B\ A contains only H-visible letters in W.

We begin at a standard state £ = (W, B, X, 0, u) with an entire solution (a, o)
where there is some letter b € B which is not H-visible. Hence |W|s., = 0 for all
f € H. Removing useless letters is a meta rule. Hence, we may assume without
restriction that all letters are useful and therefore we may assume |o(X)|, > 1 for
some variable. (That is, we are in the situation of Remark [@.I]) Define

B =Au{aeB|3feH: Wy =1}.

Then we have W € M (B’, X, 0, ). The procedure will takes us (via a compression
transition defined by the inclusion B’ C B) to the state £’ = (W, B, X, (), 1). Since
b € B\ B’ we have |B’| < |B| and therefore |E’| < || E]|, too.

It is here where the notion of entire solution becomes important. We have
a: M(B,0, 1) — M(A,D, up), so we can define a B’-morphism 3: M (B,0,u) —
M (A, 0, uo) by B(b) = a(b) for b € B\ B’. Since M (B, ), u) = B* is a free monoid,
we don’t have to worry to check defining relations. Moreover, o/ = 3o is solution at
E' = (W,B’,X,0,u). Thus, we can switch from (F, a,0) to (E,a,0’) = (E, a, Bo)
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via the compression transition (W, B, X, 0, ) — (W, B’, X, (), 11). Since o is an A-
morphism we obtain a = a5. Hence, ac(W) = afo(W) = aco’ (W) as desired.

As a consequence, whenever we perform an alphabet reduction, then we arrive
at a standard state £ = (W, B, X,0, 1) with an entire solution (a, o) such that
every letter in B\ A is H-visible in W. This means that after alphabet reduction
the size of B is at most |H| - (|A] + |W]).

10.3. Mapping the positions from o(W) to W. Let E = (W, B, X,0, 1) be
a state with an empty type 6 and let o: M(B,X,0, ) — M(B,0, ) be any B-
morphism. Recall that {1,...,m} (resp. {1,...,£}) denotes the set of positions of
o(W) (resp. W). Then o induces a mapping 7, from {1,...,m} to {1,...,¢} as
follows. We define 7, from left-to-right. We let m,(1) = 1. The first position in
o(W) is labeled with # and so is the first position in W. No other position than 1
is mapped to 1. We shall keep the invariant that o(W[1,m']) = W1, ¢'] if m’ is the
largest position which is mapped to ¢'. In particular, we have o(W[m’' + 1,m]) =
W +1,4).

Now assume 7, (¢) is already defined for all 1 <i < m/ and m’ < m. fm/ =m
we are done. Otherwise we have m’ < m and we consider 7,(m’) = ¢. By the
invariant we know ¢/ < ¢. We look at the label of the position ¢’ + 1. It is labeled by
a letter in W and there are two cases. In the first case the label is a constant b € B.
In this case we let m,(m’+1) = £/ + 1. In the second case the label is of the form Y’
with Y € ). In that case we map all positions in the interval [m’ + 1,m’ + |o(Y)]]
to the single position ¢ + 1.

Note that 7, : {1,...,m} — {1,..., £} enjoys the following properties. If £ is a
position of W which is labeled by a constant b € B, then 7, ~1(¢) is a single position
in o(W) which is labeled by b, too. If ¢ is a position of W which is labeled by a
variable Y € Y, then 7, ~1(¢) is a interval of length |o(Y)| in o(W). The label of
that interval is just o(Y").

Definition 10.2. We say that a position m’' of (W) is visible (in W) if ms(m’)
is a constant. Otherwise it is called invisible. An interval [i,j] of positions of
o(W) is visible (in W) (resp. invisible) if all positions in that interval are visible
(resp. invisible) positions. If [i,]] contains an invisible position, but |7,[i,j]| = 2,
then we say that the interval [i, j] is crossing.

10.4. The start of a compression round. Each compression round starts at a
standard state E,. = (W,., B,, X, 0, ) with an entire solution (o, 0,). We may
assume that no meta rule is applicable. The very first step is now an alphabet
reduction. For simplicity, we denote the state again by FE, = (W,, B, X, 0, u,.)
and we have |B,| < |H| - |[W,|.

10.5. §-periodic compression. For convenience we rename the tuple
(ET, WT} BT) XTvMTv A, JT) = (Ea VV7 B7 Xvﬂa 04,0')-

At this point we know that no meta rule applies to E and that |B| < |H| - [W].

Let us consider all very long maximal §-periodic factors w of o(WW) which have
a maximal occurrence with at least one visible position. (By maximal occurrence
we mean that w is not a factor of a longer 0-periodic word at that occurrence.) We
assume that at least one such occurrence exists, otherwise we skip the main body
of the §-periodic compression and proceed directly to the end: Section

We write w = up®rv with |u| = |v| = 3, p is primitive of length at most ¢ and
r is a nonempty prefix of p. (Recall very long means |w| > 109 so |p°r| > 40.) By
Lemma [6.4] we can encode the factor up®rv uniquely by writing the triple (p,r,e).
Let us call u and v the borders of the very long maximal d-periodic factor up®ro.
Consider different occurrences up®rv and u/p'® r'v’ of very long maximal é-periodic
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factors in o(W). If the occurrences overlap, then this overlap takes place in the
borders only, because otherwise the occurrence of the factor was not maximal.

It follows that the number of occurrences very long maximal §-periodic factors
with at least one visible position is less than |W|. Thus we find some minimal index
set A of size |A| < |W] such that

Fy = {u,\p? TAUN | A E A}

is exactly the set of very long maximal d-periodic factors of o(W) which have a
maximal occurrence with at least one visible position.

The idea is that at the end we arrive at a state with a solution where all these
occurrences are replaced by u[r, s, \Jv where [r, s, A] is the notation for a fresh letter
such that p = rs, r # 1, and A € A. We also color certain positions in W and o (W).
At the end of the process a position will be green if and only if it is labeled by some
new letter [r, s, A].

Note that A is just a formal symbol: we need at most O(|W]) bits to encode it.
We also define a set of primitive words

Py ={px | uxpi> rava € Fp}.
We have
1< [Pyl < |Fp| = AL
Next we consider fresh variables which are denoted as [X, f(sr)] where X € X C

X, f € H and for certain py € Pp and then for all rs = p). These new variables
will later be typed. We define the action of H by g - [X,p] = [X,g(p)] and the

involution by [X, p] = [X,D]. Theideais o([X,p]) € p*; and thus, o([X,p]) € p* and
o((f,[X,p])) € f(p)*. Note that (f,[X,p]) = (¢, [X,p]) if and only if g~' f(p) = p
and hence g~1 f € H,, is in the known stabilizer of p.

The following routine introduces these new variables using substitution transi-
tions. Recall that defining 7(X) = w substitutes (f, X) by f(w) and simultaneously
(f,X) by f(w) = f(w) for all f € H.

begin procedure (insert new variables)

Initialize a set of fresh variables by Xpew = 0 and put F = (W, B, X U Xyew, 0, 11)-
forall X € X do

(Note this means we do the process once for X and once for X.)

(1) Apply all meta rules whenever possible; in particular, |o(Y)| > 304 for all
variables.
(2) Let q%q’ be the longest suffix of o(X) such that g is primitive, |¢| < &, and
q' is a prefix of ¢q. If ‘qdq" < 36, then do nothing.
(3) If ’qdq" > 30, then define words p, p’, and e > 0 by ¢%¢’ = up®p’ with
|lu| = 36, |p| = |q|, and 1 # p’ < p. (Note that p is primitive: we have
p = g2q1 for some factorization ¢ = ¢1¢q2.) We enlarge Xyew by a fresh
variables [ X, sr] for all factorizations p = rs. Moreover, if we enlarge Xpew
by some [X, p], then we also include [X, f(p)] and [X, f(p)] for all f € H.
We can write o(X) = zup®p’ with |zu| > 3§. Follow a substitution
transition E —— E' = (1(W), B, XUXyew, 0, ¢') which is defined by 7(X) =
X[X, plp’ and define an entire solution at E’ by («, ') where o/(X) = zu
and o'[X,p] = p°. The transition satisfies the forward property. (Due to
the meta rules it can happen that X becomes smaller and/or that Xey is
not enlarged at all.)
(4) Rename E',7(W),n', 0’ as E,W, pu, 0.
endforall
endprocedure
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The number of new variables [X,p] € Xpew is bounded by O(|H|dn) because
|X| < n. The factor § comes in because we consider all cyclic permutations sr of
p = rs. The factor |H| comes in because we close under H-action. On the other
hand we don’t need to list [X, f(p)] in Xpew for 1 # f € H if [X, p] is already listed.
Thus, a list of O(dn) new variables suffices to specify the full set Xyew (which is

closed under the action of H and involution. Note that [X,p] = [X, D] # [X,p]. So
we keep the invariant that variables are not self-involuting.

From now on until the end of é-periodic compression we only remove variables.
So, if Y = H - X’ is the full set of variables we meet during the whole procedure,
then we have:

(20) |X'| € O(dn).

Before the procedure we had Y = H x X and X C X, and ZYe'y Wiy < n
as required for a standard state. The corresponding set after the procedure is
View = Xpew U H x X. We have to check that ZYeynew [Wly < 3n (because
otherwise it is not an extended equation as per Definition [B.4). This bound is
immediate.

In the case Xnew = () we are still at a standard state and ZYGJ?HCW [Wly < n. For
Xpew # 0 we are not at a standard state because Ve is not contained in H x X.

Since for (W, B, X UXyew, 0, 1) the type 6 is empty, we map the positions of o (W)
to the positions W as explained above in Section [[0.3l Consider any occurrence of
a very long d-periodic factor w = up®p’v in o(W) which is maximal and where at

least one position is visible and where |u| = |v| = 3. Consider the occurrence of
all very long maximal d-periodic factors w’ where w’ € {g-w,g-wW| g € H}. Each
factor w’ can be written as w’ = w'w”v" where |u'| = |v/| = 36.

For all maximal occurrences of these factors w’ let us color the inner positions
belonging to w” green. Then only green positions are mapped to a variable [X, q] €
Xopew- It is also clear that we we can write ¢ = sr for some factorization p = rs.
Let us transport the green color to the corresponding positions in W. Then for all
positions in W which are labeled by a variable it holds that the position is green if
and only if it is new variable. Note that green positions in o(W) are separated by
words of length at least 34.

In the next procedure we will introduce a type 6 which consists of defining
relations of the form [X, agla = a[X, ga], but it will be enough to apply such a rule
where both positions in W are green. Hence, the color of the positions will not be
altered under this restriction. In order to define 0 we use Xy # 0, otherwise we
skip the next procedure.

begin procedure (introduce a type )

(1) Define the type 0 by {([X, asla, a[X,sa]) | a € BA[X,as] € Xnew }U{([X, plp, p[X,p]) | [X,p] € Xuew}
Note that [X, p]p = p[X, p] is actually a consequence of the other relations
in 6. We include it order to satisfy the definition of type in Section B3] that
if a variable (in this case [X,p]) appears in a type then there is a unique
primitive word p with which it commutes.

(2) Choose any [X,p] € Xpew and write o([X,p]) = p°. (Note that we have
e > 10 in this case, since a meta rule would remove the variable if it has a
solution shorter than 30§). Define a morphism 7: M (B, X U Xpew, 0, 1) —
M (B, X U Xyew, 0, 1t) by 7[X,p] = [X,p]p°. The morphism is well-defined
since [X, qlqg = ¢[X, q] in M (B, X U Xyew, 0, 1) for all [X, q] € Xyew-

(3) Follow the corresponding substitution transition

(WaBaX U Xnew,@,u) = (T(W)anX U XneW797MI>'
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The transition satisfies the forward property with the entire solution («, o)

where o/[X, p] = p°~°. Apply all meta rules. (After that we may have 6 = ()
again.)
(4) Rename (7(W), ', 0") as (W, p, 0).
endprocedure

Using the relations from 6 we can move the X,y variables around over green
positions. Thus, we can choose a word representation for W € M (B, X UX,ew, 0, 1)
as W € (BUY U Xpew)™ such that every maximal green interval [4, j| of positions
in W is labeled by a word of the form

(21) Wii,jl = [Xq1,78] - - [Xg,rs](rs) - - (rs)(rsr) [Xg41, s7] - - - [Xa, s7]
(22) = [Xy,rs]- - [Xg,rs](rs) - (rs)(rsr)
(23) = (rsr)(sr)--- (sr)[ X1, sr] - [Xa, sr].

In the following we simply say that Wi, j| is a mazimal green factor when we
actually refer to the label Wi, j] of a maximal green interval [i,j] of positions.
We can choose 0 < d < 2 because in a standard state all local equations are
triangular, but this is not essential. Without restriction we have r # 1 and that
(rs)---(rs)(rsr) = (rs)°r satisfies e > 1. This is clear if d = 0. For d > 1 it is
enough to substitute [X7,rs] by [X7,rs]rs. For each 1 < i < d there is e¢; € N such
that o[X;,rs] = (rs)¢ and therefore:

(24) o (Wi, j]) = (rs) e+ +ea p = p(sp)rart=sea,
(25) oc(Wli,j]) = (Fs)eteattear — p(zF)eterttea,

At this point we will change 6 to 6" (defined below) since the defining relations
[X, aqla = a[X, ga] with a € B will be of no use anymore. The idea is to replace
the factors rs, sr, and rsr by fresh letters denoted by [rs], [sr], and [r,s, A]. The
A is used to encode the sum e +ej + - - - + 4. We will make the assumption r # 1,
then [rs], [sr], and [r, s, A] are three different letters for s # 1, and there is no letter
[1,pa, Al, only [pa, 1, A]. For the maximal green factor Wi, j] we intend to define a
word W'[i, j] and a type 6" such that

(26) Wi, j] = [Xu,7s] -+ [Xg,rs] [rs] -« [rs] [r, 8, A [X g1, 87] - [Xa, s7
(27) =[rs]---[rs][Xa,rs]- - [Xg, 78] [r, 8, N [Xgs1, s7] - - - [Xa, 57]
(28) = [Xy,7r8]--- [Xg, 78] [r, 8, A] [X g1, 57] - - - [Xaq, s7] [s7] - - - [s7].

More precisely, for each uyp$* rava € F) we associate a new letter [ry, s\, A] with
w([rx, sx, A]) = p(ra, sary), and [q] for every typed variable [X, q] with u/[q] = u(q).
Recall our notation that u p$* ravy is a very long d-periodic word, |ux| = |vx| = 39,
p is primitive, and r # 1. Tt is important that [r, s, A] is visible, whenever at least
one the green positions is visible. This why in the different word representations
[26)—-([2]) for the same W'[i, j] the [r, s, \] always sits between the variables.

By introducing (if necessary) more fresh letters we close the set of fresh letters
under involution and H-action. We let:

(29) [T)\, SX, )‘] = [H’ 5Xs )‘] and [q] = [a]
(30) g lra,sx, A =19 72,9 sxA and g-[g] =[g-q] for g € H.
The set of these new letters is denoted by Bpew. The number of new letters can be
bounded by:

|Bnew| S O(|H| : (|W| + 5”))
Let B’ = B U Bpew. Next, we define the new type €. For each typed variable
[X, g] there is exactly one commutation rule: [X,¢lqg = ¢[X, ¢q]. The other defining
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relations say that [rysy] and [syr)] are “conjugate” due to the letter [ry, sz, Al.
Making this formal we specify 6’ by:

(31) 0" ={([X.dlld], [a][X. ) | [X.q] € Xuew}
(32) U {[r,s, Al[sr], [rs]([r,s,A] | [ry 8, A] € Bnew} -

Note that the defining relations in ¢’ are designed that (26)—(28) hold.

We can now define the rest of the d-periodic compression procedure. It is the
analogue to Jez’s “block compression” as described in [11]. During the process sets
of positions for W and o(W) change, but our process makes clear that we can
always transport the green color: no change involves an interval which has both
colored and uncolored positions. We perform the following steps.

begin procedure (remove very long d-periodic factors with a visible position)

(1) Define the element W’ € M(B’, X UXyew, 0, 1) by replacing maximal green
factors in W just we as have done for Wi, j] in Equation (ZI)) in order to
produce W'[i, j] in Equation (26). Doing this everywhere defines W' in a
word representation as W’ € (B’ U Y U Xpew)™.

(2) Define a B U X U Xew-morphism

hi: M(B', X U Xpew, 0, 1) = M (B, X U Xyow, 0, 11)

by hlr,s,A] = rsr and hlg] = q. We have W = h;(W’) and we obtain a
compression transition satisfying the forward property

E=(W,B, X UXyew, 0, 1) ~% (W', B, X U Xpew, 0/, 1)) = E.

Note that ||E'|| < || E| since [|[W'| < |[[W]| due to the fact that (by our

assumption) at least one green interval exists with a visible position exists;

and therefore some new letter [r, s, A] is visible in W’ (which represents the
word rsr of length at least 2). The new entire solution at E’ is (o/,0’) =

(ahy,0") where 0/(X) = X for X € X and o'[ X, p| = [p|© if o([X,p]) = p°.

We apply the meta rules and then we rename E', W' o/, 0" as E,W,d/, o’

but we keep the notation for B’, X, Xyew, 0, and p’ (although B, Xew,

and " may become smaller by the meta rules and p' changes).
(3) while there is letter [p] € Byew do

(a) If Xpow # 0, then choose some [X,p] € Xyew. Use a substitution
transition defined by 7[X, p|] = [X, p][p]? to make sure that o([X,p]) is
shorter than at the beginning of the loop and that we don’t run out of
letters [p] as long as there are typed variables. The invariant is that
as long as Xyew 7 0 there is some letter [p] visible.

(b) Use transitions of the form [X,p] — [X,p][p] in order to keep the
invariant that o([X, p]) = [p]® where e is even. Moreover, due the meta
rules we maintain |o([X,p])| = 300. At some point |o([X,p])| might
be too short, then we remove [X, p| from X,ey,. We also maintain the
invariant that |o([X, p])| = |o([X, q])| = |¢([X,q])| for all p,q and X €
X. Thus, if we remove one [X, p|, then all other typed variables using
the symbol X are removed simultaneously and 6’ becomes smaller,

too.
(c) If there is a maximal green factor
(33) W[’Lv.]] = [Xlap] T [ngp][p]e[T7 S, >‘] [Xngla q] T [Xda q]

where d > 0 and e is odd, then define an endomorphism

hy: M(B', X U Xpew, 0, 1') — M(B', X U Xyew, 0, 1)
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by hx([r, s, \]) = [p][r, s, A]. Thus, we can write
(34) W/[Zvj] = h/\([Xlap' o [Xmap] [p]eil[rv 5, >‘] [Xm+17 Q] T [Xla Q])

This defines a new equation W’ and a B’-morphism ¢’ such that
h(W') = W and chy(W') = ¢/(W). Hence, there is a compression
transition satisfying the forward property

E = (W, B, X U Xaow, 0, 1t) -2 (W', B', X U Xpows, 0/, 1) = E.

As above, ||E'|| < ||E|| since ||[W’|| < ||[W]|. The new entire solution
at E' is (o/,0’) = (aha,0’). We apply the meta rules and then we
rename B/, W' o' ,0' as E,W, o/, 0" .

(d) Due to the previous steps: whenever we see a maximal green factor

[(X1,p] - [Xg, plPI°[r, 8, Al [Xgt1, 4] - - - [Xa, dl,

then o[X;,p] € ([p][p])* for 1 < i < d and e is even. Define an
endomorphism

hg: M(B', X U Xpew, 0, pt') = M(B', X U Xoow, 0, 1)
by hs([p]) = [p]? for all [p] which appear in Byey. Thus, we can write
(35) W/[Zv.]] = h3([Xlap] T [Xm,p] [p]e/Q[ra S, A] [Xm+15 q] e [le Q])

This defines a new equation W’ and a B’-morphism ¢’ such that
h(W') = W and ch(W’) = o/(W). Hence, there is a compression
transition satisfying the forward property

E=(W,B, X UXyew, 0, 1) — (W', B, X U Xpew, 0/, 1)) = E.

As above, ||E'|| < || E|| since |[W'|| < ||W||. The new entire solution at
E'is (a/,0’) = (ah,c’). We apply the meta rules and then we rename
E' W', o 0 as E,W, o, 0 .
endwhile
endprocedure
It is clear that the procedure terminates in some standard state. Let us denote
that state and its entire solution as:

(36) E; = (W, Bs, Xs,0, 1) and  (as,05).

We began the routine at E,.. During the procedure we see symbols [ X, p], [rs] and
[r, s, A], and the length of the equation W grows as we pop out letters in the suffix
and prefix of each variable. At the end all the new variables disappeared, either by
the meta rules or when maximal green factors are compressed into a single letter
[r,s,A]. The only new letters in By are of the form [ry, sy, A] and there are not
more than |H| - |W,| of them.

The following proposition summarizes all the changes that happen in the proce-
dure.

Proposition 10.3. Let E,. = (W,, By, X, 0, u,) be the state where we started d-
periodic-compression with an entire solution («,,0.). Let Es = (W, Bs, Xs, 0, ps)
denote the standard state with the entire solution (as, o) where we finish 0-periodic
compression and let (W, B, X’,0, 1) be any state which we have seen (with the full
set of variables Y = H - X') on the path from E, to Es during the procedure.

Then we have the following.

(1) Bs = BU{[rx,sx,A] | A € A} for some B C B,.

(3) |B'| € [H| - (W] + O(én)).

(4) [IWs|l < Wl + 14dn < [[Wr|| + 200n.
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(5) W] € [[Wr| + O(dn) € [Wy| + O(on).

(6) X, C X, C X.

(7) |X'| € O(n).

(8) For each X € X, the word o4(X) does not start or end with a very long

d-periodic word.

Proof. We justify each item as follows.

(1)

(2)

Meta rules may remove some (useless) letters from the initial alphabet B,
so we have B C B,, and the only new constants that survive at the end are
of the form {[rx, sx,\] | A € A}

B; consists of letters in H - B, and those from H - {[rx,sx, A\ | A € A}
Since we applied alphabet reduction at the beginning, |B,.| < H - |W,.|, and
since the letters [ry, si, A] cannot be eliminated by any compression during
the procedure, their number is bounded by H - [W,|. The only other new
constants added during the procedure are of the form [p] but these are all
eliminated by compression, so do not appear in B by the meta rule.
Again we have |B,.| < H - |W,|. During the procedure we add letters [rs]
and [r, s, \]. For each variable X € X we add some [rs] and [r, s, A], then
we need to multiply by ¢ since we have all cyclic permutations of these and
|rs| < 6. Since the are at most n variables this gives O(dn) new constants,
so applying the action we get the bound of H - O(én) new constants.

We first pop out 7(X) = X[X, p]p’ because we had o(X) = 2¢%q’ = zup®p’
with |¢?¢'| > 36. (If |¢%¢’| < 36 we do nothing.) After applying 7 we have
o(X) = zu and o([X,p]) = p°. If it is the case that |p®p’| < 7d then later
we do not apply any compression to [X, p| since it is not part of a very long
factor, instead we simply pop it out. This contributes at most 146n in the
worst case that this happens in the suffix of every X € X.

If |p°p’| = 76 then together with u this gives a factor of length at least

104, so [X, p] is part of a very long é-periodic word so it is compressed down
to a single letter. Thus 74§ is the most added at either end of any variable by
the procedure. This gives 140n. We give the larger bound 206n to simplify
later calculations only.
Since ||[W|| < |W/|+906n € [W|+O(dn) at every state in T, it is enough to
show ||W|| € ||[W,|| + O(dn). However this only requires the estimation in
Section [[0.1l By that estimation we content ourselves to define a function
s: N — N with s(0) < ¢én and which satisfies for all ¢ a bound

s(t+1) < gs(t) + con

for some ¢ < 1 and ¢ > 1. To see where the g comes from in our application,
choose s(0) to be number of letters [p] at the state where they first appear.
Each time we pass through a transition defined by h([p]) = [p][p] we half
the number of these letters; and this shows that we can define ¢ = 1/2.
Between these steps where we halve the number of [p]’s we create at most
con new ones with ¢ € O(1).

During the procedure we add new variables [ X, p] but these are eliminated
by the compression. Since we apply meta rules we may also remove variables
X e X,. Thus X; C &, C X.

This is justified above at Equation (20]).

Consider any o4(X) with X € X,. If for that X, the word o(X) at the
beginning at the procedure “insert new variables” had a dé-periodic suffix
of length more than 39, then, due to the splitting of variables, the length
of the maximal §-periodic suffix in o4(X) is exactly 36. Hence, there is no
very long d-periodic suffix. In the other case the suffix of length 3¢ in o(X)
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and 0, (X) coincide. Thus, in this case the length of the maximal é-periodic
suffix in 04(X) is at most 30. Since X € X implies X € X the same is true
for the prefix of each variable.

The proposition is therefore shown. (I

10.6. The end of the J-periodic compression. Recall that we started a com-
pression round at a standard state E, with an equation |W,.|; and we end standard
state Es with an equation |Wy|. (Possibly r = s.) If, due the meta rules, Ey is
final, we are done. Hence, we continue under the assumption that E is not a final
state.

11. PAIR COMPRESSION

We enter the second phase of the compression round with “pair compression”
directly after the end of d-periodic compression. We enter the pair compression pro-
cedure at a standard state Es which is not final and with an entire solution («as, o).
If £, and (a,,0,) denote the situation where we began the current compression
round (where we began d-periodic compression), then Proposition tells us:

(37) Wil < |We|| + 206m.

During the pair compression all states are standard states. No type is needed.
Phrased differently, we have § = (), there are no typed variables and hence, all
variables belong to X'. Thus, the number of positions labeled with twisted variables
is at most n, as it is required for standard states.

Our goal in this section is to compress pairs ab < W of constants into single
letters without causing any conflict due to overlap with other pairs or variables
that are connected via twisted equations. In particular, compressing a pair linked
to a d-periodic factor might cause problems, so we wish to avoid compressing those
pairs. This leads us to define the following.

Definition 11.1. Let £ = (W, B, X,0,u) be a standard state with a solution o.
We say that (E, o) satisfies the shrinking pair condition if there is no X € X such
the word o(X) starts with a very long §-periodic word.

Note this is the situation we find ourselves in at the conclusion of the §-periodic
compression procedure: Es = (Wj, Bs, X5, 0, us) with its solution o, satisfies Def-
inition [T.Il The shrinking pair condition is a necessary condition when proving
Lemma below. That technical lemma is one of the key steps.

11.1. Positions revisited. Consider any standard state E = (W, B, X,0, u) to-
gether with a entire solution (a, o). We introduce a precise notion of equivalence
= between positions (and intervals) of (1), which we introduce now. The idea is
that whenever we modify a solution ¢ at a position ¢, then we must modify o at all
equivalent positions j = ¢ in order to keep the property of being a solution. More-
over, = should be the finest equivalence relation with that property. For example,
when we compress a factor ab where a, b are letters, then we want to compress only
certain occurrences of f(ab), f(ba) (where f € H) and not all of them.

As explained in Section[I0.3] there is a canonical mapping from the set [1, |o(W)]]
to the set of positions in W. By A(i) we denote the label of a position 4 in o(W).
Recall also the notion of duality: if [I,7] is an interval in [1, |o(W)]], then [¢,r] =
[7, £] denotes the dual interval, where i = |o(W)| +1 —i for all 1 < i < |o(W)).
According to the definition of standard states, the set of twisted variables which
appear in W can be written as Y = (H x X) and we have X C X. It is convenient

4Recall that a word w is very long d-periodic if and only if |w| > 10 and w is a prefix of some
word pl®! where |p| < 8, see Definition [6.3]
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to fix a subinterval I(X) of [1,|o(W)]|] for each X € X such that I(X) = I(X)
as follows. Consider {X 7} C X, then without restriction we have X = X; for
some unique 1 < i < |X|/2 (and hence X = X;). Choose for I(X) the left-most
maximal mterval [ﬁ x,7x] in o(W) which is mapped to a position labeled by X;. In
particular, rx —fx +1 = [o(X]. We let [(X) = I(X). By the specific structure of
W being an extended equation, we see that I(X) is the right most maximal interval

in o(W) which is mapped to a position labeled by X;. To have a notation we let
2m = |o(W)| and

X)=JUm) | xeal,

(39) I(B) = {i € [1,2m] | i or i is mapped to a position labeled by a constant} .

Note that I(X) and I(B) are disjoint sets of positions: if ¢ € I(X), then there is
some X such that i is mapped to a position labeled by X and 7 is mapped to a posi-
tion labeled by X. The next idea is to identify positions in o(W) based on the fact
that we can write W in the form W = #U# #V# such that o(W) = o(W) <=
o(U) = o(V). In pictures we intend to place the positions of J(U) and (V) on top
of each other. The intuition is clear: we have [1,2m] = {1 m,... ,T}. The

positions of #V# cover T, . .., 1. Hence, we can think that #V# = #V# uses the
same set of positions as #U+#, namely the set {1,...,m}. Thus, every i € [1,2m)]
has always two interpretations: for ¢ < m as a position either in #U# or in #V #,
for m < ¢ the situation is dual. Let us make this intuition formal.

The mapping from [1,2m] to the positions of W induces a relation

s C [1,2m] x (I(X) UI(B)).

We define ~~ inductively. If ¢ is mapped to a position in W which labeled by a
constant, then we have i € I(B) and we let i ~ i and 7 ~» i. In the other case i
is mapped to a position labeled by Y = (f, X) for some f € H and X € X. Let ¢
the leftmost position in [1,2m] which is mapped to the same position as i. Then
we can write i = £+ k and we find j = £x + k. In this case we let i ~ j and 7 ~ j.
Note that this implies A(i) = f(A(j)). The position j belongs to I(X).
Up to duality, there are three cases:
(1) i € I(B) and i € I(B). Then there is only one j such that i ~ j.
(2) i € I(B) and i ¢ I(B). Then we have i ~ i € I(B) and i ~ j € I(X).
Since I(X) N I(B) =0, we have i # j.
(3) i ¢ I(B) and 7 ¢ I(B). Then i ~ j and i ~ k with {j,7,k &k} C I(X).
Hence, there there are at most two j, k € I(X) such that i ~ j and i « k.

Let us explain the meaning of this “~+” relation by considering a local equation
u(f, X)w(g,Y)v =uZv. In W this local equation corresponds to some factorization

W = wi#u(f, X)w(g, Y )v#tus Uz # V20U #T7.

Let £ = |o(ui#)| + 1 and r = |o(XwYv| — 1. Then the interval o(W)[{,r] is
labeled by uo(f, X)w(g,Y )v; and, since o is a solution, we have uo (f, X)w(g,Y )v =
uo(Z)v. For each i € [(,r] we have i ~ j where either i = j or j € I(X) UI(Y). If
j € I(X)UI(Y), theni ~ k € I(Z) and therefore i ~ k € I(Z), too. The positions
of u, w, v are visible in W, but with respect to W this true only for the positions of
u and v. For the positions of u and v the relation ~~ is the identity. The relations
are depicted in Figure[Bl the relation ~~ is given by the positions in the middle row
to the top and bottom row. Let j «~ i denote i ~» j. If j «~ i ~~ k, then we write
j~k.

Consider any i € [1,2m] and j,k € I(X) U I(B) such that j « i ~ k. (The
interesting case is j # k.) Hence, we have j ~ k and in the pictures we put
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the positions j and k on top of each other. Figure [l gives an example, where
32~10,...,35~ 13,98 ~ 14,99 ~ 15, and 45 ~ 16,...,42 ~ 19.

I(X) I(Y)

o al32 33 34 35| b |B W B B| b b
(92 93 94 95 96 97 98 99 100 101 102 103 104 105
a a |10 11 12 13 14 15 16 17 18 19| b b
1(2)

FIGURE 5. A local equation bb(f, X)ab(g,Y)aa = bbZaa. The
left side occupies positions 92,...,105 and dual of the right side

(i.e. bbZaa) positions 105, ...,92. Moreover, o(W)[92,93] = aa,
o(W)[98,99] = ab, and o(W)[104, 105] = bb.

Since i ~» j <= 7~ j we have
(40) j~k = j~Fk

Moreover, j ~ k implies that there are f, g € H such that f(A(j)) = A(i) = g(A(k)).
Thus, j ~ k ensures A(j) € H - \(k).

We have I(X)UI(B) C [1,2m] and ~ C [1,2m] x [1, 2m] is a symmetric relation.
It is also reflexive on I(X) U I(B) x I(X) U I(B).

By &~ we denote the reflexive and transitive closure of ~. However, the relation
~ is too fine, in general. Since i ~ j implies A(i) € H - A(j), we cannot expect
that i ~ 7, because A(7) = A(4) is typically not in H - A(j). Clearly, if we intend to
change the label at position ¢ from, say, a to ¢, then we must change the label at
position i from @ to €.

In the following, we write ¢ <> j if j = ¢ and we define = to be the equivalence
relation over [1,2m] which is generated by ~ U <+>. We have ~C=, but we have
just seen that these relations are different, in general. Since i ~ j <= i ~ j by
Equivalence (@), we have

irin ] &= in~j ]
Hence,
(41) i=j <= eitheri~jori=j.
We extend the notation above to intervals. Let i, j be positions in o(W) such
that ¢ ~» j, and let p € N. Assume (by symmetry) that we have i ~ j € I(X)
due to mapping the position i of o(W) to a position ¢ in W which is labeled by a

twisted variable (f, X). If the position ¢ + p is also mapped to the same position g,
then all positions in the interval [i,7 + p] are mapped to q. We then write

[i,i+p] ~ [, +pl.
As above we now define the relation ~ on intervals. Again, we let &~ be the generated

equivalence relation, now on intervals. Finally, we relate an interval [l,r] with
1 <1< r < 2m to the interval [F, {] via

[I,r] < [I,r] =[F, 1.

Thus, we also extend = to the equivalence relation on intervals which is generated
by ~ and <. Having this, the general form of (@Il becomes

(42) li,i+pl=[j,j+p] < li+pl~[j+pVii+p~I[+p il
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In the following we say that two positions (or intervals) are equivalent if they are
related by =.

Lemma 11.2. Lett > 1 and o be a solution at a standard state E = (W, B, X, 0, u)
such that |o(X)| = 2t for all X € X. For each X € X write 0(X) = uxv with
lu] = |v| =t. Let E' = (W',B,X',0,u) and o' denote state and solution which
we obtain by following a substitution transition defined by 7(X) = uXv for all X.
Let I'(X') be the set of positions according to Equation (38) and =’ the equivalence
relation on intervals with respect to o’. Let i and j positions in I'(X") such that
i &' j, then we have [i —t,i +t] =~ [j —t,j + t] with respect to E and o.

Proof. Let X € X'. Then X € X and if I(X) = [{x,rx], then the corresponding
interval I’(X) with respect to ¢’ is I'(X) = [{x + t,rx —t]. Thus, if i &' j with
i€ I'(X)and j € I'(Y), then we obtain a “domino tower” as depicted in Figure 6l
The intervals with respect to I’(X’) are the white blocks and i and j are arranged
such that ¢ sits along a vertical column above j. We obtain the corresponding
tower with respect to I(X) by adding the grey borders of length p at each side
in order to switch from I'(Z) to I(Z). Thus, i ~ j with respect to W' implies
[i—tit+t]~j—tj+t]. O

et X —
- |

FIGURE 6. Example illustrating Lemma [I1.2]

The distance d(i,j) between positions of o(W) is denoted as usual: d(i,j) =
|7 — ¢|. We continue with the same the notation as in Lemma We apply the
lemma with ¢ = 10|H|e. Recall that we fixed the parameters such that ¢ = 30n
and § = |H|e. Hence, t = 100.

Lemma 11.3. Let t = 10§ and suppose that E = (W,B,X,0,u) satisfies the
shrinking pair condition (Definition[II1l) with respect to o. Let Z € X' be a variable
with I'(Z) = [l,7] (and hence, I(Z) = [l — 100, r +100]); and let | < i < j < r such
that i ~' j with respect to o’. Then we have d(i,j) > €.

Proof. According to Lemma[[T.2 we have [i —t,i+t] ~ [j —t, j+t] with respect to o.
Next, we choose k € N as large as possible so that [i —k, i+¢] is a subinterval of I(Z)
and [i—k,i+t] = [j—k, j+t] with respect to o. By induction on the number of steps
using the relation ~, this implies that there is some interval [¢,¢ + ¢ + k] C I(X")
such that both, first

[J—kj+tl=i—Fkjit+t]=~[l,+t+k]
and second, £ is the first position in 7(X’), see Figure[ll Assume, by contradiction,
d(i,j) < e. Then, o(W)[i—k,i+t] and o(W)[j —k, j +1] are twisted conjugate with
a positive offset d(4, j) which is at most . This implies that o(W)[i — k,i 4+ t] is a
very long d-periodic word by Corollary[6.2 Therefore, the prefix o(W)[¢, £+t + k]
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of o(X’) is a very long d-periodic word. This contradicts the hypothesis that E

satisfies the shrinking pair condition. O
|z il
|
| |
| |
i T
2 G

j — k ~ £ = first position in I(X")

FiGuRrE 7. Illustration for the proof of Lemma

11.2. Red positions. We use the notation of Section [Tl Let [, 7] be a maximal
interval in o(W) which is mapped to a position in W which is labeled by some
(f,X) where f € H and X € X. Thus, the factor o(W)[l,] is equal to the word
o(X). The positions [ and r at the borders of [I,r] play a special role because if
there is a factor ab = o(W)[l — 1,1], then we cannot compress ab because ab is
“crossing”: compressing ab might be “dangerous”. In order to signal “danger” we
color the first and the last position in each interval I(X) red. Moreover, whenever
i = j holds in (W), then color j red, too. For example, if we have a situation
as depicted in Figure [ then the red color at the last position of I(X) and the
red color at the first position of I(Z) yields two red columns. Note that the first
red position in 7(X) and the last red position in in I(X) are equivalent: these are
dual positions. For convenience, we also color all positions in o(W) red which are
labeled by the marker symbol #. If the label of i is #, then i = j <— j € {z,i}

Since i = 7 for all positions, it follows that there are at most n pairwise different
equivalence classes of red positions. This counting will be used later.

|

.

| X

(da) (rdd)
FIGURE 8. Red positions induced by the red borders in I(X) and I(Z).

Consider an interval of length two I = [¢,4 4 1] without red position. The idea
is to compress I into a single position. The problem is overlapping: we might have
[i—1,4)=[i,i+1] or [i,i+ 1] = [i + 1,7+ 2]. Note that [¢ — 1,¢] = [¢,¢ + 1] implies
t—1=4dori—1=4i+ 1. Similarly, [i,i 4+ 1] = [i + 1,7+ 2] implies ¢ =i+ 1 or
i = i+ 2. Therefore, we start with intervals of length 4 where all four positions are
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inequivalent: This enables us to compress the middle interval of length 2. We shall
use the following lemma.

Lemma 11.4. Let [i — 1,4, 4 1,7 + 2] be an interval of length 4 without any red
position and where the positions are pairwise inequivalent. Consider [i,i + 1] =
7,7 + 1] = [k, k+ 1]. Then there are two cases:

(1) G.i+1Unfkk+1=0,
(2) k=j and [j,j +1] % [k + 1, k].

Proof. Notice that each of the intervals [i —1,4,i+1,i4+2],[j—1,7,7+1,7+2], [k —
1,k, k+1, k+2] is without red positions. We may assume that [j, j+1]N[k, k+1] # 0
because otherwise we are done.

First, let j = k. By contradiction assume [j,j + 1] ~ [k + 1,k]. Then j + 1 ~
k > k which implies k = j = j + 1. Since [i,i + 1] = [j,j + 1] we obtain i =i + 1.
This was excluded.

In the second case we have j # k. Let us show that j # k and [j, j+1]N[k, k+1] #
() leads again to a contradiction. Since j # k we cannot have [j,7 + 1] = [k, k + 1].
Hence j+1 =k or k+1 =j. By symmetry in j and k, we may assume j + 1 = k.

We cannot have [j, j+1] =~ [k, k+1] because then j = k, but k = j+1, and hence,
j = j+ 1. This is impossible. Thus, [j,j + 1]~ [k + 1,k] and j =k +1=j +2.
We remember j = j + 2. If [i,5 + 1] ~ [j,j + 1], then (as no position is red)
[i,04+ 1,64+ 2] = [j,7 + 1,7 + 2] implies ¢ = ¢ + 2. This is impossible. Hence, the
last option is [j — 1,7] ~ [i,4 + 1] and [j — 2,5 — 1,4] ~ [i — 1,4,i + 1]. However,

j =7+ 2 implies j = j — 2. We have again a contradiction as i — 1 # i + 1. (]

Example[ITHindicates why the assertion in Lemma[IT.4lonly holds in the middle
interval [i,4+ 1] of [{ — 1,4, + 1,7 4 2], in general.

Example 11.5. We don’t exclude that H acts with involution. Thus, there might
be ana € B and f € H such that f(a) = a@. Consider the equation X = (f, X) with
the solution o(X) = dcbabed and where f(x) = x for x = b,c,d. Then we have

0(X) = dcbabed = f(o(X)).

The positions of o(X) can be identified with {1, ..., 7} withi = 8—1i for all positions
1 <4< 7. Since positions 3 and 5 are equivalent, the interval [2,5] contains equiv-
alent positions. The four positions in the interval [1,4] are pairwise inequivalent.
However, [3,4] intersects with [4,5] = [4,3]. Thus, later on we cannot compress the
interval [3,4] corresponding to the pair ba. On the other hand, there is no obstacle
to compress the interval [2, 3] which is labeled by cb.

Lemma 11.6. Let o be a solution at a standard state E = (W, B, X,0,u) and
I = [p,p+9] be an interval of length 10 in o(W) without any red position such that
i~ j implies t = j for all i,j € I. Then I contains a subinterval Q of length 4
where all positions are pairwise inequivalent.

Proof. For simplicity of notation let I = [1,10]. If all positions in [4,5,6,7] are
pairwise inequivalent, we are done. In particular, there are 1 < ¢ < 5 < 10 such
that i = j. Since, i % j this implies i ~ j by ([@I). This in turn means that we
cannot have ¢ = j = k where 1 < ¢ < j < k < 10 because this would lead to i = k
via i = j ~ k. We say that j is the partner of i if i # j but ¢ = j. We conclude
that every ¢ € I has at most one partner.

We know 4 +i = 4 + j for some 0 < i < j < 3. Hence 4 +i ~ 4+ j. Let
1 < k < 3. Since [ is without red positions, this implies

Adi—knd+j—k=4+j+hed+j+k=4+i—Fk
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This means that every position g € Q = {4+i—3,4+i—2,4+4i—1,4+4} has
one partner in P = {4+j+3,44+j+2,4+j+1,4+j}. Since QNP = and
QU P C I, we are done: in @ all four positions are pairwise inequivalent. O

Definition 11.7. We say that an interval I = [i,i + 1] in o(W) is good if the
following conditions hold.

o Neither i nor i+ 1 is red.
e The positions © and i + 1 are visible,
o Whenever [i,i+ 1] = J = K, then either J = K or JN K = {).

Remark 11.8. The definition of a good interval I = [i,i 4 1] excludes i =~ i + 1.
Indeed, since neither i nori+1 is red, i = i+1 implies [i—1,4,i+1] =~ [i,i+1,i+2],
hence an overlap [i,i+ 1] ~ [i + 1,7+ 2]. However, I ~ [i + 1,i] is allowed. Hence,
it may happen that i = i+ 1. If such an I is labeled with ab, then there is some
f € H with f(ab) = ba. Hence, f(a) =b and f(b) = a. We deduce that we obtain

a consistent labeling for

I=[i,i+1]~[i+1,4 <« [i,i+1].
Thus, we may compress [i,i + 1] into a single position with label ¢ and therefore,
due to I = [i+1,1], we must also compress [i + 1,1 into a single position with label
f(c); and due to [i + 1,4] <> [i,i + 1], we have to compress [i + 1,i] into a single
position with label €. But this is fine, we have h(c) = ab, h(¢) = ba, and f(c) =C.

11.3. The procedure. Recall that we have fixed § = |H|e and € = 30n. Thus,
d € O(|H|n) and € € O(n). We start at a standard state E = (W, B, X, 0, u)
together with an entire solution (a, o) where none of the meta rules apply. In
particular, |o(X)| > 30§ and X C X with ) = H x X. Hence, by definition:

Z Wiy < Z [Winitly < n.

Yey Yex

All local equations have the form wu(f, X)w(g,Y)v = uZv. (As before dummy
variables are allowed.) We define the equivalence relations ~ and = over the set
of positions of o(W) as defined in Section [T.Il Let E be a standard state with
equation W and entire solution («, o). Once, we found a good interval I in o(W),
we may call the following procedure for that interval.

begin procedure (compress a good interval T)

(1) Let a,b € B and let ab be the label of the good interval I = [i,i+1]. Choose
a fresh letter ¢ with stabilizer H. = H,N Hp; and define a B-morphism from
B' = BU{f(c),f(©)| f € H} to B? by h(c) = ab. Whenever [i,i + 1] ~
[4,7 + 1], then the label of [j,j + 1] is f(ab) for some f € H. Replace each
of the intervals [, j + 1] (resp. [j + 1, j]) by a single new position and label
this position with f(c) (resp. f(¢)). (There is no conflict in this relabeling,
see Remark [T.8) Since there is no red position in [j, j + 1] and [j — 1, 7],
none of the intervals [, j + 1] or [j — 1, j] is “crossing”. So, this gives a new
but shorter equation W’. We have h(W’) = W and new solution ¢’ such
that ho!(W') = o(W).

(2) Follow the corresponding compression transition

E=(W,B,X,0,u) > (W' ,B' X,0,4/) = E.

We have a new state E' with an entire solution (o/,0’) = (ah,o’). There
is also new numbering for the positions, but the red positions can still be
identified.
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endprocedure

We are now ready to define the procedure “pair compression” which uses “com-
press a good interval” as a subroutine.

begin procedure (pair compression)

(1) For every X € X write 0(X) = wav with |u| = |v] = 104. Follow a
substitution transition x

E=(W,B,X,0,u) = (W,B.X,0,1) = E

defined by the substitution 7(X) = uXv and W’ = 7(W). This transition
satisfies the forward property with the new entire solution (o, o’) where
o'(X) =z for all X € X. Recall that (W) = o' (W').
After the preceding step, define the intervals I’(X) with respect to o’ as
done in Section [IT.Il Use the red color for the first and the last position in
each I'(X). Color in red all equivalent positions in o' (W’) of red positions
with respect to =’, too. See Section
(2) Rename B/, W' i/ o'~/ =" as E,W, pu,0,~, =.
(3) Define the alphabet Byq = B. During the following loop we keep the

invariant Bggq C B.
(4) while o(W) contains a good interval I = [i,i + 1] with a label in B2,

do

(a) Choose any good interval I in o(W).

(b) Run the procedure “compress I”.

(c) Rename E', B’ W' i/, o' o'~ =" as E, B,W, u, ., 0, ~, = and trans-
fer the induced coloring of red positions.

endwhile
(5) Perform an alphabet reduction at the standard state E.
(6) Rename E, B, X, W, u, 0,0 as Epr, Byr, Xory, Wt |l iy 0

endprocedure

Remark 11.9. The procedure “pair compression” may not actually succeed in com-
pressing any pair. Its first step always “pops out” letters to make the equation longer
(by 200). After that if no pair is compressed, the procedure leaves the equation longer
than before it was called. This is intentional: if the equation becomes long enough,
then one of 0-periodic- or pair compression is guaranteed to reduce the equation size
by a positive fraction.

11.4. The end of pair compression ends the compression round. We began
the compression round at a standard state E,. = (W,., B, X, 0, p,-) with an entire
solution (a.,0,). We ended the d-periodic compression either by entering a final
state or, in the other case, at a standard state Fs = (Wy, Bg, X5, 0, 15) with an
entire solution (as,05) such that

(43) |Es, as,os|| < || Er, ary0r]| and |Ws]| < [|Wr|| + 200n.

We started the pair compression at the standard state Es = (W, Bs, X5, 0, pus) with
the entire solution (as, o). Compression took place only for good intervals which
where labeled by words ab with a,b € Bgq = Bs. Each compression reduced the
length of the equation because a good interval consists of two visible positions.
Thus, at most |Ws| compressions were possible; and this shows that we did not
introduce more than |H| - |W,| € |H| - |W,| + O(dn) fresh letters. Thus, every
alphabet B of constants we met during the entire round satisfied

(44) |B| € |H| - |W,| + O(n).
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Now, let E. = (W, B, X, 0, 1) denote the standard state with the entire
solution (c, o) where we end the procedure “pair compression”. In the very first
step of the procedure we followed a substitution transition. This is enough to infer

(45) ”ETHQTUUT’H < HEs,OésaUSH < HErvaraUr”-

Proposition 11.10. Let E. = (W,., B, X, 0, ;) be a standard state with an entire

solution (., o) at the start of a compression round and Eyr = (W, Bpry Xpr ) 0, pi)

be the standard state where we end the round with the entire solution (aur,oyr).

Then we have

29 W ||
30

Moreover, if W is any equation which we see on the path from Egs to E,.., then we

have [ W] < [ W, ]| + O(6n).

Wi < + O(6n).

Proof. Each compression round has two phases. The d-periodic compression stops
at a standard state Es; = (Wj, Bs, X5, 0, us) with an entire solution (ay,05). By
Proposition Wl < [|[W,|| + 206n and all intermediate equations W satisfy
W < [We ]| + O(n).

Now, let W be any equation being on the path from Es to E,,. The additional
length for W is due to the first step in pair compression when we substitute vari-
able X by uxXuvyx with |ux| = |vx| = 10dn. This shows |W| < [|W,| + 406n.
Moreover, ||W,/|| € [W,| + O(dn) and |Ws| < |[W]|.

Thus, by Lemma [I0.1] it suffices to prove

29 W, |
30

Let us have a closer look at a local equation u(f, X)w(g,Y)v = uZv in W,. (We
allow dummy variables). In particular, we can think that W begins with a prefix
U#uq Z1v1# and ends with a suffix #v_lZ_lﬁ#U. Having this, the word Wy is cov-
ered by factors #u(f, X)w(g,Y)v# and #0Zu+. In the first steps of pair compres-
sion we follow substitution transitions and a factor #u(f, X )w(g, Y )v# becomes
#Huf(ux)(f, X)f(vx)wg(uy)(g,Y)g(vy )v# and #0Zu# becomes #T U7 Zuz u#.

Pair compression compresses all factors u f(ux ), g(vy )v, D0z and uz @ into single
letters. This bounds the total increase by the first substitution transitions by 2n.

We don’t have such a simple bound for the factors f(vx)wg(uy) because the
corresponding positions in o(W;) interact with the positions in I(Z). Let [£,7]
be the interval in [1, |o(Ws)| — 1] corresponding to f(vx)wg(uy). Let us cut the
interval in [¢, 7] into a disjoint union of intervals, each of them having exact length
€ = 30n. If a position belongs to any of these intervals of length ¢ = 30n, then we
mark the position. Thus, at least |w| — € positions in the interval [¢,7] belonging
to f(vx)wg(uy) are marked by these intervals. (We have no better bound since
X and Y might be dummy variables.) Removing if necessary at most n of these
intervals we may assume that their total number is ¢n with ¢ > 0. The crucial
observation is that we have

(47) | [Ws| — Len| € O(on).

(46) Wy | <

+ O(on).

Each interval of length ¢ is split in 3n intervals of length 10. By Lemma [IT.3] an
interval of length ¢ can have at most 2n red positions. Thus, in each interval of
length ¢ there are at least n intervals of length 10 without any red position. By
Lemma each such interval [i,i + 9] contains an interval of length 4 where all
positions are inequivalent. By Lemma [IT.4] we can compress at least one interval in
that interval of length 10. (Note that Lemma [I[T.4] provides us with a compression
inside [i41,7+8]. This means, the compression is guaranteed even if we compressed
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before an interval [i — 1,4] or [i + 9,7+ 10].) This means that the length of ¢ = 30n
is reduced to at most € = 29n during compression. Hence,

2
(48) W,/ | € 3—38571 + O(on).

Due to [@T) we conclude |W,/| € |[Ws| + O(dn). This shows [@6) and hence, the
assertion of the proposition. (I

Remark 11.11. Proposition [IL 10 tells us that there is a constant k1 € N such
that |W,|| < % + k19n. We content ourselves with a generous bound by letting
k1 = 97. This bound suffices and it is an overestimation, as it can seen by the
preceding proof and by reversing the O-notation into concrete constants. The value
k1 = 97 was chosen such that the later constant k in Corollary T2l is divisible by
100. Thus, we can conclude W, and for every equation W we see on the path from
E,. to E, the following upper bounds.

(1) If |Wy|| > 30K10m, then |Wy || < ||We|| and ||W| < ||W;|| + 400n.
(2) If ||W,|| < 30k1dn, then ||W| < ||W.|| + 406n < 29606n.

These estimations are used in next section.

12. PUTTING IT ALL TOGETHER: THE OVERALL COMPRESSION METHOD

Now we explain what we do if we start the first compression round at the ini-
tial state Ein; with a given initial entire solution (ida~,oinit). We begin a first
compression round r with r = 0 and Ey = Ej,;¢ with a given initial entire solu-
tion (ag,00) = (idax, oimit). We end the round after one phase each of d-periodic
compression and pair compression with a standard state F; and an entire solution
(a1, 01) such that ||Eq, a1, 01| < || Eo, o, 00]|- We repeat this process by starting
the next round r+1 with E, and (., 0,) and ending the round in E,, and (o, o).
For simplicity of notation we write r + 1 = /. Thus,

E.=FE = (WT+1aBT+1aXT+1a@aMT+1) and (ar’aar’) = (Oér+1,0'r+1)-
We conclude
(49) | Ery1, argrs o || < | Ery a0

By (@9) the process terminates: there exists some round ¢ > 0 and during that
round we reach a final state Eg, without variables and with an entire solution
(afin,ide). Hence, the entire process defines a path in F which is labeled by some
hi---hs € End(C*) such that hy---hi(Whn) = Winit. We have |Wiit| = n and
therefore |[Winit|| < 30k16n. (Note that for large n — oo the ratio [Ol’OWKi—;‘i(;T! tends
to 0. For large n the initial size |[Wipit|l is much, much smaller than 30k10n. By

Remark [T.IT] for all rounds r with 0 < r <t we can state:
(50) [IW..]] < 30k16n + 400n < 29600n.

We also need an estimation for the maximal weight of an equation in the middle of
each round. Proposition [T.I0 says we have to add at most 40dn with respect to
the starting point of a round. Thus, the conclusion of (50) is therefore: whenever
we see an equation E = (W, B, X, 0, 1) on the path from FEini; to Egs, we have

(51) W] < 29600n + 406n < 30006n.

Corollary 12.1. Let k = 3000 and let B the subautomaton of F which is defined
defined as follows. The states of B are the extended equations (W, B, X, 0, 1) where

W < on.
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Then B is a finite and complete subautomaton of F. Let As be the trimmed sub-
automaton of B, then the NFA As accepts a rational set of A-morphisms L(As) C
End(C*) satisfying the following conditions from Theorem [{.3

(52) Sol(S) = {(A(d1), ..., h(dy)) € C* x -+ x C* | h € L(As)}.

Moreover, Sol(S) = 0 if and only if L(As) = 0; and [Sol(S)| < oo if and only if
As doesn’t contain any directed cycle.

Proof. The automaton B is finite because first, the number of states is finite and

second, if F is any state in B, then there are only finitely many F s E’ transitions
in F where E’ € B. Thus, the out-degree is finite for every state in B. Since B is
finite, As is finite, too. The NFAs Ags and B are both sound by Proposition
They are complete, this follows from Proposition[Z.5] since x = 3000 is large enough
by (&I)). This shows

Sol(8) = {(A(d1), ..., h(dy)) € C* x -+~ x C* | h € L(As)}.

Finally, Proposition implies that Sol(S) = () if and only if L(As) = (0 and that
[Sol(S)| < oo if and only if As doesn’t contain any directed cycle. O

12.1. The NSPACE algorithm to compute the trim NFA As. The method is
standard and is essentially the same as in [26] [IT, [5]. Therefore we give a rough
sketch only. The key is the upper bound in Corollary 2.1} it is enough to consider
states (W, B, X, 0, u) where |[W| < 30006n € O(|H|-n?). This implies that the
maximal length of an equation and the maximal number of H-visible letters is in
O(|H| - n?) € O(|H|||S||*). This in turn gives the upper bound O(|H|*||S||*) on
the alphabet C. Tt is also clear that we need at most O(]|S||) variables. To each
symbol we have to attach its u-value in the finite monoid N.

By Section storing a p-value costs m(S) bits by ). As a consequence we

can specify a state E (and therefore a transition E N E’) in As with O(|H]| -
ISII* - log |A] - m(S) - log |S]|) bits.
Our algorithm must output all transitions s E which belong to As. Hence,

we consider all candidates E —+ E’ based on the upper bound of bits for their
specification one after another in some order, say in some lexicographical order. The
algorithm has to decide if it outputs the transition or whether it moves to the next

candidate. Thus, when considering whether or not F BNy 5/ belongs to Ag, then
the algorithm guesses a path of transitions from an initial state to the state F and a
path of transitions from E’ to a final state. If the guess is successful, then it outputs

E -5 B’ and it moves to the next candidate. If unsuccessful, then we apply again
the theorem of Immerman-Szelepcsényi: NSPACE(|H| ||S||* log | A| m(S) log ||S||) is

closed under complementation. Hence, the algorithm “knows” whether or not £ hy
E’ belongs to As before moving to the next candidate.
The proof of Theorem [£3]is complete, and the first part of the paper is finished.

13. PART 2: THE EXISTENTIAL THEORY WITH RATIONAL CONSTRAINTS FOR
VIRTUALLY FREE GROUPS

It was shown in [7, [35] that the existential theory with rational constraints in
f.g. virtually free groups is decidable. Our main result (Theorem [[£2) provides an
effective EDTOL description for the full set of satisfying assignments to a Boolean
formula in free variables over equations and rational constraints. In order to make
our statement precise we need some preparation.
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13.1. NFAs revisited. Let M and M’ be finitely generated monoids. In the
application M and M’ are fixed and not part of the input. Therefore we can define
the size of an NFA over M (resp. M') which is, up to a constant, independent of
the generating set.

We begin by choosing any finite generating set ¥ C M. Then we specify an
NFA for M as tuple A = (Q, X%, §, #,.%) where the set of transitions 0 is finite and
satisfies § C @ x ¥* x ). Having this, a natural definition for the input size of A is

(53) [Als = 1QI+ 181+ > ul.
(p,u,q)€6

The transitions in p(A) might be labeled by words of length greater than 1. How-
ever, this can be “repaired” easily by replacing a transition (p,bg---bx,q) with
b; € I' and k > 0 by a sequence of transitions

(pabOapl)a ceey (pkflabkflvpk)a (pk;bkaq)

were p1,...,pk—1 are fresh states. The input size of the new automaton is at most
twice as large as before. The exact size of an NFA A is of not important. We let
(54) Al = (Al 5)-

This is well-defined, since if we move to another finite generating set ¥/ for M,
then we see [[All;, s € O(|[Allj, 5). Thus, it is convenient to denote A simply as
A= (Q,M,$, ¥, F) because then the interpretation L(A) C M is encoded in the
syntax. Still, we can use [|.A||;, up to multiplicative constants.

Let ¢: M — M’ be a homomorphism to a monoid with a finite generating set ',
then the NFA (A) is defined as (Q, M, ¢(0), #,.%) where ¢(p,a,q) = (p, p(a),q).
For s,t € Q let L(A,s,t) = L(A,M,6,{s},{t}). If |p(a)] € O(1) for all a € X,
then there is a result which is again independent of the choice of ¥ and ¥':. We
have

(55) le(Allin € OUAll,) and Vs, t € Q: o(L(A, 5,1)) = L(p(A), s,1)).

13.2. Exponential expressions. The ideas and results in this section are not new.
The notion of exponential expression was proposed, for example, by Plandowski
in [43]. For the application to SL(2,Z) exponential expressions are crucial to
show a complexity within PSPACE. Intuitively it is more natural to represent
strings by allowing exponents. For example, if u is a word, then it is more nat-
ural to write u!%° rather than in plain form by repeating u a hundred times

Exponential expressions (and plain exponential expressions) over an alphabet ¥
and their sizes are defined inductively as follows.

(1) Every word w € ¥* is a plain exponential expression of size ||w|| = |w|.

(2) Every plain exponential expression is an exponential expression.

(3) If E,E' are exponential expressions, then the concatenation EE’ is an
exponential expression of size |[EE’'|| = |E|| + |[E’|. If E,E’ are plain,
then EE’ is plain, too.

(4) If E is an exponential expression and k € N, then E* is an exponential
expression of size ||E*|| = 1+ || E|| + log k.

Since ¥ is equipped with an involution, we define for all k € Z the expression E~F
as a synonym for Ek; and we let E° denote the empty word 1. The size of the
expression E° is still ||E|| + 1.

In the following we allow that an equation appearing in a Boolean formula & is
written as £ = E’ where E and E’ are exponential expressions. We view F and E’
as words X* which have a special encoding in a compact form.



48 VOLKER DIEKERT AND MURRAY ELDER

13.3. The existential theory with constraints and expressions. As above
M denotes a finitely generated monoid with involution. We let ¥ C M be any
finite symmetric set of generators: that is, a € ¥ = @ € X. Let m: ¥* — M be
the canonical morphism which is induced by the inclusion ¥ C M. By €2 we denote
a countable set of variables such that M N Q = (). Without restriction we assume
that Q is a set with involution and X # X for all X € Q. As usual, we let g = g~!
for group elements.

The existential theory of M with rational constraints and exponential expressions
is defined with the help of Boolean formulae in free variables from 2. As we did
in Section [£.2] we obtain more accurate (and therefore better) complexity results if
we define the size of a Boolean formula ® as a pair (||®|.,, [®]],,;). The parameter
[®]|., behaves as if all NFAs defining the rational constraints were of constant size.
Thus, essentially, it adds up the sizes of the equations of the exponential expressions
defining the equations. This is reflected by the index “eq”. The parameter |||,
adds up the input sizes for the NFAs which define the rational constraints. This is
reflected by the index “rat”.

The formal definitions are as follows. Here we assume that every constraint
X € L with L € Rat(M) is given as X € wL(A) (resp. X € L(A)) where A is an
NFA as in Section [[3.J] Exponential expressions were defined in Section

(1) Every atomic formula is Boolean formula. The atomic formulae are:
e The constant | (meaning “false”)
HJ-Heq = ”J‘Hrat =1L
e Exponential expressions E = E’ over (X U Q)*.
[1E=Eleq =14 [1Elleq + [[Eleq and [[E = E'|
e Constraints X € L(A).
IX € L{A)[[oq = 1 and [[X € L{A) |0y = [l
(2) If &, T are Boolean formulae, then so are (® V ¥), (& A U), and (=), but
we omit brackets when possible.
[V, = [[® AW, = [|@], + ][], and [[~®[|, = [, for x € {eq, rat}.

Let ® be a Boolean formula and o:  — M be a morphism (that is, a mapping
respecting the involution). Then the truth value o(®) is defined in the obvious
way. If there exists some o with o(®) = true, then we say that ® is satisfiable.
We also say that o is a solution if o(®) = true because it solves the satisfiability
problem. So, we do not distinguish between satisfying assignments and solutions.
The existential (first-order) theory with rational constraints refers to the set of
satisfiable Boolean formulae

=0.

rat

JFOTh(M,Rat) = {® | Jo: Q — M such that o(P) = true}.

We are not only interested to decide IFOTh(M, Rat), what we aim for is an
algorithm which produces on input a Boolean formula ¢ an effective description
of the full solution set Sol(®, M). To define it properly we let Xg be the set of
variables X such that X or X appears in ®. We let

(56) Sol(®, M) ={o: Xp = M | o(®) = true}.

Note that o: Q@ — M satisfies @ if and only if its restriction to Xg satisfies ®. It
is also clear that every morphism o: X — M satisfying ® can be extended to a
morphism o: Q@ — M satisfying ®. If the context of M is clear, we abbreviate
Sol(®) = Sol(®, M). Once we have chosen a presentation 7: S — M where S is
finite and 7 is onto, then we typically represent elements of M by words over S and
a morphism o:  — M is defined via a mapping o: 0 — S*. Moreover, without
restriction {2 comes with a linear order. If {X7,..., Xy} is the subset of the first k&
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variables with X; < X for all 7 < j, then we let
(57)  Solg(®) ={(c(X1),...,0(X)) €S x---x S| Jo: wo(P) = true}.

Clearly, to decide IFOTh(M, Rat) is the same as to decide on input ® whether
or not Sol(®) is empty. Moreover, Sol(®) = 0 <= Solgo(®) = 0. Note that
either Solg g = () or Solg o = {0}. We will see that Solg ;(®) is an effective EDTOL
relation for every k if M is a f.g. virtually free group.

When proving this result for virtually free groups we make various transforma-
tions on NFAs (which up to a constant factor don’t change ||.A[|,,) before, eventually,
we switch to Boolean matrices.

13.4. Removing exponential expressions in ®. Exponential expressions in
Boolean formulae as in (G6]) are used because they may reduce the size of ® signif-
icantly. On the other hand, with the help of more variables we can transform ®
into a new formula ¥ where all equations are written in plain form as U = V. The
transformation is not expensive; and it doesn’t change the full solution set:

Proposition 13.1. There is a deterministic algorithm working in linear space
which takes as input a Boolean formula ® using exponential expressions.
The output is a formula ¥ having the following properties.

(1) Equations in VU appear in plain form as U =V . Hence, |UV| = |UV].
(2) 1%l € O(I2],)-
(3) ||\Ij||7'at = ”(I)Hrat'

(4) Xo C Xy.
(5) The restriction (o0: Xy — M) — (0: Xo — M) induces a bijection

Sol(¥) = Sol(®).

Proof. The method is standard: replace all exponential expressions by straight-line
programs (SLPs), see for example [33]B84]. More precisely, as soon as an exponential
expression E = T° with e = 0 appears, replace the expression E by the empty word
1. If an exponential expression 7' appears in ®, then replace every occurrence of 7'
simply by T'. If an exponential expression £ = T with e > 2 appears in @, then
define a fresh variable [T, e]. (This implicitly means to introduce [T,e] = [T, €],
too. We don’t repeat this anymore.) Whenever a variable [T, /] is introduced
where ¢ > 2, then we introduce another fresh variable [T, |¢/2]], too. In particular,
[T,e] and [T,1] are introduced (but the condition ¢ > 2 makes sure that [T’,0] is
never introduced). The total number of fresh variables [T, ¢] introduced that way
is bounded by 2(1 + loge) € O(loge).

After that step, replace all occurrences of E by [T, ¢], if E was defined by E = T¢
in ®; and for each fresh [T, ¢] with £ > 2 introduce a new plain equation

7.0 = {[T, 1£/2) ] [T, |£/2]] if ¢ is even,
7 [T, |¢/2]] [T, |¢/2]][T,1] otherwise.

Moreover, introduce a single equation [T, 1] = T The effect is that each occurrence
of E = T¢, having size ||E|| + ||T]] + 2 + log(1 + e), is removed. The gain of
IT]] + loge is mitigated by O(loge) new equations of constant size and one more
equation [T,1] = T of size ||T| + 2.

After that step replace ® by the conjunction of ® with the conjunction of the new
equations. Continue until all equations are written in plain form. This defines the
formula ¥. Note that is not necessary to add any constraint on the fresh variables
[T, {]. Therefore, |¥]... = ||®]|,..- The proposition follows. O

rat rat”®
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14. VIRTUALLY FREE GROUPS

We restrict ourselves to the non-uniform complexity where the given virtually
free group is not part of the input. The restriction allows us to ignore the way a
virtually free group is given to us. For example whether the group is given by a
context-free grammar for the word problem or whether it is given as a fundamental
group of a finite graph of finite groups may result in uniform complexities which
differ exponentially. We refer the interested reader to the arXiv version of [56] for
more details. See also Remark T4.8]

In the following G denotes a fixed finitely generated virtually free group. Thus,
there is a finitely generated free subgroup F such that H = G/F is finite. Replacing
F by the normal subgroup {gFg’1 | g€ G} (which is of finite index in G) we
can assume without restriction that F' is normal and that H is a finite group. That
is, we start with some surjective homomorphism v: G — H where H is finite and
the kernel ker(y) is a f.g. free group. This yields a short exact sequence:

(58) 1-F %G5 H-1.

Choosing a generating set for F' and a set of coset representatives from H, we obtain
a generating set for G. We need generating sets which are closed under involution,
so we are more specific. We use the following definition.

Definition 14.1. Let G be given as in Equation (38). We say that a subset S of
G is a standard generating set for G if the following conditions are satisfied.

e S can be written as a union Ay UA_UH, UH_ CQG.
Ay is a basis for F, that is F = F(AL).
a€A; < aleA_ forallac A=A  UA_.
v induces a bijection between H' = Hy U {1} and H.
H_={heG|h'eH,}.

Every standard generating set is closed under the involution with b = b1 € G.
The three set A, A_, and H' are pairwise disjoint subsets of G. There is a bijection
between H, and H_, but perhaps Hy N H_ # .

Let mg: S* — G denote the canonical projection. We say that w € S* is in
standard normal form if we can write W = uh where u € A* is a freely reduced
word (that is without factors aa@) and h € H'. By snfg(G) we denote the set of
standard normal forms. For every w € S* there is a unique snfg(w) € snfg(G)
such that w = snfg(w) in G. The set of freely reduced words over A becomes
A* Nsnfg(G); and we let snf 4 (G) = A* Nsnfg(G). Hence,

(59) snf 4(G) = {snfg(w) | w e A"} = {w € A* | w is freely reduced} .
Theorem 14.2. Let G be a finitely generated virtually free group. Then with
respect to any short exact sequence as in [58) there is a standard generating set S
and an NSPACE(||<I>||iq (||<I>||3at+log [®l.,)) algorithm which performs the following
task. It takes as input a Boolean formula ® (according to Section[[3.3) with Xo =
{Xl, X1,..., Xk, Xk} such that X; is the ith variable in some fixed chosen linear
order on ). The output is an extended alphabet C' of size (9(||q)||iq), letters d; € C
for alll <i <k, and a trim NFA Ag accepting a rational set of S-morphisms over
C* such that the EDTOL relation
{(h(d1),...,h(dr)) €C* x ---x C* | h € L(As)}

is equal to the full solution set in standard normal forms

Sols,k(®) = {(0(X1),...,0(Xy)) € snfg(G)F | 50 (®) = true} .
Moreover, Sol(®) = 0 if and only if L(Ag) = 0; and |Sol(®)| < oo if and only if

Ag doesn’t contain any directed cycle.
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Remark 14.3. In a simplified analysis using a single parameter, the natural choice
is to define | @ = ||®]|,, + || This yields

rat’

(60) NSPACE(|| @17, (| ®II7,; + log [ @l,,)) S NSPACE(|[@||*) < PSPACE.

rat

If [|®],q € O(y/log|[®]],,), then we have

rat

(61) NSPACE(||® |, (|87, + log |®]l.,) S NSPACE(|[@|* log || ®])).

Remark 14.4. Let us comment why we consider only a subset of the first k vari-
ables of Xy rather than all variables. The reason is that during the proof we manip-
ulate @ in various ways including some which introduce fresh variables. But these
new variables are just auxiliary symbols, and we make sure that they don’t enlarge
the full solution set. If we introduce fresh variables, then we put them in the linear
order behind the first k variables. Therefore, there is no risk to denote Sol(®) as

Solsyk(d)).

14.1. Proof of Theorem [I4.2], Phase 1. Using Proposition [[3.1l we may assume
that all equations in ® are written in plain form as U = V where U,V € (S U X)*.
In the following we introduce many fresh variables into X. The enlarged set is
still called X. Moreover, we choose a subset of positive variables X, such that
(X1, Xp} CXL X=X U{X | XeX,},and X € X} < X ¢ X
Having this, we push all negations to the atomic formulae using De Morgan’s
law. This increase the size at most by the number of atomic formulae. For each
inequality —=(U = V') we introduce a fresh variable X and then we replace =(U = V)
by the conjunction U = VX A—(X € {1}). This increases the size by the number of
inequalities since the singleton {1} is accepted by a two-state NFA. Thus, without
restriction ® doesn’t contain any negation and only three types of atomic formulae:

U=V, Xems(L(A), and X ¢ ms(L(A)) where U,V € S* and X € X,.

Here, denotes an NFA of the form A = (Q, S,0,., %) with 6§ C Q x S x Q. We
may assume because for every NFA A there is another NFA A of the same size
such that L(A) = L(A) (the complement of L(A)). We also write X € L(A) or
X ¢ L(A) because S C G and therefore we can view L(A) directly as a rational

subset of G.

Lemma 14.5. Let v: G — H be as above. In particular, F = ~v~*(H) is free and
H is finite. It is enough to prove Theorem [I1.9 under the following assumptions
about the input formula P.

o & implies AN{X € F'| X € Xy}. (Note that the syntax X € F makes sense
since the f.g. free group F is a rational subset in G.)

e If an NFA A appears in ®, then L(A) C F where A is an NFA over G
and the transitions are labeled with an arbitrary, but fixed, finite set of
generators of G.

e ® is a conjunction where each atomic formula is either an equation in plain

form U =V withUV € (SUX)* or X € L(A) or X ¢ L(A).

Remark 14.6. Assume that ® satisfies the assumptions of Lemma [I1.5 Then
Theorem [I4.2) implies that there is standard set of generators S containing a basis
Ay of F such that

Solg k(@) = {(a(X1),...,0(Xk)) € snf4(G)* | mso(®) = true}.

In particular, the full solution set Solg k(®) is an EDTOL relation over freely reduced
words of A.
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The proof of Lemma is based on two closure properties: 1. finite unions
of EDTOL (resp. rational) languages in a monoid M are EDTOL (resp. rational);
and 2. if L C M is an EDTOL (resp. rational) language and m € M, then Lm is
EDTOL (resp. rational). The analogous statements hold for EDTOL relations.

Proof of Lemma[I{.5 The difficult part is to show the first and third item because
we have to respect the given space bounds. The second item is very easy to show,
and we prove it “on the fly” when showing the first item.

Let ® be any input formula for Theorem We wish to add the constraint
X € F for all variables. This requires the introduction of fresh variables. More
precisely, for each X € X, and g € H' we introduce a new variable X, with
X, = X,; and we construct an NFA A, such that L(A,) = L(A)g for each A. The
NFA A, is obtained by adding a single new final state and new transitions from the
former final states to the new single one, all of them are labeled by the letter g. The
size of A, increases by a constant. Moreover, each function n: X} — H defines a
new formula @} over the variables X, (x) as follows: every occurrence of X (resp. X)
inside an equation is replaced by X,g (resp. gX,) where g = 1(X). The length of
each equation is at most doubled. Every constraint X € L(A) (resp. X ¢ L(A)) is
replaced by the X, € L(Ay) (resp. Xy ¢ L(Ay)). Recall that L(A,) = L(A)g. Let
®;, denote the result of that transformation. Then we let

(62) 0, =0 AN\ {Xyx)€F | X e, }.

Note that a constraint X, € F is the same as 7(X,) = 1. Therefore we can use
H as a recognizing finite monoid for all X . Since H is of constant size, the size
of @, is in O(||®||,, . [ ®l,s;). All variables in ®, are of the form X, x) or X 0(x)-
The old variables X € X are still present but not used in any ®,,. Therefore, inside
each @, we rename all X, x) by X. After that the variables X, are superfluous:
we remove them from &'. Thus, each ®, uses the same set of V. as ® did.

Each formula ®,; is written again in disjunctive normal form ®, = \/ {®, ; | j € I,;}
where each index set I,, has again (at most) exponential in the size of ®.

Having this, we see that ® is equivalent to the following disjunction

(63) o=\/{®,; | neH" Njel,}.

Note that ® and @ use the same set X, of positive variables. It is also clear how
to transform a solution o for ® into a solution ¢ for & and vice versa: if o solves
®, then o(X,) = 0(X)g solves ® and if & solves @, then o(X) = 7(X,)g solves P.

Since |H| is a constant it is easy to see that the number of disjunctions in
Equation (63) is (at most) exponential in the size of ®. But it can also happen that
the size of ® is exponential in the size of ®, so in general we have no way to store
® within the given space bound. What we do instead is to construct NFAs Ay
for each ®,, ;, one after another, such that L(A, ;) defines the EDTOL relation of
the full solution set for @, ;.

More precisely, suppose we have shown Theorem for each @, ; which is
a conjunction of constraints and equations. Then indeed, for all (n,j), one af-
ter another, we can output some NFA A, ; where the transitions are labeled by
endomorphisms over (the same) extended alphabet C' such that

(64) Sols x(®y,;) = {(h(d1),...,h(dr)) € C* x --- x C* | h € L(A,;)}.

We can also assume that all these NFAs use exactly the same set of distinguished
letters {ds,...,dr}. As an output of the overall algorithm we obtain the disjoint
union over all these NFAs An,j- Without restriction H'UH_ C C, but the elements
of H'UH_ are not used in any NFA so far. Moreover, for each d;, d; we may assume
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that there are letters c¢;, ¢;, again still not used by any A, ;. We add one more new
state and connect this new state with all final states in A, ; via a single transition
labeled by the endomorphism h € End(C*) which is defined by h(c;) = d;g where d;
corresponds to the variable X; € X, and g = n(X;) € H'. The new state becomes
the single final state of the “union” automaton.

We conclude that it is enough to show Theorem for each ®, ;. Since &, ;
satisfies properties as required by Lemma 4.5 the lemma follows. (I

14.2. Proof of Theorem [14.2] Phase 2.

Embedding into a semi-direct product. Let E be a finite set with involution.
Then F(E) denotes the group F(E) = E*/{ee = 1| e € E}. If the involution on F
is without fixed points, then we can write E = E{ UE_ suchthate € £, <= €€
E_; and the inclusion E; into E induces an isomorphism between the free group
F(E;) with basis Ey and F(E). The group F(E) is called specular in [3], which
means it is the free product of a free group with groups of order two.

In the following we use that G is the fundamental group of a finite graph of
finite groups [29], which enables us to reduce questions about equations with ra-
tional constraints in G to questions about twisted word equations with rational
constraints.

Suppose that the group H acts on E via a morphism H — Aut(FE). Thus, for
(f,e) € H x E we have f(e) € E and f(€) = f(e). We have Aut(E) = Aut(E*) C
Aut(F(E)) and the action of H on E* and F(E) defines two different (but related)
semi-direct products E* x H and F(E)x H. The elements of E*x H (resp. F(E)xH)
are the pairs (u, f) € E* x H (resp. F(E) x H) and the multiplication is defined by

(U,f) : (Uag) = (uf(v),fg)

The semi-direct product E* x H is a monoid with involution by

(u, )= (f71 @), F 7).
It is also clear that (u, f)™" = (f~*(u1), f~!) in the group F(E) x H.

The free monoid E* embeds into E* x H via e — (e, 1) and the group H embeds
into E* x H via f — (1, f). Having this, we obtain:
F(E)xH=(E*/{ee=1|ecE})xH
=FE*x H/{(e,1)(e,1)=(1,1)| e€ E}.

Since we identify E with E x {1} and H with {1} x H, we can write:
(65) Va € E,geH :gag=(1,9)(a,1)(1,7) = (9(a), 1) = g(a).

Thus, g2g = g(x) for g € H, x € E*, and € F(E). Let ' = FU H and
HnNE* ={1}. Thus, 1 the identity element in H is identified with the empty word
in E*. Tt also appears as a letter in I'. The interpretation e € E as (e,1) and f € H
as (1, f) yields canonical surjective morphisms

(66) mr: T — E* 3 H — F(E) » H.
Our proof of Theorem relies on Proposition [[4.7

Proposition 14.7 ([13], Sec. 2.4.5). Let G be a finitely generated virtually free
group and v: G — H be a homomorphism onto a finite group H such that the
kernel F' = ker(v) is free. Then G embeds into a semi-direct product of the form
F(E)x H; and we can construct an injective homomorphism ¢: G — F(E) x H and
a partition E = AUT into two subalphabets such that F = {x € G | p(z) e F(E)}
is isomorphic to F(A). Moreover, using that isomorphism, we can embed F(A) into
G such that p(a) € T*aT™* such that p(a) is freely reduced in E*. The embedding
of G into F(E) x H s also depicted in Figure[d.
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1 - F(A) - G - H 1

YA ¥ idg

F(E) —» F(E)x H —— H

FIGURE 9. Embedding of G with E = AUT and pa(a) = ¢(a) € T*aT™*.

Proof. The first assertion is the nontrivial direction in [I3] Cor. 2.4.23]. The corol-
lary says that F = {z € G | p(x) € F(E)} is a free factor of F(E). This means that
F(E) is a free product of F(A) with F(T). The additional property ¢(a) € T*AT*
for all @ € A is a special case of [I3, Prop. 2.4.22]. O

Remark 14.8. As we deal here with non-uniform complexity, we content ourselves
to know that the embedding p: G — F(E) x H can be effectively computed and
therefore we can treat |E| as a constant. But in fact the proof of Lemma 30 in the
arXiv version of [56] shows

(67) |E|l < (Al +2[H]) - [H]|.

Thus, if G is given to us as the fundamental group of a finite graph of finite groups,
then the interested reader could derive uniform complexity bounds from the material
presented here.

Corollary 14.9. We use the same notation as in Proposition[I].7 Define a mor-
phism ) from F(E) onto F(A) by ¥(a) =a and ¢(t) =1 fora € A andt € E\ A.
Then b maps freely reduced words @ € p(A*) to freely reduced words in A*.

Proof. The subgroup ¢(F(A)) of F(E) is generated by words of the form ¢(v) where
v € A* is freely reduced over A. Thus, we can write every element in w € ¢(IF(A))
as a word

w=y(a) - -plam) € T*a1T" - - T a,T*
such that a; # ;71 for 1 < i < m. Now, every freely reduced word @ can be
obtained from some word w as above by cancellation of factors ee. Since a; # @11
for 1 <7 < m, we obtain

W e plar) -plam) € T a1 T+ - T a, T
In particular, ¥(@W) = a1 - - - am, and aq - - - @y, is freely reduced by definition. O

Remark 14.10. Let us give a few more comments how Proposition[17.7 and Corol-
lary [I7.9 are shown in [13]. Since G is a fundamental group of a finite graph of
finite groups, it acts on its Bass-Serre tree T without edge inversion [57]. As the
notation suggests, T is indeed a tree: a connected acyclic undirected graph. The
same s true for the free subgroup F = ker() of G: it acts on T as a graph auto-
morphism without edge inversion. It follows that F' has trivial intersection with all
vertex groups because the vertex groups are finite and embed into G, see again [57].
So, if the intersection was not trivial, the G would have a finite nontrivial subgroup,
but free groups are torsion free. Thus, F acts on G without vertex stabilizers and
without without edge inversion.

Now, let G be the quotient graph G = F \ T. The finite group H acts on G: it
permutes the edges and vertices of G by respecting the incidence relation. Moreover,
F appears as the fundamental group of the finite and connected simplicial graph G.
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This can be viewed as the main structure theorem about groups acting on trees, [57,
Thm. 13]. That is, we can write F = m1(G). The point is that we always have two
views on fundamental groups of a simplicial graph. The first view is to choose a base
point * and we write w1 (G) = m1(G,*) where 71 (G,*) s a set of paths from % to x.
The second view is to choose a spanning tree T of G and we realize 71(G) as m1(G) =
m(G,T). That is m(G) = m(G,T) = F(E)/{t=1|te€T}. The isomorphism
between m1(G,x) and w1 (G,T) is induced by the inclusion of w1 (G,*) into F(E)
followed by the projection F(E) onto the quotient m(G,T) =F(E)/{t=1|te€ T}.

Let E be the set of edges in G. It is (in the sense of [57]) a finite alphabet: a
finite set with involution without fixed points. Thus, we can view E as a disjoint
union Ey UE_ withe € B, <= €€ E_. As a set we identify F(F) = F(E}) =
E*/{ee =1 e € E} with the regular set of reduced words in E*. Recall that a word
is reduced if and only if no factor ee for e € E appears. Since H acts on the graph
G, each g € H acts on E* via a length preserving automorphism which respects the
involution. Hence, w is reduced if and only if g(w) is reduced.

14.3. Proof of Theorem [14.2], Phase 3.

Transformation of ® to V. Let ® be the input formula for showing Theorem [T4.21
By Lemmal[l4.H we may assume that & = &, ; where ®,, ; appears in Equation (G3).
Thus, ® is given as a single conjunction of a special form where every variable is
bounded by a constraint X € F(A). It follows that the choice of H' for the standard
generating set doesn’t effect Solg 1 (®) from this point on. Therefore, we can write

(68) FAsolA,k((I)) = FAsols,k(‘I)) = WSSOls,k((I))

Next, we use the embedding of G into the semi-direct product F(E) x H as given
by Proposition [4.7 and Figure[@ We are going to transform ® into a formula ¥
over F(FE) x H such that the inclusion of G into the semi-direct product defines a
bijection between Sol(®) and Sol(¥).

We construct ¥ according to the following steps.

(1) We extend the embedding ¢: G — F(F) x H to an embedding p*idy: G*
X* — (F(E) x H) x X* and we replace every equation U = V in ® by
exidy(U) = pxidx (V). Identifying E, H, and X with subsets of (F(E) x
H)xX*, we see that EUHUX generates the group (F(E)x H)xX™. Hence,
every equation ¢ xidx(U) = p*idx (V) can be written as a plain equation
over the alphabet EUH UX. As we have defined I' = E x {1} U{1} x H =
FUH,wehave FUHUX =T UAX.

(2) We replace every A which appears in ® by A; = ¢(A). That is L(A;) =
©(L(A)). By assumption we have L(A;) C F(E). Hence, L(A;) is a
rational subset of the free group F(FE).

Note that || 41| € O(]A||). Without restriction, we may assume that
the transitions in .4; are labeled by elements from I'. The property ||.41] €
O(JJA|]) is not effected by that assumption. Let ¥y be the intermediate
formula. It is clear that ¢ induces a bijection between Sol(®) and Sol(¥y).

(3) We transform each A; appearing in ¥; into an NFA B such that first,
L(A;) = L(B) C F(FE) and second, the transitions BB use labels from EU{1},
and third [|L(B)| € O(]|L(A1)|). This well known by [55, 58], but not
completely obvious. In Lemma [[4.11] we give a slightly simplified proof for
the special situation of semi-direct products.

Let ¥ be the corresponding formula. Since L(A;) = L(B), we have
Sol(¥) = Sol(¥y).

The construction of ¥ is finished. We have

(69) p(Sol(®)) = Sol(¥) and  ([[Wleq, [Wlar) € OURleq s [[Pllyar)-
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Lemma 14.11 ([55, B8]). Let A = (Q,T,4,.7,.%) be an NFA with the property
L(A) CF(E). Then there is an NFA B such that L(A) = L(B) where the transi-
tions B use labels from EU {1}, and | L(B)||,, € O([|L(A)|;,)-

Proof. In the beginning we let ¢ be any finite subset of Q@ X I'* x ). By Section [[3.7]
and perhaps by doubling the size of A, we may assume that 6 C Q x (TU{1}) x Q.
Since ' = FU H and 1 € H we may assume that § C Q x H(E U {1}) x Q. Thus,
the label of every transition is either an element from H or from E U {1} or a
product ha where h € H and a € E. Moreover, we may assume that A is trim. In
particular, if we reach a state p when reading a word w from an initial state, then
there is a word v such that uwv € L(A). Now, L(A) C F(E). We let v(p) = v(u).
This is well-defined as ~(u)y(v) ™" = 1.

For every state p with y(p) = g we introduce exactly one more state [p, g] and

transitions p —= [p, g] and [p, g] =2 p. This does not change the language accepted,

and the NFA is still trim with v([p, g]) = 1. For each outgoing transition p ha, q
with h € H and a € EU{1} we have v(¢) = f = gh; and there is some b € EU {1}

such that bf = fa in G and hence, we add a transition [p, g] LN [q, f] as depicted
in Figure [I0

ha

%q

p
A
[p, 6] > [g, /]

FiGUurE 10. The equations bf = af and f = gh imply gbf = ha.

This doesn’t change the language accepted as gbf = ha in G. The larger NFA
still accepts L, but the crucial point is that for hia; - - - hrar € L(A) we can accept
the same element in G by reading just labels from E U {1}. This is easy to see
by induction on k. Now, we remove all original states (they are no longer needed)
and make [p, 1] initial (resp. final) if and only if p was initial (resp. final), to obtain
the NFA B. By construction, we have ||B|[;, » < 2[[A[|;, p- This implies [|B]|;, €
O(||A|;,)- Recall that ||Al|;, is well-defined up to a multiplicative constant only by
Equation (54). This makes ||Al|;, independent of the choice of a finite generating
set. (|

14.4. Proof of Theorem [14.2] Phase 4.
From ¥ to VYpe,: applying the techniques of Benois. The transformation
in this subsection doesn’t effect the equations in W. We only change the NFAs B
such that they accept with every word w € E* also the word @ which is obtained
by canceling all factors ee. Nevertheless the rational subset 7 (L(B)) C F(E) will
not change. The techniques for the transformation is well known by the work of
Michele Benois [2]. Therefore we call the new formula ¥pe,. We will see that
7E(Solg x(¥)) = mE(Solg k(¥gen)). For convenience of the reader, we explain the
transformation in detail. We use notation from string rewriting.

For u,v € E* we write u = v if u = pq and v = peeq for some p,q € E* and

e € E. By = we mean the reflexive and transitive closure of =. Clearly, u = v
implies 75 (u) = 7g(v). Moreover, 7g(u) = 7g(v) implies u = w < v for some
w e B
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By F we denote the set of freely reduced words over F; and we identify F(FE)
with the regular set F C E*. These a words without any factor ee where e € F or,
equivalently, the set of words u such that v = v implies u = v. The identification

as sets is possible because 7 yields a bijection from F onto F(E).

The formula ¥ uses NFAs BB where the transitions are labeled by letters from E or
by the empty word 1, see Section[I43l The interpretation so far is that L(B) denotes
a rational subset in F(E). Now, we switch the viewpoint: L(B) denotes a regular
subset in E*; and we replace all constraints X € ngL(B) (resp. X ¢ ngL(B)) by
X € L(B) (resp. X ¢ L(B)). This is nothing but a change of notation, so we
call the new formula still ¥. However, we now on we consider the full solution
set Solg 1 (¥) as a relation over E*. Thus, a solution ¢ is given as a morphism
o: X — E*. Recall that the “actual” solution over the group F(E) x H is therefore
given by mgo: X — F(E).

Lemma 14.12 ([2]). Let B=(Q,E,; ., F) an NFA which appears in ¥. Thus,
§CQx(EU{l}) xQ and L(B) C E*. Then we can transform B into an NFA
B =(Q,E,§; 7', F') such that |Q'| =|Q|, & C Q' x (EU{1}) x Q', and

(70) m(L(B") NF) = np(L(B') = nu(L(B)).

Proof. Let B=(Q, E,d,.,%) an NFA over E* where 6 C Q x (EU{1}) x Q. We
run the following while-loop.

While there there are a letter e € E and states s,t € @ such that (s,1,t) ¢ &
but ee € L(B,s,t) enlarge § by the e-transition (s, 1,t).

The while-loop terminates after at most |Q|* rounds with the desired NFA B
The number of states is same as before.

The inclusion L(B') C {v e E* ‘ u=vAu € L(B)} is trivial. The converse

follows by induction on the length of u. Moreover, for each u € E* there is a
(unique) @ € F such that « = @ € F. This shows (Z0) and hence the lemma. O

Let us define a new formula Wge, in two steps:

(1) Every constraint X € wg(L(B)) (resp. X ¢ wp(L(B)) is replaced by X €
L(B’) (resp. X ¢ L(B’) where B’ is the NFA constructed in Lemma
Let ¥ be the new formula.

(2) Define ¥pe, by

(71) Upen =V A N{X €F| X € X}.

Lemma 14.13. Let ® satisfy the properties in Lemma [I7.0] Then the embed-
ding ¢: G — F(E) x H induces a bijection between 74 (Sola x(®)) C F(A)* and

75(S0lp k(¥ pen)) S F(E). Moreover, (||¥penlloq ¥ Benllar) € OUI®]l o, 2]

eq’ | eq’ | Tat)'

Proof. The proof is immediate by (@3), (Z0), and the construction of ¥pe, which
makes sure that all variables satisfy the constraint X € F. Thus a constraint
X € L(B') is equivalent to a constraint X € L(B)NF and a constraint X ¢ L(B')
is equivalent to a constraint X € F\ L(B’). O

14.5. Proof of Theorem [14.2] Phase 5.

Switching from NFAs to finite monoids: From Vg, to V,o,. The goal is
to reduce the proof Theorem to Theorem This requires that we represent
regular constraints by recognizing morphisms. In the following a guess means to
run deterministically over all possibilities. That is, there is deterministic transducer
which respects the space bound in Theorem and produces all possible outputs
one after another. The corresponding EDTOL relations are calculated separately
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and then everything is put together as we did when we split ® into formulae b,
in Equation (G3]).

Let L(B1),...,L(B¢) be the list of NFAs which appear in Upe,. We have £ > 1
and without restriction L(B;) = F. According to Example [2Z] there is a morphism
we: E* — Ny to an H-monoid Ny of size 2—|—|E|2—|E| suchthat u € F < py(u) €
F; where Fy = pe(F). Since |E| € O(1), the monoid Ny is of constant size. For the
other constraints we cannot expect such a small recognizing monoid, and we use
Boolean matrices instead. For 1 < i < £ let ¢; be the number of states of the NFA
B;. According to Section Z.6land ExampleBIlin Section Blwe find for each 1 < i < ¢
a morphism to a morphism p;: E* — N; to a monoid with involution NN; of size
4% guch that u € L(B;) <= pue(u) € F; where F; = ;(F \ L(B;)) for a negative
constraint and F; = p;(L(B;)) for a positive constraint. Recall that the monoid
N; is a submonoid of B?”*2”, Let N be the direct product Ng = Ny x --- x Ny.
Let m;: No — N; the canonical projection, Then we obtain a single morphism
w: E* — Ny such that p; = mp for all 1 < i < /£.

Now, for each X € X we guess a value v(X) € Ny. Each time we make a guess
v(X) € Ny we check that it is consistent with the constraints. Thus, for each
0 <7< {and each X € X we do the following. If there there a positive constraint
X € B;, then we check mv(X) € p;(L(B;)). If there is a negative constraint X ¢ B;,
then we check mv(X) ¢ pi(L(B;)). If the guess is not consistent, then the guess is
not successful and the corresponding output is empty.

For a consistent guess v we define the following formula

(72) Uinonw = N{U; =V; | j € FAN{X =v(X)| X € X},

Here, {U; =V; | j € J} is the set of equations which appear in the conjunction
Upen. By a slight abuse of language we call a conjunction as in Equation (72) still
a Boolean formula. It is clear what we mean by a solution of Wy, it is given by
morphism o: X — E* such that

(1) mgo(U;) =mgo(V;) € F(E) for all j € J.

(2) po(X)=v(X) for all X € X.
For an inconsistent guess we let Wy,on,,, = L. Using this interpretation we have

(73) SOIE,k(\IJBen) = U {SOlEﬁk(\I/monﬁ,/) ‘ Ve N(SY} .

The size of the finite monoid Ny is in 2°UI®Il%a). Thus, in general we cannot store the
disjunction over all guesses in PSPACE. So, we produce the required NFAs for each
Wpon,» again one after another. We are approaching our goal prove Theorem [I4.2]
For that we use the following proposition.

Proposition 14.14. Let ® satisfy all conditions in Lemma[I{.5 Then there is an
NSPACE(H(I)Hiq(H@H2 + log [|®||,)) algorithm which performs the following task.

rat
It takes as input a Boolean formula

(74) Upon = \{U; =V; | j€ TN N{X =v(X)| X € X}
which appears as Vion, in (13), The output is an extended alphabet C of size

O(|®]%), letters d; € C for all 1 < i < k, and a trim NFA Ay
rational set of S-morphisms over C* such that the EDTOL relation

{(h(d1),...,h(dg)) €C* x---xC* | he L(Ay,,,)}
is equal to the full solution set in freely reduced words
Solg k(Winon) = {(O’(Xl), o 0(Xk)) € F* ‘ TA0(Vmon) = true} .

Moreover, Solg k(Vmon) = 0 if and only if L(Ag,,,,) =0; and |Solg k(V.men)| < o0
if and only if Ay doesn’t contain any directed cycle.

accepling a

mon

mon
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14.6. Proof of Proposition [I4.74l In the proof of Proposition [[£T4 we wish to
apply Theorem In order to do so, we define another parameter m(®) by the
following equation.

(75) m(®) - log(| @) = 127

rat *

Recall that log(m) > 1 by the definition in Section 2l Therefore we have:
(76)  NSPACE(|[®[|2, (I ®[l7,; + log | ®[l.y)) = NSPACE(||®(2, m(®) log [|@]],,)-

rat

Hence, for the proof we can use the space bound NSPACE(||<I>||§Ol m(®)log||®|l,,)
which is in the form we need for Theorem

14.6.1. From U,,,, to the system Sg. Let Uy,on be written as in (74). Then we
define &’ to be the following system of equations (without any constraint)

§' = N{U;=V; | je}.
Recall that we have defined morphisms p: E* — Np and v : X — Ny. We join p
and v to a morphism pug: (EU X)* — Ny by letting po(e) = p(e) for e € E and
wo(X) =v(X) for X € X.
The group H acts on E, but neither on & nor on Ny. Therefore we perform two
steps. First, we embed the set of variables X into a larger set of twisted variables

Y=Hx&X.

In order to have an embedding we identify Z € X with (1,Z2) € ).

The group H acts freely without fixed points on Y by ¢ (f, X) = (fg, X) and
(f,X) = (f,X). In this way every morphism o: X — E* extends uniquely to an
H-compatible morphism o: Y* — E*.

Second, we embed Ny into a larger H-monoid N as constructed in Section
Moreover, using the universal property of the H-monoid N, we extend po : (F U
X)* — Ny uniquely to a morphism puy : (EUY)* — N of H-monoids by uy(f, Z) =
f(po(Z)). Twisted variable of the form (f,Z) appear in & only if f = 1, but
formally the set of variables is now ) = H x X and for each variable Y € ) the
value pun(Y) € N is defined. The morphism upy is respects the involution and the
action of H, so does every solution o: Y* — E*.

We define the system Sg by the system &’ with the set of variables ) and where
for each Y € Y there is a constraint un(Y) € N.

14.6.2. Triangulation: From Sg to Si. The “problem” with the system Sg is that
equations U = V are written as words U,V € (TTUY)* whereI' = EUH C F(E)xH.
In a twisted word equation the U and V should be words over E'U ).

Now, let W € (' U Y)* be any word. We intend to move letters g € H to the
right. If W contains a factor fg with f,g € H, then we replace fg by the letter
hif fg = h in H. Whenever we see a letter h = 1 € H, then we remove it. If
W contains a factor ga where a € E and g € H, then we replace it by bg where
b € E corresponds to the letter gag € F according to (G3)). Since b is letter g moves
to the right without increasing the length of W. The last rule is that we replace
every factor g(f,Y) with Y € X and g € H' by (¢9f,Y)g. Again, g moves to the
right without increasing the length. Thanks to this rule twisted variables other
than (1, Z) appear in the equations. Thus, every U =V with U,V € (' UY)* can
be written as U'f = V'g such that U'V' € (EUY)*, f,g € H, and |[U'V'| < |UV|.

Moreover, if o: Y — E* is any morphism, then o(U) = o(U’)f and o(U) =
o(U")g. Since o(U') € E* and o(V’') € E*, we have mgo(U) = wgo(V) only if
f = g. Thus, whenever we find f # g, then we can stop: there is no solution. On
the other hand, for f = g we have npo(U) = mgo(V) <= ngo(U’) = nga(V’).
Hence, we can replace the equation U = V by U’ = V' and U’ = V' is a twisted
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word equation over E in twisted variables J = H x X and with regular constraints
defined by an compatible morphism ) — N.

Using standard techniques as described in Section [5.4] we can assume without
restriction that all equations are in triangular form. The number of fresh (twisted)
variables and the increase of the length over all equations is thereby bounded by
O([|®[[oy)- The set of variables is still called X" and the set twisted variables is
still called Y = H x X. Thus after the modifications above and triangulation we
obtain the system of twisted word equation with regular constraints Si,;. We have
©(Sola k(®)) = Solg k(Swi) and all equations Solg k(Siri) have the form

(77) (1,2) = f(x)g(y)

where Z € X is a variable, f,g € H, and z,y € EU Y. For example, we could
have + = e € E and y = (h,Y) € Y. Then the equation becomes (1,7) =
fle)g((h,Y)) =€ (gh,Y). The triangular form is convenient to achieve the property
that solutions are in freely reduced words.

14.6.3. From Sy to Spn: solutions in freely reduced words. This subsection mimics
[10] in the context of virtually free groups. Sg, will be the “final” system in the
sequence of transformations. Recall that F C E* denotes the regular subset of
freely reduced words. Clearly, if pug € F and f € H, then f(u) € F, too. Another
crucial observation is that for all freely reduced words z,y,z € F and f,g € H we
have z = f(x)g(y) in F(E) if and only if there are freely reduced words p, ¢, such
that

z=pr A xiffl(p)q A y:(gflf)(q)gil(r)-

According to ([TT) every equation in the triangular system Si,; has the form (1, Z) =
f(x)g(y). For each such equation and each h € H we introduce six fresh twisted
variables

(h/’ P)’ (h7 ﬁ)’ (h/) Q)’ (h/’ @)7 (h/’ R)7 (h/’ R)

After that we replace the equation (1,Z2) = f(x)g(y) by the conjunction of three
new equations:

(718) (L.2)=(LP)LR) A z=(f,P)1,Q) A y=(""f.Q) (¢ " R).

For simplicity, the new set of twisted variables is still called Y = H x X.

We obtain a system Sg,, and this finishes the construction of the new for-
mula Sg,. Let 0: X — E* be any compatible morphism such that ngo(1,2) =
meo(f(x)g(y)). Then we there is some o’ : X — F such that first, 7go = 7go’,
and second o’ solves the three equation in (78)) in freely reduced words. That is
o’ solves the three equation under the constraint (h,Y") € F for all (h,Y’). For the
other direction: if o solves the three equations in F(E) without any constraint on
twisted variables, then there is some ¢’: X — F such that mgo’ solves the equation
(1,Z) = f(z)9(y) in F(E). The remaining problem is that our formalism asks to
define values p for each new variables. (That is 2/3 of all variables). The only
way to do so in the given space bound is to guess the correct value. We can write
the equations appearing in Sg, as a system

(79) Nz = (f5 P9, Ry) | 5 € J}

where z; € EUX and un(x;) is already fixed. We can read this system as a system
of equations over the finite monoid Njy;. To check whether such systems have a
solution is actually PSPACE hard, however we don’t need PSPACE-hardness. It is
enough that within our space bound we can output by guessing-and-checking all



SOLUTIONS TO TWISTED WORD EQUATIONS 61

possibilities to assign py values to each of the fresh twisted variables. Such an
assignment is again a tuple v € Nj;. Formally we can write a Say, as a disjunction

(80) Sein = \/ {Stnw | v € Nig}.

Some of the systems Sgp,,, can be empty. If all are empty, then we can stop: Sgy is
not solvable.

Lemma 14.15. Let ® satisfy all conditions in Lemma [I4.5. Then there is an
NSPACE(||<I)Hiq(H<I)Hf_at + log [|®||.,)) algorithm which performs the following task.
1t takes as input a Boolean formula non-empty system Sgpn, from the disjunction
in Equation (80).

The output is an extended alphabet C of size (9(||q)||iq) with E C C, lettersd; € C
for all 1 <i <k, and a trim NFA As,, , accepting a rational set of E-morphisms
over C* such that the EDTOL relation

{(h(dy),...,h(dp)) € C* x --- x C* | h € L(As,,.)}
is equal to the full solution set in freely reduced words
Sol g k(Sfiny) = {(0(X1),...,0(Xk)) € F* | 7o solves Sfin } -

Moreover, Solg k(Sfin,y) = 0 if and only if L(As,,,) = 0; and |Solg x(Sfin,)| < 00
if and only if As,, , doesn’t contain any directed cycle.

Proof. The existence of the NFA As, , with the desired properties is a formal
consequence of Theorem A3l For the complexity issues we need an estimation of
MAs,, (Nar). Tt is however clear from the construction that we have MAs,, (Num) €
O(m(®)) where mas,  (N) was defined in Equation () and m(®) was defined
in Equation ([73)).

NSPACE(]|®[[%, (|, + Lo | ®1l,,)) = NSPACE([|@%, m(®)log @], is due to

rat

Equation (76). Thus the complexity follows again by Theorem 3] O

We did various modifications to the input formula ® to arrive at a system Sgn,.
mentioned Lemma Each step on the way from ® to Sgy,, involved a splitting
or guessing, which are realized by transducers respecting the space bound. In order
to define the NFA Ay, = which is needed for Proposition [[414], we put all the
pieces together. Thus, Proposition [4.14] is shown.

Corollary 14.16. Let G be a finitely generated virtually free group given by a
short exact sequence as in (38) and let ¢: G — F(E) x H the embedding of G into
a semi-direct product as in Figure[d.

Then there is an NSPACE(H(I)Hiq (||<I>||§at +log ||®][,,)) algorithm which performs
the following task. It takes as input a Boolean formula ®. The output is an extended
alphabet C' of size (9(||q)||iq) with E C C, lettersd; € C for all1 <1i < k, and a trim
NFA Ag.o accepting a rational set of E-morphisms over C*. The corresponding
EDTOL relation

R(Ag.s) ={(h(d1),...,h(dy)) € C* x---xC* | h € L(Ag,3)}
satisfies the following properties.
(1) We have R(Ag,s) C Fk. Thus, each for each h € L(Age) and 1 <i <k

the word h(d;) is freely reduced.
(2) We have p(Sola ,x(®)) = R(Ag.a).

Proof. As above we can use the same techniques of splitting and guessing based on
©9), (1), and (73). Hence it is possible to construct the NFA Ag ¢ by putting
exponentially many NFAs of the form Ay, provided by Proposition[I4.141 Again
we may use a transducer which satisfies the required space bound since all pieces
can be constructed one after another. O
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A* 4»90 T*AT* 4»7# A*
A TE N
F(4) —— F(E) —2— F(4)

FIGURE 11. ¥ = id4 and ¥ maps freely reduced words to freely
reduced words by Corollary

14.7. Proof of Theorem From the NFA Ag ¢ back to . We have A C
E and in Section we defined an A-morphism v¢: E* — A* by ¢(t) = 1 for all
t € E\ A. Since p(a) € T*aT* we see Yp(a) = a for all a € A. See the commutative
diagram in Figure [[Tl Therefore, the second statement in Corollary yields

Sola k(@) = Y(R(AEg.2)).

The first statement says that R(Ag,s) is an EDTOL relation in freely reduced
words over E; and Corollary asserts that ¢ maps freely reduced words to
freely reduced words over A. Using one state more than the NFA Ag ¢ (actually a
new initial state) and a transition labeled by ¢ from the old initial state to the new
one, we obtain the desired NFA Ag. Hence, we can realize Sol () as an effective
EDTOL relation in freely reduced words over A. Thus, the projection 7m4: A* —
F(A) yields a bijection between Sol4 x(®) and the full solution set w4 (Sola (®)) C
F(A)*. This concludes the proof of Theorem

15. SL(2,7Z)

We apply in this section our results to the perhaps most prominent example of
a (non-free) virtually free group: the special linear group SL(2,Z) of 2 x 2 matrices
over Z. It is well known (and easy to show) that SL(2,Z) is the amalgamated
product SL(2,7Z) = Z/4Z %397 Z/67Z. Possible generators are the matrices p =
((1J _11) and 7 = (_01 (1)) of orders 6 and 4 respectively. We have p? = 72 = (_01 91 )
We also denote the matrices (_01 91) and (§9) as —1 and 1 respectively.

When working with equations over SL(2, Z) it is more natural that the constants
are matrices (with entries written as binary numbers) rather than words over a
finite generating set. Moreover, in an equation there is no reason to see a factor of
two matrices (2 4) (‘Z,/ g’,) because we would multiply the matrices together. For
a matrix M = (2%) in SL(2,Z) we let |[M||; = max {|a| + |¢|, [b] + |d|}; and we
define its binary size

1M |y, = log [|M]]; -
Note that | M]|; is the usual matrix one-norm of the matrix (3 g). We use the
notion of binary size to define the size of equations and Boolean formulae where
constants are matrices. The only difference is that the size of a constant M in
SL(2,Z) is not 1 as for a finite generating set, but [[M]|,,. We leave it to the
reader to define the size of a Boolean formula accordingly. To have a notation for
Boolean formulae ® as well, we denote the new size by || ||, ;.
The aim of this section is to prove the following result.

Corollary 15.1. There exists a standard generating set S for SL(2,Z) of 21 letters,

and an NSPACE(m/(®) H@Him log || ®|],:,) algorithm which performs the following
task. It takes as input a Boolean formula ® where the constants are matrices over
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SL(2,Z) (counted in their binary size) and in variables from X = X1 UX_ such that
XeX, — XecX_and Xy ={Xy,..., Xy}, where each variable has size 1 for
simplicity. The output is an extended alphabet C of size O(||®|[3), letters d; € C
foralll <i< k, and a trim NFA A accepting a rational set of A-morphisms over
C* such that the EDTOL relation

{(h(d1),...,h(dr)) €C* x --- x C* | he L(As)}
is equal to the full solution set in standard normal form as given in Equation (&7)
Sols k(@) = {(o(X1),...,0(Xy)) € snfg(G)" | 7o(®) = true} .

Moreover, Sol(®) = 0 if and only if L(A) = 0; and |Sol(®)| < oo if and only if A
doesn’t contain any directed cycle.

The proof of Corollary [[5.1] covers the rest of the section. In a first part, we
make the reduction to the framework of Theorem fully explicit. The main
message is that a few elementary facts about SL(2,Z) are enough to understand
Theorem [[4.2] without any reference to Bass-Serre theory [57] or the resulting black
box Proposition [[£7 In fact, what we use about SL(2,Z) predates the invention
of Bass-Serre theory by far. For that we reformulate Theorem for SL(2,7Z) in
Corollary I51l The point is that we view Corollary [[5.1] directly as a corollary to
Theorem

In the second part we show that working with matrices doesn’t increase the com-
plexity. To see the difference, let w € {p, p LT, T_l}* be a word in the (symmetric)
set of natural generators with n = |w|,+1 = |w|, + |w|,-1, and let (2}) denote
its image in SL(2,Z), then a straightforward calculation shows ||(‘; Z) H1 < Foto,
where F), ;2 is the (n 4+ 2)nd Fibonacci number. In particular,

(¢ Z)Hbin < Jwlper < Jwl.

This means that working with matrices and their binary size doesn’t increase the
input size with respect to the reduced word lengths over { p,p LT, 7_1}*. How-
ever, an exponential gap between H(‘; Z) Hbin and |w|,+1 is possible. For example,
we have (7p)" = (§ 1) and [|(§ 7)|l,;, = log(n + 1). It is easy to see that (7p)”
is the shortest word in {p, p~ LT, 7'_1}* which represents the matrix (§ 7). Thus,
the matrix representation of (shortest) words can lead to an exponential compres-
sion. However, in [2I] Gurevich and Schupp give an exponential representation
of a matrix M in SL(2,Z) by words over {p,7}" where the bit complexity of the
exponential representation is linear in ||M]f,;,. (In an exponential representation
exponents over factors are written in binary.) In order to prove the lemma of
Gurevich and Schupp we use the matrices L = (1) =7p?> and U = (} }) = 7p.

15.1. Explicit embedding of SL(2,7Z) into a semi-direct product. There is a
natural action of SL(2, Z) on the complete bipartite graph K3 » which is depicted in
Figure[I21 We give an orientation to the set of undirected edges in K3 5 according to
that pictureﬁ. Denoting the set of directed edges {a, ..., f}, we obtain an alphabet
E= {a,&, e, f,f}. As usual, an undirected edge is two-element set {y,7}.)

The action of SL(2,7Z) on the bipartite graph K3 o is as follows. The generator
T stabilizes the vertices P, and we let TRz = R,g (with R,2 = R;). The generator
p stabilizes the vertices Rg and we let pP, = P,5 (with Py = P).

Let us define a surjective homomorphism ~v: SL(2,Z) — Z/12Z by y by r = 2 =
~v(p) and t = 3 = (7). (It is known that the kernel of «y is the commutator subgroup

5Actua11y, K3 2 is the quotient graph of the Bass-Serre tree for SL(2,Z) modulo the action by
that group. Figure appears in [I3] as well as some subsequent calculations.
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FIGURE 12. The complete bipartite graph K3 o with a directed
spanning tree {a,b,d, e} and set of directed chords ¢ and f

of SL(2,Z); we’ll come back to this in a minute.) An easy reflection shows that the
action on on K3 of SL(2,Z) factorizes through +: indeed, Z/6Z = Z/3Z x Z/27Z
is quotient of the amalgamated product Z/3Z xz,27 Z/47. The action induces an
action of Z/127Z on the edge set E which respects the involution. For example:
7(c) = d, p(¢) = d, and p(c) = f etc. Therefore, the homomorphism H — Aut(E)
yields a semi-direct product F(E) x H. Note that the action of H = Z/12Z on E is
not faithful, the number 6 mod 12 (= 73 = ¢?) acts as the identity. This immediately
implies that 7p7p?, and 7p?7p are in the commutator subgroup SL(2,Z)’.

A well-known classical result of Newman states that the kernel of v: SL(2,Z) —
7Z/12Z is the commutator subgroup SL(2,7Z)" and that SL(2,Z) is a free group
of rank 2 with basis {Tp7p?, 7p?rp}, I, Lem. 1]. This is rather casy to see. A
straightforward calculation shows that [, p] = 7p7p?, [r, p?] = Tp?7p and that the
subgroup generated by {Tpr2, TpQTp} is closed under conjugation. Thus, SL(2,7Z)’
is generated by 7p7p? and 7p?7p. In particular, let F(c, f) denote the free group of
rank 2 with basis {c, f}. Then v (c) = 7p7p? and ¥ (f) = 7p?7p defines a surjective
homomorphism

i Fe, f) — SL(2,Z)’.
For the result of Newman it remains to show that SL(2,Z)" is freely generated by
these two elements. We will do so by showing that SL(2,Z)" is the fundamental
group of the graph I' = K3 ». Simultaneously, we will derive the desired result that
SL(2,Z) embeds into the semi-direct product F(E) x H where H = Z/127Z.

We choose x = P; as a base point in I'. Then the fundamental group m (T, %)
(which is, by definition, a subgroup in F(E) = F(a,b,c,d,e, f)) can be identified
with the free group F'(c, f). This identification is due to the fact that ¢, f are the
chords for the chosen spanning (directed) tree T' = {a, b, d, e}. Indeed, a standard
exercise shows that the isomorphism ¢1: F(c, f) — m1 (T, %) is given by

v1(c) = acdb and e1(f) = afeb.

(To see this, say for ¢, just follow the shortest path in 7" from * to the source of
¢, traverse the chord ¢ and choose the shortest path in 7" back to *.) We have
m1 ([, %) < F(E) and a canonical projection 7: F(E) — F(c, f) which maps the
edges of T to 1. Thus, 7¢; is the identity on F(c, f).

Finally, guided by 7(P1) = P; and p(P) = P, we define a homomorphism
: SL(2,Z) — F(E) x H where

p(r) = (1,t) and ¢(p) = (bd, 7).

The homomorphism ¢ is well-defined since

p(r%) = (1,£%) = (1,r°) = p(p°) and (1,#%)* = (1,1).
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1 Fle.f) — v sL2.2) 7127 1
{ incl. J ® J idz,122
1 F(E) — F(E) x Z/12Z —~ Z/12Z 1

FIGURE 13. Embedding of SL(2,Z) into a semi-direct product.

Another direct calculation shows

eY(c) = p(tprp?) = (p1(c), 1) and @Y (f) = @(Tp*7p) = (p1(f),1).

Thus, the identity idp(.,.) factorizes as follows:

idp(ee) : Fle,e) —25 SL(2,Z) 55 F(E) x {1} = F(E) - F(c,e).

As a consequence, the surjection 1 is injective, and we obtain a commutative
diagram Figure[I3l The diagram implies that ¢: SL(2,Z) — F(FE) x H is injective
and that ¢ induces an isomorphism between SL(2,Z)’ and (T, *).

Since ¢(SL(2,Z)) is a finitely generated subgroup, it is a rational subset in
F(E) x H. Hence, we can reduce the question about solving equatlons in SL(2,7)
to twisted word equations over F E)E However, Theorem [4.3] is more ambitious
than for example [7]. In order to apply Theorem [E3] we need in particular an
explicit construction of a set of standard generators. We obtain such a set S by
defining S = Ay UA_ U H_ UH_ where Ay = {c, f} = {7p7p?, 1p*rp} and
H, = {pl,...,ps, T,plT,...,p5T}. We have Hy N H_ = {pl,...,ps} and p?
becomes a self-involuting letter in S.

Remark 15.2. Let h = p'7, W' = p', and g = p?7 be letters in Hy. Then the
element hh' € S* has length 2. The corresponding element in standard normal form
is ¢fg € A*H, which has length 3. This yields a concrete example showing that
the standard normal forms are not geodesic in general.

What remains to show for the proof of Corollary [5.1]is to show that the com-
plexity is not worse than NSPACE(||<I>||Ein m(®)log [|®||,;,). This is done next.

15.2. Euclidean matrix calculation. We have L™! = pr = (_11 ?) and hence,

U='L = p. Since p, 7 generate SL(2,7Z) as a monoid, we see that L,U generate
SL(2,Z) as a group. It is therefore clear that every matrix in SL(2,Z) can be written
as a word in {L,L™*,U, U=}, but of course the representation is not unique as
for example (U~1L)¢ =

Let ap,a1 € N with ap > a1 > 0. Using the extended Euclidean algorithm
for computing the ged(ag, a;1) we define natural numbers k; for 0 < i < g and a;
0<i<g+1 with

ap >ai > - > ag—1 > ag = ged(ao, a1) > agr1 =0
such that for ¢ > 0 we have
(81) 0< ajyo =a; —kiajr1 < agyq.
The sequence finishes with some 1 < g € O(loglao|) such that ky_1ay = ag—1

and ag = ged(ao, a1). The last Value is therefore indeed ag+1 = 0. We say that

630 far this is very close, if not identical, to the approach in [7].
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(ko,...,kg—1) is the gecd-sequence defined by ag,a;. Note that (ko,...,kg—1) to-
gether with a, uniquely define (ao,...,ay). Note also that k; > 1for0<i<g—1
and kg_1 = ag—1 = 2.

By SL(2,N) we mean the following submonoid of SL(2,7Z):

SL(2,N) ={(2%) | a,b,c,d e NAad—bc=1}.

It is a well-known classical fact and not difficult to see that SL(2, N) is a free monoid
with unique basis {U, L}, see for example [I12, Chap. 8.12] or [28] for an application
to fast randomized pattern matching. The following quantitative lemma belongs
probably to folklore. It can be easily derived from [2I], but for lack of a reference
for the precise statement we give a proof.

Lemma 15.3. Let M = (25 ¢!) € SL(2,N) with ag > a1 > 0 and let (ko, ..., kg—1)
be the ged-sequence defined by ag,a1. Then there is a (unique) ¢y € N such that
following assertions hold.
(1) 0 <ko---kg_1-min{l,ce} < ap +co = || M];.
(2) If g is even, then
M = LesUks-1 ka2 ... k1o,
(3) If g is odd, then cg > 0 and
M =L 'ULrs—1...yki ko,

Proof. For the following we don’t need the uniqueness of c4. It follows from the
fact that {L,U} forms a basis for the free monoid SL(2,N), which in turn follows
easily from the present proof. We leave this part to the interested reader.

Consider a matrix M; = M = (¢ ¢ ) € SL(2,N) with ag > a; > 0. Note that
this implies ged(ag,a1) = 1. Moreover, ¢y = ¢1 > 0 because agcy = ajco + 1. (The
case ¢g = ¢ is possible only for M = (a1“ aofl).) Let us treat the case a; =1 as a
special case first. That is: M = (’fg o ) We obtain kg = ap and

M =L~ tyLeo—t,

Moreover, ¢y = kogc; — 1. Since ag = 2 we have 1 < ¢y < kocr < ag + ¢o.

For the rest of the proof we may assume g > 2. We let (ko,...,ks—1) (and
(ag,...,ag—1,1)) be the ged-sequences defined by ag, ai. Next, we define matrices
M; for 1 < ¢ < g according to the following rules.

(1) If 1 <i<gandiisoddand M; = (¢-} ¢ ) is defined, then we let
Mipr = M;L™% = (G112 -

(2) If 1 <i< gandiiseven and M; = ((él ‘le) is defined, then we let
Mgy = M;U ¥t = (218

It follows by induction that M; € SL(2,N) for all 1 < ¢ < g. Having this we can
deduce, again by induction, for all 1 < i < g:

<
<

(82) 0<ki—ra; < a1

(83) 0<ko--ki—1a; <ag

The situation for the ¢; is slightly different. For forall 1 <i<g—1
(84) 0<ki_1c; <ciq

(85) 0<kog--kiic; <co

(86) 0< ko kgoo-max{cg_1, kg—1¢4 — 1} < co

To see (B6) we observe that 1 < ¢g—1 = kg—1¢g = 1. Hence, we can use (8H) to
conclude (B6). Considering i = g — 1 shows the first claim in the lemma, because
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(m) implies ko c 'kgflcg < co + ko c 'kg,Q and ko c 'kg,Q < ko c 'kg,1 < ag by
I{Zg_l 2 2 and ([SE)

For the last matrix is M, and depending on whether g is odd or even, we have
two options. If g is even we let D = L and D = U otherwise. We obtain:

(87) M - L*konkl ,..D*kg—2 — Mg — (337%35) = (zlg Izgili) %f q %S even;
(et @)= (%1 a) ifgisodd

1 kg,1

First case. Let g be even, hence M, = (Cg i ) Then we have

MU L = (9)

It is possible that ¢, = 0 in the line above.
Second case. Let g be odd, hence M, = (kﬁ’*1 ! ). Then we have

0971 Cg
1—kg_177—171=cg _ (10
ML FetU="L 7% = (}9).

Note that for g odd, we have ¢; > ¢4 > 0 and kg1 = a4—1 > a4 = 1. Using (87)
and a case distinction (whether or not g is even) yields the result. O

Proposition 15.4 (Gurevich and Schupp [21]). Let M = (%) € SL(2,Z) and
m = max {|al, |, |c|,|d|}. Then there are words u,v € {p,7}" and positive integers
€o,...,e¢ with 0 < £ e O(logm) such that

juv| € O(1),
O0<eg---ep<2m
M = uL®U® ... L9201 [%y.

Proof. As a preamble let us note that we will be able to enforce ey # 0 # ey because
L~! = pr is a short word over p and .

The assertion is trivial for m = 1. Hence we assume m > 2. Using short words
u',v' € {p,7}", we obtain a matrix

M =M = (%)

with m = ap > a; > 0 and ¢y > ¢; > 0. Since m > 2 it is enough to see that we
can choose u' = 20U ¢ and v’ = 7% U where the exponents e; are in {0, 1}.
We have M’ € SL(2,N) and therefore the result follows from Lemma [[5.3 O

Proof of Corollary I3l Proposition [[5.4] shows that the size of the exponential
expression

wL Ut ... [[Ca—2[JCt—1]Cty

is linear in ||M|,;,. Thus, we can apply Corollary based on the explicit
embedding of SL(2,Z) into the semi-direct product as depicted in Figure [[31
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