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—— Abstract

We use the algebraic framework for languages of infinite trees introduced in [5] to derive effective
characterisations of various temporal logics, in particular, the logic EF (a fragment of CTL) and
its counting variant cEF.
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1 Introduction

Among the many different approaches to language theory, the algebraic one seems to be
particularly convenient when studying questions of expressive power. While algebraic language
theories for word languages (both finite and infinite) have already been fully developed a long
time ago, the corresponding picture for languages of trees, in particular infinite ones, is much
less complete. Seminal results contributing to such an algebraic framework for languages of
infinite trees were provided by the group of Bojariczyk [7, 8] with one article considering
languages of reqular trees only, and one considering languages of thin trees. The first complete
framework that could deal with arbitrary infinite trees was provided in [2, 3]. Unfortunately,
it turned out to be too complicated and technical for applications. Recently, two new general
frameworks have been introduced [1, 5] which seem to be more satisfactory: one is based on
the notion of a branch-continuous tree algebra, while the other uses reqular tree algebras. At
the moment it is still unclear which of these two competing approaches is the right one. The
first one seems to be more satisfactory from a theoretical point of view, while the second one
is more useful for applications, in particular for characterisation results.

In this article we concentrate on the approach based on regular tree algebras from [5]
and apply it to a few test cases to see how suitable it is for its intended purpose. While
the definition of a regular tree algebra (given in Section 2 below) is a bit naive and seems
circular at first sight, it turns out that it is sufficient to guarantee the properties we need
for applications: one can show that (i) the class of regular tree algebras forms a pseudo-
variety and that (ii) every regular tree language has a syntactic algebra, which is in fact a
regular tree algebra. By general category-theoretic results, such as those from [6] or [4], this
implies that there exists a Reiterman type theorem for such algebras, i.e., the existence of
equational characterisations for sub-pseudo-varieties. This is precisely what is needed for a
characterisation theorem.
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The applications we are looking at in the present paper concern certain temporal logics,
in particular, the logic EF and its counting variant cEF, and we aim to derive decidable
algebraic characterisations for them using our algebraic framework. Note that Bojanticzyk
and Idziaszek have already provided a decidable characterisation for EF in [7], but their
result is only partially algebraic. They prove that a regular language is definable in EF if|
and only if, the language is bisimulation-invariant and its syntactic algebra satisfies a certain
equation, but they were not able to provide an algebraic characterisation of bisimulation
invariance. Due to our more general algebraic framework we are able to fill this gap below.

We start in the next section with a short overview of the algebraic framework from [5].
We have to slightly modify this material since it was originally formulated in the setting of
ranked trees while, when looking at temporal logics, it is more natural to consider unranked
trees and forests. The remainder of the article contains our various characterisation results.
In Section 3 we derive an algebraic characterisation of bisimulation-invariance, the result
missing in [7]. Then we turn to our main result and present characterisations for the logic cEF
and some of its fragments, including the logic EF. The result itself and some consequences
are presented in Section 4, while the proof is deferred to Section 5.

2 Forest algebras

The main topic of this article are languages of (possibly infinite) forests and the logics defining
them. Before introducing the algebras we will use to recognise such languages, let us start
by fixing some notation and conventions. Although our main interest is in unranked forests,
we will use a more general version that combines the ranked and the unranked cases. As we
will see below (cf. Theorem 3.1), the ability to use ranks will increase the expressive power
of equations for our algebras considerably. Thus, we will work with ranked sets, i.e., sets
where every element a is assigned an arity ar(a). Formally, we consider such sets as families
A = (An)m<w, where A,, is the set of all elements of A of arity m. Functions between ranked
sets then take the form f = (fim)m<w With fi : Ay — B

We will consider (unranked, finitely branching, possibly infinite) forests where each vertex
is labelled by an element of a given ranked set A and each edge is labelled by a natural
number with the restriction that, if a vertex is labelled by an element of arity m, the numbers
labelling the outgoing edges must be less than m. If an edge u — v is labelled by the
number k, we will call v a k-successor of u. Note that a vertex may have several k-successors,
or none at all. We assume that all k-successors of a given vertex are ordered from left to
right, while we impose no ordering between a k-successor and an [-successor, for k # [. We
write FoA for the set of all such A-labelled forests. (We shall explain the index 0 further
below.) We write dom(s) for the set of vertices of a forest s € FgA, and we will usually
identify s with the function s : dom(s) — A that maps vertices to their labels. We denote the
empty forest by 0 and the disjoint union of two forests s and ¢ by s+ ¢t. We will frequently
use term notation to denote forests such as

a(b+¢,0,b)+ b,

which denotes a forest with two components: the first one consisting of a root labelled by
an element a of arity 3 which has two 0-successors labelled b and ¢, no 1-successor, and one
2-successor; the second component consists of a singleton with label b.

We use the symbol < for the forest ordering where the roots are the minimal elements
and the leaves the maximal ones. For a forest s, we denote by s|, the subtree of s attached
to the vertex v. The successor forest of v in s is the forest obtained from s|, by removing
the root v.
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For a natural number n, set [n] := {0,...,n—1}. An alphabet is a finite (unranked) set X
of symbols. If we use an alphabet in a situation such as FyX where a ranked set is expected,
we will consider each symbol in X' as having arity 1. Thus, for us a forest language over an
alphabet X will be a set L C FyX' consisting of the usual unranked forests. (The power to
have elements of various arities is useful when writing down algebraic equations, but it is
rather unnatural when considering languages defined by temporal logics.) We denote by X*
the set of all finite words over X, by X the set of infinite words, and X*° := X* U X“.
A family of (word, forest,...) languages is a function K mapping each alphabet X to a class
K[X] of (word, forest,...) languages over X.

Our algebraic framework to study forest languages is built on the notion of an Eilenberg—
Moore algebra for a monad. To keep category-theoretical prerequisites at a minimum we will
give an elementary, self-contained definition. The basic idea is that, in the same way we can
view the product of a semigroup as an operation turning a sequence of semigroup elements
into a single element, we view the product of a forest algebra as an operation turning a given
forest that is labelled with elements of the algebra into a single element. The material in this
section is taken from [5] with minor adaptions to accommodate the fact that we are dealing
with unranked forests instead of ranked trees. We start by defining which forest we allow in
this process.

» Definition 2.1. (a) We denote by F the functor mapping a ranked set A to the ranked set
FA = (F,;, A),, where F,, A consists of all (AU {xq, ..., 2zn—_1})-labelled forests such that

the new labels xy,...,z,,—1 have arity 0,
each label x; appears only finitely many times, and
no root is labelled by an x;.

(b) The singleton function sing : A — FA maps a label a of arity m to the forest
a(xo, ..., Tm—1)-

(c) The flattening function flat : FFA — FA takes a forest s € FFA and maps it to the
forest flat(s) obtained by assembling all forests s(v), for v € dom(s), into a single large forest.
This is done as follows. For every vertex of s(v) that is labelled by a variable xy, we take
the disjoint union of all forests labelling the k-successors of v and substitute them for xj.
This is done simultaneously for all v € dom(s) and all variables in s(v) (see Figure 1 for an
example.) a

Now we can define a forest algebra to be a set A equipped with a product FA — A.

» Definition 2.2. (a) An w-forest algebra 2 = (A, ) consists of a ranked set A and a
function 7 : FA — A satisfying the following two axioms:

the associative law 7o Fm = o flat and the unit law mosing =id.

We will denote forest algebras by fraktur letters 2 and their universes by the corresponding
roman letter A. We will usually use the letter 7 for the product, even if several algebras are
involved.

(b) A morphism of w-forest algebras is a function ¢ : 2 — B that commutes with the
products in the sense that moFp = pom. J

» Remark. (a) In the following we will simplify terminology by dropping the w and simply
speaking of forest algebras. But note that, strictly speaking, this name belongs to the kind of
algebras introduced by Bojariczyk and Walukiewicz in [10].
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7N, AN
o/ \\ 7N !

=R A 7N

0|
Xo
X X

Figure 1 The flattening operation

(b) One can show that the functor F together with the two natural transformations flat
and sing forms what is called a monad in category theory. In this terminology, we can define
forest algebras as Filenberg-Moore algebras for this monad.

(c) Note that a forest algebra 20 = (A, ) contains a monoid (A, 4, 0) and an w-semigroup
(A1, Ao, - ). We call the former the horizontal monoid and the latter the vertical w-semigroup.

Sets of the form FA can be equipped with a canonical forest algebra structure by using
the flattening operation flat : FFA — FA for the product. By general category-theoretical
considerations it follows that algebras of this form are exactly the free forest algebras
(generated by A). In this article we consider forest languages over an alphabet X' as subsets
L C FoX. Such a language is recognised by a morphism n : FX — 2l of forest algebras if
L = n~[P] for some P C Ay. In analogy to the situation with word languages we would like
to have a theorem stating that a forest language is regular if, and only if, it is recognised by
a morphism into some finite forest algebra. But this statement is wrong for two reasons. The
first one is that every forest algebras with at least one element of positive arity has elements
of every arity and, thus, is infinite. To fix this, we have to replace the property of being finite
by that of having only finitely many elements of each arity. We call such algebras finitary.

But even if we modify the statement in this way it still fails since one can find finitary
forest algebras recognising non-regular languages. (An example for tree languages is given by
Bojanczyk and Klin in [9].) Therefore we have to restrict our class of algebras. A simple way
to do so is given by the class of (locally) regular algebras introduced in [5] where all of the
following results are taken from (again in the case of trees instead of forests).

» Definition 2.3. Let 2 be a forest algebra.

(a) A subset C C A is regularly embedded if, for every element a € A, the preimage
77 (a) NFC is forms a regular (i.e., automaton recognisable) language over C.

(b) 20 is locally regular if every finite subset is regularly embedded.

(c) A is regular if it is finitary, finitely generated, and locally regular. J

The definition of a regular forest algebra is not very enlightening. We refer the interested
reader to [5] for a purely algebraic (but much more complicated) characterisations.

» Theorem 2.4. Let L C FoX be a forest language. The following statements are equivalent.
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(1) L is regular (i.e., automaton recognisable).
(2) L is recognised by a morphism into a locally regular forest algebra.

(3) L is recognised by a morphism into a regular forest algebra.

(The reason why we introduce two classes is that locally regular algebras enjoy better closure
properties, while the regular ones are more natural as recognisers of languages.) One can
show (see [5]) that the (locally) regular algebras form a pseudo-variety in the sense that
locally regular algebras are closed under quotients, subalgebras, finite products, and directed
colimits, while regular algebras are closed under quotients, finitely generated subalgebras,
finitely generated subalgebras of finite products, and so-called ‘rank-limits’ More important
for our current purposes is the existence of syntactic algebras and the fact that these are
always regular.

» Definition 2.5. Let L C FX be a forest language.
(a) The syntactic congruence of L is the relation

s~pt :iff  p[s]e L<p[t] € L, for every context p,

where a context is a (X U {J})-labelled forest and p[s] is the forest obtained from p by
replacing each vertex labelled by [J by the forest s.
(b) The syntactic algebra of L is the quotient &(L) := FX/~ . N

» Theorem 2.6. The syntactic algebra S(L) of a regqular forest language L exists, it is regular,
and it is the smallest forest algebra recognising L. Furthermore, (L) can be computed given
an automaton for L.

Regarding the last statement of this theorem, we should explain what we mean by
computing a forest algebra. Since forest algebras have infinitely many elements, we cannot
simply compute the full multiplication table. Instead, we say that a regular forest algebra 2A
is computable if, given a number n < w, we can compute a list (A,)qca, of automata such
that A, recognises the set 7—1(a) NFC, for some fixed set C of generators.

3 Bisimulation

To illustrate the use of syntactic algebras let us start with a simple warm-up exercise: we
derive an algebraic characterisation of bisimulation invariance. This example also explains
why algebras with elements of higher arities are needed (this is the reason Bojarniczyk and
Idziaszek [7], whose framework supported only arity 1, had to leave such a characterisation
as an open problem).

Recall that a bisimulation between two forests s and ¢ is a binary relation Z C
dom(s) x dom(t) such that (u,v) € Z implies that

s(u) = t(v) and,
for every k-successor u’ of u, there is some k-successor v’ of v with (u/,v’) € Z and vice
versa.

Two trees are bisimilar if there exists a bisimulation between them that relates their roots.
More generally, two forests are bisimilar if every component of one is bisimilar to some
component of the other.

xxx:5
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to a £ a o a(Xo + X+ %, +X,) t a(xo + X0 +X1 + %)
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Figure 2 Transforming bisimilar forests

» Theorem 3.1. A forest language L C FoX is bisimulation-invariant if, and only if, the
syntactic algebra S(L) satisfies the following equations:

cte=c, a(zo + o) = a(xo)
c+d=d+ec, alxo+ 1 + 22 + 23) = a(wo + T2 + 21 + 3),

for alla € S; and ¢,d € Sy.

Proof. Let n: FX' — &(L) be the syntactic morphism mapping a forest to its ~,-class.
(=) Given elements ¢, d € Sy, we fix forests s € n~(c) and t € n~1(d). If L is bisimulation-
invariant, we have

plsje L iff pls+s]eLl and  p[s+tleLl iff plt+slel,

for every context p. Consequently, s ~; s+ s and s+t ~p, t + s, which implies that c = c+c¢
and c+d=d+c.

The remaining two equations are proved similarly. Fix a € S; and s € 7 !(a). Setting
s":= s(xg + xp), bisimulation-invariance of L implies that

plsje L iff p[s]€ L, forevery context p.

Consequently s ~p, s’ and a(zg) = n(s) = n(s’) = a(xg + x9).
Similarly, for t := s(x¢ + 1 + 22 + x3) and ' := s(xg + z2 + x1 + x3), we have

pltje L iff p[t'] €L, forevery context p.

Hence, t ~p, t' and a(zo + 1 + 22 + x3) = a(xg + 2 + 1 + x3).

(<) Suppose that G(L) satisfies the four equations above and let s and s’ be bisimilar
forests. We claim that 7(s) = n(s’), which implies that s € L < s’ € L.

Fix a bisimulation relation Z C dom(s) x dom(s’). W.l.o.g. we may assume that Z only
relates vertices on the same level of the respective forests and that it only relates vertices
whose predecessors are also related. (If not, we can always remove the pairs not satisfying
this condition without destroying the fact that Z is a bisimulation.) Let = be the equivalence
relation on dom(s) Udom(s") generated by Z.

We will transform the forests s and s” in several steps while preserving their value under 7
until both forests are equal. (Note that each of these steps necessarily modifies the given
forest at every vertex.) An example of this process can be found in Figure 2. The first step
consists in translating the problem into the algebra &. We define two new forests tg, t(, € FoS
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with the same domains as, respectively, s and s’ and the following labelling. If v € dom(s)
has the 0-successors uq, ..., U,_1, we set

to(v) :==n(s(v)) (o + -+ zn-1)

and we make u; an i-successor of v in tg. We obtain ¢{, from s’ in the same way. By associativity
it follows that w(to) = n(s) and w(ty) = n(s’).

Next we make the shapes of the forests ¢y and ¢;, the same. Let ¢; and t} be the forests
with the same domains as t¢ and ¢{ and the following labelling. For every vertex v of ¢y with
SUCCessors U, - - ., U, 1 and labelling

to(’U) = CL(IO +--F 'Tn—l) 5
we set

t]_(U) ::a(xo_i'_..._i'_xo_’_..._’_xnil+...+xn71)7

where each variable x; is repeated m; times and the numbers m; are determined as follows.

Let M be some number such that, for every i < m, no vertex v’ ~ v has at more than M
successors u’ with v’ & u;. (Note that there are only finitely many such vertices.) We choose
the constants m; such that

ka:M, where U;:={k<n|u,~u;}.
keU;

We obtain the forest ¢} in the same way from ¢,. By the top right equation above, the value
of the product is not affected by this modification. Hence, m(t;) = m(to) and 7 (¢}) = 7 ().

Finally, let ¢5 and t}, be the unravelling of, respectively, t; and ¢}, i.e., the forest where
for every vertex v with successors ug, ..., u,_1 and label

tl(fu):a(x0_|_...+x0+...+xn71+...+‘rn71)’
we set
t2(v)::a(l'o+...+xk+...+xl+...+znl)

(where we number the variables from left-to-right, e.g., a(xo + o + 1 + 22 + 22) becomes
a(xo +x1 +x2 + T3 +x4)), and we duplicate each attached subforest a corresponding number
of times such that the value of the product does not change. We do the same for ¢;.

We have arrived at a situation where, for each component r of the forests t5, there is some

component 7’ of ¢}, that differs only in the ordering of successors, but not in their number.

Consequently, there exists a bijection o : dom(¢) — dom(r’) such that, for a vertex v of r
with successors ug, ..., Un_1,

r'(v) = 7(V) (T, 0) + - F Toy(n-1)) ;

where the function o, : [n] = [n] is chosen such that o(u;) is the o, (i)-successor of o(v).
Let 7 be the tree obtained from r as follows. For a vertex v with successors ug, ..., Un_1
and labelling

rv)=alzo+ - +xp_1),

we set

A

T(’l}) = a(xaU(O) +-+ xav(n—l)) s

xxx:7
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and we reorder the attached subtrees accordingly. By associativity and the bottom right
equation, this does not change the value of the product. It follows that # = r’. Consequently,

w(r) ==n(r').
We have shown that, for every component of to there is some component of ¢, with the
same product. Therefore, we can write

w(to) =ao+ -+ am—1 and w(ty) =bo+ - +bp_1

where the sets {ag,...,am—1} and {bo,...,bn_1} coincide. Using the equations ¢+ ¢ = ¢
and ¢+ d = d + ¢ we can therefore transform 7 (tg) into m(t(). Consequently,

n(s) = m(to) = m(to) = n(s').
As n recognises L it follows that s € L < s’ € L, as desired. <

Note that we immediately obtain a decision procedure for bisimulation-invariance from
this theorem, since we can compute the syntactic algebra and check whether it satisfies the
given set of equations.

» Corollary 3.2. [t is decidable whether a given reqular language L is bisimulation-invariant.

4 The Logic cEF

Let us now proceed to the main result of this article: a characterisation of the temporal logic
cEF. For simplicity, the following definition of its semantics only considers forests instead of
arbitrary transition systems.

» Definition 4.1. (a) Counting EF, cEF for short, has two kinds of formulae: tree formulae
and forest formulae, which are inductively defined as follows.

Every forest formula is a finite boolean combination of formulae of the form E;p where
k is a positive integer and ¢ a tree formula.

Every tree formula is a finite boolean combination of (i) forest formulae and (ii) formulae
of the form P,, for a € X.

To define the semantics we introduce a satisfaction relation |=¢ for forest formulae and
one = for tree formulae. In both cases boolean combinations are defined in the usual way.
For a tree t, we define

t=¢ P, :iff  the root of t has label a,
teEyp iff ¢ Efp, for a forest formula o, where ¢’ denotes the successor

forest of the root of ¢.
For a forest s, we define

sk Egp  :iff  there exist at least n vertices v, distinct from the roots, such that

slo = ¢

(b) For k,m < w, we denote by cEFy, the fragment of cEF that uses only operators E;
where | < k, and cEF}}' is the fragment of cEF; where the nesting depth of the operators E;
is restricted to m. For k = 1, we set EF := cEF; and EF™ := cEF{". 4
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The following is our main theorem. Before giving the statement a few technical remarks
are in order. In the equations below we make use of the w-power a* of an element a € A;
(which is the infinite vertical product aaa...), and the idempotent power o™ (which is the
defined as a™ = a™ for the minimal number n with a”a™ = a™). For the horizontal semigroup
we use multiplicative notation instead: n X a for a + --- + a and 7 X a for n X a with n as
above.

When writing an w-power of an element of arity greater than one, we need to specify with
respect to which variable we take the power. We use the notation a“¢ to indicate that the vari-
able x; should be used. Note that, when using several w-powers like in (a(zg, (b(zq, 21))“*))*°,
the intermediate term after resolving the inner power can be a forest with infinitely many
occurrences of the variable zy. But after resolving the outer w-power, we obtain a forest
without variables, i.e., a proper element of FgA. Consequently, the equations below are all
well-defined. Finally, to keep notation light we will frequently write x instead of xg, if this is
the only variable present.

» Theorem 4.2. A forest language L C FoX' is definable in the logic cEFy if, and only if,
the syntactic algebra S(L) satisfies the following equations:

c+d=d+c (a(z) + b(x))*? = (ab(x))®
(ab)™ = b(ab)™ (a(z) + ¢)¥ = (a(z +¢))”
a’ +a" =a* (a(z+c+ ) = (a(x + ¢))”
(abb' ) = (ab'b)® [a(b(wg, 1)) ] = [ab(zg, 7)]*°
(aab)® = (ab)” [a(x + be + ¢)]* = [a(z + be)]”

an(cy...;c)+ (k—n)xc=an(c,...,c)+ (k—n+1) x ¢,
[a(z + (a(k x 2))" ()] =k x (a(k x z))"(c)

for all a,b,b/ € S1, ¢,d € Sy, ay, € Sy, and n < k.
We defer the proof to Section 5. Let us concentrate on some of the consequences first.

» Corollary 4.3. For fized k, it is decidable whether a given regular language L is cEF}-
definable.

For the logic cEF, where we do not care about the value of k, a similar result can now be
derived as a simple corollary. The basic argument is contained in the following lemma.

» Lemma 4.4. Given a forest algebra 2 that is generated by Ag U A1, we can compute a
number K such that, if 2 satisfies the equations of Theorem 4.2 for some value of k, it
satisfies them for k = K.

Proof. Set K := mgml + mg where mg := |Ap| and my := | Ay|. By assumption there is some
number k for which 2 satisfies the equations of Theorem 4.2. W.l.o.g. we may assume that
k > K. The only two equations depending on k are

Dk anle,...;e)+(k—n)xec=ap(c,...,c)+(k—n+1)xc
2)x lalz + (a(k x 2))7(e))]* = k x (a(k x 2))"(c)

We have to show that 2 also satisfies (1)x and (2)x.
For (2)k, note that k > K > |Ap| implies that K X ¢ = 7w x ¢ = k X ¢, for all ¢ € Ay.
Consequently,

a(K x x)(c) = a(k x x)(¢) and, therefore, (a(K x x))"(c) = (a(k x z))™(c) .
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This implies the claim.
For (1)k, fixa € A, and ¢ € Ag. If n < K — mg, then K —n > mgy = |Ag| implies that
(K —n) x ¢ = m x c. Consequently,

ale,...,e)+ (K —n)xc=uale,...,c)+mxc=ale,...,c)+TXc+c

and we are done.
Thus, we may assume that n > K — mg = m%ml. As 2 is generated by Ag U A, there
exists some forest s € F;(Ag U A1) with 7(s) = a. We distinguish several cases.

If some of the variables zg, ..., z,_; does not appear in s, we can use (1), to show that

a(e,...,¢,...c)+(K—n)xc=alc,...,c+--+c¢,...c)+ (K —n)xc
ale,....kxe...;0)+ (K —
ale,...,kxec,....;c)+ (K —n)xc+e.

n) xc

Next, suppose that s is highly branching in the sense that it has the form
s=r(to+ - +tmz 1)

where each subterm ¢; contains some variable. Then there are indices ig < -+ < %;,,—1 such
that 7(t;,(c)) = -+ = 7(ti,,_,(c)) (where ¢ denotes as many copies of ¢ as appear in the
respective term). Hence, (1), again implies that

a(c) + (K —n) xc

(s(¢))+ (K —n)xc

(r(to(@) + -+ +tn2-1(0)) + (K —n) x ¢

=7 (r(to(e) + -+ ty2—1(€) + k x 1;,(¢))) + (K —n) x ¢
a(c)+ (K —n) xc+c.

m
=T

Note that a tree of height h := m; where every vertex has at most d := m% successors has

at most d" = mgml leaves. Hence, if s is not highly branching in the sense above, the fact

that it contains n > mgml variables implies that there must be a chain vy < -+ < vy, of

vertices such that, for every ¢ < mq, there is some leaf u labelled by a variable with v;_1 < u
and v; A u. (For i = 0, we omit the first condition.) Hence, we can decompose s as

s(e) =ro(é,r1(c,...rm,(€)),
and there are two indices ¢ < j such that
m(ro(c,...ri(¢ x))) = n(ro(c,...7j(¢ x))).
Consequently, we can use pumping to obtain a term
m(s(e)) =7 (ro(e,...,ri(c 2) [ris1(C, ..., 7(e, x))]krjﬂ(é, Ty (€)))
which contains at least k occurrences of ¢. Therefore, the claim follows again by (1)g. <

According to this lemma, we can check for cEF-definability of a language L, by computing
its syntactic algebra &(L), the associated constant K, and then checking the equations for
k=K.

» Corollary 4.5. It is decidable whether a given regular language L is cEF-definable.
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When taking the special case of kK =1 in Theorem 4.2, we obtain the following character-
isation of EF-definability.

» Theorem 4.6. A forest language L C FyX is definable in the logic EF if, and only if, the
syntactic algebra &(L) satisfies the following equations:

c+d=d+c (a(z) 4+ b(x))* = (ab(x))®

(ab)" = b(ab)” (a(2) + ) = (ale + )
(abb’)* = (ab'b)* (a(x +c+ ) = (alz +¢))*
(aab)” = (ab)” [a(b(wo,xl))‘”l]wo = [ab(xg, x)]*°

ac=ac+c c=c+c [a(x +a™c)]¥ =ad"¢,
for all a,b,b’ € S; and c,d € Sy.

» Corollary 4.7. [t is decidable whether a given regular language L is EF-definable.

5 The proof of Theorem 4.2

For the proof of Theorem 4.2, we need to set up a bit of machinery. We start by defining the
suitable notion of bisimulation for cEF;. The difference to the standard notion is that we use
reachability instead of the edge relation and that we also have to preserve the number of
reachable positions.

» Definition 5.1. Let m, k < w.
(a) For trees s,t € FX, we define

sVt :iff  the roots of s and ¢t have the same label
s %ZLH t :iff  the roots of s and ¢ have the same label
for every k-tuple z in dom(s) not containing the root, there is
some k-tuple y in dom(¢) not containing the root such that
S|, =5 ty, for all i < k and,
for every k-tuple § in dom(t) not containing the root, there is
some k-tuple Z in dom(s) not containing the root such that

forall i < k.

Slwi %km t Yi

To simplify notation, we will frequently write = ~] y for vertices  and y instead of the
more cumbersome s, &7 t],,.

(b) For forests s,t € FX with possibly several components, we set

s NZ‘H t :iff for every k-tuple Z in s there is some k-tuple 4 in ¢ such that
Sle;, =P tly, for all i < k and,
for every k-tuple y in t there is some k-tuple  in s such that

S|g, =L tly, foralli<k. J

Let us show that this notion of bisimulation captures the expressive power of cEF. The
proof is mostly standard. We start by introducing the following notion of a type.
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» Definition 5.2. (a) We define the type tp]*(s) of a tree s € FX' by

tph(s) = s(())
o () = (s(()), 0s)

where () denotes the root of s and

0, := { {l,0) | 1<k, xg,...,x—1 € dom(s) distinct, not equal to the root,
o= tp?<5|w0) == tp']’;}n(s|ajl71) } :

(b) For an arbitrary forest s € FX, we set
TpZH’l(s) =0,
where
0, :={(l,0) |1 <k, xo,...,21-1 € dom(s) distinct,
o = tpi (lwo) = -+ = PR (8]wr) } - 4
» Lemma 5.3. Let k,m < w.
(a) For trees s,t € FoX, the following statements are equivalent.

(1) st

(2) tpy'(s) = tpy'(t)
(B) sEpetEyw, forall o € cEF} .

(b) For arbitrary forests s,t € FoX, the following statements are equivalent.
(1) s~ t
(2) Tpy'(s) = Tpg' ()
(B) sEpetEyw, forall p € CEF} .

Proof. (a) (2) = (1) follows by a straightforward induction on m and (1) = (3) by induction
on ¢. For (3) = (2) it is sufficient to show that, for every type 7, there exists a formula
X+ € EF}" such that

sExr it tpP(s) =7, for every tree s.

We proceed by induction on m. If m = 0, the type 7 is of the form a € Y. Hence, we can set
Xr := P,. i m > 0, then 7 = (a, ) for some a € X and some set § of types of lower rank.
We can set

Xr = Py A /\ EFixe N /\ —EFiXo -
(l,o)€b (l,o)¢0

(b) is proved in the same way. <

» Corollary 5.4. A language L C FX s cEF}*-definable if, and only if, it is regular and
satisfies

s~p't implies se Lo te L, forall reqular forests s,t € FoX .
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Proof. (=) follows by the implication (1) = (3) of Lemma 5.3.
(<) Set

Q= \/ { Xr ’ 7 = Tpy'(s) for some regular forest s € L } ,

where x, are the formulae from the proof of Lemma 5.3. For a regular forest ¢t € FoX, it
follows that

tEe iff  Tpp'(t) =Tpg'(s), for some regular forest s € L,

it t~7's, for some regular forest s € L,
it telL.

Let K be the language defined by . Since L and K are both regular languages that contain
the same regular forests, it follows that L = K. Thus, L is cEF}'-definable. |

We want to show that an algebra recognises cEFy-definable languages if, and only if, it
satisfies the following equations.

» Definition 5.5. (a) A forest algebra 2 is an algebra for cEFy, if it is finitary, generated by
Ap U Ay, and satisfies the following equations.

(Gl)k an(c,...,c)+(k—n)xc=ay(c,...,c)+(k—n+1) xc
(G2) (ab)™ = b(ab)’f
(G3) a¥+av
(G4) c+d= d+c
(G5) (alz) +b(@))* = (ab(z))*
(G6)  (a(z) +¢)* = (a(z +¢))”
(G7) flee e+ )~ ate O
(G8)  [a(b(zo,21))**]* = [ab(xo, z0)]*
(G9) (abl')¥ = (ab'b)*
(G10) (aab)¥ = (ab)¥
(G11) [a(x 4 be + )] = [a(x + be)]¥
(G12)y [a(z + (alk x )™ ()] = k x (alk x ))"(c

where a,b,b' € S1, ¢,d € Sy, a, € S, and n < k.
(b) A forest algebra 2( is an algebra for cEF if it is an algebra for cEFy, for some k > 1.

In the proof that algebras for cEF recognise exactly the cEF-definable languages, we use
one of the Green’s relations (suitably modified for forest algebras).

» Definition 5.6. Let 2 be a forest algebra. For a,b € Ap, we define
a<,b :iff a=c¢b) or a=b+d, forsomece Ay, d€e€ Ay. N
» Lemma 5.7. Let A be an algebra for cEFy.

(a) The relation <[ is antisymmeltric.
(b) Forae€ Ay, c€ Ay, we have

c=c+c implies ac=ac+c,

c=alc,c) implies c=c+ec.
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ANAA

Figure 3 A forest s with a convex set U (in bold) that has three close U-ends (on the left) and
five far ones (on the right). The height is h(s,U) = 2.

Proof. (a) For a contradiction, suppose that there are elements a # b with a < b < a.
By definition, we can find elements ¢ and d such that (1) a = ¢(b) or (2) a = b+ ¢, and
(i) b=d(a) or (ii) b = a + d. We have thus to consider four cases. In each of them we obtain
a contradiction via (G1); or (G2).

(1,i) a=cb=cda= (cd)™(a) =d(ed)"(a) =da=Db.

(1,i1) a=cb=cla+d)=(c(x+d) (a)=(c(x+d) (a)+d=a+d=0b.
(2,i) b=da=db+c)=(dx+¢c)"(b) =dxz+c)"(b)+c=b+c=a.
(2,i1) a=b+c=a+d+c=a+kx(d+c)=a+kx(d+c)+d=a+d=0b.

(b) By (G1)) we have

c=c+c implies ac=a(c+c)=a(kxc)=alkxc)+c=ac+ec,

c=a(e,c) implies c¢=alc,c) = (a(z,c))™(c) = (a(z,c))"(c) +c=c+c. <

Let us take a look at the following situation (see Figure 3). Let s be a forest and U a set
of vertices. We assume that U is convez in the sense that v < v < w and u,w € U implies
v € U (where < denotes the forest order). We call the maximal elements (w.r.t. <) of U the
U-ends. An U-end u is close if v’ € U, for all v’ < u. Otherwise, it is far. We would like to
know how many of the U-ends are close.

» Lemma 5.8. Letm>0and k> 1, let s NZ”"“H t be two forests, U C dom(s) a convex
set that is closed under ~7*, and set

V:={vedom(t) |u~] v for someuecU}.

(a) V is convex and closed under ~7".

(b) The numbers of ends of U and V' are the same, or both numbers are at least k.

(¢) If U has less than k ends, then U is finite if, and only if, V is finite.

(d) If U is finite and has less than k ends, then U and V have the same numbers of close
ends and of far ends.

Proof. (a) If V is not convex, there are vertices v < v’ < v” of t with v,v” € V and v/ ¢ V.
Fix vertices u < v/ < u” with u ~]""? v, v/ =" v/, and u” ~* v". By definition of V', we
have u,u” € U and v’ ¢ U. This contradicts the fact that U is convex.

To see that V' is closed under =}, suppose that v € V and v =} v/. By definition of V,

there is some u € U with u =} v. Hence, u =" v =} v/. As ~]" is tranbltlve, this implies
that v' € V.
(b) For a contradiction, suppose that U has n < k ends while V' has more than n ends.

(The other case follows by symmetry.) Choose n + 1 ends vy, ...,v, € V. Since s =" ¢

)
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there are vertices ug,...,u, in s with u; NL”H v;. By definition of V', we have u; € U. By
assumption, there is some index j such that u; is not an end. Hence, we can find a vertex
u' > uj with v’ € U. Fix a vertex v’ > v; of t with v’ =" v'. Then v € V and v; is not an
end. A contradiction.

(c) For a contradiction, suppose that U is finite, but V is not. (The other case follows
by symmetry.) By (b), V has only finitely many ends. Hence, there is some element v € V
such that v £ v’ for every end v’ of V. Since s %2”3 t, we can find a vertex u of s with
u z};””
Fix some v’ = v with /' %ZLH v’. Then v’ € U implies v’ € V. By choice of v, there is some
v =" with v/ € V. Choose " > v’ with «” ~}* v". By choice of v/, we have v” ¢ U. This
contradicts the fact that v € V.

(d) By (b), we only need to prove that the number of close ends is the same. Let U and V
be the sets of U-ends and V-ends, respectively. We denote by N(s,U) the number of close
U-ends and by F(s,U) the set of all proper subforests s’ of s that are attached to some
vertex v that does not belong to U but where at least one root belongs to U. (A forest s is
a proper subforest of s attached at v if s’ can be obtained from the subtree s|, by removing

the root v.) We define the following equivalence relation.

(s,U) =¢ (t, V) (it N(s,U)=N(,V),

(s,U) <41 (t, V) :iff N(s,U)=N(t,V) and
#:(s,U) = #,(t,V), for every x;-class 7,

where #,(s,U) denotes the number of subforests s’ € F(s,U) that belong to the class 7.
We define the U-height of s by
0 if F(s;U) =
h(s,U) := if Fs;U) =0
1+ max{h(s',U)|s" € F(s,U)} otherwise.

By induction on [, we will prove the following claim:
(*) s~ 2 and  h(s,U) <1 implies h(s,U) =h(t,V) and (s,U)=; (t,V).

As h(s,U) < |U| < k, it then follows that (s, U) =y, (t,V). In particular, N(s,U) = N(t,V),
as desired.

It thus remains to prove (x). First, consider the case where [ = 0. If h(t, V) > 0, there
is some V-end v that is not close. Fix some vertex v' < v with v’ ¢ V. Since s N?” t, we
" and u & v. By definition of V, it follows that
u ¢ U and u € U. As U is finite, we can find some U-end w > u. But v/ < u < w implies
that w is not close. Hence, h(s,U) > 0. A contradiction.

For the second part, suppose that (s,U) %o (t,V), that is, N(s,U) # N(t,V). By
symmetry, we may assume that m := N(s,U) < N(¢,v). Pick m + 1 distinct close V-ends

Vg, ..., Um. Since m+1 < k and s NZH'z t, there are elements uo, ..., u, € dom(s) with

U; 'A\:}C"'H v;. There must be some index j such that u; is not a close U-end. As U is closed

can find vertices ' < u of s with v’ ~

under =~} and u; =" v; =" u, for some u € U, it follows that u; € U. Furthermore,
uj ~"! v; and the fact that v; is a V-end implies that u’ ¢ U, for all u/ = uj. Thus, u; is
a U-end. But h(s,U) = 0 implies that all U-ends of s are close. A contradiction.

For the inductive step, suppose that s sz+(l+1)+2 t holds but we have h(s,U) # h(t,V)

or (s,U) %441 (t, V). We distinguish several cases.

v. This implies that © € U. As U is finite, we can find some end v’ of U with u < u’.
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(i) Suppose that h(s,U) > h(t,V). By definition of h, there is a subforest s’ € F(s,U)
with h(s’,U) = h(s,U) — 1. Then there is some subforest ¢ of ¢ with s’ ~"**2 ¢/ By
inductive hypothesis it follows that

h(s,U)=h(s', U)+1=h(t',V)+1<h(t,V)+1<h(s,U).

A contradiction.

(ii) Suppose that h(s,U) < h(t, V). By definition of h, there is a subforest t' € F(¢,V)
with h(t', V) = h(t, V) — 1. Fix a subforest s’ of s with s’ ~7" "2 ¢/, By inductive hypothesis,
it follows that

h(s,U) > h(s',U) = h(t',V) = h(t,V) — 1 > h(s,U) .

A contradiction.

(iii) Suppose that N(s,U) # N(t,v) and there is no x;-class 7 with #,(s,U) # #,(¢, V).
Then we have |U|—N(s,U) = |V|—=N(t, V). Since |U| = |V| it follows that N (s,U) = N(t, V).
A contradiction.

(iv) Finally, suppose that there is some <;-class 7 with #,(s,U) # #.(t, V). By symmetry,
we may assume that m := #,(s,U) < #.(t,V). We choose m + 1 vertices vy, ..., v, of ¢
ZH(ZH)H t and m+ 1 < k, there
v;, for all i < m. Let s; be the subforest

such that the attached subforests have class 7. Since s ~
are vertices ug, ..., U, of s such that u; NZ”H?
of s attached to w;, and t; the subforest of ¢ attached to v;. By inductive hypothesis, it
follows that s; =; t;, for ¢ < m. Thus, s has at least m + 1 different subforest in the class 7.

A contradiction. <

Bevor presenting our main technical result, let us quickly recall how to solve a system of
equations using a fixed-point operator. Suppose we are given a system of the form

xo = 70(T0;s - -+ Tn-1),
Tp—1 = 7‘n_1($0, cee 73771—1) 5
where 1¢,...,r,—1 € F, A. Inductively defining
-—— Wi
Si((EO, s 7xi71) = (T‘i(l'07 s Ty Sitly ey S’nfl)) “

we obtain the new system

Zo = S0,

x1 = s1(xo),

Tp—1 = Sn_l(JC(), e ,In_g) s
which can now be solved by substitution.

» Proposition 5.9. Let 2 be an algebra for cEFy. Then

(k+3)(| 4| +1)

S~

implies w(s) =x(t), for all reqular trees s,t € Fo(Ag U A1) .
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Proof. Let m be the number of L-classes above b := m(s) (including that of b itself). We will
prove by induction on m that

s zi(m) t implies w(t) =0,
where f(m):= (m+ 1)(k + 3). Set

S:={x €dom(s) |n(s|l.)=0b},
T :={y € dom(t) |x%f(m_1) y for some z € S} .

As t is regular it is the unravelling of some finite graph G. For each y € T', we will prove
that 7(t,) = b by induction on the number of strongly connected components of G that
are contained in T and that are reachable from y. Hence, fix y € T, let C be the strongly
connected component of G containing y, and choose some =z € S with x zi(m)A y. We
distinguish two cases.

(a) Let us begin our induction with the case where C is trivial, i.e., it consists of the
single vertex y without self-loop. Then

t|y:a(to-i-“-+tn,1+t6+~-~+t;,1)

where a := ¢(y) and the subtrees ¢; lie outside of T" while the ¢/ contain vertices in T'. Set
d; := m(t;). By our two inductive hypotheses, we already know that 7(¢;) = b and that
b <L d;. Hence,

7(tly) = a(do + -+ + du_1 +q x b).
We have to show that this value is equal to b. Suppose that
S‘m:a(30+"'+3l71+56+"‘+S;_1),

where again the trees s; lie outside of S, while the s contain vertices of S. Setting ¢; := 7(s;)
it follows that

w(slz) =alco+---+c_1+pxb).

Since z € S, we already know that this value is equal to b. Hence, it remains to show that
alco+--+ce_1+pxb)=aldy+--+dn_1+gqxb).

We start by proving that
co+--te_1=do+---+dp_1.

By (G4) it is sufficient to prove that, for every ¢ € Ay, the number of occurrences of the
value c¢ in the sum on the left-hand side is either the same as that on the right-hand side,
or that we can add an arbitrary number of ¢ on both sides without changing the respective
values. Hence, consider some element ¢ € Ay where these numbers are different. Let U be
the set of all vertices u > z such that m(s|,) = ¢ and let V' be the set of vertices v > y with
m(t|,) = ¢. As <| is antisymmetric, these two sets are convex. Furthermore, by inductive
hypothesis on m, they are also closed under mi(m_l). Since f(m) —1=f(m—1)+k+ 2,
we can therefore apply Lemma 5.8 and we obtain one of the following cases.

(i) U and V both have at least k ends. Then we can write so+---+s,_1 as 7(s(, ..., s,_;)
with 7(s}) = c. Hence, it follows by (G1), that

co+ -+ =m(r)c....,c)=7(r)(c,....,c)+TXc=co+ - +¢_1+7Xc.

xxx:17



xxx:18

691

o0
©©
()

694

695

696

697

698

703

704
705

706

707

708

709

710

721

722

723

724

725

726

727

728

729
730

731

732

733

734
735

w-Forest Algebras and Temporal Logics

For ¢ it follows in the same way that
do+-+dp1=dop+--+dp1+7Xxec.

Consequently, we can add an arbitrary number of terms ¢ to both sides of the above equation
and thereby make their numbers equal.

(ii) Both U and V are infinite, but each has less than k ends. Thus, U contains an
infinite path and we can use Ramsey’s Theorem (or the fact that s is regular) to write
m(so+ -+ s1—1) as a’e¥ where ec = ¢ = e*. By (G3) and (G1)y, it follows that

o+t 1=de’ =d e+ +e*)=d(c+-+c)
=d(c+-+ec)+mxc

=co+---+¢C-1+7TXC.
For t|,, we similarly obtain
d0+...+dn_1:d0+...+dn_1+ﬂ-x¢37

and we can equalise the number of ¢ as in Case (i).

(iii) The last remaining case is where both U and V are finite and they have the same
number of close ends. Then the sums ¢g +---+¢—1 and dy + - - - + d,,—1 contain the same
number of terms with value ¢ and there is nothing to prove.

We have thus shown that
co+--te_1=do+--+dp_1.

If p = q, we are done. Hence, we may assume that p # ¢. To conclude the proof, we set
U={ueS|z<u} and V:={veT|y=<v}.

If p > 0, then z %i(m)_l y and U # 0 implies V # (). Hence, ¢ > 0. In the same way, ¢ > 0
implies p > 0. Consequently, we have p,q > 0. We consider several cases.
(i) If b+ b =10, then

aldg+ - +dp1+gxb)=alco+-+c-1+gxdb)=alco+--+¢-1+pxb)=0,

as desired.

(ii) If U is not a chain, we obtain b = a’(b, ), for some a, and Lemma 5.7 implies that
we are in Case (i).

(iii) If U contains an infinite chain, we can use Ramsey’s Theorem (or the fact that s is
regular), to obtain a factorisation b = e, which implies that b+ b = b by (G3). Hence, we
are in Case (i) again.

(iv) If U is a finite chain, then so is V', by Lemma 5.8. Hence, p = 1 = ¢ and we are done.

(b) Tt remains to consider the case where C' is not trivial. Then we can factorise

tly =70, tno1,tg, -ty 1),

where r € FA is the unravelling of C, the subtrees ¢; lie outside of T', while the subtrees ¢
contain vertices in T'. Setting d; := 7(¢;), it follows by the two inductive hypotheses that
d; > b and 7(t;) = b. Consequently,

7(tly) = 7(r)(do,...,dn-1,b,...,D).
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Let us simplify the term 7. Introducing one variable x,, for every vertex v € C, we can
write r as a system of equations

Ty = y(Tyy + -+ F Ty, +Co+ - F+cqo1), forved,

where ug,...,u;—1 are the successors of v that belong to C' and ¢, ...,c,—1 are constants
from {do,...,dn—1,b} that correspond to successors outside of C. Solving this system of
equations in the way we explained above, we obtain a finite term 7y built up from elements
of Ag U A; using as operations the horizontal product, the vertical product, and the w-power
operation, such that

7l'(t|y) = W(To)(do, NN 7dn—17 b) .

With the help of the equations (G5)-(G10), we can transform 7 in several steps (while
preserving its product) until it assumes the form

lap-+-aj_1(z +do + -+ dp_y +0)]"
or [a0~-~aj_1(m+do ++dn_1)j|w
where ag, ..., a;_; are the labels of the vertices in C.

We distinguish two cases. First suppose that there is no term with value b in the above
sum. This means that every subtree attached to C lies entirely outside of the set T. Then

x %ﬁ(m)_l y implies that we can factorise s/, as
sle =1"(s0,---,81-1)

where
{m(s0),...,7(s1-1)} = {do,...,dn-1},
all labels of r’ are among ao, ..., a;_1,

every vertex of 1’ has, for every i < k, some descendant labelled a;.
As above we can transform s|, into
w
[ao...ajil(x_,_co_k "'+lel)}
where ¢; := 7(s;). Since {cg,...,c;—1} = {do,...,dn—_1} it follows that

w(tly) = (ao---aj1(z +do+ - + dn1))”
= (ao . ~-aj_1(z +co+ - +Cl—1))w = 7T($|z) =b.

It thus remains to consider the case where some term has value b. Using (G7) and (G11)
and the fact that b < d;, it then follows that

7T(“y) = [aO"'ajfl(x‘f'dO 4+ dya +b)}w = [a0~-~aj,1(ac+b)]w.

For every i < j, we fix some z; € S with label a; such that z < z; and some successor of z;
also belongs to S. Then

m(sls) = ai(ch + -+ e,y b+ +b),
for some ¢}, ..., ¢j _; > b. Since

b:W(S|zi):ai(Cé+"'+C§j_1+b+"'+b) §L66+"'+Cfi+1+b+"’+b§Lb
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it follows by asymmetry of <| that
ch+ ot g +b+-+b=0b and a;(b)=ai(ch+ -+ 4 +b++b)=b.

Consequently, ag - - - aj—1b = b, which implies that a™b = b where a := ag - --a;j—1. We claim
that b+ b = b. It then follows that

b=a(b) = a(k x z)(b) = (a(k x ))"(b),
which, by (G12), implies that
7(tly) = [a(z +)]* = [a(z + a(k x 2)"(b))]* =k x a(k x x)"(b) =k xb=b,

as desired.

Hence, it remains to prove our claim that b + b = b. By our assumption on y and C, there
is some vertex u € C' that has some successor v ¢ C' with v € T. Since s|, %i(m)_l t|, and
f(m) > f(m — 1) + k + 1, there are vertices < ug < - -+ < ug_1 each of which has some
successor v; € S with v; A u;41. Consequently, we can write

7(s|ly) =a'a”(b,...,b) and m(s|y,)=ad"(b,...,b),
where o’ € Ay and a” € Ay. Hence, it follows by (G1); that
b+b=m(sly)+b=0a"(b,...,0) +b=2a"(b,...,b) = m(s|u,) =b. <

» Theorem 5.10. A regular forest algebra 2 is an algebra for cEFy if, and only if, there
exists a number m < w such that

s~pt amplies w(s)=mn(t), for all reqular forests s,t € F(AgU Ay) .

Proof. (<) In each of the equations (G1),—(G12)g, the two terms on both sides are ~}'-
equivalent.
(=) By Proposition 5.9, there is some number m such that

s~p't implies w(s)=m(t), for regular trees s,t € F(AqU A;).
Let s,t € F(Ap U Ap) be regular forests. We claim that

s NL"'HHQ t

implies w(s) = 7(t).

Suppose that s = sg+---+8;_1 and t = tg+---+t,_1, for trees s; and ¢;, and set ¢; := m(s;)
and d; := m(t;). Analogous to Part (a) of the proof of Proposition 5.9, we can use Lemma 5.8
to show that

m(s)=co+ -+c_1=do+ - +dp_1=7(t). <
We complete the proof of Theorem 4.2 as follows.

» Theorem 5.11. A regular language L C FoX is cEF-definable if, and only if, its syntactic
algebra G(L) is an algebra for cEFy.

Proof. (<) Suppose that G(L) is an algebra for cEFy. By Theorem 5.10, every language
recognised by &(L) is invariant under ~}*, for some m (when considering regular forests
only). Consequently, the claim follows by Corollary 5.4.
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(=) If L is cEFj-definable, it follows by Corollary 5.4 that L is ~}'-invariant, for
some m. Thus ~]* is contained in the syntactic congruence of L, which means that the
syntactic morphism 7 : FX' — &(L) maps ~}'-equivalent forests to the same value. Given
forests s,t € F(Sy U S1) with s ~}* ¢, we can choose forests s',t' € FX with s’ ~}* t' and

s(v) = n(s'(v)) and t(v) = n(t'(v)). Thus,
s~ t implies w(s) =n(s") =n(t') ==(t).

By Theorem 5.10, it follows that &(L) is an algebra for cEF. <
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