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—— Abstract

We study the question of which visibly pushdown languages (VPLs) are in the complexity class AC°
and how to effectively decide this question. Our contribution is to introduce a particular subclass of
one-turn VPLs, called intermediate VPLs, for which the raised question is entirely unclear: to the
best of our knowledge our research community is unaware of containment or non-containment in AC°
for any language in our newly introduced class. Our main result states that there is an algorithm
that, given a visibly pushdown automaton, correctly outputs exactly one of the following: that its
language L is in AC®, some m > 2 such that MOD,,, (the words over {0, 1} having a number of 1’s
divisible by m) is constant-depth reducible to L (implying that L is not in AC®), or a finite disjoint
union of intermediate VPLs that L is constant-depth equivalent to. In the latter of the three cases
one can moreover effectively compute k,l € N5 with k # [ such that the concrete intermediate
VPL L(S — ¢ | ac®*~1Sb; | ac’=*Sby) is constant-depth reducible to the language L. Due to their
particular nature we conjecture that either all intermediate VPLs are in AC® or all are not. As a
corollary of our main result we obtain that in case the input language is a visibly counter language
our algorithm can effectively determine if it is in AC® — hence our main result generalizes a result by
Krebs et al. stating that it is decidable if a given visibly counter language is in AC° (when restricted
to well-matched words).

For our proofs we revisit so-called Ext-algebras (introduced by Czarnetzki et al.), which are
closely related to forest algebras (introduced by Bojanczyk and Walukiewicz), and use Green’s
relations.
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1 Introduction

This paper studies the circuit complexity of formal word languages. It is well-known that
the regular word languages are characterized as the languages recognizable by finite monoids.
When restricting the finite monoids to be aperiodic Schiitzenberger proved that one obtains
precisely the star-free regular languages [22]. In terms of logic, these correspond to the
languages definable in first-order logic FO[<] by a result of McNaughton and Papert [23].
The more general class of regular languages expressible in FO[arb], i.e. first-order logic with
arbitrary numerical predicates, coincides with the regular languages in AC® [13, 16]. These
can be characterized algebraically as the regular languages whose syntactic morphism is
quasi-aperiodic [5]. The latter algebraic characterization also shows that it is decidable if a
regular language is in AC°.
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Generalizing regular languages, input-driven languages were introduced by Mehlhorn [21].
They are described by pushdown automata whose input alphabet is partitioned into letters
that are either of type call, internal, or return. Rediscovered by Alur and Madhusudan
in 2004 [2] under the name of wvisibly pushdown languages (VPLs), it was shown that
they enjoy many of the desirable effective closure properties of the regular languages. For
instance, the visibly pushdown languages form an effective Boolean algebra. Algebraically,
VPLs were characterized by Alur et al. [1] by congruences on well-matched words of finite
index. Extending upon these, Czarnetzki et al. introduced so-called Ext-algebras [9]; these
involve pairs of monoids (R, Q) where O is a submonoid of R. Being tailored towards
recognizing word languages, Ext-algebras are closely connected to forest algebras, introduced
by Bojariczyk and Walukiewicz [7]: in [9] it is shown that a language of well-matched words
is visibly pushdown if, and only if, its syntactic Ext-algebra is finite. While context-free
languages are generally in LOGCFL = SAC!, the visibly pushdown languages, as the regular
languages, are known to be in NC' [10]. By a famous result of Barrington [4], there already
exist regular languages that are NC'-hard.

Related work. Visibly pushdown languages (VPLs) were introduced [2] via deterministic
visibly pushdown automata (DVPA for short). Inspired by forest algebras [7] the paper [9]
introduces Ext-algebras. Unfortunately, the definition of Ext-algebra morphisms in [9] is
incorrect in that it provably does not lead to freeness.

The regular languages that are in AC? were effectively characterized by Barrington et al. [5].
By an automata-theoretic approach, Krebs et al. [19] effectively characterized the visibly
counter languages that are in AC®. These are particular VPLs that are essentially accepted
by visibly pushdown automata that use only one stack symbol. In his PhD thesis [20] Ludwig
already considers the question of which VPLs are in AC?. Yet, his conjectural characterization
contains several serious flaws — a detailled discussion of these shortcomings can be found in
Section 8 in [12].

Our contribution. We reintroduce Ext-algebras, fix the notion of Ext-algebra morphisms
and define the languages they recognize. We also reintroduce the syntactic Ext-algebra of
languages of well-matched words. We rigorously prove classical results like freeness and
minimality of syntactic Ext-algebras with respect to recognition. We prove that a language of
well-matched words is a VPL if, and only if, it is recognizable by a finite Ext-algebra. While
these results essentially revisit the constructions of [9], we use Ext-algebras as a technical
tool for studying the complexity of visibly pushdown languages.

Fix a visibly pushdown alphabet ¥, i.e. ¥ is partitioned into ¥y (call letters), Y
(internal letters), and ¢ (return letters). Denoting A(u) as the difference between the
number of occurrences of call and return letters in v € ¥*, a word w € ¥* is well-matched if
A(w) = 0 and A(u) > 0 for all prefixes u of w. A context is a pair (u,v) such that uv is
well-matched — contexts have a natural composition operation: (u,v) o (v/,v") = (uu',v'v).

A set of contexts R is length-synchronous if |ul/|v| = |u'|/|v'| for all (u,v), (u/,v") € R
with A(u), A(u) > 0 and weakly length-synchronous if u = «’ implies |v| = |[v/| and v = v’
implies |u| = |«/| for all (u,v), (v/,v") € R with A(u),A(v’) > 0. Any language L of well-
matched words induces a congruence =, on contexts: (u,v) =r (v/,v") if zuwvy € L &
zu'wv'y € L for all contexts (z,y) and all well-matched words w. We introduce the notion
of quasi-counterfreeness: a language is quasi-counterfree if for all contexts o € X* x X! for
arbitrary k and [ at least one of the following holds: (1) there exists some n € N such that
o™ =p 0™t or (2) no context in ¥ x X! is =p-equivalent to o o o. Finally, we introduce
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our central class of intermediate VPLs: a VPL is intermediate if it is quasi-counterfree and
generated by a context-free grammar containing the production S —¢ €, where S is the
start nonterminal and whose other productions are of the form T —¢ uT’v where uv is
well-matched, u € (3f, SeanXiye) ™ and v € (2f, ZretXfy) T, such that the set of contexts
{(u,v) | S =% uSv} is weakly length-synchronous but not length-synchronous. Note that
intermediate VPLs are particular one-turn visibly pushdown languages, that is, visibly
pushdown languages that are subsets of (3 \ Xyet)* (X \ Zean)*. As an example, for all k,1 > 1
with k # [, a concrete intermediate VPL, denoted by Ly, ;, is the one that is generated by the
context-free grammar S — ¢ | ac*~19b; | ac'=1Sby: here a is a call letter, c is an internal
letter and b; and by are return letters.

As far as we know the techniques known to our community do not directly suffice to show
whether at all there is some intermediate VPL that is provably in AC® or provably not in AC°
— analogous remarks apply to ACCY. Our main result states that there is an algorithm that,
given a DVPA A correctly outputs exactly one of the following: L(A) € AC®, some m > 2
such that MOD,, is constant-depth reducible to L (thus witnessing that L(A) ¢ AC"), or a
non-empty disjoint finite union of intermediate VPLs that L(A) is constant-depth equivalent
to. In the latter of the three cases one can moreover effectively compute k,l € Ny with k # [
such that the above-mentioned Ly ; is constant-depth reducible to L(A). We conjecture that
either all intermediate VPLs are in AC? or all are not: note that together with our main result
this conjecture implies the existence of an algorithm that can effectively determine if a given
visibly pushdown language is in ACY. As a corollary of our main result we obtain that in
case the input language is a visibly counter language our algorithm can effectively determine
if it is in AC”, hence our main result generalizes a result by Krebs et al. stating that it
is decidable if a given visibly counter lanugage is in AC° (when restricted to well-matched
words).

For our main result we extensively study Ext-algebras, the syntactic morphisms of VPLs,
and make use of Green’s relations.

Organization. Our paper is organized as follows. We introduce notation and give an
overview of our main result in Section 2. In Section 3 we first recall general algebraic concepts

and then revisit Ext-algebras and their correspondence to visibly pushdown languages.

Section 4 introduces central notions like length-synchronicity and weak length-synchronicity
for Ext-algebra morphisms and visibly pushdown languages. The proof of our main result is
content of Section 5. We conclude in Section 6. Full proofs can be found in [12].

2 Preliminaries

By N we denote the non-negative integers and by N the positive integers. For all ¢ € T"
and all w € I'* we write |w|, to denote the number of occurrences of a in w. We define
the languages EQUALITY = {w € {0,1}* : |w|p = |wj1} and MOD,, ={w € {0,1}*:
m divides |w|;} for each m > 2. A wisibly pushdown alphabet is a finite alphabet ¥ =
Yeail UXint U Xpet, where the alphabets Y qi1, Xint, and X..¢ are pairwise disjoint. The set
of well-matched words over a visibly pushdown alphabet 3, denoted by 32, is the smallest
set satisfying the following: ¢ € % and ¢ € £ for all ¢ € Ziy, awb € 2 for all w € 22,
a € Yean and b € Ypop, and uv € X2 for all u,v € ¥4\ {e}. A well-matched word w € 2 is
one-turn if w € (X \ Lret)* (X \ Teal)*. A language L C X2 is one-turn if it contains only
one-turn words. Let ¥ be a visibly pushdown alphabet. We define A: ¥* — Z to be the
height monoid morphism such that A(w) = |w

*
s, — Wy, forallw e ¥*.
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A context is a pair (u,v) € £* x ¥* such that uv € %2, The composition of two contexts
(u,v), (z,y) € Con(X) is defined as (u,v)o (x,y) = (ux,yv). For o € Con(X) by o* we denote
the k-fold composition o o --- o o. For any context (u,v) € Con(X) and well-matched word
w € ¥ we define (u,v)w = vwv. An equivalence relation = on Con(Y) is a congruence
if for all x, x’,0,7 € Con(X) we have that o = 7 implies Yoo oy’ = xyo7ox'. Given a
congruence = over Con(X) we denote by [o]= the equivalence class of o. Given a language of
well-matched words L C ¥4 we write o =, 7 if for all y € Con(X) and all w € ¥ we have
(xoo)w € L if, and only if, (x o 7)w € L. Clearly, =, is a congruence.

A context-free grammar is a tuple G = (V, X, P, S), where V is a finite set of nonterminals,
Y is a non-empty finite alphabet, P CV x (V UX)* is a finite set of productions, and S € V
is the start nonterminal. We write T —¢ y whenever (T,y) € P. The binary relation =¢
over (V UZX)* is defined as u = v if there exists a production T' —¢ y and z,z € (V U X)*
such that w = 2Tz and v = zyz. By L(G) = {w € £* | S =¢ w} we denote the language of
G where =7, is the reflexive transitive closure of =¢.

In the following we introduce deterministic visibly pushdown automata, remarking that
nondeterministic visibly pushdown automata are determinizable [2]. A deterministic visibly
pushdown automaton (DVPA) is a tuple A = (@, 3, T, 0, qo, F, L), where @ is a finite set
of states, X is a visibly pushdown alphabet, the input alphabet, I" is a finite alphabet, the
stack alphabet, qo € @Q is the initial state, F C @Q is the set of final states, 1 € T is the
bottom-of-stack symbol, and 6: @ x T xI' = Q x ({e} UT U (I'\ {L})T) is the transition
function such that for all ¢ € Q,a € ¥, € T': if a € Eap, then 6(q,a,a) € @ x (T\ {L})a, if
a € Yo, then 0(q,a,a) € Q x {e}, and if a € Zjpg, then §(q, a,a) € Q x {a}. We define the
extended transition function 5 Q x X* x I — @Q x I inductively as g(q, g, B) = (g, B) for all
g € Qand B € I'*, g(q,w,s) = (g,¢) forallg € Q and w € 1, and g(q7 aw, aff) = g(p7 w,v0),
where 0(q,a,a) = (p,y) forall ¢ € Q, a € ¥, w € ¥*, « € T and § € I'*. The language
accepted by A is the language L(A) = {w € ©* | §(qo,w, L) € F x {L}}. We call such a
language a wvisibly pushdown language (VPL). We remark that visibly pushdown languages
are always subsets of X2,

We refer to [14] for further details on formal language theory.

2.1 Complexity and logic

We assume familiarity with standard circuit complexity, we refer to [24, 18] for an introduction
to the topic. Recall the following Boolean functions: the AND-function, the OR-function,
the majority function (that outputs 1 if the majority of its inputs are 1s), and the mod,,
function (that outputs 1 if the number of its inputs that are 1s is divisible by m) for all
m > 2.

A circuit family (Cp)nen decides a binary language L C {0,1}* if C,, is a circuit with
n inputs such that LN {0,1}" = {z1...2, € {0,1}" | Cp(x1,...,2,) = 1} for all n € N.
In this paper, we will consider circuits deciding languages over arbitrary finite alphabets:
to do this, we just consider implicitly that any language over an arbitrary finite alphabet
comes with a fixed binary encoding that encodes each letter as a block of bits of fixed size.
By <cq we mean constant-depth truth table reducibility (or just constant-depth reducibility)
as introduced in [8]. Formally for two languages K C I'* and L C ¥* for finite alphabets
3, T, we write K <.q L in case there is a polynomial p, a constant d € N, and circuit family
(Cn)nen deciding L such that each circuit C,, satisfies the following: it is of depth at most
d and size at most p(n) and its non-input gates are either AND-labeled, OR-labeled, or
so-called oracle gates, labeled by L, that are gates deciding L N X™, where m < p(n), such
that there is no path from the output of an oracle gate to an input of another oracle gate.
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We write K =.q L if K <.q L and L <.q4 K; we also say that K and L are constant-depth
equivalent. We say a language L is hard for a complexity class C (or just C-hard) if L’ <.q L
for all L’ € C. We say L is C-complete if L is C-hard and L € C. The following complexity
classes are relevant in this paper: ACY is the class of all languages decided by circuit families
with NOT gates, AND, OR gates of unbounded fan-in, constant depth and polynomial size;
ACCY is the class of all languages decided by circuit families with NOT gates, AND, OR and
modular gates (for some fixed m) of unbounded fan-in, constant depth and polynomial size;
TCY is the class of all languages decided by circuit families with NOT gates, AND, OR and
majority gates of unbounded fan-in, constant depth and polynomial size; NC? is the class of
all languages decided by circuit families with NOT gates, AND, OR gates of bounded fan-in,
logarithmic depth and polynomial size.

We also consider the framework of first order logic over finite words. (See [17, 23] for
a proper introduction to the topic.) A numerical predicate of arity r € Ns¢ is a symbol
of arity r associated to a subset of Nyg". Given a class C of numerical predicates and a
finite alphabet X, we call FOx[C]-formula a first order formula over finite words using the
alphabet ¥ and numerical predicates from the class C. On occasions, we might also consider
FOyx «.[C]-formulas that in comparison to the previous ones can use an additional binary
predicate «~ and are interpreted on structures (w, M) with w € ¥* and M C [1,|w]]?
everything is interpreted as for FOx[C]-formulas on w excepted for «~ that is interpreted by
M. Given a class C of numerical predicates, by FO[C] we denote the class of all languages
over any finite alphabet 3 defined by a FOx[C]-sentence. A classical result at the interplay of
circuit complexity and logic is that AC® = FOlarb], where arb denotes the class of all numerical
predicates (see [23, Theorem IX.2.1] or [17, Corollary 5.32]). The other numerical predicates
that we will encounter in this paper are <, + and MOD,,, for all m € Ny, where MOD,,,

, where

tests if m divides the number of 1’s (gathered together in the set MOD = {MOD,,, | m > 0}).

2.2 Main result

The notion of length-synchronicity and weak length-synchronicity will be a central notion in
our main result. In the following ¥ always denotes a visibly pushdown alphabet.

» Definition 1 ((Weak) Length-Synchronicity). Let R C Con(X) be a set of contexts. We say R
is length-synchronous if |u| / |v| = |u'| / |V'| for all (u,v), (v, V") € R with A(u), A(u') > 0;
we say R is weakly length-synchronous if u = v’ implies [v| = |v'| and v = v’ implies
lu| = |u'| for all (u,v), (v, v") € R with A(u), A(u’) > 0.

Note that a set of contexts R is weakly length-synchronous if R is length-synchronous.

Indeed, if, say (u,v), (u,v") € R, where |v| # |v'| and A(u) > 0, then |ul, |v|,|v'| > 0 and so
||

the quotients % and ‘lvu/‘l are distinct, thus violating length-synchronicity of R.

» Definition 2 (Quasi-Counterfree). A VPL L C ¥ is quasi-counterfree if for all o =
(u,v) € Con(X) at least one of the following holds: (1) there exists some n € N such that
o™ =g o™t or (2) for all T € X1 x $I*I N Con(X) we have T #L 0o 0.

We will later show that quasi-counterfreeness of a VPL L C PITS equivalent to the condition
that there is no k,I € N such that there is a subset of Con(¥) N X% x X! that forms a
non-trivial group when considering the associated equivalence classes with respect to =y,

» Example 3. Consider the visibly pushdown alphabet ¥, where Xcan = {a}, Zins = {c}
and X,ep = {b1,b2}. For all k,l € N5 satisfying k # [, consider the language L ; generated
by the context-free grammar S — ack=1Sb; | ac'=1Sby | e . We have that the set of contexts

38:5
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{(u,v) € Con(X) | S ={ uSv} is weakly length-synchronous since both the relation and its
reverse is a partial function — however, it is not length-synchronous. It is also not hard to
see that Ly is quasi-counterfree. Indeed, given (u,v) € Con(X), if u contains the letter by
or by, or v contains the letter a or the letter ¢ along with the letter b, or by, we have that
(x o (u,v))w & Ly, for all xy € Con(X) and all w € T2, so (u,v)? =¢,, (u,v). If v and
v happen to contain the letter ¢ and only this letter, we can argue similarly. In the cases
remaining, u contains only letters from {a,c} and v letters from {by,bs}.

We say a context-free grammar G = (V,X, P, S) is vertically visibly pushdown if the
underlying alphabet X is a visibly pushdown alphabet, S —¢ €, and all other productions
of G are of the form T —¢ uT'v, where uwv € £ is one-turn such that u € (3 DeanXi )T

int int

and v € (3} Xt X5 )T. Note that each grammar generating £y, ; in Example 3 is vertically
visibly pushdown. Note that languages generated by vertically visibly pushdown grammars

are obviously one-turn VPLs.

» Definition 4 (Intermediate VPL). A VPL L is intermediate if it is quasi-counterfree and
L = L(G) for some vertically visibly pushdown grammar G for which R(G) = {(u,v) €
Con(X) | S =¢ uSv} is weakly length-synchronous but not length-synchronous.

We remark that every intermediate languages is in TC?. Thus the languages Ly, from
Example 3 are all intermediate VPLs. Loosely speaking, they are the simplest intermediate
VPLs. We have the following conjecture.

» Conjecture 5. There is no intermediate VPL that is in ACC® or TC-hard.

In fact, the authors are not even aware of any intermediate VPL that is provably not in ACY.

An indication for the inadequacy of known techniques to prove it is that the robustness [18] of

intermediate VPLs can be proven to be constant. Further techniques, based for instance on

the switching lemma [15] or on the polynomial method [6] also do not seem to be applicable.
Our main result is the following theorem.

» Theorem 6. There is an algorithm that, given a DVPA A, correctly outputs either

L(A) € ACY,
m > 2 such that MOD,,, <.q L(A) (hence implying L(A) ¢ AC®),
vertically visibly pushdown grammars G1,...,G,, each generating intermediate VPLs

such that L =cq Wi~ L(G;). In this case one can moreover effectively compute k,l € N
with k # 1 such that Ly <ca L(A).

Theorem 6 and the following conjecture imply the existence of an algorithm that decides
if a given visibly pushdown language is in ACY.

» Conjecture 7. Either all intermediate VPLs are in AC° or all are not.

We refer the reader to [3] for the definition of visibly counter automata. Visibly counter
automata (m-VCA) are essentially restricted visibly pushdown automata manipulating a
counter which can moreover explicitly test if the current counter has a value in [0,m — 1]
or at least m. The following corollary of Theorem 6 implies the main result of [19] when
restricted to well-matched words.

» Corollary 8. There is an algorithm that, given an m-VCA A, correctly outputs either that
L(A) is in AC® or some m > 2 such that MOD,, <.q L(A) (hence implying L(A) & AC®).
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3 Ext-Algebras

This section builds on [9], but identifies an inaccuracy in the definition of Ext-algebra
morphisms to establish freeness.

Let (M,-,157) be a monoid. For each m € M, we shall respectively denote by left,, and
right,,, the left-multiplication map x — m - x and the right-multiplication map  — = - m.

An Ext-algebra (R, O, -, 0) consists of a monoid (R, -,1g) and a monoid (O, 0,1p) that is
a submonoid of (R, o) containing the maps left, and right,. for each » € R. An Ext-algebra
morphism from Ext-algebra (R, O) to Ext-algebra (S, P) is a pair (¢, 1) of monoid morphisms
¢: R — S and ¢: O — P such that: for all e € O and r € R we have ¢(e)(¢(r)) = p(e(r))
and for all r € R we have ¢ (left,) = left () and (right,) = right,,). When it is clear
from the context, we shall write morphism to mean Ext-algebra morphism. We remark
that in the above definition, ¢ is totally determined by v, because for each r € R, we have
o (r) = plleft, (1r)) = ¥(left,)(p(1r)) = ¥ (left, ) (15).

For the rest of this section, let us fix some visibly pushdown alphabet X. For all
(u,v) € Con(X), consider the function ext, ,: £ — ¥* such that ext, ., (z) = uzv for all
x € 2. Tt is not hard to prove that ext, , is a function from Y2 to 2. Consider now the
set O(X4) of all functions ext,, , for (u,v) € Con(X): it is a subset of (EA)ZA closed under
composition. Thus, (O(X4),0) is a submonoid of ((EA)EA,O). As for all w € ¥4 we have

left,, = exty . and right,, = extc 4, the set O(X#) contains left,, and right,, for all w € 4.

Thus, (X2, 0(X4),-,0) is an Ext-algebra.
The following important proposition establishes freeness of (X4, O(X4)).

» Proposition 9. Let (R,0) be an Ext-algebra and consider two functions ¢: L — R
and : {extep | @ € eau, b € Bper} — O. Then there exists a unique Ext-algebra morphism
(®,9) from (2,0(32)) to (R, 0) satisfying @(c) = p(c) for each ¢ € Lipy and P(extyp) =
Y(extqp) for each a € g, b € Tyey.

We remark that the requirement that for all 7 € R we have 1(left,) = left .y and

¥(right,) = right,,(,y does not appear in the definition of Ext-algebra morphisms given in [9].

But this is actually problematic, because then Proposition 9 would not hold in general. A
counter-example is given in [12].

A language L C X% is recognized by an Ext-algebra (R,O) whenever there exists a
morphism (p,): (2, 0(24)) — (R,0) such that L = ¢~ !(F) for some FF C R. The
syntactic Ext-algebra congruence of a language L C ¥* is the congruence ~7, on £ defined
by u ~, v for u,v € 2 whenever zuy € L < zvy € L for all (z,y) € Con(X). By [7]
denote the congruence class of x € £,

~p We

» Example 10. Consider the language L = £1 9 = L(S — aSby | acSbhs | €) from Example 3

over the visibly pushdown alphabet I', where 'yt = {c}, Tcan = {a} and Tyt = {b1,b2}.

Set Rp, = {[achi]~,, [E]~., ]~y [cabi]~, , [ab1]~, }, and, given for all (u,v) € Con(X) the
function f, , € (R)®* satisfying fu.,([z]~,]) = [uzv]., for all x € B2, set

OL = {facbl,ey fE,E7 fC,E7 fE,C: fabl,s, fe,ablyfcab1,57 fa,b27 fca,bgyfca,ablbzy fca,blafa,ablbgyfa,bl} .

~; = lache]~,, that [acbi]~, is the zero of Ry and that
fachy = is the zero of Op. Then (Rp,Op) is an Ext-algebra recognizing L thanks to the
morphism (pr,v): (T2, 00%)) — (Rr,Or) satisfying ¢r(c) = [c~,, ¥r(extas,) =
fap, and ¥r(extop,) = fap,- Note that L = ¢ ({[e]~,,[abi]~,}). Finally, note
that for instance ¥ (exXteq,abivs) = Sfea,abibs 7 Sfa,abibs = ViL(€Xtaabip,) since we have
YL (eXtaby) © Vi (eXteq,abiby)([c]~y) = [acacabibabo]., = [abi]~, whereas ¥ (extqyp,) ©
Y1 (eXtq abiby ) ([~ ) = [aacabibabs]~, = [achi]L.

For instance, note that [ab;]
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The following lemma is proven in several steps. For this, classical notions like sub-Ext-
algebra, division and quotients are introduced.

» Lemma 11. Let L C X4, The pair (R, 0p) = (°,0(22))/~1, where Ry, = %2/~
and where Of, = {e’ € (Rp)F* | Jext,,, € O(X2)WVz € X2 1 € ([2]~,) = [exty(2)]~, } is an
Ext-algebra. Moreover the pair (pr,vr) of functions pr: ©° — Ry, and ¢p: O(X%) = O,
satisfying or(z) = [¥]~, for all x € ¥2 and (exty,)([7]~y,) = [extyo(®)]~, for all
ext, , € O(X2) and x € 2 is an Ext-algebra morphism. We have L = ¢ (pr(L)).

We call (Ry,,Op) the syntactic Ext-algebra of L along with its unique associated morphism
(or,%r): (82,0(%%)) = (Rr,0L), the syntactic Ext-algebra morphism of L. (An example
of each of these is already given in Example 10.)

We say that an Ext-algebra (R, O) is finite whenever R is finite (which is the case if
and only if O is finite). The following theorem establishes the equivalence between visibly
pushdown languages and languages recognizable by finite Ext-algebras. Its proof provides
effective translations from DVPAs to Ext-algebras and vice versa.

» Theorem 12. A language L C X% is a VPL if, and only if, it is recognized by a finite
Ext-algebra.

4 (Weak) length-synchronicity, nesting depth, and quasi-aperiodicity

For the rest of this section let us fix a visibly pushdown alphabet 3, a finite Ext-algebra
(R,0) and consider a morphism (¢,9): (¥4,0(2%)) = (R, 0).

In this section we introduce the notions of weak length-synchronicity and length-
synchronicity for Ext-algebra morphisms and visibly pushdown languages. Before we do
that, let us give some motivation how TC%hardness can be proven if the syntactic morphism
maps certain ext, ,, ext, , with |u| # |u'| to particular idempotents. For these we require
the following notion of reachability.

For F' C R we say that an element r € R is F-reaching if e(r) € F for some e € O. We
say e € O is F-reaching if e(r) is F-reaching for some r € R. Fix any VPL L, its syntactic
Ext-algebra (R, Or) along with its syntactic morphism (¢r,, ). Assume there exists some
idempotent e € Oy, that is ¢ (L)-reaching.

We claim that if ¢y (exty,) = ¥r(exty,) = e and A(u),A(w') > 0 for some
Xty oy, €Xtyr, € O(XP) with |u| # [u/], then L is TC’-hard. We remark that we must
have A(u) = A(u'). Exploiting the fact that |u| # |u'| we give a constant-depth reduction
from the TC’-complete language EQUALITY to L. As Yr(exty ) is p(L)-reaching, we
can fix some z,y,z € ¥* such that zuyvz € L. Given a word w € {0,1}* of length 2n
(binary words of odd length can directly be rejected) we map it to xh(w)yv"‘““"”‘“/')z, where
h:{0,1}* — ¥* is the length-multiplying morphism (i.e. 31 € N : h(0), h(1) € ¥!) satisfiying
h(0) = u*'l and h(1) = /*l. We have w € EQUALITY if, and only if, |w|y = |w|; = n
if, and only if, A(h(w)) = n - (Ju| + |/|) - A(u) = —n - (Ju| + |[¢/]) - A(v) if, and only if,
h(w)v™ W+ e 54 Hence, since 1, (extys po) = Yr(exte ) = e for all s,t > 1
it follows that w € EQUALITY if, and only, if zh(w)yv™(4+1¥Dz e $2 if and only if,
zh(w)yv™ (uH1vD 2 e 1,

Dually, one can show that L is TC’-hard in case Pr(extyy) = Yr(exty, ) = e and
A(u) > 0 for some ext,, ., ext, » € O(X4) with |v] # |v'].

The following definition of weak length-synchronicity captures the situation when such
idempotents do not exist — it adapts the notion of weak length-synchronicity of sets of
contexts, given in Definition 1, to morphisms and VPLs, respectively.
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The morphism (¢,v): (£2,0(3%)) — (R, 0) is F-weakly-length-synchronous (where
F C R) if for all F-reaching idempotents e € O the set of contexts R, := {(u,v) €
Con(X) | 9(ext, ) = e} is weakly length-synchronous. We call a VPL L C %% weakly
length-synchronous if its syntactic morphism (¢r,, 1) is ¢ (L)-weakly-length-synchronous.

Instead of considering those pairs (u, v) such that ext,, , is being mapped to an F-reaching
idempotent, the following characterization of weak length-synchronicity consider pairs (u,v)
such that ext, , is being mapped to an element that behaves neutrally with respect to right
multiplication with an F-reaching element that is not necessarily idempotent.

» Proposition 13. For all F' C R we have that (p, 1)) is F-weakly-length-synchronous if, and
only if, for all F-reaching e € O the set of contexts U, := {(u,v) € Con(X) | eotp(exty,,) = €}
is weakly length-synchrononous.

One can prove that each ext,, has a unique stair factorization ext,, =
Xty 4y O€Xbay by O+ 0 Xty | yu_, O€Xba, | b, O€Xty, 4, satisfying b > 1, x;,y; € 8
for all ¢ € [1,h], a; € Xcan, and b; € T, for all i € [1,h — 1]. We refer to the x; and y; as
hills of the stair factorization. From the following proposition it follows that weak length-
synchronicity of a VPL L implies that for all ¢y, (L)-reaching e € O, and all (u,v) € U, the
stair factorization of ext, , has small hills of constant size.

» Proposition 14. There is a constant n € N such that for all F C R, all F-reaching e € O,
and all (u,v) € U, if (,¥) is F-weakly-length-synchronous, then the stair factorization
exXtyy = Xty .y, 0CXbg py O+ 0 Xbyy ), OCXbay, 1 b,y 0Kty g, satisfies |$l|, |yZ| <n

for all i € [1,h].

As above, the following definition adapts the notion of length-synchronicity of sets of
contexts, given in Definition 1, to Ext-algebra morphisms and VPLs, respectively.

The morphism (p,%): (32, 0(24)) — (R, O) is F-length-synchronous (where F' C R) if
for all F-reaching idempotents e € O the set of contexts R. = {(u,v) € Con(X) | ¢(exty ) =
e} is length-synchronous. We call a VPL L C X% length-synchronous if its syntactic morphism
(¢, 1) is ¢r(L)-length-synchronous.

Consider our running example £1 2 = L(S — aSby | acSbs | €). Recall that the monoid
O, , of the syntactic Ext-algebra (R, ,,O¢, ,) and syntactic morphism (¢, ,,%r, ,) of
Ly 2, given in Example 10, has the idempotents f. ., facb;,e and fop,. Also recall that
¢r1(Lr2) ={lel~, ,,labi]~,, ,}. Since wZiQ (fe,e) = {ext. .} and facp, .- is a zero we have
that Og, ,’s only idempotent that is {[¢]~ ., ,,[abi]~,, , }-reaching and whose pre-image under
tr, , contains at least one ext,, ,, with A(u) > 0 is the idempotent f, ;,. However, both ext, p,
and extqep,, where A(a) = A(ac) =1 > 0, are sent to the idempotent f, 4, = fa b, © fere-
Since |al/|bi] = 1 # 2 = |ac|/|bz|, we have that L 2 is not length-synchronous. On the
other hand, note that if any ext, , and ext, , (resp. ext, , and ext, ) are sent to fg s,
then u = v’ and thus |u| = |«/| (resp. v = v’ and thus |v| = |v'|). Hence, L4 2 is weakly
length-synchronous.

The two following propositions characterize length-synchronicity of Ext-algebra morphisms
and of the set of contexts U, which will be of particular importance when approximating the
matching relation of a length-synchronous VPL in terms of FO[+]. This will be an important
ingredient to proving that VPLs that both are length-synchronous and have a quasi-aperiodic
syntactic morphism (a notion to be defined below) are in FO[+] and thus in AC.

» Proposition 15. For all F C R we have that (p,) is F-length-synchronous if, and only
if, for all F-reaching e € O the set of contexts U. = {(u,v) € Con(X) | e o P(exty ) = e} is
length-synchronous.
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» Proposition 16. Let F C R and assume (p, 1)) is F-weakly-length-synchronous. Then for

all F-reaching e € O the following two statements are equivalent.

1. U, = {(u,v) € Con(X) | e o Y(exty ) = €} is length-synchronous.

2. There exist & € Qsg, B € N, v € N5 such that for all (u,v) € U, with A(u) > 0 we have:
(a) % =a, (b) for allw',v' € BT with v prefix of u and v’ suffiz of v such that ||:—:‘ =aq,
we have that —A(v') — 8 < A(w') < =A(W')+ B, (c) for all factors v’ € ¥* of u such that
|u'| =7, we have A(u') > 1, and (d) for all factors v' € ¥* of v such that |v'| = v, we
have A(v') < —1.

The nesting depth of visibly pushdown languages. Another central notion is the nesting
depth of well-matched words, which is the Horton-Strahler number [11] of the underlying
trees. The nesting depth of well-matched words is inductively defined as follows: nd(e) = 0;
nd(c) = 0 for all ¢ € Bjy; nd(uv) = max{nd(u),nd(v)} for all u € LeanX? 1ot U Ling and
v € ¥2\{e}; nd(awb) = nd(w)+1 if w = uv for some u,v € £ with nd(w) = nd(u) = nd(v)
and nd(w) otherwise, for all a € Leay, b € X1 and w € X4,

An important property of weakly length-synchronous VPLs is that their words have
bounded nesting depth. Assume any weakly length-synchronous VPL L C 4. Let n be the
constant of Proposition 14. One can prove that if there exists w € L with nd(w) > d =n+1,
then there exists a factorization w = uv = ext, (&) such that for stair factorization ext, , =
€Xty, 4y O€Xbg, b, O 0€Xby, | 4 O€Xty, |, , 0€xty, o we must have max{|z,|, |y;| : ¢ €
[1,h]} > n, clearly contradicting Proposition 14. We obtain the following proposition.

» Proposition 17. For each weakly length-synchronous VPL L C X2 there exists a constant
d € N such that L C {w € ¥ | nd(w) < d}.

Quasi-aperiodicity. Towards characterizing the circuit complexity of visibly pushdown
languages the notion of quasi-aperiodicity has already been defined for visibly pushdown
languages in [20]. Let (p,%): (34, 0(2%)) — (R, O) for a visibly pushdown alphabet ¥ and
a finite Ext-algebra (R, O). We define O(X2)%! = {ext,, € O(X2) : |lu| = k, |v| = 1} for all
k,l € N. We say (¢,v) is quasi-aperiodic if all semigroups contained in the set 1)(O(X%)*!)
are aperiodic for all k,] € N.

5 Proof of the main theorem

The following proposition implies that the syntactic Ext-algebra and the syntactic morphism
of a given visibly pushdown language L is computable and that it is decidable if L is
quasi-aperiodic, length-synchronous, and weakly length-synchronous, respectively.

» Proposition 18. The following computability and decidability results hold:

1. Given a DVPA A, one can effectively compute the syntactic Ext-algebra of L = L(A), its
syntactic morphism (v, v¥r) and pr(L).

2. Given a morphism (p,9): (X2,0(X%)) — (R,0) for a visibly pushdown alphabet ¥
and a finite Ext-algebra (R, O), all of the following are decidable for (¢,v): (a) Quasi-
aperiodicity: in case (p,1) is not quasi-aperiodic, one can effectively compute k,l € N such
that Y(O(X2)%Y) is not aperiodic; (b) F-length-synchronicity for a given F C R: in case
(¢, ) is not F-length-synchronous, one can effectively compute a quadruple (k,1, k', l') €
Nio such that there exist uv, /v’ € ¥ and some F-reaching idempotent e € O such that
P(exty,y) = Y(exty o) =€, A(u) >0, Aw) >0, k=|ul,l = |v|,k' = ||, I = ||, and
% #* ’l“—,'; (¢) F-weakly-length-synchronicity for a given F C R.
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Proof outline for Theorem 6. Towards proving our main result (Theorem 6), given a DVPA
A, where L = L(A) is a VPL over a visibly pushdown alphabet 3, we apply Proposition 18
and compute its syntactic Ext-algebra (R, Oy ) along with its syntactic morphism (¢, ¥r)
and the subset ¢ (L). Then the following effective case distinction implies Theorem 6.

1. If L is not weakly length-synchronous, then L is TC’-hard and hence not in AC° (Propos-
ition 19 in Section 5.1). We output some m > 1 since MOD,,, <.q EQUALITY <. L.

2. If L is not quasi-aperiodic, then one can compute some m > 2 such that MOD,,, <.q L
(Proposition 20 in Section 5.1).

3. If L is length-synchronous and (pr, %) is quasi-aperiodic, then L € AC? (Theorem 22 in
Section 5.2).

4. If L that is weakly length-synchronous, not length-synchronous, and its syntactic morphism
(¢r1,%1) is quasi-aperiodic, one can compute vertically visibly pushdown grammars
G1,..., Gy, generating intermediate VPLs such that L =cq W);~; L(G;) (Theorem 29 in
Section 5.3). Already if L is weakly length-synchronous but not length-synchronous,
one can compute k,I € Ny with & # [ such that £;; <cq L (Proposition 30 in
Section 5.3). <

5.1 Lower bounds
The following lower bound has already been given in Section 4.
» Proposition 19. If L is not weakly length-synchronous, then L is TC’-hard.

The following proposition has essentially already been shown in [20, Proposition 135],
yet with some inaccuracies (we refer to Section 8 in [12]) that we fix. The idea is again a
standard reduction from the word problem of non-trivial cyclic subgroups of 17, (O(X)*!), in
case the latter set contains a non-trivial group.

» Proposition 20. If L is not quasi-aperiodic, then one can compute some m > 2 such that
MOD,,, <cq L.

As final lower bound result we prove a stronger lower bound, namely when the syntactic
morphism not only is not quasi-aperiodic but the syntactic Ext-algebra is not solvable. We
say the Ext-algebra (R, O) is solvable if all subsets of R or O that are groups (under the
multiplication of R, resp. of O) are solvable. It is worth mentioning that one can prove that
if (p,9): (¥2,0(2%)) = (R, 0) is quasi-aperiodic, then (R, O) is solvable.

Our proof that L is NC'-hard (and thus TC’-hard) when (Ry,Op) is not solvable can
essentially be reduced to the case for words [4], by showing that already vy (O(X4)k!)
contains such a non-solvable group for some fixed k,1 > 0.

» Proposition 21. If (R, 01) is not solvable, then L is NC'-hard and thus not in AC°.

5.2 In AC®: Length-synchronous and quasi-aperiodic
In this section we concern ourselves with the following result.

» Theorem 22. If L is length-synchronous and (¢r,,%r) is quasi-aperiodic, then L is in
FO[+] and thus in AC°.

For the rest of this section let us fix a VPL L, its syntactic Ext-algebra (R, Op), and its
syntactic morphism (¢, 1): (22, 0(X%)) — (Rp,Or). We first introduce suitably padded
word languages mimicking the evaluation problem of the monoid R; and the monoid Oy,
respectively.
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For all k € N, we define O(32)"* = {ext,, € O(X?) : [u| = k} and O(Z2)*F =
{extu, € O(X2) : |v| = k}. We also define O(X%)4 = {ext,, € O(X2) | A(u) > 0}
and finally for all k¥ € N, we define O(EA)’,F’* = 0(Z4)F*NO(X?); and (’)(EA)?’C =
O(x2)*k N O(2%)4. Consider the alphabets I'y, = ¢ (34 \ {e}) U {$} and Ty, =
Y (O(24)1) U {8} for a letter $ ¢ R, UOr. We also define V,, = {$*s | k € N,s €
eL(ZF Y and Vy, = {$¥f |k eN, f ey, ((’)(EA)I;H’*)}*. The following lemma holds
irrespective of whether the syntactic morphism (¢r,, %) of L is quasi-aperiodic or not.

» Lemma 23. V,,, , Vy, are regular languages whose syntactic morphisms are quasi-aperiodic.

Define the ¢r-evaluation morphism evaly, : I';,, — Ry by eval,, (s) = s for all s €
o (22 \ {e}) and eval,, ($) = 1. Similarly, let the morphism evaly, : Iy, — O be defined
as evaly, (f) = f for all f € ¢ (O(X%)+) and evaly, ($) = 1o, . Finally, for all r € Ry, we
set Eopr =V, N eval;; (r) and for all e € Op, Eyp e = Vy, N eval;i (e).

The following proposition states that the respective evaluation languages &, » and £y,
are all quasi-aperiodic if the syntactic morphism (¢r,%) of L is and L is additionally
length-synchronous.

» Proposition 24. Let L be a VPL for which (¢r,vr) is quasi-aperiodic. Then £y, , is a
reqular language whose syntactic morphism is quasi-aperiodic for all v € Ry. If L is length-
synchronous, then £y, . is a reqular language whose syntactic morphism is quasi-aperiodic
foralle € O

The following remark states that the length-synchronicity condition in the second point of
Proposition 24 is important. In fact it shows that weak length-synchronicity is not sufficient.

» Remark 25. For the second point of Proposition 24 it is generally not sufficient to assume
that L is weakly length-synchronous. Indeed, the VPL K generated by the grammar with
rules S — aSby | acThy | € and T — aTb; | acSbe using S as start symbol is not length-
synchronous (but weakly length-synchronous) and has a quasi-aperiodic syntactic morphism.
However, for the syntactic Ext-algebra (R, Ok) and the syntactic morphism (¢, %) of
K, one can prove that that there exists e € O such that £, . is a regular language whose
syntactic morphism is not quasi-aperiodic. Details can be found in [12].

Approximate matchings generalize the classical matching relation on well-matched words
with respect to our VPL L in the sense that they are subsets of the matching relation but
must equal the matching relation on all those words that are in L. Approximate matchings
in the context of visibly pushdown languages were introduced by Ludwig [20].

For any word w € ¥*, we say that two positions 4, j € [1, |w]|] in w are matched whenever
1< J, w; € Beall, Wj € Mot and wiqq - w1 € T2 we also say that i is matched to j in
w. Given a word w € ¥4, we denote by M* (w) its matching relation (or matching), that
is the relation {(i, ;) € [1, |w[]? | i is matched to j in w}. An approzimate matching relative
to L C ©% is a function M: ©* — Nyo? such that M(w) = M (w) for all w € L and
M(w) C M* (w) for all w € ¥* \ L.

The next lemma is an important tool for defining an approximate matching relation.

» Lemma 26. Assume that (o, 1) is weakly length-synchronous. Let e € Oy, be ¢ (L)-
reaching and let U = {(u,v) € Con(X) | e o Y (exty ) = e} be length-synchronous. Then
there exists an FOx[+]-formula m.(z, 2",y y) such that for all w € X7 and i,7,5',j €
[1,|w|],7 < < 3" <j the following holds:

if w s me(i,i', 5, 7), then w; - wpw; -~ w; € X4 and

if wi - wpwy - wy € 2 and (w; . Wi, Wy .. Wj) € Re, then w = me(i,7, 5, 7).
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The proof of Lemma 26 takes several steps. The formula 7. expresses the characterization
of length-synchronicity given by Proposition 16 via an FOg[+]-formula. To realize these
we make use of aperiodicity of the following languages L, ,. For each p € Nlet I', =
{a—p,...;a_1,0a0,a1,...,a,} and let A,: 'y — Z be the morphism satisfying A, (ay) = h for
allap € T'p. Let Ly g = {w € Ty | Ap(w) = 0AVi € [1, [w]], —¢ < Ap(wy -+ -w;) < q}. One can
prove that this language is recognized by a finite aperiodic monoid. This implies, by a theorem
by McNaughton and Papert (see [23, Theorem VI.1.1]), that there exists an FOr  ,[<]-
sentence defining L, ,. These ingredients are central for expressing the characterization of
length-synchronicity given by Proposition 16 via an FOx[+]-formula.

With the help of the predicates 7. provided by Lemma 26 one can build an FOg[+]-
definable approximate matching relative to any length-synchronous visibly pushdown language.
The proof is by induction on the nesting depth.

» Proposition 27. If L. C %2 is length-synchronous, then there exists an FOx|[+]-formula
n(x,y) such that M: ¥* — Nvo? defined by M(w) = {(i,7) € [1,|w]]? | w = n(i, )} for all
w € X* is an approzimate matching relative to L.

The following proposition states that a VPL L is definable by some FOy; ....[+] sentence
in case L has bounded nesting depth, the evaluation languages &,, , and &, . are all
quasi-aperiodic, and any approximate matching is present as built-in predicate.

» Proposition 28. Assume a VPL L has bounded nesting depth and E,, » and &y, . are
reqular languages whose syntactic morphisms are quasi-aperiodic for all r € Ry and for all
e € Op. Then there exists an FOs ...[+]-sentence n such that for all approzimate matchings
M relative to L, we have w € L if, and only if, (w, M(w)) = n for all w € X*.

Proof (Sketch). By hypothesis, there exists d;, € N bounding the nesting depth of the words
in L. By hypothesis also, for each r € Ry, the language &, . is regular and its syntactic
morphism is quasi-aperiodic. This implies, by [23, Theorem VI.4.1], that for each r € Ry,
there exists an FOr_ [<,MOD]-sentence vy, , defining &, . Finally, by hypothesis, for
each e € Oy, the language &, . is regular and its syntactic morphism is quasi-aperiodic.
Analogously, for each e € Oy, there exists an FOr,, [<,MOD]-sentence vy, . defining &y, ..

To build the FOs; ....[+]-sentence 7, we build FOx ..., [+]-formulas W;,T(l': y) and 14, (x,y)
for all d € [0,dy] and all » € Ry. They will have the following properties for all w € %
and all 4,5 € [1,|w|], where M# is the full matching relation: (1) if i is matched to j in
w, then (w, M* (w)) = ng,T(i,j) if, and only if, nd(w; ---w;) < d and ¢r(w;---w;) = r
and (2) if w; ---w; € 2, then (w, M> (w)) = n4,-(4,5) if, and only if, nd(w; - --w;) < d
and oz (w; ---w;) = r. It is not difficult to construct a formula Ny4(z,y) (that also accesses
the full matching relation) such that for all w € ¥* and all infixes w;...w; € ¥ we
have w = Ny(4,7) if, and only if, nd(w; ...w;) < d. Let the formula E be Vz(x # ) if
e € L and 1 = Jx(z # x) otherwise. Observe that w = Va(z # x) if, and only if, w = .
Letting «~ being interpreted over any approximate matching relation, the formula 7 is
then defined as the conjunction of Vz3t((Scan(z) = 2 v t) A (Sree(2) — ¢ «w 2)) and
BV 3a3y(-32' (2" <2) A=3Y'(y <Y) AV ey () Man (2, 9))-

Let us give some intuition on how to build 77}7T(x,y) and g, (x,y) for all d € N and
r € Ry. The construction is by induction on d. Let r € Ry. We define ngvr(aj, y)=L1. We
define 1o as 1o, (x,y) = "Ni(x,y) AN70(Vp, ), where the translation 7 is defined as follows:
To(z < 2') =2 <2, 10(s(2)) = \/cegagl(s)mzim c(z) for all s € o (24 \ {e}), 70(MOD,,,(2)) =
Ft(z—a+1=t-m)forallm € Nxo, 70(8(2)) = L, 7o(p1(21)Ap2(22)) = 70(p1(21)) AT0(p1(22)),
T0(=p(2)) = =70(p(2)), and 70(3zp(2, 2)) = Fz(2 < z <y A 7o(p(2, 2)))
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Now let d > 0. Define the formula A(z,y,z) = 32’y (z <2’ <z <y <yAz «w )
that expresses that for all w € X2 and 4,4,k € [1, |w|] satisfying w; - - -w; € 2, we have
(w, M* (w)) = A(4, 4, k) if, and only if, i < k < j and A(w; - --wy) > 0. Let us first define
N4,» when assuming that we have already defined ng,r. Note that in case nd(u) < d, then
one can factorize u as u = uq - - - u,, such that u; € Eﬁnt U Bean 22t and nd(u;) < d for all
i € [1,m]. Using this observation we define g, (x,y) = “Nay1(z,y) A 71(Vy, ,r), where the
translation 7 agrees with the above translation 7y (where, as expected, occurrences of 7y
are replaced by 71) except for the following kinds of subformulas: 1 ($(z)) = A(z,y, z) and
T1(8(2)) = -A(z,y,2) A (Vcewzl(s)ﬂEmt c(z)VIt(z <t <yAtow z A 772,5(157 z)))

Similarly, in the definition of 772,7“ we make use of our sentences vy, . for the evaluation
languages &y, . for all e € Op. For these however we make use of an auxiliary formula U
such that for all w € ¥4 and i,7', k € [1, |w|] we have (w, M* (w)) = U(i,#, k) if, and only
if, ¢ < k <4’ and k is matched with some position larger than i/, thus expressing that for
some positions 7, j’ the position k is an “upward stair position” in the stair factorization of
ey = exty, 4 O - €Xtba, 4 .b,_, O€Xty, 4,1 more precisely k is one of the positions
{i+|z1a1| — 1,0+ |z1012202| — 1,... i+ |210]1 ... Zp_108—1| — 1}. These positions k will be
precisely the ones where the predicate $ does not hold in a suitable translation of vy, .. <«

eXtui U U

Proof of Theorem 22. Proposition 24 implies that &,, , and &, . are regular languages
whose respective syntactic morphisms are quasi-aperiodic for all » € Ry, and all e € Oy,
respectively. Thus, the first two conditions of Proposition 28 are satisfied. Moreover,
Proposition 27 provides a first-order definable approximate matching relation relative to L,
being a predicate assumed by Proposition 28. Finally, Proposition 28 implies Theorem 22. <«

5.3 The intermediate case

The following theorem effectively characterizes the remaining case, namely those VPLs that
are weakly length-synchronous but not length-synchronous and whose syntactic morphism
is quasi-aperiodic: such VPLs are shown to be constant-depth equivalent to a non-empty
disjoint union of intermediate languages.

» Theorem 29. If a VPL L is weakly length-synchronous, not length-synchronous, and its
syntactic morphism (pr,,vr) is quasi-aperiodic, one can compute vertically visibly pushdown
grammars Gi,...,Gy, generating intermediate VPLs such that L =cq ¥~ L(G;).

Let L C £ be a weakly length-synchronous VPL that is not length-synchronous, and
whose syntactic morphism (¢, %) is quasi-aperiodic. By Proposition 18 one can compute
its syntactic Ext-algebra (Rr,O0r), (¢r,%r) and ¢ (L) from (a given DVPA for) L. For
all ¢ (L)-reaching e € Of, and some fresh internal letter # ¢ ¥ let M, = {u#v | A(u) >
0, (u,v) € U}, which can be shown to be a computable VPL.

The set Z2 = {e € Oy, | e is ¢ (L)-reaching and U, is not length-synchronous} can be
proven to be computable. Observe that as L is not length-synchronous by assumption, we
have Z # () (Proposition 15). Next make use of Lemma 14 stating that the hills in the stair
factorization of any ext,, , € 1/);1(6) are constantly bounded for all ¢r,(L)-reaching e € Oy,.
This gives rise to computable intermediate languages N, such that N, =.q M, for all e € Z.
Letting Ly = {u#v | ¥(exty, ) = f} for all f € Oy, it is standard to show Ly <.q L for all
¢r(L)-reaching f € Op. Finally, one proves Me <ca W; c o, 15 o1 (L)-reaching Lf for all e € Z
and L <cq ¥,z Me thus establishing L =cq [¥).cz Ne. The proof of L <cq ¥, ¢z M. is the
technically most demanding and is an adaption of the proof of Proposition 28: alas, one
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cannot assume presence of the evaluation FOr,, [<,MOD]-sentence vy, . for each e € Of,
since £y, . can possibly have a non-quasi-aperiodic syntactic morphism by Remark 25. Yet,
one can realize evaluation via access to the oracle ¢,z Me.

The following proposition implies the computability of k,I € N5 such that £ ; <.q L
already when a VPL L is weakly length-synchronous but not length-synchronous.

» Proposition 30. If a VPL L is weakly length-synchronous but not length-synchronous, one
can compute k,l € Nso with k # 1 such that Ly <cq L .

Proof. Let L C ¥* be a weakly length-synchronous VPL that is not length-synchronous.

According to Point 2 (b) of Proposition 18 one can compute a quadruple (ko, lo, kj, 1)) € N4,
for which there exist ext, ,,ext, ., € O(X%) such that |u| = ko, |v| = lo, [u'| = K,
[v'| = 1§, ¥r(extyw) = ¥r(exty o) is a ¢r(L)-reaching idempotent, A(u), A(v') > 0, and

’;—g = % #+ ‘Z:‘ = % We can compute such ext, , and ext,’ ., by just doing an exhaustive
search. This enables us to assume without loss of generality that A(u) = A(w'): indeed, in case
A(u) # A(u'), we can consider exty, », = ext,aw) yaw) and eXty, v, = Xt )aw (yyam .

Let us now define Green’s relations on Op,. Let us consider two elements x,y of Or. We
write * <5 y whenever there are elements e, f of Op, such that xt = eoyo f. We write z J y
ifx <gyandy <5z Wewritex <zyifx <yyandzJy We write x <gpz y whenever
there is an element e of O, such that z = yoe. We write x Ry if x <py y and y <oz . We
write x <g¢ y whenever there is an element e of O, such that x = eoy. We write z £ y if
r<eyandy<ez. Wewritex HyifxRyand z Ly.

Observe that because A(u) = A(u'), we have that wv’ € ¥ and v'v € X2, so
that we can consider the elements extyyuy, vo/o = €Xty y 0 €Xty o 0 Xty and extyy/y v =
exty, O €Xtys o O exty, , in O(X%). These elements satisfy Y (eXtyyuvv) <5 YrL(extyy)

and Y (exXtyy/uoow) <z Yr(exty,). We claim that we actually have ¢ (extyyuvvv) <3
Y (exty,») and Y1 (extyyuwor) <3 Yr(exty ). Indeed, assume we had ¥r(extyuu,vow) J
Yr(exty,y). Set © = (exty ) and y = 1 (extys ). Since it would hold that zoyox <y x
and xoyox J x, we would have xoyox R x and dually, since it would hold that xoyox <g¢ x
and x oy ox J x, we would have x oy ox £ z. Therefore, we would have x oyoz 9 x.
As x is an idempotent, its $-class is a group, hence for w € N5 the idempotent power of
Or, we would have (x oyox)¥ = ¢ = x (as the only idempotent element in a group is
the identity). This would finally entail that 91, (ext(yuu)«, (vov)~) = VL(eXt(uuu)e (vov)«) 18 a
or(L)-reaching idempotent and A((uu'v)*) = A((uuw)®) > 0 but |(ve'uw)*| # |(vuw)®], a
contradiction to the fact that (¢, %) is ¢ (L)-weakly-length-synchronous. Symmetrically,
we can prove that if we had 1, (extyyu,vorv) J YL (€Xty ), this would contradict the fact that
(pr,vr) is ¢r(L)-weakly-length-synchronous.

Here we only treat the case when |v| = [v/| and refer to [12] for the full proof of the
other cases. We prove that there exist k,l € N>,k # [ such that Li; <ca Ly (exty.,)» SO
that since Ly, (ext, ) <cd L (as already mentioned in Section 5.3 this is standard) and by
transitivity of <cq we have Ly ; <.q L. In that case, we necessarily have |u| # |u/|. Then,
we can exploit the fact that matching u? with vv’v or uu'u with v makes us fall down to a
smaller J-class to reduce L3)y| 2u|+|u/| 10 Ly, (ext, ). The constant-depth reduction works

3|u|—1 +ac2|“‘+|“'|fl)* and

as follows on input w € ¥*: (i) check if w = zy with z € (ac

3|u|— 2[ul+|u’|-1

y € (b1 + ba)*, reject otherwise; (ii) build z’ by sending ac to u?, ac to uu'u
and ¢’ by sending by to v® and by to vv'v; (iii) accept whenever 2'#y’ € Ly, (ext,,,)- This

forms a valid reduction. Indeed, take a word w = zy with z € (ac®l*I=1 4 acz‘"|+|“/|_1)" for
n € Nand y € (b + b2)™ for m € N and consider 2'#y’ produced by the reduction with

7' € (¥ + w/u)" and y' € (v* 4+ v0'v)™. If w € Lyjy) 2pul+w|, then it easily follows that
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'#y" € Ly, (ext, ). Otherwise, if w & L)y 2ju|+|u’|, then either n # m and thus 'y’ is not
well-matched because A(2’') =n-3-A(u) and A(y') =m-3-A(v), or n = m and thus 2'y’ is
well-matched, s0 ety v = ext.s 0+ --0extz, v with 2{,..., 2, € {u®,uwv/u} and 1}, ..., ], €
{v3, vv'v} such that there exists i € [1,n] satisfying extr € {eXtys pyrys €Xbyuru w8 }, thereby
implying ¥ (exty ) <3 ¥r, (extzé’té) <3 Yr(exty,y)- Hence, our algorithm outputs the pair
(ki,l) = (3/€072k0+k‘6). <

6 Conclusion

In this paper we have studied the question of which visibly pushdown languages lie in the
complexity class ACY. We have introduced the notions of length-synchronicity, weak length-
synchronicity and quasi-counterfreeness. We have introduced intermediate VPLs: these are
quasi-counterfree VPLs generated by context-free grammars G involving the production
S —¢ ¢ for the start nonterminal S and whose further productions are all of the form
T —¢ uT'v, where uv is well-matched, u € (X, ScanXie )T, v € (B Sret Xie) T, and the
set of contexts {(u,v) € Con(X) | S =¢ uSv} is weakly length-synchronous but not length-
synchronous. To the best of our knowledge it is unclear whether at all there is an intermediate
VPL that is provably in AC° (even in ACCO) or provably not in AC’. We conjecture that none
of the intermediate VPLs are in ACC® nor TC%hard. Our main result states that there is an
algorithm that, given a visibly pushdown language L, outputs if L surely lies in AC®, surely
does not lie in AC® (by providing some m > 1 such that MOD,,, is constant-depth reducible
to L), or outputs a disjoint finite union of intermediate VPLs that L is constant-depth
equivalant to. In the latter of the three cases one can moreover compute distinct k,l € N5 g
such that already Ly; = L(S — € | ac*~1Sb; | ac'=1Sby) is constant-depth reducible to L.
We conjecture that due to the particular nature of intermediate VPLs, either all of them are
in AC® or all are not: this conjecture together with our main result indeed implies that there
is an algorithm that decides if a given visibly pushdown language is in AC’. As main tools
we carefully revisited Ext-algebras, introduced by Czarnetzki et al. [9], being closely related
to forest algebras, introduced by Bojariczyk and Walukiewicz [7]. For the reductions from
Ly, we made use of Green’s relations.

Natural questions arise. Is there any concrete intermediate VPL that is provably in
ACC®, provably not in AC?, or hard for TC°? Another exciting question is whether one can
effectively compute those visibly pushdown languages that lie in the complexity class TCO. Is
there is a TC? / NC! complexity dichotomy? For these questions new techniques seem to be
necessary. In this context it is already interesting to mention there is an NC*-complete visibly
pushdown language whose syntactic Ext-algebra is aperiodic. Another exciting question is
to give an algebraic characterization of the visibly counter languages.
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