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Abstract

Automata are a widely used formalism in computer science as a concise representa-
tion for sets. They are interesting from a theoretical and practical point of view. This
work is focused on automata that are executed on tree-like structures, and thus, define
sets of trees. Moreover, we tackle automata that are enhanced with the possibility
to check (dis)equality constraints, i.e., where the automata are able to test whether
specific subtrees of the input tree are equal or different. Two distinct mechanisms are
considered for defining which subtrees have to be compared in the evaluation of the
constraints. First, in local constraints, a transition of the automaton compares sub-
trees pending at positions relative to the position of the input tree where the transition
takes place. Second, in global constraints, the subtrees tested are selected depending
on the state to which they are evaluated by the automaton during a computation.

In the setting of local constraints, we introduce tree automata with height con-
straints between brothers (TACBBy). These constraints are predicates on sibling sub-
trees that, instead of evaluating whether the subtrees are equal or different, compare
their respective heights. Such constraints allow to express natural tree sets like com-
plete or balanced (like AVL) trees. We prove decidability of emptiness and finiteness
for TACBBy, and also for the combination of TACBBy with the tree automata with
(dis)equality constraints between brothers of Bogaert and Tison (1992). We also
define a new class of tree automata with constraints that allows arbitrary local dise-
quality constraints and a particular kind of local equality constraints (TAihom,z). We
prove decidability of emptiness and finiteness for this class in exponential time. As a
consequence, we obtain several EXPTIME-completeness results for problems on im-
ages of regular tree sets under tree homomorphisms, like set inclusion, finiteness of
set difference, and regularity (also called HOM problem).

In the setting of global constraints, we study the class of tree automata with global
reflexive disequality constraints (TAGJ ). Such kind of constraints is incomparable
with the original notion of global disequality constraints of Filiot et al. (2007): the
latter restricts disequality tests to only compare subtrees evaluated to distinct states,

whereas in TAG;)R it is possible to test that all subtrees evaluated to the same given

state are pairwise different. The tests of TAG;\R correspond to monadic key con-
straints, and thus, can be used to characterize unique identifiers, a typical integrity
constraint of XML schemas. We study the emptiness and finiteness problems for

TAG;}R, and obtain decision algorithms that take triple exponential time.
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Chapter 1

Introduction

Computability has been one of the basic fields of study in computer science. It
is focused on proving which problems can be solved in an effective manner, and
also by what means they can be solved. A crucial aspect of such study is devising
methods and machines for performing computations, and then reasoning about their
capabilities. One particular kind of machine, called automaton, has proved to be a
simple but powerful formalism to define sets (also called languages in this context).
The goal of an automaton is to recognize the elements that belong to the language
and reject all the rest. Usually, the automaton operates by iteratively reading the
input element and, by means of transition rules, updating its state at each step of
the execution. At the end, when the whole input has been consumed, the element
is considered recognized if the automaton has reached a special final/accepting state,
and otherwise, the element is rejected. This idea can be applied to different kinds of
elements, the most basic ones being words, i.e., sequences of symbols of an underlying
alphabet. This work focuses on a generalization of words into tree-like structures:
terms. In this setting, the symbols in the alphabet are used for labeling the nodes of
the trees, and moreover, we consider that such symbols have an associated fixed arity
(the arity of the symbol labeling a node determines the exact number of children that
such node must have). For instance, given an alphabet where the symbol f has arity
2, and the symbols a and b have arity 0, it is possible to define a term like:

Usually, such term is written simply as f(f(a,b),a).

Tree automata (TA) is the essential class of automata for recognizing languages
of terms. They characterize the regular tree languages [GS97, CDG107], and due to
their good computational and expressiveness properties, TA have been a well studied
formalism. In particular, they have been used to, e.g., describe the parse trees of
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a context-free grammar or the well-formed terms over a sorted signature [MW67],
characterize the solutions of formulas in monadic second-order logic [Don70], or nat-
urally capture type formalisms for tree-structured XML data [MLMKO05, BCHT09].
A (bottom-up) TA can be described by a set of rules of the form f(qi,...,q¢m) — ¢,
where q1, ..., qm,q are state symbols and f is an alphabet symbol of arity m. Ad-
ditionally, we must specify the set of final states. A term is recognized/accepted by
the automaton if, and only if, there is an execution of the automaton on such term
(starting from its leaves and proceeding upward to the root) that reaches one of the
final states of the automaton.

Example 1.1. Consider the language L of terms that encode lists of binary numbers.
More precisely, a symbol f with arity 2 is used to chain the elements in the list like
fler, flea,... f(em,L)...)), where the e;’s are the binary numbers in the list and the
symbol L is used to mark the end of the list. Binary numbers are encoded as terms of
the form by (bn—1(...b1(bo(L))...)), where the b;’s are symbols in {0,1} and L is used
in this case to mark the start of a number. A TA recognizing L can be constructed as
follows. First, it requires transition rules that recognize (non-empty) binary numbers:

L—q 0(q) — ¢ 1(q) — q
O(Q) — Gnum 1(q) — Gnum

Second, it also needs transition rules that recognize lists of numbers:

1L — Qlist f(Qnuma qlist) — Qlist

Finally, the TA has to specify qist as single final state. Note that there might be several
distinct executions of the TA on an input term, since there are multiple transition rules
with identical left-hand sides (two rules with 0(q), two with 1(q), and two with L).
Thus, such TA is not deterministic. But this is not a problem: it suffices to consider
that a term is recognized by the TA if there exists an execution on the given term that
reaches the final state q;s, even if there are other possible executions reaching different
states. For instance, there is a successful execution on the term f(eq, f(es, L)), where
er = 1(0(L)) and ex = 0(L), that proceeds as follows (several transition rules are
applied simultaneously at each step in order to shorten the presentation; for clarity,
the specific positions where they are applied are made explicit, using A to denote the
root position, 1 for first child, and 2 for second child):

f ¥ ;

L t1.1.1 0 £1.1

_ J_:g Zt 2.1.1 PN O(Jflﬁnzmaat 1 P

1 f L—qist at 2.2 1 f i f

| (‘) - 0 (‘) st q  4num  Qlist

| |

1 L q q
1(q)‘>Qnum at 1 /f\ f(qnum1qlist)4)qlist at A it

 (Gnum Qiist) = aise at 2
e ° Gnum Qlist

It is usual to represent an execution of a TA as a tree. Such tree has the same structure
as the input term, and each of its nodes is labeled with the rule applied on the input
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term at the corresponding position. In this way, the previous example execution could
be equivalently represented as follows:

f(Qnumv QIist) — Qlist

TN

1((1) — Gnum f(Qnum7 QIist) — Qlist
\
0(q) = q
| O(Q) — Gnum L = qiist

- J_Lq

Unfortunately, many natural properties are not captured in the class of regular
tree languages. For instance, the language of terms of the form f(¢,t), for an arbitrary
term t, is a typical example of non-regularity, and the proof for this fact is straightfor-
ward: intuitively, it suffices to observe that TA have finite memory (the states), and
thus, the information that a TA can record is not enough to always properly check
whether the two children of the root are identical. Due to these limitations, different
variations of tree automata that increase the expressive capabilities of plain TA have
been considered in the literature. We study the case where the automata are enhanced
with the possibility to check (dis)equality constraints. In this setting, the automata
are able to test whether specific subterms of the input term are equal or different,
and only accept such input term when it satisfies all those tests. There are diverse
mechanisms for selecting which subterms have to be compared in the evaluation of
the constraints, each leading to different expressiveness. We consider the cases where
the selection is local (relative to a rule application) and global (over the whole input).
The following sections describe these models of automata.

1.1 Local constraints, and tree homomorphisms

In automata with local constraints, each transition rule of the automaton has an
associated Boolean expression ¢ that restricts its applicability. Usually, the atoms
occurring in ¢ are predicates of the form p; ~ py or p1 % po, for positions p; and ps.
Such an atom holds for a given rule application if the subterms pending at p; and
P2, relative to the position where the rule is applied, are equal in the first case and
different in the second one. The rule can be applied if the entire constraint ¢ holds.

Example 1.2. Consider again the TA of Example 1.1. With a slight modification
introducing local constraints, we can guarantee that all the (encodings of) numbers
occurring in a list are identical, i.e., that the automaton recognizes the language L'
of terms of the form f(ey, f(ea,... f(em,L)...)) satisfying e1 = e = ... = ep.
Note that, e.g., 1(L) and 0(1(L)) are considered different, even though both of them
represent the same natural number 1.

The precise construction of the automaton with local constraints is as follows.
First, we must discard the original transition rule f(Gnum,qist) — Qist, and second,
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introduce the following new rules:

1=~2.1
f(Qnuma QIist) — Qiist f(Qnuma ql/ist) — (list 1L — qllist

The local constraint 1 = 2.1 checks that the current number of the list (pending at
position 1, i.e., first child) is identical to the next number of the list (pending at
position 2.1, i.e., second child’s first child). Only if such condition holds, the transition
rule can be applied. Note that 1 = 2.1 trivially fails when there is no next number,
i.e., when position 2.1 does not exist. This can only happen when the second child is
L, and thus, such edge case is properly handled by the state qj, and the transition
rule f(gnum, Qi) = Quist, that performs no local test.

Unfortunately, the increase in expressiveness obtained with local constraints comes
at the expense of other desirable properties, e.g.: emptiness and finiteness of the rec-
ognized language are decidable properties for plain TA, but they become undecidable
when local constraints are introduced in the automaton model [Mon81]. For this
reason, many restrictions on the form of the constraints have been studied in the
literature in order to obtain more tractable subclasses of automata. For instance,
emptiness and finiteness of the recognized language are decidable for the class AWCBB
of tree automata with local constraints where the positions pi, ps involved in each
atom have length 1, i.e., where the (dis)equality tests are only performed between
brother positions [BT92]. This model of automata allowed to prove decidability of
fragments of quantifier-free formulas on one-step rewriting [CSTT99], as well as the
recognizability problem for regular tree languages under particular cases of tree ho-
momorphisms [BT92]. Another relevant model is the class RA of tree automata with
arbitrary local constraints but with a bound on the maximum number of equality
tests that can be performed at each branch of the input term. Emptiness is undecid-
able for general RA, but it becomes decidable for the fragment of RA of deterministic
and complete automata, and this latter result led to the decidability of fragments of
the first-order theory of reduction [DCC95]. Additionally, emptiness is decidable in
exponential time for the subclass TAx of tree automata with only arbitrary local dis-
equality constraints, and this was used to prove EXPTIME-completeness of ground
reducibility [CJ03]. Recently, the class TApom,z of tree automata with arbitrary local
disequality constraints combined with a restricted version of local equality constraints
(called HOM equalities) has been introduced. Emptiness of the language recognized
by TAhom,z has been shown decidable in triple exponential time, allowing to prove de-
cidability of the general case of the recognizability problem for regular tree languages
under tree homomorphisms [GG13].

It is clear from the previously cited literature that local constraints have been a
recurrent tool to tackle problems on tree homomorphisms. Since tree homomorphisms
play a central role in our work, let us precise their definition and hint how they relate
with local constraints. A tree homomorphism H is a special kind of function from
terms to terms that can be defined by giving, for each alphabet symbol f with arity
n, an equation of the following form:

H(f(z1,...,2,)) =1

where ¢ is a term labeled by either alphabet symbols, or by H(z1),..., H(z,), which
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may only appear at the leaves. Then, the image of a term under the tree homomor-
phism H is obtained by applying such equations on the term from its root position to
the leaves. For instance, given the term f(f(a,b),a), the application of the tree ho-
momorphism H defined by H(a) = a, H(b) = a, and H(f(z1,22)) = g(H(x1), H(x1))
proceeds recursively as follows:

H = g = g = g
‘ P /\ P
f H H g g g g
N \ \ P P N
fa f f H H H H a a a a
P P P \ \ \ \
a b a b a b e a a a

A tree homomorphism can also be applied to a language. Furthermore, for a language
represented by a TA, a representation of its image language under a tree homomor-
phism can be obtained by transforming directly the TA. Such transformation consists
in changing the left-hand side of each transition rule of the TA according to the given
tree homomorphism, and adding an equality atom between each two positions where
the tree homomorphism has a duplicated variable. For example, the language of all
terms over nullaries a,b and binary f can be recognized by a TA with the following
transition rules:

a—q b—gq fla,q) = q

and by applying the previous H to it, and assuming H(q) = ¢, we obtain the following
transition rules:

H(a) —q H(b) —q H(f(¢,9)) = q
4 4 4
a—q a—q 9(a,q) =4

where the atom 1 ~ 2 appears due to the duplication of the variable x; in the image of
f under H. In this case, the obtained automaton is an AWCBB, i.e., a tree automaton
with constraints between brothers [BT92], and as expected by the definition of H and
the given TA, the language recognized by the obtained AWCBB is the set of complete
trees over nullary a and binary g (which is a classical example of non-regular set). In
general, the class AWCBB is not expressive enough to capture the result of such transfor-
mation: the resulting left-hand sides of the transition rules are not guaranteed to be of
the form h(qi,...,qmn), where h is an alphabet symbol and ¢, ..., ¢, are states, and
moreover, the generated equality constraints might involve non-brother positions. For
instance, if H(f(z1,22)) had been defined as g(g(H(x1), H(x2)), g(H (x2), H(x1))),
the transformation of the transition rule f(q,q) — ¢ would generate a rule with
9(9(q,9),9(q,q)) as left-hand side, and with an equality constraint between the non-
brother positions 1.1 and 2.2, as well as between 1.2 and 2.1. The class TApom intro-
duced in [GG13] properly captures these cases.

The previous examples already make an important property of tree homomor-
phisms clear: the image of a regular tree language under a tree homomorphism might
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be a non-regular set. The HOM problem questions, for a given regular tree language L
(described by a TA) and a tree homomorphism H, whether H (L) is regular. The study
of preservation of tree regularity by tree homomorphisms was introduced in [Tha69].
In that paper, tree homomorphisms are defined for the first time, and it is proved
that the application of linear tree homomorphisms (i.e., those without duplicated
variables) preserves regularity. Tree homomorphisms are also introduced in [Eng75]
as a particular case of tree transducers. In [HH92, VG92, KT95], HOM is proved
decidable for the particular cases where images are represented as instances of term
patterns, or as reducible terms of a term rewrite system. In [BST99], HOM is proved
decidable for the particular case of shallow tree homomorphisms. For the same par-
ticular case, it is shown in [DTTO02] that tree homomorphisms preserving regularity
can be assumed to be linear. The HOM problem appears also in [Fiil94], where the
more general case of regularity of the range of a top-down tree transducer is shown
undecidable. In [GMTO08], HOM is proved decidable for the particular case where
the regular tree language is defined over a monadic signature, and the case where
images are represented as instances of term patterns constrained to regular tree lan-
guages. This particular case is proved to be EXPTIME-complete in [GGM11]. As a
consequence, HOM is EXPTIME-hard. Recently, in [GG13], HOM has been proved
decidable in triple exponential time.

1.2 Global constraints

An intrinsic limitation of local constraints is that the (dis)equality tests can only be
performed between subterms of the input that are pending at a bounded distance:
this is because a local constraint specifies fixed positions (interpreted relative to the
position where the rule is to be applied) for the subterms that have to be tested.
Recently, in [FTT07, FTT08, FTT10] a new kind of constraints has been proposed
that allows to perform (dis)equality tests between subterms that might be arbitrarily
faraway. In this new approach, the transition rules of the automata are unconstrained,
and it is the automaton itself that has an associated global constraint. Such constraint
is checked at the end of the computation, and the subterms of the input that are tested
for (dis)equality are selected depending on the states to which they are evaluated
during such computation. For instance, a global constraint can impose an equality
test between all the subterms that are evaluated to a state g, that is, it can force all
the subterms evaluated to ¢ to be identical. Such restriction can be specified with the
following global constraint:
q~q

Analogously, all subterms evaluated to g can be forced to be pairwise different with:

q%q

The precise interpretation of the previous atoms ¢ =~ ¢ and g # ¢ is as follows: the
subterms pending at any two distinct positions evaluated to the state g must be
identical in the case =, and different in the case %.

Atoms of the form g ~ q or g # ¢ already allow to express properties that cannot
be defined by means of local constraints. For instance, reflexive disequality constraints
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like g % ¢ correspond to monadic key constraints, and thus, can be used to characterize
unique identifiers, a typical integrity constraint of XML schemas. Nevertheless, global
constraints can be further generalized by considering non-reflexive atoms, that is,
atoms that relate different states ¢, gs as follows:

q1 = g2
Q% q

The interpretation of these atoms is straightforward: each subterm evaluated to state
g1 must be equal (in the case =) or different (in the case %) to each subterm evaluated
to state go. Note that, regardless of whether the states q1, g2 related in an atom are
identical or not, an expression of the form —(gq; & ¢2) is not equivalent to ¢; # g2 since
an universal quantifier is involved in the interpretation of the atoms, and similarly
for =(q1 % ¢2) and ¢1 =~ ¢2. We denote the class of automata with global constraints
as TAGx x, where the global constraint is an arbitrary Boolean combination of the
previous atomic predicates.

Example 1.3. Consider again the TA of Example 1.1, and the modified language L'
proposed in Ezample 1.2. It is possible to recognize L' by adding to the plain TA of
Ezxample 1.1 a simple global reflexive constraint: ¢uum = Gnum- Such constraint is only
satisfied when all the (encodings of) numbers occurring in a list are identical.

With global constraints it is also possible to recognize another interesting variant
L" of L: the language of lists that do not contain repeated (encodings of) numbers,
i.e., the language of terms of the form f(e1, f(ea,... f(em,L)...)) where the e;’s are
pairwise different. It suffices to use goum % Gnum 6S the global constraint. It is easy
to see that L' is an example of language that cannot be recognized by automata with
local constraints (this can be proved with a simple pumping argument).

As a final remark, note that the interpretations of the reflexive atoms ¢ ~ ¢
and ¢ # ¢ in TAGx » only involve (dis)equality tests between subterms of the input
that are pending at distinct positions. The fact that the positions tested must be
distinct implies that no subterm is tested for (dis)equality against itself, which is
irrelevant for ¢ &~ ¢ but becomes crucial for ¢ % ¢: if subterms were tested against
themselves, ¢ % ¢ would only be satisfied by computations that had no occurrence of
the state ¢. In the definition from [FTT10] for tree automata with global constraints
(TAGED), subterms are tested against themselves, and hence, it is not possible to
define properties analogous to the interpretation of ¢ % ¢ in TAG~ » (see, e.g., [VaclO,
BCG™13]). Even so, TAGED has been a useful formalism to decide a fragment of the
spatial logic TQL, and fragments of monadic second order logic on trees extended with
predicates for subtree (dis)equality tests [FTTO07, FTT08], and the subclass of TAGED
with only equality atoms of the form ¢ = ¢, called RTA, closed under special kinds of
term rewrite systems, has been used to analyze security protocols [JKV11].

1.3 Organization and summary

The remaining of this work is structured as follows. In Chapter 2 we formalize the
previous notions of term, tree automata, tree homomorphism, and other related con-
cepts. Chapters 3 to 5 present the studied problems and the corresponding obtained
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results; in particular, Chapters 3 and 4 focus on local constraints, whereas Chapter 5
deals with global constraints. In Chapter 6 we draw some conclusions and sketch
possible avenues of future research.

The contents of Chapters 3 to 5 can be summarized as follows.

Chapter 3

We present our work on automata with local constraints published in:

[CG14] Carles Creus and Guillem Godoy. Tree automata with height
constraints between brothers. In Rewriting Techniques and Ap-
plications (RTA), pages 149-163, 2014.

We introduce a new kind of automata with local constraints between brother positions
that differs from the previous literature in that, instead of testing subterms for either
syntactic equality or some notion of equivalence (like, e.g., in [JRV08]), the restrictions
are imposed on the height of the subterms involved in the constraints. We call them
tree automata with height constraints between brothers (TACBBy). More precisely, our
atomic predicates are of the form h(i) = h(j), for positions 7 and j of length 1, and are
satisfied when the subterms pending at ¢ and j, relative to the application of the rule,
have identical height. We also consider inequality predicates of the form (i) < h(j)
and comparisons introducing an integer constant x of the form h(:) = h(j) + = and
h(i) < h(j) + x, with the straightforward interpretations. It is easy to see that our
notion of constraints is incomparable with syntactic (dis)equality constraints between
brothers, i.e., AWCBB. For instance, the language of complete trees over a signature
with two nullary symbols a, b and a binary symbol f cannot be recognized by AWCBB:
intuitively, this is because, even if two terms ¢; and t5 were inductively guaranteed to
be complete, it is not possible to check with only (dis)equality constraints whether ¢;
and to have identical height, and thus, whether f(t1,t2) is also complete. However,
such language can be recognized by a TACBBy with the unconstrained rules a — ¢ and
b — q, and the constrained rule:

h(1)=h(2)

f(a,9)

Another interesting language that can be recognized by TACBBY is the language of
AVL trees, i.e., the set of trees where the heights of the two direct children of any
internal node differ by at most one. It suffices to replace the previous rule for f with:
h(1)=h(2) v

h(1)=h(2)+1 Vv

h(1)=h(2)—1

fla.q)
Note that the constraint requires the height of each child to be at most one more than
the height of the other child. It is easy to see that the language of AVL trees cannot
be recognized by the subclass of TACBBy whose atoms are restricted to be of the form
h(i) = h(j) or h(i) < h(j). Hence, AVL’s are an example of the fact that the atoms

that introduce an integer constant x of the form h(i) = h(j) + = and h(i) < h(j) + =
are strictly more expressive than the simple constraints h(z) = h(j) and h(i) < h(j).
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We denote as TACBB;, the strict subclass of TACBBy that only allows atoms of such
simple forms.

We tackle the emptiness and finiteness problems for TACBBy, and TACBBy, and also
for their extensions TACBBp,. and TACBBy. that include the syntactic (dis)equality con-
straints between brothers of AWCBB. Note that TACBBy, strictly generalizes TACBB}, and
AWCBB, and that TACBBy, strictly generalizes TACBBy and AWCBB, since the expressive
power of AWCBB is incomparable to the expressive powers of TACBB, and TACBBy. To
the best of our knowledge, our most general class TACBBye has not been studied in
the literature. In particular, the definition of TACT in [Tre00] is incomparable with
TACBBHe, although a given tree automaton with height constraints is transformable
into a TACT by preserving emptiness (but not the language). Nevertheless, this does
not help in our setting to decide emptiness of our model, since emptiness of TACT
is undecidable. Also, the definition of VTAM?, in [CJPO08] captures our automaton
models, but emptiness is only decidable for some particular subclasses that are in-
comparable with TACBBy, since, even though they can recognize the particular set of
complete trees, height of subtrees cannot be compared in general.

Chapter 4

We present an extension of our work on the HOM problem published in:

[CGGR12] Carles Creus, Adria Gascon, Guillem Godoy, and Lander Ramos.
The HOM problem is EXPTIME-complete. In Logic in Computer
Science (LICS), pages 255-264, 2012.

Recall that the HOM problem questions, for a given regular tree language L (de-
scribed by a TA) and a tree homomorphism H, whether H(L) is regular. In that
publication we develop specific techniques to prove decidability of the HOM problem
in exponential time. Here, we present a more general framework and obtain further
results based on a new class of tree automata with local constraints. More precisely,
we define the class of tree automata with disequality and implicit HOM equality
constraints (TAjhom,). This class allows arbitrary local disequality constraints and a
particular kind of equality constraints: the left-hand side of the transition rules are
terms containing states at some leaf positions, and two positions with the same state
implicitly define a local equality constraint between such positions. For example, con-
sider the language of terms of the form h(tq,ts), where t1,ts are different complete
trees over nullary a and binary g. Such language can be recognized by a TAjhom,z With
the following transition rules:

122
a—q 9(a:9) = ¢q h(q,q4") == qaccept
a—q 9(¢:9) = ¢

where gaccept is the only final state. Note that equality constraints are implicitly
represented by the fact that the state ¢ appears duplicated at positions 1 and 2 in
the left-hand sides of the rules for g. Note also that the rule for h has two distinct
states ¢ and ¢’ at its left-hand side, since we do not require that its children are equal
(in fact, the constraint 1 % 2 forces them to be different, as desired). This particular



12 Chapter 1. Introduction

example does not show the full expressiveness of TAihom,, and in fact, could have
been equivalently defined as an AWCBB. In general, however, this is not possible since
TAihom, are strictly more expressive than AWCBB: the class of languages recognizable
by AWCBB is included in the class of languages recognizable by TAjhom,x since any
AWCBB can be transformed into a TAjhom,« recognizing the same language, and it is
easy to prove that such inclusion is strict using the fact that TAjomz can define
(dis)equality tests between non-brother positions. At first look, the transformation
from AWCBB into TAjhom, might seem surprising, since equalities in TAjhom,z can only
be tested between positions reaching the same state, whereas in AWCBB equalities
can be tested between any two brother positions, regardless of the states reached at
them. Nevertheless, AWCBB can be determinized [BT92], and thus, the expressiveness
of AWCBB is not reduced when restricting its equality constraints to only involve brother
positions reaching the same state.

We tackle the HOM problem by building on the results from [GG13] and rea-
soning on TAjhom,. In that paper, HOM is reduced to the emptiness problem of a
special kind of automata with local constraints (a class equivalent to TAjhom g, but
technically more complex), and this latter problem is shown decidable in triple ex-
ponential time. We prove decidability of the emptiness and finiteness problems for
TAihom, in exponential time, and in this way, we lower the classification of HOM from
3EXPTIME in [GG13] to EXPTIME. This result is tight, since HOM is known to be
EXPTIME-hard [GGM11]. The techniques developed in [GG13] also allow to reduce
other problems to the emptiness of TAjhom,x, like set inclusion and finiteness of set
difference for sets defined as images of regular tree languages under tree homomor-
phisms. Hence, we also improve the classification of these problems from 3EXPTIME
in [GG13] to EXPTIME, which is again tight [CDG107]. A similar result is obtained
in the setting of term rewriting, since the set of reducible terms of a term rewrite
system can be described as the image of a tree homomorphism. In particular, we
prove that inclusion of sets of normal forms of term rewrite systems can be decided
in exponential time.

Chapter 5

We present our work on automata with global constraints published in:

[CGG13] Carles Creus, Adria Gascén, and Guillem Godoy. Emptiness and
finiteness for tree automata with global reflexive disequality con-
straints. Journal of Automated Reasoning, 51(4):371-400, 2013.

We focus on tree automata with a particular kind of global constraints: reflexive dise-
qualities (TAG;R). More precisely, we consider the model where the global constraints
are restricted to be conjunctions of positive literals of the form ¢ % ¢, or of the form
q1 # g2 provided that the atoms ¢; % ¢1 and g2 % @2 also occur in the constraint.
In other words, the global constraint of a TAGQR can alternatively be seen as a rela-
tion on a subset of its states (i.e., on those states occurring in the constraint) that
is symmetric (since atoms are considered unordered pairs) and reflexive (due to the
previous conditions on the form of the global constraints of TAG;R). These automata

are significant in the context of XML definitions since they can characterize monadic
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key constraints: in this setting, a state ¢ of a given automaton corresponds to an
XML type, i.e., it defines a set of valid values, and a reflexive disequality constraint
like ¢ % q specifies that all values of type ¢ within an XML document must be distinct
for that document to be valid.

We tackle the emptiness and finiteness problems for TAGQR. Note that decidability
results for several fragments of tree automata with global constraints can be found in
the literature: emptiness of the subclass where the global constraint is a conjunction
of atoms over the predicates ~ and % such that ~ defines a reflexive relation and
# defines an anti-reflexive relation is in NEXPTIME [Vac10], which coincides with
the best known complexity for deciding emptiness of the subclass where the global
constraint is a conjunction of atoms over the predicate 5 such that % defines an anti-
reflexive relation [FTT08, FTT10]; emptiness and finiteness for the subclass where
the global constraint is a conjunction of atoms over the predicate ~ are EXPTIME-
complete [FTTO08], which still holds when restricting the constraints to just two atoms
but decreases to PTIME when only a single atom is allowed [HHK12]; and emptiness
and finiteness for the subclass RTA where the global constraint is a conjunction of
atoms of the form ¢ ~ ¢ are in PTIME, emptiness being actually decidable in linear
time [JKV11]. Nevertheless, all the previous subclasses of automata with global
constraints are incomparable with TAGQQ727 and thus far, the only known decidability
result that captures our model TAG),  is presented in [Vacl0, BCG*13] for the full
TAGx~, » class: emptiness is proved decidable in non-elementary time, and decidability
of finiteness is left as an open question. We improve such results for the fragment
TAGQR by proving that emptiness and finiteness for TAGQR are in SEXPTIME.






Chapter 2

Basic concepts and notations

Here we introduce background concepts that are required in the following chapters.
We focus on providing essential definitions; for a complete and detailed survey the
reader is referred to [CDG'07] and [BN9S].

2.1 General notation on sets and complexity classes

We fix some basic notations for sets. The size of a finite set S is denoted by |S|, and
the powerset of S by 2°. Given two disjoint sets A and B, we sometimes denote their
union as AW B in order to emphasize the fact that A and B are disjoint. In some
cases, we may simply define A and B as sets, and use A W B to implicitly state that
they are disjoint.

A partition P of a set S is a set of non-empty sets Py, ..., P, satisfying that they
are pairwise disjoint and S = P, U...U P,. Each P; is said to be a part of the
partition. We use the notation (J P as shorthand for U,y P, that is, S = P.
The partition P induces an equivalence relation on | J P, which we denote as ~p and
define as follows: e ~p ¢’ if and only if e and €’ belong to the same part in P.

We use the Landau notation when arguing about the time and space complexity
of the presented algorithms. That is, given a function g : N — R, we denote by O(g)
the class of all functions whose asymptotic growth rate is bounded by g. Formally:

O(g) ={f:N—=R[3c>03ng eNVn>ng:|f(n) <c-|g(n)|}

However, many of our algorithms belong to exponential complexity classes, and the
standard O-notation is not convenient enough in such setting. In particular, we are
interested in abstracting away the specific base of exponential functions, or equiva-
lently, ignore any constant factor in the exponents. Such abstractions are not easy
with the standard O-notation (consider, e.g., O(2") C O(3") € O(2%™)). For this
reason, we adopt the usual notation 29 to denote the following set of functions:

209 = {f:N—=R|3e>03ng € NVn>ng:|f(n)| <20l

15
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Note that, e.g., 22 includes all functions of the form a””*¢, for any constant num-

bers a, b, and c¢. This notation is straightforwardly generalized to higher exponential

O(g)
92
, 2

O(9)
classes 22 , and so on.

2.2 Terms

A term is a generalization of a word into a tree structure, that is, a term is a tree
where nodes are labeled by symbols of a given alphabet . In order to illustrate this
definition, consider the alphabet ¥ = {+,—,1,...,9}. It is clear that in the context
of words, it is possible to represent with ¥ operations of addition and subtraction of
natural numbers, e.g., the word 1 — 2 4+ 3 — 4 + 5. However, note that without the
use of parentheses it is not possible to determine from such word the order of the
operations. In the setting of terms, this order is given by the structure of the tree.
For example, in the following term it is clear how the expression has to be evaluated:

+
T

A~

1 2 3 +
PN
4 5

The previous generalization from words to terms is rather broad, and leads in
many cases to the intractability of decisional problems on tree languages. For this
reason, it is usual to consider some extra conditions restricting the definition of term.
We take the following three:

e We assume that terms are finite.

e We assume that the alphabet ¥ is coupled with a total function arity : ¥ — N
that assigns to each of the symbols in the alphabet an arity. In such case, ¥ is
called a signature, and a node of a tree labeled by a symbol with arity n must
have exactly n children. Clearly, it is necessary that there exists at least one
symbol whose arity is 0, since otherwise, it would be impossible to construct
any valid finite term.

e We assume that the children of a node of the tree have an order. In general,
trees (and graphs) are unordered in the sense that there is no relation between
the edges connecting a node to other nodes. In an ordered tree, we have an
order for the edges that allows us to specifically refer to the ¢’th child of a node.

Combining these properties, we obtain the class of finite ranked ordered trees, which
from this point on we simply call terms. The following two definitions formalize the
notion of signature, and the set of all possible terms over a given signature.

Definition 2.1. A signature X is a finite set of alphabet symbols with arity, which
is partitioned as | J;cy YO satisfying that f € ™) if the arity of the alphabet symbol
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f is m. We sometimes denote ¥ as {fi:mi,..., fu:myp}, where f1,..., fn are the
alphabet symbols and mq, ..., m, are the corresponding arities. We define maxar(X)
as max{mai,...,my}, and write simply maxar when ¥ is known from the context. We
denote by arity(f) the arity of symbol f, and say that f is a constant/nullary when

arity(f) = 0.

Definition 2.2. Let X be a signature. The set of all terms over ¥ is defined recursively

as T(Z) = {f(tr,-. s tm) | FEZ Aty .t € T(E)}

Note that the base case of the previous recursive definition corresponds to the
terms of the form a(), where a € (). For such terms a() we simply write a. Addi-
tionally, it is usual to denote terms of the form g(...(g(a))...) with n occurrences of
the unary symbol g simply as g™ (a).

In some contexts, terms can contain nodes that are not labeled by symbols of the
underlying signature, and instead are labeled by variables ranging over terms. Note
that, since we consider that the range of the variables are terms, it is necessary that
variables only occur at the leaves, i.e., that they behave as nullary symbols. In order
to define the set of terms containing variables, we fix the set X = {x1,29,...} of
variables, and assume without loss of generality that X' is disjoint from any given
signature X. Then, we can refine Definition 2.2 as follows.

Definition 2.3. Let X be a signature. The set T(X,X) of all terms over ¥ and X
is the smallest set containing X and such that f(t1,...,ty) is in T(X,X) whenever
fextm andty, ... tyeT(B X).

Terms that contain no variable, i.e., terms in T(X), are said to be ground. A
language over X is a set of ground terms.

2.3 Positions

One of the benefits of dealing with ordered trees is that we can easily refer to specific
nodes within a term. For instance, in the example of term presented at the beginning
of Section 2.2, the node labeled by the symbol 2 can be unambiguously identified as
the second child of the first child of the root node. In general, the position of a node
within a term can be identified by a sequence of natural numbers as follows:

e The root node is identified with the empty sequence.

e The i’th child of a node at position p is identified with the position p concate-
nated with .

Using this idea, we can formally define position and the set of positions of a term.

Definition 2.4. A position is a sequence of natural numbers. The empty sequence
is denoted by A, the symbol . is used to demote the concatenation of two positions,
and the length of a position p is denoted by |p|. Note that |A\| =0 and |i.p| =1+ |p|,
where i is a natural number.

Given a term f(t1,...,ty), its set of positions is defined as Pos(f(t1,...,tm)) =
{AMuliplie{l,...,m}Ap € Pos(t;)}. Given a set S and a term t, we use Posg(t)
to denote the set of positions of t that are labeled by symbols in S.
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Reasoning about the relationship between nodes of a term is simplified by instead
dealing with positions, and by using the following prefix relation.

Definition 2.5. Given two positions p1 and ps, we say that py is a prefix of ps,
denoted p1 < pa, if po can be written of the form p1.p’ for some position p’. Moreover,
if p' is mot X\, then py is said to be a strict prefix of ps, denoted p1 < ps. We define
pa — p1 as the suffiz p’. When p1 and py are incomparable with respect to this prefix
relation, i.e., when py £ pa and py £ p1, they are said to be parallel, denoted py || p2.-

2.4 Functions and operations on terms

The size of a term is its number of nodes, and its height is the length of the longest
path from the root node to a leaf. Both concepts can easily be defined by means of
positions as follows.

Definition 2.6. Let t be a term. The size of t, denoted |t|, is |Pos(t)|, and the height
of t, denoted height(t), is max{|p| : p € Pos(t)}. We say that t is flat if height(¢) < 1.

We perform three basic operations on terms. First, we want to refer to the symbol
labeling a concrete position of a term. Second, we want to refer to a specific subterm of
a term by means of the position where it occurs. Third, we want to replace a specific
subterm by a new term. These operations are naturally defined using a recursive
formulation as follows.

Definition 2.7. Let t = f(t1,...,tm) be a term. Let p € Pos(t) be a position. Then:

e The symbol labeling t at position p, denoted t(p), is defined as f when p = A,
and as t;(p') when p=1i.p’.

e The subterm of t at position p, denoted t|,, is defined as t when p = A, and as
ti|y when p=1i.p'. We say that the subterm is strict if p # A.

e The replacement of the subterm of t at position p by a given term s, denoted
t[s]p, is defined as s whenp = A, and as f(t1,...,ti—1,ti[slp, tig1, ..., tm) when
p=1ip.

Example 2.8. Consider the term t = f(f(a,b),a) over the nullaries a,b and the

binary f. For all position p € Pos(t), we depict t(p) using the tree structure of t as
follows:

t11)=a t(1.2)=b

The subterm of t at position 1, i.e., the subterm t|1, is f(a,b). If we are given another
term s = a, then we can replace the subterm t|y by s, i.e., perform the replacement
t[s]1, and in this way obtain as result the term f(a,a).
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2.5 Tree automata

The most essential class of tree languages defined by tree recognizers is composed of
the so-called regular tree languages. These languages are characterized by means of
automata that only have finite memory and whose transitions only depend on local
information. We assume that the reader knows the Boolean closure properties and
the decidability results on regular tree languages [GS84, GS97, CDGT07]. Here we
only recall the notion of tree automata.

Definition 2.9. A (bottom-up) tree automaton, or TA for short, is a 4-tuple A =
(Q, X, F,A), where Q is a finite set of states, ¥ is a signature, F' C Q is the subset
of final states, and A is a set of transition rules of the form f(qi,...,qm) — q, where
Qs Gm,q € Q and f € XM,

The size of A, denoted |A|, is |Q| plus the sum of sizes of all rules in A, where
the size of a rule of the form f(qi,...,qm) — q is m + 2.

Note that the notion of size of TA ignores the final state set F' and the signature
Y. This is because, when reasoning asymptotically with the size of a TA, they are
usually considered irrelevant. In particular, |F| < |@Q] holds, and it is usual to assume
that || and maxar(X) are bounded by the sum of sizes of the rules in A (otherwise,
it must be the case that some symbol in ¥ does not occur in any of the rules in A,
and thus such symbol is useless and could be discarded).

Example 2.10. Consider the TA A described by the following set of rules:

a — q1
b*)l]o
40, 90) — qo
q0,q1) = Q1
q1,q) = @1
q1,q1) = qo

f
f
f
f

where qo is the only final state. The automaton A runs bottom-up on an input term
like f(f(a,b),a) by successively applying its rules:

A~ N

/f\ a—q at 1.1 /f\ b—qo at 1.2 /f\

f a f a f a
PSS PN P
a b @ b q1 Qo
f( )—q1 at 1 a—q1 at 2 f

q1,90)—q1 o~ o~
qa a a q1
qo0

f(q1,91)—qo at A

Note that the automaton reaches the state gy at the root position of the input term.
Since such state is final, the term f(f(a,b),a) is considered to be in the language
recognized by A. It is easy to see that the language recognized by A is the set of terms
over binary f and nullaries a,b with an even number of a’s.
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The formal definition of run of an automaton, recognized language, and regularity
is as follows.

Definition 2.11. A run of a TA A = (Q, %X, F,A) on a term t € T(X) is a mapping
r : Pos(t) — A satisfying that, for each position p € Pos(t), if t|, is of the form
ft1, ... tm), thenr(p) is a rule of the form f(q1,...,qm) — q, andr(p.1),...,r(p.m)
are rules with right-hand sides qi, ..., qm, respectively. We say that r(p) is the rule
applied at position p. The state reached by r is the right-hand side of r(\). The run
r s called accepting if it reaches a state in F.

A term t is accepted/recognized by A if there exists an accepting run of A on t.
The language recognized by A, denoted L(A), is the set of terms accepted by A. By
L(A, q) we denote the set of terms for which there exists a run of A on them reaching
the state q. A language L is regular if there exists a TA A such that L(A) = L.

In many occasions, we will need to refer to the state occurring at the right-hand
side of a rule. For this reason, we introduce the following notation.

Definition 2.12. Given a rule f(qi,...,qm) — q, we define rhs(f(q1,.-.,Gm) — q)
as q.

As a final remark, it is usual to treat runs as terms over the signature A, where a
rule of the form f(q1,...,¢n) — ¢ in A is treated as a symbol with arity m. The run
on the term f(f(a,b),a) presented in Example 2.10 can be represented as follows in
the interpretation of runs as terms:

fla1,q1) = qo

T

fla,0) =@ a—q

a—q b—qo

Note that the run provides enough information to deduce the term that it recognizes.
For this reason, in many cases we just define a run and leave implicit the term being
recognized. Furthermore, in order to simplify the presentation, we straightforwardly
adapt notations on term to runs as follows.

Definition 2.13. Let r be a run of a TA A on a term t. We define term(r) as t,
Pos(r) as Pos(t), and height(r) as height(t). Given a position p € Pos(r), the subrun
rlp is the run of A on t|, described by r|,(p") = r(p.p'). Moreover, we say that the
subrun is strict if p # A. Given two runs 1,712 of A, and a position p € Pos(r1) such
that m|, and ro reach the same state, the replacement ri[rs], is the run r of A on
term(rq)[term(ra)], defined as follows: r(p') = ro(p’ —p) if p < p', and r(p/) = ri(p’)
otherwise.

2.6 Substitutions, tree homomorphisms, rewriting
Tree homomorphisms can be defined as functions commuting with a natural tree

operator: application of substitution. However, such definition is not very intuitive,
and thus, in Definition 2.15 we present them using a recursive formalization.
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Definition 2.14. A substitution o is a mapping from variables to terms. Usually, a
substitution is written as a finite set of pairs {x1 — t1,...,Tn > tn}, where each x;
is a variable in X and each t; is a term in T (3, X). Substitutions can be homomor-
phically extended to functions from terms to terms as follows: given a substitution
o and a term t, by o(t) we denote the result of simultaneously replacing in t every
x € Dom(o) by o(x). For example, if o is {x — f(b,y),y — a}, then o(g(x,y)) is
9(f (b 1), a).

Definition 2.15. Let 31,5 be two signatures. A tree homomorphism is a function
H:T(X1) = T(X2) which can be defined as follows.

Let X, represent the set of variables {x1, ..., xm} for each natural number m. The
definition of H : T(X1) — T(22) requires to define H(f(x1,...,xm)) for each alpha-
bet symbol f € L1 of arity m as a term ty € T (X9, Xy,). Then, H(f(t1,...,tm)) is
defined for each term f(t1,...,tm) € T(£1) as {x1— H(t1),...,Tm — H(tm)}(ty).

The size of H, denoted |H|, is the sum of the sizes of all the terms ty.

Example 2.16. Consider the signatures 1 = {a:0, b:0, f:2}, ¥s = {a:0, g:2}. Now
consider the tree homomorphism H : T(X1) — T(X2) defined by H(a) = a, H(b) = a,
and H(f(x1,22)) = g(x1,21). The recursive application of H on the term f(f(a,b),a)
proceeds as follows:

H = g = g = g
‘ PN /\ PN
f H  H g g g g
PN \ \ Ny e N N
[ oa f f H H H H a a a a
a b a b a b 4 4 4 a

We conclude by introducing the concept of term rewriting. Intuitively, a rewrite
rule [ — r specifies a way to modify terms: if some subterm of a term ¢ matches the
term [, then such subterm can be replaced by the term r (both [ and r might contain
variables).

Definition 2.17. A rewrite rule is a pair of terms | — r. The application of a rewrite
rule l — r to a term s[o(l)], at position p produces the term s[o(r)],. A term rewrite
system R is a set of rewrite rules. The application of a rule of R to a term s resulting
into a term t is denoted by s — g t, the transitive closure of this relation is denoted
by %E, and the reflexive-transitive closure by —%.






Chapter 3

Decidability of height and
equality constraints between
brothers

In this chapter we focus on automata with height constraints (TACBBy). Recall that
this model of automaton extends TA by adding local constraints to the transition
rules, and that such constraints compare the heights of brother subterms. More pre-
cisely, the atomic constraints in the transition rules of TACBBy are expressions of the
form h(i) = h(j) + = or h(i) < h(j) + =, where 4, j are positions of length 1 and =
is an integer constant. Such atoms are satisfied if the expressions evaluate to true
after replacing h(i) and h(j) by the heights of the ¢’th and j’th child, respectively,
relative to the position of the input term where the constrained rule is to be applied.
We prove decidability of the emptiness and finiteness problems for TACBBy. Our ap-
proach consists in transforming the automaton into a normalized form, and obtaining
a recursive formulation to describe the set of reachable states when recognizing terms
of a specific height. The decision algorithm follows directly from such result. We
also adapt the method to automata (TACBBye) that combine the height constraints of
TACBBy with the (dis)equality constraints between brothers of AWCBB from [BT92].

The remaining of this chapter is structured as follows. In Section 3.1 we formally
define the class of automata with height constraints. In Section 3.2 we tackle the
subclass of TACBBy where only simple height constraints are allowed, i.e., where the
integer constant x of all atomic predicates is 0 (thus, the atoms are of the form
h(i) = h(j) + 0 or h(i) < h(j) + 0, which we write as k(i) = h(j) and h(i) < h(j),
respectively). We call such subclass TACBBy,. This section is intended as intuition for
the general case, i.e., for TACBBye, since both approaches are analogous. The general
case is tackled in Section 3.3, where we also analyse the time complexities of the
decision algorithms for TACBBy, and for a class TACBBy, that mixes the simple height
constraints of TACBBy, with the (dis)equality constraints of AWCBB.

23
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3.1 TA with height and equality constraints between
brothers

In this section we give a general definition of tree automata with constraints between
brothers. This definition is instantiated later, by considering distinct forms and inter-
pretations for the constraints. To simplify notations, along this chapter we consider
a fixed signature X.

Definition 3.1. A constraint structure is a tuple (C, PosVar, =, |.|, Width). Here, C
(notion of syntazx) is a set of elements called constraints. PosVar is a function that
maps each element of C' to a finite set of natural numbers. Given ¢ € C, any partial
mapping I : N — T(X) satisfying PosVar(c) C Dom(I) is called an interpretation
of c. & (notion of satisfaction) maps each pair ¢ € C and interpretation I of ¢ to
either true (denoted I |= c) or false (denoted I £~ c). |.| (notion of size) maps each
constraint ¢ to a natural number. Width maps each constraint ¢ to a natural number.

Given two constraints c1,ca (not necessarily from the same constraint structure)
satisfying PosVar(ci) = PosVar(ca), we say that c¢1,co are compatible if there exists
I satisfying I = ¢1 and I = co (where |E refers to the satisfaction notion of each
corresponding structure). Otherwise, we say that c1,co are incompatible.

A set of constraints {c1,...,c,} of the same constraint structure and satisfying
PosVar(ci) = --- = PosVar(cy,) is called deterministic if all the constraints are pairwise
incompatible, and it is called complete if, for each I : PosVar(c;) — T(X), there is
some ¢; such that I = ¢;.

Given two constraints c1,co (not necessarily from the same constraint structure)
satisfying PosVar(c1) O PosVar(cy), we say that ¢; implies co, denoted ¢1 | ca, if
(I E 1) = (I = c2) for each interpretation I of ¢y (where = refers to the satisfaction
notion of each corresponding structure).

Definition 3.2. Let S = (C,PosVar, |=, |.|, Width) be a constraint structure. A tree
automaton with constraints between brothers based on S, TACBBs for short, is a tuple
A= (Q, X, F,A), where Q is a finite set of states, ¥ is a signature, F C @ is the
subset of final states, and A is a finite set of rules of the form f(qu,...,qm) — q,
where q1,...,qm,q € Q, f is a symbol in X of arity m, and ¢, called the (local)
constraint of the rule, is a constraint of C' satisfying PosVar(c) C {1,...,m}. The
rule is fully constrained if PosVar(c) = {1,...,m}. The size of such rule is m+2+|c|,
and its width is Width(c). The size of A, denoted |A|, is |Q| plus the sum of sizes
of all its rules, and the width of A is the mazximum between 1 and the widths of its
rules. We say that A is fully constrained, denoted TACBBE, if each of its rules is fully
constrained.

Arun of A on a term t € T(X) is a mapping r : Pos(t) — A such that, for each
position p € Pos(t), if t|, is of the form f(t1,...,tm), then r(p) is a rule of the form
flqi, - qm) = q, the rules r(p.1),...,r(p.m) have qi,...,qmn as right-hand sides,
respectively, and I = {1 — t|p1,...,m > tlp.m} = c. We say that r(p) is the rule
applied at position p. The state reached by r is the right-hand side of r(\). The run
r is called accepting if it reaches a state in F. A term t is accepted/recognized by
A if there exists an accepting run of A on t. The language recognized by A, denoted
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L(A), is the set of terms accepted by A. By L(A,q) we denote the set of terms for
which there exists a run of A on them reaching q.

Definition 3.3. A height and equality constraint ¢ is a Boolean combination (in-
cluding negation) of atoms of the form either h(i) = h(j) + x or h(i) < h(j) + x or
i j ori# j for distinct natural numbers i,j and integer number x. The width of
¢, denoted Width(c), is 1 plus the mazimum of the absolute values of such integers x.
The size of ¢, denoted |c|, is the number of such atoms occurring in c. By PosVar(c)
we denote the set of such naturals i,j occurring in c. An interpretation of ¢ is a
partial mapping I : N — T(X) such that PosVar(c) C Dom(I), and we say that I
satisfies (is a solution of) ¢, denoted I |= ¢, if, by replacing in ¢ each natural i by the
term (i), the expression evaluates to true by interpreting h as the height function, ~
and % as syntactic equality and disequality between terms, respectively, = and < as
respectively equality and less of the evaluated expressions on integers (where + is the
addition operator on integers), and the Boolean operators in the usual way.

By Cye we denote the set of all height and equality constraints. By C'y we denote
the subset of Cye of constraints with only atoms of the form h(i) = h(j) + x or
h(i) < h(j) + = (i.e., only height constraints). By Che we denote the subset of Cye
of constraints with only atoms of the form h(i) = h(j) + 0 or h(i) < h(j) +0 or
i jorisj (i.e., equality constraints and simple height constraints, that is, height
constraints where the integer constant is always 0). By C), we denote the subset of
Cre of constraints with only atoms of the form h(i) = h(j)+0 or h(i) < h(j)+0 (i.e.,
only simple height constraints). We denote simple height constraint atoms simply as
h(i) = h(j) and h(i) < h(j), by omitting the integer constant 0. The constraint
structures He, he, H, h are defined as (C,PosVar, |=,|.|, Width), by replacing C by
Chey Che, C, Ch, respectively, and where PosVar, |=, |.|, Width are defined as above.

3.2 Decidability of simple height constraints

In this section we prove decidability of emptiness and finiteness of the language recog-
nized by TACBB;,. A usual way to deal with automata with constraints is to transform
them into a normalized form that is easier to deal with. We proceed by normalizing
simple height constraints according to the following definition and lemma.

Definition 3.4. A normalized simple height constraint ¢s an expression ¢ of the form
S1 <S8y << Sy, where Sy,...,S, are non-empty, pairwise disjoint, finite sets of
natural numbers. By PosVar(c) we denote Sy W ... W S,. Note that {S1,...,Sn} is
a partition of PosVar(c). An interpretation of ¢ is a partial mapping I : N — T(X)
such that PosVar(c) C Dom(I). We say that I satisfies (is a solution of) ¢, denoted
I Ec,if

e height(I(i1)) = height(I(i2)) holds for each i € {1,...,n}, i1,i2 € S;,
e height(I(i1)) < height(I(i2)) holds for eachi € {1,...,n—1}, 41 € S;, i2 € Sit1.

The size of ¢ is |c| = |PosVar(c)|. The width of ¢ is Width(c) = 1 (in simple height
constraints the width plays no important role). The structure of normalized simple
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height constraints is the constraint structure nh = (C,,,, PosVar, =, |.|, Width), where
Cn 1s the set of all normalized simple height constraints, and PosVar, |=, |.|, Width are
defined as above.

Lemma 3.5. Let A= (Q,%, F,A) be a TACBBy,. Then, a TACBBl, A’ =(Q,%, F,A’)
satisfying L(A") = L(A) can be computed with time in O(|A| - 2maxa'2).

Proof. We define A’ := {f(q1,--..qm) <, q|c € Cup ANPosVar(c) = {1,...,m} A

I(flqr, - qm) = q) € A: (¢ = c)}. Observe that a rule (f(qi,...,qm) — q) € A
can be applied at a position in a term if and only if one of the rules of the form

(f(qu,. .- am) = q) € A’ generated from it can be applied at such position. Thus,
any run of A can be transformed into a run of A’ reaching the same states at each
position, and the reverse transformation is also possible. Hence, £L(A’) = L(A).

To construct A’ we need to decide ¢ | ¢ for each normalized simple height
constraint ¢’ and simple height constraint c¢. This is easy, since it suffices to check if ¢
evaluates to true after replacing each atom of the form h(i) = h(j) by true if 4, j are
in the same set in ¢/, and by false otherwise, and after replacing each atom of the form
h(i) < h(j) by true if 7 occurs in ¢’ in a set previous to the one where j occurs, and
by false otherwise. The number of different normalized simple height constraints ¢’
to consider is bounded by gmaar” Thus, |A'| < |A] -2maxa'2, and the time complexity
of the statement follows. |

Example 3.6. Consider the TACBBy A = ({q,qs}, %, {qs}, A), where the signature ¥
is {a:0, g:1, f:2}, and the set of rules A is:

—(h(1)=h(2))

f(a,q)
a— ~(h(1)=h(2))
1 flar,q)
9(9) = ~(h(1)=h(2)
glay) = qr fla,q5) ——=qy
~(h(1)=h(2))
flay,ar)

Note that the rules guarantee that any accepted term has at least one occurrence of
the alphabet symbol f, and moreover, the constraints ensure that there are no siblings
with identical height, that is, the language recognized by A is L(A) = {t € T(X) |
(3p € Pos(t) : t(p) = f) A (¥p € Pos(t) : (t(p) = f = height(t],.1) # height(t|,.2)))}.
The construction in the proof of Lemma 3.5 allows to obtain a TACBBL, A’ from
A by just defining a new set of rules. In particular, for each of the rules of A, we
have to consider any possible normalized constraint ¢’, and create a new rule with
each ¢ that implies the original (non-normalized) constraint of the rule. For the rule
a — q there is a single normalized constraint to consider: the empty one. For the
rules g(q) — q and g(qf) — qy, since the alphabet symbol has arity 1, there is also
one single normalized constraint to consider, {1}, which clearly implies the empty
constraint of the original rules. For the remaining rules, i.e., the ones with the non-
normalized constraint ¢ := —(h(1) = h(2)), since they have arity 2 we need to consider
the normalized constraints c¢1 := {1,2}, co := {1} < {2}, and ¢3 := {2} < {1}. Note
that ¢y [~ ¢, whereas co = ¢ and ¢z |= ¢. Thus, each rule of A with the non-normalized
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constraint ¢ produces two rules in A’, one with the constraint co and the other one

with c3. In summary, A’ has the following set of rules:

g =@,
“?q g q) =2
9(q) — ¢ fa ){}{}

{1}
9(ar) — aqr {11<{2}

flar.qr) —— qy

g, ){}{}
flar ){2}<{}
g, ){2}{}

Flagqr) 2= 4,

To decide emptiness of a TACBBnh A, we iteratively consider terms of increasing
height and, for each h > 0, we compute which states are reachable by runs of A on
terms with height h. Clearly, such an approach is analogous to compute, for each
h > 0, which rules of A can be applied at the root position of some term of height
h. Consider that we have already performed such computations up to some h, and
that now we tackle h + 1. For a rule of the form f(qi,...,qn) — ¢ to be applicable
at the root position of some term of height h + 1, it suffices to guarantee that (i)
there are runs on terms tq,...,t,, of height at most h reaching the states qi,..., ¢m,
respectively, (ii) at least one of ¢1,...,t,, has height h, and (iii) the interpretation
I={1w t1,...,m — t,} is a solution of the normalized constraint c. All these
conditions can be checked by considering the results obtained thus far for heights up
to h.

In order to deduce a termination criterion for such process, we need to refine the
approach. In particular, for each A > 0, we compute some extra information that
allows to check the previous conditions (i ) to (iii) for height h+ 1 by considering only
the results obtained for height h, instead of all heights up to h. This extra information
consists in memorizing whether a part of a constraint (a prefix, or infix) is satisfied
by taking into account runs on terms with height bounded by h. The next definition
formalizes the information computed for each kA > 0.

Definition 3.7. Let A= (Q, %, F, A) be a TACBBY,. Let h be a natural number. Let q
be a state in Q. We define ExistTerma(h,q) as true if there exists a term with height
hin L(A,q), and as false otherwise. Let N : N — Q be a partial mapping. We say
that N and a partial mapping I : N — T(X) are compatible (with respect to A) if
Dom(N) D Dom(I) and I(i) € L(A,N(i)) for each i € Dom(I). Let ¢ be a normalized
simple height constraint such that Dom(N) D PosVar(c). We define ExistSolz(h, ¢, N)
as true if there exists I : PosVar(c) — T(X) such that I is compatible with N and a
solution of ¢, and the highest term in I(PosVar(c)) has height h, and as false otherwise.
We define AccExistSola(h,c, N) as \/,, <, ExistSols(h/,c, N). We omit the subindex
of ExistTerm 4, ExistSol4, AccExistSols when A is clear from the context.

We define C4 as the set of the pairs (¢, N) satisfying that c is a normalized simple

height constraint, and there exists a transition rule (f(qi, ..., qm) — q) € A such that
¢ is a non-empty prefiz of ¢ or a set occurring in ¢, and N = {1 — q1,...,m— q¢n}.
Note that |C4] < 2-maxar - |A|. We define the configuration of A for height h as the
description of all values ExistTerm 4 (h, q), ExistSol 4 (h, ¢, N), AccExistSol 4 (h, ¢, N) for
each (¢, N) € C4 and q € Q.

Example 3.8. Following Example 3.6, note that Cus is the set of the pairs ({1}, N),
({2}, N), ({1} < {2},N"), and ({2} < {1}, N"), where N and N’ are any of the
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mappings {1+ ¢q, 2= q}, {1 = qy, 2> q}, {1 q, 2= qr}, or {1 g5, 2+ g5}
(i.e., the mappings corresponding to the rules with the alphabet symbol f), and N
may additionally be any of the mappings {1 — q} or {1 — q¢} (i.e., the mappings
corresponding to the rules with the alphabet symbol g).

It is easy to see that ExistTerm(h,q) is true for any height h > 0, since any term
of the form g"™(a) reaches q, with n > 0. On the other hand, note that the smallest
terms with an occurrence of f and with siblings of different height are f(a,g(a)) and
f(g(a),a), with height 2. These are precisely the smallest terms reaching gy, and thus,
ExistTerm(h, gf) is true only for h > 2.

By the previous observations, it is clear that ExistSol(0, ¢, N) and ExistSol(1, ¢, N),
with (¢, N) € Car, are necessarily false whenever gy € N(PosVar(c)), since there is
no term of height 0 or 1 reaching the state qy. In the case of ExistSol(0,¢c, N), it
is also false whenever c is of the form {1} < {2} or {2} < {1}, since there is no
interpretation where the highest term has height O and there is another smaller term.
In the rest of cases, ExistSol(0, ¢, N) and ExistSol(1,c, N) are true. When considering
greater heights, the constraints are easier to satisfy. In particular, ExistSol(2, ¢, N) is
only false when c is of the form {i} < {j} and N(i) = gy, since the smallest term
reaching qs has height 2, and thus, it is not possible to find any solution for such c
and N. Finally, ExistSol(h,c, N) with h > 3 is true for all (¢, N) € Ca/.

The following lemma gives an equivalent definition of ExistSol, AccExistSol, and
ExistTerm using a recursive formalization. It can be proved by induction on h and |c|.
This new definition shows that such values are computable, and moreover, it allows to
argue that the configuration of A for height A > 0 depends only on the configuration
for h — 1.

Lemma 3.9. Let A= (Q, %, F,A) be a TACBB', .
Then, ExistTerm, ExistSol, AccExistSol can also be defined recursively as follows:

e Assume h = 0. Then, ExistTerm(h,q) is true if and only if there exists a € $(°)
satisfying a € L(A,q). Moreover, if ¢ is not just a set, then ExistSol(h,c, N) =
AccExistSol(h, ¢, N) = false, and otherwise if ¢ is a set S, then ExistSol(h,c, N) =
AccExistSol(h, ¢, N) = A\ e n(s) ExistTerm(h, g).

In the rest of cases assume h > 0.

AccExistSol(h, ¢, N) = AccExistSol(h — 1, ¢, N) V ExistSol(h, ¢, N)

ExistSol(h, ¢ < S, N) = AccExistSol(h — 1,¢’, N) A ExistSol(h, S, N)

ExistSol(h, S, N) = /\qu(s) ExistTerm(h, q)

ExistTerm(h,q) =
Im})

Corollary 3.10. Let A= (Q,%, F,A) be a TACBBf,. Let h be a natural number.
Then, the configuration of A for height h41 can be computed from the configuration
of A for height h with time in O(maxar® - |A| + |Q)).

F@rram) S DEA, m>0 ExistSol(h — 1,¢,{1 =~ q1,...,m —
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Proof. Straightforward from the definitions in Lemma 3.9. Observe that ExistTerm
can be computed with time in O(|Q|+|A|), afterwards ExistSol can be computed with
time in O(|C4| - maxar), and finally AccExistSol with time in O(|C4]). The statement
follows since |C'4| < 2 - maxar - |Al. |

The previous result leads to the fact that, when we find the same configuration
for heights h; < ho, the sequence of configurations is periodic with period hg — hy
starting from h;. Thus, deciding emptiness corresponds to check whether there exists
a final state ¢ satisfying ExistTerm(h,q) for some h < ho, and deciding finiteness
corresponds to check whether there exists a final state g satisfying ExistTerm(h, q) for
some h; < h < ho. Hence, the time complexity of both decision algorithms depends
on the cost from Corollary 3.10 to compute each configuration, and also the number
of different possible configurations stated in the following lemma.

Lemma 3.11. Let A= (Q,%, F,A) be a TACBBF, .
Then, the number of different configurations of A considering all possible heights
is bounded by 219! - (2 - maxar - |A| 4 1).

Proof. Consider any two heights 0 < hy < hg satisfying that AccExistSol for h; — 1 is
equal to AccExistSol for hy —1, and Exist Term for h; is equal to ExistTerm for hs. Since
ExistSol for any height h > 0 depends only on AccExistSol for h — 1 and ExistTerm for
h, it follows that ExistSol for h; is equal to ExistSol for hs. Moreover, it also follows
that AccExistSol for h; is equal to AccExistSol for hy. Thus, the configurations of A
for h; and ho are equal, and hence, to prove the statement it suffices to bound the
number of different combinations of AccExistSol and ExistTerm. To this end, first note
that there are at most 29! different definitions of ExistTerm in the configurations of
A. Second, note that AccExistSol(h,c, N) = AccExistSol(h + 1,¢, N) for any h and
(¢, N) € Ca, and thus, there are at most |C4|[+1 < 2-maxar-|A|+1 different definitions
of AccExistSol in the configurations of A. The statement follows by combining both
bounds. ]

Corollary 3.12. Emptiness and finiteness of the language recognized by a TACBBEh
A=(Q,%,F,A) are decidable with time in 20(QI+log(maxar-|A])

As a consequence of Lemma 3.5 we also obtain decidability for TACBBj,.

Corollary 3.13. Emptiness and finiteness of the language regognized by a TACBBj,
A=(Q,%,F,A) are decidable with time in 20(QI+log(|A])+maxar®)

3.3 Decidability of the general case

The global approach to prove decidability of emptiness and finiteness for the general
case of height and equality constraints is analogous to the case of simple height con-
straints. We start with a process of normalization of the automata, where the notion
of normalized constraint is given in the following definition. Recall that, given a set of
sets S, we use the notation | J S as shorthand for | Jp. ¢ P, and that we write e; ~g €2
to denote that the elements e; and e; belong to the same set in S.
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Definition 3.14. A normalized height and equality constraint is an expression c¢ of
the form Py ®1 Py Q9 -+ Qn_1 Py, where Py,..., P, are partitions of non-empty finite
sets of natural numbers, each natural number occurs in at most one P;, and each ®;
is an operator of the form either =, or < for a natural number h > 0. By PosVar(c)
we denote the set of natural numbers occurring in Py, ..., P,. Note that PLW...d P,
is a partition of PosVar(c). An interpretation of ¢ is a partial mapping I : N — T(X)
such that PosVar(c) C Dom(I). We say that I satisfies (is a solution of) ¢, denoted
IEcif

o [(I(ir) = I(i2)) & (i1 ~p, i2)] holds for each i € {1,...,n}, i1,i2 € U P;,
o height(I(i1)) = height(I(i2)) holds for each i € {1,...,n}, i1,i2 € J P,

e height(I(i1)) + h = height(I(i2)) holds for each i € {1,...,n—1}, i1 € UPF;,
19 € | Pix1 such that the operator ®; is of the form =y,

o height(I(i1)) + h < height(I(i2)) holds for each i € {1,...,n—1}, i1 € U P,
12 € |J Pit1 such that the operator ®; is of the form <j,.

The size of ¢ is |c| = |PosVar(c)|. The width of ¢, denoted Width(c), is the mazimum
between 1 and the natural numbers h occurring in the subscripts of the operators in c.
The structure of normalized height and equality constraints is the constraint structure
nHe = (Ch e, PosVar, =, |.|, Width), where Cp . is the set of all normalized height and
equality constraints, and PosVar, |=, .|, Width are defined as above.

Example 3.15. Consider the language of AVL trees over ¥ = {a:0, b:0, f:2}, i.e., the
set of trees where the heights of the two direct children of any internal node differ by
at most one. Moreover, assume that we impose that all the siblings must be different,
i.e., that the two direct children of any internal node must be distinct trees. Such
language can be recognized by the TACBBue A = ({q},%, {q}, A), where the set of rules
A contains a — q, b — ¢, and also:

122 A (h(1)=h(2) V
R(1)=h(2)+1 v
R(1)=h(2)—1)

f(a,9)

Note that the atom 1 % 2 corresponds to the requirement that the siblings are distinct
terms, and that the rest of atoms correspond to the notion of AVL trees. It is easy
to see that such constraint cannot be directly expressed with a single normalized con-
straint, and that it requires to be decomposed into three distinct cases. First, the case
where the siblings have identical height and are distinct terms can be expressed with
the normalized constraint {{1},{2}}. Second, the case where the height of the second
child is 1 plus the height of the first child can be expressed with {{1}} =1 {{2}}. And
third, the case where the height of the first child is 1 plus the height of the second child
can be expressed with {{2}} =1 {{1}}.

One of the essential differences between tackling TACBBye and TACBBy, is that, for
a TACBBy. A, it is not sufficient to iteratively consider increasing values for h, and
compute which states are reachable by runs of A on terms with height A. This is
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because, in later iterations of the process, such information is not enough to easily
deduce whether atoms of the form i =~ j or ¢ % j can be satisfied. Instead, for each
h > 0, we need to count (up to a certain bound) the number of distinct terms of
height h that are recognized by each state of A. To ease the task of counting the
terms, in the normalization process for TACBBy, we also determinize the automaton,
according to the following definition.

Definition 3.16. We say that a TACBBf,, A = (Q,%,F,A) is deterministic and
complete (or a dcTACBBF,, ) if:

o for each f € (™) states q1,...,qm € Q, and normalized height and equality
constraint ¢, there is at most one q € Q such that (f(qi,...,qm) — q) € A,

e for each f € X" and states qu,...,qm € Q, the set of normalized height and
equality constraints {c | 3¢ € Q : (f(q1,-..,qm) — q) € A} is non-empty,
deterministic, and complete.

Given a dcTACBBF . A over ¥ and a term t € T(X), we denote by A(t) the state
reached by the unique run of A ont (such run exists thanks to the previous conditions).

The construction of a dcTACBBEHe from the given TACBBy. is presented in several
steps. First, we show how to obtain a deterministic and complete set of normalized
constraints by constructing them from the following limited number of operators.

Definition 3.17. Let m and w > 0 be natural numbers. A normalized constraint
with respect to m and w is a normalized height and equality constraint c over the
operators =1, =2, ..., =y—1 and <,, and satisfying PosVar(c) = {1,...,m}.

We prove that the set C' of the normalized constraints with respect to some m and
w > 0 is deterministic and complete. For C' to be deterministic, it must satisfy that
its constraints are pairwise incompatible. For C to be complete, it must satisfy that
any interpretation is a solution of at least one of the constraints of the set. We prove
each property separately, and in Corollary 3.21 conclude that C' is deterministic and
complete.

Lemma 3.18. Let m and w > 0 be natural numbers. Let ¢ and ¢ be two different
normalized constraints with respect to m and w.
Then, ¢ and ¢ are incompatible.

Proof. Since PosVar(c) = PosVar(¢’) = {1,...,m} and ¢ and ¢ are different by as-
sumption, it follows that necessarily m > 1. Consider the first difference of ¢ and
¢ found by reading them from left to right, i.e., ¢ and ¢’ have prefixes of the form
P®1Po®y - ®p_1 Pp®, Pand P, ® Py ®y- - ®,_1 P, ® P’ respectively, where
either ®,, # ®!, or P # P’. We consider the following cases:

e Consider the case where n > 0 and ®,, # ®/,. In such case, the natural num-
bers h,h’ occurring in ®,,®),, respectively, are different, and without loss of
generality suppose h < h'. Consider an i occurring in P,, and a j occurring in
P. Any solution I of ¢ satisfies height(I(¢)) + h = height((j)), and any solution
I of ¢ satisfies height(I(7)) + h < height(I(j)). Thus, ¢ and ¢’ are incompatible.
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e Consider the case where either n = 0 or ®,, = ®/,, and therefore, P # P’. We
consider two subcases. First, assume that there is an ¢ occurring in only one of
P and P’, say P. Let j be any natural number occurring in P’. Any solution
I of ¢ satisfies height(1(i)) < height(I(j)), and any solution I of ¢ satisfies
height(I(j)) < height(I(¢)). Thus, ¢ and ¢’ are incompatible.

Second, assume that there are different ¢, j that occur in the same part in either
P or P, say P, and 4,7 do not occur in the same part in P’. Any solution I of
c satisfies I(i) = I(j), and any solution I of ¢’ satisfies I(i) # I(j). Thus, ¢ and
¢ are incompatible. [ |

Definition 3.19. Let m and w > 0 be natural numbers. Let I : {1,...,m} — T(X)
be a mapping. Let hy < hy < --- < hy, be the elements of height(I({1,...,m})). The
constraint induced from I and w is the normalized constraint P @1 Po®o -+ Rpn_1 Py
with respect to m and w where:

e cach P; is a partition of {j € {1,...,m} | height(I(j)) = h;} salisfying that
(I(j1) = 1(j2)) & (jr ~p; j2) for each ji,j» € U P,

e cach ®; is the operator =p, | _pn, if hiy1 — hy <w, and <., otherwise.

Lemma 3.20. Let m and w > 0 be natural numbers. Let I : {1,...,m} — T(X) be
a mapping. Let ¢ be the constraint induced from I and w.
Then, I = c.

Proof. Straightforward from the definition of induced constraint. |

Corollary 3.21. Let m and w > 0 be natural numbers. Let C' be the set of normalized
constraints with respect to m and w.
Then, C is deterministic and complete.

Proof. By Lemma 3.18, any two different constraints in C' are incompatible, and
thus C is deterministic. By Lemma 3.20, any interpretation I : {1,...,m} — T(X2)
satisfies the constraint ¢ induced from I and w. Since such c is in C by definition, it
follows that C' is complete. |

We are now ready to introduce the normalization process for TACBBy.. The idea
of the construction is that, for any term ¢, the normalized automaton simulates all
possible runs of the original automaton on ¢, and accepts those terms where the
original automaton could reach some final state.

Definition 3.22. Let A = (Q, %, F,A) be a TACBBy.. For each natural number m,
let Cyy, be the set of normalized constraints with respect to m and the width of A. The
normalization of A is the TACBBf,,. (29,5, {F' € 29 | F'NF # 0}, A’), where A’ is:

{f(S1,...,8m) S S| fen™AceCpnASL,...,Sm €29A

S={qeQ|3(f(q, - qm) = q) €A:
G1ESIN...N¢n €Sy ANcl=C'}}
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Example 3.23. Following Example 3.15, first note that the width of A is 2. The
normalization of A has the state set {0,{q}}, the final state set {{q}}, and its rule
set has a — {q}, b = {q}, and also:

f(0,0) =0
70, {g}) <0
f{a},0) =0

fat, {a}) =0
fdarAa}) = {a}

where ¢1 has to be replaced by each normalized constraint (with respect to m = 2 and
w = 2), co by each normalized constraint (with respect to m = 2 and w = 2) that does
not imply the original non-normalized constraint of the rule for f, and c3 by each
normalized constraint (with respect to m = 2 and w = 2) that implies such original
non-normalized constraint, i.e., by {{1},{2}}, {{1}} =1 {{2}}, or {{2}} =1 {{1}} as
explained in Fxample 3.15.

Lemma 3.24. Let A= (Q,%, F,A) be a TACBBye with width w.

Then, the normalization A’ of A is deterministic and complete, i.e., a dcTACBBEHe,
and can be computed with time in 20108(Z)+maxar (|Q[+maxar+log(w))+log(|A])
Proof. The fact that A’ is a dcTACBB,,. follows from Definition 3.16, Corollary 3.21
and Definition 3.22. The time complexity follows from these observations: each rule
of A’ can be computed with time in O(|A]), the number of rules of A’ is bounded by
3| - 2lQImaxar & ], where Crnaxar is the set of normalized constraints with respect
to maxar and w, and |Cpyaxar| is in 90 (maxar® +maxar-log(w)) [ ]

It remains to see that the normalized automaton A’ preserves the language recog-
nized by the original automaton A. To this end, we first observe that the normalized
constraints are, in some sense, more precise than the original ones: given a normal-
ized constraint ¢; and an original constraint cs, either ¢; and ¢y are incompatible, or
¢1 = ¢ holds. Then, we show that, for any term ¢, the unique state A’(¢) is precisely
the set of states that are reachable by runs of A on t.

Lemma 3.25. Let m and w > 0 be natural numbers. Let c1 be a normalized constraint
with respect to m and w. Let co be a height and equality constraint whose width s
smaller than or equal to w and satisfying PosVar(c) C {1,...,m}.

Then, either ¢1 and co are incompatible, or ¢1 |= co holds.

Proof (Sketch). Tt suffices to note that for any two solutions I, Is of ¢; and any atom
¢h oceurring in cg, either I1 = ¢}, and Iy |= ¢, or I1 = ¢ and Iy B~ ¢ |

Lemma 3.26. Let A = (Q,X, F,A) be a TACBBy.. Let A’ be the normalization of A.
Let t € T(X) be a term.
Then, the state reached by the unique run of A’ ontis S={qe Q |t € L(A,q)}.

Proof. We prove it by induction on height(t). Let ¢ be more explicitly written of the
form f(t1,...,tm). By induction hypothesis, the states reached by the unique runs



34 Chapter 3. Decidability of height and equality constraints between brothers

of A on t1,...,t, are S1,...,Sn, respectively, where S; = {¢g € Q | t; € L(4,q)}.
Let ¢ be the constraint induced from I = {1 — ¢1,...,m — &} and the width of
A. By Definition 3.22, A’ has the rule f(Si,...,S,) = S, where S’ = {q € Q |

I(flqr, - am) = q) €A :qu €S1A...AGm € Sy Ac = ¢’}. Such rule can be
applied at the root position of ¢ since I |= ¢ holds by Lemma 3.20, and moreover, by
Corollary 3.21 no other rule can. It remains to prove S’ = S:

C) Let g € S’. By definition there is a rule (f(q1,...,qm) LN q) € A such that
g1 € S1,--.yqm € Sy and ¢ | ¢. Thus, I E ¢, and since we had that
t1 € LA, 1), tm € L(A,qm), it follows t € L(A, q), and hence, ¢ € S.

D) Let ¢ € S. By definition there is a run of A on ¢ with a rule of the form

flai, ..., qm) < q applied at the root position. Note that I |= ¢/, and since
I = ¢, by Lemma 3.25, ¢ = ¢/. Since we had that ¢; € S1,...,¢n € S, it
follows ¢ € S". [ |

Corollary 3.27. Let A be a TACBBye. Let A’ be the normalization of A.
Then, L(A") = L(A).

To decide emptiness of a dcTACBBY,,, A, we iteratively consider increasing values
for h, and compute how many runs (up to a certain bound) of A on terms with height
h reach each state. We start by a previous definition describing which terms (and not
only how many of them) are reached, in order to ease later arguments.

Definition 3.28. Let A = (Q,X, F,A) be a dcTACBB,,.. Let h be a natural number.
Let q be a state in Q. We define Terms4(h, q) as {t € T(X) | A(t) = gAheight(t) = h}.
Let N : N = Q be a partial mapping. We say that N and a partial mapping I : N —
T(X) are compatible (with respect to A) if Dom(N) 2 Dom(I) and A(I(i)) = N(i)
for each i € Dom(I). Let ¢ be a normalized height and equality constraint such
that Dom(N) D PosVar(c). We define Solsa(h,c, N) as the set of interpretations
I : PosVar(c) — T(X) such that I is compatible with N and a solution of ¢, and the
highest term occurring in I(PosVar(c)) has height h. We define AccSolsa(h,c, N) as
Up <p Solsa(h' e, N). We omit the subindex of Termsy, Solsa, AccSolsy when A is
clear from the context.

We define C4 as the set of the pairs (¢, N) satisfying that ¢ is a normalized height

and equality constraint, and there exists a transition rule (f(q,...,qm) — q) € A
such that ¢ is a non-empty prefix of ¢ or a partition occurring in ¢, and N = {1 —
q1,---, M Gm}. Note that |Ca| < 2-maxar- |Al.

The following lemma gives an equivalent definition of Sols, AccSols, and Terms
using a recursive formalization. It can be proved by induction on h and |c¢|. This new
definition shows that such values are computable, and moreover, it allows to argue
that the values for a height h > 0 depend only on the values for heights h — i, with ¢
bounded by the width of A. In the statement, we use a special operator X between
sets of sets that is defined as follows. Given two sets of sets S; and So, by 51 K Sy
we denote the set of the sets that are obtained by unioning any set S, from S; with
any set Sy from So, ie., S1 XSy = {5’1 U Sy | S eS8 A Sy E Sa}. For example,

{{a, 0}, {c}} W {{d, e}, {f}} = {{a, b, d, e}, {a,b, [}, {c,d, e}, {c, f}}
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Lemma 3.29. Let A= (Q,%, F,A) be a dcTACBBF ..
Then, Terms, Sols, AccSols can also be defined recursively as follows:

e Ifh <0, then Terms(h,q) = Sols(h,c, N) = AccSols(h,c, N) = () for any q,c, N.

e Assume h = 0. Then, Terms(h,q) = {a € £©) | A(a) = q}. Moreover, if c is
not just a partition, then Sols(h, ¢, N) = AccSols(h,c, N) = (), and otherwise if c
is a partition P, then Sols(h,c, N) = AccSols(h,c, N) = {I : PosVar(P) — %(0) |
(Vi € Dom(I) : I(i) € Terms(h,N(2))) A (Vi,j € Dom(I) : (I(:) = I(j)) &
(i~p )}

In the rest of cases assume h > 0.
e AccSols(h,c, N) = AccSols(h — 1,¢, N) & Sols(h, ¢, N)
e Sols(h,c =5 P,N) = Sols(h — 1/, ', N) X Sols(h, P, N)
e Sols(h, ¢ <p P,N) = AccSols(h — h',¢, N) X Sols(h, P, N)

e Sols(h, P,N) = {I : PosVar(P) — T(X) | (Vi € Dom(I) : I(i) € Terms(h, N()))
A(Vi, j € Dom(I) = (I(2) = 1(j)) & (i ~p j)))}

e Terms(h,q) = {f(I(1),....,I(m)) | (f(q1,---,qm) =2 @) EA A m>0 A IEC
Sols(h — 1,¢, {1 q1,...,m > g })}

As we have mentioned above, we are not interested in computing all the terms of
height h that can be recognized by each of the states, but only how many of them
there are, up to a certain bound. This bound is actually maxar: this is enough since
disequalities can only be tested between sibling positions, and hence, there are at
most maxar siblings that can be forced to be different in order to satisfy a constraint.

Definition 3.30. Let A =(Q, %, F,A) be a dcTACBBEHe. Let h be a natural number.
Let q be a state in Q. We define #Termsa(h,q) as min{maxar, |Termsa(h, q)|}. Let c
be a mormalized height and equality constraint. Let N : N — Q be a partial mapping
such that Dom(N) 2 PosVar(c). We define #Solsa(h,c, N) and #AccSolsa(h,c, N)
as min{maxar, |Sols 4 (h, ¢, N)|} and min{maxar, |AccSols4(h,c, N)|}, respectively. We
omit the subindex of # Termsy, #Sols 4, #AccSolsy when A is clear from the context.

We define the configuration of A for height h as the description of all values
#Terms4(h,q), #Solsa(h, ¢, N), #AccSols4(h,c, N) for each (¢, N) € C4 and q € Q.

The following recursive definition follows from Lemma 3.29 and Definition 3.30.
To simplify the presentation, we introduce a special function for counting the number
of distinct ways to satisfy a constraint composed of a single partition. More pre-
cisely, for any height h and pair (¢, N) € C4 such that ¢ is a partition P, we define
permutations(h, P, N) as 0 when there is a part P’ € P such that |[N(P’)] > 1 (note
that such partition P is necessarily unsatisfiable for the given IV since two distinct
states of a deterministic automaton recognize disjoint languages), and otherwise when

there is no such part P’, as [ [ c y(posvar(py) Llo<i<|(pre PN (P1)=1q)}| (# Terms(h, q) —i).

Lemma 3.31. Let A= (Q,%, F,A) be a dcTACBB,..
Then, #Terms, #Sols, #AccSols can also be defined recursively as follows:
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e If h <0, then #Terms(h,q) = #Sols(h, ¢, N) = #AccSols(h,c, N) = 0 for any

q? C7 N’

e Assume h = 0. Then, #Terms(h,q) = min{maxar, [{a € © | A(a) = ¢}|}.
Moreover, if ¢ is not just a partition, then #Sols(h, ¢, N) = #AccSols(h, ¢, N) =
0, and otherwise if ¢ is a partition P, then #Sols(h, ¢, N) = #AccSols(h,c, N) =

min{maxar, permutations(h, P, N)}.

In the rest of cases assume h > 0.
e #AccSols(h, ¢, N) = min{maxar, #AccSols(h — 1, ¢, N) + #Sols(h,c, N)}
o #Sols(h, ¢ =, P, N) = min{maxar, #Sols(h — h’, ¢/, N) - #Sols(h, P, N)}
o #Sols(h,c <, P, N) = min{maxar, #AccSols(h — h/, ¢/, N) - #Sols(h, P, N)}
e #Sols(h, P, N) = min{maxar, permutations(h, P, N)}
o #Terms(h,q) = min{maxar,
oM g )}

The cost of computing the configuration for a given height, provided that the
configurations for the w previous heights have already been computed, can easily
be deduced from the previous lemma. To simplify the arguments, we assume that
each of the arithmetic operations involved in the computation of #Terms, #Sols,
#AccSols can be done in constant time, and thus, to justify the cost of computing
the current configuration it suffices to consider the total amount of such operations.
This simplification will not affect the final complexity of the decision algorithm, since
the cost of the arithmetic operations will be subsumed by other factors.

Corollary 3.32. Let A = (Q,%, F,A) be a dcTACBB,,, with width w. Let h be a
natural number.

Then, the configuration of A for height h + w can be computed from the configu-
rations of A for heights h,h +1,... h+w — 1 with time in O(maxar? - |A| + |Q)).

(F(@1see0s@m)—q)EA, m>0 #Sols(h — 1,¢,{1 = a1,

Proof. Straightforward from the definitions in Lemma 3.31. Observe that #Terms
can be computed with time in O(|Q| + |A|). Afterwards, #Sols for the case where
the considered constraint is a single partition can be computed with time in O(|Cy| -
maxar), and for the remaining cases in O(|C4|). Overall, #Sols can be computed with
time in O(]C4| - maxar). Finally, #AccSols can be computed with time in O(|C4l).
The statement follows since |C4| < 2 - maxar - |A|. [

The previous result leads to the fact that, when we find the same w consecutive
configurations starting at two different heights hy < hg, the sequence of configurations
is periodic with period ho —hy starting from h;. Thus, deciding emptiness corresponds
to check whether there exists a final state ¢ satisfying #Terms(h,q) > 1 for some
h < hs, and deciding finiteness corresponds to check whether there exists a final state
q satisfying #Terms(h,q) > 1 for some hy < h < he. Hence, the time complexity
of both decision algorithms depends on the cost from Corollary 3.32 to compute
each configuration, and also the number of different possible groups of w consecutive
configurations.
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Lemma 3.33. Let A= (Q,%, F,A) be a dcTACBB' ..
Then, the number of different configurations of A considering all possible heights
is bounded by (maxar + 1)IQIF2maxarlAl (9. maxar? . |A| 4 1).

Proof. Similar to Lemma 3.11, except that instead of dealing with truth values we
have numbers in {0, ..., maxar}, and that we need to take into account the number of
different #Sols. More precisely, there are at most (maxar + 1)I9! different definitions
of #Terms in the configurations of A, there are at most (maxar + 1)I¢4l different
definitions of #Sols in the configurations of A, and finally, since #AccSols(h, ¢, N) <
#AccSols(h + 1,¢,N) for any h and (¢, N) € Ca, there are at most |C4|- maxar + 1
different definitions of #AccSols in the configurations of A. The statement follows by
combining these bounds and noting that |C4| < 2 - maxar - |A. |

Corollary 3.34. Emptiness and finiteness of the language recognized by a dcTACBBF,,_
A=(Q,%,F,A) with width w are decidable with time in 20 (w1og(maxan)-(|Q|+maxar-|Af))

As a consequence of Lemma 3.24 we also obtain decidability for TACBBye.

Corollary 3.35. Emptiness and finiteness of the language recognized by a TACBBye
A ={(Q,%, F,A) are decidable with time in 220(105(‘Z‘Hmmp(|Q|+maxar+log(w)>+log(‘Am , where
w is the width of A.

As a final remark, we consider the simpler cases of TACBBy. and TACBBy. For the
normalization A’ of a TACBBy. A, since the normalized constraints would only have
operators of the form <;, we could refine Lemma 3.33 as we did in Lemma 3.11
and ignore the number of different #Sols, thus obtaining that the number of possible
configurations of A’ is bounded by (maxar+1)!?'l.(2-maxar?-|A’|41). Moreover, for the
sequence of configurations to become periodic it would suffice that two configurations
coincided (since we look for identical groups of w = 1 consecutive configurations),
and hence we would get the following result.

Corollary 3.36. Emptiness and finiteness of the language recognized by a TACBBpe A
are decidable with time in 20(0g(maxar)-2/?\+log(|T))+maxar-(|Q|+maxan)+log(| A1) yhere

is the state set of A and X its signature.

For the normalization A’ of a TACBBy A, it is not required to obtain a deterministic
and complete automaton, and instead of using partitions in the normalized constraints
we can simply use sets, as we did for TACBB;,. Thus, a refined normalization process
can preserve the same state set ) and generate the rule set A’ combining ideas from
Lemmas 3.5 and 3.24 with time in 20(maxar®+maxar-log(w)+log(14))  Also, we do not need
to count the number of terms for each state, just a truth value. Hence, Lemma 3.33
could be refined to state that the number of configurations of A’ is bounded by
ol@Ql+2maxar|A'l (9. maxar - |A/] +1).

Corollary 3.37. Emptiness and finiteness of the language recognized by a TACBBy A

. . . . O (maxar? +-maxar-log (w) +log(] A|)) . .
are decidable with time in 22 , where w is the width of A.






Chapter 4

EXPTIME-completeness of
the HOM problem

Here we focus on automata with arbitrary local disequality constraints, and with
implicit HOM equality constraints (TAiom,). The equalities are called implicit since
they are not explicitly written in the transitions rules, and instead, are encoded in
the left-hand sides as follows: two positions of the left-hand side with the same state
implicitly define a local equality constraint between such positions. Moreover, the left-
hand sides are allowed to be arbitrary terms containing states at some leaf positions,
and thus, it is possible to define equality constraints between non-brother positions.
This definition of equality constraints is specially suited to recognize sets defined as
images of regular tree languages under tree homomorphisms. For this reason, several
decision problems on such kind of sets can be reduced to the emptiness problem for
TAihom, 5, like set inclusion, finiteness of set difference, or regularity [GG13]. The latter
problem, also called the HOM problem, can be formally defined as follows:

Input: a TA A and a tree homomorphism H.
Question: is H(L(A)) regular?

We tackle the emptiness problem for TAjhom,%, and in this way, conclude EXPTIME-
completeness of all those problems.

The remaining of this chapter is organized as follows. In Section 4.1 we summarize
the approach to prove decidability of emptiness of TAjhom,z, providing intuition on the
crucial insights. In Section 4.2 we recall some known hardness results, the definition
of TApom % from [GG13], and some results of that paper. In Section 4.3 we formally
define TAjhom, and show their equivalence with TApom . In Sections 4.4 and 4.5 we
introduce some technical results on a combinatorial property, define a special kind of
positions and replacements, and obtain a necessary condition for minimal accepting
runs of TAjhom, . In Section 4.6 we give the algorithm deciding emptiness of TAjhom, in
exponential time. In Section 4.7 we show the consequences of this result by reducing
other problems to it. In particular, we prove that HOM is EXPTIME-complete.

39
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4.1 Intuition on the approach

Tree automata with disequality constraints (TAy) are a particular case of TAjnom,
where only disequality constraints are allowed. Emptiness of TAx was proved decid-
able in exponential time in [CJ03], and we generalize the techniques of that paper to
TAihom,- Nevertheless, the proofs in [CJ03] are too complex to allow direct general-
izations, and need to be refined. In this section we give an overview of our approach,
its common points with [CJ03], and its differences. The explanation uses an example
of TAihom, that also allows to justify the advantages of this formalism with respect
to the notion of TApom,x introduced in [GG13].

The algorithm deciding emptiness of TAihom, looks for an accepting run by itera-
tively generating all possible runs in increasing order of size: new runs are constructed
using the previous runs as direct subruns. In order to guarantee termination, some
runs are discarded when the algorithm realizes that they cannot be subruns of the
minimum accepting run. Below we briefly describe the involved discarding criterion.

In order to determine that a run 7’ cannot be subrun of the minimum accepting
run, we prove that any run r having r’ as subrun can be transformed into a smaller run
reaching the same state. The transformation proceeds by replacing subruns of r by
other smaller subruns. Note that the result of the replacement must be a new correct
run, and in particular, it must still satisfy the equality and disequality constraints.
Recall that an equality constraint demands identity of the respective pending sub-
terms. To this end, it is convenient to replace all subruns that the constraints force
to be identical by the same smaller subrun.

Arguments based on multiple replacements have already appeared in the litera-
ture, and, in particular, in [GG13] they are used to deal with images of regular tree
languages under tree homomorphisms. In fact, TAjhom,z are expressively equivalent
to the TApom,z defined in [GG13]. Nevertheless, the fact that equalities of TAjnom,
are implicitly forced by identity of states provides a great advantage to reason about
replacements. To support this statement, consider the language of terms of the form
h(t1,t2), where t1,to are different complete trees over nullary a and binary g. Such
language can be recognized by a TAjhom,« With the following transition rules:

152
a—q 9(a:9) = q h(a:q') == Gaccept
a—q 9(¢,q) = ¢

where @accept is the only final state. Now, consider the following run 7 of such au-
tomaton on the term h(g(g(a,a), g(a,a)), g(a,a)):

122
(4. 0') 225 Guccopt

9(q,9) = q 9(¢,q) — ¢
/\ /\
a — q a — q
9(q,q9) = q 9(¢,9) = q
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Note that the terms pending at the positions 1.1.1, 1.1.2, 1.2.1, 1.2.2 are forced to be
identical by the implicit equality constraints: the same sequence of states gaccept-¢.q-9
is found while traversing the run from the root position to any of them. Moreover,
note that the subruns pending at the positions 1.1.1, 1.1.2, 1.2.1, 1.2.2 are the same
run ¢ — q. Without loss of generality, we can assume that runs are “uniform” in
the sense that the implicit equality constraints force not only identity of the pending
subterms but also of the pending subruns.

For a given arbitrary run, a sequence of states ¢i.¢o ... q, describes a set of posi-
tions whose pending subterms (and subruns if the given run is uniform) are forced to
be identical. We call such a sequence of states an abstract position, and adapt typical
notations of subterm location and replacement to abstract positions. For example,
T|g1....q, denotes the subrun pending at any of the positions referred by ¢i1.¢2 . .. gn,
and 7[1']g, g»...q, denotes the simultaneous replacement of all such subruns by a new
subrun /. For instance, in the previous example run, r|r

qaccept-q~q~q]qaccept~q'q 18

1542
h(q,q") = Gaccept

9(¢,9) = q 9(¢,9) = ¢

/\/\

a—q a—q a—q a—q

Note that the implicit equality constraints are still satisfied after the replacement,
but the result is not a correct run since the disequality constraint of the rule applied
at the root is not satisfied.

In general, given a replacement 7[1']g,. 4. on a uniform run r of a TAjhom % A, the
subruns of r whose disequality constraints may be affected by the replacement are
the ones occurring in positions defined by prefixes of ¢1 . .. gp, i.e., the subruns r|q, . 4
for © < n. The number of different such subruns is just n, although there could be
many occurrences of them in r. For each rule application at each of such positions,
the number of different disequality constraints appearing in them is bounded by the
size of the automaton. Hence, n - |A| bounds the number of disequality constraints
that might be falsified by replacements at ¢ ...q,. Suppose that we have K runs
r1,...,7K reaching the same state as 74, _4,. Suppose also that no two replacements
T[7ilgr...qns T[T5lqr...q, falsify the same disequality. Obviously, in the case where K >
n-|A|, some r[r]q,..q, does not falsify any disequality, and hence, it is a correct run.
However, we are interested in defining a K depending only on |A| that guarantees
the existence of a decreasing replacement satisfying all disequalities. To this end, we
extend an argument from [CJO03] to prove that, for each TAjom,z A, there exists a
natural number K exponentially bounded by |A| satisfying the following property:
given a run r, an abstract position P = ¢ ...¢,, and runs rq,...,7x smaller than
r|p, if all the replacements r[r1]p, ..., r[rk|p falsify different disequalities, then there
exists a prefix P’ of P and a run 7’ smaller than r|ps such that r[r'] p» does not falsify
any disequality.

In general, finding such runs rq,...,rk satisfying the above conditions is not an
easy task. The following notion of independence, given in [CJ03], helps to overcome
this problem: the runs rq,...,rx on terms tq,...,tx are independent with respect
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to a set of positions P if, for each position p € P, either all the terms t1|,,...,tx|p
are identical, or they are pairwise different. It is not difficult to see that, under
certain additional conditions, if the runs rq,...,rg, 7 are independent with respect
to the set of positions that can be affected by constraints, then all the replacements
r[ri]p, ..., r[rk]p falsify different disequalities, for any run r and abstract position P
holding r|p = 7.

The previous property allows the algorithm to discard a new generated run 7 if
there exist certain rq,...,7rx chosen among the previously generated runs and such
that r1,...,7k,7 are independent (with respect to the set of positions P that can be
affected by constraints).

In [CJ03], the existence of such ry,...,rk for the given 7 is determined using the
following combinatorial property: given a natural number K and a set of runs S with
size KIP!.|P|!, there always exists an independent (with respect to P) subset S of S
with size K. But the arguments of that paper are complicated because the property
itself does not assure that 7 is part of S, making it difficult to adapt their arguments
to our setting. For this reason, we define a new notion on sets of runs and natural
numbers K, namely K-smallness. With this notion, when a set S is K-small, but the
addition of a new run 7 gives rise to a non-K-small set SW{r}, it follows the existence
of an independent subset S of S {7} with size K and containing 7.

We summarize the algorithm deciding emptiness of TAjhom,x as follows. We itera-
tively generate all possible runs in increasing order of size: new runs are constructed
using as direct subruns the previous runs that have not been discarded as part of the
minimum counterexample. A new run 7 is discarded if it produces non- K-smallness.
Recall that this implies that 7 is the biggest run of an independent set of size K, and
thus it is not part of a minimum counterexample. We prove that this iterative process
is complete and terminates in exponential time.

4.2 Summary of known results

We first list some known hardness results that are related to our setting.
Proposition 4.1. The following problems are EXPTIME-hard:
e The HOM problem (from [GGM11]).

e The problems of deciding equivalence and inclusion between the languages recog-
nized by two TA (since universality of TA is EXPTIME-hard and can be reduced
to equivalence and to inclusion [CDGT07]), and finiteness of their difference
(since inclusion can be reduced to finite difference).

In the remaining of this section we cite definitions and results from [GG13]. We
also sketch some of the constructions of that paper, in order to give intuition for the
stated complexities and for other constructions presented later in this chapter.

Definition 4.2. A tree automaton with disequality and HOM equality constraints,
Thhom,z for short, is a tuple A = (Q,%, F,A), where Q is a finite set of states, ¥
1s a signature, F C Q is the subset of final states, and A is a finite set of rules of
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the form 1 5 q, where | is a term in T(X W Q) \ Q, interpreting the states of Q as
nullary symbols, and ¢ is a conjunction/set of unordered pairs of the form p1 % pa,
for arbitrary positions p1,p2, or of the form p; = po, where p; and py are different
positions in Pos(l) satisfying l(p1) = l(p2) € Q. Moreover, for all distinct positions
P1,P2,P3, if p1 &= p2 and pa = p3 occur in ¢, then p1 = p3 also occurs in c. When no
atom of the form Py % pa occurs in the rules of A, we say that A is a TAyom. When
only atoms of the form py % po occur in the rules of A, and moreover, all the left-hand
sides of the rules are flat and only their root position is labeled by an alphabet symbol,
we say that A is a TAx.

Arun of A on a termt € T(X) is a partial mapping r : Pos(t) — A such that r(\)
is defined, and satisfying the following conditions for each position p for which r(p)
is defined, say, as a rule | < q. For each position p' € Pos(l), it holds that (p.p)
is defined if and only if I(p') € Q. Moreover, if I(p') is in Q, then r(p.p') is a rule
with the state l(p') as right-hand side. Otherwise, if [(p') is in X, then l(p") = t(p.p’).
In addition, for each (p1 =~ p2) € ¢, t|p.p, = tlp.p, holds, and for each (p1 % p2) € ¢,
either one of p.p1,p.p2 is not in Pos(t) or both of them are and t|,5, # t|p.p, holds.

The state reached by r is the right-hand side of 7(\). The run r is accepting if
the state reached by r is in F. By L(A) we denote the language recognized by A, that
is the set of terms t such that there exists an accepting run of A on t.

Given a runr of A on a termt, and a position p such that r(p) is defined, we define
the subrun 7|, as the run of A on t|, described by r|,(p) = r(p.p’). A runr ont is
deterministic if, for each two positions p1,p2 where r is defined and t|,, = t|,, holds,
the subruns r|p, and r|,, are identical. We say that a TApom,z A admits deterministic
accepting runs if, for each t € L(A), there is a deterministic accepting run of A on t.

The above definition differs from the one given in [GG13], where an atom p; & py
requires not only identity of subterms, but also identity of subruns. Nevertheless, it
is also shown there that both conditions lead to the same expressiveness.

In order to be able to reason about the complexity of the constructions, the fol-
lowing notions of size are required.

Definition 4.3. The size of a TApom z A = (Q, X, F, A), denoted |A|, is |Q| plus the
sum of sizes of all rules in A, where the size of a rule | % q is || + |¢| + 1, and |c| is
the sum of the lengths of all the occurrences of positions in c.

By nx(A) (respectively, ng(A)) we denote the number of distinct equality atoms
(respectively, disequality atoms) in the rules of A. By hx(A) (respectively, hy(A)) we
denote the mazimum among the lengths of the positions occurring in equality atoms
(respectively, disequality atoms) in the rules of A. By Posms(A) we denote the set
of positions of left-hand sides of rules of A, i.e., U(l%q)eA Pos(l). By hms(A) we
denote the maximum among the heights of the left-hand sides of the rules of A, i.e.,
max{|p| : p € Posins(A)}. We just write nx, nyg, hx, hy, Posig, hins when A is clear
from the context.

The following proposition establishes that the class of TApom can be used to rep-
resent images of regular tree languages under tree homomorphisms.

Proposition 4.4. Let A= (Q,%1,F,A) be a TA. Let H : T(X1) — T(X2) be a tree
homomorphism.
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Then, a TAnom A’ can be computed satisfying L(A') = H(L(A)) with time and
space in O(A']), where |A'| < (|A] - (|| + |HI%))2.

Proof (Sketch of the construction). The construction of A’ is a direct application of
H to the rules of A. More precisely, for each rule f(¢1,...,¢m) — ¢q of A, a rule
H(f(q1,--,qm)) — q is added to A’, where H is assumed to be the identity for all
symbols in @), and the constraint ¢ has an atom p; = p, for each two distinct positions
p1,p2 that are labeled by the same variable x; in the term H(f(z1,...,2.)). Hence,
for each rule of A, a rule with size bounded by |H|+|H|?+1 is added to A’, where |H|
bounds the size of its left-hand side, and |H|? bounds the size of its constraint (note
that there are up to |H|?/2 different atoms, and each atom has size at most 2 - |H]|).
Thus, the summed size of the constructed rules is bounded by |A] - (|H| + |H|? + 1),
and hence, |A| - (|[H| + |H|?) bounds the size of the automaton constructed thus far.
The last step of the construction of A’ consists in eliminating the rules of the form
q1 — qo, since they are not allowed in the definition of TApom. This produces at most
an additional quadratic increase in size. |

In [GG13], the regularity of a TAhom A is characterized in terms of an operation
that “linearizes” the automaton. This linearization depends on a natural number h
and consists in computing a new automaton where the equality tests can only be
satisfied if the height of the involved subterms is bounded by h. In other words, the
equality tests between terms with height greater than h are always falsified, even if
the terms are indeed equal. It follows that there are only finitely many terms that
can satisfy equality tests after the linearization.

Definition 4.5. Let A = (Q,3, F,A) be a TApom- Let h be a natural number. The
linearization of A by h is the TAhom (Q, %, F, A’), denoted linearize(A,h), where A’ is
the set of all rules of the form l[s1]p, ...[Sn]p, — q such that:

e a rule of the form | < q occurs in A,
® Pi,...,Pn are the positions occurring in c,

o for each i€ {1,...,n}, s; is a term such that height(s;) <h and there is a Tun
of A on it reaching the state l(p;),

o for each i,j € {1,...,n} such that p; = p; occurs in c, s; = s; holds.

It is straightforward that a linearization of any TAyon, is computable and recognizes
a regular tree language, since no equality constraints appear. It is also clear that £(A)
includes the language of any of its linearizations. Moreover, in the case where £L(A)
is included in some of its linearizations, we can conclude that £(A) is regular. The
following lemma and definition from [GG13] bound the h for which we should test
such inclusion.

Lemma 4.6. There effectively exists a polynomial P satisfying the following condi-
tion. Let A be a TAnom. Let b be 2PUAD 5
Then, L(A) is reqular if and only if L(A) C L(linearize(A, h)).
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Definition 4.7. Let A be a TAhom. By lvz(A) we denote the function 2PUAD given by
Lemma 4.6, and write h when A is clear from the context.

The previous lemma leads to a simple decision algorithm of HOM: given a TApom A
recognizing the image of a regular tree language under a tree homomorphism, £(A) is
regular if and only if £(A) C L(linearize(A, h)) if and only if £(A)NL(linearize(A, b)) is
empty. Hence, the straightforward approach to decide regularity of £(A) consists in (i)

constructing an automaton A’ that recognizes £ (linearize(A, h)), then (i) constructing
an automaton A” that recognizes L(A)NL(A’), and finally (iii) deciding emptiness of
L(A"). The following two propositions summarize the results from [GG13] establish-
ing that, given two TAhom A1 and As, we can compute in exponential time a TAnom,x

recognizing £(A1) N L(Az). Note that this construction is more general than what is
required for steps (i) and (ii) above, since the complement computed in (i) is done on
a linearized automaton, i.e., on a TAhom as expressive as a TA since it has no equality
constraints. However, by reasoning with two TAnom, this result allows to tackle other
decision problems on homomorphisms apart from regularity.

Proposition 4.8. Let A be a TApom over signature 3.

Then, a TAx A’ satisfying L(A") = L(A) can be computed with time and space
in 20maxar(X)[S1AD © gnd such that A admits deterministic accepting runs and the
following bounds hold:

o hy(A) =hx(A),
o nx(A) =nx(4).

Proof (Sketch of the construction). The construction proceeds in two steps. In the
first step, the rules of the TAnom A are flattened. Recall that rules of TApom have
arbitrary terms as left-hand sides, whereas rules of TAx have flat left-hand sides.
However, due to the restrictions imposed on the positions occurring in the equality
constraints of TApom, in general it is not possible to convert a TApom into an equivalent
TApom with only flat rules. For this reason, the class of automata TA. is introduced,
defined analogously to TAx but with arbitrary equality constraints instead of arbitrary
disequality constraints. Then, the transformation of the TApom A into an equivalent,
flattened TAr A" is straightforward:

e The states of A” include all the states of A and also new states of the form g, ,,
where r is a rule of A and p is a position of the left-hand side of r (except A
and positions labeled by states). The final states of A” coincide with the final
states of A.

e For each rule 7 = (f(t1,...,tm) — q) of A, arule f(s1,...,5m) — ¢ is added to
A", where s; = ¢,; when t; is not a state, and s; = t; otherwise.

e For each state of the form g, ,, a single rule of the form f(s1,...,8m) = grp is
added to A”, where f € (™) is the symbol labeling the left-hand side I of the
rule r at position p, i.e., f =1(p), and s; = g, p.; when I(p.7) is not a state, and
s; = l(p.i) otherwise.
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It is easy to see that the size of A” is bounded by 4 - |A|: note that (i) the number
of states of A” is bounded by |A|, that (ii) the sum of sizes of the left-hand sides of
the rules of A” is bounded by twice the sum of sizes of the left-hand sides of the rules
of A, and thus, by 2 - |A], that (iii) the sum of sizes of the right-hand sides of the
rules of A”, i.e., the number of rules of A”, is bounded by once the sum of sizes of the
left-hand sides of the rules of A, and thus, by |A|, and finally that (iv) A” contains
exactly the same constraints as A.

The second step computes the complement of the TAr A” to obtain the desired
TAyx A’. The idea of this last construction is to define an automaton A’ whose runs
compute sets of unreachable states of A”. Hence, A’ accepts those terms reaching a
set of states that contains all the final states of A”. More precisely, the states of A’
are sets of states of A”, and the rules of A’ ensure that there exists a run of A’ on a
term ¢ reaching a state S if and only if, for each state ¢ € .S, there is no run of A”

on t reaching gq. Therefore, the rules of A" are of the form f(Sy,...,Sm) EEN S, where
S1,...,5m,S are sets of states of A”, and D is a disequality constraint such that, for
each of its atoms p; % pa, the atom p; ~ py occurs in some rule of A”. Moreover,
the right-hand-side state S only contains states ¢ of A” that are guaranteed to be
unreachable given the information provided by f, Si,...,Sn, and D, that is, states
q satisfying the following property: for each rule g(qi,...,qn) — q of A", either
the alphabet symbol ¢ is not f, or a state g; occurs in S; (and thus, by induction
it is unreachable), or p; & ps occurs in ¢ and its negation p; % ps occurs in D.
The number of states of A’ is bounded by 2!Q”l where Q" is the set of states of
A", the number of rules of A’ is bounded by 2/Q"I"(maar(X)+1) |53 . on=(A")  apq
the size of each of such rules is bounded by |A”|. Thus, |A’| can be bounded by
21Q"1 41 47| 21Q"I-(maxar(2)+1) 33| . gn~ (A7) < 9lAl 1 4. | 4] 2lAl (maxar(2)+1) |33 . gn=(4)

The complexity for the construction of the TAx A’ from the TApom A given in the
statement is a weaker expression with respect to the previous explanations, but more
convenient for further reasonings. |

Proposition 4.9. Let A; be a TAhom. Let Ay be a TAy over the same signature as
Ay and such that admits deterministic accepting runs.

Then, a Thnom z A satisfying L(A) = L(A1) N L(As2) can be computed with time
and space in 20 ((Posms(A1)[+n~ (A1) +[Posins (A1) -0 (A2)) log (| A1l 142D) | gnd such that the
following bounds hold:

o ha(A) = ha(Ay),

o nx(4) = nx(4y),

® hy(A) < hins(Ar) +hz(As),

* nx(A) < [Posins(A1)] - nx(Az),

o Posps(A) = Posps(A1).

Proof (Sketch of the construction). This algorithm is a variation of the typical prod-
uct construction. The basic idea is that the states of A are pairs of the form (g1, g2),
where ¢, is a state of A; and ¢o is a state of Ay, and the rules of A simulate both
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automata A; and As simultaneously. The only difficulty stems from the fact that the
rules of A; are not necessarily flat, and moreover, as argued in the proof of Propo-
sition 4.8, in general they cannot be flattened since the definition of HOM equality
constraint imposes that the two positions involved in an equality atom p; ~ ps must
be defined in the left-hand side of the rule where such atom occurs. Furthermore,
the symbols labeling the left-hand side of the rule at such positions p1, ps must be
identical states (this conditions is why we require that As admits deterministic ac-
cepting runs: determinism guarantees that the same pair (g1, ¢2) can be reached at
each identical subterm in accepting runs).

To overcome the previous problem, it suffices to simulate an execution of A5 on the
left-hand side of each rule in order to define which state of As is reached at the root.
Moreover, the disequality constraints that have to be satisfied along such simulated
execution must be added to the constraint of the rule. For instance, if the simulated
execution of A, has tested the disequality p; % ps at a position p of the left-hand
side of the rule (guessing that it is satisfied), then we must add the atom p.p; % p.ps
to the rule to guarantee that the simulation is valid (i.e., that the guess is correct).
Note that there might be several possible executions of A5 on the same rule, and all
of them must be considered independently.

In summary, each rule of A is obtained from a rule of A; by (i) replacing each
state of A; by a pair of states (g1, ¢2), where ¢; is a state of A; and ¢s is a state of Ag,
satisfying that the same state pair is used at positions p1, po if the rule has the equality
constraint p; /2 po, (ii) simulating an execution of Ay on the left-hand side of the rule
in order to define the state of A occurring in the right-hand side of the rule, and
(iii) extending the constraint of the rule with the disequality atoms that have been
tested along the simulated execution of As. To bound the number of rules of A, note
that the number of possible left-hand sides is bounded by (|%] + Q1] - |Qo])!Pesms (A1,
the number of possible right-hand sides is bounded by |Q1| - |@2|, and the number of
possible constraints is bounded by 2"=(AD)+[Posins(A1)nz(A2) " where Q; is the set of
states of A1, Q2 is the set of states of Ay, and X is the underlying signature. Hence, the
number of rules of A is bounded by (| Ay |- |Ag|)IPesms(AD)I+1. gnx(A1)+Posins (A1) (A2)
assuming that |X| is bounded by |A4;|. Finally, note that the size of each rule of A is
bounded by the maximum size of the rules of A; (in turn bounded by |A;]|) plus the
maximum size of the disequality constraints that can be defined (i.e., |Posys(41)] -
Nz (As2) -2 - (hins(A1) + hz(A2))), and that A has |Q1] - |Q2] states.

The complexity for the construction of the TApom z A from the TApom A; and the
TAx As given in the statement is a weaker expression with respect to the previous
explanations, but more convenient for further reasonings. |

We cite one additional result from [GG13] that reasons about the finiteness of
the language recognized by TApom . Intuitively, the authors define an exponential
function A such that, for any given TAhom, A, the language recognized by A is finite
if and only if there is no term in £(A) with height greater than h(A). Note that, in
this way, in order to decide finiteness of £(A), it suffices to construct a new TAhom,x A’
recognizing the language {t € L£(A) | height(t) > h(A)} and test emptiness of £(A’)
instead. The following proposition formally establishes the complexity of computing
such A’.
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Proposition 4.10. Let A be a TAnom -

Then, a TAhom,x A" satisfying that L(A') is empty if and only if L(A) is finite can
be computed with time and space in 20 ("~ (A)+nx(A)) max{hins (A),hz (A)}[Posins (A)[-log |A])
and such that the following bounds hold:

Proof (Sketch of the construction). The function h mentioned above is more precisely
defined in [GG13] as h(A) = |A|- (k2 4+ h) - (2-n - h)*™" where A is the set of rules
of A, h = max{hins(A),hxz(A)}, and n = nx(A) + ng(A4). This definition guarantees
that any term accepted by A with height greater than B(A) can be pumped to obtain
another higher term also accepted by A. Thus, the automaton A’ of the statement can
be defined as the TApom » recognizing {t € L(A) | height(t) > h(A)}, and such A’ can
be obtained from A straightforwardly: it suffices that the states record the height of
the recognized term (up to A(A) 4 1), and that no state with recorded height smaller
than h(A) + 1 is final. The size of A’ is bounded by |A| - (h(A) + 2)IPesins (A, |

4.3 TA with disequality and implicit HOM equality
constraints

The notion of TApem from [GG13] detailed in Section 4.2 is a straightforward applica-
tion of a homomorphism to the rules of a TA. Its main disadvantage is that dealing
with constrained rules makes the presentation of technical proofs a laborious task. For
this reason, we define an equivalent kind of automata in which equality constraints
are implicitly encoded in the left-hand sides of the rules. Intuitively, a state that
appears duplicated in the left-hand side [ of a rule, implicitly forces an equality test
between all the positions of [ where such state occurs.

Definition 4.11. A tree automaton with disequality and implicit HOM equality
constraints, TAihom,z for short, is a tuple A = (Q, %, F,A), where Q is a finite set
of states, X is a signature, F' C @Q is the subset of final states, and A is a finite
set of rules of the form | 5 q, where 1 is a term in T(X W Q) \ Q, interpreting the
states of Q@ as nullary symbols, and c, called the disequality constraint of the rule, is a
conjunction/set of unordered pairs of the form p1 % pa, for arbitrary positions p1, pa.

A run of A on a termt € T(X) is a partial mapping r : Pos(t) — A such that r(\)
is defined, and satisfying the following conditions for each position p for which r(p)
is defined, say, as a rule | < q. For each position p' € Pos(l), it holds that r(p.p')
is defined if and only if (p') € Q. Moreover, if I(p') is in Q, then r(p.p’) is a rule
with the state [(p') as right-hand side. Otherwise, if [(p') is in X, then l(p') = t(p.p’).
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In addition, (i) for each two positions p1,pe € Pos(l) satisfying l(p1) = l(p2) € Q,
tlpp, = tlpp, Rolds, and (ii) for each two positions p1,p2 satisfying (p1 # D2) € ¢,
either one of p.p1,p.D2 is not in Pos(t) or both of them are and t|, 5, # t|p.5, holds.
We say that r is a weak run when conditions (i) and (ii) are not enforced. Moreover,
since t can be deduced from r, we often do not make explicit t and just say that r is
a (weak) run of A.

The state reached by a weak run r is the right-hand side of r(\), and we say that
r is accepting if the state reached by r is in F. By L(A) we denote the language
recognized by A, that is the set of terms t for which there exists an accepting run of
A ont. Given a weak runr of A on a term t, we define Pos(r) as Pos(t), height(r) as
height(t), and term(r) as t. Moreover, given a position p such that r(p) is defined, we
define the weak subrun r|, as the weak run of A on t|, described by r|,(p’) = r(p.p’).
Note that if v is a run, then so is r|,. Given two weak runs r1,7m2 and a position p
such that r1(p) is defined and r1|,, 72 Teach the same state, we define the replacement
r1[r2]p as the weak run r on term(rq)term(ra)], described as follows: r(p') = ro(p) if
p’ is of the form p.p, and r(p') = r1(p’), otherwise.

The notions of size of automata, and nx, hy, hins and Posy,s are defined identically
for Thinom,z as for TAnom  (see Definition 4.3).

Example 4.12. In order to give intuition on TAinom %, and in particular, on their im-
plicit equality constraints, we define a TApom,z A and then transform it into a TAjnom,x
A’ that recognizes the same language. Consider a signature Y. consisting of a nullary
symbol a, and binary symbols f and g. Let A = (Q, X, F,A), where Q = {¢, qaccept }

F = {qaccept}> and A = {a = q, f(f(0,0),0) =2 ¢, 9(2.0) 225 Gaceept}. Note
that the left-hand side of the second rule is not flat, and that the disequality atom of
the third rule involves a position which is not defined in its left-hand side. Now we
show how to transform A into an equivalent TAipom z A’ = (Q', X, F,A"). Since du-
plication of states occurring in left-hand sides of rules of a TAihom,x implicitly encode
equality constraints, in order to preserve the recognized language we need to introduce
a new state ¢’ as a synonym for q. Hence, Q' ={q, ¢, Gaccept }. To present the rules of

A, we use the compact notation | % q1|qa to simultaneously denote the rules I < q

. 1.152
and 1 % qo. In this way, A = {a — ql¢’, f(f(¢.4"),q0) = 4|, 9(a,q") == Gaccept }-

Note that the equality atom 1.1 = 2 no longer appears explicitly, since it is implied by
the fact that the state q occurs at positions 1.1 and 2 in the left-hand side f(f(q,4'),q)-

The implicit equality constraints of a TAijhom,z can be assumed to ask for equality
not only of subterms, but also of subruns. Runs holding this property are called
uniform.

Definition 4.13. Let A= (Q, %, F,A) be a Thihom,zz. A Tunr of A is called uniform
if, for each positions p,p1,ps such that r(p) is defined as a rule | < q satisfying
lp1) =1(p2) € Q, Tlp.py =Tlp.p, holds.

Lemma 4.14. Any run of a Thihom x A can be transformed into a uniform run on
the same term and reaching the same state.

With the previous lemma it is clear that the classes of languages recognizable
by TAihom, with runs and with uniform runs coincide. We straightforwardly extend
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the notion of uniform runs to the setting of weak runs, and call them uniform weak
runs. Note that weak runs do not have to satisfy the disequality constraints or
the implicit equality constraints occurring in the rules applied, whereas a uniform
weak run guarantees that equality constraints are satisfied. For this reason, uniform
weak runs do not allow an equivalent of Lemma 4.14, i.e., it is possible that a weak
run cannot be transformed into a uniform weak run recognizing the same term and
reaching the same state. In fact, note that the class of languages recognizable by
TAihom, With weak runs coincides with the class of regular tree languages, and that
the class of languages recognizable by TAjhom, With uniform weak runs is not regular.

The following definitions and lemmas show equivalence in expressiveness between
TAhom, and ThAihom,z-

Definition 4.15 (transformation of TAhomx into TAinom ). Let A = (Q, X, F,A)
be @ TAhom,x. We define the Thihomz A’ = (Q', X, F',A") from A as the result of
the following construction. Let k be |Posys(A)|. The set of states Q' is defined as
{¢'|1<i<k, g€ Q}. Thesetof final states F' is defined as {¢* | 1 <i <k, ¢ € F}.
In order to define A, we have to choose, for each rule l < q in A, a term rename(l, ¢)
which is obtained by replacing each occurrence of a state of Q inl by a state of Q'
according to the following condition: an occurrence of a state q in 1 is replaced by a
state of the form ', for 1 <i < k, and two occurrences of states at distinct positions
p1,p2 in l are replaced by the same state if and only if p1 ~ ps occurs in c. Once
rename(l, c) is defined for each rule | < q in A, we define A’ as the set of rules

{rename(l,c) S ¢’ | (1S q) €A, = {(p1 # o) € ¢}, 1 <i <k}

Lemma 4.16. Let A be a TApom . Let A’ be the TAinom,x obtained from A with the
construction of Definition 4.15.
Then, L(A") = L(A) and the following bounds hold:

o |A'] <[A]-[Posis(A)],
o hx(A) = hx(A),
o nu(A') =nx(A),
o Posp,s(A") = Posjps(A).
Moreover, A" can be computed with time and space in O(]A’]).

Example 4.17 (continuation of Example 4.12). The construction of the Thinomz A’
from the TApomz A detailed in Example 4.12 is done manually and obtains a rather
small automaton. Here, we apply the construction of Definition 4.15 in order to
obtain another Thinomz A" = (Q", X, F",A") recognizing the same language as A.
First, note that |Posis(A)| = [{\, 1, 1.1, 1.2, 2}| = 5. Hence, the states in Q" are of
the form q' and qioeepr, for 1 < i <5, and F" = {qleepe | 1 <@ <5}, Second, in order
to obtain A", we need to define rename for each of the rules of A. We arbitrarily choose
the following: rename(a, () = a, rename(f(f(q,q),q),1.1 = 2) = f(f(¢',¢*),q"), and

rename(g(q,q),1.1 % 2) = g(q',q?). Finally, using this definition for rename, the
rules of A" are of the form a — ¢*, f(f(q*,¢%),q") = ¢, and g(q¢*, ¢?) Ll q

accept’
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for1 <i <5. It is easy to see that many of the states introduced in A” are useless. In
particular, all the states ¢* with i > 2 are useless. Moreover, even though all the states
of the form qgccept are useful, note that having just one of them suffices. By cleaning
the useless and redundant states, we would obtain a Thiom,x that is essentially the
one constructed in Example 4.12.

Definition 4.18 (transformation of TAinom, z into TAhom ). Let A = (Q, %, F, A) be a
TAihom - We define the TAnom z A’ from A as (Q, X, F, A"), where A’ is the set of rules

{15 ql (15 q e, d=cw{p~ps|p1,p2 €Posg(l), pr # p2, l(p1) = l(p2)}}.

Lemma 4.19. Let A be a TAinom,%. Let A’ be the TAnom x obtained from A with the
construction of Definition 4.18.

Then, L(A") = L(A) and the following bounds hold:
. ‘All < |A‘ + |A| . |POSth(A)|2 . hlhs(A)7
o hx(A) < his(A),

A") < |Posps(A)|%/2,

o nx(A) =ngx(A),
° POSth(A/) = POSth (A)

Moreover, A" can be computed with time and space in O(]A’]).

4.4 Independent sets

The contents presented in this section is rather abstract and its results seem, at first
look, to fit better in a handbook on combinatorics than in a work on tree automata.
Nevertheless, in [CJ03], similar notions were needed to prove EXPTIME-completeness
of emptiness for tree automata with disequality constraints. We explain the differences
with such notions after Definition 4.20.

4.4.1 Independent sets of tuples

We assume a given set (the universe) U and a natural number n, and work with
n-tuples t = (e1,...,ey) of elements of U. For such a tuple ¢, with ¢[i] we denote the
7’th component e;. We denote the set of all such possible tuples as T'. For a given
finite set of tuples, we are interested on finding a “big” subset which is independent
according to the following definition.

Definition 4.20. A finite set of tuples {t1,...,tx} C T is independent if for all
i € {1,...,n}, either all the elements t1[il,...,t;[i] are the same, or the elements
t1[i], ..., tg[¢] are pairwise different.
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Note that, if a set is independent, then any of its subsets also is.

In [CJO03], it is proved for a fixed natural number K that, given a set S with K™ -n!
tuples, there effectively exists an independent subset S of S with size K. This fact
is used in [CJO3] to decide emptiness of tree automata with disequality constraints
in exponential time. In order to produce simpler arguments in our setting, we need
more than just the existence of such S. We also need to ensure that a certain tuple
tin S is also in S. As a first step, we note that, since all tuples of an independent
subset coincide at certain components, we can restrict our search of such S to subsets
of S whose tuples already coincide with ¢ at some fixed components.

Definition 4.21. Let S,t,I be such thatt € S CT and I C {1,...,n}. We define
the set of tuples coincident(S,t,I) as {t' € S| Vi € I :t'[i] = t[i]}.

Note that, if ¢’ € coincident(S,t,I), then coincident(S,t',I) = coincident(S,¢t,I).
For a natural number K, we define a counting property on sets of tuples, namely
K-smallness, that will be useful to construct an independent set of size K containing
a specific tuple ¢.

Definition 4.22. Let K be a natural number. Let S C T be a set of tuples. We say
that S is K-small if the following statement holds:

Vte S:VIC{l,...,n}: |coincident(S,t,I)| < K" W . (n—|I|)!

Example 4.23. Consider tuples of n = 3 elements with N as the underlying universe.
Let S = {t; = (1,1,1), to = (1,2,2), t3 = (1,2,3)}, and let K = 3. In order to see
whether S is K-small, we need to consider every tuple t € S and every strict subset
I of the indexes {1,2,3}. We first consider any such I with |I| <1, and observe that
the statement of K-smallness is trivially satisfied: |coincident(S,t,I)| < |S| = 3 for
any t € S, which is strictly less than K"~ 1 . (n —|I|)! > 3371 .(3 — 1)l = 18. We
now consider any such I with |I| = 2. In this case, the strict upper bound imposed
by the definition of K-smallness is K" 1. (n —|I|)! = 3372.(3 —2)! = 3. It is
easy to see that the bound is again satisfied: for any t € S, observe that if 2 € I
it follows |coincident(S,t,I)| < 2 since t1[2] # t2[2] = t3[2], and if 3 € I it follows
|coincident(S, ¢, I)| = 1 since t1[3], t2[3], t3[3] are pairwise different. Since the bound
is satisfied in all the cases, S is K-small.

The following lemma states that K-small sets are indeed “small”.

Lemma 4.24. Let K be a natural number. Let S C T be a non-empty K-small set.
Then, |S| < K™ -nl.

Proof. Note that for any tuple ¢ € S, S = coincident(S,¢,0) holds. Thus, |S| =
|coincident(S, ¢, ()| < K™~ 1. (n —|0])! = K™ - nl. u

The following lemma holds by Definitions 4.21 and 4.22.

Lemma 4.25. Let K be a natural number. Let S C T be a set of tuples.
Then, checking whether S is K-small can be done with at most |S|* - 2" -n com-
parisons between elements occurring in the tuples of S.
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In order to show that detecting K-smallness is enough for our purposes, we prove
in Lemma 4.31 that, given a set S and a tuple ¢t € S such that S\ {t} is K-small but
S is not, there always exists an independent subset S C S of size K and including
t. To this end, as a first ingredient, we relate the existence of an independent subset
of S with the existence of an edge-free subset of nodes of a graph. In the literature,
edge-free subsets of nodes are simply called independent. Here, we use this other
name in order to avoid confusion with our notion of independent sets of tuples.

Definition 4.26. Let G = (V, E) be an undirected graph. Let V be a subset of V.
We say that V is edge-free in G if each two nodes of V' are not connected, i.e., if
{(u,v) |[u,p e VINE=0.

The graph where we want to find edge-free subsets of nodes is defined to have
coincident(S, ¢, I) as its set of nodes, for a fixed I, and to have an edge between each
two different tuples t1, to if and only if ¢; and ¢5 coincide at some component not in
I. This is defined formally as follows.

Definition 4.27. Let S,t,I be such thatt € S CT and I C {1,...,n}. We define
graph(S,t,I) as the undirected graph G = (V,E) with V = coincident(S,t,I) and
E = {(tl,tg) ceV? | i1 #tg Adi e {1,,71}\[ : tl[Z} = tz[l]}

Example 4.28. Following Example 4.23, consider graph(S,ts, I = {2}). Note that
its set of nodes is {ta,t3} since t1[2] # t2[2] = t3[2]. Also note that the graph has
the edge (ta,ts3) since these tuples coincide at their first component, which is an index
not included in I. It follows that the graph has no edge-free subset of nodes with size
greater than 1. Consider now graph(S,ta, I' = {1,2}), and note that its set of nodes
is {ta,t3} since to[l] = t3[1] and t1]2] # t2[2] = t3]2], and its set of edges is empty
since ta[3] # t3[3], where 3 is the only index not included in I'. Thus, the whole
graph is edge-free. It is easy to conclude that all the nodes that conform this graph
correspond to an independent subset of S: the nodes/tuples coincide at their respective
components 1,2 since the graph has been defined with I' = {1,2}, and moreover, the
tuples are pairwise different at all other components, i.e., at component 3, since the
whole graph is edge-free.

The following trivial lemma formally establishes the relation between independent
sets of tuples and edge-free sets of nodes of a graph.

Lemma 4.29. Let S,t,I be such thatt € S C T and I C {1,...,n}. Let S be a
subset of coincident(S,t, I) which is edge-free in graph(S,t,I).
Then, S is independent.

In the proof of Lemma 4.31, the existence of an edge-free subset of nodes is con-
cluded using, as a last ingredient, the following simple and well-known statement from
graph theory, where maxdegree(G) denotes the maximum among all degrees of nodes
of G.

Lemma 4.30. Let G = (V, E) be an undirected graph. Let u be a node of G.
Then, there exists a subset V' of V' which is edge-free in G, includes u, and satisfies

7| — V]
|V| - ’Vmaxdegree(G)Jrl :
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Lemma 4.31. Let K be a natural number. Let S C T be a set of tuples which is not
K-small. Lett € S be a tuple satisfying that S\ {t} is K-small. 3
Then, there exists an independent set S of tuples such thatt € S C S and |S| > K.

Proof. Since S is not K-small, thereisaset I C {1,...,n}and atuplet’ € S satisfying
|coincident(S, ¢/, I)| > K™~ I. (n — |I|)!. Among all the possible I's satisfying such a
condition, we choose one maximal in size.

Note that ¢ belongs to coincident(S,t',I), since otherwise, coincident(S,¢',I) =
coincident(S \ {t},#',I), and hence, |coincident(S \ {t},#',I)| > K" Ul . (n — |I|)
which implies that S\ {t} is not K-small, contradicting the assumptions of the lemma.
Therefore, coincident(S,t',1) = coincident(S,¢,7). In other words, the mentioned
tuple ¢’ can be assumed to be t.

In the case |I| = n—1, we have |coincident(S,t, I)| > K"~ (=Y. (n—(n—1))! = K.
In this case, note that coincident(.S, ¢, I') itself is necessarily an independent set because
its tuples coincide in all components but one, and hence they must be all pairwise
different at such component. Thus, we conclude by defining S as coincident(S, t, I).

At this point, we assume |I| < n — 1. Under this assumption, by the maximality
selection of I, the following condition holds:

V' € S:VI' C{1,...,n}|I'| = |I|+1 : |coincident(S, ', I')| < K"~ M1~ (n—|1]—1)!

Now, we analyse some properties of G = (V, E) = graph(S,t,I). First, note that
|V| = |coincident(S,t,I)| > K"Vl . (n — |I|)!, since coincident(S,,1) is the set of
nodes of G. Second, we bound maxdegree(G) by bounding the degree of each node ¢/
of G as follows:

degree(G,t') < Zie{l,m’n}\l (|{t” € coincident(S,¢,I) | t'[i] = t”[i]}| —1)
= Zie{lwwn}\l(|coincident(S, ', TW{i})|—1)
<(n—|I))- K" M=1 (n—|I|-=1)! =1
=K M=t (n— I =1

Therefore, maxdegree(G) < K" =1 (n — |I|)! — 1. By Lemma 4.30, there exists a
subset S of coincident(S, ¢, I) which is edge-free in G, includes ¢, and satisfies:

&l — V] K (n— It 7 _
151 = [maxdegree(G) + 1-‘ = [Knllll “(n— |I|)'-‘ =K

By Lemma 4.29, it follows that S is an independent set. |

Example 4.32. Consider again the definitions of Example 4.23, and let t4 = (1,2,4).
Clearly, SW{ts} is not K-small: coincident(SW{ts},tq,1 = {1,2}) = {to,t3,t4}, which
has cardinal 3, and thus, does not satisfy that it is strictly less than K™~ (n—|I])! =
3372.(3=2)! = 3. Since S was K-small, by Lemma 4.31 there exists an independent
subset S of S'w {ta} with size at least K and including ty: {t2,ts5,t4} is such a subset
(in this example there is no other possible definition of 5')

In the following corollary we restate the result from [CJ03| as a particular con-
sequence of Lemmas 4.24 and 4.31. This result is useful when it is not necessary to
have a distinguished tuple ¢ in the independent subset.
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Corollary 4.33. Let K be a natural number. Let S C T be a set of tuples such that
|S] > K™ - nl. . ~
Then, there exists an independent subset of tuples S C S satisfying |S| > K.

4.4.2 Independent sets of terms

In this section we translate the previous definitions and results from tuples to terms
and positions.

Definition 4.34. Let P be a set of positions. Let pi,...,pn be the positions in P,
ordered lexicographically'. Lett € T(X) be a term. We define Tuplep(t) as the tuple
(81,-..,8n), where each s; is t|p, when p; is in Pos(t), and a special symbol L not in
Y., otherwise.

Let S C T(X) be a set of terms. We define Tuplesp(S) as {Tuplep(t) | t € S}.
We say that S is P-independent if Tuplesp(S) is independent. Let K be a natural
number. We say that S is (K, P)-small if Tuplesp(S) is K-small.

In order to adapt the previous results we need to guarantee that there is a bijection
between the set of terms S and the set of tuples Tuplesp(.S). In our concrete setting,
this holds thanks to the fact that the considered set of positions P always contains A.
Hence, consider a set of positions P including A and a set of terms {t1,...,¢,} C T(X)
such that P N Pos(t;) = ... = P N Pos(t,,). Note that in this case, {t1,...,tm}
is P-independent if and only if for each p € P, either p is not in any of the sets
Pos(t1), ..., Pos(tm), or it is in all of them and either ¢1|, = ... = t,,|, or the subterms
tilps - - -5 tm|p are pairwise different.

The following facts are straightforwardly implied by Lemmas 4.24, 4.25, and 4.31,
and Corollary 4.33, respectively.

Lemma 4.35. Let P be a set of positions including A and let K be a natural number.
Let S C T(X) be a non-empty (K, P)-small set of terms.
Then, |S| < KIPI.|P].

Lemma 4.36. Let P be a set of positions including A and let K be a natural number.
Let S C T(X) be a set of terms.

Then, checking whether S is (K, P)-small can be done with at most |S|*- 271 - |P]
comparisons between elements of {t|, |t € S A p € Pos(t)NP}w{L}.

Lemma 4.37. Let P be a set of positions including X\, let K be a natural number,
and let S C T(X) be a set of terms which is not (K, P)-small. Lett € S be a term
satisfying that S\ {t} is (K, P)-small.

_ Then, there exists a P-independent set S of terms such that t € S C S and
|S| > K.

Corollary 4.38. Let P be a set of positions including A, let K be a natural number,
and let S C T(X) be a set of terms such that |S| > Ig'm -|P|l. }
Then, there exists a P-independent set of terms S C S satisfying |S| > K.

1The concrete selected order for positions is not important at all, but we choose this one in order
to fix a precise definition.
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4.5 Constraint-satisfying replacements

In this section we study how to perform replacements on runs of TAjhom x in a way
that guarantees that all constraints are satisfied, i.e., that the weak run resulting
from the replacement is actually a run. We start in Section 4.5.1 focusing on the
implicit equality constraints. This is the simplest case since, in order to satisfy the
equalities tested by the run, it can be proved that it suffices to perform the replace-
ment simultaneously at several parallel positions. Moreover, these positions for the
replacement can be easily defined by considering the positions of the run involved
in equality tests. The remaining sections are devoted to disequality constraints. In
Section 4.5.2 we formalize a criterion to distinguish two different kinds of disequal-
ity constraints. Intuitively, this distinction depends on how “close” are the positions
tested by the disequality constraint to the positions where the replacement is per-
formed. The “closest” ones are studied in Section 4.5.3 and the “furthest” ones in
Section 4.5.4.

Recall that the reason to study replacements on runs of TAjhom,z is to be able
to reason about the emptiness of the recognized language: if any “big enough” run
can be reduced by means of a decreasing replacement, then emptiness can be decided
by checking only “small” runs. In order to formalize the notion of such decreasing
replacements, we assume a given well-founded ordering <, total on terms, fulfilling
the strict size relation (if |t| < |¢/|, then ¢ <« t') and monotonic (if s < t|,, then
t[s]p < t). Note that a Knuth-Bendix ordering [KB70] with the standard term size
comparison as first component satisfies these conditions. We consider this ordering
extended to runs r,7’ in a way such that r < 7’ if term(r) < term(r’).

4.5.1 Equality constraints

We start by defining a kind of replacement that satisfies all the implicit equality
constraints occurring in the rules applied in a run. Note that, in general, a simple
replacement r{r'], is not enough, since equality tests checked at positions above p may
become falsified after the replacement. To satisfy these equality tests it is necessary
that such a replacement is done at the same time at all the subruns involved in an
equality test, i.e., a replacement needs to be performed simultaneously at multiple
parallel positions. In order to simplify the definition of these positions, we reason
over uniform weak runs. Recall that uniform weak runs satisfy the implicit equality
constraints occurring in the rules applied, and moreover, an implicit equality con-
straint asks for equality not only of subterms but also of weak subruns. Using these
properties of uniform weak runs and the fact that equality constraints of TAipom,x are
implicitly defined by duplication of states, we can easily define the positions for the
replacement with the following notion of abstract positions. Given a uniform weak
run 7 and a position p € Pos(r), we describe the abstract position of p in r as a
sequence of the form ¢;.¢s...q,.p, where qi,...,q, are states and p is a position.
Intuitively, ¢, ..., g, are the states found while traversing r from the root to p, and
p is the residual suffix of p after the last state.

Definition 4.39. Let A = (Q, %, F,A) be a TAinom,z. Let r be a uniform weak run
of A, and let p be a position in Pos(r). We define the abstract position of p in r,
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denoted abstract,.(p), recursively as follows, where we explicitly write r(\) as a rule
1% q. For the case where p is in Posx (1), abstract,(p) is defined as q.p. For the case
where p is of the form pi1.p2, where p1 is a position in Posg(l), abstract, (p) is defined
as g.abstract,| (p2). We write abstract(p) when r is clear from the context.

We denote abstract positions as P, with possible subscripts, and say that P is a
pure abstract position when it is of the form q1 ...qn.A, for q1,...,q, € Q.

Example 4.40. Consider the following uniform run r of some unspecified TAihom g :

flagar) = ay
9(q,9) — Qg Qg7Qf — 4qf
h(q) — h(q) — /\
(q)‘ q (q)‘ q 9(a,9) = 4, 13

h(q) = q hiq) —q T
\ \ h(q) —q h(q) —q

a—q a—q \ \
a—)q G;-)q

We depict the abstract position corresponding to each of the positions in Pos(r) using
the same tree structure of term(r):

q5-Qg-A Qf qs-A

T

g9\ A
qf-dg-9 qdf-dq-9. 4r-q5-qg-\ a5 qqu)\

| |
qf-dg-9-9-A qf-99-9-9-A /\

| | af-af-qg-9-A  4f-f-Gg-q-A
4f-99-9-9-9-X  4f-99-9-9.G-\ | |

q5-9£-99-9-G-N  4f-Qf.Gg-q-G-\

Note that all the abstract positions are pure: this is because all the rules applied
in r have a single alphabet symbol. Also note that the sibling positions 1.1 and 1.2
have the same abstract position qy.qq.q.\: this is related to the fact that the rule
9(q,q) — q4 applied at position 1 has two occurrences of the state g at its left-hand
side, i.e., it has an implicit equality constraint between its two children. Moreover,
since r s uniform, the respective children of 1.1 and 1.2 also share common ab-
stract positions: abstract(1.1.1) = abstract(1.2.1) = gy.¢q.q.q.A and abstract(1.1.1.1) =
abstract(1.2.1.1) = g¢y.qq.q.q.g.\. Since g(q,q) — qq is also applied at 2.1, an analo-
gous analysis can be made for the abstract positions corresponding to positions of the
form 2.1.1.p and 2.1.2.p.



58 Chapter 4. EXPTIME-completeness of the HOM problem

Note that, for a uniform weak run r and a position p € Pos(r), r(p) is defined
if and only if abstract(p) is a pure abstract position. Furthermore, if two positions
p1,p2 € Pos(r) satisfy that abstract(pi),abstract(ps) are pure and identical, then
r(p1) and r(p2) are defined and r|,, and r|,, are equal. Intuitively, according to the
definition of uniform weak run of a TAjhom s, for positions sharing the same sequence of
states q; . .. q, from the root, the corresponding uniform weak subruns must coincide.
For this reason, with 7|, 4. » we denote such a uniform weak subrun, and with
7(q1 ... qn-A\) the rule applied at the root position of 7|y, . 4,.x- In addition, given a
uniform weak run ' reaching the same state as 7|4, . 4,.n, we denote as r[r']4,. 4,1
the result of replacing by ' the uniform weak subrun at each position p holding
abstract,(p) = ¢1 ... qn.A. It is straightforward that such r[r’]4,. 4, . is also a uniform
weak run. The following lemma formally states this property.

Lemma 4.41. Let A be a TAinom . Let r,7" be uniform weak runs of A. Let P be a
pure abstract position of r such that r|p and r' reach the same state.
Then, r[r'|p is a uniform weak run.

The previous fact is equivalent to saying that a replacement r[r']p defined by
means of a pure abstract position P necessarily satisfies the equality tests. However,
note that nothing is guaranteed about the disequality constraints occurring in the
rules applied in r[r']p, even in the case where r and r’ are uniform runs. Dealing
with disequality constraints requires more complex arguments, and we present them
in the following sections.

Before concluding this section, we give some additional definitions on abstract
positions. This formalism, besides simplifying the previous Lemma 4.41, also helps
in making the remaining reasonings of our work simpler and more accessible. For
this reason, we are interested in adapting some typical operations on positions to
the setting of abstract positions. In particular, we need to relax the conditions on
abstract positions by allowing concatenations of the form P.p, where P is a pure
abstract position and p is a position. We also need to compare abstract positions
between them by means of a prefix relation. Such a relation is more complex for
abstract positions than for positions, since an abstract position implicitly represents
a set of positions.

Definition 4.42. Let A be a TAjhom,x. Let r be a uniform weak run of A, and
let P, P be abstract positions of r more explicitly written of the form q1---qn-p and
Q1 ---Gm.p, respectively. We say that P is a prefix of P, denoted P < P, zfn <m,
q1---Gn ={qQ1 ---qn, and the following conditions hold:

e ifn=m, then p <p,

e if n < m, then the left-hand side 1 of the rule r(qy ...qn.\) has an occurrence of
state gn41 in the subterm .

Moreover, we say that P is m — n steps above P. We say that P is a strict prefiz of
P, denoted P < P, if P < P and P # P. We say that P and P are parallel, denoted
P || P, if neither P < P nor P < P hold.

Let P be a pure abstract position of r more explicitly written of the form qy ... qn ..
Let p be a position in Pos(r|p). By the concatenation P.p we denote the abstract
position qi ... q,_1.abstract, |, (p).
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It is important to remark that the previous definitions on abstract positions con-
tradict a usual intuition on positions. Consider two parallel abstract positions P;
and P, of a uniform weak run » and note that, even though they are parallel, it is
possible that both of them are prefix of a common abstract position P of r, i.e., that
P, P, < P. It is easy to see that this is only possible in the case where P;, P;
and P can be written of the form ¢ ...¢n-p1, q1---Gn-p2 and q1...¢n-Qnt1 - - - Gm-P,
respectively, with p; and py being parallel positions and n < m, and moreover, the
left-hand side of the rule r(q ...¢,.\) has an occurrence of the state ¢,4+1 below the
positions p; and ps. The following technical lemma proves that, in the particular case
where one of P;, P> is a pure abstract position, then it is not possible that both of
them are prefix of P.

Lemma 4.43. Let A be a TAihom,z- Let v be a uniform weak run of A. Let Py, P> be
parallel abstract positions of r such that at least one of them is pure.
Then, there is no abstract position P of r such that P, < P and P, < P.

Proof. Assume without loss of generality that P; is pure, and consider any abstract
position P of r such that P; < P. In order to conclude, it suffices to prove P, £ P. Let
Py and P, be more explicitly written of the form ¢; ... gy, A and g1 ... ¢.@i+1 - - - G -P2,
respectively, where ¢; ...¢; is the maximal common prefix of P; and P,. Note that
since P, £ P, and P; is pure, necessarily ¢ < n. In the case where i = m, the
left-hand side of the rule r(q; ... ¢g;.A) does not have any occurrence of the state g;1
below position po: otherwise P, < P; contradicting the assumption that P; and P;
are parallel. Hence, in this case P, £ P. In the case where i < m, we have that
Gi+1 # Gi+1, and hence, Py £ P follows again. This concludes the proof. |

As a final remark, note that an abstract position is defined with respect to a con-
crete uniform weak run, which leads to some counterintuitive cases when comparing
abstract positions of different uniform weak runs. For example, consider two uniform
weak runs r1 and r9, and positions p; € Pos(r;) and py € Pos(rs). Clearly, it is possi-
ble for p; and ps to be equal and yet abstract,., (p1) # abstract,, (p2), and it is also pos-
sible that P = abstract,, (p1) = abstract,, (p2) and yet abstract;ll(P) + abstract;zl(P).
For these reasons, comparing abstract positions of 1 and 72 can only be done when
r1 and ro are “similar”. In our setting, we are interested in the case where r; and
ro can be written of the form r[r}]p and r[ry]p, respectively, for some uniform weak
runs r, '}, 75 and pure abstract position P of 7. Note that in such case, an abstract
position P; of r; and an abstract position P of ro can be compared if P is not a
strict prefix of P; or Ps.

4.5.2 Classifying disequality constraints

We now consider the disequality constraints of the rules applied in r[r']p, where r
and 7’ are uniform runs and P is a pure abstract position of r such that r|p and
r’ reach the same state. Recall that r[r']p is necessarily a uniform weak run as
stated in Lemma 4.41. Moreover, since r and ' are uniform runs, for r[r']p to
satisfy all the constraints—and thus be a run—it only remains to prove that the
disequality constraints of rules applied at prefixes of P are satisfied. That is, we have
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to show that term(r[r'|p)|p5, # term(r[r']p)|5.5, holds for each triplet of positions
(p, p1, P2) satisfying the following conditions: r(p) is defined, the atom p; % p2 occurs
in the disequality constraint of the rule r(p), abstract.(p) < P, and p.p1,p.p2 €
Pos(r[r']p). We can generalize this idea to abstract positions in order to simplify
further reasonings. Consider any two such triplets (p,p1,p2) and (p’,p1,p2) such
that abstract,.(p) = abstract,.(p’). Note that, since r is a uniform run, it follows that
r|s = r|p. Therefore, a replacement at P satisfies term(r[r'] p)|p.5, 7 term(r[r']p)|5.5.
if and only if it also satisfies term(r[r']p)|z .5, # term(r[r']p)|7 5,- In other words,
different triplets with the same abstract positions are actually equivalent and we only
need to reason about one of them. The following definition formalizes these triplets
with abstract positions. Moreover, it also distinguishes the case where the positions
are “close” to P, i.e., the test involves subterms of term(r’), from the one where the
positions are “far” from P.

Definition 4.44. Let A be a TAinom,x. Let v be a uniform weak run of A, and let
P be a pure abstract position of r. Let P be a pure abstract position of r such that
P < P, and let py, P be positions such that the atom py % pa occurs in the disequality
constraint of the rule r(P). We say that a disequality is tested (by r) at (P,p,pa).
Moreover, we say that it is a close disequality (of r) with respect to P if P < P.py or
P < P.py, and otherwise, we say that it is a far disequality (of r) with respect to P.
We say that it is falsified if p1,Dp2 € Pos(r|p) and term(r|p)|5, = term(r|p)p,-

Example 4.45. Consider the following uniform weak run of an unspecified ThAinom z:

152
f(%#]z) —>$é q2

1%2
f(CIh(IZ) — Q1 f(q17 CI2) = 42

N

a—q b—q
flava) = a0 fg1,q0) 225 o

/\/\

e N Y

Note that none of the applied rules involves an implicit equality constraint, and that
the rules applied at positions p1 = A\, ps = 2, ps = 2.2 have the same disequality
constraint 1 % 2. Let Py = abstract(p;), P» = abstract(p2), P = abstract(ps). With
respect to P3, note that (Py,1,2) is a far disequality since Py < P3 but P3 £ P;.1
and P3 £ Py.2, whereas (P2,1,2) is a close disequality since Po < P3 and P3 < P5.2
(actually, P3 = P5.2). Also, the disequality tested at (Ps,1,2) classifies neither as
close nor far with respect to P3 since Py £ Ps. Finally, note that the disequality
tested at (Ps,1,2) is falsified since the subterms being compared are both f(a,b).

When r and P are clear from the context, we just say that a disequality tested at
(P, p1,po) is close/far, and omit that the distinction is done with respect to P. In our
setting, since we want to reason about the disequality tests falsified when performing
a replacement, such an implicit P corresponds to where the replacement takes place.
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In some cases, when py, py are clear from the context or not relevant, we just say that
a disequality is tested at P. Finally, we say that a disequality tested at <]5, D1,D2) is
tested d steps above P if P is d steps above P. We deal with close and far disequalities
separately in the following sections.

4.5.3 Close disequalities

We first tackle the falsified close disequalities in the replacement r[r'] p. Recall that, in
this case, such disequalities are necessarily tested at triplets (P7 P1, P2y where P<P
and P < P.p; V P < P.p,. The following example illustrates some of the challenges
of dealing with close disequalities.

Example 4.46. Let ¥ = {L1:0, a:0, h:1, ¢:2, f:2}, and consider the language L of
terms of the form f(e1, f(ea,... f(em,L)...)), where m >0 and each e; is a term of
the form g(h®i(a),h” (a)) with distinct a;, B; > 0, and if i < m, then e;l1 # eir11
and eila # ei11l2 (i-e., a; # ajr1 and B; # Biv1). Such language can be recognized
by Thihom, using only disequality constraints. In particular, to ensure that oy, B; are
distinct for each subterm e;, we could use a disequality constraint of the form 1 % 2 at
the root position of each e;. Nevertheless, to better illustrate different cases of close
disequalities, we perform such test from the direct parent of e; instead. Let A be the
Thihom,z ({4,444, 9r} 2, {ar}, A), where A is the set with the unconstrained rules
a—q,a—¢, h(q) = q, hiq) = ¢, 9(¢.q") = q4, L — qy, and the constrained rule:

Note that the first disequality atom corresponds to the test c; # 5;, whereas the next
two atoms to a; # ;11 and B; # Biy1, respectively. It is easy to see that L(A) = L.
As an additional remark, note that since all the rules have a single alphabet symbol and
have no implicit equality constraints, there is a bijection between positions and abstract
positions for all runs of A. Thus, in this example both notions are interchangeable.

Assume a given accepting uniform run r of A where we want to replace one of
its subruns r|p reaching qq (i.e., recognizing one of the subterms e;) by a new run
also reaching q, chosen among some candidate Tuns ri,...,r, of A, such that the
close disequalities are satisfied after the replacement. Assume also that P is neither
the shortest nor the longest abstract position of v of the form gy ...qr.qq.A (i.e., that
0 <i < m). Under these conditions, each of the replacements r[r;|p might falsify at
most the following 5 distinct close disequalities with respect to P:

e Let P be the abstract position one step above P (i.e., the direct parent). The
disequalities (Py,1.1,1.2), (P1,1.1,2.1.1), (P1,1.2,2.1.2) tested by the rule r(Py)
are close with respect to P since Py < P < P;.1.1, P1.1.2 (actually, P = P;.1).

o Let Py be the abstract position two steps above P (i.e., the grandparent). The
disequalities (Py,1.1,2.1.1), (P5,1.2,2.1.2) tested by the rule r(Py) are close with
respect to P since Py < P < P».2.1.1, P».2.1.2 (actually, P = P,.2.1). Note that
7(Py) also tests (Py,1.1,1.2), but it is a far disequality with respect to P since
Py <Pand P% Py, 1.1, P £ P,.1.2.
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Hence, each of the close disequalities to consider involves the subterm term(r;|i) or
term(r;|2): in the case of (Py,1.1,1.2), both subterms are compared against each other,
whereas in the remaining close disequalities the tests compare one of those subterms
against another subterm pending at a position parallel to P. These two situations
require different techniques to find an r; satisfying all close disequalities:

e To satisfy (Py,1.1,1.2), we need to guarantee term(r;|;) # term(r;|2). To this
end, in general it is convenient that each of the runs in the list of candidates
T1,...,Tn Satisfies that its subruns pending at 1 and 2 recognize distinct terms if,
and only if, the subterms term(r|p)|1 and term(r|p)|2 that they replace are dis-
tinct. Such condition is captured by the notion of ~*-equivalence between terms
that will be introduced in Definition 4.49. We will prove in Lemma 4.50 that,
when i, ..., recognize terms ~*-equivalent to the subterm term(r|p) being re-
placed, then all the replacements r[r;]p satisfy the close disequality (P;,1.1,1.2).

o To satisfy the remaining close disequalities, we need to guarantee that term(r;|1)
is different from term(r|p 51.,) and term(r|p, ; 1), and that term(r;|2) is differ-
ent from term(r|p, 51.5) and term(r|p, | 5). Since these cases are analogous, we
just focus on guaranteeing term(r;|1) # term(r|p 51 1). To this end, we use the
notion of independence from Section 4.4.2: if term(r|p),term(ry), ..., term(ry)
form a {1,2}-independent set, then either term(r|p)|x, term(ri)|, . .., term(ry)|x
are equal or they are pairwise different, for k € {1,2}. We will prove in
Lemma 4.50 that, when {1,2}-independence holds and the candidates r1,...,r,
recognize distinct terms, then term(r;|1) # term(r|p, o1 .1) is falsified by at most
one of the candidates r; among r1,...,rn. Thus, since we have 4 such close
disequalities to consider, we need n > 4 candidates to ensure the existence of an
r; satisfying all close disequalities.

From the previous example, it is easy to see that a close disequality (P, D1, D2)
in a replacement r[r']p necessarily involves a subterm of term(r’) pending at some
position p’, where p’ is suffix of p1 or ps. We define the set of such suffixes as follows.

Definition 4.47. Let A be a TAipom,z- We define the set of positions suffx(A) as the
set of suffizes of the positions occurring in the disequality constraints of the rules of
A, de, {p| 305 q) € A 3p1,pa: (p1.p # p2) € ¢} where A is the set of rules of
A (recall that disequality atoms are unordered pairs). We just write suff when A is
clear from the context.

Example 4.48. Consider the TAinom,x A from Ezample 4.46, and note that suffy is
{\, 1, 1.1, 2.1.1, 2, 1.2, 2.1.2}. This is a strict superset of the positions of the candi-
date Tuns ri,...,r, identified in FExample 4.46 as being involved in some close dise-
quality (with respect to P in the replacements r[r;]p), i.e., positions 1 and 2.

In order to define replacements that do not falsify any close disequality, we first
introduce an equivalence relation ~4 on terms, induced by a TAjhom, A. Intuitively,
two terms are equivalent if they share the same set of positions among the positions in
suffx, and moreover, they satisfy the same equality and disequality relations among
subterms at such positions.
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Definition 4.49. Let A be a Thihom,x. We define the equivalence relation ~4 on
T(E) as t ~A t' if and only if the following conditions hold:

e Pos(t) Nsuffx = Pos(t') Nsuff,
o Vp1,p2 € Pos(t) Nsuffy @ (t|p, = tlp, < t'|p, =1|p,)-

Now, consider a specific disequality tested by the uniform run 7 at (P, 1, p2), and
assume that it is a close disequality with respect to a pure abstract position P of r.
Given some candidate uniform runs r1,...,r, for replacements of the form r[r;] p, we
prove that at most one of those replacements can falsify the close disequality tested at
(P, p1,pe) if r|p,71,. ..,y Tecognize distinct terms that are ~A_equivalent and form
a suff x-independent set.

Lemma 4.50. Let A be a TAihom,z- Let v be a uniform run of A, and let P be a pure
abstract position of r. Let a close disequality with respect to P be tested at (]3,}51,}32>.
Let rq,...,ry be uniform runs of A reaching the same state as r|p and such that
the terms term(r|p), term(r1),. .., term(ry,) are pairwise different, ~*-equivalent, and
form a suffy-independent set.

Then, for at most one i € {1,...,n}, the replacement r[r;|p falsifies the close
disequality tested at (P, Py, pa).

Proof. We start considering the case {p1,p2} € Pos(r|s). This is straightforward,
since the assumptions that term(r|p),term(ry), ..., term(r,) are ~“-equivalent and
(P,p1,p2) is close with respect to P guarantee that {pi,p2} Z Pos(r[ri]p|p) for
each i € {1,...,n}, and thus, in all the replacements the close disequality tested at
(P,p1,p2) is trivially satisfied. Hence, from now on we assume {p1,p2} C Pos(r|z),
and note that {p1,p2} C Pos(r[r;]p|s) follows for each i € {1,...,n}.

We reason on the underlying terms. Let ¢ = term(r|z), and let s; = term(r;) for
each i € {1,...,n}. Note that t|;, # t|;, holds. Let S be the set of positions of
t where the replacements take place, i.e., S = {p € Pos(t) | 3p € abstract, (P) :
abstract,.(p.p) = P} (note that the set could be equivalently defined changing the
existential quantifier in the condition by a universal quantifier). By definition, S is
a non-empty set of parallel positions, and moreover, the subterms of ¢ pending at
the positions in S are all identical. To ease the presentation, we denote by t|s the
subterm of ¢ pending at any of the positions in S, and by t[s;]s the simultaneous
replacement in t of all the subterms pending at positions in S by s;. Note that, by

the assumptions of the lemma, t|g, s1,...,s, are distinct terms, ~?-equivalent, and
form a suffg-independent set. In order to conclude, it suffices to show that at most
one ¢ € {1,...,n} satisfies ¢[s;]s|5, = t[si]slp.-

By the assumption that (P, p1,p2) is close with respect to P, it follows that there
exists p € S such that p < p; or p < py. Since both cases are symmetric, without loss
of generality we assume p < p;. Let p| be p; — p and note that p} € suffx. Now, we
distinguish cases depending on ps and the positions in S. First, assume that there
exists p’ € S such that p’ < py. Let py be po —p’ and note that p, € suff.. In this case,
it suffices to prove that at most one i € {1,...,n} satisfies si|ﬁ/1 = si|ﬁ/2. But, since
tls ~* s; and tlsly, = tlplp, = tls, # thp =ty lp, = tlslpy, it follows s;|5 # si|p,, for
alli € {1,...,n}. Second, assume that p, is parallel to all positions in S, and consider
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any ¢,7 € {1,...,n} such that t[s;]s|s, = t[si]s|p, and t[s;]s|s = t[s;]s|p,. Note
that, in this case, this condition is equivalent to saying s;|z = t[, and s;|z = t|5,.
It suffices to note that necessarily i = j: otherwise, t[s|p = sily = s;[p, since
{tls;s1,...,8n} is suffx-independent, and thus, t[5, = t|5, since t|s|y = t|ply = tl5,,

contradicting ¢|5, # t|5,. Third, assume that there exists p’ € S satisfying ps < p'.
Then, for all ¢ € {1,...,n} it follows height(¢[s;]s|5,) < height(t[si]s|p,), and thus,
tsi]slp, # tlsilslp.- u

Now we are ready to construct a replacement r[r']p that does not falsify any
close disequality. From the previous result, it is clear that a single candidate 7’
for the replacement at P might not suffice, and instead, we require some uniform
runs ri, ..., 7, such that n is greater than the number of different close disequalities
in 7. Moreover, these r1,...,r, must reach the same state as r|p and satisfy that
term(r|p), term(r1), ..., term(r,) are pairwise different, ~“-equivalent, and form a
suffz-independent set. These conditions are enough to guarantee that if r[r;] p falsifies
a close disequality tested at (P, {1, pa), then no other r[r;]p, with i # j, can falsify
the close disequality tested at (P,py,p2). The following lemma states the number
n of needed candidates to construct m replacements that do not falsify any close
disequality.

Lemma 4.51. Let A be a TAihomz- Let m be a natural number, and let n = hy -
ng +m. Let r be a uniform run of A, and let P be a pure abstract position of r.
Let r1,...,r, be uniform runs of A reaching the same state as r|p and such that
the terms term(r|p), term(r1), ..., term(r,) are pairwise different, ~“-equivalent, and
form a suffx-independent set.

Then, there exists a subset {i1,...,im} of {1,...,n} such that the replacements
rlrilp, ... r[ri,,|p do not falsify any close disequality.

Proof. Note that by Lemma 4.50, each close disequality can be falsified in at most one
of the replacements r[ri]p,...,7[r,]p. Also note that, since a close disequality can be
tested at most hy steps above P and there are ny different disequality atoms in the
rules of A, it follows that there are at most hy - ny different close disequalities that we
need to consider. Therefore, n — hg - ne = m of the replacements r{ri|p,...,7[r.]p,
say, r[ri,|p,-..,r[r:,]p, do not falsify any close disequality.

The previous result is not enough for our purposes, since the arguments in Sec-
tion 4.5.4 need a bound for the case where the candidate terms are not assumed to
be ~A-equivalent or forming a suffx-independent set. These assumptions are neces-
sary when the replacement must be performed at a fixed pure abstract position P of
the uniform run r, but not when such P can be chosen among several possibilities.

Hence, consider some pure abstract positions Py, ..., P, of r such that r|p,...,7|p,
reach the same state and recognize distinct terms. We prove that, when n is “big
enough”, there exists a subset {i1,... %, } of {1,...,n} such that the replacements
r[rlp,1pi,, -5 7[rle, 1P, domnot falsify any close disequality with respect to P, .

The value of such n is given by means of the function Bejese of Definition 4.54, which

uses as intermediate result the following bound for the number of equivalence classes

induced by the relation ~*.
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Definition 4.52. Let A be a Thihom,z. We define Beq(A) as lsuffxl . |suff¢||3“ff¢|.

Lemma 4.53. Let A be a TAihom,z-

Then, the number of different equivalence classes induced by ~* is bounded by
Beq(A).

Proof. The first condition of the definition of ~* induces as many equivalence classes
as subsets of suffy are, and this is bounded by 2lsuff%l  The second condition of the
definition of ~4 depends on which subterms pending at positions in suffx are equal
or different. This condition induces as many equivalence classes as the number of
partitions of the set suff, and this is bounded by |suff|IUf%l. The statement follows
by combining both bounds. |

We now give the concrete definition of Bgjese for the number of needed candidates.

Definition 4.54. Let A be a ThAihom,z. Let m be a natural number. We define
Beiose(A,m) as (hyg - ng +m)lsufxl . |suff 4| Beg (A).

Lemma 4.55. Let A be a TAihom,x. Let m be a natural number, and let n =
Beose(A,m). Let r be a uniform run of A. Let Py,..., P, be pure abstract posi-

tions of v such that the subruns r|p,,...,7r|p, reach the same state and the terms
term(r|p,),...,term(r|p,) are pairwise different.

Then, there ezists a subset {i1,...,im} of {1,...,n} such thatr|p, <...<7|p,
and the replacements r(r|p, |p, ,...,7r[r|p. _ |p, do not falsify any close disequality.

Proof. By Lemma 4.53, there are n’ := n/Be.q(A) pure abstract positions among
Py, ..., P, satisfying that the terms recognized by the subruns at such positions
are ~“4-equivalent. Without loss of generality, we assume that these n’ pure ab-
stract positions are the first ones, i.e., that the terms term(r|p,),... term(r|p ,) are
~A-equivalent. Since n’ is (hy - ng + m)IUf2l . |suff4|!, by Corollary 4.38 there
exists a suffg-independent subset of {term(r|p,),...,term(r|p ,)} with size n" :=
hy - ng +m. Without loss of generality, we assume that this subset is formed by
the terms recognized by the subruns at the n” first pure abstract positions, i.e., that
{term(r|p,),... term(r|p_,)} is suffx-independent. We also assume without loss of
generality that term(r|p) < ... < term(r|p ). Let the ip, of the statement be
defined as n”. By Lemma 4.51 applied on 7, P; and r|p,...,r|p,_,, it follows
that there exists a subset {i1,...,4m—1} of {1,...,n” — 1} such that the replace-
ments r[r|p, |p, ..., 7[r|p, _ ]p, do not falsify any close disequality. We conclude
the proof by assuming without loss of generality that i1 < ... < 4,1, and thus,
T|pi1 L ... K ’I”|Pim_1 <rlp,, - [ |

4.5.4 Far disequalities

We start with a result on far disequalities analogous to the statement on close dise-
qualities of Lemma 4.50. More precisely, consider a specific disequality tested by the
uniform run r at (P, py,p2), and assume that it is a far disequality with respect to
a pure abstract position P of r. Given some candidate uniform runs ry,...,r, for
replacements of the form r[r;] p, we prove that at most one of those replacements can
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falsify the far disequality tested at (P, py, o). In contrast with Lemma 4.50, in this
case the only needed assumptions on rq,..., 7, are that they reach the same state as
r|p and recognize pairwise different terms.

Lemma 4.56. Let A be a TAinom - Let r be a uniform run of A, and let P be a pure
abstract position of r. Let a far disequality with respect to P be tested at (P,py,pa).
Let ry,...,r, be uniform runs of A on distinct terms and reaching the same state as
’r‘|p.

Then, for at most one i € {1,...,n}, the replacement r[r;]p falsifies the far dise-
quality tested at (P,py,pa).

Proof. We start considering the case {p1,p2} € Pos(r|p). This is straightforward,
since the assumption that (P, {1, p2) is far with respect to P guarantees that {p1, pa} Z
Pos(r[ri]p|p) for each i € {1,...,n}, and thus, in all the replacements the far
disequality tested at (P,py,po) is trivially satisfied. Hence, from now on we as-
sume {p1,p2} C Pos(r|s), and note that {p;,p2} C Pos(r[r;]p|s) follows for each
ie{l,...,n}.

We reason on the underlying terms. Let ¢; = term(r|p ;) for i € {1,2}, and note
that ¢; # to holds. For i € {1, 2}, let S; be the sets of positions of ¢; where the replace-
ments take place, i.e., S; = {p € Pos(t;) | 3p € abstract, '(P) : abstract, (p.p;.p) = P}.
By definition, S; is a (maybe empty) set of parallel positions, and moreover, the
subterms of t; pending at the positions in S; are all identical. As in the proof of
Lemma 4.50, we denote by t;[s]s, the simultaneous replacement in t; of all the sub-
terms pending at positions in S; by a term s. In order to conclude, it suffices to show
that at most one term s satisfies ¢1[s|s, = ta[s]s,-

We assume that there exists a term s satisfying ¢;[s]s, = t2[s]s,, and prove that
it is unique. Note that, for each position p; € Si, there is no position ps € Sy such
that p; < pa or pa < p;: otherwise, the condition ¢1[s]s, = t2[s]s, would be false
for any s. Also, note that S; # Ss: otherwise, the condition ¢1[s]s, = ta[s]s, would
imply t; = to since all the replaced subterms of ¢; and t; are identical by definition.
Hence, there exists a position p € (57 — S2) U (S2 — S1). Without loss of generality,
assume that such a p is in S; — S3. The condition ¢1[s]s, = t2[s]s, and the fact that
any position in Sy is parallel with p implies s = t5],, and we are done. |

It is clear from the previous result that a single candidate r’ for the replacement
r[r'] p is not enough to guarantee that no far disequality is falsified. In particular, given
some candidates r1,...,r, recognizing distinct terms, each specific far disequality
can only be falsified by one of the r;’s when performing the replacement at P. In
contrast to our arguments in Section 4.5.3 dealing with close disequalities, note that
the number of far disequalities is not bounded. For this reason, the definition of
the number n of needed candidates is more complex. We start with the following
intermediate lemma where we only consider far disequalities that are “near” P, i.e.,
far disequalities tested at a bounded distance from the pure abstract position where
the replacement is performed.

Lemma 4.57. Let A be a Thihom . Let m, k be natural numbers, and letn = k-ng+m.
Let r be a uniform run of A, and let P be a pure abstract position of r. Let ri,...,ry,
be uniform runs of A on distinct terms reaching the same state as r|p, and such that,
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for a given natural number d, the replacements r[ri]p,...,r[rn]p do not falsify any
far disequality tested at most d steps above P.

Then, there exists a subset {i1,...,im} of {1,...,n} such that the replacements
rlri,lp, ..., r[ri,, | p do not falsify any far disequality tested at most d + k steps above
P.

Proof. Note that by Lemma 4.56, each far disequality can be falsified in at most one
of the replacements r[r]p,...,r[r,]p. Also note that, among the far disequalities
that are tested at most d+ k steps above P, we do not need to consider the ones that
are tested at most d steps above P since they are already satisfied by assumption.
Hence, since there are ny different disequality atoms in the rules of A, it follows that
there are at most k- ny different far disequalities that we need to consider. Therefore,
n—k-ng = m of the replacements r[ri]p,...,r[r.]p, say, r[ri,1p, ..., 7[ri,, ] p, do not
falsify any far disequality tested at most d + k steps above P. |

Now we are ready to tackle the far disequalities that are not “near” P. Consider
that we have candidates r1, . . ., r, such that the replacements r[r{]p, ..., r[r,]p do not
falsify any close disequality. We assume that all of them falsify some far disequality,
since otherwise, no further arguments would be needed. We define an n “big enough”
to guarantee that we are able to construct from subruns of r and from rq,...,7,
new candidates r,...,r, for replacements at a pure abstract position P’ < P such
that, again, r[r]]p:,...,r[r,]p do not falsify any close disequality. Note that in the
case where all of them falsify some far disequality, this argument can be iterated
to obtain new candidates r{,...,7 to perform replacements at a P” < P’ < P,
i.e., at a pure abstract position closer to the root. Hence, we are guaranteed to
eventually find a replacement that does not falsify any far disequality. The number
n of needed candidates is given by means of the function B of Definition 4.59 and
the proof of this fact is given in Lemma 4.60. The function B takes two natural
numbers M and N for which we do not give a concrete definition until Lemma 4.62.
At this point it suffices to assume that they satisfy M - N > B(A,M,N) = n. In
order to illustrate the definition of B, we sketch the steps that we perform in the
proof of Lemma 4.60 to construct the new candidates 7}, ...,r/ and to find the new
pure abstract position P’ for the replacement. We start by noting that, since all the
replacements r[r1]p, ..., r[r,]p falsify far disequalities, we can consider the maximal
pure abstract positions P, ..., P, such that, for i € {1,...,n}, the replacement r[r;] p
falsifies a far disequality tested at P;. We also assume without loss of generality that
P, > P, > ... > P, by reordering the runs r; if necessary (see Figure 4.58). Now,
the proof proceeds as follows:

e As an initial step, we need the pure abstract positions Pi,..., P, to be spaced
between them. In particular, we want any two P, Pj to be more than hyx +
hins steps away from each other. To this end, we first remove from ﬁl, R P,
any repetition of pure abstract positions. Recall that, by Lemma 4.56, the far
disequalities falsified by a candidate r; are necessarily different from the far
disequalities falsified by any other candidate r;. However, since a rule may
have several different disequality atoms, it follows that we can have several

occurrences of identical P;’s. But there are at most ng occurrences of the
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Figure 4.58: Abstract positions where a far disequality is falsified when performing

the replacements r[r1]p, ..., r[r,]p of Lemma 4.60: for each replacement
r[ri]p, the pure abstract position P; corresponds to the deepest pure
abstract position where a far disequality becomes falsified in r[r;]p. The
figure also representes for one of such P; the two positions p;; and pio
involved in the falsified disequality atom of the rule 7(P;), and also the
extension p/ that guarantees that P;.p;o.p} is pure and parallel to P, and
Pi.ﬁil.p; is a prefix of P. Note that, since P is an abstract position,
each replacement r[r;|p actually involves simultaneous replacements at
several parallel positions of r, and hence, the single path depicted in the
figure should be understood as all paths in r with abstract position P.

same element, and hence, it is possible to take from P, ..., P, a selection with
ny 1= n/ny distinct pure abstract positions, say Py,...,P,,. Finally, we can
take a new selection with ng := nq /(1 + hg + hins) pure abstract positions from
1517 o ,]5“1, say ]51, ceey ]5”2, that are more than hg + hpyg steps away from each
other.

We now consider each selected P; and their corresponding positions p;1, pio of
the far disequality tested at P; and falsified by r[r;]p, and consider common
extensions of P;.p;1, P;.p;2 defined by positions p} satisfying that either J_Di.ﬁil.pg
or P, .Di2.p} is pure in r and the terms pending at such abstract positions in 7
are still different (and note that the terms pending at such abstract positions in
r[r;]p must coincide). We prove that for each of such pj, one of the extensions,
say Pi.ﬁil.p'i, is a prefix of P, and that the other one, i.e., P; Di2.p}, is parallel
to P. Among all the possible p;, we choose a minimal one in size such that the
extension P;.p;o .p; parallel to P is pure. Thanks to the fact that the selected
]317 - ,Pnz are spaced between them by more than hy+h,s steps, this extension



4.5. Constraint-satisfying replacements 69

can be done for each P; without reaching any larger Pj, Let @Q; be the extension
P;.pio.p;. We prove that the subruns r|g,, ..., 7”|Qn2 recognize distinct terms.

e At this point, we split {1,...,n2} into two subsets depending on how close
the corresponding P;’s are to P: one subset with the ns closest ones, and the
other with the ny4 := ny — ng remaining ones. Say they are {1,...,n3} and
{ns+1,...,n2}, respectively. Recall that each P; is the maximal pure abstract
position where a far disequality is falsified by the replacement r[r;]p. This
means that the P;’s that are furthest from P necessarily correspond to the
replacements where all the falsified far disequalities are “very far” from P. We
now extract M + 1 indexes from {1,...,n3}, say {1,..., M + 1}, such that,
for each i € {1,..., M}, the replacement r[r|g,]q,,,, does not falsify any close
disequality with respect to Py41. Moreover, for each of such i, we extract a set
of N indexes from {ns + 1,...,n2} such that, for each of such indexes j, the
simultaneous replacement [r|Q,]q,,., [7j]p does not falsify any close disequality
with respect to Ppy1. We prove that nz := |Q|-Belose (A, M41+(2-hg+hig)-ng)
suffices to guarantee the existence of such M + 1 indexes, where the factor |Q|
is required in order to guarantee that r|g,,...,r|g, reach the same state as
7|Qars.- For each of such i € {1,..., M} the generation of the subset of size N
from {n3 + 1,...,n2} must be done depending on ¢ since, even though for all
j € {ns+1,...,n2} the replacement r[r;] p does not falsify any disequality below
Pyr41, it might be the case that it falsifies some such disequality when combined
with the replacement at Qar11. We prove that ng := N + (2 - hg + hing) - ng
suffices to guarantee the existence of such N indexes.

To summarize, it is possible to combine each of the M replacements at Qps41
with the NV corresponding replacements at P, and thus we can define the M-N >
B(A, M,N) = n needed candidates as runs of the form r[r|q,lq.,. [r]rlp,,,,

and the abstract position P’ as ]3M+1.

By considering the values given to ni, ns, ns, and ny in the previous explanation,
we can finally define the global bound B(A, M, N) and prove the main result of this
section.

Definition 4.59. Let A be a TAihom . Let M, N be natural numbers. We define:

B(AaMa N) - naé . (1 + h,73 + hlhs) : (|Q| : Bclose(AaM + 1 + (2 . hc,%: + hlhs) . n,;g)
+N+(2-h¢+h1hs)~n¢)

Lemma 4.60. Let A = (Q,%,F,A) be a ThAihom,z. Let M,N be natural numbers
satisfying M - N > B(A,M,N). Let n = B(A,M,N). Let r be a uniform run of A,
and let P be a pure abstract position of r. Let ry,...,r, be uniform runs of A on
distinct terms reaching the same state as r|p, and such that ri,...,r, < r|p and
each one of the replacements r[ri)p, ..., r[r,]p falsifies at least one far disequality but
does not falsify any close disequality.

Then, there exists a pure abstract position P’ < P of r and uniform runsri,...,r},
of A on distinct terms reaching the same state as r|p/, and such that ri,... 7, <
r|pr and each one of the replacements r[ri|p/, ... ,r[rl]p does not falsify any close
disequality.
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Proof. For each i € {1,...,n}, let P; be the maximal pure abstract position such
that the replacement r[r;]p falsifies a far disequality tested at P;. Without loss of
generality, we assume that P, > P, > ... > P, by reordering the runs r; if necessary.
Note that [term(r|p )| < [term(r[p,)| < ... < [term(r|p )|. By Lemma 4.56 and the
fact that there are ny different disequality atoms in the rules of A, it follows that
for each pure abstract position P’ < P at most ng of the pure abstract positions P;
coincide with P’. Thus, we can choose a subset S of {1,...,n} with size

n = n/(n;e ’ (]— + haé + hlhs)) = |Q‘ : Bclosc(Av M+1+ (2 ’ h% + hlhs) ’ naé)
+ N+ (2-hg + hig) - ny

satisfying that Pj is more than hy 4+ hp,s steps above P; for each i,j € S with i < j,
and that P, is more than hx + his steps above P for each i € S. Without loss of
generality, we assume that S is {1,...,n'}. Note that P, > P, > ... > P, and
term(r|p, )| < [term(r[p,)| < ... <|term(r|p ,)I.

Consider any k in S. Since the replacement r[rg]p falsifies a disequality tested
at Py, it follows that there exist positions pyi,pre such that the atom pp1 % Pro
occurs in the disequality constraint of the rule r(Pg), and moreover, term(r|p )|z, #
term(r|p, )|5,, and term(r[ri]p|p )5, = term(r[ri]p|p, )|, Let pr be the shortest
position such that at least one of P .Dk1-Pk, P .DPk2.pk is defined in 7 (i.e., corresponds
to a pure abstract position of r), and moreover, term(r|p, )|z, p, 7 term(r|p )|5..p,
and term(r[ri] p|p, ) g e = term(r[ri]plp,)|po.p- Note that [pril, [pre| < hx and
|pk| < hins, which implies that P; is not a prefix of Py.py1.py or Py.pra.p for each i € S
with ¢ < k, and neither P is prefix of Py.pr1.pr Or Py.pr2.pr. Also note that Pi.pr1.pr
and Pj.pre.pr are necessarily parallel and at least one of them is a prefix of P,
since otherwise, either term(r|p )|5,,.p, 7 term (7|5, )|p.s.p OF term(r[rilplp )|z, o1 =
term(r[rx]p|p, ) |prs.p. Would be impossible. By Lemma 4.43, without loss of gener-
ality, we can assume that Pj.pr1.pr is a prefix of P, and that Pj.pro.pr is not a
prefix of P. Let pj, be the shortest extension of pj such that Py Dr2-py, is defined in r
(i.e., corresponds to a pure abstract position of r), and moreover, term(r|p,)[5,,.p; #
term(r|p, )|p...py, and term(r[r]p|p, )5 o, = term(r[r]p|p, )5, p, - Note that in the
case where Pj.pro.pi already corresponds to a pure abstract position of 7, then D)
is just py. In any case, we have |p}| < his. Let Qr be the pure abstract position
Py Pr2.p). Observe that all of such @ are parallel with P.

We prove that the terms term(r|q,),...,term(r|q, ,) are distinct by showing that
term(r|q,) is a strict subterm of term(r|g;) for each 1 < i < j < n’. From the
fact that Pj is more than hg + hp steps above P;, it follows that Pj.ﬁjl.pg is a
strict prefix of P;, and thus also of @Q;. Hence, term(r|g,) is a strict subterm of
term(7“|15j)|ﬁj1,p;_. Moreover, since Q; is parallel with P, term(r|g,) is also a strict
subterm of term(r[rj]p|pj)|ﬁjl,p;. Since term(r[rj]p|pj)|ﬁj1'p;_ = term(T[Tj]P|15j>|ﬁj2.p;>
it follows that term(r

Q,) is also a strict subterm of term(r[rj]phsj)|ﬁj2,p;7 ie., of

term(r[r;]p|g,). Finally, since Q; is parallel with P, term(r|q,) is also a strict subterm
of term(r|g, ).
Let m = M +1+(2-hg +hins) - ng, and consider the first | Q|- Beiose (A, m) elements

of S, ie, {1,...,|Q| - Beose(A,m)}. Necessarily, there exists Beiose(A, m) elements
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among them, say {1,..., Beose(A,m)} without loss of generality, such that the sub-
runs of r at the pure abstract positions Q1,...,Qg,,...(4,m) reach the same state.
By Lemma 4.55, there exists a subset {i1,...,%m} of {1,..., Beose(A,m)} such that
rlQ, < ...<1|q,, and the replacements r(r|q, lq,, . ,---:7[rlQ. ]q., do not fal-
sify any close disequality. Moreover, by Lemma 4.57, there exists a subset {j1,...,jm}
of {i1,...,im-1} such that the replacements r[r|q, |q,,., - 7[rlq,, ]q., do not fal-
sify any far disequality tested at most 2 - hyx 4 hiys steps above @;,,. Note that, since
P; is at most hx + his steps above Q;,,, the replacements do not falsify any dise-
quality tested at most hy steps above P; . and hence, they do not falsify any close
disequality with respect to P;,, .

Now, consider the last |S| — |Q] - Belose(4, m) remaining elements of S. Observe
that S" := S\ {1,...,|Q| Belose(4,m)} = {|Q] - Belose (A, m)+1,...,n'} ={n' — (N +
(2-hg + hiws) - ng) + 1,...,n'}. Also, note that, for each i € S’, the replacement
r[r;]p does not falsify any disequality tested below or at P; . Thus, for each i € S’
and each k € {1,..., M}, since P;,, Dip1-p;, and P, Din2-p;, are parallel, it follows
that the replacement r[r|q; lo,, [rilp does not falsify any disequality tested below

m)

or at P; .p;,1.p; . Recall that |p;, 1| < hyx and |p} | < hys. By Lemma 4.57, for
each fixed k € {1,..., M}, we can choose a subset Sy, of S’ with size N such that, for
each i € S, the replacement 7[r|q, |q,,, [rilp does not falsify any disequality tested
below or at ]:Dim, and moreover, it does not falsify any disequality tested at most hx
steps above P;_, i.e., it does not falsify any close disequality with respect to P; . Let
rii be rlrlq, J., [rilplp, for each k € {1,..., M} and each i € Si. Note that all
such rg;’s are uniform runs of A on distinct terms reaching the same state as r| J
Moreover, each of such ry,; satisfies ry; < 7| P and the replacement r[rg;] B s which
in fact produces 1"[7’|ij]Q7.,m [r;]p, does not fz;isify any close disequality with respect
to P;, . Observe that there are M - N > n of such ry;’s. Thus, by defining P’ as P;,,
and r,...,7), as n of such rg;’s, the lemma follows. [ |

At this point it is clear that, by iterative applications of Lemma 4.60, we can
construct a replacement that does not falsify any disequality or implicit equality
constraint—i.e., a replacement that produces a run—whenever we have B(A, M, N)
candidates for the replacement that do not falsify any close disequality. Moreover,
note that since the candidates considered are smaller than the subrun being replaced,
such replacement necessarily decreases the size of the starting run. The following
corollary is an immediate consequence of this fact stating that, when the starting run
is accepting, then it is not a minimum accepting run since we can decrease its size by
performing such a replacement.

Corollary 4.61. Let A be a TAjnom,x. Let M, N be natural numbers satisfying M-N >
B(A,M,N). Let n =B(A, M,N). Let r be an accepting uniform run of A, and let P
be a pure abstract position of r. Let rq,...,r, be uniform runs of A on distinct terms
reaching the same state as r|p, and such that rq,...,r, < r|p and each one of the
replacements r[ri)p,...,r[r,]p does not falsify any close disequality.

Then, r is not a minimum accepting run.

In order to conclude, it only remains to prove that there exist M and N satisfying
M- N > B(A,M,N). In the following lemma we give concrete values for M and N
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that satisfy that condition. Note that there exist alternative definitions, but the ones
we use are rather straightforward and lead to a simple proof.

Lemma 4.62. Let A be a TAinom,z. Let M, N be natural numbers defined as:

Mzng-(l—‘y-h;g—l—h]hs)—kl
N = Ny - (1 + h% + hlhs) . (|Q| . BC]OSE(A7M +1+ (2 ' haé + hlhs) : naé)
4 (2-hg + hing) - ng)

Then, M - N = B(A, M, N).

Proof. 1t follows by replacing the N in the definition of B by the definition of N in
the statement, and factoring the result. More precisely, let X = ng - (1 4+ hg + hpg)
and Y = (‘Q| 'Bclose(A, M+1+ (2 . h¢ + hlhs) . n¢) + (2 . h¢ + hlhs) . n¢), and note that
M=X+1land N=X Y. Then, BAMN)=X- Y +N)=X-Y+X .Y)=
X (1+4X)-V)=(1+X)-X-Y=M-N. |

4.6 Emptiness decision algorithm

In this section we introduce an algorithm that decides emptiness of the language
recognized by TAjhom, in exponential time. In contrast to the previous section, we
can now refrain from reasoning on runs since most of the information they provide
is superfluous in our current setting. In particular, the only relevant data that the
algorithm needs from a run is the term it recognizes and the state it reaches. For this
reason, we focus on a formalism simpler than runs, namely, (term,state)-pairs defined
as follows.

Definition 4.63. Let A = (Q,%, F,A) be a ThAihom,z. A (term,state)-pair (t,q) €
T(X) x Q is called a feasible pair of A if there exists a run of A on t reaching q, and
moreover, it is called accepting if such run is accepting, i.e., if ¢ € F.

We compare (term,state)-pairs by the lexicographic extension of < and an arbi-
trary total ordering on states. We also use < to denote the ordering on (term,state)-
pairs.

Two sets of feasible pairs, called Definitive and Candidates, are maintained as data
structures of the algorithm. Initially, Definitive is empty, and Candidates has all the
feasible pairs (t,¢) such that there exists a run with only one applied rule on ¢ and
reaching q. At each iteration, the minimum pair (¢, ¢) with respect to < in Candidates
is considered. The pair (¢, q) is added to the set Definitive unless it is realized that it
cannot be used to construct the minimum term with respect to < of £(A). This fact
can be detected using the results of the previous section. The following Corollary 4.66
is a direct consequence of combining Corollary 4.61 with Lemma 4.51, and translating
the reasoning to the setting of (term,state)-pairs. We also provide Definitions 4.64
and 4.65 to simplify the notation.

Definition 4.64. Let A = (Q,%X, F,A) be a Thinomx- Let (t,q),(t',q") € T(X) x Q
be feasible (term,state)-pairs. We say that (t',q') is a piece of (t,q) if there exists a
run r of A ont reaching q such that there is a position p € Pos(t) satisfying that r(p)
is defined, r|, reaches ¢', and t|, =1t'.
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Definition 4.65. Let A be a TAihom,z. Let M, N be natural numbers defined as in
Lemma 4.62. We define K(A) as hg -ng + B(A, M, N).

Corollary 4.66. Let A = (Q,%,F,A) be a ThAom,z. Let t,51,...,5k4) be dis-

tinct terms in T (X) with runs of A on them reaching a state ¢ € Q, and such that

{t,s1,...,8Ka)} is suffx-independent, t ~A sy SK(A), and s1,..., 8k a) < t.
Then, (t,q) is not a piece of the minimum accepting pair of A.

According to the previous corollary, in order to discard the addition of (¢, q)
to Definitive, we should consider the set {s | (s,q) € Definitive A s ~4 t} and
check whether it has a subset {s1,...,sk(a)} such that {t,s1,...,sk(a)} is suffyx-
independent. The time complexity of searching for such subset is too high for our
goals. Fortunately, Section 4.4.2 gives us an alternative criterion to determine, in
some cases, that such a subset exists. Along the execution of the algorithm we pre-
serve an invariant stating that each of such sets {s | (s,q) € Definitive A s~ t} is
a (K(A)+1,suffx)-small set of terms. If the addition of ¢ to this set makes it non-
(K(A)+1,suffx)-small, then, by Lemma 4.37, it follows the existence of the subset
{81, sK(A)} mentioned above. Thus, in this case we must discard the pair (¢, ¢q),
since it is not a piece of the minimum accepting pair of A.

In the case where the pair (¢, ¢) is not discarded, it is added to the set Definitive and
used to generate new feasible (term,state)-pairs, which are added to Candidates. This
generation is performed (i) using the left-hand sides of rules in A to determine the
symbols in the top-most positions of the new terms, (ii) using the feasible (term,state)-
pairs in Definitive to instantiate the states appearing in such left-hand sides, and
also (iii) guaranteeing that the specific pair (t,q) is used for the instantiation. This
last condition ensures that all the pairs added to Candidates are new, i.e., that the
algorithm has still not considered them to be added to Definitive (although they may
be already in Candidates due to a previous generation). This generation is defined
formally as follows.

Definition 4.67. Let A = (Q, X, F,A) be a TAihom . Let S C T(X) x @ be a set
of feasible (term,state)-pairs. Let (t,q) € S be a feasible (term,state)-pair. We define
the set of instantiations of A with S and (t,q) as the set of feasible pairs:

{<t/ - l[tl]m e [tn]anq/> | El(l i> q/) € Av {pla v 7pn} = POSQ(l)7
Vie{l,...,n}: {t;,l(p)) €8S,
Jie{L,...,n}: (. U(p)) = (&, ),
Vi,j € {1, .. .,n} : (l(pz) = l(pj) =t = tj),
V(p1 % p2) € c: (p1, D2 € Pos(t') = t'[5, # t'l5,) }

Example 4.68. Consider a TAinom,x A over {a:0, f:2} with set of states {q1,¢2,q3}
and set of rules A = {a = q1lq2, f(q1,92) = q1lg2, f(q1,q1) — g3}, where we use the
notation | — qi1|q2 to simultaneously denote the rules I — g1 and I — qo. Consider
the set of feasible (term,state)-pairs S = {{a,q1),{(a,q2)}. The set of instantiations
of A with S and {a,q1) € S is obtained as follows, were we take into account the
conditions of Definition 4.67 progressively. First, we need to consider all the rules
in A and replace, in all possible ways, each of the states occurring at their left-
hand sides by the term part of a pair in S, ensuring that the state part of such pair
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matches the state being replaced. Thus, we would obtain {(a,q1), {(a,q2) from the
rules a — q1|qa (where no state replacement is performed), (f(a,a),q1), {f(a,a),q2)
from the rules f(q1,q2) = q1|q2 (obtained by replacing q1 and qo by the terms of the
pairs {a,q1), {a,q2) € S, respectively), and (f(a,a),qs) from the rule f(q1,q1) — g3
(obtained by replacing twice q1 by the term of the pair {a,q1) € S). Nevertheless, since
we are doing the instantiation of A with S and {(a,q1) € S, Definition 4.67 requires
that {a,q1) € S is used to replace at least one of the states occurring at the left-hand
side of the rules. Thus, rules a = q1|q2 cannot actually be used in the instantiation
of this example, and the pairs obtained are just (f(a,a),q1), (f(a,a),q2), {f(a,a),qs)
since all of them have used {a,q1) to replace (at least) an occurrence of g1. Finally,
the last two conditions of Definition 4.67 ensure that the pairs generated are feasible,
meaning that the (dis)equality constraints of the rules used in the instantiation are
respected. In this example there is no disequality constraint, and the single implicit
equality constraint of A occurs in the rule f(q1,q1) — g3 between positions 1, 2, and
has been respected when instantiating the pair (f(a,a),qs). In summary, the set of
instantiations of A with S and (a,q1) € S is {{f(a,a),q1), {f(a,a),q2), {f(a,a),q5)}.

When there are no more pairs in Candidates to be considered, the algorithm stops
and states non-emptiness if there is a (term,state)-pair in Definitive where the state
is final. We present in Algorithm 4.69 a formalization of the previous explanations.

Algorithm 4.69 Emptiness decision for the language recognized by a TAihom,z A.
Input: a Thihomz A = (Q, X, F,A).
Data structures: Definitive, Candidates sets of elements in 7 (X) x Q.

(1) Insert in Candidates the pairs (I, q) such that there exists a rule (I < ¢q) € A
with [ € T(X) and satisfying V(p1 % p2) € ¢ (p1,DP2 € Pos(l) = U5, # llz,)-
(2) While Candidates is not empty:
(a) Let (t,q) be the smallest pair in Candidates with respect to <.
(b) Remove (¢, q) from Candidates.
(c) If {s | (s,q) € Definitive A s~ t} W {t} is (K (A)+1,suffy)-small:
(i) Imsert (t,q) in Definitive.
(ii) Insert in Candidates all the elements in the set of instantiations of A
with Definitive and (¢, ¢).

(3) If there is a pair (t,q) € Definitive with ¢ € F, then output ‘NON-EMPTY’, else
output ‘EMPTY’.

Example 4.70. Consider the signature 3 with binary symbols h,g and a nullary
symbol a, and the language of terms over ¥ of the form h(t1,t2) satisfying that tq,ts
are different complete trees over g and a. Such language is recognized by the Thihom, g

122
A = ({4, 4 Gaccept }» 2, {qaccept }> {a — ald’s 9(q,q) — qld’, Mq,q¢") = qaccept}):

where again we use | — q|q’ to simultaneously denote the rulesl — q and 1 — ¢'.

In order to apply Algorithm /.69, we first need to fix an ordering < for terms. We
choose a natural recursive definition: for distinct terms t,t’, if [t| < |¢'|, then t < t/,
and in the case [t| = |t'| (which implies that the sizes are at least 2 sincet #1t'), t < ¢
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if (A =gAt'(AN)=h)V (N =t/ V) Ath <) VEXN) =M At =t At <
t'l2). To lexicographically extend the ordering to (term,state)-pairs we simply assume
<t>(1> << <t’ql> << <t7qaccept>-

We execute Algorithm 4.69 step by step. First, Candidates := {{a, q), {(a,q')} is set
at Step 1. Second, Step 2 is executed repeatedly, where the first four iterations proceed

as follows (to ease the presentation, we do not discuss (K(A)+1,suffy)-smallness in
detail):

1. The <-minimum pair extracted from Candidates is {a,q). Since Definitive is
still empty, Step 2.c is satisfied with a trivial (K (A)+1,suffy)-smallness test.
Hence, Definitive := {(a,q)}, and the pair {a,q) and the current Definitive are
used to instantiate 2 new feasible pairs for Candidates:

Candidates := {{a,¢")} W {{g(a,a),q), {g(a,a),q)}

2. The <-minimum pair extracted from Candidates is {a,q’). Now, Definitive is
non-empty, but its subset {s | (s,q’) € Definitive} is, and thus, Step 2.c is
satisfied. Hence, Definitive := {{(a,q), (a,q'}}. In this case, the instantiation
does not produce any feasible pair: since it is required that the current pair
(a,q'y is used in the instantiation, the only transition rule that we can use is

h(q,q") 172, Qaccept, but it is easy to see that the disequality constraint 1 % 2
cannot be satisfied with the current feasible pairs in Definitive. Hence:

Candidates = {(g(a,a),q), {g(a,a),q')}

3. The <-minimum pair extracted from Candidates is (g(a,a),q). Now, note that
{s| (s,q) € Definitive A s ~* g(a,a)} is empty since suffx = {\,1,2}. Thus,
again Step 2.c is satisfied. Hence, Definitive := {{(a, q), {(a,¢"), {g(a,a),q)}, and
the instantiation produces 3 new feasible pairs:

Candidates := {(g(a,a),q")} & {(g9(g(a,a), g(a,a)),q), (9(g9(a,a),g(a,a)),q),
(h (g(a @), @), Gaccept) }

At this point it would be possible to conclude L(A) # 0 due to the presence of
the feasible pair (h(g(a,a),a), gaccept) in Candidates. Nevertheless, the algorithm
does not stop its execution until Candidates is empty.

4. The <-minimum pair extracted from Candidates is (g(a,a),q’). As before,
Step 2.c is satisfied since {s | (s,q') € Definitive A s ~? g(a,a)} is empty.
Hence, Definitive := {{a, q), (a,q'), {(g9(a,a),q), {g9(a,a),q)}, and the instantia-
tion produces 1 new feasible pair:

Candidates := {<g(g(a" Cl), g(av a))a Q>7 <g(g(a7 CL), g(a'a a))7 q/>a
<h(g(a, a)a a)7 Qaccept>} & {<h(a7 g(a, a)), Qaccept>}

In the neat iteration of Step 2, the algorithm will extract from Candidates the pair
(h(a,g(a,a)), Gaccept) generated in the 4th iteration (which is, in fact, the <-minimum
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accepting pair of A), and insert it into Definitive. Hence, once Candidates is completely
emptied, the algorithm will halt with output ‘NON-EMPTY’, as expected. Note that, in
the detailed iterations, the feasible pairs instantiated are all new, even though this is
in general not the case: the instantiation might produce feasible pairs that are already
in Candidates (the new pairs are only guaranteed to be < -greater than all the feasible
pairs in Definitive ).

Now it remains to prove that our algorithm is correct and terminates in the desired
time. We start stating its time complexity.

Lemma 4.71. Let A be a TAihom,z-

Then, Algorithm .69 on input A takes time in 20 (suffz|”-|Posis|-log |A])

Proof. Let A be (Q,%, F,A) more explicitly written. First note that, by Defini-
tions 4.52, 4.54, 4.59, and 4.65, and Lemma 4.62, K(A) is in 20(suffx|1ogA)  Now,
consider any maximal subset of Definitive with (term,state)-pairs having the same
state and with all the terms belonging to the same equivalence class of ~4, and note
that, since Algorithm 4.69 guarantees that such subset is (K (A)+1, suffx)-small, by
Lemma 4.35 it follows that its size is in 20(suffx|*log|A]) By Lemma 4.53, there
are |Q| - Beq(A) of such subsets, and thus, we have that the size of Definitive is
in 20(suffx[*1og|Al)  Fach time a pair is added to Definitive, new pairs are gener-
ated and added to Candidates. When this happens, the maximum number of new
pairs that can be generated in the instantiation is bounded by |A| - |Definitive|[Posis!,
Hence, the number of pairs inserted in Candidates during the whole execution is in
20(lsuff|*-[Posins|-log |A])  Since each iteration of the algorithm removes a pair from
Candidates, it follows that the number of iterations is in 2€(suffx|*[Posins|-log [A])

It remains to prove that each iteration takes time in 20 (Isuffx|*:|Posis|-log|A]) T
avoid double exponential blowup, we consider a directed acyclic graph (DAG) repre-
sentation for terms. More precisely, the algorithm uses a DAG as an internal data
structure, where each node is labeled by a symbol f € ¥ and has arity(f) ordered out-
edges. In this way, each node of the DAG implicitly represents a term over X, and thus,
each of the terms considered by the algorithm is simply a reference to the appropriate
node in the DAG. Additionally, we consider that the DAG is minimum, meaning that
each two distinct nodes of the DAG represent different terms (note that each time
a new node has to be inserted into the DAG, it can be checked in linear time with
respect to the size of the DAG whether the DAG already contains a node representing
the desired term). This implies that the total size of the representation, i.e., the size
of the DAG, equals the number of distinct terms generated by the algorithm, which
is in 20(Isuffz|*-[Posis|-log |A]) | Now, we analyse the cost of performing each of the steps
in the loop when using such an internal data structure. For Step 2.a, it is necessary
to select the minimum pair in Candidates with respect to <. To this end, it suffices
to compute, for each two distinct nodes of the DAG representing terms ¢, t’, whether
t < t’. The cost of this computation is polynomial with respect to the size of the
DAG when using a dynamic programming scheme, and hence, this step takes time in
9O ([suff |*-|Posins | -log |A]) - Ry Step 2.c, ~“*-equivalence with a term ¢ must be checked:
this consists in testing, for each node of the DAG representing a term ¢’ and each two
positions p1, ps € suff, whether the subterms of ¢,t" pending at positions p1, ps exist,
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and when they do, whether ¢|,,,|,, are represented by the same node of the DAG
(i.e., are equal terms) if and only if ¢/|,,,t'|,, are represented by the same node of the
DAG (i.e., are equal terms). Also for Step 2.c, it is necessary to test (K (A)+1,suff)-
smallness: by Lemma 4.36, this requires at most |Definitive|? - 24| . |suff 4| equal-
ity comparisons between subterms, and such comparisons consist simply in checking
whether the nodes of the DAG representing the involved subterms coincide. Thus,
this step also takes time in 20(suffx|*[Posmsllog |AD  Finally, for Step 2.c.ii, we need
to insert into the DAG the newly instantiated terms, and also avoid the insertion of
repeated elements in Candidates. As justified before, inserting a node into the DAG
takes linear time with respect to the size of the DAG, as we need to keep the DAG
minimum. Avoiding repeated elements in Candidates is straightforward: it suffices to
check whether Candidates already contains a (term,state)-pair with the same state
and referencing the same node of the DAG as the (term,state)-pair to be inserted.

. . . 2. .
Hence, this also takes time in 2€(Isuffx["-[Posim:|log |A]) " and we are done. |

We now prove Algorithm 4.69 to be correct. We start stating the following trivial
property of our algorithm: whenever a feasible pair is not generated, it is due to
having previously discarded another pair needed for its construction.

Lemma 4.72. Let A = (Q, X, F, A) be a Thihom . Let (t,q) € T(X) X Q be a feasible
(term,state)-pair of A satisfying that it is not generated by Algorithm 4.69 on input
A.

Then, there exists a feasible pair (t',q") € T(X) x Q of A such that it is a piece of
(t,q) and is discarded by Algorithm 4.69 on input A.

Proof. We proceed by induction on height(t). Let r be a run of A on ¢ reaching ¢ and
let I < ¢ be the rule applied at root position in r. Let p1,...,pm be the positions in
Posg(1). Note that necessarily m > 0, since otherwise the pair (¢,q) is generated at
Step 1 of Algorithm 4.69. Let t1,...,t,, be the terms t|,,,...,t|p,, and ¢1,...,Gm be
the states I(p1), ..., l(pm), respectively. Note that height(¢;) < height(¢) since p; # A,
and that ¢; is the state reached by the subrun r|,,, for all ¢ € {1,...,m}. Since
(t,q) is not generated by Algorithm 4.69 on input A, then there exists i € {1,...,m}
satisfying that (¢;, ¢;) is either discarded or not generated. Note that such ¢ must exist,
since otherwise, (t,q) is generated at Step 2.c.ii of Algorithm 4.69, contradicting the
definition of (¢, q).

In order to conclude, first assume that (¢;,¢;) is discarded. In this case, the
statement holds by defining the pair (¢, ¢’) of the lemma as (t;,¢;). Next, assume
that (¢;,q;) is not generated. In this case, by induction hypothesis, there exists a
feasible pair (£,§) € T(X) x Q of A such that it is a piece of (;,¢;) and is discarded
by Algorithm 4.69 on input A. Hence, the statement holds by defining the pair (¢, ¢’)
of the lemma as (£, §). |

We are finally ready to prove the soundness and completeness of Algorithm 4.69.

Lemma 4.73. Let A be a TAihom,z-
Then, L(A) is empty if and only if Algorithm 4.69 on input A outputs ‘EMPTY’.
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Proof. Let A be (Q,%, F, A) more explicitly written. The left-to-right direction fol-
lows trivially, since in this case it is not possible to generate a feasible pair (¢,q) €
T(X) x Q of A satisfying that ¢ € F, and hence, the algorithm necessarily outputs
‘EMPTY’. For the other direction, we proceed by contradiction by assuming that there
exists an accepted term, but the algorithm cannot find any accepting pair of A and
outputs ‘EMPTY’. Let (t,q) € T(X) X @ be the minimum accepting pair of A with
respect to <. By assumption, (t,q) is either discarded or not generated by the al-
gorithm. The former case is not possible, since it implies that Definitive contains at
least one pair (¢, q) such that ¢’ ~“ ¢, and therefore (', q) is an accepting pair of 4,
contradicting the fact that the algorithm finds no accepting pairs of A. Hence, assume
that (¢,q) is not generated by the algorithm. By Lemma 4.72; it follows that there
exists a feasible pair (#',¢’) of A such that it is a piece of (¢,¢) and is discarded by
the algorithm. Consider that the execution of the algorithm is at the iteration when
the pair (t',¢') is discarded and let S be {s | (s,¢') € Definitive A s ~* ¢/} W {t'}. We
know that S\ {t'} is (K(A)+1,suffx)-small, but S is not. Hence, by Lemma 4.37,
it follows that there exists a suffy-independent set of terms S C S including ¢’ and
satisfying |S| > K(A) + 1. By definition, all the terms in S\ {#'} also have runs of
A on them reaching the state ¢/, are ~*-equivalent to t’, and smaller than t’ with
respect to <. By Corollary 4.66, it follows that (¢',¢’) is not a piece of the minimum
accepting pair of A, contradicting the selection of (¢, q). |

The next corollary follows from Lemmas 4.71 and 4.73.

Corollary 4.74. Emptiness of the language recognized by a TAihom,z A can be decided

with time in 20(suffz " |Posin-log | Al)

4.7 Consequences

In this section we state the consequences that follow from the decidability of the empti-
ness problem for TAijhom  in exponential time. Since the constructions from [GG13]
summarized in Section 4.2 deal with the class TAnom,, We begin by translating Corol-
lary 4.74 to the setting of TAnom,z-

Corollary 4.75. Emptiness of the language recognized by a TAhom A can be decided
with time in 20((hzn%)* [Posins|log |A])

Proof. Follows from Lemma 4.16, Corollary 4.74, and the definition of suffy for
TAihom,sé' n

Theorem 4.76. Deciding emptiness and finiteness of the language recognized by a
TAhom,z A is in EXPTIME.

Proof. Decidability of emptiness in exponential time follows directly from Corol-
lary 4.75. In the case of finiteness, by Proposition 4.10, a TApomz A’ such that
L(A”) is empty if and only if £(A) is finite can be computed in exponential time with
respect to |A|. Moreover, the bounds on hg(A’), ng(A4’), |Posms(A’)], and |A’| are
such that, by Corollary 4.75, emptiness of £L(A’) can be decided in exponential time
with respect to |A]. |
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Note that, since TAjhom, can be transformed into TApomx in polynomial time as
detailed in Lemma 4.19, from the previous result it follows that the finiteness problem
for TAihom,z is also decidable in exponential time.

Now we give decidability results on the images of regular tree languages under
tree homomorphisms.

Theorem 4.77. The inclusion problem for images of reqular tree languages under
tree homomorphisms, i.e., deciding H1(L(A1)) C H2(L(A3)) for TA Ay, Ay and tree
homomorphisms Hy, Hy given as input, is EXPTIME-complete.

Proof. By Proposition 4.4, two TApom A}, A5 recognizing Hy (L(A1)) and Ha(L(As)),
respectively, can be computed in polynomial time with respect to the size of the input.
By Propositions 4.8 and 4.9, a TAhom,z A recognizing £(A})NL(A%) can be computed
in exponential time with respect to the size of the input. Moreover, the bounds on
hx(A), ng(A), |Posihs(A)|, and |A| are such that, by Corollary 4.75, emptiness of
L(A) can be decided in exponential time with respect to the size of the input. Thus,
we conclude by noting that emptiness of £(A])NL(A}) is equivalent to Hy(L(A41)) C
H3(L(Az2)), and that the problem is EXPTIME-hard by Proposition 4.1. |

Corollary 4.78. The equivalence problem for images of reqular tree languages under
tree homomorphisms, i.e., deciding H1(L(A1)) = Ha(L(A2)) for TA Ay, As and tree
homomorphisms Hy, Hy given as input, is EXPTIME-complete.

Corollary 4.79. The inclusion and equivalence problems for ranges of bottom-up tree
transducers are EXPTIME-complete.

Theorem 4.80. The finite difference problem for images of regular tree languages
under tree homomorphisms, i.e., deciding finiteness of Hy(L(A1))\ H2(L(A3)) for TA
Ay, Ay and tree homomorphisms Hy, Ho given as input, is EXPTIME-complete.

Proof. By Propositions 4.4, 4.8, 4.9 and 4.10, a TAyom,z A such that £(A) is empty if
and only if H;(L£(A1))NHz(L(Az)) is finite can be computed in exponential time with
respect to the size of the input. Moreover, the bounds on hx(A), nx(A), |Posins(A4)],
and | A| are such that, by Corollary 4.75, emptiness of £L(A) can be decided in exponen-
tial time with respect to the size of the input. Thus, we conclude by noting that finite-
ness of Hy(L(A1)) N Ha(L(Asz)) is equivalent to finiteness of Hy(L(A41)) \ H2(L(A2)),
and that the problem is EXPTIME-hard by Proposition 4.1. |

Our results have also implications in the context of term rewriting. The set of
reducible terms of a term rewrite system can be described as the image of a regular
tree language under a tree homomorphism, and the set of normal forms, i.e., the set
of terms for which no rule can be applied, is just its complement. Thus, we can
decide inclusion and equality of such sets with respect to two given term rewrite
systems in exponential time. Since ground reducibility is a particular case of such
problems and it is shown EXPTIME-hard in [CJ03], we conclude that these problems
are EXPTIME-complete.

Corollary 4.81. Deciding Red(Ry) = Red(R2), Red(R;) C Red(R:), NF(R;) =
NF(R3), and NF(R1) C NF(Rg) for given term rewrite systems Ry, Ro is EXPTIME-
complete, where Red(R) and NF(R) denote the set of reducible terms and the set of

normal forms, respectively, with respect to R.
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In [GT95], the question Rel(L1) C Lo is shown decidable for given regular tree
languages L1, Lo and where the relation Rel is defined in several ways according
to a given term rewrite system R. Tree homomorphisms are used to describe the
image of L; through this relation: two tree homomorphisms H; and H,., and a tree
language R. are defined satisfying Rel(L;) = H,.(H; '(Li) N R.), so that deciding
Rel(Ly) C L is done by testing Hr(Hl_l(Ll) N R.) C Ly. The tree homomorphisms
H;, H, depend only on the rewrite system R. The tree language R. depends also
on the relation Rel. Our results allow to improve the results in [GT95] where R, is
a regular tree language. These are when Rel is one of the following relations: the
one rewriting step, the one parallel rewriting step, the one-pass innermost-outermost
step for left-linear term rewrite systems, and the one-pass outermost-innermost step
for right-linear term rewrite systems (see [GT95] for details). In those cases, we are
able to extend the results to decide the question Rel;(L1) C Rela(Lg): analogously,
tree homomorphisms Hy ;, Hy ., Ho;, Ho , and regular tree languages R ., 2 . can be
defined such that Rely(Ly) = HLT(H;J1 (L1) N Ry,c) and Rela(Lq) = HQ,T(Hil(Lg) N
Rj.c), so that deciding Rel; (L1) C Rely(Ls) is done by testing HM(Hl_’ll(Ll) NRy,.) C
H277~(H2_711 (L2) N Ra,c). Under the given assumptions, H1_,11 (L1)N Ry ¢ and HQ_,ll(Lg) N
Ry . are regular languages. Thus, the above inclusion relates two images of regular
tree languages under tree homomorphisms.

Corollary 4.82. Deciding the inclusion Hl,T(H;ll(Ll)ﬁRl’c) C Hg,r(Hil(Lg)ﬂngc)
is EXPTIME-complete for given tree homomorphisms Hy ;, Hy », Haj, Ho » and given
regular tree languages L1, Ly, Ry ¢, R c.

Corollary 4.83. Deciding the equality Rel;(L1) = Rela(Ls) and inclusion Rel; (L) C
Rela(Ls) is EXPTIME-complete for given regular tree languages L1, Ly and a given
term rewrite system R, where Rely, Rely are defined as either the one rewriting step,
the one parallel rewriting step, the one-pass innermost-outermost step if R is left-
linear, and the one-pass outermost-innermost step if R is right-linear.

Now it only remains to tackle the HOM problem. Recall that, by Lemma 4.6, given
a TApom A recognizing the image of a regular tree language under a tree homomor-

phism, £(A) is regular if and only if £(A)NL(linearize(A4, h)) is empty. Unfortunately,
the cost of computing a TApem  recognizing L£(A) N L(linearize(A, h)) is triple expo-
nential when using the constructions from [GG13], as summarized in Definition 4.5
and Propositions 4.8 and 4.9. In order to lower it to a single exponential, we extend
several ideas and transformations from [GG13]. In particular, we refine Definition 4.5

and Proposition 4.8 to obtain in exponential time a TAx recognizing L(linearize(A, h)).
The desired TApom,z can then be obtained by intersecting with Proposition 4.9 such
TAx with the given TApom.

In Definition 4.84 we propose a construction that, for a given TAno, A and nat-
ural number h, directly computes in exponential time a TAyx A’ that recognizes
L(linearize(A,h)). Intuitively, the idea of the construction is to obtain an automa-
ton A’ whose runs compute sets of unreachable states of the linearized A. More
precisely, the states of A’ are sets of states of A, and the rules of A’ ensure that there
exists a run of A’ on a term ¢ reaching a state S if and only if, for each state ¢ in S,
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there is no run of the linearized A on t reaching ¢. This is the typical idea for the con-
struction of a complement automaton, but here we must also deal with the fact that
(i) since we want to recognize the complement of the linearization, we must consider
that the equality constraints of A are falsified whenever the involved subterms have
height greater than the given h (even if the subterms are indeed equal), and (ii) the
left-hand sides of the rules of A are not necessarily flat. For (i), it suffices that the
states record the height of the recognized subterms (up to h 4 1) and then consider
that a rule of A is not applicable if an equality constraint has to be tested between
subterms having height greater than h. For (ii), we proceed as in Proposition 4.8 by
introducing new states of the form g, ,, where r is a rule of A and p is a position of
the left-hand side of r (except A and positions labeled by states). The goal of these
new states is to be able to deal with each non-flat rule as if it was decomposed into
several flat rules.

Hence, the states of A’ are the pairs of the form (S, h), where h is a number in
{0,...,h+ 1} and S is a set containing states of A and new states of the form g, ,,

and the rules of A" are of the form f({S1,h1),...,{(Sm,hm)) L, (S, h), where D is a
disequality constraint constructed by negating equality atoms occurring in the rules
of A. The actual definition of the set of rules of A’ is quite involved. Intuitively, the
rules are defined considering any possible combination of alphabet symbol f of arity
m, states (S1,h1),...,{Sm, hm), and disequality constraint D, and then, for each of
such combinations, considering all the possible states (S, h) that are valid as right-
hand side. The notion of valid in this case can be interpreted as follows. On the one
hand, the height A must be exactly one more than the maximum among the heights
hi,...,hy, of the left-hand side, unless one of them is already h 4+ 1, in which case
h =h+1. On the other hand, the set .S must contain states of A that are guaranteed
to be unreachable with runs of the linearized A given the information provided by
f and D, and inductively by (S1,h1),...,{Sm,m). More precisely, for each term ¢

where the rule f({S1,h1),...,{(Sm,hm)) L, (S, h) can be applied at the root position,
and for each rule r of A reaching a state occurring in S, we must guarantee that r is
not applicable at the root position of ¢. This is equivalent to the union of the following
cases:

e The alphabet symbols occurring in the left-hand side of the rule r do not match
with the symbols occurring at the root position of ¢ at the respective positions.
Note that this forces the states to keep information about the symbols occurring
below in some way.

e A state occurring in the left-hand side of r at a certain position p is unreachable
by the linearized A on t|,. Thus, we also need to keep information about the
unreachable states below.

e The equality constraint of r cannot be satisfied by the linearized A, either
because two subterms involved in an equality test are different, one of them
does not exist, or their height is greater than h.

If r is a flat rule with only the root position labeled by an alphabet symbol, then
the previous conditions can be checked as follows. The first item is satisfied if the



82 Chapter 4. EXPTIME-completeness of the HOM problem

alphabet symbol of  does not match with the alphabet symbol f of the rule that is
being generated. The second item is satisfied if one of the sets S; occurring in the
left-hand side of the constructed rule contains the state occurring in the left-hand
side of r at position i. And finally, the third item is satisfied if  has an equality
atom p; = py and the recorded heights at those two positions of the generated rule
are h+ 1, or if D includes the negation of such atom, i.e., p; % ps. In the case where
r is not a flat rule, these conditions can be checked analogously using the states of
the form ¢, , as intermediate steps of the computation.

Definition 4.84. Let A = (Q,%, F,A) be a TApom. Let h be a natural number. The
h-complement of A is the TAx (Q,X, F,A) where:

o () =20vQ" x {0,...,h+ 1}, where the set of new states Q' is defined as {q, |
r=(15q) €A A p€Poss(l)\ {\}},

e F={(S,h) € Q| FCS},

e A is the set of all rules of the form f({(S1,h1), ..., (Sm,hm)) EEN (S, h) satisfying
the following conditions:

— [ is a symbol in X with arity m,
— (S1,h1), s (S ), (S, 1) € Q,
— h=min{h + 1, max{l + hy,..., 1+ hy, }} where max( = 0,

— D is a conjunction of disequality atoms, and each py % ps occurring in D
satisfies that the atom p1 = po occurs in the constraint of some rule in A,

— each state ¢ € Q occurring in S satisfies the following condition for each
rule v € A of the form f(l1,...,1n) = q: there exists i € {1,...,m} such
that (I; € QN S;)V (¢r; € Q'NS;), or there exists j € {1,...,m} such that
the position j occurs in ¢ and h; = h 4 1, or there exist positions pi,p2
such that p1 = pa occurs in ¢ and py % ps occurs in D,

— each state qrp € Q' occurring in S, with r being | 5 ¢ more explicitly
written, satisfies the following condition: l(p) # f, or there exists i €
{1,...,arity(l(p))} such that (I(p.i) € QN S;) V (¢rps € Q'NS;), or there
exists j € {1,...,arity(I(p))} such that the position p.j occurs in ¢ and
hj =h+1.

Example 4.85. Consider a signature 3 consisting of a binary symbol f and a nullary
symbol a. Let A = (Q,%, F,A) be a TAhom, where Q = F = {q} and A = {a —
q, f(f(q,9),f(q,q)) = ¢} with ¢ forcing equality between the positions 1.1, 1.2, 2.1
and 2.2. It is clear that A recognizes the language of complete trees over ¥ having an
even height. Now we assume a given natural number h and show how to construct
the h-complement TAx A’ = (Q,%,F,A) of A. First we focus on the set Q' of
Definition 4.84. Recall that Q' contains new states whose goal is to identify positions
of the left-hand sides of the rules of A that are unreachable. Only the rule r =
(f(f(q,q9), flg,q)) = q) requires to introduce such new states, and we have Q' =
{qr1,qr2}. It follows that the set of states Q are the pairs of the form (S,h), where
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S C{q,qr1,qr2} and h € {0,...,h + 1}, and that the set of final states F has the
pairs (S, h) satisfying that ¢ € S. Now it only remains to define A. Each of the rules
of A has a constraint D composed of disequality atoms obtained by negating some
of the equality atoms occurring in the rules of A. This implies that, in our case, D
can be any conjunction of atoms of the from p1 % pa, where p1 and ps are different
positions in {1.1, 1.2, 2.1, 2.2}. To simplify the explanation, we denote by D any of
such possible constraints. Then, the rules of A have two possible forms. The first

option is a L, (S,0), where S C {qr1,qr2}. Note that the height of the recognized
term is necessarily 0, and that we do not allow S to contain the state q (since runs of

A on the term a can reach q). The other option is f((S1,h1), (S2, ha)) EEN (Ss3, hs),
where (S1,h1) and (So,hs) are any state of Q, and (Ss, hs) satisfies the following
conditions. First, hsg is the minimum between h + 1 and max{1 + hq,1 + h2}. And
second, Ss only contains states of Q and Q' that are guaranteed to be unreachable
given the information provided by (Si,h1), (S2,he), and the constraint D: g,1 and
gr2 are guaranteed to be unreachable if either g € S1, ¢ € S2, hy >h, or hg >h, and
q 1s guaranteed to be unreachable if either g1 € S1, ¢r2 € S, or D is not empty.
Note how the linearization is subtly simulated in this construction by considering g,
and g, 2 unreachable when any of the recognized subterms has height greater than h.

Lemma 4.86. Let A be a TAhom with signature X, and let h be a natural number. Let
A’ be the h-complement of A.

Then, L(A") = L(linearize(A,h)). Moreover, A" can be computed with time and
space in 20 (([Al+log(®)) maxar(X)+og(12D) - gnd such that the following bounds hold:

o ha(A) =ho(A),
o nx(A) =nx(A).

Proof (Sketch). The fact L(A") = L(linearize(A,h)) can be proved by induction on
the height of the recognized terms. However, since the proof is quite technical but
not conceptually difficult, we just give the needed intuition. Consider a run r of A’
on a term ¢ reaching a state (S,h). Recall that the goal of S is to compute states
of A that cannot be reached by linearize(A,h) when recognizing ¢. In order to reason
about the definition of S, consider a state ¢ € S and a rule | < g of A, and note that
we must guarantee that such rule cannot be applied at the root position of ¢t. This
condition is equivalent to the union of the following particular cases:

e The alphabet symbols occurring in [ do not match with the symbols occurring
in t at the respective positions.

e For a position p € Pos(l) labeled by a state g of A, the state ¢ cannot be reached
by linearize(A,h) when recognizing t|,.

e The constraint ¢ is unsatisfiable since it contains an atom p; = ps and either
the subterms ¢|,, and t|,, do not exist, or are different, or their height is greater
than h.

If each rule of A with right-hand side ¢ satisfies any of the previous conditions, then
g cannot be reached by linearize(A,h) when recognizing ¢. Note that the definition of
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the rules of A’ checks precisely these conditions, and that the only difficulty stems
from the fact that the left-hand sides of the rules of A are not necessarily flat. The
h-complement construction deals with the non-flat rules by introducing new states
that identify each of the positions of their left-hand sides (except A and the positions
labeled by states), and then using these new states to propagate upwards the relevant
information.

The previous justifications are enough to see that the definition of A’ is sound. In
order to see that it is also complete, note that the states (S, h) of A" are constructed
considering any possible combination of S and h, and moreover, for the rules of A’
any possible left-hand side f({S1,h1),...,{Sm,hm)) and disequality constraint D is
considered. This is enough to guarantee that, among all the possible runs of A’ on a
term ¢, there are runs computing maximal sets of unreachable states. This maximality
implies completeness.

It only remains to analyse the cost of the construction. Note that the number
k of states of A’ is bounded by 2/4l . (h + 2). Moreover, note that the number of
different rules of A’ is at most k™ (X)+1.|53|.27=(4) "and that the size of each one of
them is bounded by maxar(X) + 2 4 |A|, where |A| bounds the size of the disequality
constraint. Hence, |A’| is in 20(([Al+log(h))-maxar(Z)+log(I=)+n~(A)) Tt is easy to see
that the cost of computing the transformation is polynomial with respect to |A’|, and
that hx(A’) = hx(A) and ng(A’) = nx(A), and hence, the statement holds. |

As a technical detail, in order to apply Proposition 4.9 to the h-complement of a
TApom, We also need to show that it admits deterministic accepting runs (see Defini-
tion 4.2 for the notion of determinism). The proof is not technically difficult, but we
include it to provide more intuition on the transformation.

Lemma 4.87. Let A be a TAnom, and let h be a natural number. Let A’ be the
h-complement of A.
Then, A’ admits deterministic accepting runs.

Proof. We first note that, for any term ¢, there exists a run r of A’ on ¢ that computes
maximal sets of unreachable states. In other words, an r satisfying that, for each
position p € Pos(t), the subrun r|, reaches the state of the form (S,h) where h =
min{h + 1, height(¢|,)} and S is such that there exists no run of A’ on t|, reaching
a state of the form (S, h) with S’ € S. We call such r a maximal run of A" on ¢.
The previous fact is not enough, since a maximal run needs not be deterministic: this
is because although two occurrences of the same subterm are evaluated to the same
state in a maximal run, it might happen that this state is reached using rules whose
constraint is different. However, it is easy to see that, among all the maximal runs of
A’ on t, there necessarily exists a maximal run r satisfying r(p1) = r(p2) if t|p, = t[p,,
for each two positions py, ps € Pos(t). Such r is necessarily deterministic. In order to
conclude, we just note that any term in £(A’) admits a deterministic maximal run of
A’ on it, and such run is necessarily accepting by the definition of the final states of
an h-complement. |

Note that Lemmas 4.86 and 4.87, and Proposition 4.9 guarantee that we can com-

pute a TApom, z recognizing L(A) N L(linearize(A, h)) with size exponentially bounded
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by |A|, even though h itself is already exponential with respect to |A|. We can finally
state the complexity of deciding HOM.

Theorem 4.88. The HOM problem is EXPTIME-complete.

Proof. Assume a given TA A and a tree homomorphism H. By Propositions 4.4
and 4.9 and Lemmas 4.6, 4.86, and 4.87, a TApom,z A’ such that £(A’) is empty if and
only if H(L(A)) is regular can be computed in exponential time with respect to the
size of A and H. Moreover, the bounds on hg(A’), ng(A’), |Posins(A")|, and |A'| are
such that, by Corollary 4.75, emptiness of £L(A’) can be decided in exponential time
with respect to the size of A and H. Thus, we conclude by noting that the problem
is EXPTIME-hard by Proposition 4.1. |






Chapter 5

Decidability of global reflexive
disequality constraints

In this chapter we focus on automata with global disequality constraints. In this
setting, the constraints that must be satisfied by the runs are associated with the
automaton itself and not with its transitions. The atomic predicates occurring in
such constraints are disequality expressions of the form ¢ % g2, for states ¢; and g»
of the automaton, and are satisfied by a run r on a term ¢ if the following property
holds: for each two distinct positions p; and ps of ¢ such that the subrun r|,, reaches
¢1 and the subrun r|,, reaches ga, the subterms t|,, and t|,, are different. We tackle
the emptiness and finiteness problems for the subclass TAG;)R of tree automata with
global reflexive disequality constraints. More precisely, this subclass is defined by
imposing the following additional requirements on the form of the global disequality
constraint: (i) the global constraint is a conjunction of positive atoms, instead of an
arbitrary Boolean expression, and (ii) the global constraint defines a reflexive relation
on the states occurring in it, that is, whenever the constraint has an atom of the form
q1 % q2, then it also contains the reflexive atoms ¢; % ¢1 and g2 % ¢2. We obtain triple
exponential time algorithms for both decision problems. The outline of the proof for
emptiness proceeds as follows. In a first step, a transformation of the given TAG%R is
defined in order to obtain a simpler setting for the remaining reasonings. Then, an
inference system is used to construct runs on this new setting. Such inference system
guarantees along the construction of the runs that the global disequality constraint is
satisfied. Finally, we show that the inference takes triple exponential time, and that it
constructs an accepting run if and only if the language recognized by the given TAGQR
is not empty. Finiteness of the recognized language is tackled similarly. In particular,
we prove that the number of inference steps performed to construct a run has a direct
correspondence with the height of such run. Hence, if we detect that it is possible
to pump some of the inference steps performed while constructing an accepting run,
then we can conclude that there are arbitrarily high terms in the language.

The organization of this chapter is as follows. In Section 5.1 we give a general
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definition for tree automata with global (dis)equality constraints, introducing a uni-
form notation to easily refer to variants on the form of the global constraint. We
also summarize how those variants compare with each other with respect to expres-
siveness, giving especial emphasis to the expressive power of classes closely related to
the model TAG%R studied in this chapter. In Section 5.2 we give an overview of the
original insight that led to the proof for the decidability of the emptiness and finite-
ness problems for TAG%R‘ In Sections 5.3 and 5.4 we analyse properties of TAG%72 and
define the transformation that simplifies the setting, respectively, and in Section 5.5
we present the inference system and tackle the decision of emptiness and finiteness for
TAG;R. Finally, in Section 5.6 we show how to adapt the previous decision results to
automata with global reflexive disequality constraints that run on unranked ordered
terms.

5.1 TA with global constraints

We define a class of tree automata with global constraints that generalizes the orig-
inal notion of automata with global constraints TAGED from [FTT08, FTT10]. Our
definition is parametric in order to easily restrict which type of atoms may occur in
the global constraint. Intuitively, with the constraint type ~ as parameter we allow
atoms of the form ¢; ~ ¢, and with the constraint type % we allow atoms of the form
q1 # q2. To obtain a unified notation for the automaton classes studied here and in
the literature, we also define several particularizations of those two constraint types.

Definition 5.1. A tree automaton with global constraints over the constraint types
Ti,...,Tn 5 denoted TAG;, ., and defined as a tuple A = (Q, %, F,A,C), where
(Q, X, F,A) is a TA, denoted ta(A), and C, called the (global) constraint, is a Boolean
combination of atomic constraints of types T1,...,T,. A TAG,, . - 15 called positive
conjunctive, denoted TAG¢1,...,rn; when its global constraint is a conjunction of atomic
constraints. For the fragment TAG%,...,TM the global constraint C' is indistinguishably
treated as a set of atoms, and moreover, we denote that a state q is involved in some
atom of C as q € C, and say that q is a constrained state.

We define the constraint types ~ and % as follows: an atom of type =~ (respectively,
%) is an unordered pair of the form q1 =~ qa (respectively, q1 % ¢2), where q1,q2 € Q.
Additionally, for the positive conjunctive fragment of automata with global constraints
we introduce several particular cases of both constraint types. These new types are
defined by restricting which kind of relation may be induced on the states occurring in
the global constraint:

o The type ~7 is the particular case of = where the atoms of type =~ only relate
identical states, that is: the constraint has no atom of the form q1 =~ qo where
q1 and g2 are distinct states. Analogously for the type 1.

o The type =g is the particular case of =~ where the induced relation on the states
occurring in atoms of type = is reflexive, that is: whenever the constraint has
an atom of the form q1 =~ qo, then it also contains the reflexive atoms q1 =~ ¢,
and qo =~ qo. Analogously for the type #x.
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o The type =~ 4 is the particular case of =~ where the induced relation on the states
occurring in atoms of type =~ is anti-reflexive, that is: the constraint has no
atom of the form q ~ q. Analogously for the type %.4.

A run of A on a term t € T(X) is a run of ta(A) on t satisfying the global
constraint C, where the satisfiability of Boolean expressions is as usual, and the sat-
isfiability of the atomic predicates of types ~ and % is defined as follows: an atom of
the form q1 =~ qo (respectively, q1 % q2) is satisfied if and only if, for each distinct
p1,p2 € Pos(t) such that the right-hand sides of the rules r(p1) and r(p2) are ¢1 and
q2, respectively, t|,, = t|p, (respectively, t|p, # t|p,). We adapt the usual definitions
on runs: term(r) = t, Pos(r) = Pos(t), height(r) = height(¢), and the notion of sub-
run 7|, and replacement r[r'], for p € Pos(r) and some other run r' of A. The state
reached by r is the right-hand side of r(\). The run r is called accepting if it reaches
a state in F'. A term t is accepted/recognized by A if there exists an accepting run of
A on t. The language recognized by A, denoted L(A), is the set of terms accepted by
A. By L(A,q) we denote the set of terms for which there exists a run of A on them
reaching q.

We remark that a constraint of the form —(g; &~ g2) is not equivalent to g1 % go
since a universal quantifier is involved in the interpretation of the atoms. Similarly
for —(q1 % q2) and q; = ¢o.

It is easy to see that the class RTA from [JKV11] is equivalent to TAGY _, and that
the class TAGED from [FTT10] is equivalent to TAGY, , ,. We informally generalize Defi-
nition 5.1 in order to capture the automaton models studied in [Vac10] and [BCGT13].
First, we adopt from [Vacl0] the constraint type N, which allows to impose restric-
tions on the number |g| of occurrences of a given state ¢ in a run, or the number ||q||
of distinct subterms reaching a given state ¢ in a run. The atoms of type N are ex-
pressions of the form a1|q1|+. ..+ an|gn| ® k or of the form aq||q1|| +. ..+ anllgn|| @k,
where ® is any operator in {>,<,=} and ay,...,an,k are natural numbers, with
straightforward interpretations. In [BCGT13], a class TABGx » y is introduced merg-
ing the model with global constraints TAGx » n and the model with local constraints
AWCBB. Moreover, all constraints in TABGx~ 4 n are interpreted modulo a flat equational
theory: local and global (dis)equality tests are performed modulo the given theory,
and the number ||g|| is reinterpreted to be the number of distinct equivalent classes
(modulo the given theory) of subterms reaching ¢ in a run. For a formal definition of
flat equational theories, see [BCG113].

5.1.1 Analysis of the expressive power

Here we summarize how the distinct classes of automata with global constraints relate
to each other in terms of expressiveness (see Figure 5.2). We start with known results
from the literature. First, in [Vacl0] it is shown effective equivalence between the
classes TAGr, %, v and TAGQWS. In [BCG13], a reworked proof is proposed for effective
equivalence between TABGx » n and its positive conjunctive fragment TABGY, ,. The
constructions used in this latter proof easily allow to conclude effective equivalence
between the subclass of TAGx x n where the global constraint has no atom of the form
q # g and TAGY, ,  (i.e., TAGED), which in turn is proved in [FTT10] to be effectively
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TABGx, v ———= TABGr, ——— TABG,
T
TABGL TAGx N =———= TAG~ » ——— TAGL, TABGY,
TATGQ >(TAG;#AT(TAGED) TATGQe
\ -
TA(|;|gR TAGL , AWCBB TAGL, , TA(I;R
TAGQ|I|(RTA) TA TA(T;/\I

Figure 5.2: Classes of tree automata with local and global constraints. Effective strict
inclusion is denoted —, effective equivalence is denoted ==, otherwise
the classes are incomparable.

equivalent to TAngﬁéA by means of an exponential time transformation (these two
relations are not depicted in Figure 5.2 to keep its presentation simpler). Such expo-
nential time transformation also leads in [FTT10] to the effective equivalence between
the classes TAGY, TAGL ,, and TAGZ (i.e., RTA). To prove that these classes are also
equivalent to TAGL , as depicted in Figure 5.2, it suffices to transform TAGL, into
TAGL .- Since this is out of scope and rather straightforward, we just do it intuitively:
for each atom of the form ¢ & ¢ in the given TAGL _, we generate a synonym ¢’ of ¢ and
replace the atom by ¢ ~ ¢/, and additionally, force accepting runs to have either (i)
no occurrences of ¢ and ¢, (ii) exactly one occurrence of ¢ and none of ¢/, (iii) exactly
one occurrence of ¢’ and none of ¢, or (iv) some occurrences of both ¢ and ¢’ (this can
be done by enriching the states to count, up to 2, the number of occurrences of ¢ and
¢' in a run). Strict inclusion of TAGS ., (i.e., TAGED) in TAGx  is proved in [Vacl0].
From the constructions done in that proof it can also be concluded that TAG%I is
incomparable with TAGQ#M (i.e., TAGED). Finally, the incomparability between the
automaton models with global constraints and AWCBB is also tackled in [Vac10].

We now characterize the expressiveness of TAG;\,R by comparing it with two close
variants of the disequality constraint: TAG/\A and TAG/\I. In Lemma 5.3 we conclude
that the classes of languages recognizable by TAG%72 and TAG%I are incomparable with
the class of languages recognizable by TAGQA. In Lemma 5.4 we show that TAG;)R are
strictly more expressive than TAGQQZ. To ease the presentation, we denote terms of
the form f(t1, f(to, f(t3,. .. [(tn—1,tn)...))) @S fit; tarta, . tn_1,ta]» Where n > 2 and f
is a binary symbol. Note that, for i € {1,...,n — 1}, the term ¢; occurs in such term

1—1 n—1
at the position 2...2.1, whereas t,, occurs at the position 2...2. In order to use a
uniform notation in the arguments, we will reason on the first n — 1 terms ¢;, and
ignore the last term ¢,.



5.1. TA with global constraints 91

Lemma 5.3. The class of languages recognizable by TAG/\A is incomparable with the
A

classes of languages recognizable by TAG, . and TAG;I with respect to inclusion.
Proof. We first show that the class of languages recognizable by TAGQA does not in-
clude the classes of languages recognizable by TAGQR and TAGQZ. This can be directly
concluded from [Vacl0] since, as stated before, the arguments there for proving strict
inclusion of TAGL, . , (i.e. TAGED) in TAGx  also allow to conclude that TAGS ., , (i.e
TAGED) and TAG;I are 1nc0mparable

We now show that the class of languages recognizable by TAG%A is not included
in the class of languages recognizable by TAGQR. Since TAG;I is a particular case
of TAG%737 this claim holds also for TAG;I. Consider the following language over the
signature ¥ := {a:0, h:1, f:2}:

L= {f[hk(a)ﬁhkl(a) . hkn (a),a] ‘ n>1ANkky,....,kn, >0 A k 7é ki,.. .,kn}
It is straightforward that L can be recognized by a TAGQSA. We proceed by contradic-
tion assuming that there exists a TAGQR A recognizing L. Let n be a natural number

strictly greater than the number of states of A, and consider the following term in L
of the form fl; 4, ¢, t,n.a)"

nl+n-—1 :
h =t

f
\ e

h =1lpn

a

By the assumption, there exists an accepting run r of A on such term. Since n is

greater than the number of states of A, and n"” is greater than the number of different

sequences of states of A of length n, there exist two distinct 4,7 > 1 such that the
— ——

positions p; :=2...2.1 and p; :=2...2.1 are defined in r and the subruns r|,, and

7|y, are identical. Since the relation defined by the global constraint of A is reflexive,
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the identical subruns r|,, and r|,, cannot contain constrained states. Moreover, since
height(r|p,) = n — 1 and n is greater than the number of states of A, the run r|,, can
be pumped to obtain another run r’ of A satisfying the following conditions: the term
recognized by 7’ is h™*+"~1(a) = t, the states reached by ' and r|,, coincide, and r’
does not contain constrained states. It is easy to see that r[r’],, satisfies the global
constraint of A, and that it is an accepting run of A on the term fj; ;.
which is not in L, a contradiction.

Stic1btipt,tan )

Lemma 5.4. The class of languages recognizable by TAG;}I is strictly included in the

class of languages recognizable by TAG;R

Proof. Since TAG;I is the particular case of TAG;\LR where only atoms of the form ¢ % ¢
are allowed, the inclusion holds and it suffices to prove that it is strict. Consider the
following language over the signature ¥ := {a:0, h:1, f:2, ¢:3}:

L = {g(fino1 (a),....hon (a),a)» B2 (@), finm (a),...ohom (a),a)) |73 > 1,
ap, ... an,ﬁﬁl,-uﬁmZO’
Vicicj<n @04 # Qj,
Vi<i<j<m 1% # Vi
5750417...,Ozn,’717...,’7m}

It is straightforward that L can be recognized by a TAG%R. We proceed by contradic-
tion assuming that there exists a TAGQ6I A recognizing L. Let n be a natural number
strictly greater than the number of states of A, and consider the following term ¢ € L,
where k =2-n-(n+1):

h

f
/\ 2-k-n! : /\
l

h h /
n! : /\ nl : /\
7 LT
a 21! f a 21! f
h N h N
‘ h a ‘ h a
a k-n! a k-n!
h h
| |
a a

By the assumption, there exists an accepting run r of A on t. We now define all the
subruns of 7|; that recognize subterms of t|; of the form h(h(...h(a)...)). Moreover,
we want to refer to them by their height. Hence, let r; 4 be the subrun of r|; at position
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i—1 inl—d

~ =~ . .
2...2.1.1... 1, foralli e {1,... .k} and d € {0,...,7-n!}. Note that height(r; ¢) = d
foralli e {1,...,k} and d € {0,...,7-n!}. Consider two different runs r; 4 and r; 4,
and observe that r; 4 and r; 4 cannot reach the same state ¢ of A if ¢ is a constrained
state, because the atom ¢ % ¢ of the global constraint of A would be falsified since
term(r; 4) = term(r;4) = h%(a). It follows that, for a fixed d, the number of 7; 4's
reaching some constrained state is smaller than n. Hence, for a fixed d, the number of
r;,4’s containing some constrained state is smaller than n- (d+1). Let r; be r; j.p1, for
i—1

all i € {1,...,k}. Note that those are the subruns of r|; at positions 2...2.1. The
number of r;’s whose subrun of height n contains a constrained state is smaller than
n-(n+1). Let 7; 4 be the subruns of r|3 defined analogously to the definition of r; 4
as subruns of r|;, and let 7; be 7; ;.,,;. By an analogous argument, the number of 7;’s
whose subrun of height n contains a constrained state is smaller than n - (n 4 1). By
definition of k, it follows that there exists e € {1,...,k} such that r. and 7. satisfy
that their subruns of height n do not contain any constrained state. Moreover, since
term(r.) = term(7.) = h®™(a), it follows that r. 4 and 7, 4 cannot reach the same
state q of A if g is a constrained state, for all d € {0,...,e - n!}.

Note that the subruns of r. and 7. of height n, which do not have constrained
states, can be pumped to transform r. and 7, into new runs r! and 7, for i > 0,
satisfying the following conditions:

(a) term(r?) = term(7) = h(i+€)™(a), i.e., we can obtain runs on terms of the form
h(h(...h(a)...)) with a height greater than e - n! and multiple of n!.

(b) For each position p € Pos(r!) such that r¢|, reaches a constrained state, it holds
that p € Pos(r.) and r.|, reaches a constrained state. Analogous for 7} and 7.

(c) For each position p € Pos(r?) such that ri|, and 7|, reach constrained states,
it holds that such states differ.

A particular consequence of condition (b) is that, for all ¢ > 0, any position p such
that ri|, or 7|, reaches a constrained state necessarily satisfies |p| < e -n! —n. By
condition (a), for each i > 2 -k — e, the runs r? and 7! satisfy that height(rl) =
height(7¢) > 2 - k - n!. For any such i, the height of any subrun of 7¢ or 7 reaching a
constrained state is greater than 2-k-n!— (e-nl—n)=(2-k—e)-nl4+n > k-nl+n.

Hence, since k-n! is the maximum height of r1,...,7g,71,..., 7k, constraints between
subruns of 7%, 7% and of r1,...,7k,71,...,T are satisfied. Therefore, the subrun r|s

and the subrun r. must share a constrained state at the same respective position,
since otherwise, we can replace 7. by r2*~¢ and obtain an accepting run on a term
not in L. The same applies to 7.
e—1 i

Let p. be the position 2...2.1, i.e., the position where r. occurs in r|; and 7,
occurs in 7]3. Let p,p be the shortest positions in Pos(r|2) such that re|, and r|2,
reach the same constrained state and 7.|; and |2 5 reach the same constrained state.
By condition (c), it follows that p # p. Assume without loss of generality that p < p.
We want to pump 7. and 7, to obtain runs of height 3-k-n!, and swap the subruns of
r at positions 1.p..p and 2.p to obtain an accepting run r’ on a term not in L. First,
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let 7/ be r3*=¢ and let 7, be 7>*~¢. Note that height(r)) = height(7.) = 3 - k - n!
and, by the same arguments as before, the height of any subrun of 7., or 7, reaching a
constrained state is greater than 3-k-n!—(e-nl—n) = (3-k—e)-nl+n >2-k-nl+n.
Hence, since 2 - k - n! is the maximum height of r|s,71,...,7%,71,. .., Tk, constraints
between subruns of r, 7, and of r|s, 71, ..., 7k, T1, ..., T} are satisfied. Second, let " be
the replacement 7[r|2.p]1.p. .p[7elpl2.p[7e])3.p. - Note that term(r’) € L since term(r')| =
term(r’)|3,. = h3*™(a). By condition (c) in the definition of ri and 7 and the
assumption p < p, constraints between the subruns 7/|o and 7/|3,, are satisfied.
Finally, constraints between 7|1 ,,, which has height equal to 2 k - n!, and any other
subrun of r’ are also satisfied by a height argument. Hence, r’ is an accepting run, a
contradiction. |

5.2 Intuition on the approach

Consider a TAGA72 A. Clearly, the main difficulty to decide emptiness and finiteness
of L(A) is related to the global disequality constraint and how it affects the language
recognized by each of the states of A. Hence, an obvious first step is trying to
identify which are the states where the decision of emptiness and finiteness can be
done in a simple manner. To this end, we look for the states ¢ of A satisfying the
following property: there is a run r of A reaching ¢, the run r can be pumped without
introducing new occurrences of constrained states, and moreover, every subrun of
r reaching a constrained state can be pumped in such way. Note that this property
means that » can be made arbitrarily high, and moreover, each of its subruns reaching
a constrained state can also be made arbitrarily high. We denote as QS the set of
states satisfying such property, and prove that it can be efficiently computed. Our
interest in Q% is twofold: on the one hand, the emptiness and finiteness decision for
each state in Q< is trivial since its recognized language is infinite by definition, and
on the other hand, the states in Q% can be exploited to ease the construction of runs
of A. In order to illustrate how the construction of a run can be simplified thanks to
the information provided by Q%, consider a run r of ta(A) that is not a valid run
of A since the global constraint is falsified. Moreover, assume that the constraint is
falsified due to a subrun of r that contains an occurrence of a state ¢ € Q. Under
these assumptions, note that r could be modified to obtain a valid run 7’ of A as
follows: it suffices to fix the conflicting subrun of r by replacing its subrun reaching
q by another one, chosen among the infinitely many available runs reaching ¢ whose
constrained subruns are all higher than r itself. Hence, during the construction of a
run of A it is possible to ignore subruns that reach states in %, since any possible
conflict they have can be fixed.

At this point, it only remains to focus on the states that are not in Q%. Hence,
consider a state ¢ € Q°, and assume that it occurs in the global constraint. We
prove the following property: the runs of A reaching ¢ where there is exactly one
occurrence of a constrained state, i.e., the ¢ at the root position, necessarily satisfy
that their height is linearly bounded by the size of A (otherwise, it would be possible
to perform pumpings on some of those runs, concluding that ¢ € Q%). Moreover,
since TAG;)R ensure that the global disequality constraint is a reflexive relation, the
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previous property leads to a proof for the following crucial insight: there is a bound
for the number of subruns within any run that reach a constrained state not in Q%
and that have no other occurrence of constrained states (otherwise, there would be
two of these subruns reaching the same constrained state and recognizing the same
term, thus falsifying the reflexive disequality constraint). A direct consequence of this
fact is that we are able to bound the number of parallel positions in a run where the
pending subruns contain constrained states not in Q5.

Using the previous ideas, we propose an inference rule R that non-deterministically
tries to construct accepting runs, starting from their root position and expanding them
towards the leaves at each inference step. We ensure termination of this process in
triple exponential time by (i) leaving the subruns reaching a state in Q% unexpanded
since they are irrelevant to our goal, (ii) proving that the number of relevant subruns
to expand occurring at parallel positions can be bounded, and also (iii) avoiding cycles
in the inference. In order to give further intuition on how the top-down construction
of runs proceeds, the following example applies an analogous idea in the setting of TA.

Example 5.5. Consider the language of terms over ¥ = {a:0, b:0, f:2} with an even
number of a’s. This language can be recognized by the TA A having the following set
of transition rules:
a— q
b— q0
f(q0,90) = qo
flao.q1) = @1
fla1,90) = @1
fla, @) = o

where qo is the only final state of A. Our goal is to find a term in L(A) by non-
deterministically constructing an accepting run of A. To this end, we proceed by suc-
cesstvely expanding top-down the run being constructed. To simplify the presentation,
we denote the positions where such an expansion needs to be performed as:

q?

where q is a state of A representing the fact that the expansion of this node must
produce a subrun reaching q. Since we focus on generating an accepting run, we begin
the construction at a final state of A, and hence, the computation starts with the
following node:

qo?

To expand the previous node, we can choose between three different rules of A. We
non-deterministically choose f(q1,q1) — qo and obtain:

fla,q1) = qo
/\
a? @?

Note that now we have two new nodes to expand: the direct children of the root node.
This forces us to choose in which order we want to proceed the expansion. We decide
to prioritize the expansion of the nodes that have greater estimated height. Proceeding
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in order of height is not strictly necessary for plain TA, but it will be crucial when
adapting the method to TAG;R. We non-deterministically decide that the height of
the subrun at position 1 will be greater than the height of the subrun at position 2.
Therefore, we expand at position 1 by non-deterministically guessing the transition
rule f(q1,q0) = q1:

fla,q1) = qo

/\
fla,q0) > a1 @1?
N
@i? qo?
At this point we have three nodes to expand at positions 1.1, 1.2, and 2, and again
need to estimate their height in order to proceed. Non-deterministically we decide
that all the subruns at such positions will have the same height (which is consistent
with the previous decision), and thus, we expand them simultaneously. We also guess
non-deterministically the transition rules a — q1, b — qo, and a — q1 for each of the
positions, respectively, and obtain:

fla,a1) = qo

fla,q0) a1 a—q
a—q b—qo

Since there are no more nodes to expand, the computation ends at this point. Note
that we have successfully generated an accepting run on the term f(f(a,b),a), which

is in L(A).

Adapting from TA to TAGQR the generation of runs sketched in the previous ex-
ample requires to take especial care with constrained states. For instance, if at a
concrete step two nodes with the states g; and ¢y are expanded, and the atom ¢; % ¢
occurs in the constraint, then it must be guaranteed that the expansion of those nodes
will eventually produce subruns recognizing different subterms. This can be achieved
either by making such subterms differ at their root position (i.e., performing an ini-
tial expansion of the nodes using transition rules whose alphabet symbols differ), or
by deferring it to be checked at some later point of the expansion of the respective
children. Note that, due to the fact that the expansion is done in order of height, if
those nodes with ¢; and ¢s are expanded at different inference steps, then they will
satisfy the constraint for free, since the expansion will produce subruns with different
height. The previous ideas are focused on ensuring that the inferences are sound, but
nothing is said about completeness.

5.3 Compatible runs

We start by defining a notion of compatibility between runs which, in the next section,
allows us to simplify the decision of emptiness and finiteness. Note that any run of a
TAG), . A is a run of ta(A), but the converse is not true since a run r of ta(A4) may
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not satisfy the global constraint of A. In such case, there must exist two different
positions py,pa of 7 satisfying that the atom rhs(r(p1)) % rhs(r(p2)) occurs in the
constraint of A and term(r|,,) = term(r|,,). We can see the subruns r|,, and r|,, as
incompatible, since, whenever a run r’ of ta(A) contains them as subruns, r’ is not a
run of A since the constraint is falsified.

Definition 5.6. Let A be a TAGQR, Two runs r1,r2 of A are compatible if, for
every pair of positions p1 € Pos(r1), pa € Pos(ra) such that the global constraint of A
contains the atom rhs(r1(p1)) % rhs(ra(p2)), it holds that term(r1|,,) # term(rap, ).

We say that a set of runs of A is a compatible set if its runs are pairwise com-
patible.

The following example illustrates how the incompatibility between runs affects the

language recognized by a TAG;R.

Example 5.7. Let & be the signature {a:0, h:1, f:2}. Let A be a TAG;}R more explic-
itly defined as A = ({qr,qn,qa}, 5, {qr}, A, qo % qa), where the set of transition rules
A is:
a— qq
h(qa) — qn
h(gqn) = an
fan, an) — a5

It is easy to see that the language recognized when ignoring the global disequality
constraint is L(ta(A4)) = {f(h"(a),h™(a)) | n,m > 1}, whereas, as justified below,
trying to satisfy the constraint leads to L(A) being empty. First, note that any term
of the form h™(a), with n > 1, has an associated run of A of the form:

h(qn) = an

h(qn) = an
\

h(qa) = qn
\

a — (g

Now, consider two runs r1,m9 of A on the terms h™(a) and h™(a), with n,m > 1,
and let p1,p2 be the positions of the single leaf in r1 and ro, respectively. Note that
term(r1p, ) = term(ra|p,) = a and rhs(ri(p1)) = rhs(r2(p2)) = qq. Since the constraint
of A is qq % qa, the Tuns r1,7r9 are not compatible. It follows that any compatible set
of runs of A reaching q; has at most one single run, even though there are infinitely
many runs reaching q,. Thus, L(A) = 0 since reaching the final state q; requires two
compatible subruns reaching qp.

Let us give some intuition on how the notion of compatibility is related with the
reflexivity of the constraints of a TAGQR A, since it is a key point in the proof of the
following lemma. Let R be a compatible set of runs of A. Consider a run r € R and
its subrun r|,, for any position p € Pos(r) such that |, reaches a constrained state.

Recall that when a state g occurs in the constraint of a TAGQ6727 it necessarily occurs
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at least in an atom of the form ¢ # ¢, i.e., in a reflexive atom. This fact implies that
the only run of R containing r|, as a subrun is precisely r, since otherwise R would
not be a compatible set. Actually, the definition of compatibility further guarantees
that only 7 has a subrun reaching the state rhs(r(p)) after recognizing term(r|,). This
fact is used in the proof of the following lemma to bound the number of runs in R
that are incompatible with a certain fixed run.

Lemma 5.8. Let A be a TAG;R. Let r be a run of A, and let R be an infinite
compatible set of runs of A.
Then, there exists S C R such that SU{r} is an infinite compatible set of runs.

Proof. Let A be (Q,%, F, A, C) more explicitly written. Let p € Pos(r) be a position
such that rhs(r(p)) is a constrained state. Since R is a compatible set, there are at
most |@Q| runs ' € R for which there exists a position p’ satisfying that C' contains the
atom rhs(r’(p')) % rhs(r(p)) and term(r’|,/) = term(r|,). By defining S as the result
of removing from R all such runs 7’ for all such positions p, the result follows. |

Example 5.9. Let ¥ be the signature {a:0, h:1, f:2}. Let A be a TAGQ72 more ezxplic-
itly defined as A = ({qs,qn,q}, 2, {ar}, A, qn % qn), where the set of transition rules
A is:
a—q
h(q) = q
h(q) — qhn
flan, an) = a5

Note that its recognized language is L(A) = {f(h"(a),h™(a)) | n,m > 1 An # m}.
Let R be the set of runs of A on terms of the form f(h?>™(a),h®>"T(a)), withn > 1.
Note that R is infinite, and moreover, it is a compatible set. Consider a run r of
A on a term f(h™(a), h™(a)), with mi,me > 1 and my # mo. By Lemma 5.8, r
is compatible with an infinite number of runs in R. In fact, it is easy to see that r
can be incompatible with at most two runs in R, the ones recognizing a term where
the root node has h'™* (a) or h'™2(a) as a direct child. Hence, there exists an infinite
compatible set of runs from R and containing r.

Corollary 5.10. Let A be a TAG;R. Let S1,...,Sy, be infinite compatible sets of runs
of A.

Then, there exists S C (S1U...US,) such that S is an infinite compatible set of
runs, and, for every i € {1,...,n}, SNS; is infinite.

Proof. By applying Lemma 5.8 several times, we can guarantee that there exists a
selection r € S1,...,r, € S, satisfying the following conditions: the r;’s are pairwise
different, E := {r1,...,r,} is a compatible set, and there exist 5] € S1,...,S5), € Sn
such that S{ W E,...,S) W E are infinite compatible sets. We can repeat the same
argument in order to find a new selection r; € Si,...,r, € 5] satisfying that the
rl’s are pairwise different, E' := {r{,...,r.} is a compatible set, and there exist
ST C 81, ..., S €S/ such that SYWE', ..., S/WE" are infinite compatible sets. Note
that E'W E’ is a compatible set. Clearly, this process can be iterated to generate an
infinite number of compatible sets E, E’, E”, ..., pairwise disjoint, and such that the
infinite union S := FWE'WE"W. .. is the infinite compatible set of the statement. W
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To simplify the decision procedure for emptiness and finiteness of the language
recognized by a TAG;R A, we compute which states have infinite sets of compatible
runs reaching them. In the next section, this allows us to define from A a simpler
automaton such that the emptiness of the recognized language is preserved, and its
finiteness may change only under certain conditions.

Definition 5.11. Let A = (Q,X,F,A,C) be a TAG%R. We define its set of states
with infinite compatible runs, denoted by Q%, to be the set of states ¢ € Q) such that
there exists an infinite compatible set of runs of A reaching q.

We use Q°° as a shorthand when A is clear from the context.

Algorithm 5.12 computes the set Q> for a given TAG%R A. Tts correctness is stated
in the following two lemmas. With respect to its running time, first note that the
algorithm checks finiteness and emptiness of the language recognized by the states of
the TA A° constructed in step 1. The construction of AY can be done in polynomial
time, and such properties can be decided in polynomial time for TA [CDGT07]. Next,
in step 3, it incrementally computes the set InfCom in at most |Q| — 1 steps, using
operations that can be all computed in polynomial time. It follows that the algorithm
takes polynomial time.

Algorithm 5.12 Computation of the set Q°° for a given TAG%R A.
Input: a TAGY A =(Q,%,F,A,C).
(1) Let A° be the TA (Q, %, F, A), where A® is the subset of rules in A that have
no constrained state, i.e., A° = {(f(q1,...,qm) = @) €EA|q1,...,qm,q € C}.
(2) InfCom :={q € Q| L(A°, q) is infinite}.
(3) While there exists a transition rule (f(q1,-...,¢m) = ¢) € A satisfying that:
e g ¢ InfCom
o Jie{l,...,m}: ¢ € InfCom
e Vic{l,...,m}:q €InfComV L(A% ¢;)#D
do:
e InfCom := InfCom W {q}.
(4) Output InfCom.

Example 5.13. We apply Algorithm 5.12 to the TAGQR A from Example 5.9 in order
to compute Q. The TA A° constructed in step 1 is obtained from A by discarding the
global constraint and the transition rules that involve constrained states. Since only
qn is a constrained state, A° is the TA ({qf,qn,q}, S, {qr},{a — q, h(q) = q}). The
definition of the set of final states of A® as {qy} is arbitrary since we are not interested
in the language recognized by A° (which in this example is empty), but in the language
recognized by each of its states. In particular, note that L(A% qn) = L(A% qf) =0
and L(A®, q) is infinite. Thus, in step 2, InfCom is initialized to be {q}. Neat, the
loop of step 3 is executed twice:

e In the first iteration, the transition rule h(q) — qn of A satisfies all the required
conditions, and thus, InfCom is set to {q,qn}.
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o In the second iteration, the transition rule f(qn,qn) — qy of A satisfies all the
required conditions, and thus, InfCom is set to {q,qn,qr}.

As InfCom already contains all the states of A, step 3 finishes, and the output of the
algorithm is the set {q,qn,qs}. This was the expected result since Q% = {q,qn,qr}
clearly follows from the explanations in Example 5.9: the set R defined there is an
infinite compatible set of runs on terms of the form f(h*™(a), h*"*1(a)), withn > 1,
and hence, qr € QF since all the runs in R reach q¢, and moreover, q,qn € Q% since
it is possible to define infinite compatible sets of runs for them by properly extracting
subruns of the runs in R.

Lemma 5.14. Let A be a TAGQR. Let InfCom be the output of Algorithm 5.12 on
input A. Let v be a run of A satisfying that rhs(r(p)) € InfCom for each position
p € Pos(r) \ {A\} such that r|, reaches a constrained state, and moreover, there is
some p € Pos(r) such that rhs(r(p)) € InfCom.

Then, rhs(r(X)) € InfCom.

Proof. Let S be the set of positions p € Pos(r) satisfying that r|, reaches a state in
InfCom and such that they are minimal with respect to the prefix relation <. Note
that S is a set of parallel positions and that, by the assumptions, S # ) holds. Let P
be the set of prefixes of the positions in S, i.e., P = {p € Pos(r) | Ip' € S : p < p'}.
By induction on the terms pending at positions in P, it is easy to see that, for each
p € P, the state rhs(r(p)) is added to InfCom either in step 2 or step 3 of the algorithm,
since the second and third conditions of step 3 are satisfied by the assumption of the
lemma and induction hypothesis. Since A\ € P, the statement holds. [ |

Lemma 5.15. Let A be a TAGQQR. Let InfCom be the output of Algorithm 5.12 on
input A.
Then, InfCom = Q% .

Proof. Let A be (Q,%, F,A,C) more explicitly written. We prove each direction
separately:

C) We first prove soundness showing that any state ¢ € InfCom is also in Q3. We
use induction on the number of iterations of the algorithm until ¢ was added to
InfCom.

First assume that ¢ was added in step 2 of the algorithm. Hence, there are in-
finitely many different runs of A° reaching ¢ and, since runs of A° are compatible
runs of A, it follows directly that ¢ € Q% .

Now assume that ¢ was added after some iterations of step 3 of the algorithm.
Hence, there exists a rule (f(q1,...,qm) — ¢q) € A where each ¢; either has
already been added to InfCom or it has non-empty language in A°. Moreover,
there exists at least one j such that g; is in InfCom. To prove ¢ € Q%°, it suffices
to show that there exists an infinite compatible set of runs of A reaching g with
the rule f(q1,...,qm) — ¢ at their root position. We show that this set can be
obtained by properly selecting runs reaching each ¢;. We consider the following
cases:
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(a) For every state ¢; ¢ InfCom, we take any run of A° reaching that ¢;, which
exists because in this case £(A°, ¢;) # 0. Note that the selected run of A°
is also a run of A, and moreover, it is always compatible with any other
run of A since it does not involve constrained states.

(b) For all the states in InfCom appearing in the left-hand side of the rule, say
the states with indexes {i1,...,it} C {1,...,m}, by induction hypothesis
it holds that g;,,...,q;, € Q%. Moreover, note that there exists at least
one such state, i.e., 1 < k < m. Hence, by Corollary 5.10, there exists a
compatible set containing an infinite number of runs reaching each g;; .

Using the runs selected in (a) and the infinitely many compatible runs of (b),
we can obtain infinitely many compatible runs of A with f(¢1,...,¢m) — ¢ at
their root position, and hence, ¢ € QF.

v

We prove completeness by contradiction. Assume that there is a state ¢ € QF
such that ¢ ¢ InfCom. Since ¢ € Q%°, there exists an infinite compatible set of
runs S such that rhs(r(\)) = ¢, for each r € S. We distinguish two cases.

First, if there exists an infinite subset of runs in S not containing any state
occurring in the constraint of A, then £(AY, ¢) is infinite. Therefore, ¢ was added
to InfCom in step 2 of the algorithm, in contradiction with the assumption.

Otherwise, there exists an infinite compatible set R C S such that every run in
R contains a state occurring in the constraint of A. Note that, by Lemma 5.14
and the fact that ¢ &€ InfCom holds by the assumption, we can conclude that each
run r € R satisfies the following property: there exists a position p € Pos(r)\{A}
such that r|, reaches a constrained state not in InfCom. We define R as the set
of subruns of runs in R such that the only occurrence of a constrained state not
in InfCom is at their root position. More formally:

R={r|,|r€R, pcPos(r),
Vp' € Pos(r|,) : (rhs(r|,(p")) € C Arhs(r],(p')) € InfCom < p’ = A\)}

Note that R is an infinite compatible set. Moreover, every strict subrun of each
7 € R does not contain constrained states, since otherwise, rhs(r(A)) € InfCom
by Lemma 5.14. It follows that all strict subruns of runs in R are runs of A°.

Since R is infinite and A is finite, there exists an infinite compatible set B’ C R
such that every run in R’ has the same rule f(qi,...,qmn) — ¢ at root position.
Finally, since R’ is infinite, there exists j € {1,...,m} such that £(A°, ¢;) is
infinite, and thus, ¢; € InfCom. Hence, ¢’ was added to InfCom in step 3 of the
algorithm, a contradiction with the definition of R. |

5.4 Transformation of the automaton
Taking advantage of the fact that the set Q*° can be computed, we simplify our

problem by transforming the initial TAG;73 and adopting a slightly different notion of
run. One of the goals of the transformation, as shown in the following example, is to
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simplify runs of the TAG;72 by ignoring subruns reaching states in Q°°, since they are

not relevant in our setting.

Example 5.16. Let A be the TAGQR defined in Example 5.9. Recall that the con-
straint of A concerns runs reaching qp, and yet, as seen in Ezample 5.13, qn € Q.
Therefore, the constraint is not relevant for the emptiness decision, since enough com-
patible runs reaching qn can always be found. For this reason, we will represent all
terms reaching qn with a new constant symbol A. If we replace the rule h(q) — qn
by the new rule A — qp, then emptiness of the language is preserved under a relaxed
notion of run. In this new notion, satisfiability of constraints is reinterpreted so that
they are additionally satisfied when the symbol A appears in the terms associated with
the involved subruns, i.e., a subrun with A always satisfies a disequality.

As a final remark, note that after representing all the terms reaching qp by the
constant symbol A, the language recognized is {f(A, A)}, which is finite although the
original language was infinite. Hence, finiteness of the recognized language is not
preserved by this transformation, but it is easy to see that any occurrence of the
symbol A in a term of the language guarantees that the original language was infinite.

The actual transformation of the automaton that we will propose is more complex
than the previous sketch. In particular, it will modify the recognized language of all
states in Q. Thus, A would be transformed in such a way that its recognized language
would be reduced to {A} instead of {f(A,A)}, since its final state g5 is in Q.

As seen in the previous example, we need to compare terms using the following
notion, which depends on a special symbol of the signature denoted by A.

Definition 5.17. Let ¥ be a signature, and let A be a symbol in 3. We define the
relation =, on T(X) as t; =4 to if and only if t1 = ta and there is no occurrence of
A inty orts.

Hence, if A occurs in t; or to, then ¢t #, t5. Note that =, is a partial equivalence
relation, i.e., it is symmetric and transitive, but not reflexive.

Now, we formally define the notion of run commented in the previous example in
terms of =,. The difference with the usual definition of run is that a term containing
A always satisfies a disequality with any other term (even itself).

Definition 5.18. Let A be a TAG%R with signature ¥, and let A be a symbol in
Y. We define a A-run r of A as a run of ta(A) satisfying that, for every pair of
distinct positions p1,ps € Pos(r) such that the global constraint of A contains the
atom rhs(r(p1)) # rhs(r(p2)), it holds that term(r|p,) #a term(r|,,). With L4(A) we
denote the set of terms t € T(X) such that there exists a A-run of A on t reaching a
final state.

Analogously to Definition 5.6, two A-runs r1,7o of A are A-compatible if, for
every pair of positions p1 € Pos(r1), p2 € Pos(rs) such that the global constraint of A
contains the atom rhs(r1(p1)) % rhs(ra(p2)), it holds that term(r1]p, ) #a term(ralp,).

We are now ready to formalize the transformation of the automaton sketched in
Example 5.16. It suffices to introduce a new constant symbol A, a new state g, , and
a new rule A — ¢,, also make such new state g, final in the case where F'N Q> was
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not empty, remove all transition rules where the right-hand side is a state in Q°°, and
finally, replace by g, any state in Q°° occurring in the left-hand side of the remaining
transition rules. It is clear that any state that was in Q°° becomes useless after such
transformation, and thus, we could remove all of them from the state set, final state
set, and the global constraint, without further affecting the recognized language. It is
also possible that other states become useless if they only appeared in runs reaching
states in Q°°. These states could also be cleaned. In either case, such cleaning is not
strictly necessary, and thus, we keep the useless states in the resulting automaton in
order to simplify the description of the transformation.

To ease the presentation of our decision procedure for the emptiness and finiteness
for TAG/\R7 we combine the previous transformation introducing A with another one
that extends the information recorded by the states. In particular, we want that
the state reached at the root position of any A-run has information of whether a
constrained state has appeared in such A-run. To this end, it suffices to split each
state ¢ into a state ¢° and a state ¢%, and modify the set of rules to guarantee the
following property: a state of the form ¢¢ is only reachable with A-runs that involve
some constrained state, and similarly, a state of the form ¢° is only reachable with
A-runs that do not involve any constrained state. The following definition formalizes
this combined transformation.

Definition 5.19. Let A = (Q, X, F,A,C) be a TAG/;ZR) and let A be a symbol not in
Y. We define the TAGY, . A as (Q3 W Q%, X4, Fa, As,Cu), where:

o Qi ={¢" € Q¥ {q}} withx € {cc},

o ¥, =34 {A:0},

o Fu={¢"lge FAre{cc}w{g | FNQF #0Ax e {cT}},
e Cu={di# G| (1 #q)eCl

o A, is the set of transition rules containing A — ¢§ and also all the rules of the
form f(gi*,...,¢5m) — ¢, with x1,...,Zm,x € {c,C} such that x = c if and
only if ¢ € C or there is some i € {1,...,m} such that x; = c, and satisfying
that there exists a rule (f(q},...,qd),) — q) € A such that ¢ ¢ Q% and, for
every i € {1,...,m}, if ¢, € Q¥ then ¢; = qa, and q; = ¢} otherwise.

Note that, by definition, no rule of A, has ¢ as right-hand side, and thus, such
state is useless. The only reason to distinguish between ¢§ and ¢§ was to simplify
the presentation of the transformation, and henceforth, we refer to ¢§ simply as g, .
Also note that A, can be computed with time in O(|A|- 2™ + |Q| + |C|), since, in
particular, [A,| <1+ |A]- 2™ and |Qq WQS| =2 (|Q] +1).

Example 5.20. Let ¥ be the signature {a:0, h:1, g:2, f:2}. Consider the language
of terms of the form f(e1, f(ea,... f(em,a)...)), where each e; is a term of the form
g(hl(a),h"(a)) with I,r > 1, satisfying that all the subterms ey|y,...,en|1 are pair-
wise different (i.e., the l’s are distinct), and all the subterms e1la, ..., eml|2 are pair-
wise different (i.e., the r’s are distinct) and have height bounded by a given n > 1

(i.e., all the r’s satisfy 1 < r < n). Such language is recognized by the TAGQ:R
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A = {dists Qg 4 9,905 - - -+ Gn—1:Gr }, Sy {@iist 1, A, @t # @ A @r % qr), where the set of
transition rules A is:

a—r q
h(q) = q
h(q) = a
a— qo
hMq)— qiy1 forie{0,...,n—2}
h(qi) = qr forie{0,...,n—1}
9(q,qr) = qq
a— Qlist
f(QQ7 Qiist) = Qist

Note that the constraint on q, could be equivalently checked with plain TA techniques
since L(A,q,) is finite. Nevertheless, this would require an automaton with a number
of states in 200"

To apply the construction of Definition 5.19 on A, we first need to compute Q% . It
is easy to see that Q% only contains the states g and q; since, in particular, the states
qo, - -+ >qn_1,qr TECOgNIZE finite languages, and this fact combined with the constraint
on g, implies that there are no infinite compatible sets of runs reaching q, or gis.
Thus, the TAGQR A, over the extended signature Y., = S W{A:0} is defined as follows.
Its set of states is obtained by adding the new state qa and applying the labels c
(meaning that the A-run has seen a constrained state) and © (meaning that only non-
constrained states have been seen in the A-run) to each of the states, i.e., its set of
states is {45, Qs 45,95, 47 485+ - - n—1,97 | ® € {c,C}}. Its set of final states is
{Gfst» dfst ), since the original set of final states only contained qist, and such state is
not in Q% (otherwise, we would also include ¢ and ¢S as final states). Its global
disequality constraint is qf % qf N g5 % q5. Finally, to obtain its set of transition rules
we ignore the rules of A reaching a state in Q% (i.e., a — ¢, h(q) — q, h(qg) = q),
replace by qa all states in Q% occurring in the left-hand side of the remaining rules,
and properly label the states with c or €. We also have to add the rule A — ¢5. Hence,
the resulting set of transition rules is:

A= g
a— g5
h(gf)— g, forie{0,...,n—2} and x € {c,c}
h(g¥)—¢¢  forie{0,...,n—1} and x € {c,C}
9(qx,¢¥) — @ for z,y,z € {c,c} such that (rt =cVy=c) < (z=c)
a = Qg
flag, ai) = @iy for x,y,z € {c,T} such that (t =cVy=c) & (z=c)

Note that Ay has many useless states. For instance, g5, ...,q5_, are unreachable,
and since g, is constrained in A, ¢S is unreachable in Ay, and thus, so is qg, Also, as
expected, ¢° and qF with x € {c,T} are useless because there is no rule reaching them
since ¢, q1 € QF. As a final remark, it is easy to verify that any A-run of Ax reaches
a state labeled with c if and only if it has some occurrence of a constrained state.

In order to give more intuition on the transformation, we discuss some important
properties of the automaton A,. As a first remark, note that the fact that a A-run r
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of A, reaches a state in ) if and only if r involves some state occurring in C, can be
proved by induction on height(r) and distinguishing cases according to the definition
of A,. Now, note that any state of the form ¢° necessarily recognizes a finite language
over T(X,). This is easy to see when ¢ is a constrained state of A, as ¢° is useless
and its language is empty. Otherwise, the property can be proved by contradiction:
if ¢° can be reached by an infinite number of A-runs not involving constrained states,
then ¢ € Q% by Lemmas 5.14 and 5.15, and hence, ¢© is useless and its language is
empty by Definition 5.19, a contradiction. Next, note that every A-run of A, with
a rule of the form f(...,qa,...) — ¢% at its root position, for z € {c,c}, necessarily
satisfies ¢ € @)%, i.e., © = c. If this was not the case, then it is trivial to see that
g € Q% follows from Lemmas 5.14 and 5.15, which leads to a contradiction with the
form of the rule and the definition of A,. Finally, we give a technical statement that
is also related to rules having an occurrence of ¢, at their left-hand side.

Lemma 5.21. Let A be a TAG;R. Let r be a A-run of Ay. Let p be a position and
let k1 be a natural number such that p.ky € Pos(r) and rhs(r(p.k1)) = qa.
Then, there is a natural number ko such that p.ke € Pos(r) and rhs(r(p.k2)) # qa.-

Proof. Assuming that r(p) is a rule of the form f(qa,...,qa) — ¢ leads to a con-
tradiction with the fact that rhs(r(p)) # ga by Lemmas 5.14 and 5.15, and Defini-
tion 5.19. ]

We now characterize how the language recognized by a TAG%R A is related to
L4 (A4) in terms of emptiness and finiteness. We start with a technical lemma stating
that, if £, (A.) contains a term with an occurrence of A, then £(A) has infinite terms.

Lemma 5.22. Let A be a TAG;R. Let v be an accepting A-run of Ay on a term with
an occurrence of A.
Then, there exist infinitely many accepting runs of A.

Proof. The case where r = (A — ¢,) follows trivially. Otherwise, let A be more
explicitly written as (@, X, F, A, C), and let M : Pos(r) — @ be a mapping satisfying:

e M(p)=qifr(p)=(—q")# (A — qa), where x € {c,c},
e M(p)=qifr(p) = (A — qa), where ¢ € Q%

e for each p € Pos(r) such that term(r) at position p is labeled by a symbol
f € (™ different from A, the rule f(M(p.1),..., M(p.m)) — M(p) is in A.

Note that such mapping M exists by Definition 5.19. Let {p1,...,pn} be the set of
positions in Pos(r) satisfying r(p;) = (A — ¢a) and, for each ¢ € {1,...,n}, let S;
be an infinite set of compatible runs of A reaching M (p;). Such infinite sets exist by
definition of M since M (p;) € Q% . By Corollary 5.10, there exists S C (S1U...US,)

such that S is an infinite compatible set of runs of A and, for every i € {1,...,n},
SN S; is infinite. This fact guarantees that it is possible to replace the A-subruns of
r at positions pi,...,p, to obtain infinitely many accepting runs of A. |

The following two lemmas state that emptiness of the recognized language is pre-
served by the transformation, and show how its finiteness is changed.
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Lemma 5.23. Let A be a TAG;R. L(A) is empty if and only if La(As) is empty.

Proof. We prove each direction separately:

=)

Given an accepting run r of A, it is easy to construct an accepting A-run of
A,. Since the precise construction is quite technical, we just describe it briefly.
Intuitively, it consists in replacing the subruns of r at minimal positions (with
respect to the prefix relation <) that reach a state in Q% by the A-run (A — ¢a),
and changing each state q by ¢¢ or ¢° depending on whether there is a constrained
state in the corresponding A-subrun.

Let r be an accepting A-run of A, on a term ¢. The case where ¢ does not
contain any occurrence of A is straightforward: it suffices to replace in r every
occurrence of a state of the form ¢ or ¢° by ¢, thus obtaining an accepting run
7’ of A on t. Otherwise, the statement follows from Lemma 5.22. |

Lemma 5.24. Let A be a TAGL, . L(A) is infinite if and only if La(A4) is infinite

ER

or it contains a term with an occurrence of A.

Proof. We prove each direction separately:

=)

If there exist infinitely many accepting runs of A not containing any state in
Q% , then those runs can easily be converted into accepting A-runs of A, by
properly changing each state ¢ by ¢° or ¢%, and thus, £,(A,) is infinite and the
statement holds. Otherwise, let r be an accepting run of A containing some state
in Q%. It is easy to construct from r an accepting A-run 7’ of A, by replacing
the subruns of r at minimal positions (with respect to the prefix relation <)
that reach a state in Q% by the A-run (A — ¢a), and changing each state g by
¢° or ¢¢ depending on whether there is a constrained state in the corresponding
A-subrun. The accepting A-run 7’ recognizes a term with an occurrence of A,
and we are done.

If there exist infinitely many accepting A-runs of A, not containing the state q,,
then those A-runs can easily be converted into accepting runs of A by replacing
each state of the form ¢¢ or ¢° by ¢, and thus, £(A) is infinite and the statement
holds. Otherwise, in the case where there exists an accepting A-run of A,
containing the state g, , the statement follows from Lemma 5.22. |

The following lemma is crucial in our global approach. It gives an upper bound
for the number of A-runs that can be pairwise A-compatible when each of the A-runs
contains some constrained state.

Lemma 5.25. Let A = (Q, X, F,A,C) be a TAG;R. Let ry,...,r, be A-runs of A,
pairwise A-compatible and such that r; reaches a state in QS, fori € {1,...,n}.

Then, n < |Q) - |S|mar'®’.

Proof. For each i € {1,...,n}, let v} be a A-subrun of r; reaching a state in Q$ and
with no other occurrence of states in Q¢ (such A-subrun exists by the assumptions
of the lemma). Note that r],...,r are pairwise A-compatible.



5.5. Emptiness and finiteness decision algorithms 107

We argue by contradiction assuming that n> Q|- |E|maxa"Q‘ Let each 7} be more
explicitly written as (I; — ¢f)(ri1,...,7} ,,). Note that, for each i € {1,...,n} and
j € {1,...,m;}, the state g, does not occur in 7; j» since otherwise ¢; € Q % holds
by Lemmas 5.14 and 5.15, and Definition 5.19, implying that ¢f is useless by the
definition of A,, a contradiction. Moreover, height( i;) < 1@l — 1, since otherwise

!

r; ; can be pumped, implying again that ¢; € QF by Lemmas 5. 14 and 5.15, and

?

Definition 5.19, and leading to a contradiction. The bound |Q| — 1 is enough since

7 ; cannot have any occurrence of a state of the form ¢ (otherwise r; ; would have

a constrained state) or any occurrence of ¢ (which is useless since ¢; € C). Now,
note that the number of different terms of height h is bounded by |E\maxarh+l7 and
hence, by the assumption that n > |Q| - |E|maxar‘Q‘ it follows that there exist different
i,j € {1,...,n} such that ¢f = ¢5 and term(r;) =, term(r}). This is in contradiction
with the A-compatibility of v} and r;- since the atom gf aé q; is necessarily in Cy. W

The following corollary is not used in the remaining arguments, but we have
included it since it is a direct consequence of Lemma 5.25, and its statement gives
more intuition on an important property of A-runs. Intuitively, it states that, for any
A-run r of A,, there exists a bound for the number of occurrences of states in ) at
parallel positions of r.

Corollary 5.26. Let A = (Q, %, F,A,C) be a TAGQR. Let r be a A-run of A,. Let
P1,...,Pn € Pos(r) be pairwise parallel positions such that the A-subrun r|,, reaches
a state in QS, forie {l,...,n}.

Then, n < |Q| - |S|mar' @'

5.5 Emptiness and finiteness decision algorithms

As a consequence of Lemma 5.23, deciding emptiness of the language recognized by
a given TAGQ72 A can be reduced to test whether there exists an accepting A-run
of As. And, as a consequence of Lemma 5.24, deciding finiteness of the language
recognized by A can be reduced to test whether £,(A,) is infinite or contains a term
with an occurrence of the symbol A. We tackle both problems with an algorithm that
non-deterministically simulates the construction of accepting A-runs in a top-down
manner. More concretely, in an intermediate step of the algorithm, the top-most part
of an accepting A-run r has been already non-deterministically constructed, and it
remains to determine its A-subruns rq,...,r, at certain parallel positions. Moreover,
such r;’s are required to reach some specific states, and to recognize terms satisfying
certain equality and disequality constraints (with respect to =, ) between them. The
states that the r;’s have to reach are determined by the part of r that has already been
constructed. The (dis)equality constraints between the terms recognized by the r;’s
are either determined by the constraint Cy and the states reached by the r;’s, or they
are inherited from the part of r that has already been constructed. The algorithm
proceeds by guessing the rule at the root position of some of the r;’s, hence extending
the constructed part of r. In particular, the r;’s whose root is determined at this
step of the algorithm are the ones that are guessed to have maximal height among
all the r;’s. By always extending r in this order, we partially construct in the same
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step all the A-subruns of r that have identical height, which allows to either satisfy
or propagate the (dis)equality constraints that have to be satisfied.

The algorithm is presented as an inference system that deals with pairs of the
form (M, S), where M and S are partitions of labeled states of A,, i.e., M and S
are sets of non-empty disjoint sets of pairs (g, ¢). To ease the presentation, we denote
the labeled states (g,£) as ¢’. Our labels are used simply as identifiers to distinguish
repeated occurrences of the same state. We define the labels as sequences of natural
numbers standing for the position in the constructed A-run where the state occurs.

Let us specify the role of (M, S) and how this data structure is helpful to formalize
the behaviour of the algorithm as sketched above. The inference starts with a pair
of the form ({{q}}},@, where ¢; is guessed among the final states of A,, and then
non-deterministically constructs a A-run r reaching gy, if possible. This construction
is done top-down, by guessing the rules of A, to be used. In an intermediate step,
(M, S) contains the states at the deepest positions of the partially constructed r,
i.e., for an element ¢° of (M, S) it holds that rhs(r(¢)) = q. The process guarantees
some invariant properties on (M, S) to keep track of the constraints imposed by the
automaton. Consider two different elements qfl , qg2 of (M, S). If both of them occur
in M, then height(r|s, ) = height(r|s,). If one of them, say ¢, occurs in M and the
other one, say qu, occurs in S, then height(r|s, ) > height(r|s,). Moreover, qfl and qu
belong to the same part in M or S if and only if term(r|s, ) =4 term(rs,).

Before introducing the inference system, we start by giving a definition that relates
pairs (M, S) with A-runs that satisfy the conditions imposed by the pair. Recall that,
given a set of sets 7', we use the notation (J T as shorthand for |Jp., P, and that we
write e; ~p es to denote that the elements e; and es belong to the same set in T

Definition 5.27. Let A be a TAG;)R. Let M, S be such that M W S is a partition of

the set {qflw ..y} of labeled states of Ay. Letr1,...,7, be A-runs of Ax. We say
that r1,...,r, fit (M,S) if the following conditions hold:

(F1) r; reaches the state q;, for each i € {1,...,n},

(Fs) (qff? c UM) & (height(r;) = max{height(r;) | j € {1,...,n}}), for each i €
{1,...,n} such that q; # qa,

(F3) (qf ~MwS qu) & (term(r;) =, term(r;)), for each distinct i,j € {1,...,n},

(Fy) 71,...,7ms are pairwise A-compatible.

Let us remark that condition (F3) ignores the A-runs reaching the state g,. This
is because such A-runs recognize the term A, which is used as a representation for an
infinite number of terms. Also note that a particular consequence of condition (F3)
is that, if there is some occurrence of g, in M or S, then it must be in a part of the
form {q4}, otherwise it is impossible to find A-runs fitting such partition.

Example 5.28. Let X be the signature {a:0, b:0, h:1, f:2}. Let A be a TAG), , defined
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as ({qr,qn,q}, 2, {qs}, A, q % q), where the set of transition rules A is:

a— q

b—q

h(q) = qn
h(qn) = an
fan,qn) = ar

Note that L(A) = {f(h™(a1),h™(a2)) | n,m > 1 Aaq,as € {a,b} Aoy # as}, and
that L(A) = La(Aa) since Q¥ = 0. Moreover, it is easy to see that the states of Aa
of the form q¢ are useless. For this reason, in the discussion below we refer to the
states of the form ¢ simply as q.

Note that any accepting A-run of A fits the pair <{{q}\}},®> In particular, the
A-run on the term t = f(h(h(a)),h(b)) fits such pair. Now, consider the A-runs on
the terms t|; = h(h(a)) and t|a = h(b), and note that they fit the pair ({{q}}}, {{d:}})
but not ({{qi-},{a?}},0), since the height of t|1 is greater than the height of t|a (thus
falsifying condition (Fs) of fitness for the second pair). Moreover, observe that the
A-runs on the terms t|1.1 = h(a) and t|2 = h(b) do not fit ({{g}}},{{q?}}) since their
height coincides (thus falsifying condition (Fy) of fitness). Finally, note that there are
no A-runs fitting pairs of the form ({{q"*,q"}},0), since the atom q % q occurring in
the constraint requires the A-runs reaching q to recognize different terms (with respect
to =) in order to be A-compatible, and yet, they are forced to be equal since ¢* and
q"* are in the same part (thus either condition (F3) or (Fy) of fitness is falsified).

As a final ingredient to present the inference system, we define the clean operation
on partitions of labeled states. Its goals are (i) to erase the occurrences of the state g,
from the given partition, and (ii) to collapse any two labeled states ¢°*, ¢*> occurring
in the same part to just one of them whenever ¢ € Q5. This technical operation allows
to bound | J(M W S)| for the pairs (M, S) considered by the decision procedure, and
hence, is key to guarantee its termination.

Definition 5.29. Let A = (Q,%, F,A,C) be a TAGY, , and let T be a partition of
labeled states of Ay. We define clean(T') as the partition of labeled states {fold(P) |
PeT\{{¢\}| e N*}}, where fold(P) is a mawimal subset of P such that each two
distinct ¢, ¢*2 € fold(P) satisfy q € Q5.

Note that we have not fixed a precise definition for fold, as any maximal subset
can be chosen. We could have specified that, e.g., when a part contains multiple
occurrences of a state in ¢ € Q%, the fold of such part erases all of them except the
one whose label is minimum in lexicographical order. However, such precision is not
relevant for our inference system.

Example 5.30. Let A be a TAGQR, let T be a partition of labeled states of Aa, and let
P be a part in T. We start considering P = {G", 42, ", ¢"}, where G, are distinct
states in QS, and ¢ € QS. By the definition of fold, any two occurrences of a state
in QS have to be collapsed into just one of them. Thus, fold(P) erases either q* or
G2, and hence, fold(P) is either {G",q",q"} or {G*,§*,q"}. Note that §* is kept
since it is the single occurrence of the state ¢ € Q%, and q** has a state in Q5.
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We now consider some cases dealing with the state qa. First, if P is a part of the
form {q4}, then fold(P) is never considered due to the definition of clean, and hence,
P & clean(T). Now consider that P is a part of the form {qX,¢?}. In this case, since
da € Q% by definition, fold(P) is either {¢§'} or {¢2}. Moreover, fold(P) € clean(T),
and hence, clean(T) contains a part of the form {q4}. Although one of the goals of
the clean operation is precisely to erase the occurrences of the state qa, this is not a
contradiction since the inference system will guarantee that qa only appears in parts
of the form {qi} before applying the clean operation.

Finally, since T is a partition, any two distinct parts Py, P, € T that are not of
the form {q} satisfy that fold(Py) and fold(P,) are disjoint and parts of clean(T).

The clean operation preserves the fitness property when the state g, only occurs in
parts of the form {g4}: the fact that there exist A-runs fitting a pair (M, S) trivially
implies the existence of A-runs fitting (clean(M), clean(S)), and the other direction is
stated in the next lemma. Let us remark that condition (b) in the statement is rather
technical. It guarantees the preservation of occurrences of the state g, in the A-runs

of the fitting, which is useful later to prove decidability of finiteness for TAG;R.

Lemma 5.31. Let A be a TAGQR. Let M, S be such that M WS is a partition of the
set {qfl, ., qtn} of labeled states of Ax, and such that the state qa only occurs in
M and S in parts of the form {¢i}. Let M be clean(M) and S be clean(S), where
U(M C S’) = {(jfl,. .. ,(jf;“}, Let 71,...,74 be A-runs of A, fitting (M,S')

Then, there exist A-runs r1,...,r, of Aa fitting (M, S) and satisfying:

(a) max{height(r;) | i € {1,...,n}} = max{height(?;) | i € {1,...,7}},

(b) there exists a A-subrun of r1,...,r, reaching qa if and only if qu occurs among
q1,---,qn or there exists a A-subrun of 71, ...,7 reaching q,.

Proof. Let Ay be (QS W QS,%4, Fa, As, Ca) more explicitly written. We construct
the A-runs rq,...,r, fitting (M, S) as follows, where for each r; we distinguish cases
depending on whether ¢“* occurs in [ J(M & S) or it has been removed by clean:

(i) For each i € {1,...,n} such that ¢ € J(M & S), we define 7; to be #;, where

j is the index satisfying qf = (jfj. Note that the set of such r;’s is {f1,..., 74}

(ii) For each i € {1,...,n} such that ¢/ ¢ (J(M @ S), by definition of the clean
operation, either (ii.1) ¢; = ¢ga holds or (ii.2) ¢; € QS holds. In the case (ii.1),
by the assumptions of the lemma, note that the element qfi appears in M W S
in a part of the form {¢""}. In this case, we define r; to be the A-run (A — ¢,).
In the case (ii.2), by definition of the clean operation, there exists exactly one
j € {1,...,n} satisfying qﬁj e UM wS), ¢ ~prus qu, and ¢; = ¢;. In this
case, we define r; to be the r; defined in (i). In both cases, r; is A-compatible
with any other A-run.

The fact that the A-runs rq,...,7ry, fit (M, S) trivially follows from the fact that
P1,...,74 fit (M,S) and the conditions on the definitions done in (ii). Condition (a)
of the statement trivially follows from the facts that rq,...,r, include all #1, ..., 74,
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that the definitions of the 7;’s done in (i) and (ii.2) preserve the maximum height, and
that the definition done in (ii.1) has height 0, i.e., minimum height. Condition (b)

of the statement holds since r1,...,r, include all #1,...,7;, the construction done
in (ii.1) introduces the A-run (A — ¢,) if and only if there exists ¢ € {1,...,n} such
that ¢; = qa, and (ii.2) only replicates A-runs among 71, ..., 7s. |

Our inference system uses the rule R in Definition 5.32 to non-deterministically
construct A-runs. As commented at the beginning of this section, the construction
proceeds top-down and prioritizes the expansion of the A-subruns that are guessed to
be maximal in height. In our formalism, this corresponds to guess a rule reaching each
of the labeled states in M, replace such states by the states occurring in the left-hand
side of the guessed rules, and leave the labeled states in S unchanged (condition (a) in
the application of R). The resulting set of labeled states is then non-deterministically
partitioned (also condition (a)) satisfying the following properties:

e Two labeled states qfl , qéQ in the same part stay in the same part when they are
in S (condition (c), left-to-right direction). Otherwise, if they are in the same
part of M, rules having ¢; and ¢s as right-hand sides and with the same alphabet
symbol are guessed. Moreover, the corresponding states in the left-hand sides
of the guessed rules are placed in the same parts (condition (b), left-to-right
direction). Eventually, in both cases, two A-compatible A-runs reaching states
¢1 and g9 and recognizing the same term (with respect to =, ) will be generated.

The right-to-left direction of conditions (b) and (c¢) guarantee that such treat-
ment is only given to labeled states belonging to the same part.

e Labeled states qfl,qu are placed in different parts whenever C, contains the
atom ¢; # ¢z (condition (d)), in order to guarantee that Cy is satisfied.

e Since each labeled state ¢° in M must be reached by a term of maximal height,
at least one state in the left-hand side of the rule guessed for ¢¢ must also be
reached by a term of maximal height (condition (e)).

Definition 5.32. Let A= (Q,%,F,A,C) be a TAG} . Let M, S be such that M & S

is a partition of labeled states of A, , and each two distinct qfi, qu e UM WS) satisfy

that 0; || ¢;. Let |JM be more explicitly written as {¢'*,...,q¢'r}. We define the
non-deterministic inference rule R as follows:

(M, S)
(clean(M"), clean(S”))

where a rule (fi(¢it,-..,Gim,) — @) € Aa is guessed for each i € {1,...,n}, and
M’ S" are quessed satisfying:

(a) M'W S’ is a partition of{qf”'kk lie{l,...,n}, ke{l,....mi}}wUS,

, ¢ . 0.k ,
(b) (qu ~ur qu) o (fi =i AVEE (L mi} g ~ares 4 ) for each dif-
ferent qfi,qu e UM,
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(c) (' ~s @) & (¢ ~apos &) for each different ¢/, ¢’ € US,

(@) (& s @) Jor cach different §,¢ € U(M' & S") such that one of 4,4 is qa
or Ca contains the atom § % ¢,

(e) either | J(M'wS") =0, or for each i € {1,...,n} there is some k € {1,...,m;}
such that (Qz‘,k Z£qa N qff];k € UM')

We denote by —x the derivation relation between pairs of partitions of labeled
states. As usual, —; denotes its transitive closure and —}; its reflexive-transitive
closure. By abuse of notation, (M,S) —& (M’,S") and (M,S) —j (M',S’) are
also used to denote concrete derivations with R from (M, S) to (M’,S"), having at
least one derivation step in the case of —>9+{ and with any number of derivation steps
in the case of —%. The length of a derivation (M,S) —3 (M’',S’) is its number
of steps, and is denoted as [(M,S) —& (M’,S)|. Finally, to make explicit the
guesses M’ S’ done by R, we use the notation (M, S) —a (clean(M’), clean(S’)) or
(M, S) =4 (clean(M"),clean(S’)), where the latter denotes the guess done at the last
derivation step.

Example 5.33. Let X be the signature {a:0, b:0, h:1, f:5}, and consider the language
over % of the terms of the form:

/
h h h h h
ny No ns o ns :
h h h h h
\ \ \ \ \
a a aq Qi %}

where the n;’s are natural numbers such that ny # na, and the a;’s are symbols in
{a,b} such that oy # ay # ag. Note that this last condition implies that oy, a9, a3

may either be a,b,a or b,a,b, respectively. This language is recognized by the TAG;R

A={qr,9,4,a43,94,9}, 5, {qs}, A, C), where:
o C is the constraint {¢' # ¢’} W{gi # qi | i€ {3,...,5}} W{gs % qu, qu # g5},

o Aisthe set {f(¢,q',q3,94,45) = qr}W{a = ¢, a = ¢, h(q) = ¢, h(g) = ¢'}W
{a = q, b= qi, h(g;) > ¢ |i€{3,...,5}}.
Note that the accepting runs of A are of the following form, where only the right-hand
side of the rules is depicted and numeric exponents are used to denote unary trees of
a specific height within the run:

ar
q/ q/ qgl?,-‘rl q24+1 qgs-i-l
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Since QX = {q,q'}, the accepting A-runs of Ax are of the following form, depicting
them with the same simplification as above:

qr
0a aa gttt gt

where qf,q3, qa, g5 are states in QS , for which the label ¢ has been omitted to ease the
presentation. Consider the following accepting A-run r:

f(qasqa,3,q4,95) — qy

A—qa A—qn  h(g) =gz hlga) a0 h(gs) = g5
\ \ \

h(gs) — g3 b— qu h(gs) = g5
\ \

a — q3 a — Qs

The following derivation with R implicitly constructs the previous A-run r:

({{a3}1},0)

w ({3, 21}, Hai}h)

w (({3" a2} {ad}},0)
<{{q3 1. 17 qg.Ll}7 {qil}}_7 ®>
x (0,0)

The derivation starts from the final state q¢. In the first step, the transition rule
f(qa,qa,93,94,q5) = q5 s guessed, and the elements of the form q‘; are removed by
the clean operation. Moreover, since qz % qu and q4 % qs occur in the constraint, ¢;
and g2 have to be placed in a different part than q} (see conditz’on (d) in the application
of R). In this derivation, the terms that correspond to ¢35 and g2 have been guessed
to be equal with respect to =4, and for this reason, they are placed in the same part.
Moreover, the terms that correspond to g3 and g2 have been guessed to be higher than
the term that corresponds to qj. Checking that the remaining derivation steps are
correct is analogous. As a final remark, note that the A-subrun r|y fits the starting
pair of the derivation, that r|s, r|s, r|a fit the second pair, that r|31, 7|51, 7|4 fit the
third pair, and finally that r|3.1.1, r|5.1.1, 7|a.1 fit the fourth pair of the derivation.

The following lemma and corollary state the correctness of R, i.e., that a deriva-
tion of the form ({{g}}},0) =& (0,0), where ¢y is a final state, corresponds to the
existence of an acceptlng A-run. Properties (C;) and (Cz) in the lemma relate the
form of the derivation with the form of the A-run (in particular, with its height and
occurrences of g, ). This is later useful when deciding finiteness.

Lemma 5.34. Let A be a TAGQR. Let M, S be partitions of labeled states of Ay such
that ({{g*}},0) =35 (M, S), where q is a state of Ax. Let | J(MWS) be more explicitly
written as {¢t*,... ¢ }.



114 Chapter 5. Decidability of global reflexive disequality constraints

Then, there exists a derivation d of the form (M, S) —% (0,0) if and only if there
exist A-runs ri,...,r, of Aa fitting (M,S). Moreover, d and r1,...,r, satisfy the
following conditions:

(C1) |d| = max{1 + height(r;) | i € {1,...,n}},

(Cy) there exists a A-subrun of r1,...,r, reaching qa if and only if d can be written
of the form (M,S) —4 (clean(M’),clean(S")) —% (0,0) for some M', S’ such
that a part of the form {¢4} occurs in M'w S’ or M & S.

Proof. Since (M, S) is derived from ({{¢*}},0) using R, either (M, S) = ({{g*}},0)
or (M, S) = (clean(M’), clean(S’)), for some M’', S’ satisfying conditions (a) to (e) of
Definition 5.32 with respect to some M”, S” such that ({{g*}},0) =5 (M",S") -«
(M, S). In either case, it is easy to see that that the elements occurring in M are
distinct from the elements occurring in S, i.e., that M W S is a partition of labeled
states of A,, that the labels occurring in M, S are pairwise parallel, that qf Lrrws qu

for each different qfi, qu such that the atom ¢; # g; occurs in the global constraint
of A,, and that M = () implies S = (). These properties trivially hold because
of conditions (a), (d), and (e) in the application of 8 and the fact that the initial
({{g*}},0) satisfies them. Moreover, since the clean operation removes all parts of
the form {q4}, the presence of such a part in M @ S necessarily implies that ¢ = g,
and (M, 5) = ({{q}}},0).

After those general remarks, we prove each direction separately:

=) We use induction on |d|. For the base case, i.e., when the derivation has 0 steps,
M = S = () and the statement trivially holds (in particular, condition (C;) holds
since the maximum of an empty set is 0, by convention). For the inductive case,
we write d more explicitly as (M, S) —wx (clean(M), clean(8)) —% (0,0), where
UV S) = {4, -
To construct the A-runs rq,...,r, fitting (M, S) of the statement, we first need
to obtain A-runs 7y,...,7, fitting (M,S). As a first step, by induction hy-
pothesis, there exist A-runs 7y, ..., 75 fitting (clean(M), clean(S)) and satisfying
conditions (C;) and (Ca) for the subderivation (clean(M), clean(S)) —% (0, 0)
of length |d| — 1. Since condition (d) in the application of 2R guarantees that
the state gqa only occurs in M and S in parts of the form {qﬁ}, we can ap-
ply Lemma 5.31 on M,S and 71,...,7; and conclude that there exist A-runs
P1,..., 75 fitting (M, S) and satisfying the following conditions:

— max{1+height(#;) | i € {1,...,7}} = |d|—1, by the fact that condition (Cy)
is satisfied for 71, ...,7; and by property (a) of Lemma 5.31,

— there exists a A-subrun of 71, ..., 74 reaching ¢, if and only if a part of the
form {¢4} is in M W S or there exists a A-subrun of #1,...,#; reaching q,,
by property (b) of Lemma 5.31.

We now construct rq,...,r, from #1,...,7; and the guesses done in the appli-
cation of . For each i € {1,...,n} such that ¢'" € |JS, by condition (a) of

R it follows that there is j € {1,...,7} such that ¢"* = (jfj. In this case we
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define r; as 7;. For each ¢ € {1,...,n} such that qfi € UM, we proceed as
follows. Let fi(¢i1,---,Gim;) — ¢ be the rule of A, guessed for qf"' in the ap-
plication of R&. Again by condition (a) of MR, it follows that, for k € {1,...,m;},

L . . A )
there exist ji € {1,...,A} such that qff,;k = qj:k. In this case we define r; as
(fildin, s @im) = @) (Fjs o Ph,0,)-

It remains to prove that the constructed rq,...,r, fit (M,S) and satisfy con-

ditions (C;) and (Cz). We prove separately each of the conditions of fitness
from Definition 5.27, condition (Cy) is proved together with (F3), and (Cs) is
trivially satisfied by construction.

— Condition (F) is satisfied by construction.

— We prove that condition (F3) is satisfied distinguishing cases depending on

A~

whether clean(M) is empty or not.
First assume that clean(M) = . Note that clean(S) = () follows from

the fact that 7,...,75 fit (clean(M),clean($)), and hence, they satisfy
condition (F3). Thus, S = @ by condition (a) in the application of .

Moreover, the rules guessed for each qf € UM in the application of R

are either of the form f;(qa,...,qa) — ¢; or a; — q;, where a; is a con-
stant symbol. The former case is not possible by Lemma 5.21, and hence,
height(r1) = ... = height(r,,) = 0. Since we had S = (), it follows that con-

dition (F2) holds. Finally, |d| = 1 = max{1 + height(r;) | i € {1,...,n}},
thus satisfying condition (Cy) in this case.

Now assume that clean(M) # 0. Recall that |d| — 1 = max{1 + height(#;) |
j € {1,...,n}}. By construction of r1,...,r,, condition (e) in the appli-
cation of MR, and the fact that 71,...,7, fit (]\ZLS'), the following holds
for each qfi e UMy S). If ¢; = qa, then condition (F3) holds trivially.
If ¢ € UM, then 1 + height(r;) = 1+ (|d| — 1) = |d|. If ¢ € US,
then ¢ € |J(M @ §) by condition (a) in the application of &R, and hence,
1 + height(r;) < |d| — 1. Tt follows that condition (F3) is satisfied also in
this case. Moreover, since | J M is not empty, |d| = max{l + height(r;) |
i €{1,...,n}}, thus satisfying condition (C;) also in this case.

— We consider any two distinct labeled states qf"’7 qjj € UM ¥ S) in order
to see that condition (F3) is satisfied. First, assume that both of them are
in |J M. In this case, term(r;) =, term(r;) if and only if ¢/ ~p qjj holds
by the fact that 71,...,7, fit (M, S) and condition (b) in the application
of R. Second, assume that both of them are in (JS. In this case, con-
dition (F3) holds by the fact that 71,..., 7, fit (M,S) and condition (c)
in the application of . Third, assume that one of them is in |J M and
the other one is in | JS. In this case, term(r;) #4 term(r;) since r1,...,7,
satisfy condition (Fs).

— We consider any two distinct labeled states qf’i,qu € UM @ S) in order
to see that condition (Fy) is satisfied. First, assume that both of them are
in |J M. Note that any two strict A-subruns of r; and r; are A-compatible
since f1,...,7 fit (M,S). If the atom ¢ # g; does not occur in the
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global constraint of A,, then r; and r; are trivially A-compatible. Oth-
erwise, if the atom ¢; % ¢; occurs in the global constraint of A,, then
qfi L qu holds by condition (d) in the application of R in the deriva-
tion ({{¢*}},0) =% (M,S), and hence, term(r;) #, term(r;) since con-
dition (F3) is satisfied, thus implying that r; and r; are A-compatible.
Second, assume that qfi € US. In this case, r; is A-compatible with
any other r; by the fact that /q,...,7; fit (M, 8) and ry,...,r, satisfy
condition (F3). The case qu € |JS is analogous.

<) We assume that there exist A-runs rq,...,r, fitting (M,S), and use induction

on the value h = max{height(r;) | j € {1,...,n}} to prove (M,S) —3 (0,0)
and conditions (C;) and (Cz). For the base case, assume that h = 0. If n = 0,
then the statement trivially holds, because M = S = () and max{1+ height(r;) |
i €{l,...,n}} = max® = 0 by convention. Otherwise, when n > 0, each A-run
r; is of the form (f; — ¢;), and S = () by condition (F2) of fitting. Consider
the case in which the rule guessed for each qf € UM in the application of R
is precisely f; — ¢;. Note that condition (b) in the application of 2R holds since
r1,...,7m fit (M, S), and the remaining conditions of R are trivially satisfied.
Therefore, by defining d as (M, S) —x (,0), condition (C;) is satisfied since
|d| = 1 = max{1l + height(r;) | i € {1,...,n}}, and condition (Cz) trivially
holds.

For the inductive case, i.e., h > 0, we construct M, S satisfying that (M, S) —n
(clean(MM), clean(S)) and show that there are A-runs fitting (clean(M), clean(S))
with height strictly smaller than h. Consider that the rule guessed for each
qfi € UM in the application of R is precisely 7;(A) = (fi(@i1,- - Tim;) = @i)-
Assume that M and S are guessed satisfying the following conditions, where we
denote an element qf €S as qf’f‘ in order to simplify the presentation:

(i) M is a partition of the set {qg"'j |ie{1,...,n}, j €Pos(ry), |7l <1, gi; =
rhs(r; (7)), height(r;|;) = h —

(ii) S is a partition of the set {q i \ te{l,...,n}, j€Pos(ry), 7| <1, ¢;j =
rhs(r;(7)), height(r;|;) < h — 1 (height(r;) < h = j = \)},

(iii) (qlzljfl Kwd qffjf) (term(ri, |j,) =a term(ri,|;,)), for each different
4; i
q“?]fl’qw?]j? € U(M ¥ S)

We now prove that (clean(M), clean(S)) can be derived from (M, S) with 9% using
the considered guesses. Condition (a) in the apphcatlon of R is trivially satisfied
by conditions (i) and (ii) in the definition of M and S. Condition (b) follows from
the fact that ry,...,r, fit (M, S), the selections of the rules, and condition (iii).
Condition (c) follows from the fact that rq,...,r, fit (M,S), and condition (iii).

In order to see that condition (d) holds, first note that, for each different
4 i
“fjfl, 222Jg2 € U(M @ S) such that the atom g;, j, % gi,.;, occurs in the global

constraint of A,, necessarily term(r;,|;,) #a term(r22|32) since r1,...,r, fit

(M, S), and thus, r;,,r;, are A-compatible. Hence, q“”Jfl Firws qlfjf follows
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from condition (iii). The other case of condition (d), i.e., when ¢;, ;, or g, j, is
qa, also holds by condition (iii). Finally, condition (e) follows from Lemma 5.21
and condition (i). Altogether implies that (M, S) —g (clean(M) clean(95)).

By the definition of M, S and the clean operation, (clean(M), clean(S)) is fitted
by the r;|;’s such that qffjij € U(clean(M) @ clean(S)). Moreover, the maxi-
mum height of such 7;|;’s is h — 1 by conditions (i) and (ii), and the fact that
UM is not empty. Thus, we can apply induction hypothesis and conclude
that (clean(M), clean(S)) _>m (@, 0y satisfying conditions (C1) and (Cz) for the
A-runs 7;|;’s such that qjjj e U(clean(M) & clean(S)). Hence, the derivation

d exists, condition (Cy) is satisfied since |d| = 1 + [(clean(M),clean(S)) —&
0,0)| = 1+ h = max{1 + height(r;) | i € {1,...,n}}, and condition (Cz) holds
by construction of M, S. |

Corollary 5.35. Let A be a TAGA L(A) is not empty if and only if there exists a
derivation of the form ({{qf}} @) %m (@ 0), where gy is a final state of Aa.

Proof. Follows by Lemmas 5.23 and 5.34. ]

Lemma 5.36. Let A= (Q,%X, F,A,C) be a TAGQR, Let q be a state of Ay such that

({{a"}},0) =5 (M, S) =5 (0,0).
Then, |U(M @ 8)| <2-|Q] - [Bmer®".

Proof. We assume that ¢ # ¢, since the case where ¢ = g, follows trivially. Let
U(M w S) be more explicitly written as {qfl, ...,q'»}, assuming without loss of
generality that the states qi,...,q, are sorted satisfying that qi,...,q. € Q% and
Qk+1,---,qn € Q5. Note that the cases k = 0 and k = n are possible. Let ry,...,7,
be A-runs of A, fitting (M, S), which are guaranteed to exist by Lemma 5.34.

First, consider the A-runs 71, ..., 7 reaching the states q1,...,qx € Q%, respec-
tively. We write those states more explicitly as ¢, ...,q%, respectively. Note that
the state g4 does not occur in any of such r;, since otherwise ¢; € Q% follows by
Lemmas 5.14 and 5.15, and Definition 5.19, implying that g¢ is useless by the defi-
nition of A4, a contradiction. Moreover, height(r;) < |Q|, since otherwise r; can be
pumped, implying again that ¢; € Q% by Lemmas 5.14 and 5.15, and Definition 5.19,
and leading to a contradiction. Hence, since the number of different terms of height
h is bounded by |£|™>" ™" it follows that |Z\maxa'w‘ bounds the number of different
parts in M WS where the labeled states qfl ey qﬁk occur. Finally, since the definition
of clean guarantees that each part in M W .S may contain at most |Q| occurrences of

states in Q5 it follows that k < |Q)] - |E|maxaf‘Q‘.
Now, consider the A-runs 7441,...,7, reaching the states gyi+1,...,¢n € Q%,

respectively. These runs are pairwise A-compatible, since rq, ..., 7, fit (M, S). Hence,
|E‘maxar‘Q‘ .

QI

we can apply Lemma 5.25 and conclude that n — k < |Q] -

In summary, |JMWS)|=n=k+(n—Fk) <2-|Q|-|3|m>" u

We are finally ready to tackle the emptiness problem for TAGQR. To ease the
presentation, from now on we assume that two pairs of partitions of labeled states
(M,S) and (M’,S") are equivalent, denoted (M,S) = (M’,S"), if they are equal up
to renaming of the labels.
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Theorem 5.37. Emptiness of the language recognized by a TAG;R A can be decided
in triple exponential time.

Proof. Let Abe (Q,%, F,A,C). By Corollary 5.35, emptiness of £L(A) can be reduced
to the existence of a derivation of the form <{{q;}}}, 0) =35 (0,0), where gy is a final
state of A,. Recall that A, can be computed with time in O(|A]- 2™ + Q| + |C|).
Note that we do not have to consider derivations containing a subderivation of the
form (M, S) —g (M’,S"), with (M, S) = (M’,S"), since the existence of a derivation
(M, 8"y =% (0,0) implies the existence of a derivation (M, S) —3, (0,0) of the same
length. Intuitively, this corresponds to ignore cyclic subderivations in an alternative
setting where the pairs (M, S} do not contain labels, and instead, M and S are defined
as partitions of a multiset of states of A,. By Lemma 5.36, the pairs (M, .S) that have
to be considered satisty that || J(M W S)| <2-|Q| - |E|maxar|Q|. In the interpretation
with multisets, such bound implies that there exists a multiset U of states of A, whose
cardinal is in 227"V 0d satisfying that, for any of the pairs (M, S) to
be considered, M W S is a partition of a subset of U. Also note that, still in such
interpretation, the number of partitions of subsets of U is in 20UI1ee(IUD) = By the
previous facts and by the observations in the alternative setting of multisets, it is easy
to see that the total number of non-equivalent pairs that have to be considered in the
derivations with fR is triple exponential. |

Note that it can be derived from our arguments that there exists a triple ex-
ponential upper bound for the height of a minimal accepting A-run. The traditional
approach to decide emptiness consists in generating all terms with height smaller than
the bound, and checking whether one of them is accepted by the given automaton.
However, this approach would lead to an algorithm with cost doubly exponential with
respect to the bound for the height.

In order to conclude, we tackle the finiteness problem for TAGQR. The following
definition and its corresponding lemma show how derivations with R relate to the
finiteness of the recognized language.

Definition 5.38. Let A be a TAGQR. A final state qr of Aa is said to be a witness
of infiniteness if it satisfies one of the following conditions:

(W1) The state g5 is qa.

(Ws) There is a derivation of the form ({{q;}}}, 0) —4 (clean(M), clean(S)) —3 (0, 0)
such that a part of the form {¢i} occurs in M W S.

(Ws3) There is a derivation of the form <{{q}‘}}, 0) = (M, S) =g (M, S") =3 (0,0)
such that (M, S) = (M',S").

Lemma 5.39. Let A be a TAG%R. L(A) is infinite if and only if there exists a final
state gy of Ay such that qy is a wilness of infiniteness.

Proof. We prove each direction separately:

=) Let ¢ be a final state of A such that £(A4,q) is infinite. Note that such state is
guaranteed to exist by the assumption. We consider distinct cases for ¢, and for
each of them prove the existence of a witness.
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First, assume that ¢ € Q. In this case, ¢4 is a final state of A, and condi-
tion (W) trivially holds for ¢; := q,.

Second, assume that ¢ € Q% and that there exists an accepting run r of A
reaching ¢ and containing a state in @%°. In this case, it is easy to construct
from r an accepting A-run ' of A, having some occurrence of the state g,.
Intuitively, it suffices to replace the subruns of r at minimal positions (with
respect to the prefix relation <) that reach a state in Q% by the A-run (A — ¢4),
and add c or € to each state depending on whether there is a constrained state in
the corresponding A-subrun. By condition (Cz) of Lemma 5.34, g7 := rhs(r’(\))
satisfies condition (Wg).

Finally, assume that ¢ ¢ Q% and that there is no run of A reaching ¢ and
involving states in Q% . In this case, since £(4,q) is infinite, there necessarily
exist arbitrarily high accepting runs of A reaching ¢ and involving some con-
strained state. It follows that there exist arbitrarily high accepting A-runs of
A, reaching ¢y := ¢°. Thus, by condition (C;) of Lemma 5.34, there are ar-
bitrarily long derivations of the form ({{g}}},0) —5 (0,0). Since any derived
pair (M, S) satisfies that | | J(M W S)| is bounded as stated in Lemma 5.36, there
exists a derivation of the form ({{q}‘}},@ —5 (M, S) =g (M',S") =% (0,0),
with (M, S) = (M’,5"), and thus, ¢y satisfies condition (W3).

<) If g5 satisfies condition (W), then (A — g,) is an accepting A-run of A, and
the statement follows from Lemma 5.24. If gy satisfies condition (W3), then, by
condition (Cy) of Lemma 5.34, there exists an accepting A-run of A, reaching ¢
and containing the A-subrun (A — ¢, ). Hence, the statement follows again from
Lemma 5.24. Finally, if ¢ satisfies condition (W3), note that the subderivation
(M, S) %; (M', 8"y can be pumped, and hence, we can construct arbitrarily
long derivations. Thus, by condition (C;) of Lemma 5.34, an infinite number of
accepting A-runs of A, fitting ({{g}}},0) exist. Thus, £4(A,) is infinite and
the statement follows by Lemma 5.24. |

Theorem 5.40. Finiteness of the language recognized by a TAG%72 A can be decided
in triple exponential time.

Proof. By Lemma 5.39, infiniteness of £(A) can be reduced to the existence of a
witness of infiniteness in A,. Finding a witness satisfying condition (W7) of Def-
inition 5.38 is straightforward. The justification for the time complexity to detect
a witness satisfying conditions (Wz) or (W3) is analogous to the arguments in the
proof of Theorem 5.37. The only difference is that, for condition (W3), we need to
consider derivations with at most one subderivation of the form (M, S) —% (M’,S'),
with (M, S) = (M’,S"). This modification does not affect the time complexity, and
the statement holds. |

5.6 Unranked ordered terms

Our results on TAG;R can be generalized from ranked to unranked ordered terms
following the same approach as in [Vac10, BCG™13]. In the unranked setting, terms
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are constructed over a given unranked signature 3, i.e., over a set of symbols that
do not have an associated arity. Hence, the only difference between ranked and
unranked ordered terms is that, in the latter, the number of children of any position
is arbitrary since it does not depend on the symbol labeling it. We denote as U(X) the
set of unranked ordered terms over ¥, and recall from [Vac10, BCG*13] the definition
extending the automaton model for unranked ordered terms of [Mur99] with global
constraints.

Definition 5.41. A hedge automaton with global constraints over the constraint
types Ti,...,Tn, denoted HAG,, . . , is a tuple A = (Q, %, F,A,C), where Q is a
finite set of states, 3 is an unranked signature, F' C Q is the subset of final states, C
1s a Boolean combination of atomic constraints of types T1,...,Tn, and A is a finite
set of transition rules of the form a(L) — q, where a € 3, ¢ € Q, and L is a regular
word language over the alphabet @, assumed given by a finite state automaton with
input alphabet Q. Analogously to Definition 5.1, the subclass of HAG,, . .. where the
global constraint is a conjunction of positive literals is denoted HAG;\1

The notion of run of TAG,,,.. ., is extended to HAG,, . . in the natural way. A
run of A on an unranked ordered term t € U(X) is a mapping r : Pos(t) — A
satisfying that, for each position p € Pos(t) with n children, if r(p.1),...,r(p.n) are
rules with right-hand side states q1, . .., qn, respectively, then r(p) is a rule of the form
t(p)(L) — q such that the word qi - - q,, belongs to L. Moreover, r satisfies the global
constraint C. A run r is called accepting if the right-hand side state of r(\) is in F'.
By L(A) we denote the language recognized by A, that is, the set of unranked ordered
terms t such that there exists an accepting run of A on t.

Example 5.42. Recall from Example 1.3 the language representing lists of pairwise
different (encodings of) numbers: a term of the form f(e1, f(ea,... f(em,L)...)) is
used to represent the list of numbers ey, ..., e, where each of the e;’s is a term of
the form by (bp—1(...b1(bo(L))...)), withn >0 and by, ..., b, € {0,1}. Note that the
symbol [ with arity 2 is used for chaining the elements in the list, and the symbol L
with arity O for starting the numbers and the list. The same idea can be more naturally
expressed in the unranked setting as follows. Let X be the unranked signature {0,1, f},
and let L be the language of unranked ordered terms of the form f(e1,...,em), where
the e;’s are pairwise different and each of them is of the form b, (b,—1(...b1(bg)...)),
with n > 0 and by, ...,b, € {0,1}. Such language L can be recognized by the HAGQ72
A = {4, Grum; Qist }, 2y {list }, Ay Gnum % Gnum ), where the set of transition rules A is:

0({e,q}) —
1({e.q}) =
0({57 Q}) — Qnum
1({e,q}) = qnum
f({qnum} )_> Qlist

where we have explicitly written the reqular word languages on the left-hand side of
the rules instead of giving a finite state automaton recognizing each of them, and use €
to denote the empty word. An unranked ordered term representing, e.g., the numbers
1,2,5 is for instance f(1,1(0),1(0(1))) (note that the encoding of a number is not
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unique, as any amount of leading zeros is admitted by A), and it is recognized by A
with the following accepting run.

f({Qnum}*) — Qlist

1({e,q}) = gnum  1({5, q})‘ = gum  1({e, q})‘ — (num
0({e,q}) — q 0({e,q}) — q

\
1({e,q}) = ¢

Note that the global disequality constraint is satisfied since all the subterms reaching
Gnum are pairwise different.

In order to translate the decidability results from the ranked to the unranked
setting, the extension encoding described in [CDG107] is used in [Vac10, BCGT13] to
reduce the question on the unranked setting to the ranked one. Such encoding allows
to transform unranked ordered terms into binary ranked ordered terms; briefly: let
@ be a new symbol, and let ¥ = {a:0 | a € ¥} W {@:2} for any given unranked
signature X, then curry : U(2) — T (Za) is a bijective function recursively defined as
follows:

a ifn=0
curry(a(ty, - tn)) = {@(curry(a(tl, ceoytn_1)),curry(t,)) otherwise

Example 5.43. The unranked ordered term f(1,1(0),1(0(1))) from Example 5.42 is
transformed through curry as follows:

f —curry Q
T /\
C1 &
0 e
1 P '

Ffo1 1 0

Proposition 5.44 ([Vacl0, BCG*13]). Let A be an HAG v with unranked signature
3 and global constraint C.

Then, a TAG~ xn A’ over Xa and with global constraint C' can be constructed in
linear time satisfying that L(A") = {curry(t) |t € L(A)}.

The linear time complexity as well as the preservation of the global constraint
stated in Proposition 5.44 are not present in the original statement from [Vacl0,
BCG™13], but can easily be deduced from the construction done in the proof.

By Proposition 5.44 and Theorems 5.37 and 5.40, we reach the following result.

Corollary 5.45. Emptiness and finiteness are decidable for HAGQR in triple expo-

nential time.






Chapter 6

Conclusions

We have tackled decidability problems on tree automata enhanced with local con-
straints and global constraints. An analysis of the obtained results, together with
discussions on possible extensions, is presented below.

6.1 Local constraints, and tree homomorphisms

The new classes of automata introduced in Chapter 3 extend the current literature by
allowing constraints that test the height of sibling subterms. The obtained time com-
plexity to decide emptiness and finiteness is exponential for the simplest case TACBBy,,
and double exponential for TACBBy, TACBB}e, and TACBBy.. For TACBBy,. and TACBBy.
both problems are at least EXPTIME-hard due to the equality tests [CDGT07], but
the precise hardness for our automata is unknown and deserves further analysis. Ad-
ditionally, it would also be interesting to study other extensions of these constraints.
In particular, we have focused on constraints between brother positions, but empti-
ness and finiteness with arbitrary positions for the height constraints might also be
decidable. Moreover, several classes of (dis)equality constraints with non-brother po-
sitions are known to be decidable, such as the class TAx of automata with arbitrary
local disequality constraints [CJ03], or the class of deterministic and complete reduc-
tion automata, i.e., automata with arbitrary local (dis)equality constraints but with
a bound on the maximum number of equality tests that can be performed at each
branch of the input term [DCC95]. Extending those models with height constraints
might preserve the decidability, and should also be considered.

In Chapter 4 we have proved that the emptiness and finiteness problems for the
class TAihom,z Of tree automata with local constraints are decidable in exponential
time. As a consequence, we have obtained EXPTIME-completeness of set inclusion,
finiteness of set difference, and regularity (HOM problem) for languages defined as
images of regular tree languages under tree homomorphisms. Hence, we have deter-
mined the exact complexity of HOM and other problems that were proved decidable
in triple exponential time in [GG13]. To this end, we have used some intermediate
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results from [GG13]. It would be interesting to study whether such intermediate re-
sults can be obtained in a simpler and clearer manner using the new class TAjhom,z.
Also, we have obtained simpler combinatoric arguments than the ones used in [CJ03]
to prove decidability of emptiness for TAx. Hence, it could be interesting to study
whether those proofs can be rewritten with the present approach in order to make
them more accessible. In [DCC95], emptiness of deterministic and complete reduction
automata is proved decidable. It could also be worth studying whether our techniques
can be applied to this problem in order to improve the obtained time complexity.

6.2 Global constraints

In Chapter 5 we have presented triple exponential time algorithms for the emptiness
and finiteness problems for TAG;QR7 i.e., for tree automata with global constraints
where the constraint is a conjunction of atoms over the predicate %, and the formula
defines a reflexive relation on the states occurring in it. This automaton model is a
meaningful fragment of the class TAGx » from [VaclO] that is incomparable with the
class TAGED from [FTTO08, FTT10]. Our results on TAG;,Z72 are naturally translated to
HAG%Q, i.e., to unranked tree automata with global reflexive disequality constraints,
concluding that its emptiness and finiteness problems are also in 3EXPTIME. We
have not tackled the hardness of any of those problems, but such study should be a
natural next step of research. Additionally, our work on TAGQR can be extended in
different directions. On the one hand, several variants like adding equality constraints
or removing the reflexivity condition are interesting and deserve further study. On
the other hand, it might be possible to generalize the interpretation of the global dis-
equality constraint. In particular, we believe that our results (on the ranked setting)
can be extended to the case where term equality is interpreted modulo commutativity
of some alphabet symbols. To this end, it seems necessary to adapt the conditions in
the application of the inference rule SR (recall Definition 5.32). More precisely, con-
dition (b) should establish a bijection between the respective direct children of two
labeled states in the same part, ensuring that bijected children go to the same part,
and hence generate the same term; moreover, for labeled states in different parts such
a bijection should be impossible, or the guessed alphabet symbols f; and f; should
differ. More general interpretations of term equality, such as the equality modulo flat
equational theories of TABGx~ » n [BCGT13], would require further refinements to the
inference rule, but are also interesting and should be considered.

Many relevant problems are still open in the general setting of global constraints.
In particular, emptiness for TAGx  is known to be decidable [Vacl0], but with non-
elementary time complexity. A challenging question would be to investigate the pre-
cise complexity of such problem, avoiding the use of Higman’s Lemma in the algo-
rithm. To this end, several partial results are known: in [FTT08, FTT10], a direct
reduction into solving positive and negative set constraints [CP94, GTT94, Ste94] is
used to show that emptiness is decidable in NEXPTIME for TAGQA, and furthermore,

n [VaclQ], an algorithm from [Cha99] on t-dag automata is adapted to decide in
NEXPTIME the emptiness problem for TAGL, Rogas ON the other hand, the problem is
at least EXPTIME-hard, since it is for the fragment TAGL , [FTTO8]. Finally, it would
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be interesting to study whether the class TABGx  n from [BCG™13] mixing the global
constraints of TAGx » n with the local constraints of AWCBB can be further extended
with the height constraints introduced in Chapter 3. However, proving decidability of
such extension might require a distinct approach than the one proposed in [BCGT13]:
height constraints force a specific ordering on (the height of) siblings, and this seems
to conflict with the definition of the well quasi-ordered set in [BCG'13], which is
crucial in the current approach. This is an interesting problem and deserves further
analysis.
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