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Abstract. In this paper, we study combining equational tree automata
in two different senses: (1) whether decidability results about equational
tree automata over disjoint theories £ and &> imply similar decidability
results in the combined theory &1 U E2; (2) checking emptiness of a lan-
guage obtained from the Boolean combination of regular equational tree
languages. We present a negative result for the first problem. Specifically,
we show that the intersection-emptiness problem for tree automata over
a theory containing at least one AC symbol, one ACI symbol, and 4
constants is undecidable despite being decidable if either the AC or ACI
symbol is removed. Our result shows that decidability of intersection-
emptiness is a non-modular property even for the union of disjoint the-
ories. Our second contribution is to show a decidability result which im-
plies the decidability of two open problems: (1) If idempotence is treated
as arule f(z,z) — x rather than an equation f(z,x) = z, is it decidable
whether an AC tree automata accepts an idempotent normal form? (2) If
& contains a single ACI symbol and arbitrary free symbols, is emptiness
decidable for a Boolean combination of regular £-tree languages?

1 Introduction

Tree automata are a theoretical tool with applications in many areas, includ-
ing sufficient completeness of algebraic specifications [2, 8], protocol verifica-
tion [4, 5], type inference [3], and theorem proving [13]. Many different frame-
works have been proposed for addressing these applications as each framework
must balance the often competing goals of expressive power and tractability of
different operations. In our own applications [7, 8], the most important proper-
ties are a decidable emptiness problem, and closure under Boolean operations
and equational congruences. Regular tree automata satisfy two of these prop-
erties, however they are not closed under arbitrary equational congruences. For
example, the set of terms equivalent modulo associativity to a term in a regular
tree language may not be a regular tree language [16].

Many extensions to tree automata have been proposed to remedy this prob-
lem, including multitree automata [14], equational tree automata [16], and two-
way alternating equational tree automata [25]. These extensions allow one to
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recognize terms equivalent modulo an equational theory, however multitree au-
tomata are only defined for AC theories and the other frameworks lack closure
under Boolean operations. Due to this problem, propositional tree automata were
proposed in [9]. They are closed under both an equational theory and Boolean
operations — but have an undecidable emptiness problem.

A separate issue in equational tree automata is that few properties are decid-
able for arbitrary theories. Consequently, most work on equational tree automata
focuses on particular equational theories where one or more symbols satisfies
combinations of specific equations such as associativity (A), commutativity (C),
and idempotence (I). This restriction is unavoidable due to decidability issues,
but leaves open the question as to whether these results can be combined. For
example, tree automata over a theory Eac with an AC symbol and free symbols
are effectively closed under intersection [18], and tree automata over a theory
Eac) with an ACI symbol and free symbols are also effectively closed under in-
tersection [24]. Does this imply that tree automata over the combined theory
Enc U Ency are effectively closed under intersection as well?

Our first contribution is to show that tree automata over Eac U Eaci are
not effectively closed under intersection. Moreover, the intersection-emptiness
problem, which is decidable for tree automata over Eac and Eacy separately, is
undecidable for tree automata over the combined theory Eac U Eac). We obtain
this result by showing that every alternating tree language [25] over a theory
& can be effectively expressed as the intersection of two regular tree languages
over a theory £ containing £ and an additional ACI symbol. Since the emptiness
problem for alternating AC-tree automata is undecidable [25], it follows that so is
intersection-emptiness for regular tree automata over Eac UEac). Since emptiness
is always decidable for regular equational tree automata, it follows that regular
tree automata over Eac U Eacy are not effectively closed under intersection.

Our result implies that both the decidability of intersection-emptiness and
effective closure under intersection are non-modular properties, even for disjoint
theories. Modularity is an important property to have, because it aids in the
process of decomposing complex problems into simpler parts which can be rea-
soned about separately. For example, the Shostak [21] and Nelson-Oppen [15]
combination methods have been fundamental to the development of automated
theorem provers that combine the capabilities of many different decision proce-
dures. Given the importance of modularity, we decided to further analyze how
the interaction between the AC symbol and ACI symbol led to undecidability.

Our second contribution is to define a restricted class of tree automata over
a theory & with AC and ACI symbols which are closed under equational congru-
ences. We further show that the emptiness problem is decidable for the Boolean
closure of tree languages in that class — a problem which we call the propo-
sitional emptiness problem as it closely relates to the emptiness problem for
propositional tree automata. The tree automata in the restricted class we con-
sider are called A C-intersection free and subjects each ACI symbol + in £ to one
of two constraints: (1) either the clauses in the automaton where + appears must
satisfy certain syntactic restrictions to avoid simulating the intersection clauses



of alternating tree automata; or (2) the idempotence equation z + 2z = z in £
must be treated as a rewrite rule x +x — x as in the tree automata with normal-
ization framework of [17]. In that framework, some of the equations in £ may be
treated as rewrite rules in a confluent and terminating rewrite theory R. Rather
than computing the congruence closure of the tree language modulo &£, terms are
first normalized by rewriting with R modulo the remaining equations & C &,
and then checked for membership in the underlying equational tree languages
L(A/E"). Their framework has different semantics than standard equational tree
automata, but is often able to obtain better closure and decidability properties.

An important consequence of our second contribution is that it simultane-
ously solves two open problems: (1) We show that the emptiness problem is
decidable for tree automata with normalization over idempotence rules and AC
equations. This problem was mentioned in [17] and left unsolved. (2) We show
that the propositional emptiness problem is decidable for equation tree automata
over the theory Eac) containing a single ACI symbol and arbitrary free symbols.
This problem is interesting, because equational tree automata over Eac| are not
closed under complementation [23]. Its decidability also has a further implication
— propositional emptiness is a non-modular property. Our earlier undecidabil-
ity result implies that propositional emptiness is undecidable for equational tree
automata over Eac UEnci, while propositional emptiness is decidable for Eac [18].

One underlying goal in this work is to develop better tree automata tech-
niques for non-linear theories. This is important in applications such as sufficient
completeness checking where existing techniques either do not support rewrit-
ing modulo axioms [2] or are restricted to left-linear rewrite rules [8]. Although
sufficient completeness checking is undecidable in general for specifications with
non-linear rules and rewriting modulo AC [12], our decidability results show that
sufficient completeness is decidable modulo AC when the every non-linear rule
in the specification has the form f(z,x) — r. It would be interesting to see if the
techniques presented here can be extended to other forms of non-linear rules.

This paper is organized as follows. In Section 2, we review basic concepts
from rewriting and tree automata. In Section 3, we show how alternating tree
languages can be expressed as the intersection of two regular tree languages.
In Section 4, we define a subclass of equational tree automata, which we call
AC-intersection free, and state a decidability result which solves the two open
problems discussed previously, and in Section 5, we present our algorithm for
showing the previous decidability result. Finally, we discuss related work and
suggest avenues for future research in Section 6.

2 Preliminary Definitions

We assume the reader is familiar with equational logic and rewriting as well as
tree automata [1].



2.1 Equational and Rewrite Theories

An equational theory €& = (F, E) consists of a signature F' together with a set of
equations | = r with [, € Tp(X). For each term t € Tr(X), we let [t]¢ denote
the equivalence class of terms equal to ¢t with respect to the equivalence relation
=¢ induced by €. We just write [t] for [t]¢ when the theory can be inferred from
the context, and we let T¢ denote the F-algebra whose universe Te consists of
the equivalence classes of T formed by =¢.

A rewrite theory R is a set of rewrite rules of the form | — r with [, €
Tr(X). A term t € Tp(X) rewrites to v € Tr(X) module &, denoted t —r /¢ u
if there is rule | — r € R, context C, and substitution @ such that ¢t =¢ C[I0] and
u =g C[rf]. A term t is R/E-irreducible if it cannot be further rewritten. We
write ¢| g /ew if there is a term v € Tp(X) such that ¢ =% v and u —% o v. A
rewrite theory R is terminating modulo & if H;g /& is well-founded. R is confluent
if ¢ —>;‘2/5 u and t _’;2/5 v implies ulg ev. If R is terminating and confluent
modulo &, then for all ¢ € Tr, there effectively exists an R /E-irreducible term
tlr/e € Tr that is unique up to =¢. We let Cang /¢ C T¢ denote the canonical
term algebra whose universe is the set of £-equivalence classes of R /E-irreducible
terms.

In this paper, we restrict our attention to equational theories £ only contain-
ing axioms with the following forms:

(x4+y)+z=z+ (y+2) rt+y=y+zx rt+arx=zx
associativity commutativity idempotence

Relative to an equational theory &, if a symbol f € F does not appear in any of
the equations, we say it is a free symbol. If f € F appears in associativity and
commutativity equations but no other equations, we say that it is an AC sym-
bol. Finally, if f € F appears in associativity, commutativity, and idempotence
equations, we say that it is an ACI symbol. We shall restrict our attention to
equational theories where each symbol is a free, AC, or ACI symbol.

2.2 Tree Automata

We treat tree automata as collections of Horn clauses of particular forms as
in [25]. A regular E-tree automaton A is a finite set of Horn clauses each with
the form:

p(f(x1,...,xn)) = p1(x1), ..., pn(Tn) regular clause

where f € F has arity n and p,ps,...,p, are elements of a finite set of unary
predicate symbols called the states of the automaton. In some definitions, tree
automata may also contain e-clauses of the form p(z) < ¢(z), but these can
be eliminated without loss of expressive power. We write A/E F p(t) if p(t) is
entailed by the axioms in AUE. There are a variety of different inference systems
for entailment with equivalent semantics, and when it is necessary to refer to a



t=cu A/EF p(u)
A/E Fp(t)
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equivalence

membership ifA<=A ... A, €A

Fig. 1. Inference System for A/E

specific inference steps, we use the inference rules in Fig. 1, For an equational
theory £ = (F, @) with no equations, we write A F p(t) for A/E F p(t).

We keep the acceptance condition separate from the automaton itself, and
since the automaton only recognizes languages that are closed modulo &, we
define languages as subsets of Tg¢ rather than Tr. For each state p belonging to
A, the language recognized by p in A, denoted L£,(A/E) C Tg, is defined by

Ly(A/E) ={ltl e Te | A/EFp(t) }. (1)
One fundamental result from [25] about regular -tree automata is:

Theorem 1. For each theory £ and regular E-tree automaton A,

A/EFp(t) <= (Bu e [tle) At p(u).

For an arbitrary theory &, the class of languages recognized by regular £-tree
automata is closed under union, but not under intersection or complementation.
Motivated by this fact, an equational tree automata framework called proposi-
tional tree automata is introduced in [9] that is effectively closed under Boolean
operations in all theories. The key idea is to use a propositional formula rather
than a set of final states as the acceptance condition for defining the language rec-
ognized by the automaton. In this paper, we present an alternative formalization
that preserves the basic idea. Given a tree automaton A with states @), we ex-
tend (1) from languages £,(A/E) recognized by a state p to languages £4(A/E)
recognized by a propositional formula ¢ constructed from atomic predicates @
and Boolean connectives A and —:

Loings (A/E) = Lo, (A/E) N Lo, (A)E)  Log, (A)E) = Te \ Ly, (A/E).

There are many decision problems that have been studied in the context of
tree automata. The membership problem for £ is the problem of deciding for
an equivalence class [t] € Tg, E-tree automaton A and state p in A whether
[t] € L,(A/E). The emptiness problem for £ is the problem of deciding for
an &E-tree automaton A and state p whether £,(A/€) = @. This problem is
decidable in linear time for an arbitrary theory £ using Theorem 1 and standard
tree automata techniques [1]. The intersection-emptiness problem for £ is the
problem of deciding for an £-tree automaton A and states pq, . .., p, of A whether



Lo (A/E)N---N L, (A/E) = @. Finally, the propositional emptiness problem
for £ is the problem of deciding for an £-tree automaton 4 with states @) and
propositional formula ¢ over atomic predicates @ whether L4(A/€) = @.

It is known that both the intersection-emptiness and propositional emptiness
problem is decidable for regular equational tree automata over a theory Eac
with AC and free symbols [16]. In contrast, both intersection-emptiness and
propositional emptiness are undecidable for regular equational tree automata
over a theory Ea with associative and free symbols [18]. As an example of a tree
automata framework where intersection-emptiness is decidable and propositional
emptiness is undecidable, we refer the reader to the monotone AC tree automata
framework of [19].

3 Alternating Tree Automata

One extension to tree automata is the alternating tree automata framework
of [22] which was extended to the equational case in [25]. In a Horn-clause repre-
sentation, an alternating tree automaton is a tree automaton which in addition
to regular clauses, may also contain intersection clauses of the form:

p(x) < pi(x), p2(z) intersection clause.

Alternating E-tree automata are closed under both intersection and union, but
are not always closed under complementation. If £ is the free theory, i.e., £ =
(F, o), then the class of languages recognized by alternating and regular au-
tomata coincide. However, this is often not the case for other theories. For ex-
ample, alternating AC-tree automata are strictly more powerful than regular
AC-automata. In particular, the emptiness problem is undecidable for alternat-
ing AC-tree automata [25].

Our first new result in this paper is to show that every alternating &-tree
language is isomorphic to the intersection of two regular £'-tree languages where
&’ is the theory obtained by adding a fresh ACI symbol o to £.

Theorem 2. Let £ = (F,E) and & = (F', E’) be equational theories such that
&' contains the symbols and equations in £ and adds a fresh ACI operator o.

Given an alternating E-tree automaton A with states @), one can effectively
construct a reqular &' -tree automaton B containing the states Q and an additional
fresh state k such that

— Forallpe@ andteTr, A/EF p(t) <= B/E' F p(t).
— ForallteTp, B/E'FEk(t) < TrNtle # 2.
Proof. Let B be the automaton containing the following clauses:

— B contains all of the clauses in A that are not intersection clauses;
— for each intersection clause p(z) < p1(z), p2(z) in A, B contains the clause
p(x1 022) <= p1(21), p2(z2); and



— for each symbol f € F' with arity n, B contains the clause
k(f(xlv s 7l'n)) <~ k(x1)7 EEEE} k(xn>

We first show that A/ + p(¢) implies B/E" F p(t) for all p € Q. Since B
contains all the clauses in A other than the intersection clauses, all we need to
show is that BUE' entails each intersection clause ¢(z) <= ¢1(z), ¢g2(x) in A. This
is immediate, because B must contain the clause q(x1 0x2) < ¢1(x1), ¢2(x2), and
so B entails q(z o x) < ¢1(z), g2(x). The theory £’ contain the axiom z o x = x,
and thus BUE’ entails ¢(r) < ¢1(x), g2(x).

We now show that B/E" - p(t) implies A/E F p(t) for all p € Q. If B/E'
p(t) then by Theorem 1 there is a term w € Tps such that ¢ =¢ u such that
B+ p(u). We construct a term v € T such that u =¢ v and A/E F p(v). Since
t =g u =¢ v and neither ¢ nor v contain the added symbol o, it is not difficult
to show that ¢ =¢ v, and thus A/E + p(t).

We construct the term v € Tr from the proof that B F p(u) by analyzing
the proof bottom-up starting from the leaves. Each inference step that does not
use a clause containing the idempotence symbol o has a direct corresponding
inference step using the clauses in A and can be handled easily. On the other
hand, given an inference step of the form

BFql(ul) BF(]Q(UQ)
B F q(uy ousg)

with ¢(x1023) < q1(21), g2(x2) in B, we first observe that u1 =g uz =g uy o ua,
because 11 o ug is a subterm of u, and wu is equivalent to t € Tr which does not
contain the symbol o. By induction, we know that for 7 € [1,2], there is a term
v; € Tp such that u; =g v; and A/E F q;(v;). As v1 =g up =g uy =g vy and
both vy and vy are in T, it follows that v; =¢ vy, and thus A/E + pa(vy). By
using the intersection clause p(z) < p1(x), p2(z) in A, it follows that A/E F p(vq)
and thus we are done as v1 =g u1 =¢ ui 0 us.

Finally, we show that B/E" F p(t) if and only if Tr N [t]e # @ for all t € Tpr,
by observing that B+ k(u) iff u is in Tr, and so by Theorem 1,

B/(S‘,Fk(t) <~ (EUE[t]gl)BFk(u) =5 TFﬂ[t]g/ #+ .
O

From this theorem, it follows that for each p € @, the languages £,(A/€) and
L,(B/E") N Li(B/E") are isomorphic with the bijective mapping

hy < [tle € L(A/E) — [t]er € L,(B/E) N Li(B/E).

Although this connection between alternating and regular languages seems
worth further study, our main interest in this result is that allows us to use
the result in [25] about the undecidability of emptiness for alternating AC-tree
automata to show that intersection-emptiness is undecidable for regular tree
automata over a theory £ with both an AC and ACI symbol.



Corollary 1. If £ is an equational theory with 4 constants, an AC symbol,
and an ACI symbol, then the intersection-emptiness problem for reqular tree
automata over £ is undecidable.

Proof. Let Eac denote the equational theory obtained by removing the ACI sym-
bol from £. The theory Eac is torsion-free according to the definition in [25] with
regard to the 4 constants, and consequently the emptiness problem is undecid-
able for alternating Eac-tree automata by Prop. 11 in [25]. By Theorem 2, for
each alternating automaton A, we can construct a regular £-tree automaton B
such that £,(A/Eac) = @ iff L,(B/E)NLL(B/E) = @. O

The theory £ in the previous statement can be partitioned into disjoint the-
ories Eac and Eac) where Eac contains the AC symbol and Eac) contains the ACI
symbol and the constants are split freely between them. Intersection-emptiness
is decidable for both Eac [18] and Eacy [24], but as the previous statement shows
it is undecidable for & = Eac U Eacy- It follows that intersection-emptiness is
a non-modular property for equational tree automata even for combinations of
disjoint theories.

4 AC-Intersection Free Tree Automata

Having shown that intersection-emptiness is undecidable in general for equa-
tional tree automata over a theory £ with AC and ACI symbols, we have decided
to search for a restricted subclass of equational tree automata over £ for which
not only is intersection-emptiness decidable, but so is the propositional empti-
ness problem. Our search for this class began by trying to eliminate the main
culprit that led to the undecidability result in Cor. 1 — the ability of clauses
with ACI symbols to simulate the intersection clauses of an alternating AC-tree
automata.

The solution we have found is to subject each ACI symbol o in £ to one of two
constraints: (1) either the clauses in the automaton where o appears must satisfy
certain syntactic restrictions explained below; or (2) the idempotence equation
xox =z in £ must be treated as a rewrite rule zox — x as in the tree automata
with normalization framework of [17]. We first define the syntactic restrictions:

Definition 1. Let £ be an equational theory £ in which each symbol is AC, ACI,
or free. A reqular E-tree automaton A is AC-intersection free iff for each clause
in A with the form p(x1 o x2) <= p1(x1), p2(z2) where o € F is an ACI symbol,
it is the case that for all ¢1,q2 € @, and AC or ACI symbols + # o,

Pz 4+ 22) < qi(21), q2(22) € A = p(a1 + 22) < q1(21), ¢2(22) € A.

One important observation is that AC-intersection free automata are closed
under disjoint unions — that is given two AC-intersection free £-tree automata
A and B such that the states have been renamed so that the states in A and
B are disjoint, the union £-tree automaton C = A U B is also AC-intersection



free. Moreover, £,(A/E) = L,(C/E) for each state p in A, and L£,(B/E) =
L4(C/E) for each state ¢ in A. Since we will soon show that the propositional
emptiness problem is decidable for AC-intersection free automata, it follows that
the emptiness of an arbitrary Boolean combination of AC-intersection free tree
languages is decidable even if the languages are defined in different automata.

This syntactic restriction may be too strong in some applications, and so
we also study a different approach to handling idempotence equations that is
suggested by the tree automata with normalization framework of [17]. A tree
automaton with normalization (TAN) A is equipped with a rewrite system R
that is confluent and terminating modulo an equational theory £. A term ¢ is
accepted by TAN A if its normal form [t]z/¢] is in the underlying equational
tree language L£(A/€). This framework borrows the fundamental idea in term
rewriting, namely that some of the equations in a theory &£ are best handled
by orienting them as rewrite rules in a rewrite system R in a way so that R
is confluent and terminating modulo the remaining equations & C £’. As R is
terminating and confluent modulo &, the language is closed with respect to both
the equations in £ and the equations obtained from the rules in R.

Our interest in the TAN framework stems from the fact that if R, is a rewrite
system containing idempotence rules f(z,z) — x for some of the AC symbols in
a theory £ with free, AC, and ACI symbols, then R, is confluent and terminating
modulo &. This suggests that as an alternative to the restrictions in Def. 1, we
can treat some of the idempotence equations as rules, and still have a class of tree
automata closed modulo both the equations in £ and the underlying equations
in R;. By handling the idempotence equations as rules, we avoid the problem
of simulating intersection clauses, because that simulation relies on applying
idempotence in the direction z — x + x.

By requiring that each ACI symbol either satisfies the syntactic constraints
in the definition of AC-intersection free automata, or treats the idempotence
equation as a rule as in the tree automata with normalization approach, we
describe an algorithm in the next section whose correctness implies the following:

Theorem 3. Let £ = (F,E) be a theory with free, AC, and ACI symbols, and
let Ry be a rewrite theory where the only axioms are idempotence rules of the
form x +x — x for an AC symbol + € F.

If A is an AC-intersection free E-tree automaton with states Q and ¢ is a
propositional formula with atomic predicates @Q, it is decidable whether

Caan/g NLH(A/E) = @.

One important observation about this theorem is that it implies the decidability
of two open questions both of which can be viewed as special cases:

The first open question settled by Theorem 3 is the problem of deciding the
emptiness of the language accepted by a tree automata with normalization over
an equational theory Eac with AC and free symbols and a rewrite system R,
containing idempotence equations for some of the AC symbols in Eac. Specifi-
cally, we want to decide whether Cang, /e, N L,(A/Enc) = D for each Eac-tree



automaton A and state p in A. The problem was mentioned in [17], but left
unsolved. Theorem 3 solves this problem, because Eac contains no ACI sym-
bols and thus every Eac-tree automaton is AC-intersection free. One observation
made in [17] is that for tree automaton with normalization, the decidability of
the emptiness problem only depends on the left hand sides of the rules in R. It
follows that if the emptiness problem is decidable when R contains idempotence
rules x +x — =, it is also decidable when R contains nilpotence rules x +x — 0.

The second open question settled by Theorem 3 is the problem of deciding
the propositional emptiness of equational tree automata over a theory Eac with
a single ACI symbol and free symbols. This problem is interesting, because equa-
tional tree automata over Eacy are not closed under complementation [23], and
so the propositional emptiness problem is not reducible to the emptiness prob-
lem in this theory. Theorem 3 solves this problem, because Eaci contains only a
single ACI symbol, and thus every Eaci-tree automaton is AC-intersection free.
Solving the propositional emptiness problem also shows that both subsumption
(L,(A/Encr) C Ly(B/Encr)) and universality (L£,(A/Eaci) = Te,,) are decidable
for equational tree automata over Eac, and both problems appear to be open.
Additionally, since intersection-emptiness is undecidable for equational tree au-
tomata over Eac UEacr due to Cor. 1, it follows that propositional emptiness over
Enc U Eacr is undecidable as well. However, propositional emptiness is decidable
for Eac [18] and implied to be decidable for Eacy by Theorem 3. It follows that
propositional emptiness is also a non-modular property for the combination of
disjoint theories.

5 Decision Procedure

In this section, we define an algorithm that solves the decision problem posed
in Theorem 3. We begin with a discussion of our overall approach, and how
any solution to check the emptiness of a regular equational tree language over
a theory containing idempotence axioms appears to also require being able to
compute the size of a language. We then present results about terms whose root
is a free symbol in Section 5.1, and present results abouts terms whose root is
an AC or ACI symbol in Section 5.2. In Section 5.3, we present our function
for estimating the number of distinct equivalence classes that reach a particular
profile. Finally, in Section 5.4, we present the algorithm itself, and verify its
correctness.

For this section, £ = (F, E) denotes a theory in which each symbol is AC,
ACI, or free, R| denotes a rewrite system where the only axioms are idempotence
rules of the form x + x — x for an AC symbol + € F', and A denotes a regular
AC-intersection free £-tree automaton with states Q. At times it is useful to treat
all the idempotence equations as idempotence rules. We let Eac € £ containing
only the associativity and commutativity equations in &£, and we let Ry denote
the rewrite system containing the rules in R, as well as a rule x + * — « for
each equation x + x = x in £. It can be observed that 7é| is terminating and
confluent modulo €ac, so for all R,/E-irreducible terms t,u € Tp, t =¢ u iff

10



tlgysene =Enc Ulg, g, For all [t],[u] € Cang, /e, we say that [t] is a flattened
subterm of [u], denoted [t] Dpat [u], if either:

— ulp e =tac flug, ... uy,) with f a free symbol and tl g, ene =nc i for
some % € [1,n], or

- “lfa/&m =g, U1+ -+u, with + an AC or ACI symbol, n > 2, root(u;) # +
for all ¢ € [1,n], and tlfa/&\c =g, U; for some i € [1,n].

Our algorithm is similar to the subset construction algorithm in [9] for check-
ing the propositional emptiness of equational tree automata over A and AC
symbols. For each [t] € Tg, the profile of [t], denoted profile([t]), is a pair that
contains all the information about [¢] relevant to the algorithm.

Definition 2. Let profile : Te — FxP(Q) be the function such that:
profile([t]) = (root(t] g, /¢, ), states.4 e ([t])).

where states 4 /¢ ([t]) = {p € Q| A/E Fp(t) }.

Note that root(tlfzI / SAc) is uniquely determined as Eac only contains associativity
and commutativity axioms which do not change the root symbol of a term.

For an automaton B with states Q' over a theory £ = (F', E’) with free, A,
and AC symbols, we presented a semi-algorithm in [9] for constructing the set

det(B) = { (f,P) € F'xP(Q") | (A[t] € Te/) root([t]) = f A statesg, ¢/ ([t]) = P }.

By computing this set, we can decide if £4(B/E’) # @ by checking for a profile
(f, P) € det(B) such that P = ¢ where P |= ¢ is defined inductively:

PE¢iAG M PEgiand PEg,  PE-iM Plt¢  PlpifipeP

For solving the problem in Theorem 3, this approach is inadequate for two
reasons: (1) We want to decide whether Cang, /s N Ly(A/E) = @ rather than
deciding whether L4(A/E) = @. (2) Both £ and R may contain idempotence
axioms, and idempotence appears to require constructing a structure that not
only allows checking it there exists a term with a particular profile, but also how
many distinct terms have that profile. We illustrate this with an example. Let
Eac) be the theory containing an ACI symbol o and constants a, b, and ¢, and
let B be the Eacj-tree automaton with the rules:

pi(a) pi(b) pa(z1ox2) <= pi(z1),pi(z2) p3(zioxe) <= pi(x1), p2(T2).
In this automaton, one can observe that
Lp,(B/Eact) = Lps(B/Enct) ={lacal,[acb],[bobd]},

and consequently Ly, a—p, (B/Eaci) = @. Now consider the automaton B’ con-
taining the clauses in B and the additional clause p;(c). One can observe that
Lpsn—p,(B'/Enc1) = {[aoboc]}. The language Lp,p—p, (B /Eact) is not empty,
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because there are 3 distinct elements in £,, (B'/Eaci), whereas L, (B/Eaci) only
contains 2 elements. It is relatively straightforward to generalize this idea, so
that for any positive integer n € N and tree automaton B over £ with a state p,
we can construct an tree automaton B’ over the theory £’ containing £ as well
as a fresh ACI symbol o, and construct a formula ¢ over the states in B’ such
that

Lo(BE) £ & > |L,(B/E) =n.

Since a language may contain a (countably) infinite number of elements,
for reasoning about the size of the language, it is helpful to extended basic
arithmetic operators to w. Specifically, we extend addition to w so that it is still
commutative, and satisfies the equations

wtw=w, and n+w=w,

and we extend multiplication to w so that it is still commutative, and satisfies
the equations

wXw=w, Oxw=0, and nxw=wifn>0.
Instead of a set, we construct a directed graph (D4, <4) with the nodes
Da={de FxP(Q) | (3lt]  Cang, ) profile([f]) = d },

and <4 contains an edge di <4 da iff there are [t], [u] € Cang, ¢,  such that
profile([t]e) = d1, profile([u]g) =d2, and [t] Qgat [u]. The edge relation <4 will be
used later in counting the number of equivalence classes with a given profile.

We incrementally construct (D4,<4) by starting with the empty graph
(Do, <p) = (9,9) and applying inference rules to form increasing larger sub-
graphs (D1,<;) C (D2,<3) C -+ C (D4,<4) until saturation. This pro-
cess terminates as the size of D4 is at most |F| X 21Ql. Each profile graph
(D,<) C (D4,<4) can be viewed as representing the (possibly infinite) subset
of Cang, /¢ that is already explored.

Definition 3. For each graph (D, <) C (Da,<4), let Canp o denote the small-
est set containing each [t] € Canyg, /¢ if profile([tle) € D and for all [u] € Cang, /¢,

[u] Dqat [t] = [u] € Canp,q A profile([u]) < profile([t]).

Furthermore, for each d € D, we let profilegg (d) denote the elements in Canp <«
with profile d, i.e., profiIeB,lS](d) = {[t] € Canp « | profile([t]) = d}.

The graph (D4, <4) can be viewed as the graph where every R;/E-irreducible
term has been explored.

Lemma 1. For all (D, <) C (D4, <4),

(D,9) = (Da,d4) < Canp,q = Cang,e.
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Proof. We first show that Canp, <, = Cang,/¢. As R, is confluent and terminat-
ing modulo Eac, it is sufficient to show that for each 7é| /Enc-irreducible term ¢ €
Tr, [tle € Canp, <. We prove this by structural induction on ¢. By definition,
profile([t]) € D4, and so we only need to prove that for all R;/Eac-irreducible
terms u € Tp, if [u] gae [t], then [u] € Canp <« and profile([u]) <4 profile([t]).
There are two cases to consider:

—Ift = f(t1,...,t,) where f is a free symbol. In this case, if u € TF is a
R /Enc-irreducible term such that [u] gae [t] then there is an ¢ € [1,n] such
that u =g, t;. By induction, we know that [t;]¢ € Canp, <, and [t;] < [u]
by definition. Therefore, [t]¢ € Canp, <.

— Otherwise u = u; + - -+ 4+ u, for some AC or ACI symbol + where n > 2,
root(u;) # + for all ¢ € [1,n]. In this case, if u € TF is a 7A€|/5Ac-irreducible
term such that [u] Jpat [t], then there is an ¢ € [1,n] such that u =g, t;.
By induction, we know that [t;]¢ € Canp, <, and by [t;] Dpae [u]. Therefore,
[t] S CanDA7§A.

On the other hand, if Canp < = Cang, /¢, then for each [t] € Cang, /¢, we know
that profile([t]) € D and consequently D = D 4. Additionally, for all [¢],[u] €
Cang, /g, if [t] Dpat [u], then we know profile([t]) < profile([u]). Consequently, <I =
a4 g

5.1 Free Symbols

For each free symbol f € F, we define a function statesy which computes the
states of a term f(t1,...,t,) when the states for each term ¢; are already known:

Definition 4. Given a free symbol f € F with arity n, we define the function
statesy : P(Q)" — P(Q) such that for Py,..., P, C Q, states¢(Pi,...,P,) C Q
is the smallest set containing a state p € Q if either:

— A contains p(f(x1,...,2,)) < p1(x1),...,pn(xy) where p; € P; fori € [1,n],
— or A contains p(x1 o x2) < p1(x1), p2(x2) € A with o an ACI-symbol in &
and p1,ps € statesg(Pi,...,Pp).

The following lemma relates states 4/¢ and statesy:

Lemma 2. For each term t = f(t1,...,t,) € Tr with f free in &,

states 4 /¢ ([t]) = statesy(states /¢ ([t1]), ..., states 4 /¢ ([tn]))-

Proof. This lemma is straightforward to show if we first make a few observations.
For all p € Q, we know by Theorem 1 that p € states 4,¢([t]) iff there is a term
u € [t] such that A F p(u). Since u is equivalent modulo € to a term whose root
symbol is the free symbol f, we know that u can only have two possible forms:
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1. uw= f(uy,...,un) with u; =¢ t; for ¢ € [1,n]. In this case, as A+ p(u), A
must contain a clause with the form p(f(z1,...,2n)) < p1(z1),.. ., Pn(Zn)
where A F p;(u;) for i € [1,n]. Furthermore, for ¢ € [1,n], u; =¢ ¢; and
AF pi(u;) implies that p; € states 4/¢([ts]).

2. u = ug o ug with o is an ACI symbol u; =¢ ug. In this case, as A F p(u),
A must contain a clause with the form p(zq o x2) < p1(z1),p2(z2) where
AF pi(uy) and A b pa(uz). Furthermore, both u; and us are smaller terms
equivalent modulo £ to u and , so p1, pa € states 4/¢([t]).

For i € [1,n], let P; = states 4/¢([t;]). These two cases mirror the two rules
used in the definition of statesy, and so it is straightforward to show that for
all u =¢ ¢, A F plu) == p € statess(Py,...,P,) by induction on the
proof used to show that A F p(u). It is also straightforward to show that
p € statesy(P1,...,P,) = A/E F p(t) by induction on the inference steps
used to construct statesy(Py,. .., P,). O

Given a profile graph (D, <) C (D4, <4), the following lemma is useful for
determining the number of distinct equivalence classes in Canp o with profile
(f,P) € D4 where f is a free symbol.

Lemma 3. For each profile graph (D, <) C (D4, <4), and profile (f,P) € D
where [ is a free symbol,

|profile'5 (f, P)| = > I lprofilep’s(£i. ). (2)
(f17P1)7~--7(fn7Pn)eD i=1
(Vi€[L,n]) (fs,Pi) I (f,P)
statesy (Py,...,P,) =P

Note that if S = &, the sum ) o f(x) = 0 while the product [] . f(z) = 1.

Proof. For each [t] € profiIeB’lﬂ( f,P), we may assume without loss of gener-
ality that ¢ is 7A2|/€Ac—irreducib1e. It follows that ¢ has the form f(tq,...,¢,)
with [t;] € Canp < for each i € [1,n]. Let P; = states/¢([t;]) for i € [1,n].
As [t] is in Canp 4, we know that P; < (f, P). By Lemma 2, we know that
states 4/ ([f(t1,...,tn)]) = P if and only if statesf(Pi,..., P,) = P. For each
tuple (di,...,d,) € D™, let Cany(dy,...,d,) € Canp, g denote the set:
Cang(di,...,dn) = {[f(t1,...,ts)] € Canp « | (Vi€[l,n]) profile([t;]) = d; }.

For distinct tuples Jl, cfz € D™, it is not difficult to observe that the sets Canf(cfl)
and Cany(dz) are disjoint. From these observations, we can conclude that:

|Canp «(f, P)| = > ICans((f1r. Pr)s - (fu Po))l- (3)
(f1,P1);--(fn,Pn) €D
(ViG[l,n]) (f’LPl) S] (f»P)
statesy (Py,...,P,) =P
Moreover, for each tuple (dy,...,d,) € D", it is not difficult to show that
[Cany(di,...,dn)| = |profi|e571§(d1)| X - X |profi|e5}§(dn)| . (4)

Equation (2) follows immediately from (3) and (4). O
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5.2 AC and ACI Symbols

Similar to [9], we define a context free grammar G(+) for each AC or ACI symbol
+ € F'. Intuitively, the grammar captures inferences in the automaton A over
flattened terms with the form t; + - - - + ¢, where root(¢;) # + for ¢ € [1,n].

Definition 5. Given an AC or ACI symbol + € F, we define the context free
grammar G(+) with terminals X(+) = (F\{+})xP(Q), non-terminals Q, and
production rules

G(+)={p:=pip2 | p(x1 + x2) <= p1(x1) A pa(x2) € A}
U{p=(f.P)|(f,P) e X(+)ApeP}.

For each state p € @, we let £,(G(+)) denote the language generated by
p using the rules in G(+). For each non-terminal p € @, a Presburger formula
Y (+),p(¥) can be constructed with free variables ¥ = { 24 }4e x(4) Wwhose models
M (¥g(+),p) € N¥H) equal the commutative image of £,(G(+)) [20], i.e.,

M (e p) = {#(w) [w e Ly (G(+)) }-

where # : X(4)* — N*() maps each string to the vector counting the number
of occurrences of each letter in the string.
We first show that each parse tree for G(+) corresponds to a proof in A4/E:

Lemma 4. For each termt =t +---+t, € Tr wheren > 1, + an AC or ACI
symbol, and root(tille/&\c) # 4 fori e [l,n],

#(profile([t1]), ..., profile([tn])) € M (Ya(4)p) = A/EF p(t).

Proof. We show this statement by induction on n > 1. There are two cases to
consider:

— If n = 1, G(+) must contain the rule p := profile([¢;]). This implies p €
states 4/¢([t1]), and thus A/E - p(t1).

— Otherwise n > 2, and G(+) contains a rule p := p;ps which can be viewed
as partitioning ¢y, ...,t, into two sequences: (1) a sequence uyq, ..., U, with
1 <m < nand #(profile([u1]), . . ., profile([u,,])) € M (q(4),p,) and (2) a se-
quence vy, . .., Vn_n, with #(profile([v1]), ..., profile([vn_m])) € M (Y1) ps)-
Let w =ui +--- 4+ um, and let v = v +--- + v, . As + is associative in
&, we know that ¢t =¢ u + v. As both m and n — m are less than n, by
induction we know that A/ F py(u) and A/E + pa(v). By the definition of
G(+), we know that A contains the clause p(z1 + x2) < p1(x1), p2(z2), and
consequently A/E + p(t). 0

Due to the possibility of idempotence equations in &, it is more complex
to show how a proof that A/E F p(t) corresponds to a parse tree using the
production rules in G(+4). We first show the following lemma, which relies on
our assumption that A is AC-intersection free.
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Lemma 5. For each AC or ACI symbol + € F, if AJ/E F p(t), then there is a
term ty + - +t, € [t]le such that #(profile([t1]), ..., profile([t,])) € M (Ya(+).p)
and root(t;) # + for i € [1,n].

Proof. The term t; + -+ + t, € [t]¢ can be inductively constructed from the
proof used to show A/E + p(t). Equivalence steps in that proof are trivial as the
inductive hypothesis immediately implies a suitable term can be constructed.
For membership steps, there are three cases to consider:

- If root(tlle/&\c) # 4+, then we use Theorem 1 to find a u =¢ t such that
At p(u). We know that ulz, e =ec tlg, /g, and thus root(ulz /¢, ) # +
By definition p € states 4/¢([u]), and so G(+) must contain the rule p :=
profile([u]). Consequently, #(profile([u])) € M (¥ (+),p), and thus ulz o €
[t]e is exactly the term we are looking for.

— If root(t) = +, then we let ¢ = u + v. The membership must have the form:

A/EF pi(u) A/E T+ pa(v)
A/EF plu+v) '

We construct i+ - -+, € [u]g and v1+- - -+v, € [v]¢ by induction. Let @ =
#(profile([uq]), . .., profile([u,,])) and ¥ = #(profile([v1]), ..., profile([v,])).
We know A contains the clause p(z1 + z2) < p1(z1),p2(22), and so G(+)
contains the rule p := pipy. By induction, we know that © € M (¢¥g(4)p,)
and 7 € M(Yc(4),p,)s and so @+ T € M(Yg(4),p). It follows that the term
(ugp + -+ +um)+ (v1 + - +v,) € [1]¢ satisfies the required conditions.

— Otherwise, we know that root(t] z, /¢, ) = + while root(t) # +. It follows that
t must have the form ¢ = w o v for some ACI symbol o, and the membership
must have the form:

A/EF pi(u) A/EF pa(v)
A/E+ p(uow)

where u =¢ v =¢ t. We construct u; +- - - +u, € [u]g by induction. We know
that n > 2, as uy + -+ + u, =g t implies root(u; + --- + unlle/&\c) =4.
Let @ = #(profile([u1]), ..., profile([u,])). By induction we know that @ €
M (¥¢(4),p, ), and thus G(+) contains a rule of the form p; := q1g2 as n > 2.
It follows that A contains the rule p; (21 +22) < q1(21), g2(22). As Ais AC-
intersection free, it must also contain must contain the rule p(z1 + z2) <
q1(z1), g2(x2). Thus G(+) contains the p := ¢1¢2, and if we swap this rule
in for the rule p; := q1g2 used to show @ € M(Yg(4),p,), it follows that
@ € M(tpg(4),p)- It follows that the term uy + --- 4 uy € [t]¢ satisfies the
required conditions. a

For each AC symbol +, we can show:

Lemma 6. For each 7A€|/5Ac-z'rreducible termt =ty +---+t, € Tr where + 1is
an AC symbol, n > 1, and root(t;) # + for i € [1,n],

A/E F p(t) <= #(profile([t1]), ..., profile([t,])) € M(Ve(+)p)-
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Proof. By lemma 4, if #(profile([t1]), ..., profile([t,])) € M (¢ g(4),p), then A/E
p(t). On the other hand, if A/E F p(t) then by Lemma 5, there is a term
up + -+ 4wy =¢ t such that #(profile([ui]), ..., profile([um])) € M(Yas),p)
and root(u;) # + fori € [1,m]. Ast; + -+ +t, =¢ u3 + -+ + U, and + only
appears in associativity and commutativity equations, it follows that m = n
and #(profile([u1]), ..., profile([u,,])) = #(profile([t1]), ..., profile([t,])). Conse-

quently,
#(profile([t1]), ..., profile([t,])) € M(Ya(4)p)-

For each ACI symbol o, we can show:

Lemma 7. For each 7A2|/5Ac—irreducible termt =t o0---0t, € Tr where o is
an ACI symbol, n > 1, and root(t;) # o for i € [1,n],

A/EF p(t) <
#(profile([t1]), ..., profile([t,])) € M((37) ZT G A Yg(o),p(¥))

where £ C § is the formula /\ Za <ya A ((ya > 0) = (zq >0)).
deX (o)

Proof. We let & = #(profile([t1]), ..., profile([t,])) We first show that if there is
a i € NF*P(@ such that & T § and 1g(o),,(#) holds, then A/E I p(t). Since
Z C ¢, we know that for each d € X(0), if yq > x4, then x4 > 0 and consequently
there is a term ty € Tr such that ¢4 = t; for some i € [1,n]. We let u € Tp,
denote the term v = touy o -+ o u,, where for each d € D such that yq; > x4,
there are exactly yq — 24 distinct indices d(1),...,d(yq — z4) € [1,m] such that
uq(iy = tq- It is not difficult to show that u =¢ ¢ as o is ACI, and moreover
Z + #(profile(uq), . . ., profile(u,,)) = ¢. It follows by Lemma 4 that A/E F p(u),
and thus A/€ F p(t).

We now show that if A/ F p(t), then there is a vector § € N¥(°) such
that #(profile([t1]),...,profile([t,])) E ¥ and i € M(¢¥g(o),p). In this case, by
Lemma 5, there is a term u; o - - - o u,, =¢ t such that

#(profile([u1]), ..., profile([um])) € M (¥ (o)p)-

and root(uilﬁl/&c) # o for i € [1,m]. As t is Ry/Enc-irreducible, there must be
a surjective function & : [1,m] — [1,n] such that u; =¢ tp,(;) for i € [1,m]. Let
§ = #(profile([u1]), . . ., profile([uy,])). For each d € D, the existence of h implies
xq < yq and the surjectivity of h implies that y4 >0 — x4 > 0. a

For each profile (4, P) € FxP(Q) with + an AC or ACI symbol, we use
G(+) in the definition of the Presburger formula ¢, p(&) which identifies terms
whose profile is (+, P). For AC symbols + € F', we let

brp(@) =18 220 N\ Yo@ms@ A N o @)

pEP pEQ\P
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where |Z] is the sum of the variables x4 € Z. For ACI symbols o € F, we let

bop(®) =8| Z2A N\ GPDEEGTA Ve @A N\ ~GP FETA Vo) »(#)
peP PEQ\P
The following lemma describes precisely how the models in M (4 p) corre-
spond to R /Enc-irreducible terms with a particular profile.

Lemma 8. For each 7A3| /Enc-irreducible termt =t;+- - -+t, € Tr where + € F
is an AC or ACI symbol, n > 1, and root(t;) # + fori € [1,n],

profile([t]) = (+, P) <= #(profile([t1]),. .., profile([t,])) € M (¥4 p).

Proof. Since t is Ry/Enc irreducible, we know that profile([t]) = (+, P) iff n > 2
and A/E + p(t) < pe P for p € Q. Let T = #(profile(ty), . .., profile(t,,)).

— If + is an AC symbol, then by Lemma 6, A/E - p(t) <= &€ M(Yg)p)-
It follows that p € P <= € M (3q(4),p), and consequently

profile([t]) = (+,P) < ¥ € M(¢+ p).

— Otherwise + is an ACI symbol, and by Lemma 7, A/E b p(t) iff there
is a ¥ € N¥(H) such that ZC ¢ and ¢ € M (a(4),p(%))- It follows that
pEP = e M((I)) TTYANYe4),p(¥)), and consequently

profile([t]) = (+,P) <= &€ M(¢+ p).
O

We now turn our attention to the problem of counting the number of distinct
elements in Canp, 4 with profile (4, P) € D4 where + is an AC or ACI symbol.
For doing this, the classical choose function C: (NU{w })xN — NU {w } which
has been partially extended to w becomes quite useful.

C(n,k) =n!/(k!(n—Ek)!), Clw,0)=1, and Clw,k)=wifk>0.

For a symbol o € F that is AClin £ or AC in £ and R contains the rule zox — x
appears in R, each equivalence class [t; o ---ot,] € Cang, /¢ can be viewed as
aset { [t1],...,[tn] } € Cang, . For these symbols, the following classical result
about C becomes quite useful:

Proposition 1. Given a finite or countably infinite set A and natural number
kE < |A|, the total number of distinct subsets of A with size k equals C(|A], k). O

For an AC symbols + € F where R does not contain an idempotence rule,
each equivalence class [t; + --- +t,] € Cang, /¢ can be viewed as a multiset

{[t1],...,[ta] }} € NO"=i/e For these symbols, the following classical result
about C becomes quite useful:
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Proposition 2. Given a non-empty finite or countably infinite set A and nat-
ural number k € N, the total number of distinct multisets of A is given by the
formula C(|A| +k—1,k). 0

For a symbol o is idempotent in £ or R, we need the following result about
the size of profileg%ﬂ(o, P):

Lemma 9. For each profile graph (D, <) C (D4, <4), and profile (o, P) € D

where o is a symbol that is idempotent in € or Ry,

|profile'4 (0, P)| = > I c(profiles's(d)| , ua) (5)

@€ M(Yo,pcanp o) d(0,P)

where Yo p.canp. o (L) = Vo p (L) A /\ xq < |profi|eB}ﬂ (d)| A /\ xq =0.
d<(o,P) dd(o,P)

Proof. For each & € N¥(°) let profilel_)’liho(ﬂ) C Canp 4 denote the set

profilep’s o(7) = {{[t1],..., [tn]} C Canpa | (Vij € [Linl)i %) = ti#et,

A #(profile([t1]), ..., profile([t,])) = T }.
For each R;/Eac-irreducible term ¢ € Ty such that [t]e € profileg}ﬂ(o,P), we
know that ¢ must have the form ¢t = ¢; o --- o, where n > 2. Moreover, we can
assume that each term ¢, is distinct with root(t;) # o and [t;]¢ € Canp < for
€ [1,n]. Let & = #(profile([t1]), ..., profile([t,])). By Lemma 8, we know that
te M (o p). As [t;] € Canp g for i € [1,n], we know that z4 < |profi|e5}§(d)|
for d € D. Tt follows that & € M (v, p). For distinct vectors i, 7 € N¥(°) we
know that profile;ﬁ’o(a') and profile, o ,(¥) are disjoint sets, and consequently,

|profi|e5’1§(o,P)| = Z |profi|e5}§7o(ﬁ)| . (6)

ﬁeM(wo,P,CanD,ﬁ )

Moreover, if we partition equivalence classes in each set in profileg}ﬂo(ﬂ') by
their profile, it can be observed that:

|profilep'o ()] = ] |{P < profilep'o(d) | [P| =ua}|. (7)
dd(o,P)

Finally, by Prop. 1, it follows that for each k < |profi|e5}§(d)|,
[{ P C profile,'5(d) | |P| = k }| = C(|profilep,'(d)] , k). (8)
Equation (5) follows immediately from (6), (7), and (8). O

For an AC symbol + is not idempotent in R, we need the following result
about the size of profile;ﬂ(—i—, P):
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Lemma 10. For each profile graph (D, <) C (D4, <4), and profile (+,P) € D
where + is an AC symbol in € that is not idempotent in R,

|profi|e,571§1(+7P)| = Z H C(‘profileg}ﬂ(d)’+ud—1,ud) (9)
ﬁekf(w#»,P,CanD’q) dS](+7P)
B |profile5}ﬂ(d)|>0

where Y1 pcanp o (T) = Y1 p(T) A /\ zq =0 /\ zq = 0.
d<(+,P) A4 (+,P)
|profiIeB’lﬂ(d)‘:O

Proof. For each & € N¥(+) let profi|e5}37+(77) C Canp 4 denote the set

{{[t1], ..., [tn]}} € NC22 | L(profile([t1]), . . . , profile([t,])) = 7 }.

For each [t]¢ € profiIeB}q(—i—, P), we can assume that ¢ is R/Eac-irreducible and
t=1t;+ - +t, where n > 2, root(t;) # +, and [t;]¢ € Canp < for i € [1,n]. Let
t = #(profile([t1]), . . ., profile([t,])). By Lemma 8, we know that £ € M (11 p).
By the definition of Canp  we know that for i € [1,n], profile([t;]) < (+, P).
For i € [1,n], if t; has a profile d, then we know that ¢; € profi|e571<]7+(d) and

consequently |profi|e5?§,+(d)| > 0. It follows that £ € M(¢, p). For distinct

— —

vectors 4,7 € N¥()| we know that profiIeB,lS] (@) and profileg}ﬁ (¥) are disjoint
sets. By putting the last two observations together, we can conclude that:

|profi|e571§ (+,P)| = Z |proﬁ|e5,1ﬂ (@)] . (10)
TIEM(¢+,P.CQHD1§ )

Moreover, if we partition the elements of each multiset in profileg%ﬁ (@) by their
profile d, it is not difficult to show that

|profi|e571§,(ﬁ')| = H ‘{:f e NProfiles 5 (d) | |Z] = ug }‘ : (11)
d<(+,P)

Finally, by Prop. 2, it follows that for each k € N and d € D where profile,?fq (d)
is non-empty, B

’{:E e NPoflen'a (@) | |7| = }‘ — C(|profilep'q(d)] + k — 1,k).  (12)

Equation (9) follows immediately from (10), (11), and (12). O

5.3 Computing the Size of a Language

We next present a function cntp g : D — NU{w} which for each graph
(D,<) C (Da,<4) and profile d € D, returns an estimate of the number of
elements in Cang, /¢ with the profile d. We show below that for each d € D,

|profile;' 5 (d)| < entp «(d) < |profiley,’, o, (d)]. (13)

Before showing this, we first must define cntp 4.
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Definition 6. For each (D,<) C (D4, <4), let cntp <: D —NU{w} be the
function such that cntp <(d) =w if d<td and otherwise

— For each constant ¢ € F', cntp «(c,P) = 1.
— For each free symbol f € F with arity n > 0,

cntp,a(f, P) = > [T ento,«(fis P).-
(f17P1),-<-7(men)€D i=1
(Vie[l,n]) (fi,P) < (f,P)
statesy (Py,..., P,)=P
— For each symbol o € F that is idempotent in € or R, cntp «(o,P) = w if
| M (¢o,p))| = w, and otherwise,

cntp <o, P) = Z H Clentp,<(d), uq)

@€ M(vo,p,) d<(o,P)

where Yo p)(T) =0, p(Z) A /\ zq < cntp <(d) A /\xd =0.
d<(o,P) d# (o,P)
— For each AC symbol + € F that is not idempotent in € or R, cntp «(+, P) =
w if [M (Y4 pac)| = w, and otherwise,

CntD)g}(‘f‘, P) = Z H C(cntp,g(d) +uqg — 1,ud)

€ MY+ pac) dd(+,P)
cntp, < (d)>0

where ¢y pac(®) = p(@) A N\ za=0A ]\ za=0.
d<(+,P) d g (+,P)
CntD,S(d):O
For proving the computability and correctness of cntp «, we define the well-
founded ordering <1 C < as follows:

di <ddy < dy <das A —|(d2 §+ dg)

It can be easily shown that <™ is well-founded. As D is finite, if < were not
well-founded, then there must be profiles dq,ds € D such that dy <™ dy <1 dj.
This leads to a contradiction, as < C < and d; <™ d; implies that for all d € D,
d4d;.

Lemma 11. The function cntp « is computable.

Proof. To show this, observe that if in evaluating cntp <(d), we recursively call
cntp,<(d’) for some d’ € D, then d’ <1 d. Since < is well-founded, it follows that
the chain of recursive calls is finite. Most of the other operations are straightfor-
ward to implement. For representing elements of NU {w }, an abstract data type
should be used that can represent any natural number as well as the constant
w. Each of the formulas ¢ appearing an expression M (1) are formulas in Pres-
burger arithmetic, and thus M (1)) is effectively a semilinear set [6]. It follows
that one can easily decide whether |M(¢)| = w and enumerate the vectors if
M (%) is finite. O
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Before we can prove the claim made in equation (13), we need to show how
the edge relation <4 can be used to detect when Cang, /¢ contains an infinite
number of equivalence classes with a given profile. To show this, we first define
the size of a term ¢ € Tr, denoted size(t) to be the number of symbols in t.
Since the associativity and commutativity equations in Eac preserve the size of
a term, one can observe that if ¢ =g,  u, then size(t) = size(u).

Lemma 12. If d; Sljl dy for dy,ds € Dy, then for all [t,] € Cang, /e such
that profile([ti]e) = di, there J[tz] € Cang, e such that profile([tz]e) = d2 and
size(talp, jg,.) > size(tilz, e, )-

Proof. We prove this by induction on the length of the chain of inferences used
to show d; ﬁ; ds.

The inductive case is easier, and so we prove it first. In this case, we know
there is a profile d’ € D4 such that d; ﬂ; d’ ﬂ; ds. By our first induction
hypothesis we know that there is an equivalence class [t'] € Cang, . such
that profile([t']s) = d and size(t;) < size(t’'). Our second induction hypothesis
then implies the existence of [tz] € Cang /o such that profile([tz]¢) = d» and
size(t1) < size(t') < size(tz).

In the base case, we know that dy < 4ds. By the definition of < 4, there must be
equivalence classes [u], [v] € Cang, /¢ such that profile([u]) = dy, profile([v]) = da,
and [u] g [v]. Assuming profile([t1]) = di, we construct ¢ by analyzing why
[t] Dfiat [v]. There are two cases to consider:

— I vlg e =t f(vr,...,vn) where f is a free symbol and u =g, v; for
some i € [1,n], then we let

t2 = f(vl,...,vi_l,tl,vi+1,...,vn).

Clearly, [t1] <at [t2]. We know that states 4/¢([t1]) = states 4/¢([u]), and con-
sequently states 4 /¢ ([t2]) = states 4/¢([v]) by Lemma 2. As profile([v]) = d» =
(f,states 4¢([v]), it follows that profile([t2]) = do. Finally,

size(tglﬁl/&c) =1+ Z size(v;) + size(tllﬁl/&c),
Jel,n]\{s}
and thus size(tglﬁl/&c) > size(tllfal/&\c).

— Otherwise, vz /g, =exc 1+ +vn with + an AC or ACI symbol, n =
2, root(v;) # + for all i € [1,n], and u =g, v; for some i € [1,n]. If
11z, jenc =&ac vj for some j € [1,7n], then we let 12 = u and it trivially follows
that profile([tz]) = d2 and size(t2 ], ¢, ) > size(tily /¢, )- Otherwise, we let

ty=vi+ -+ vicr+lilg e TVt

We know that tllfa/&;c #ee Ui for all ¢ € [1,n], and thus ¢y is 7A€|/€Ac—
irreducible. It follows that size(tz2lg, ¢, .) > size(tilp, ¢, )- Since n > 2,

root(u) = +, and thus profile([u]) = di = (+,P) for some P C Q. It
follows by Lemma 8 that #(profile([u1]),...,profile([u,])) € M(v¥4 p). As
profile([t1]) = profile([u1]), it follows profile([t2]) = da. O
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We can use the previous lemma to make the following observation:
Corollary 2. For alld € Dy, if d ﬂj d, then ‘profilegi,ﬂA(dﬂ =w.

Proof. For all d € Dy, there is a [t] € Cang, /¢ such that profile([t]) = d. If
d <", d, then we can use Lemma 12 to construct an infinite sequence [t1], [t],- -+ €
Cang, /¢ of equivalence classes each with profile d and where size(tilfzl /$Ac) <
Size(tjlfama\c) for ¢ < j. It follows that for all distinct 4,5 € N, tille/&\c Fenc
tjlfa. JEnc? and thus are also distinct modulo €. Consequently, Cang, /¢ contains
an infinite number of equivalence classes with profile d. ad

We are now ready to prove our previous claim in equation (13).

Lemma 13. For all profile graphs (D, <) C (D4,<4) and d € D,

|profi|e5}ﬂ (d)| < entp,o(d) < ’profileE,i\’ﬂA(d)’ . (13)

Proof. We prove (13) for all d € D by induction on d with respect to the well-
founded relation <. In our inductive proof, there are four cases to consider:

— If d <" d, then cntp <(d) = w, and thus |profi|e,5}<,(d)| < cntp,«(d). On the
other hand, as < is a subset of <4, we know that d 5111 d. By Cor. 2, it
follows that |profi|eBi)<lA (d)] = w.

— If d = (¢, P) with ¢ a constant, then because D C Dy, we know there
is an equivalence class [t] € Cang,/e such that root(tlz ) = c¢ and
states 4 /¢ ([t]) = P. However, root(t] 5, ¢, ) = c implies that ¢ =¢ c. As there
is only one equivalence class containing c, it follows that ‘profileg}q (d)’ =1
and |proﬁ|e5}47§A(d)| =1.

— If d=(f, P) with f a free symbol with arity n > 0, then by using Lemma 3
with both (D, <) and (D4, <4), we can reduce (13) for d to the problem of
showing (13) for all d’ < d. However, this follows trivially by our induction
hypothesis as d 47 d and d’ < d implies d’ < d.

— If d = (o0, P) with o € F idempotent in £ or R, then we first note that for
alld € D, d <d = d <dasd<4" d. Tt follows that we may assume
that equation (13) holds for each d’ < d. This implies that M (v p,canp o) €
M(2o,py) C M(T/JO,P,CanDA,gA ), and consequently by using Lemma 9, we can
reduce the problem of showing (13) for all d € D to two problems: (1) for
all ' dd and k < |profile,'(d')],

C(|profilep! o (d')

,k‘) < C(Cntpyﬁ(d/), k‘),
and (2) for all for all d’ <d and k < cntp «(d),
Clentp o(d'), k) < C(|profiley,’ o (d)] k).
Both of these problems follow easily from our induction hypothesis and the

definition of C.
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Starting with the empty graph (Do, <o) = (&, &), we freely apply either of the rules
below to construct (D;y1, <;41) from (D;, <;) subject to the condition that a rule may
only be applied if (D;t1,<i+1) # (Di, <;). The rules are applied until completion to

obtain the graph (D, <.).

choose free symbol f € F and (f1, P1),...,(fn, Pn) € D;
D1 := D; U{(f,statess(P1,...,Pn))}
i1 = U { ((fj:Pj)v (fvStatesf(Plv' “7Pn))) | Jje [Ln] }

choose AC or ACI symbol + € F and PCQ s.t. (3%) ¥+ p,p,,<,(T)

Dip1:=D; U{(f,P)}
i1 =, U{(dv (fv P)) | deD; A (Elf) er,P,Di,Si(f) Amd>0}

where if + is idempotent in £ or R, then

Yippia, (@) =Yep@ A N\ za<entp g (A N wa=0.
de Z(+)ND; de S(+)\D;
and if + is not idempotent in £ or R, then

Vi pp,a (@) =i p@A N\ za=0n N\ za=0
de $(+)n D; de S(+\D;
C"tDi,Si(d):O

Fig. 2. Inference System for Constructing (D., <.)

— Otherwise d = (+, P) with + € F an AC symbol that is not idempotent
in R. We first note that for all & <d, d’ <d as d 4+ d. It follows that
we may assume (13) for each d’ < d. This implies that M (14 pcanp o) S
My .pac) C M(¢+7P»C3"DA,§A)’ and consequently by using Lemma 10, we
can reduce the problem of showing (13) for all d € D to two problems: (1)

for all d’ <d and k € N where |profile,'o(d')| > 0,

Clentp o(d) + k — 1,k) < C(Jprofilep,’ o ()| +k—1,k),
and (2) for all d <d and k € N where cntp 4(d’) > 0,

Clentp o(d) + k — 1,k) < C([profilep,’ o ()| +k—1,k).

Both of these problems follow easily from our induction hypothesis and the
definition of the choose function C. ad

5.4 Constructing (D4, <4)

The algorithm for a constructing the profile graph (D., <.) is given Fig. 2. We
show that (D.,<,) = (D4, <4) in two steps. First, we show that (D,,<,) C
(D4, <4) by showing that if (D;, <;) C (D, <4), then any graph (D;41, <;41)
obtained by applying one of the inference rules in Fig. 2 is a subgraph of
(D4, <4). Since the initial graph (Dg, <) = (&,9) C (D4, <4), this implies
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that (D, <.) € (Da,<a). Second, we prove that Canp, «, = Cang, /¢, which
by Lemma 1 implies that (D., <.) = (D4, <4).
The following lemma is essential to showing that (D,, <.) C (D, <4):

Lemma 14. For all (D;,;<;) C (D4, <a), if (Dit1,<ir1) is obtained from
(Di, <;) by an inference step using the rules in Fig. 2, then (D;y1,<;+1) C
(Da,<a).

Proof. We consider three different cases separately:

— In the first case, suppose (D;+1, <;+1) is obtained by applying the first rule
after choosing the free symbol f € F and profiles (f1,P1),...,(fn,Pn) €
D;. Let P = states¢(Py,...,P,). We must show that (f,P) € D4, and
(fj, P;) <a (f,P) for all j € [1,n]. As D; C D4, we know that for each
j € [1,n], there is an equivalence class [t;] € Cang, /¢ such that profile([t;]) =
(fj, Pj). Let t = f(t1,...,tn). As f is free, we know that [t] € Cang, /¢, and
therefore profile([t]) € D Observe that profile([t]) = (f, P) by Lemma 2,
and thus (f,P) € D4. For j € [1,n], observe that [t;] <qa [t], and thus
(fi» Pj) Sa (f,P).

— In the second case, suppose (D;11, <;11) is obtained by applying the second
rule after choosing the symbol o € F that is idempotent in £ or R and
choosing a set P C Q. It is sufficient to show that (o, P) € D4, and for
each & € M(Y+ p.p, <,), if zg > 0, then d <4 (o, P). We know that there
is at least one ¥ € M (¢4 pp, «,)- For each d € X (o) N D;, we know that
xzq < cntp, «,(d). By Lemma 13, it follows that there are at least x4 dis-
tinct equivalence classes [tg)], ..., [ta,)] € profileBi’ﬂA(D). Without loss
of generality, we may assume that each term t4;) is R /Enc-irreducible. Let
t=t10---0t, be a term where each term t; corresponds to a unique term
tqy for some d € D; and k € [1,24]. The term ¢ is R1/Enc-irreducible,
and #(profile([t1]),. .., profile([t,])) = Z. It follows that profile([t]) = (o, P)
by Lemma 8, and so (o,P) € D4. For each d € X(o), if x4 > 0, then
[tac)] Driat [t], and consequently d <4 (o, P).

— In the third case, suppose (D;t1, J;+1) is obtained by applying the second
rule after choosing the symbol + € F that is AC in £ and not idempotent in
R and choosing a set P C Q. It is enough to show that (4, P) € D 4, and for
each@ € M(¢Y4 pp, «,),if £4 > 0, then d<4(+, P). We know that there is at
least one & € M (Y1 p,p, <,)- For each d € X(+), if x4 > 0, then we know d €
D; and cntp, «,(d) > 0. It follows by Lemma 13 that there is an equivalence
class [tq] € Canp, <, with profile d. Without loss of generality, we may
assume that ¢4 is 7@./€Ac—irreducible. Let t =t1+- -+, be a term in which
for each d € X(+), there are exactly x4 distinct indices d(1),...,d(zq) €
[1,n] such that t4;) = t4. It follows that #(profile([t1]), ..., profile([t,])) = Z,
and consequently profile([t]) = (4, P) by Lemma 8, and so (+, P). For each
d e X(+) if 4 > 0, then [tq] pat [t], and thus d <4 (+, P). O

The previous lemma implies that (D, <,) C (D4, <4) for all n € N. Since
(Dy, <) = (D, 4,,) for some n € N, it follows that (D., <) C (D4, <4.

25



Corollary 3.
(D, <s) € (D4, <)

a

We now show that (D., <,) can be viewed as having explored all the elements
in Cang, /.

Lemma 15.
Canp, «, = Caan/g.

Proof. As Ry is confluent and terminating, it is enough to show by structural
induction that for each R,/Eac-irreducible term ¢, the equivalence class [t]s €
Canp, <, There are three cases to consider:

— In the first case, suppose t = f(t1,...,t,) with f a free symbol. By in-
duction t; € Canp, «, for i € [1,n], and consequently profile(t;) € D,. Let
profile(t;) = (fi, P;), and let states 4/¢([t]) = P. By Lemma 2, we know that
states¢ (P, ..., P,) = P. Since the first rule in Fig. 2 can not be applied to
generate a larger graph, we know that profile([t]) € D, and for all i € [1,n],
profile([t;]) <. profile([t]). Consequently, [t] € Canp, «,.

— In the second case, suppose t = t; o --- o t, where o an symbol that is
idempotent in £ or R and root(t;) # o for i € [1,n]. By induction we
know that ¢; € Canp, 4, for i € [1,n]. Let P = states4,¢([t]) and let & =
#(profile([t1]), . . ., profile([¢,,])). By Lemma 8 we know that & € M (s p).
As all of the subterms ¢, ...,t, are distinct and also in Canp, «,, we know
by Lemma 13 that z4 < cntp, «,(d). It follows that & € M (¢o p,p, <,), and
since the second rule in Fig. 2 cannot be applied to generate a larger graph,
we know that profile([t]) € D, and for all i € [1,n], profile([t;]) < profile([t]).
Consequently, [t] € Canp, ..

— In the final case, suppose t = t; 4+ --- + ¢, with + an AC symbol in £ that
is not idempotent in R and root(t;) # + for i € [1,n]. By induction we
know that ¢; € Canp, «, for i € [1,n]. Let P = states 4/¢([t]) and let & =
#(profile([t1]), . . ., profile([t,,])). By Lemma 8 we know that & € M (¥4 p).
As all of the subterms t1,...,¢, are in Canp, «,, we know by Lemma 13
that if z4 > 0, then cntp, «,(d) > 0. It follows that & € M (¢4 p b, «,), and
since the second rule in Fig. 2 cannot be applied to generate a larger graph,
we know that profile([t]) € D, and for all ¢ € [1,n], profile([t;]) < profile([t]).
Consequently, [t] € Canp, «,. O

We are now able to prove the main result of this section.

Theorem 4. The graph (D, <4) is effectively constructible.

Proof. We know by Lemma 15 that Canp, «, = Cang,/s. As (D,, d,) is a sub-
graph of (D4, <d4) by Cor. 3, it follows by Lemma 1 that (D, <,) = (D4, <4).
However, (D, <) can be constructed by applying each inference rule in Fig. 2 a
finite number of times. It is decidable whether an inference rule can be applied,
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because each choice ranges over a finite set, the function cntp o is computable
by Lemma 11 and each formula %, p p, <, is expressible in Presburger arithmetic
after the value for cntp, «,(d) has been replaced with its computed numerical
value. a

Theorem 3 can be as a corollary of Theorem 4.

Theorem 3. Let £ = (F,E) be a theory with free, AC, and ACI symbols, and
let Ry be a rewrite theory where the only axioms are idempotence rules of the
form x4+ x — x for an AC symbol + € F.

If A is an AC-intersection free E-tree automaton with states Q) and ¢ is a
propositional formula with atomic predicates Q, it is decidable whether

Caan/g N ,C¢(.A/5) =g.
Proof. By structural induction on ¢, it is easy to show that
Ly(A/E) # @ <= (IP C Q)states 4, (P) = ¢.

It follows that

Cang, /e NLy(A/E) # @ <= (T[t] € Cang, ¢) states 4/¢([t]) = ¢
< (3(f,P)€eDA) P E 9.

Since D 4 is finite and effectively constructible by Theorem 4, it follows that the
question of whether Cang, /e NLy(A/E) = @ is decidable. O

6 Related Work and Conclusions

Our main contributions in this paper are: (1) We showed that every alternating
equational tree language can be expressed as the intersection of two regular equa-
tional tree languages by adding a fresh ACI symbol to the theory. This implies
that intersection-emptiness is undecidable for regular equational tree automata
over a theory with an AC and ACI symbol. (2) We studied the issue of modular-
ity in equational tree automata and showed that both intersection-emptiness and
propositional emptiness are non-modular properties even for disjoint theories. (3)
We presented a subclass of regular equational tree automata over theories with
AC and ACI symbols and showed the decidability of propositional emptiness for
that subclass. This result further implied that propositional emptiness is decid-
able for equational tree automata with one ACI symbol and tree automata with
normalization over a rewrite theory with idempotence rules and AC symbols.
One of our goals was to obtain decidability results over non-linear theo-
ries. In this direction there are numerous papers on extending tree automata
techniques to better handle non-linearity in adding constraints to the automata
rules [1, Chapter 4] as well as extending that idea to handle some equational
theories [11]. The problem of deciding whether a non-equational tree language
accepts an irreducible term for any set of linear or non-linear rules was shown
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in [2], however the approach used here is quite different. The technique of count-
ing the number of distinct terms was influenced by similar issues in deciding the
emptiness of multitree automata [14], and our realization that Presburger arith-
metic is useful in the ACI case was inspired by the generalization of Parikh’s
theorem to arbitrary Kleene algebras in [10].

Although we have solved two open problems, our work suggests additional
questions that are worth exploring, including: (1) If we impose stronger con-
ditions on the theories such as linearity or collapse-freeness, can we combine
disjoint equational theories in a modular way? (2) Can the semi-decision proce-
dure for the associative case in [9] be extended to handle AC-intersection free
automata over theories with any combination of associativity, commutativity,
and idempotence? (3) Although ground reducibility modulo AC is undecidable
in general for non-linear rules [12], what other non-linear rules exist where empti-
ness is decidable for tree automata with normalization modulo AC?
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