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Abstract

Higher-Order Pushdown Automata (HOPDA) are abstract machines
equipped with a nested stacks of stacks... of stacks of stacks. Collapsible
pushdown automata (CPDA) enhance these stacks with the addition of
‘links’ emanating from atomic elements to the higher-order stacks below.
For trees CPDA are equi-expressive with recursion schemes, which can
be viewed as simply-typed AY terms. With vanilla HOPDA, one can
only capture schemes satisfying a syntactic constraint called safety.

This dissertation begins with some results concerning the significance
of links in terms of recursion schemes. We introduce a fine-grained no-
tion of safety that allows us to correlate the need for links of a given
order with the imposition of safety on variables of a corresponding or-
der. This generalises some joint work with William Blum that shows we
can dispense with homogeneous types when characterising safety. We
complement this result with a demonstration that homogeneity by itself
does not constrain the expressivity of otherwise unrestricted recursion
schemes.

The main results of the dissertation, however, concern the configu-
ration graphs of CPDA. Whilst the configuration graphs of HOPDA are
well understood and have decidable MSO theories (they coincide with the
Caucal hierarchy), relatively little is known about the transition graphs
of CPDA. It is known that they already have undecidable MSO theories
at order-2, but Kartzow recently showed that 2-CPDA graphs are tree
automatic and hence first-order logic is decidable at order-2. We provide
a characterisation of the decidability of first-order logic on CPDA graphs
in terms of quantifier-alternation and the order of CPDA stacks and the
links contained within. Whilst this characterisation is fairly comprehen-
sive, we do leave open the question of decidability for some sub-classes
of CPDA. It turns out that decidability can be highly sensitive to the
order of links in a stack relative to the order of the stack itself.

In addition to some strong and surprising undecidability results, we
also develop further Kartzow’s work on 2-CPDA. We introduce prefix-
rewrite systems for nested-words that characterise the configuration graphs
of both 2-CPDA and 2-HOPDA, capturing the power of collapse pre-
cisely in terms outside of the language of CPDA. It also formalises and
demonstrates the inherent asymmetry of the collapse operation. This
generalises the rational prefix-rewriting systems characterising conven-
tional pushdown graphs and we believe establishes the 2-CPDA graphs

as an interesting and robust class.
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CHAPTER ].

Introduction

“...objectivity is the most important attribute of science...don’t
claim that your scientific results are useful. Don’t claim that they are
more useful than somebody else’s scientific results. You are not the right
person to judge that. Let other people who use it decide whether it’s
useful or not. Leave that question open!”

— Tony Hoare, speaking at the Marktoberdorf Summer School, 2006

Theoretical computer science is abound with solutions looking for problems
as much as it has problems looking for solutions. Whilst approaches to prac-
tical challenges are informed by abstract theory, apparatus developed with a
practical end in mind can fill out to form a beautiful mathematical picture.

Recursion schemes and their associated automata are no exception to this
phenomenon. Since they are essentially simply typed lambda terms enhanced
with a fixed-point combinator, recursion schemes have always had a close con-
nection to higher-order functional computation. Indeed a flurry of work over
the last few years has confirmed that they show great promise as a model for
approximating higher-order functional programs such as those written in the
languages Haskell, OCaML and the increasingly popular .NET language F#.
The most recent progress came with Kobayashi’s fixed-parameter tractable
algorithm for checking a simple but useful class of properties of trees gener-
ated by recursion schemes using an intersection type system [55]. Kobayashi
implemented his algorithm in the tool TReCS [54] and Lester et al. have im-
plemented an extension of the algorithm in their tool THORS [57], which is
capable of checking a wider class of properties. Both of these demonstrate
that automatically checking interesting properties of recursion schemes is fea-
sible in practise. Another link in the puzzle was provided by Ong and Ramsay
[61] in which it was observed that the only essential feature missing from re-
cursion schemes when compared with real functional languages was pattern

matching on (co)-algebraic data types. They therefore provide a translation
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from real functional programs to an extension of recursion schemes with pat-
tern matching—pattern matching recursion schemes (PMRS)—together with
an abstraction-refinement loop in the spirit of Clarke et al.’s CEGAR [30]. This
yields a semi-algorithm based on recursion schemes for verifying real functional

programs.

1.1 Theoretical Background

Recursion Schemes and Safety

Recursion schemes also enjoy a good theoretical grounding with a rich his-
tory. Maslov [58] introduced a generalisation of Aho’s indexed grammars [3];
these generate word-languages which can be arranged into a strict w-hierarchy
with the regular languages at the bottom (zeroth level); the context free lan-
guages at the first level and Aho’s indexed languages at the second. Notably
Maslov showed that the nth level of his hierarchy coincides precisely with the
word-languages generated by order-n nested-stack automata, a model that is
essentially the same as the n-PDA that will be discussed in this dissertation.
A 1-PDA is a pushdown automaton in the conventional sense with an ordinary
stack, whilst an (n+ 1)-PDA is inductively defined to be equipped with a stack
of n-PDA stacks. The higher-order grammars of Damm and Goerdt [32, 33]
also coincide with this same hierarchy and indeed can be viewed as similar to
recursion schemes constrained by a syntactic condition called safety, which we
also consider in this piece.

Safety was introduced by Knapik et al. [51, 52] in a setting where each
recursion scheme is deterministic and generates a single (possibly infinite) tree
rather than a word language. They show that order-n safe recursion schemes
as tree generators also coincide precisely with n-PDA. The important conse-
quence of safety is that safe recursion schemes, viewed as lambda terms, can
be evaluated without needing to a-convert variables to avoid variable capture
upon J-reduction. This allows them to represent the reduction of a recursion
scheme whilst living within a universe containing only a finite number of vari-
ables, which in turn leads to the first model-checking result for safe recursion
schemes of all orders. The p-calculus theory of trees generated by order-n safe
recursion schemes is decidable and the problem is n-EXPTIME complete [52].
Indeed it follows that the MSO theory of such trees must be decidable [46].
The p-calculus and MSO are logics subsuming a large number of temporal
properties and achieving decidability for them is considered an admirable goal
to which a class of structures may aspire.
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The Safety Conjecture

This yields the question of p-calculus model-checking for trees generated by
recursion schemes that are not constrained by safety, but there is a question
that should be asked before turning our attention to this. Can unsafe recur-
sion schemes generate anything that safe recursion schemes do not? For trees
the answer to this question is currently unknown, although it is conjectured
that safety does indeed constrain expressivity for tree generation. It is widely
believed that there exists a tree generated by an unsafe recursion scheme that
cannot be generated by a safe recursion scheme of any order, a hypothesis
that has been dubbed ‘The Safety Conjecture’. Some recent progress has been
made towards establishing this. Parys demonstrated that the ‘Urzycyn tree’,
which can be generated by an order-2 recursion scheme, cannot be produced
by an order-2 safe scheme [62]. This confirms Miranda’s conjecture concerning
this tree [35]. The analogue of Parys’s result for trees does not hold for words.
Aehlig et al. showed that every word language generated by an order-2 unsafe
scheme can also be generated by an order-2 safe scheme (provided that nonde-
terminism is allowed) [47]. The truth of the more general conjecture for both

trees and words remains an open problem.

Model-Checking Recursion Schemes and Traversals

So p-calculus model-checking for trees generated by unsafe schemes is prob-
ably a more general problem than model-checking safe trees. Ong made a
breakthrough with this problem in 2006 [60]. Building on previous work [2]
at order-2 he showed that u-calculus model-checking is n-EXPTIME complete
for all order-n recursion schemes, regardless of whether they are safe. One of
Ong’s insights is that the essence of fg-reduction can be represented without
needing to actually perform these reductions. This avoids the need for an in-
finite supply of variables that Knapik et al. mitigated through the imposition
of the safety constraint. Inspired by a notion of game playing on A-terms used
by Stirling when proving his higher-order matching result [67], Ong introduces
the idea of the traversal of a(n infinite) term. This can be viewed as simulating
linear head reduction [34] where one jumps about subterms in a manner that
searches for the head variable, repeating the process for the term bound to
that head variable. Since the p-calculus is expressively equivalent to alternat-
ing parity automata on trees [37], Ong is able to consider the behaviour of an
alternating parity automaton when jumping over traversals and simulate this
behaviour using a more sophisticated parity automaton reading the term in a
straightforward top-down manner.

We can also view traversals as constituting a form of Hyland-Ong game

semantics [44], a type of denotational semantics for programming languages
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that has a strong operational flavour. Roughly speaking, a type corresponds
to a particular kind of ‘game’ and a term with that type corresponds to a
particular ‘strategy’ in that game. Indeed Ong makes use of these apparatus
in order to build his theory of traversals and his use of it can be viewed as
extending the metaphor—a p-calculus specification acts as a winning condition
and terms satisfying the specification denote winning strategies.

Conversely the theory of traversals has fed back into the game semantics
literature through the work of Blum [11, 10], in particular giving an account of
the implications of safety for the game semantics of a term. It turns out that
safety has a very nice characterisation—it corresponds to what Blum describes
as order-incremental strategies. This work turns out to be highly useful in
studying a class of automata corresponding to unsafe (as well as safe) recursion

schemes.

Collapsible Pushdown Automata

Assuming the safety conjecture, vanilla higher-order pushdown automata are
not as expressive as unrestricted recursion schemes. This motivated the de-
sign of collapsible pushdown automata [40] that employ higher-order pushdown
stacks enriched with ‘links’ between atomic elements and constituent stacks.
The links can be viewed as keeping track of which term is bound to what
variable, something that is unnecessary in the safe case since the lack of a-
conversion means that bindings, to a greater extent, are determined by the
label of the variable in question, which are finite in number. The automata re-
sulting in Knapik et al’s translation from recursion schemes [52] can be viewed
as evaluating the recursion scheme according to its operational semantics—the
stack alphabet consists of subterms of the scheme. A similar approach was used
by Knapik et al’s [53] panic automata, which are essentially the special case
of collapsible pushdown automata at order-2. Whilst Carayol and Serre have
recently shown that this idea can also work with CPDA more generally [26],
the original translation from general recursion schemes makes use of traversals.
The CPDA can be viewed as ‘computing’ the traversal(s) of a recursion scheme.

Against this background, Blum’s work can be used to make clear the role
of links in terms of game semantics. He provided most of a proof, which was
completed in joint work with the author, that the traversal based translation
only makes trivial use of links when the recursion scheme is safe and thus
essentially yields a non-collapsible higher-order pushdown automaton [9, 18].
This reaches the same result as Knapik et al. but also allows for a cleaner
definition of safety that depends only on the terms in the recursion scheme
and does not assume homogeneous types, as was the case when the notion was
introduced.

The automaton models of recursion schemes have provided another avenue
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through which to approach model-checking. Deciding whether a pu-calculus
property holds on the tree generated by an automaton can be reduced to de-
ciding which of two players has a winning strategy in a parity game played on
the automaton’s configuration graph [37]. Walukiewicz [69] showed that parity
games played on pushdown graphs (the configuration graphs of 1-PDA) are de-
cidable in EXPTIME and this progressed to a generalisation for higher-order
pushdown graphs [22] and eventually collapsible pushdown graphs [40].

Regular Sets of Stacks

One advantage of higher-order automata is that their stacks can be viewed as
words and consequently we can consider automata that act on the stacks them-
selves. In particular it therefore makes sense to speak of regular sets of configu-
rations. For example, Cachat and Serre independently extended Walukiewicz’s
result on 1-PDA to show that the configurations of the transition graph from
which a given player in the parity game has a winning strategy forms a regular
set [21, 66]. This is an example of a solution to the so-called global model-
checking problem, for which one is interested in computing a useful representa-
tion of the (possibly infinite) set of all states in a system at which a particular
property holds, rather than just asking whether the property holds in a par-
ticular state.

Generalisations to higher-order automata include Hague and Ong’s exten-
sion [41] of Bouajjani and Meyer’s [15] saturation method for ‘context free pro-
cesses’ (1-PDA). This demonstrates that alternation free p-calculus sentences
define regular sets of configurations in higher-order automata. A generalisation
to the full p-calculus due to Carayol et al. [24] makes use of a notion of abstract
pushdown automata viewing an n-PDA stack as a 1-stack with an infinite al-
phabet (consisting of (n — 1)-stacks). This shows that the winning region of
an arbitrary parity game on any n-PDA is regular. One pleasing consequence
of this regularity is that an n-PDA is able to keep track of state in which a
deterministic finite automaton would be upon reading its stack. Viewed as a
tree generator, this means that it enjoys logical reflection with respect to the
p-calculus—it can be adapted to print out the same tree as before but with
the addition of annotations indicating precisely where a particular p-calculus
property holds.

Unlike vanilla higher-order stacks, collapsible stacks cannot be viewed straight-
forwardly as words, since they have the additional link structure. Serre de-
signed a natural notion of finite automaton that can act on words ‘with links’
and thereby provide a suitable definition of ‘regular set of CPDA configura-
tions’. It turns out that the p-calculus definable regions of CPDA graphs are
regular in this sense and that CPDA also enjoy logical reflection [19].

There are limits to what can be expressed as regular sets of configurations
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in this sense. For example it is easy to exhibit an example showing that the
set of reachable configurations of an n-PDA (for n > 2) is not regular. Carayol
was partly motivated by this to consider regular sets of configurations where
configurations are specified by a canonical sequence of stack operations gener-
ating the stack rather than the stack contents itself [23]. Indeed Carayol and
Slaats also approached the global p-calculus model-checking problem in this
way [25]. With respect to this notion of regularity the reachable configurations
are indeed regular, moreover regular configurations in this sense are precisely
those MSO definable in a suitable ‘tree like’ structure. To some extent a much
weaker version of the global model-checking result for CPDA by the author
and Ong [20] uses a similar representation of stacks in that collapsible stacks
are specified by sequences of operations that generate them. Unfortunately
this work lacks the canonicity of the sequences enjoyed by the non-collapsible
case treated by Carayol and Slaats. The main reason for this is that there
exists a symmetric version of n-PDA where every push operation can be as-
signed a pop operation that forms precisely the reverse of the push-edges in the
transition graph. The collapse operation handling links in CPDA can have no
such symmetric dual. Indeed some results in this dissertation formally exhibit
this inherent asymmetry. The utility of the results in [20] is eclipsed by [19]
although the former does retain some interest in that it uses traversals and the
traversal simulating techniques from Ong’s seminal decidability paper [60].

The fact that finite automata can represent configurations of higher-order
automata make the latter an attractive vehicle for global model-checking, al-
though for practical applications one would often be more interested in ob-
taining a representation of a set of lambda terms rather than configurations
of an automaton implementing those terms. Some recent work by Salvati and
Walukiewicz [65] shows that recursion schemes can be implemented using a
Krivine machine [31] and they use this to provide a solution to the global
model-checking problem—the set of terms generating the sub-trees of the re-
cursion scheme output that satisfy a given p-calculus property is decidable.
In some respects the Krivine machine implementation is neater than CPDA,;
its evaluation is more space efficient and it bears a much closer resemblance
to the way that functional languages are implemented in practice. Indeed one
might argue, as Salvati and Walukiewicz do, that CPDA try to do what the
Krivine machine does but in a manner that disregards any kind of garbage col-
lection. The fact that we have a solution to the global model-checking problem
expressed as a set of terms is also potentially of more practical use.

However, there is currently no corresponding logical reflection result via the
Krivine machine method since the operational semantics of a Krivine machine
and the terms that it evaluates belong to a paradigm differerent from the
mechanism by which sets of terms are represented. By contrast, CPDA share



1.1. Theoretical Background

traits with the devices used to represent sets of their configurations. This allows
them to keep track of the way in which the stack-recogniser would behave on

its stack at any given point during their execution.

Configuration Graphs

Another reason to retain interest in the automaton model is that the configu-
ration graphs are of intrinsic interest themselves, even when disconnected from
recursion schemes. For one thing MSO is strictly more expressive than the
p-calculus on graphs, in contrast to the case for trees. The transition graphs of
conventional 1-PDA have decidable MSO theories [59], as do the graphs that re-
sult from glueing together nodes connected by a sequence of e-transitions—the
e-closure of the graphs [28, 68]. The last result is interesting in that it makes
use of the fact that the e-closures of 1-PDA graphs correspond precisely to the
graphs generated by Caucal’s prefix rewrite systems [28]. This demonstrates
that this class of graphs is robust in that it enjoys two natural but distinct
characterisations.

It turns out that this robustness extends to all e-closures of n-PDA graphs,
which coincide precisely [21, 27] with Caucal’s hierarchy of graphs generated
by iterated unfolding and inverse rational maps [29]. Indeed Caucal showed
that every graph inhabiting his hierarchy has a decidable MSO theory, a result
which thereby transfers to n-PDA graphs.

Much less is known about CPDA graphs, and one of the main purposes
of this dissertation is to contribute towards filling this gap in understanding.
Given the strong properties of n-PDA graphs and the robustness of the hierar-
chy, this is a very natural line of inquiry. Unfortunately Hague et al. noted that
there is a CPDA graph even at order-2 that has undecidable MSO theory [40].
Nevertheless, there was hope for some respite with the much weaker first-order

logic.

Automatic Structures

Kartzow was the first to make progress on this question. He showed that the e-
closures of 2-CPDA graphs are tree automatic and consequently have decidable
first-order theory [48]. Khoussainov was one of the first to propose the concept
of automaticity [50] with other researchers such as Gréidel, Blumensath and
Rubin generalising the idea [13, 14, 64]. An automatic structure is one whose
domain can be represented as a set generated by an automaton belonging to
a class with good closure properties—such as a finite tree or word automaton.
The relations are recognised by automata acting on tuples of the objects (such
as trees or words) in a synchronous manner. The good closure properties allow

a relation defined by any first-order formula to be represented by such an
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2-CPDA 3;-CPDA  3,-CPDA  n,-CPDA  n,-CPDA  n, (,—1)-CPDA  n,, (,_1)-CPDA  n,,-CPDA  n-PDA
/w e-clos. /w e-clos. (n>3) /weclos. n>4 /w e-clos. (n>4, /w e-clos.
(n>3) (all n) m<n-—2) (aln)
1 Dec Dec Dec Dec Dec ? ? Und Dec
I, Dec Dec Und Und Und Und Und Und Dec
FO Dec Dec Und Und Und Und Und Und Dec
MSO Und Und Und Und Und Und Und Und Dec
p-calculus | Dec Dec Dec Dec Dec Dec Dec Dec Dec

Table 1.1: Summary of the main (un)decidability results known to date. Those
in bold are new results of this dissertation, although some others (such as FO
decidability and MSO undecidability for 2-CPDA) have been reproved using
the new tools that we develop. The notation n,, ,/-CPDA means ‘n-CPDA
with order-m and order-m/ links’. Note that the table covers all possible CPDA
with and without e-closure.

automaton. Checking a sentence of first order logic on the automatic structure
can thus be reduced to the emptiness problem for the class of automata.

One further attraction of an automatic presentation of CPDA is that pump-
ing lemmas on the automata representing relations can be used to construct
a form of pumping lemma on paths in the underlying CPDA graph, as Kart-
zow has demonstrated [49]. He used this technique to reduce the threshold for
pumping being applicable compared to previous pumping results for 2-PDA
(which are applicable to 2-CPDA due to the equivalence for word languages)
due to Hayashi [42] and Gilman [39)].

Much of this dissertation continues the inquiry into first-order logic for
CPDA as well as providing a refined notion of automaticity demonstrating
that the class of 2-CPDA graphs is robust.

1.2 The Contributions of this Dissertation

In Chapter 4 we will exhibit some remarkably strong limits on the decidability
of first-order logic for CPDA. Given the weakness of first-order logic, includ-
ing its inability to recursively define properties (in contrast to the p-calculus
and MSO), this is quite surprising. Undecidability already rears its head with
3-CPDA graphs and for 4-CPDA graphs even the class of sentences with no
quantifier alternation whatsoever is undecidable, even though this is one of the
least expressive fragments of first-order logic. We believe that the undecidabil-
ity proofs in the chapter give a good insight into what links and the associated
collapse operation mean in terms of graph generation.

In Chapter 5 we introduce new techniques for manipulating CPDA graph
generators. These include the notion of derivative CPDA allowing us to rep-
resent configurations of an (n + 1)-CPDA by runs of an n-CPDA. This makes

heavy use of the notion of monotonic n-CPDA, which can construct all of its




1.2. The Contributions of this Dissertation

reachable configurations without performing any operations that destroy an
(n — 1)-stack. This is made possible due to the fact that CPDA enjoy logi-
cal reflection, which allows them to know the eventual outcome of destructive
order-n operations without having to perform them. In some respects this is
analogous to the way in which ‘regular tests’ are used by Carayol as part of his
derivation of a canonical sequence of operations to construct a non-collapsible
stack [23]. In particular, we make use of a presentation of the logical reflection
result in terms of a new notion of uCPDA, which we introduce as part of the
preliminaries in Chapter 2. Chapter 5 uses these techniques to establish some
limited decidability results for ¥ first-order sentences (without any quantifier
alternation) on n-CPDA with restricted links but of arbitrary order (specifically
n,~-CPDA and 32-CPDA). Whilst these decidability results may appear weak,
they should be seen against the background of very strong undecidability else-
where on the landscape; they make a significant contribution towards reducing
the number of fragments of the decision problem with unknown decidability
status. The derivative construction is also of intrinsic interest in that it relates
automata at one level of the hierarchy to those in the level below. It thus finds
a further application in Chapter 7 when we come to describe a correspondence
in the progression from dendrisophilic to tree-nondisophilic structures with the
construction of 35-CPDA from its 2-CPDA derivative.

In Chapter 6 we introduce a novel notion of automaticity based on Alur
et al.’s nested-words and nested-trees [7, 4]. Such a notion of automaticity
has been considered by Arenas et al. [8] but their notion is actually more
encompassing whilst our’s is intentionally more restrictive. We can vary one
of our restrictions in a number of natural ways to obtain multiple classes of
automatic structures which we call isophilic, dendrisophilic, symmetric den-
drisophilic and nondisophilict. All of these classes enjoy decidable first-order
theories, a fact which we prove from first principles. Whilst they are sub-
sumed by tree-automatic structures, they remain an interesting subclass in
that a reachability relation can always be defined in isophilic and dendrisophilic
graphs, which is not true of tree automatic graphs in general.

In Chapter 7 we give what is arguably a more intuitive characterisation of
the isophilic and dendrisophilic graphs in terms of prefix rewriting on nested-
words. This can be viewed as a natural generalisation of the prefix rewrite
systems on vanilla words that correspond to the e-cloures of 1-PDA graphs
[28, 68]. Indeed the distinction between dendrisophilic and isophilic can be

given a very neat explanation in terms of prefix rewriting. Moreover we show

TAs the author has been asked on a number of occasions, it is worth mentioning the
etymology of these terms! The isophilic structures are defined in a manner that has conno-
tations of ‘sameness loving’ (100); the dendrisophilic structures are generated in a manner
that additionally has awareness of branching or ‘treeness’ (devdpos) and the generators of
nondisophilic structures have more liberal access to nondeterminism.
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that the isophilic graphs are precisely the e-closures of 2-PDA graphs and that
the dendrisophilic graphs are precisely the e-closures of 2-CPDA graphs. This
gives an account of the power of the collapse operation that is very different to
that obtained by contrasting the definition of 2-CPDA and 2-PDA and shows
that 2-CPDA graphs are a robust class admitting multiple different charac-
terisations. The results also enable one to exhibit the inherent asymmetry of
the collapse operation, showing the ‘symmetric closure’ of 2-CPDA graphs to
be a strictly larger class than those without symmetric closure being applied.
Note that Carayol [23] has a notion of ‘generalised prefix rewriting’ captur-
ing all of the n-PDA graphs (without collapse). Whilst some parallels can be
drawn, and indeed Carayol’s work suggests ways to further develop our idea
(discussed briefly in Chapter 8), we feel that our approach is of a different
nature and serves another purpose. Carayol considers ‘canonical sequences
of stack operations’ that in the order-1 case coincide with specifications of a
prefix rewrite systems on vanilla words. Our notion of prefix rewriting on
nested-words, capturing order-2, can exist naturally without reference to stack
operations and also offers a natural variation which just happens to capture the
collapse operation. To generalise beyond order-2, however, techniques similar
to Carayol’s generalisation beyond order-1 for non-collapsible automata could
be useful, although we do not consider them here.

Our work bears a closer resemblance to that of Kartzow’s tree automaticity
result for 2-CPDA graphs [48]. Our contribution does not provide any de-
cidability results at order-2 that could not already be derived from those of
Kartzow, but rather gives a notion of automaticity that precisely captures the
class of 2-CPDA and 2-PDA graphs and the difference between them, whereas
tree automaticity is an over-approximation for both classes. The finer grained
notion of automaticity also has advantages in providing a simpler and more
general proof of the automaticity of the reachability predicates and an account
of a progression of classes of automatic structures that correspond to a progres-
sion up the first 3-levels of the (collapsible) higher-order pushdown hierarchies.

Indeed a final contribution of Chapter 7 consists of some previously un-
known decidability results for first-order logic on 3-CPDA graphs. Whilst in
full generality the problem is undecidable, there is a natural restriction on 3-
CPDA for which the resulting class consists of graphs with decidable first-order
theory.

Given that the ‘natural restrictions’ we place on CPDA usually concern the
order of link that are admitted, it is fitting to consider the semantic significance
of links in terms of the original motivation for CPDA—generating the same
trees as recursion schemes. This is the role of Chapter 3. It can be viewed
as a generalisation of the work of Blum, part of which was joint with the
author, showing that the traversal based translation from recursion schemes to
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n-CPDA yields an n-PDA when the source recursion scheme satisfies the safety
constraint. In Chapter 3 we further show that there is an exact correspondence
between the orders of links required and the orders of variables with unsafe
occurrences. In this way it gives a particularly fine grained analysis of safety
in terms of the corresponding automata.

Since Blum’s original work also shows that type homogeneity is not required
for a definition of safety, it is natural to ask whether type homogeneity con-
strains expressivity for general (possibly unsafe) recursion schemes. This is not
a completely trivial question for recursion schemes as traditionally presented
in the literature, since they are applicative. Their terms consequently do not
respect o-equivalence? in the way that terms with A-abstractions can (with -
abstractions one can always arbitrarily reorder the arguments). At the end of
Chapter 3, however, we show that type homogeneity is in fact not a constraint,
although our proof goes via CPDA rather than acting on terms directly.

2g-equivalence is a standard relationship between A-terms capturing the fact that both

terms represent essentially the same function but might take their arguments in different
orders.






CHAPTER 2

Preliminaries

The reader may only need to skim most of this chapter in order to fix notation.
In particular, (s)he is likely to be familiar with MSO, the modal p-calculus
L, first-order logic FO (and the extension FO™ with 3°°) with the ¥;, II;
and A; quantifier alternation depth hierarchies, and transitive closure logic.
In this case it is safe to skip the second section noting that FO(TC') denotes
transitive closure logic and FO (T C[Ay]) denotes transitive closure logic with
transitive closure restricted to transitive closure free A formulae ¢(z,y).

Familiarity with higher-order automata and CPDA makes a close reading of
the first section unnecessary, although it would be wise to take a look due to our
slightly atypical presentation geared towards the graph bias of this dissertation.
The reader should, however, make sure (s)he takes note of the definition of
1CPDA in the third section, which is our new presentation of logical reflection
[19].

The third section concerns Ong’s traversals for recursion schemes and Blum’s
work on traversals under the safety constraint. The reader unfamiliar with
these ideas might find it instructive to additionally refer to the original sources
[60, 40, 11], although for convenience we have provided all necessary definitions
here.

2.1 Collapsible Pushdown Automata and their

Structures

Collapsible Pushdown Automata (CPDA) were defined in full generality by
Hague et al. [40], although panic automata, which amount to the special
case of 2-CPDA were introduced by Knapik et al. [53]. A vanilla higher-
order pushdown automaton simply contains [58, 52] nested-stacks of stacks.
As with a conventional pushdown automaton, atomic elements may be pushed
and popped from a stack and the device can only examine the top atomic el-
ement. Additionally higher-order push and pop operations are defined which

13
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respectively clone and discard the top stack of a given order. A collapsible
pushdown automaton extends this by allowing atomic elements to emanate
pointers called links that associate themselves with a stack below known as its
target. The atomic element from which the link originates is described as the
link’s source. A collapse operation discards the stack contents between the top
atomic element and the target of the link sourced therefrom.

Note that we follow Kartzow [48] in specifying the target of a link as a
position relative to the bottom of the stack. This allows neater wording of the
definition and offers some other advantages in the sequel. On other occasions
it is convenient to specify targets relative to the top of the stack, as was the

case in the original paper [40]. We thus have notation for both.

Higher-Order Stacks

Let us fix a stack-alphabet I'. For higher-order stacks used by higher-order
automata this alphabet must be finite, but it will be convenient in defining
higher-order (and indeed collapsible) stacks to consider the more general case
where it may be infinite. An order-1 stack over I' is just a string of the form
[ ] where v € T*. Let us refer to the set of order-1 stacks over I' as stack:(T).
For n € N an order-(n + 1)-stack is recursively defined to be a stack of order-n
stacks—that is the set of order-(n+ 1) stacks stack,,+1(I") is recursively defined
by:
stackn41(T) := stack(stack,(T))

We sometimes write 1 to denote the empty 1-stack [ | and write 1,41 to
denote the empty (n + 1)-stack [ L, ]. When talking about the ‘bottom’ and
‘top’ of a stack we are respectively referring to the left and right of the strings
as described. In a (higher-order) stack [ sis2--- Sy, | we refer to s; as the ith
component of the stack.

We allow the following operations on an order-1 stack s for every a € I':

pushi([a1 - am]) = [a1---ama]
popl([al"'amaerl]) = [al"'am]
nop(s) = s

where nop stands for ‘no operation’.
We allow the following operations on an order-(n + 1) stack s where 6 is

any operation that may be performed on an order-n stack:

push, 1 ([s1---sm]) = [51° Smsm]
PP ([ 817 Smsmy1]) = [s17 5m]
O([s1---sm]) = [s1--0(sm)]



2.1. Collapsible Pushdown Automata and their Structures

15

We sometimes sequence operations: 01;60s;- - - ; 0, meaning that the operations
should be executed from left to right. Thus:

(615025 56k)(5) = Or(---(62(61(5))) - --)

for every stack s. We write 6% for k € N to denote the compound operation

resulting from applying 6 k-times. That is:

oF = 6:0;--- ;0
——
k times
Operations that we may perform on an order-n stack are collectively referred
to as order-n operations. We also use the notation top;_ ,(s) to denote the top-
most order-k stack in an n-stack s for 0 < k < n and for these purposes view
the atomic elements of 1-stacks as ‘0-stacks’. We abuse notation and define
top,,,1(s) == s.
We also recursively define the k-height of stacks as follows:

Definition 2.1. Let s := [s182- -S| be an n-stack. Then we define the n-
height |s|, of s by |s|, == m. If 1 < k < n, then the k-height |s|; of s is
recursively defined by:

m
||k = Z|5i|k—1
=1

We also define the notion of being a k-prefix of an n-stack (with 1 < k < n).
Intuitively the k specifies the level of granularity used to determine whether

one stack is a prefix of the other.

Definition 2.2. Let s := [s182- -8y, and ¢ := [t1t2 - - - ] be two n-stacks.
We say that s is an n-prefiz of t written s C,, ¢ just in case m < m’ and s; = t;
for 1 < i < m. We recursively say that s Cy t for k < n just in case m < m/
and s; = t; for 1 <i <m and s,, Cg t,,.

We write s Ck t to mean that s Ty t and s # t.

Ezample 2.3. Consider 2-stacks s := [[ababa][bababa]] and t := [[ababa][bab]].
Then we have t £ s but we do not have t Co s. We also have [s|a = |t|2 = 2
but |s|y =11 and |t|; = 8.

In a similar vein we define the restriction of a stack. Informally speaking if
t is a constituent occurrence of a stack in s (and in particular maybe an order-0
stack—i.e. an atomic element), then we write s<; to mean s where everything
above t is deleted.

Definition 2.4. Let s = [s1---5y,] be a higher-order stack. Then s<,, =
s = [sy---8) for 1 < i < m. Iftis an occurrence of a stack in s;, then
S<t:=[51---Si<¢). We also have a strict version where sy, := s = [s1 - 5;_1]

and Sc¢ := 8= [S1" " Sicy].
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Collapsible Pushdown Stacks

For collapsible stacks there are additional parameters to play with. In addition
to the order of the stack we offer fine control over the orders of links that the
stack may contain—an order-(n + 1) link is one that targets a component of
an order-(n + 1) stack, which must be an order-n stack. When describing the
order of a stack we often include all of this information by describing it as being
order-ng where S C N. Here n is the order of the stack, which corresponds
to those described in the previous subsection, and S specifies the orders of the
links that the stack may (but not necessarily) contain. Collapsible stacks do
not have a truly inductive structure in the sense that S may contain an m
such that m > n. Such links can be described as dangling since their targets
are external to the order-n stack containing their source. Such objects are not
complete collapsible stacks and only make sense when viewed as a constituent
component of an order-k stack with & > m.

More formally, the S-collapsible pushdown alphabet (for S C N) I'l¥l
induced by an alphabet I' is the set I' x S x N. The set of order-ng open
collapsible stacks stackS < (T') is defined by:

stack (T) := stack, (%))

ns

The order of a link of an atomic element (a,l,p) € '8! is given by the number
in its second component. If [ < n the target of a link is the pth component
of the [-stack in which the element resides. If I > n we say that the link is
‘dangling’.

We say that a stack is a closed collapsible stack just in case it belongs to
stackﬁs (T') where S C [1..n]. As a convention we implicitly assume that 1 € S
always holds. Having an order-1 link offers no extra operational power beyond
having no link and so having an order-1 link is sometimes described as having
no link at all. When talking about collapsible stacks we always mean closed
collapsible stacks unless talking about a constituent stack of a collapsible stack
(i.e. an order-k stack contained within an order-n stack with k& < n) in which
case dangling links may be involved.

When we write top,(s), where s is a collapsible stack with top atomic
element (a,l,p), by abuse of notation we usually mean top,(s) := a. If (a,l,p)
is intended, it is usually clear from the context. However, we have additional

notation to explicitly refer to [.

Definition 2.5. Let s be a collapsible stack with top atomic element (a,l, p),
which by abuse of notation we denote a. We then define lo(a) := [ (the order of
the link) and la(a) := p (the absolute target of the link relative to the bottom
of the l-stack in which it resides). It is also useful to describe the target of the
link in terms of an offset from the top: I-(a) := |t|; — p where ¢ is the I[-stack
within s in which the occurrence a resides.
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The pop,, operations for each 1 < k < n; the push, operations for each
c
ng

are on stack, (I''®1). Note in particular that a push, operation will preserve

2 < k < n and the nop operation are all defined for stack;, .(I") exactly as they
the absolute targets of links when copying the k& — 1 stack. We replace the
push, operation to allow the attachment of links:

push™(s) = pushga’k"wpk“(s)‘k_l)(s)

In other words the push‘f’k(s) operation places an atom a on top of s with
a link pointing to the (k — 1)-stack directly below the top (k — 1)-stack in
which a resides. We do not consider the original push,; operation as being a
valid operation on collapsible stacks and use it above only to formulate the
definition. The collapse operation discards everything above the target of a
pointer. This can neatly be described in terms of link offset.

collapse(s) = poplo(topl(S))l’”(tom(S))

So the order-ng collapsible pushdown stack operations (where S C [1..n]) are
popk,pushk/,push(f’l and collapse for every 1 <k <n,2<k'<n,le SU{l}
and a € T, where T is the stack alphabet. We sometimes write push{ to mean
push?’l as attaching a 1-link is operationally analogous to having no link at all
(which is not technically admitted by the definition).

Definition 2.6. We write ©,, to denote the set of order-n collapsible stack

operations.

It is sometimes convenient, however, to consider a slightly different model
of collapsible stacks where we have just a single push{ operation for each a € T
(as with higher-order pushdown stacks) that creates an element simultane-
ously emanating links of all orders. The order of the link used can then
be expressed in the collapse operation by having a family of collapse opera-
tions: collapseq, collapse,, . .., collapse,, where the subscript indicates the link
on which collapse should be performed. When we consider tree generation (but
not graph generation) both models can easily simulate each other and so we
pick whichever is most convenient. The original model are known as single-link
CPDA and the modified version as multi-link CPDA.

For tree generation, single-link CPDA can simulate multi-link CPDA by
creating a series of n-atoms for each push{, each creating a link of a different
order. Conversely multi-link CPDA can simulate single-link CPDA by anno-
tating atomic elements emanating links of all orders with the order of the link
that would have been created in the original. With this alternative model it is
is useful to define lr,(a) to be the link offset with respect to the order-k link
(so that collapse,,(s) := pop, tre(tori())),

Another operation that we sometimes add for convenience (but which can be

easily simulated in the e-closure) is a rewrite® operation for each stack symbol
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a, which simply rewrites the top-most stack-symbol to a (whilst preserving
links). This operation is also added in [40].

One final piece of terminology is the notion of constructible n-stack which
is an n-stack s for which there exists a sequence of stack operations 0 such that
6(L,) = s.

The Automata and their Structures

We diverge slightly from the definition of CPDA used elsewhere in the lit-
erature, but it amounts to essentially the same thing. Whilst traditionally
unary predicates of the graphs generated by CPDA are equated with individual
control-states, it will prove useful to have a more abstract notion of predicate
as this will allow for isomorphisms between graphs that ‘morally exist’ to be

made explicit.

Definition 2.7. Let n € N and let S C [l.n]. An ng-CPDA (order-ng

collapsible pushdown automaton) A is a tuple:
< 27H7Q7q07raRa17Ra27"'7Ra7~7Pb17Pb27' "7Pb7,/ >

where ¥ is a finite set of transition labels {aj, az,...,a,}; II is a finite set of
configuration labels {b1, ba, ..., b }; @Q is a finite set of control-states; gy € @ is
an initial control-state; I' is a finite stack alphabet; each R,, is the a;-labelled
transition relation with R,;, C @ x I' x O, x Q; each P, is the b;-labelled
unary predicate specified by P,, € @ x T.

We define n-CPDA and n-PDA in a manner consistent with the standard
definitions in the literature:

Definition 2.8. An n-CPDA is an ny, 9-CPDA (recall that 1-links are always
allowed) and an n-PDA is an nyg-CPDA.

Graphs

Definition 2.9. A configuration of an ng-CPDA A is a pair (g,s) where
g € Qand s € stackﬁs (T'). We say that there is an a;-transition from a
configuration (g, s) to a configuration (¢’, s’) just in case there exists 6 € O,
such that s’ = 6(s) and (g, top,(s),0,¢") € R,,. We write this (g, s)a;(¢, s).
We say that a configuration (g, s) satisfies a unary predicate b; just in case
(g, top,(s)) € Py,. We write b;(q, s) to indicate this.

We are particularly interested in the reachable configurations of an ng-
CPDA A. This is the significance of the initial control-state. The initial
configuration is (qo, L,) and the reachable configurations R(.A) of A are those
(g, s) for which some sequence of transitions can take one from (g, L) to (g, s).
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There is also a more general notion of reachability between two configurations

along a particular transition path in the automaton.

Definition 2.10. Let (g,s) and (¢’,s’) be configurations of an ng-CPDA A.
We say that (¢',s’) can be reached from (q,s) in A with path labeled in L for

some L C X* just in case:

(Qa S)ail (Q1a Sl)aiz (QQv 52)0’7:3 e (qm—la Sm—l)aim (q/a 8/)

for some configurations (q1,$1),- .-, (¢m-1, Sm—1) Where a;, a;,a;, -+ - a;,, € L.
We write (¢, s)r2 (¢, ) to mean this. We write (g, s)7(¢’, s’) to mean (g, s)rs-(¢’, s).
The set of reachable configurations of A is given by:

R(A) = { (qa 8) : (QQ,J_n)’I"(q, 8) }

We are now in a position to define the configuration graph of an ng-CPDA,
which we can view as the graph that it generates. The nodes of the graph
are reachable configurations and the edges transitions with node-labels being
provided by the unary predicates.

Definition 2.11. Let A be an ng-CPDA with transition-labels ¥ and configuration-
labels II. The configuration graph of (graph generated by) .4 has domain (set of
nodes) R(A), unary predicates IT and directed edges ¥ between configurations.

We write G(A) to denote this graph.

Remark 2.12. A configuration graph G(A) must be connected.

Since we will be concerned with first-order logic over such graphs, which is
inherently local, it is interesting to consider a variation of these graphs where
edges can be generated by an unbounded number of transitions. For this we
give a special status to transitions labelled with an € symbol and consider the
notion of e-closure, which ‘glues together’ e*.a-labelled paths into a single a-
labelled edge. This idea is standard in the literature (indeed is used in the
seminal [40]). One important technicality that should be emphasised is that
the initial configuration of the CPDA does mot necessarily belong to the e-
closure but rather serves to initialise a ‘starting node’ for each of the connected
subcomponents of the possibly disconnected e-closure graph. In [40] this issue
was less important as the question concerned playing parity games starting
from a particular node in the graph, but for FO model-checking and providing
alternative characterisations of the class of graphs it is crucial. (For example,
when Carayol and Wahrle [27] prove the coincidence of the Caucal hierarchy
with the e-closures of higher-order PDA graphs their definition of e-closure
deletes the initial configuration if it has only outgoing e-transitions. Our def-
inition is essentially equivalent to their definition in terms of the graphs that

can be generated.)
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As a convention we write X to denote the edge labels without € and 3¢ to
denote the set with the e included.

Definition 2.13. The e-closure G¢(.A) of the configuration graph of an ng-
CPDA A has domain:

{(g,5) : (g0, Ln)T(ze)-n(q,5) }

and we have an a-labelled edge between (g, s) and (¢, s') whenever (g, )7 (¢, ).

Unary predicates apply to configurations in the domain using the same criteria

as the configuration graph.

Remark 2.14. Again, unlike G(A) the e-closure G¢(.A) might not be connected.
For example suppose that (go, Ln)rex »(q,s) and (qo, Ln)Texp(q’, ") for some
edge label p but that there are no other transitions. Then the domain of
G¢(A) will consist of precisely (¢,s) and (¢’,s’) and the graph will have no
edges whatsoever. In particular the transitions labelled p are discarded and
any choice of p # € would suffice to do the job of populating the domain.

Some further more technical terminology includes the notion of a slow ng-
CPDA for which collapse operations on n-links, pop, operations and push,,
operations are never associated with an e-transition. It is slow in the sense
that the outer-most stack will vary its height by at most one (n — 1)-stack for
every edge in the e-closure (although the top (n — 1)-stack may still vary by an
unbounded amount).

We also refer to collapse on an n-link and a pop,, operation in an ng-CPDA
as destructive operations. Note that pop,, and collapse on k-links for k < n are
not covered by this term.

Trees

Traditionally [40] CPDA are defined to explicitly emit nodes making up a tree

rather than generating a graph and we now consider this variant.

Definition 2.15. A raw tree D is a prefix closed (possibly infinite) subset of
dir*, where dir C N is a set of directions. A Y-labelled tree (where X is a finite
set of labels) isamap T : D — X where D is a raw tree. We write dom(T)
to denote D, the set of nodes of the tree, and img(T") to denote X. The node €
is the root of the tree and each node u € dom(T') of the form v.i with ¢ € dir is
the ith child of the node v. Prefix-maximal elements of dom(7T') are the leaves
of the tree.

We say that X is a ranked alphabet if there is a function:

rank : ¥ — N
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In this case we say that a X-labelled tree T is ranked just in case for every
u € dom(T") the node u has rank(T'(u)) children. In particular note that dir
can be considered finite for ranked trees (since ¥ is finite). Usually we take
dir := [1..k] for some k but sometimes we include 0 when convenient (as with
computation trees). When we view the ordering of children as significant in
distinguishing trees (as induced by the natural ordering on directions derived
from the ordering on natural numbers) we say that the tree is ordered.

The tree generated by a CPDA is morally the unfolding of the e-closure
of its configuration graph. However, this would not be exactly (albeit almost)
comparable to the trees generated by recursion schemes, which we introduce
later. Restrictions would need to be placed to ensure that this tree is ranked
and ordered and further modifications would be needed to ensure that labels
appear on the nodes rather than the edges. We thus find it easier to define a
tree generating ng-CPDA differently to those used for graphs.

Definition 2.16. A tree generating ng-CPDA A is a tuple:
<27Q7q07F76>

where X is a finite ranked alphabet; @) is a finite set of control-states; gy € @

is an initial control-state; I" is a finite stack alphabet and

§:Q xT' — Q X Ong U{a;¢1¢2" " Grank(a) :a € X and ¢; € Q for each
1<i<rank(a) }

Intuitively the transition function behaves in a deterministic manner as
expected, with a;q192 - - - ¢rank(s) meaning that it should print out an a node
for a tree and commence the generation of its ith child in control-state g;.

Definition 2.17. Let A be a tree generating ng-CPDA. Then a partial run
from a configuration (g1, s1) of A is a sequence of configurations (¢1, $1), (gz, s2),
.« (Gm, sm) such that for each 1 < i < m we have 0(g;, top,(s:)) = (gi+1, ;)
where 5,11 = 0;(s;). We say that A emits a; (p1,t)(p2,1), - (Prank(a),t) from
(g1, 1) where a € ¥ and the (p;,t) are configurations just in case there exists
such a partial run from (g1, s1) such that 0(gm, top(sm)) = a;P1P2 - - * Prank(a)
and ¢ = s,,.

We now define the tree generated by an ng-CPDA, which is the same as
that traditionally used:

Definition 2.18. Let A be a tree generating ng-CPDA with initial control-
state go. The tree generated by A from a configuration (¢, s) (written [A](,,s))
has root labelled a where (g,s) emits a;(p1,t)(p2,t) - (Prank(a),t) and the
subtree at the ith child is [.A](p, +). The tree [A] generated by A is [A](g,,1,.)-

Note we usually do not explicitly state whether a CPDA is a tree or graph
generator as it should be obvious from the context.
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Some other Notation

It will often be useful to add some kind of ‘dummy element’ | to a set. For a
set Q we write Q@+ := Q U { L} where U is the disjoint-union operator (which
takes a union and stipulates that the sets being merged have no element in
common). We will also want to ‘project’ sequences/strings of elements and
in particular stacks. Projection in this context means two things, which are
performed simultaneously. Some elements in the sequence/string/stack may
be deleted and others may be converted. So given I' C TV where S; X Ss X

x I' x -+ xS, C I and a sequence/string/higher-order stack over
the alphabet IV, we write 7r(s) to denote the result of projecting tuples in the
sequence containing a component in I' onto I' and then deleting all remaining
elements without a I' component.

More generally if s is a stack over an alphabet I' and we have a map L
I' — I’ we write L(s) to denote the stack that results from replacing
every atomic element a € T' with L(a) (whilst preserving links in the case of a
collapsible stack).

Given an element of a Cartesian product ¢t := (¢1, g2, . - ., qm) We also write

m;(t) to denote ¢; for 1 <1i < m.

2.2 Logics for Graphs

In this section we recall a number of logics used to make assertions about the
trees and graphs generated by CPDA. The principle results presented in this
dissertation are to do with first-order logic. However, the apparatus used to
obtain them assert properties of CPDA graphs in a number of other logics
including the modal p-calculus & la Kozen [56], Monadic Second Order Logic
(MSO) and (fragments of) Transitive Closure Logic [45].

In each case the language of the logic is defined over a signature of the form
S =(a%},a3,...,a?,bj,b},... b}, ) where the a? are symbols for binary re-
lations and the bjl- for unary predicates. Each language can then be interpreted
over a graph with edges labels a? and sets of nodes assigned to the bjl. For the

purposes of this section, let us assume that such a signature & is fixed.

The p-Calculus

The language L, is defined by the following grammar:

¢ w= X | pX.¢™ [lalo|b] (6 A¥) ] -¢

where ¢, 1 range over L, formulae, X over an infinite number of set variables,
a over edge labels (in the signature) and b over unary predicate symbols (in
the signature) and ¢¥X over formulae in which all free occurrences of X occur
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positively (that is within the scope of an even number of negations —). The
‘least fixpoint’ operator is the sole variable binder and the notions of free and
bound variables are as expected.

An L, formula ¢(X;,...,Xs) with free variables X, ..., X} defines a set
of nodes in a graph G with respect to an environment o assigning a set of nodes
o(X) to each free variable X (we assume w.l.o.g. that all bound variables with
distinct binders have distinct names which in turn are all distinct from the
names given to free variables). This is defined recursively as follows, where N
is the set of nodes of G:

[[X]]QJ = U(X)
[blg,o := bassetbyG
llal¢lg, = {we€N : forevery us.t. uau' v’ € [¢]g, }
[[MX-¢(X)]]Q7U = [[¢(X)ﬂg,(o U [X—F])

where F is smallest set s.t. F' = [¢(X)]g, (o u [xF)

[(eAD]go = [Blg.oN[¥]g,o
[-¢lge = N—[dlg.o

where (0 U [X +— F]) denotes the valuation formed from o by adding a
mapping for the variable X to F' (which by assumption does not already occur
in o). As is standard we additionally define a modality < a > ¢ := —[a]-¢
and a connective (¢ V ¥) = —(—¢ A —).

A sentence is a formula with no free variables. For u € N we then write
G,u E ¢ to mean that u € [¢]g where ¢ is a sentence (and so the environment
is not necessary/ is empty). We pronounce this ‘¢ is true at the node u in G’.
We write L?L for the set of u-calculus sentences.

The purpose of the fixpoint binder p is to allow recursive definitions. The
reader unfamiliar therewith might find helpful a survey such as Bradfield and
Stirling’s [16].

Monadic Second Order Logic

Monadic Second Order Logic (MSO) is a predicate logic with quantifiers rang-
ing over elements of the domain N of a graph as well as quantifiers ranging
over sets of nodes from its domain. It is defined by the following gammar with
respect to the signature G:

¢ n=zay|lz=y|br|Frod|lzeX|IXD]| 0| (dAY)

where x,y range over first-order variables (bound to elements in the domain)
and X ranges over monadic second-order variables (bound to sets of elements
from the domain), a ranges over binary relations (edge labels) and b over
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unary predicates. The semantics are as expected. If we have an environment o
assigning elements of N to first-order variables and elements of 2V to second-
order variables (with the same generality preserving assumptions as with the

p-calculus) we define:

G,o F zay & o(x)ac(y)ingG
GoFo=y & o) =0y
G,o Ebx & bo(xr)ing
Go FrxeX & o) e€a(X)
G,o F Jr.¢p & existsu€ N st GoU[z—u] FE ¢
G,o F3IX¢p & exists Sc2V st G oU[X—S] F ¢
G,o FE (o6NY) & G0 F ¢gand G,o0 F ¢
GokF ¢ & GoWo
Again an MSO sentence is a formula with no free variables and for sentences o
is unnecessary. In practise for a formula ¢(x1,...,zm, X1,..., Xy ) with free
variables x1,...,Tm, X1,..., Xm we write G F ¢(u1,...,Um,S1,...,Sm) to
mean:
G, [x1—ut,...,Tm = Uy, X1 S1,..., X = Sp] E ¢

The MSO theory of a graph G is the set of MSO sentences ¢ such that
G E ¢. We say that the MSO theory of a class of graphs (such as the n-PDA
graphs) is decidable just in case there exists an algorithm (Turing machine)
that takes pairs of the form (G, ¢) as input with G a graph in the class and
¢ an MSO sentence, such that the algorithm is guaranteed to terminate and
correctly output whether or not G £ ¢. This decision problem is called the
(local) model-checking problem for MSO on the class of graphs.

We say that R C N (an m-ary relation on nodes of the graph) is definable
by MSO in G just in case there exists an MSO formula with m free first-order
variables ¢(x1, ..., 2,,) such that:

R = {(ug,...,um) €EN" : G F od(u1,...,um) }

We use the usual abbreviations (¢ V¢) := =(=¢ A1) and Vz.¢ := ~Ix.~¢
together with the analogue for second-order universal quantification.

Note that whilst equality is definable in MSO, we include explicit syntax
so that first-order logic can be viewed as a sublanguage.

First-Order Logic

First-Order Logic is the subset of MSO that does not contain second-order set

variables. As it will be our main point of focus we write FO to denote the
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language of first-order logic. We also have a variant FO which includes an
additional quantifier 3°° that may bind (first-order) variables. This is defined
by:

G,o F I%.¢ & G,0U[x— u] F ¢ for infinitely many u
Decidability of model-checking FO is one of the hallmarks of automatic struc-
tures [14], which we will consider in a later chapter.

One way of measuring the expressive strength of first-order formulae is by
the depth of its quantifier alternation. If one has a formula of the form 3Z.4(Z)
where we existentially quantify over multiple variables contained in the vector
Z then it does not matter how we order the variable bindings from amongst
the elements of Z. In contrast, if we alternate universal and existential quan-
tification as in V§.3%.¢(Z, §), then the choice of witnesses for the existentially
quantified variables must depend on the current value taken for those that are
universally quantified. Thus increasing the number of alternations between
existential and universal quantification increases the number of dependencies
and hence, in some sense, the ‘expressive power’ of the formula.

To formalise this, recall the well-known fact that all first-order formulae are

logically equivalent to one in prenex mormal form which has the form:
VZ#13% - V13T . O(Z1, Tay o o, 1, T

where ¢ contains no quantifiers. We make use of the well-known hierarchy
defined as follows:

Yo:=1p := {¢€ FO : ¢ contains no quantifiers }
i1 = {¢€FO : ¢=3FYst. eIl }
My = {pcFO : ¢=Vitgst e}

More generally we say that a formula is ¥; or II; if it is logically equivalent to
a formula in ¥; or II; respectively as defined above. We describe a property of
a class of graphs (such as the class of n-CPDA graphs) as A; if it is both ¥;
and II;—so in particular Ag = g = Il.

The concepts of FO and FO® theory and model-checking problem are de-
fined analogously as for MSO. When we wish to restrict the theory to sentences
of a particular alternation complexity we will specify the logical complexity
class—for example we will speak of the ¥;-theory of a class of graphs to talk
about the theory restricted to X7 sentences (which thus makes the decision
problem less demanding as its inputs are restricted).

Transitive Closure Logic

One final logic that we will employ is transitive closure logic FO(TC'). This

is first-order logic extended with a binary predicate symbol ¢(z,y) for every
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o(z,y) € FO with precisely two free variables, which represents the transitive
closure of the relation defined by ¢(x,y). Note that here we do not allow

nesting of transitive closure. More formally, in a graph G with domain N the

predicate ¢(x,y) is interpreted as the relation:

{(u,v) € N* : G E d(u,w1), G F ¢p(wi,wiy1), G F ¢(wpm,v) for every

1 <4 < m for some wy,ws, ..., w, € N where possibly m =0 }

We will also make use of the fragment of FO(TC') for which transitive clo-
sure may only be applied to Ay (quantifier free) formulae, which we write
FO(TC[Ay]). Note that for both FO(TC) and FO(TC[Ayp]) we may de-
scribe quantifier alternation exactly as with FO, noting that m should be
viewed as an atomic relation. Thus we have 3;-FO(TC) and I;-FO(TC)
(and indeed A;-FO(TC)) and X;-FO(TC[Ay]) and II;-FO(TC[Ay]) and

A~FO(TC[Ay)).

2.3 p-calculus sensitive CPDA

p-calculus Model-Checking

The global model-checking problem for the p-calculus on CPDA asks one to
compute a representation of all nodes in the graph where the sentence holds. A
detailed study of Global Model-Checking results for CPDA is beyond the scope
of this dissertation. That said, we will make very heavy use of the strongest
global CPDA model-checking result to date [19]. One of the consequences
detailed in op. cit. tells us a CPDA generating a tree can be modified so as to
annotate the tree-nodes satisfying a given p-calculus sentence.

The p-calculus is bisimulation invariant, which roughly speaking means it
cannot tell the difference between a graph at a particular node and the unfold-
ing of the graph at that node; indeed the p-calculus is precisely the bisimulation
invariant fragment of MSO [46]. This fact tends to blur the distinction between
model-checking the tree generated by a CPDA and model-checking its configu-
ration graph. As it happens, the logical reflection transformation preserves the
stack structure of the CPDA at any given point in its run and the sequences of
stack operations that it must perform in any given position also take the same
form. We introduce pCPDA to describe this same result in terms with a ‘more

intensional’ focus than those used in the original paper.

The Extended Model

An ng-pCPDA is a device that has an ng-CPDA at its disposal but may in-
tervene and manipulate it beyond its normal course depending on whether the
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original ng-CPDA satisfies various p-calculus sentences in its current configu-
ration.

Definition 2.19. An ng-uCPDA B is a tuple:

< Evﬂan(IOaFvR;lvR;Qa'"7R(/17,7PI;17PI;27"'aPl;T/;RalaRagv"'aRar;PbUPan"'vPbr/ >
where < S0L,Q,q0, T, Ray s Rayy o ooy Ray s Poyy, Poyy oo Py, > is an ng-CPDA called
the underlying ng-CPDA; Ry, C LB X Ops X @ and P’bj S Lg for each
1<i<rand1<j<r.

As with CPDA configurations are elements of Q x stackS (') but the only
transitions allowed are specified by the R} with reference to the Ry, rather

than by the Ry, themselves. Likewise Pl;'i are the only unary predicates it has.

Definition 2.20. Let B be an ng-uCPDA with underlying ng-CPDA A. Let
(g,5),(q’,s") be configurations of B (and hence also of A4). There is an a;
labelled transition from (g, s) to (¢’,s’) in B just in case G(A),(q,8) F ¢
where (¢,0,¢') € R;,, and s’ = 0(s). Likewise we have (g, s) satisfying the
predicate b; just in case G(A), (¢,5) F Py .

Given these transition edges and predicates of B the graphs G(B) and G¢(B)

are defined in the same way as with conventional CPDA.

Example 2.21. Consider a standard order-1 pushdown automaton that has
control-states { go, 1 } and stack alphabet { a,b }. Give it has a transition re-
lation R, := { (qo, pop,qo) } and predicates P, := { (go,a) }, P» :== { (¢0,b) }.

Suppose that we extend this to a 1-uPDA with a sole yPDA transition
relation R, := { (uX.(a V [¢]X) A b), push],q1) }. Then this yPDA will have
a c-labelled transition from the configuration (go, [bbaaabbbbbb]) to the config-
uration (g1, [bbaaabbbbbbal) but no other transitions from this configuration.

The p-calculus sentence asserts that the current configuration has b on top
of the stack but that repeated popping will yield a on top.

Strong Isomorphisms

Two graphs are said to be isomorphic if qua graphs they are essentially the
same. As expected the formal definition is as follows:

Definition 2.22. Let G and G’ be graphs sharing a signature & with respective
node sets N and N’. We say that G and G’ are isomorphic, written G = G’
just in case there is a bijection f : N — N’ (called an isomorphism) such
that for every u € N and unary predicate b of & interpreted as bg in G and
bg: in G’ we have u € bg iff f(u) € bg: and for every edge a we have uau’ in

Giff f(u)af(u')in G'.
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It is well known that the theories in all logics we have introduced are in-
variant under isomorphism—a sentence will hold in a graph G just in case it
holds in all isomorphic graphs G'.

Note that every CPDA A can be viewed as a uCPDA B. We simply
take B to have underlying CPDA A and give it a predicate for every control-
state/stack-alphabet pair in @ x T to facilitate a u-calculus sentence asserting
that we are currently in a particular control-state with a particular symbol on
top of the stack. This allows us to reconstruct the original transition relation
of A in B. It thus follows that for every CPDA A there exists a uCPDA B
such that G¢(B) = G¢(A).

For CPDA there is a stronger notion of isomorphism where stack structure
and control-states are preserved as well. This will be the form of isomorphism
to which we usually appeal. In particular the definition makes sense when
comparing pCPDA and CPDA.

Definition 2.23. Let A and A’ be ng-uCPDA (and in particular either or both
may be an ng-CPDA). We say that G(A) and G(A") (resp. G¢(A) and G*(A'))
are strongly isomorphic just in case there is an isomorphism L between the
graphs where for any configuration (g, s) of A we can define L by an expression
of the form L(q, s) := ((L1(q), L2(s)), Ls(s)), where (L1(q), L2(s)) is a control-
state consisting of two components, one depending entirely on the control-state
and the other entirely on the stack (with L; and Lo both being injective), and
L3(s) is an injection that preserves the structure of the stack (it may replace
an occurrence of an atom with another, but may not delete occurrences nor
may it change links).

We write G(A) = G(A") (resp. G¢(A) = G¢(A')) to indicate this.

Note that whilst L is a bijection between the domains of each graph, in
the e-transition there may be intermediate control-states accessed during the
course of e-transitions that do not appear in nodes of the e-closure of the graph.
Therefore L1 may not be a bijection between control-states. Nevertheless, for
control states belonging to the e-closure (on which L; must be a bijection) we

)

adopt the convention ‘Li(q) := ¢’. The correponding convention for stacks
‘L3(s) := s’ is not used as it would be highly misleading; two occurrences of a
symbol a in s may map to different symbols in L3(s). However, since La(s) and
L3(s) both depend on s (and by injectivity on each other) we conflate them
into one object; this is safe as each stack operation on L3(s) to form L3(s’)
can be viewed in this conflated object as including a transition from Ly(s) to

Lo (s"). We thus express L(q, s) as L(q, L(s)).
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Representing as Conventional CPDA

Just as every ng-CPDA can be viewed as an ng-pCPDA it turns out that the
converse holds as well. Indeed we can view the main result of [19] as saying
precisely this.

Theorem 2.24. Given any ng-uCPDA B there exists an ng-CPDA A such
that G(B) = G(A) and so also G¢(B) = G¢(A).

Proof. Let A~ be the ng-CPDA underlying B with control-states @ 4-. Extend
Q@ 4- with a fresh distinguished control-state x. Add fresh distinguished edges
G for every q € Q 4- from the configuration (%, s) to the configuration (g, s) for
every stack s and have a transition 8 for every ng-stack operation connecting
(%,8) to (%,0(s)). Making  the initial state call the resulting automaton .4*.

Now let ¢1, ¢2, ..., ¢m be a list of all of the p-calculus sentences occurring
in transition relations of B. Let ¢! be the u-calculus sentence [g]¢; for every
q € Qu- and 1 < i < m. Logical reflection for CPDA, as established in [19],
allows us to construct an automaton Aj ; such that there exists an isomorphism
f 1 G(A*) = G°(ALR) and additionally there is a set Sigp, € Qa3 . % Ta;
such that a configuration (p,t) of A} , satisfies G( A z), (p,t) E [§]¢s just in
case (p,topy(t)) € Sigs,- That is A} p generates the same e-closure as A* but
is also ‘aware’ of what p-calculus properties are satisfied at each configuration.

Note that we do not quite have a strong isomorphism here. Whilst [19]
tells us the stacks either side of the isomorphism satisfy the required structural
similarity, the control-state in the image of the isomorphism depends on the
stack in the input configuration as well as the control-state without a guar-
antee that this dependence can be split into an independent pair of the form
(L1(q), L2(s)). That said, the converse does hold: the control-state in the im-
age determines the control-state in the input of the isomorphism. In particular
it is well-defined to delete all control-states from A7 , that are not associated
with * in A*. We also remove all edges other than those of the form 6 for
6 € ©,. Call the resulting automaton A7%,.

Now we construct the n-CPDA B to have the same control-states Q 4 as A
and the stack-alphabet of A}%. In order to simulate A when in control-state
q it may do the following:

e Pick a A-transition dependent on p-calculus sentence ¢ that performs

stack-operation 6 whilst moving to control-state ¢’.

e Check that the top element of the stack belongs to Sig, in which case
we are indeed in a configuration corresponding to a .A-configuration in
control-state ¢ at which ¢ holds.

e Transition into control-state ¢’ whilst performing the stack-operation dic-
tated by the A}%;-transition 6.
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Then g : G(B) = G(A) with g(¢,s) := g(q,t) where f(x,s) = t (where ¢
assimilates the stack of f(x,s) with the control-state that must be completely
determined by s as « is fixed).

O

We will use Theorem 2.24 when constructing monotonic automata in a
later chapter. These are devices that simulate a CPDA whilst skipping out
large chunks of a run, using awareness of u-calculus properties to determine

what would have happened had the run really been performed.

2.4 Higher-Order Recursion Schemes

Recursion schemes can be viewed

as rewrite systems employing non-

terminals that can be assigned f!
higher-order types.  Alternatively /\

we can view them as simply typed a  f
lambda terms together with a fixed- " 4/ \ £
point combinator. In actual fact / A\
we will translate them to an infinite 6 f7
lambda term that is a regular tree, / \
which is called the computation tree ad

of the recursion scheme [60].

The definition that we give in
the first instance is in the ‘rewriting Figure 2.1: A Value Tree
form’ and corresponds to the modern

presentation used in [52, 60].

Definition 2.25. The set of types Types is generated from a single ground
type o together with the function-space constructor —. That is:

Types := o| (Types — Types)
The order of the type T is defined, as usual, by:

T =o0

ord(T) := max(ord(71) + 1,0rd(T2)) i T = (11 — 1)

We use the standard convention of — associating to the right, so that
Ty — To — Tsmeans (I1 — (T» — T3)). We also right T™ — U
to mean:

T —T — T — -« — T — U

m times
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We work over a set of terminal symbols which are the elements of a finite
ranked alphabet ¥; a finite set of non-terminals N' and a set of variables V.
We will construct a space of typed terms ¢ from these atoms, writing Ty(¢) to
denote its type. We begin by assigning types Ty(a) := 0™*(®) — o (so in
particular terminals with rank 0 are given type o). We assign elements of A/
and V arbitrary but fixed types.

The set of applicative terms over L, N,V is denoted T(X,V,N) and is
formed from the atoms using the application rule, forming a term (uv) from
terms u and v with type U where Ty(u) =V — U and Ty(v) = V. We follow
convention in associating application to the left so that tuv means ((tu)v).

Definition 2.26. An order-n recursion scheme is a tuple (X, N, S, V, R) where
no element of A/ has type with order greater than n, S € N is a distinguished
initial symbol with Ty(S) = o0 and R is a set of rules of the form:

For9a---p, —

where the ¢; are variables; F' is a non-terminal and ¢t € T (X, N, {¢1, d2, ..., Px})-
There should be a unique rule for every non-terminal in N
Let us write R, to denote the set of order-n recursion schemes and R to

denote the set of recursion schemes of all orders.

The value tree of a recursion scheme is the unique (possibly infinite) ranked
and ordered Y-labelled tree that it generates by unfolding the rewrite rules,
starting at the initial symbol, ad infinitum. For a recursion scheme G we
denote this value tree [G].

To be more precise, we follow the definitions of Ong [60], which he es-
tablishes to be well-defined. Let us say that a closed term is a member of
T(X,N,0). A redexr in an applicative term ¢ is any subterm of the form
Fty---t, where F is a non-terminal and Ty(F't¢;---tx) = o. Thus we have
t = C[Fty - -ty] for some context C. We then say that ¢t reduces in one step to
C[t'[t1/ P15 - - tm/Pr]] where

Foigo ¢y —

is the rewrite rule for F'. We use the phrase reduces to to mean the transitive
reflexive closure of reduces in one step to.

For any closed term t, let us write t~ to be the result of replacing every
maximal subterm of ¢ beginning with a non-terminal with a fresh symbol L.
We may then view t* as being a (X U {L})-labelled tree (by considering its
parse tree). Define the flat ordering C on (X U {L})byz C yiff x =y or
x = L. This induces an ordering on (¥ U {L})-trees T where ' T T” just in
case dom(7) C dom(7”) and for every u € dom(T") we have T'(u) T T'(u).
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Ezxample 2.27. Consider the rules:
S — Ffa
Fox — fx(F¢a)
where rank(a) = 0, rank(f) = 2 and Ty(F) = (0 — o) — o so that
ord(Ty(F)) = 2. Then the value tree generated is as shown in Figure 2.1.

Viewing terms t' as trees, we can then

define:
1L Al
[G] := |_|{ t— : S reduces to t } @\2
Finally we find it useful to extend ap- N ¢3/ \)\mw
plicative terms to include lambda abstrac- \ |
tions. We write 7*(X,V,N) to denote the ¢! i
set of applicative terms formed from the )\‘5 /\1é /\\20
atoms X, N and V with the use of applica- @‘6 a‘lg x‘zl
tion, as before, and additionally lambda ab- N
straction: from a variable x with Ty(z) =T Ap7 Aﬂflo
and a term u with Ty(u) = U we can form Q;S f1
Az.u with Ty(Az.w)) = (T — U). We )\‘9 )\1é ;\14
write Azize.u to mean (Axy.(Azg.u)). The : L
operational semantics of such terms are as a'® x'®

one would expect, but in fact we will only

appeal to them indirectly via results estab-

.pp ) ) Y Figure 2.2: A Computation

lished in the literature. The actual seman- T
ree

tics we present will be in the form of Ong’s

traversals [60], which owe much to game semantics.

Computation Trees

The n-long form t" of a term t € T*(X,V,N) (and so in particular of a term
teT(X,V,N)) is defined as follows:

Definition 2.28. If ¢ = Az.u, then t"7 := Ax.u". Otherwise t = uvy - - - vy,
where w is either a A-abstraction or an atom (m = 0 when ¢ is atomic). Suppose
Ty(uvy -+ V) = A1 — Ay — -+ — A — 0. We pick fresh variables
Z1,..., 2 such that Ty(z;) = A; for each 1 < ¢ < k and then set " :=
Ay -z vM v, T2 - - 2™ where

u  if w is atomic
u if u is a A-abstraction

When k = 0 we find it convenient to define 7 := A\.t—i.e. we use a vacuous
lambda-abstraction.
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Remark 2.29. The inductive definition of 7n-long form is well-defined because
both terms and types are well-founded (the latter is necessary for the termina-

tion of the definition when taking the 7-long form of the added variables).

Remark 2.30. It should be clear from the construction (easy induction) that

Ty(t) = Ty(t"). Given that we require the introduction of vacuous A-abstractions

it should also be clear that every n-long form is itself a A-abstraction.

The partial computation tree is partial in the sense that it does not unwind

the definitions of non-terminals, and consequently remains finite.

Definition 2.31. Let s € T*(X,V, ) and set ¢ : s". The partial computation

tree A*(t) of t is a finite ordered tree that is defined inductively as follows:

o If t = wvy - v, where u is either a M-abstraction or an element of N
(non-terminal), then A*(¢) has root labelled @, Oth child (numbered 0 for
convenience) A*(u) and ith child (numbered i) A*(v;) for each 1 <i <m

(making for m + 1 children altogether).

o If ¢t = uvy - - - vy, where u is an element of ¥ or V (terminal or variable),
then A*(¢) has root labelled u and ith child (numbered i) A*(v;) for each
1 <4 < m (making for m children altogether).

o If ¢ is atomic, then A*(t) is just a single node labelled ¢.

e If t = A¥.u where u is not a A-abstraction (all A-abstractions can be
written in this form), then A*(¢) consists of a root labelled A\¥ and a
single child A*(u).

We then define A*(s) := A*(t).
The following is consistent with Ong’s original definition [60].

Definition 2.32. Let G € R be a recursion scheme with rules of the form
Fixy-- o, — t; for 1 < ¢ < m where the recursion scheme posesses m
non-terminals. The scheme’s computation graph A9(G) is the finite graph
consisting of the disjoint union of all of the trees T; := A*(Axy - - -z, .t;) where
each node labelled F; (for some 1 < ¢ < m) is deleted and its parent edge
instead attached to the root of T;.

Definition 2.33. The computation tree A(G) of G is the probably infinite
regular tree formed by unfolding A9(G) from the root of T (as defined in
Definition 2.32) where F; : o is the initial non-terminal of G. (This T; will
have root labelled A).



34

Preliminaries

Ezxample 2.34. The following rules yield the computation tree in Figure 2.2.

S — FH
Fo — oS
Hx — fax

This also generates the value tree in Figure 2.1.

The order ord(u) of node u in computation tree is the order of the type of
the subterm rooted at it if it is not a variable node. The order of a variable

node is the order of the type of the variable.

Ezample 2.35. For example, ord(u) = 0 whenever u is an @ node and ord(u) =
2 if u is labelled A(E where gz; is a vector of variables where the maximum order
of any variable type is 1. Also ord(u) = 2 if u is labelled with ¢ which is a
variable with an order-2 type, even if the term rooted at u actually has type
with order 0.

—

We write b(u) to denote the A(1(s - - - (;n-node v binding a variable node u
and we write bindpos(u) := ¢ when u is labelled with ¢;.

Traversals

A traversal is a way of jumping about the computation tree in a manner that
represents its linear head reduction—i.e. a search for its head variable. The
set of traversals can be viewed as the ‘uncovered game semantics’ of the term.
Traversals were defined by Ong [60] and the definition we use here is essentially
equivalent. We also add the notion of direction sequence associated with a
traversal to be able to easily phrase some relevant results from Ong.

For technical reasons, we need to number the children of @ nodes from left
to right, beginning at 0, whilst all other nodes have their children numbered
left to right beginning at 1. For a node u in the computation tree we write
E;(u) to denote its ith child (using this numbering).

We now define traverals of the computation tree together with the associ-
ated direction sequence which keep track of the path in the value tree of the

recursion scheme to which the traversal corresponds.

Definition 2.36. A traversal of A(G) is a sequence o of nodes therein equipped
pointers. The root X is a traversal with direction sequence € and if o u is a

traversal with direction sequence 7, then:

0
e If u is labelled @, o w Ey(u) is a traversal, where Fy(u) must be a lambda

node. The direction sequence remains 7.

e If uis labelled A¢, o u F1(u) is a traversal (where Ey(u) must be labelled
by one of a variable, @ or terminal symbol). The direction sequence

remains 7.
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e If u is labelled by a variable ¢, and b is the most rec?nt occurrence of
b(u) in o with 0 u =01 ca' o2 b o3 u, then 01 ca o2 b o3 u Ej(c) where
J := bindpos(u) is a traversal (Epindpos(u) (¢) must be a lambda node that
is the root of the argument bound to the variable at u). The direction

sequence remains 7.

e If u is labelled by a terminal symbol f, then for any i [1..rank(f)] it is

the case that o u F;(u) is a traversal with direction sequence T 1.

The notion of view is borrowed from game semantics and is the result of

‘skipping over’ pointers in a traversal.

Definition 2.37. Let t be a traversal over a computation tree. The view "t

of t is a subsequence of ¢ defined inductively as follows:

CTAT =
su ... X7 = TsTuX
TsAXn? = TsAXn

(To see that this is exhaustive and well-defined, recall that only A{ nodes
are ever the source of a pointer.) As remarked by Ong [60], the view of a
traversal is a path in the computation tree.

The bottom line concerning the significance of traversals is given by the

following theorem of Ong [60] (which we paraphrase):

Theorem 2.38 (Ong 2006—Path-Traversal Correspondence). Let G be a re-
cursion scheme. For every node u in [G] specified by a sequence of directions
Tu there is precisely one traversal of A(G) with direction sequence T, which

when projected onto terminal symbols yields precisely the path from the root of

[G] to w.

The paths in the tree value tree and traversals are in bijective correspon-

dence.

Ezxample 2.39. The following is a traversal of the computation tree in Figure

2.2 with direction sequence: 2 1.

1
1 1
€] 2 O 1

)\1 @2 )\¢3 ¢4 )\(ElG f17 )\20 {E21 )\5 @6 )\¢7 ¢8 )\xm fll )\12 CL13

The Safety Constraint

We now provide the formal definitions related to safety.
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Definition 2.40. Let us say that an occurrence of a subterm u of ¢ is a local-
head position if there exists a v such that the occurrence u occurs in a subterm

of the form (uv).

Definition 2.41. An occurrence of a variable z in a term ¢t € T(X,V,N) is
deemed unsafe if it occurs in a subterm u of ¢ with ord(z) < ord(u) such that
u is mot in a local-head position. We say that an occurrence of a variable is

safe if it is not unsafe.

Definition 2.42. A term ¢t € T(X,V,N) is deemed safe if it contains no
unsafe occurrence of a variable. We say that a recursion scheme is safe if the
right-hand-side of each rule is a safe term. We say that the recursion scheme

is homogeneously safe if it is also homogeneous.

Knapik et al. [52] defined safety to be what we call homogeneous safety.
Therefore the ‘traditional’ notion of safety differs only from our own in that the
former imposes type homogeneity as an additional constraint on the recursion
scheme.

The following definitions are due to Blum [11, 10, 9] and concern his ‘game
semantic’ characterisation of safety, here presented in the context of traversals.

Definition 2.43. Consider an occurrence of a variable = in a computation tree
A(G) with G € R or A*(t) for t € T*(X,V,N). We say that this occurrence
is incrementally bound if its binder A---x--- is the first A-node in the path
from z to the root of the computation tree with order strictly greater than x.

Blum’s characterisation [11]:

Lemma 2.44 (Blum). Ift € T(%,V,N) is safe, then every occurrence of a

variable x in X*(t) is incrementally bound.

Lemma 2.45. Given a safe recursion scheme G € R, every occurrence of a
variable in X(G) is incrementally bound.

We are now ready to consider a finer analysis of safety, which is the subject

of the next chapter.



CHAPTER

Fine Grained Safety and
Homogeneity

As we have seen, safety is a syntactic restriction that can be placed on recursion
schemes. It is prima facie necessary to restrict schemes in this manner in order
to coincide with the trees generated by n-PDA [52]. Some limited progress has
been made on determining the effect of safety on expressivity. Aehlig et al.
[1, 47] showed that every word-language generated by an unsafe scheme can
also be generated by a non-deterministic safe scheme. More recently Parys
[62] has shown that no such results can exist for trees of order-2; there exists
a tree generated by an order-2 unsafe scheme that cannot be generated by any
order-2 safe scheme.

There remains plenty of scope for further research on this extensional ques-
tion. What happens at order-3 and above? Even the weakest ‘non-uniform’
version of the Safety Conjecture remains at large—is there some tree generated
by some unsafe scheme that cannot be generated by an order-n safe scheme for
any n? In unpublished work the author has extended the result of Aehlig et
al. to show that outer-most links of a CPDA can always be eliminated at the
cost of non-determinism, but this does not really contribute to the root of the
question, which unfortunately we are unable to pursue here.

The question addressed in the present chapter, however, is intensional in
nature. The significance of safety from an operational standpoint is that it
allows for -reduction without incurring the need for a-conversion of variables
since variable capture can never occur. William Blum has extensively studied
the significance of safety from the point of view of game semantics [11, 10]
and in particular in terms of traversals of computation trees. Given that the
translation from (unsafe) recursion schemes to CPDA [40] yields an intimate
relationship between the behaviour of the automaton and the computation
of traversals, it is reasonable to ask how safety affects the CPDA constructed

using this method. Given that safe recursion schemes can be translated to non-

37
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collapsible PDA [52] it would be very nice if the traversal computing n-CPDA
is in fact (morally) an n-PDA.

Blum provided the bulk of a proof for this hypothesis based on his study
of traversals for the safe lambda terms. There was one gap in this proof that
was filled by the author, which was in turn refined by Blum [9, 18]. This
shows that the traversal computing automaton indeed does not require collapse
when the recursion scheme is safe. Since the result depends only on the game
semantic consequences of safety, it also allows the homogeneity requirement to
be dropped for equi-expressivity with n-PDA.

In this chapter we generalise Blum’s argument further to explain the ex-
act role of CPDA-links in terms of safe occurrences of variables. We aim to
characterise the expressivity of ng-CPDA using a related notion of S’-safety
which requires only order-k variables for k ¢ S’ to occur safely in the recursion
schemes. Thus @-safety will coincide with the original notion.

This is of interest as later chapters will consider CPDA with restricted use
of links and it is nice to understand how this can be seen in terms of recursion
schemes. It also enables us to say something about another question raised
by the result—if homogeneity can be dropped from the definition of safety
then what effect, if any, occurs when one limits recursion schemes to homo-
geneous types? We provide a notion of ‘homogeneous CPDA’ that precisely
captures the expressivity of homogeneous recursion schemes and which can in
turn be encoded as a homogeneous recursion scheme. Thus ‘homogeneity is not
a constraint on expressivity’—something one gets for free in the presence of -
abstractions, but not so trivially for the applicative presentation traditionally

used for recursion schemes.

3.1 Relative Safety

Relative safety stipulates that only variables with types of particular orders
need occur safely. Note that the orders of variables are incremented by 1 in
the set S, because the minimum order of the variables’ binders will be more

significant than the order of the variables themselves.

Definition 3.1. Let S CN. A term ¢t € T (X,V,N) is deemed safe modulo S
(or just S-safe) if every occurrence of a variable x in ¢ with (ord(z) +1) ¢ S
is safe. A recursion scheme G is said to have order-ng if G € R, and the
right-hand-side of every rule is an S-safe term. We write R, for the set of
all such recursion schemes.

Remark 3.2. Note that by definition Rs,, = Rs and RS = Rong-

M[1..n]

It is easy to generalise Blum’s Lemma 2.45 to these relatively safe recursion
schemes.
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Lemma 3.3. Lett € T(X,V,N). Then every bound occurrence of a variable

x in A*(t) is incrementally bound.

Proof. This is a straightforward induction on the structure of ¢ with respect
to the inductive definition of ¢". In essence the only variables that are bound
in t" are those that are freshly introduced (i.e. no variable occurring in ¢ is
bound in ¢"). The manner in which corresponding abstractions are introduced

ensures incremental binding. [l

Definition 3.4. Given G € Rs let us call the variables occurring in G the
scheme-variables and the variables added when taking the n-long form the 7-
variables. Thus all variables in A(G) are either scheme-variables or n-variables

and w.l.o.g. we may assume the two classes are disjoint.

The following states the incrementally-bound result on a per variable basis

(rather than a statement depending on all variables being safe occurrences).

Lemma 3.5. FEvery safe occurrence of a variable x in a recursion scheme
G € R is incrementally bound in A(G).

Proof. By Lemma 3.3 we only need to consider scheme-variables. Consider
some scheme-variable x that occurs safely in G. Suppose for contradiction that
some occurrence of x in A(G) fails to be incrementally bound.

By the definition of a computation tree, x must be bound at the root of the
partial-computation tree A*(Azy - - - xy.t) for some rule Fzy-- -z — ¢ in G.
This node r has label Azy - - - 2.

Since we are assuming x is not incrementally bound there must exist a -
node u lying on the path between x and r such that ord(r) > ord(u) > ord(z)
that does not bind x. Since this occurs within A*(Azy - - - zx.t) it must be the
case that u abstracts only n-variables. The portion of A*(Azy - - - xy.t) rooted
at u must thus correspond to a subterm Ay.vy of ¢t where ¥ consists entirely
of n-variables. This implies that v cannot be in a local-head position in ¢ and
that ord(v) = ord(u). But since ord(z) < ord(u) this would then imply that
x is an unsafe occurrence, which is a contradiction. O

Lemma 3.6. Given a recursion scheme G € Rspg every occurrence of a vari-
able x in X(G) with (ord(x) + 1) ¢ S is incrementally bound.

Proof. This is an immediate consequence of the definition of R, and Lemma
3.5. O

3.2 An alternative Traversal Computing CPDA

Hague et al. specify a tree-generating n-CPDA CPDA(G) for every recursion
scheme G for which [G] = [CPDA(G)] [40]. This operates by ‘computing



40

Fine Grained Safety and Homogeneity

traversals’ of A(G). The stack alphabet is taken to be nodes of A9 (G) and since
nodes of A(G) can be viewed as paths in A9 (G) (being its unfolding) the order-
1 stacks contained within the n-stack can represent nodes of A(G). Computing
a traversal means that CPDA(G)’s top, stack represents the current point in
the traversal and the rest of its stacks contains a sufficient amount of history to
proceed with computing it. Links emanate from A-nodes and point to a context
from which the argument of the corresponding A-subterm can be recovered.

We define an n-CPDA CPDAY (G) which differs from CPDA(G) in the way
in which it handles links. Since a variable x can be bound by a A node which
also binds variables with order greater than ord(z), the original CPDA(G) is
unable to offer the fine-grained control that we require; it attaches just a single
link of a single order to each A-node. In changing this it is easiest to present
our construction as a multi-link CPDA for which a single atomic element may
emanate links of all orders. Please see Figure 3.1 for the transition rules, noting
that the span span(z) of an occurrence of a variable x is equal to |p| where p
is the path in the computation tree/graph from b(z) to x.

We now modify the definition of computing a traversal from [40] to be
appropriate for CPDAT (G).

First let us define an approzimation s of a stack s inspired by the corre-
sponding definition from [40].

Definition 3.7. Let s be an n-stack reachable by CPDAY (G). We form the
sequence of stack symbols s from s in the following manner, assuming that s
is represented as a pointer-word with well-bracketed [ and ] symbols denoting
the bottom and top of a stack (with pointers targeted at the | symbols).

The stack approximation we use is going to be a set of subsequences of the
stack (as opposed to a single subsequence as in [40]—however it will turn out
that for the stacks of CPDAY(G) this set is always a singleton. s is a set of
subsequences of s that can be formed by scanning s from right to left (top to
bottom) as follows:

e When a ] is encountered the scan continues without recording any symbol.
e Any stack symbol read is recorded.

o If a A¥ stack symbol is reached with Z consisting of n-variables, then we
record AZ and then skip to the target of any k-link for k& > n—ord(A\Z)+1.

Given a traversal ¢ the approximant # is formed by deleting all segments u

of t of the form v u A.

We can now define what it means for a stack s to compute a traversal ¢ in
a manner analogous to [40]. In what follows we disregard terminal symbols for
technical convenience. Branching is the only substantial effect that terminal
symbols impose and the rules of CPDA™T (G) ensure that provided we can show
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Let u be the top; stack symbol. As with CPDA(G) if u is not a variable
then the automaton usually just performs push] where u’ is an appropriate
child of u. A difference in behaviour does occur at an @-node where we

first perform some higher-order pushes. To be precise:
o (AT) If the label is @ and ord(Eo(u)) > 1, then

Eo(u
5(U) = pUShn; pUShn—l; e pUShn—min(ord(Eo(u)),n—1)+1; pUShl o)
recalling that Ey(u) must be a A-node (abstracting scheme-variables).

o (AJ) If the label ]iES (@) and ord(Ep(u)) =0 (i.e. Ep(u) is labelled A),
ol\u

then 0(u) := push;
e (ST) If the label is a terminal symbol f, then the automaton
branches in direction ¢ (where 1 < i < ar(f)) with operation

Ei u
0(u) := push; (w),

o (L%) If the label is a lambda, then &(u) := push™*").
Suppose now that u is labelled with a variable z and let b := bindpos(u),
then:

o (Vit) If ord(z) > 1,  then: §(u) =
push,,; push,,_;-- -pushnford(m)ﬂ; popslpan(u); collapsej; pushfb(mpl)

where j :=n — ord(z).
o (Vgh) If ord(z) = 0, then: 6(u) := popslpa"(“); collapsen;pushfl’(m“).

where top, denotes the top element of the stack a that particular point in
the operation (rather than at the beginning of the operation).

Figure 3.1: Rules for the n-CPDA CPDA* (G) where ord(G) = n.

correctness for ‘computing traversals’ without terminal symbols we can extend

this trivially to take into account terminal symbols.

Definition 3.8. Let G € R, let s be a reachable stack of CPDAT(G) and let
t be a traversal over A(G). We say that s computes t just in case the following

conditions hold:

o topy(s) ="t

e s is a singleton set whose element we will also denote s thereby overload-

ing notation. Moreover s = t.

e Suppose that topy(s) = [v1,...,v,]. Let vf,...,v], be the respective
occurrences of vy,...,v, in ¢ contributing to t. Then for every v; such

that v; is a A-abstraction AT we require that collapse ;(s<.,) computes ¢,
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for every n — ord(AZ) + 1 < j < n. Additionally s<,, should compute

t<, for every v;.
— 1

Lemma 3.9. Let G € R, be a recursion scheme featuring no terminal sym-
bols. Let t be a traversal over A(G) and suppose that we have a reachable stack
s of CPDAY(G) computing t. Then s' := push,(s) also computes t for any
1<k<n.

Proof. The truth of this is implied by the following facts: There are no higher-
order pop operations involved in the definition of computing a traversal; a
push;, preserves the targets of I-links for [ > k; following an m-link for m < I
does not cause one to leave the copy of the top; stack of s that is the top,
stack of s'. O

Lemma 3.10. Let G € Ry, be a recursion scheme featuring no terminal sym-
bols. Let t be a traversal over A(G) and suppose that we have a reachable
stack s of CPDAT(G) computing t. Suppose further that t' := t ' is the
unique traversal extending t with the symbol u (which may or may not source a
pointer to a target in t). Then the unique operation that CPDAT (G) performs

from s (from Figure 3.1) results in a stack s’ computing t'.

Proof. Let u be the final node in ¢t. We consider each case of v in turn.

Case when u bears an @ symbol: Then it must be the case that v/ =
FEo(u) and that the automaton performs either (Ag) or (A7). The former is
straightforward (in this case Ey(u) is just labelled \), so just consider the latter.
By Lemma 3.9 the stack after performing push,,; - - - pushyin ord (£ (u),n—1)) Will
continue to compute the original traversal ¢t. Note that Fy(u) must have the
form A(E (where 5 consists of scheme variables). When the operation is finished
with pushfo("), the preceding pushes ensure that the j-links therefrom point
to a target computing ¢ for each n — ord(A¢) +1 < j <n.

Case when u bears a AT symbol: Then v’ = E1(u) and v must bear either
an @ or a variable symbol. Again in each case s’ computing ¢’ is straightforward
(@ and variables do not emit any justification pointers and so do not affect the
view).

Case when u bears a variable  with ord(x) > 1: Suppose that bindpos(z) =
i. Then v/ = A\ where A\§jf = F;(v) is an abstraction of n-variables where v is the
predecessor of b(\y) in ¢t. There will also be an i-justification pointer from Ay to
v. In particular this means that "¢'7 = "¢, E;(v). By Lemma 3.9 and the as-
sumption that s computes ¢ we know that push,,; push,,_1;...; push,, _org(z)41(5)
also computes t. Since the binder of an occurrence of a variable in a traversal
always occurs in the view of the traversal up to that occurrence of a variable,
it follows from top,(s) = "t that the binder of x occurs in

topy(push,,; push, _q;...; pushn_ord(r)ﬂ(s))
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Moreover it means that popipan(z) (the first part of the operation performed by

(V1)) results in b(z) coming to the top of the stack.

Since ord(x) < ord(b(x)) we must have n—ord(xz) > n—ord(b(z))+1 and
80 a collapse,, _qq(,) operation must also result in a stack computing ¢ g (s) =
tey.

The automaton then performs pushqfl to produce the final stack s’. Since
the traversal places an i-pointer from u’ to v and since the stack prior to pushifl
computes t, it must be the case that top,(s) = "t'". For the remaining three
conditions observe that the only links relevant to the definition of s and the
final conditions are those with order k for n — ord(u’) + 1 < k < n. Since
ord(u') = ord(x), all such links must point to a (copy of) a stack in existence
before the original push,,; push,, _q;- - - push,, _qwa(z)+1 and so all these stacks to
which a k-pointer from v’ points must compute ¢.

Case when u bears a variable x with ord(x) = 0: Using the same notation
to the previous case we have u’ bearing the label A (i.e. ¥ is empty). An
argument similar to the previous case can be used, except at the end we invoke
the fact that no pointers from v’ are relevant and that ¢ skips the component
of ¢ lying between v and u’. O

Theorem 3.11. Let G € Rs,. Then [G] = [CPDAT(G)].

Proof. For each finite initial subtree of the tree generated we can use induction
together with Lemma 3.10. We then appeal to determinism to get the result
for the full tree. O

3.3 Relative Safety and CPDA

We extend Blum’s proof with the author’s notion of stack-safety [9, 18] to the
notion of relative safety introduced in the previous section. Stack-safety is a
property reflecting the extent to which a collapse on a k-link can be replaced
with a pop, operation.

The notion of stack decomposition is due to Blum [9]:

Definition 3.12. Let G € R, and let s be a stack for CPDAT (G). Define the
l-stack decomposition of s 9;s to be the subsequence of top,(s) (Az1,- - , Ad})
where Az} is the top-most A-node in the stack satisfying ord(Az;) > [ and
for each 1 < i < k Az; is the top-most lambda-node in the stack satisfying
ord(A\7;) > ord(Az;11) and ord(Az; 1) € S. The stack-decomposition Os is
just defined to be 0gs.

The notion of stack safety was fully defined by the author [18] based on an
initial attempt by Blum:
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Definition 3.13. Let G € Ry, and let s be a stack for CPDAT(G). Where
018 = (\%1,..., \Z%) we say that s is [-safe if:

® pop,_;1(s) is (j — 1)-safe for every 1 < j <n—1

collapse,,_ ;11 (s<xy) is (j — 1)-safe for every A-abstraction Ay occurring
in tops(s) and every 1 < j < ord(\y).

lrp_;41(AZ;) = 1 for each ord(Az;31) < j < ord(Az;) when 1 <14 < k.

lrp_;1(A2) =1 for each | < j < ord(\zy).

Note that the empty stack is trivially l-safe (as the ‘for every’ quantifiers are
vacuous) and so the inductive content of the definition is indeed well-founded.
We say that a stack is safe if it is 0-safe.

Lemma 3.14. Let S C N and let s be a stack for CPDAY(G) where G € Ry,
If s is l-safe, then push, ;. (s) is k-safe for every max(l,1) <k <n—1.

Proof. Let s" := push,, _;,1(s). First recall that the following equality holds:

lrn_j+1(8§u) +1 lf] =k

ey (8'<w) =
A Urp_ i1 (8<u) otherwise

where u and u’ are an arbitrary pair of corresponding elements in top,, ;. ,(s)
and top, ;. 1(s") respectively. Since k > [ this implies that the final two
conditions of k-safety must hold.

Recall further that for j < k we have collapse,,_ ;1 (s<u) = collapse,,_; 1(5"<u’)-
Also pop,,_;1(s") = pop,,_;41(s) for j <k and pop,,_;41(s') = s.

The latter fact together with the second-condition of [-safety ensures that
for j < k collapse,,_; ,(s'xz) is (j — 1)-safe for every A-abstraction Ay in
top,,_p41(s"). Together with the first-condition of [-safety this also gives us the
(j — 1)-safety of pop,,_; (s") for j <k.

Suppose for contradiction that s’ is not k-safe. The only possibility for this
not ruled out above is that iteratively performing collapse,,_;; operations on
A-abstractions with order j > k in the topy-stack and pop,_;,, operations
for a sequence ji,...,Jmn of values of k must lead to a stack that fails to be
(jm — 1) g-safe. Consider a maximal such sequence leading to a smallest such
stack (i.e. such that extending the sequence of collapses in any way cannot
lead to another violation of the first condition). This assumption means that
this smallest such stack must satisfy the first condition for (j,, — 1)-safety.
But since this stack must lie within top,,_,,,(s’) and since j,, — 1 > k, all of
the nodes in the (j,, — 1)-stack-decomposition must have order > k and so in
particular # k. The final three conditions must thus be satisfied. Thus this

stack cannot violate j,,-safety after all. O
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Lemma 3.15. Let s be an l-safe stack. For any node A% such that ord(AZ) > 1

it is the case that push)%(s) is safe.

Proof. The first condition of [-safety ensures both the first and second condi-
tions of 0-safety are met. Likewise the newly pushed abstraction must be the
Az for the new stack referred to in the final condition, and so the final con-
dition must be met (since all links have just been freshly created). The third
and fourth conditions of 0g-safety must be met by the fact that the original

stack was [g-safe. O

Lemmas 3.14 and 3.15 ensure that all reachable stacks of a traversal com-
puting CPDA CPDAY (G) remain safe.

Lemma 3.16. Let G € Rs,,. Every stack s reachable by CPDAT(G) is safe.

Proof. Argue by induction on the length of the run of CPDA™T (G) witnessing
the reachability of s. Observe first that a push does not affect safety whenever
a is not a A-abstraction. Thus the only rules we need consider are (Ag), (A7),
(Vg+) and (V;H).

Consider first the rule (Ag"). In this case the symbol pushed onto the stack
will just be a vacuous A-abstraction A with order 0. This will thus not feature
in the 0-stack decomposition and the j is vacuous for this A in the second
condition of stack-safety. Thus (Ag ) preserves stack-safety.

For (Af) we first (repeatedly) apply Lemma 3.14 to see that after the
sequence of higher-order push operations we have a min(ord(Eo(u)),n — 1)-
safe stack. Since ord(Ep(u)) > min(ord(Ep(u)),n — 1) we may then apply
Lemma 3.15 to see that safety is preserved over all.

It is straightforward to see that (V0+) preserves stack-safety, since the stack
following the collapse will be 0-safe by the second condition of safety and as
with (Ag) the final pushing of a A-symbol will retain this safety.

Finally consider (Vi) when calling a variable z. By Lemma 3.14 the
initial sequence of higher-order pushes will result in an ord(z)-safe stack. The
collapse operation on the binder of x will be performed on an n — ord(z) =
(n—(ord(z) +1)—1)-link. Again by the second condition of ord(xz)-safety this
must yield a (ord(z) + 1) — 1 = ord(x)-safe stack. Since the Ay abstraction
that will be finally pushed onto the stack must satisfy ord(\y) = ord(z) we
may invoke Lemma 3.15 to see that safety is preserved by the operation as a
whole. |

In the light of this we may conclude that CPDAT(G) only needs to use
collapse when calling an occurrence of a scheme-variable that is not incremen-
tally bound. In particular, collapse does not need to be used when calling
any safe occurrence of a variable. In such cases, collapse; can be avoided by
replacing it with the corresponding pop, operation. This is captured by the
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fact that the CPDA CPDAS(G) described in Figure 3.2 correctly generates the

same tree as G.
Theorem 3.17. Let G € Rsy,. Then [G] = [CPDAS(G)].

Proof. First observe that any incrementally bound variable x will only be
reached by CPDAT (G) when its binder AZ belongs to its stack decomposition.
By Lemma 3.16 we must then have lr,, o)1 (AZ) = 1 and so collapse,,_org(z)+1
on A7 would indeed amount to pop,, _grd(z)+1-

Since all n-variables are incrementally bound it follows that CPDAY (G)
and CPDAS(G) will have precisely corresponding runs (exactly the same con-
figuration at each point). Thus the correcness of CPDAS(G) follows from the
correctness of CPDAY (G) (Theorem 3.11). O

Corollary 3.18. Given S C N and n € N define the set n — S to be {n — s :
s € S}. The set of trees generated by generators in Reng and the set produced
by generators in CPDA,,,,_ . are precisely the same.

Proof. The direction going from recursion schemes to CPDA follows from
Lemma 3.6 and Theorem 3.17. The direction from CPDA to recursion schemes
can be achieved by exactly the same translation as used by Hague et al. [40],
omitting the (n — s)-unsafe variable encoding s-links. O

3.4 Homogeneity

For this section we return to the traditional definition of CPDA for which the
order of a link is specified at the time when an element is pushed onto the
stack.

The traversal computing CPDA such as CPDA(G) does not make use of
pop,, for k > 2. Moreover whenever a k-link (for k > 2) is created, it is attached
to a stack freshly created by a push, operation.

Definition 3.19. A fresh n-CPDA is one that never performs a pop,, operation
for k£ > 2 and will only perform a push‘f’k operation for 2 < k < n when the
preceding sequence of operations takes the form: push,;(pop, + collapse)*
where each collapse is on a j-link for some j < k (possibly different j in each
case) or else is just a collapse on an n-link. (Note that we make no restriction

on when push{"' and push$™ can be performed.)

Lemma 3.20. For every recursion scheme G € Rs, the equivalent CPDA
CPDA(G) is fresh.

Proof. A simple inspection of the transition function shows this to be the case.
O
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Let u be the top, stack symbol.
o (A%) If the label is @ and ord(Ep(u)) > 1, then

5(U) = pUShn; pUShn—l; e pUShn—min(ord(Eo(u)),n—1)+1; pUShlEO(U)

recalling that Ey(u) must be a A-node (abstracting scheme-variables).

o (AJ) If the label is @ and ord(Ep(u)) = 0 (i.e. Eop(u) is labelled \),
then §(u) := pushf"(").

e (S9) If the label is a terminal symbol f, then the automaton branches

in direction ¢ (where 1 <14 < ar(f)) with operation §(u) := puShlEi(u)'

e (LS) If the label is a lambda, then §(u) := pushfl(").
Suppose now that u is labelled with a scheme-variable ¢ and that the

occurrence of ¢ in u is not incrementally bound. Let b := bindpos(u),
then:

e (V) If ord(z) > 1, then: 5(u) =

pushy,; push, _y; -+ push, _ord(z)413 popipan(u); collapse ; pushfb(mpl)

where j :=n — ord(z).
o (V) If ord(z) = 0, then: §(u) := popipa"(u); collapsen;pushfb(wpl).

where top; denotes the top element of the stack a that particular point in
the operation (rather than at the beginning of the operation).

Suppose now that w is labelled with a variable x not covered by the cases
above. Then:

o (sz) If  ord(x) > 1, then: 5(u) =
push,; push,, 15+~ Push,, _ora(ay+15 POPT; pop;; pushy ")

where j :=n — ord(z).

. (VOSS) If ord(z) = 0, then: §(u) := popipa"(u);popn;pushfb(mpl).

Figure 3.2: Rules for the n-CPDA CPDAS(G) where ord(G) = n.
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We have another technical definition describing a relationship between CPDA

that are able to simulate each other when pop, operations are disregarded.

Definition 3.21. Let A and A’ be n-CPDA with each operation 6§ of A that
is not a pop,, operation for k > 2 bearing an associated (compound) operation
6 in A’. Call this correspondence R.

Let s be a stack of A and t be a stack of A’. We say that s = ¢ just in
case:

e top(s) = topy(t)

o pop,(s) =F pop,(t)

(a2

e collapse(s) 5 collapse(t)

The reason using collapse in place of pop, is special (apart from the fact
that the latter is never used in CPDA(G)) is that the memory provided by links
makes them more robust against certain quirks in the simulating automaton—
the target of a link can be described in absolute terms whilst a pop,, is always

relative to the top of the stack. This enables the following:

Lemma 3.22. Let A and A’ be n-CPDA with each operation 6 of A that is
not a pop,, operation for k > 2 bearing a corresponding (compound) operation
0 in A'. Call this correspondence R.

Suppose further that collapse and pop, consist only of pop, and collapse
operations. Let s be a stack of A and let t be a stack of A'. Then s = t
implies pushy(s) %ff pushy(t) for every 2 < k < n.

Proof. This follows from the fact that top, (pushy(s)) = top,(s) (with equality
also respecting the absolute target of links) and so in particular for any atom a
in topy(s) we will have top, (collapse(s<q)) = top,(collapse(s<push, (a))). Thus
an induction on the length of the compound operation shows that that any
compound operation ¢ in the set (collapse; +pop,;)* will have top,(6(s)) =
topl(topk(g(ags))) and indeed top, (8(t)) = topl(topk(g(ast))) where 6 is the
corresponding sequence of operations that by assumption must also belong to
(collapse; +popy;)*. Since s %5 t we must therefore get pushy,(s) = pushy,(t).

O

An n-CPDA with Stepped Collapse

Given a fresh n-CPDA A we now construct an n-CPDA step(.A) using the
following recipe:
First add a symbol o to the stack alphabet.
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e We replace every operation push‘f’k for £ > 2 in the transition function
of A with the sequence of operations:

o,k o,k—1 0,k—2,
pushy™; pushy,_q; popy; pushy™ "5 pushy,_o; popy; pushy™ =

pushy,_s; popy; pushy ™25 s pushs; popy; push$™; pushy; popy; pushi™®
. . k
Call this compound operation push{’".

o If £k <2, then push?’k is just mapped to itself but for notational conve-
nience we denote this push‘ll’k.

e We replace every operation collapse with a sequence of operations begin-
ning with at least one collapse and continuing with collapse until the top
element of the stack is no longer a o symbol.

Call this compound operation collapse.

e A push,, operation for k > 2 is just mapped to a push, operation, which
we nevertheless write as push, for notational convenience. Likewise
every push?’k operation for k < 2 is mapped to push?’k, which we write

k .
push{’” for convenience.

e A pop, operation is also just mapped to a pop, operation, which again

for notational convenience we call pop,
e Since A is fresh there are no pop, operations for k > 2.

Let us name R this correspondence between an operation 6 (that is not a
higher order pop) of A to 0 of step(A).

Lemma 3.23. Let A be a fresh n-CPDA. Consider a stack s constructible
by step(A) formed from the empty stack by a sequence of @ operations corre-
sponding to the run constructing s: s := (01;---;0,,)(L,). Then for every
occurence of a symbol b in top,(s) we have b # o and lo(b) < 2.

Proof. Argue by induction on m, augmenting the statement of the induction
hypothesis with the claims:

1. No collapse operation performed on an atomic element anywhere in the
stack that was initially created as a result of a push‘ll’k operation will

perform collapse on a j-link with j > k.
2. pop,,(s) satisfies the augmented induction hypothesis.

3. For any b in top,(s), collapse(s<p) also satisfies the augmented induction
hypothesis.
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Consider each possibility for 6,, in turn. If 8,, = push,, the result is straight-
forward and if it is collapse then it follows from the third item augmenting
the induction hypothesis. If 8,, = pop,, the result is also an immediate conse-
quence of the induction hypothesis.

The only remaining case is 6, = push‘ll’l(el; o Omo1)(Ly). Tk <2
then the result is trivial. If 2 < k < n, then we observe that push;(s) must
occur previously in the run by the definition of freshness—with intervening
(pop; + collapse)*. By the condition on the intervening collapse together with
the first item augmenting the induction hypothesis none of these intervening
collapse performs collapse on a j-link with j > k. Thus pop;((01;- -+ ;0m—1)(Ly))
must have occurred previously in the run and so must satisfy the induction hy-
pothesis. If k = n, then again pop,((61;- -+ ;0.m—1)(L,)) satisfies the induction
hypothesis by the second item augmenting it.

Let so := pushy*((01;- -+ ;0,,_1)(L,)) and recursively define

Sit1 = (pushy,_;; popy; pushy* ") (s;)

for each 1 < i < k — 3 For each such ¢ we can easily see by induction on ¢ that
pop,(s;) satisfies the induction hypothesis, that s; has a single o on top, and
that collapse(s;) also satisfies the induction hypothesis. The base case when
1 = 0 is implied by the paragraph above.

Moreover, s = (pushy; popy; push‘f’z)(sk_g) and so the Lemma does indeed
hold for s. o

Lemma 3.24. Let A be a fresh n-CPDA. Then [A] = [step(A)].

Proof. For any run of A applying a sequence of operations 6y;--- 6, to the

empty stack 1, we claim that:
(B1:- 10m)(Ln) = (B15 - 5 0m)(Ln)

We argue by induction on the length m of the run. The base case is just
the fact that L, %ﬁ L.

e Case 0, = push‘f”C for k > 2: Since A is fresh, as seen in the proof of
Lemma 3.23 it must be the case that pop, (01;--- ;0m_1)(L,) occured
previously in the run, say after performing 6;. By the induction hypoth-

esis we have both:
(O15--- 501 (Ln) =25 (B1;--- 5 00) (L)

and:
(61 10m—1)(Ln) =F (01;- ;0m_1)(Ln)

Let s := (015 ;0m)(Ly). Let so := pushy™((01;- -+ ;0m—1)(Ly)). Ob-
serve that collapse(s) = (01;---;0;)(L,) together with collapse(sy) =
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(01;---;01)(Ly,) and that pop,(s) = (61;- - ;0m—1)(L,) together with
popy(so) = (01;- - ;0m—1)(Ly). Thus in particular we get:

collapse(s) %fj collapse(sp) = collapse(sp)

and:
QR
pop,(s) =, pop;(so)

Now recursively define s;41 := pushy,_;; popy; pushy* *(s;) for 1 < i <

k — 2. Arguing by induction on ¢ we now check that:

o~

collapse(s) ;"' collapse(s;)

and:
QR
pop(s) =y POoP1 (si)

for 1 < i < k—2. The first assertion comes from the fact that collapse(s;+1) =
s; and the induction hypothesis. The second assertion comes from the
following reasoning. By the induction hypothesis pop,(s) %;"’ pop+(si)
and so by Lemma 3.22 pop, (s) %5’ pushy,_;(pop,(s;)). Now observe that

topy,—;(popy(pushy,_;(si))) = topy_;(pushy,_;(popi(si))). We may thus
conclude that for any b occurring in top,(pop, (pushy_;(si))) we have

collapse(popl(pushk_i(si))gb) = collapse(pushk_i(popl(si))sb) if lo(b) >
k — i and if lo(b) < k — i, then top,_,(collapse(pop, (pushy_;(s:)) ;) =

topy,_;(collapse(pushy,_;(pop,(si)) ,))-
This is sufficient to conclude that we also have pop, (s) %f} pop (pushy_;(si)),
i.e. that pop; (s) = popy(sis1)-

In particular, the following two assertions thus hold:
collapse(s) %f} collapse(s;) and  popq(s) %f} pop+ (Sk)

But (01; - ;0.,)(L,) is just s; with the top-most element o replaced
with a. Thus collapse((01;- - ;60m)(L,)) = collapse(sy) and pop,((01;- - ;0m) (L)) =
popy(sk). Thus we get:

collapse(s) %g’ collapse((61;- -+ ;0m)(L,))

and:
popy () = pop;((61;-- - ; 0m)(Ln))

thereby completing this case of the induction.

Case 0,, = collapse or 0,, = pop;: This just follows from the definition
of %’;"‘.
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e Case 0,, = push‘f’k with k < 2: In the case when k = 2, this is just the
base case from the first item (when 6,, = push‘f’]C for k> 2). When k =1
it is trivial to check that the inductive step follows from the induction

hypothesis.
o Case 0, = push,;, for k > 2: Appeal to Lemma 3.22.

We may thus conclude that A’ is an adequate simulation of A. O

Lemma 3.25. Let A be a fresh n-CPDA. Then the automaton step(A) has

the following characteristics:

e It only ever performs a push$"' operation on a stack s such that lo(top, (s)) <
2.

e [t only ever performs a push, operation on a stack s when lo(top,(s)) <
E+1

Proof. Both can easily be seen by inspection of the @ operations, with the first
observation making use of Lemma 3.23 and the fact that any element created
by push‘f’l with [ > 2 is pop,ed off a copy of the stack before the next order-1
push is performed. O

Lemma 3.26. Let A be a fresh n-CPDA. Then there exists a homogeneous
recursion scheme G € Ry, such that [step(A)] = [G].

Proof. We adapt the construction by Hague et al. [40]. Let T’ be the stack-
alphabet and let @ be the set of control-states ¢1, ..., qq|- Their construction
made use of a set of non-terminals of the form F9%! for every ¢ € Q, a € T
and 1 <[ <n with

Ty(]_-q,a,l) = (n — l)/\Q\ — (n— 1)/\Q\ — (n— 2)’|Q| NN (1)’|Q| N (O)/\Q\ 0

where (0)" := o and for m > 1:

Whenever §(q, a) := (g;,0) for some stack operation 6 (where § is the transition
function of the n-CPDA) Hague et al. have a rule:

ad o IR -
FOOr oW, 1 Wy_g-- WU Wy — Zg, 0
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where

Faoolgl, W, oW, g (j:q“mla‘l’;fqu;ﬂ e \I’nik)
e (fq‘Q"a’lQ;‘I’Jfl\I’sz E \Ifnik) U, e UoW 0
if @ = pushy, for k > 2
Egi0 1= Fubky, (]‘_ql’a’ldy‘l’gfl) (-7:‘1“9‘@7@‘1’;71) W, g Ul W
if 0 = pushl{’k
Wi W, g

—

G,y gy

—

-\:[12\:[71\:[70 ifH:popk
\171\170 if 8 = collapse

where W/ is the jth variable in the vector T,
Now let us introduce some homogeneously typed non-terminals of the form
HT! for every ¢ € Q, a € T' and 1 < | < n with:

Ty(H?"!) = (n — 1)/\Q\ — (n— 2)’|Q| — e — (n—14 1)’|Q| N
(-0 —(n—1-1)1% — . — 1) —(0) —o0

Note that each (m)’ is homogeneous and so the types of the form above must
be homogeneous. The main difference to before is that the extra place holders
for the encoding of the target of the link is moved in such a way that homo-
geneity is obtained. We now observe that Lemma 3.25 tells us that step(.A)
has properties enabling the H-non-terminals to replace the F-non-terminals in
the encoding. For simplicity we assume w.l.o.g. that no 1-links are used (these
can always be simulated with a pop; operation).

P Yo . oo -
HEO W Wg V10V W gmg - W0 g — =
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E (Hq‘Q"a’l\I’JA\I’;ﬂ S TSRS \Ifntk) L SV 2% R 7
if @ = pushy, for k > 2 when [ < k
HE A, U U, G (qu’“’l\I/;A\IfntQ e ‘I’njk+1<l_5"1’nik)
. (Hq\Q\’a’l\IJ7;_1\I/;_2 ... \IJ7L:k+1$\IJ7:_k) U, - Ul U
if 8 = pushy, for k > 2 when k =1
HE w0, W e (MO0, 0, 0, 46)
— R

Sqi,0 " ce (Hq‘Q"a’l‘I/;—ﬂI/n_'—z e ‘1’7:—k<5) Uy oy - W01 W
if # = push;, for k> 2 when =k +1

= -

if 0 = push®® and [ = 2

\I/jl_kan—_)k—l cee \172\171\170 if 0 = popy

¢il,l\11n:l—1 AT 7 if 0 = collapse

The term =/, is defined in sufficient cases when 6 = push, by Lemma 3.25.
The same Lemma also tells us that in [ = 2 is always a valid assumption when
a pushl{’]C operation is performed (combined with the assumption that 1-links
are never used). It should also be clear that the rules for H behave exactly
the same way as the rules for F—the only difference is the ordering of the
arguments. Thus the H rules inherit the correctness proof from Hague et al.
[40]. O

As a consequence we get

Theorem 3.27. For every recursion scheme G € R, there exists a homoge-
neously typed recursion scheme G' € Ry, such that [G] = [G'].

Proof. This is a consequence of combining Lemma 3.20, Lemma 3.24 and
Lemma 3.26. U

ol - - - - PR - - - -
H i \Ijnflan72 A \Ijnfl+1¢ . \Ijnkarl (HQI;U«; \Ijnflan72 e \Ijnfl+1¢ . \Ijnfk)

Ha b (Ha e, G) o (MO, G) Wl W W W W1 B



CHAPTER

The Collapse of First-Order Logic.
Undecidability and CPDA Graphs

In the light of Karzow’s demonstration that first-order logic is decidable on
the e-closures of 2-CPDA graphs [48] we now turn our attention to the model-
checking problem for first-order logic and n-CPDA for n > 2—the problem that
given an n-CPDA and sentence of first-order logic seeks to determine whether
the sentence holds on the (e-closure of the) CPDA graph. This chapter de-
scribes some surprisingly strong undecidability results, showing that the quest
for decidability will force us to consider ways to restrict CPDA as well as first-
order logic. The restrictions include turning e-closure on and off; being more
discriminating with the order of links that may be used and limiting quantifier

alternation depth in the logic.

4.1 Post’s Correspondence Problem

All of the undecidability results go via a reduction from Post’s Correspondence
Problem [63], which is known to be undecidable. Consider a finite-alphabet ¥
with [3] > 2. An instance of the Post Correspondence Problem (PCP) consists
of two finite sequences of strings over »: wuq,...,u, and vy,...,v,. The
question to be decided is whether there is a finite sequence iy .. .7 consisting
of integers 1 <i; < m such that w;, .us,. -+ Ui, = Vs, Vig. -+ V4.
Ezample 4.1. Consider the following two sets of strings over the alphabet
{a,b, c}:
uy := ab ug := cababcabb us3:= ca

vy := ababc vy := ab v3 := bca

Then the Post Correspondence Problem has answer ‘yes’ as witnessed by the

solution: 1123. That is:

uy.u1.uz.u3 = ababcababcabbca = v1.v1.v9.v3

35
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We can formulate the problem in terms of a pushdown stack, which will be
a more useful presentation for our purposes. Given an instance of the PCP P
(using the notation above) we define a pushdown automaton A that pushes
elements of ¥ onto the stack together with indices indicating a breakdown of
the stack contents into strings from amongst the u; and v;.

Definition 4.2. Let P be an instance of Post’s Correspndence Problem (using
the notation above). The automaton A has stack alphabet:

S ULy, 2y my] ULy, 2y .oy
It behaves by non-deterministically choosing one of the following options:
e Push any member of ¥ onto the stack.

e If the X symbols in the stack since the last symbol of the form 4, (or the
bottom of the stack if there is no such symbol) form the word u;, then it

may push j, onto the stack.

e If the X symbols in the stack since the last symbol of the form i, (or the
bottom of the stack if there is no such symbol) form the word v;, then it

may push j, onto the stack.

The condition on the final two options can be detected using a finite number

of control-states since the lengths of the finite number of strings are bounded.

It is easy to see that P has a solution just in case A} can generate a stack
with ‘matching’ i, and 4, subsequences. More precisely:

Lemma 4.3. Let P be an instance of Post’s Correspondence Problem. P has
a solution just in case the automaton ALY can generate a stack s such that:

e s, = s, where s, is the subsequence of s consisting of elements of the
form i, and s, of elements of the form i, and equality is interpreted with

respect to the indices i only.
o The top two elements of s form the set {iy, iy} for some 1 < i <m.

Proof. This is a quick consequence of definitions. Suppose that there is a
solution o = w;, uj, -+ u;, = ViV, v, to P. Then AP may construct a
stack meeting the criteria by pushing the letters in ¢ onto the stack whilst also
pushing 4., onto the stack after completing the pushing of u;. and likewise
pushing 4., after completing v;, .

Conversely suppose that there is a stack s meeting the criteria. Let o :=
m(s), which we claim is a string generated by a solution to P. Let i,, be the
rth element of the form j, in the stack. Let i,, be the rth element of the form

j» in the stack. Note that this is well defined since the first criterion requires
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the subsequences of j, and and j, to be the same. Let k be the length of these
two sequences.

Define ig, and ig, to be the bottom of the stack. Divide ¢ into segments
ul. (for 1 < r < k) where u,41 is the subsequence of letters (in ¥) from s that
begins immediately after i,, and ends immediately before i,41,. Define v,
in a similar manner using ¢,,. The first criterion ensures that u] = u;, and
that v = v;, for every 1 < r < k. Moreover the second criterion ensures that
ujuh - - up, = vjvy - - v, = s. That is s, ws, -+ - sy, = i, 0, -+ v;;, = s and so
we do indeed have a solution to P. O

Ezample 4.4. To continue the running example from Example 4.1, which we

call P, the solution as represented by a stack of AL is:

[ abl,abl,cl,ababely,ab24,b2,,ca3,,34 ]

4.2 Post’s Correspondence Problem and 2-CPDA

Hague et al. [40] showed that the model-checking problem for MSO on 2-CPDA
graphs is undecidable; indeed the 2-CPDA graph that they exhibit witnesses
the undecidability of transitive closure logic FO(TC)".

In order to introduce our basic technique, we first reprove the undecidability
of FO(TC) on 2-CPDA graphs by a reduction from PCP.

We first introduce a 2-CPDA AZ for each PCP instance P. This is very
like AP except that it ensures each index (the elements of the form i, or i,)
emanate a pointer to a distinct 1-stack in the 2-stack. This will enable first-
order logic to ‘ascertain corresponding positions’ in two instances of a 1-stack

by comparing the results of collapsing.

Definition 4.5. Let P be an instance of Post’s Correspndence Problem (using

the notation above). The automaton AL has stack alphabet:
S ULy, 2y my] ULy, 2y ...y
It behaves by non-deterministically choosing one of the following options:
e Push any member of ¥ onto the stack.

e If the X symbols in the stack since the last symbol of the form i, in the
top 1-stack (or the bottom of the 1-stack if there is no such symbol) form
the word u;, then it may perform pushy; push{’“Q.

e If the X symbols in the stack since the last symbol of the form 4, in the
top 1-stack (or the bottom of the 1-stack if there is no such symbol) form
the word v;, then it may perform push,; push{“’Q.

1We are grateful to the anonymous reviewer of our submission to LICS 2011 for pointing
this out.
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As with AY | the finite control-states can enforce the precondition on the second
and third options.

A solution to P can be formulated in terms of A% in a very similar manner

to before:

Lemma 4.6. Let P be an instance of Post’s Correspondence Problem. P has

a solution just in case the automaton AL can generate a stack s such that:

o s, = 8, where s, is the subsequence of top,(s) consisting of elements of
the form i, and s, of elements of the form i, and equality is interpreted

with respect to the indices i only.
o The top two elements of s form the set {iy, iy} for some 1 < i <m.

Proof. A consequence of Lemma 4.3 given that the permissible changes to the
top, 1-stack of the 2-stack of AL at any given point in the run is precisely the
same as those that could be made to the 1-stack of AL O

Ezxample 4.7. To continue the running example from Example 4.1, the solution
as represented by a stack of AL is:

[[ab] [ablyab ] [---][ -1 1011 ][ abluablyclyababely,ab2,b24,ca34,34 ] ]

Now consider a variant of A% which we will call AY,. This behaves as

follows:

e It initially behaves as AY. It may terminate this phase if its top two
elements are in {i,,i,} for some 7. When it terminates this phase it

enters a distinguished control-state guess.

e It then performs a sequence of operations of the form:
pushy; pop™; pushy; popi**; pushy; popy*; pushy; popi** with m1, ma, ma, my €
N. It should ensure that the four 1-stacks so created form a set {uy, ug, v1,v2}

(in no particular order) such that:

— topy(u1) = iy and topq(v1) =i, for some 1 <i < m.

— Either top,(uz) = i), and top,(v2) = i, for some 1 < i’ < m or else
ug and vy are both empty.
— Going from wuy to uy can be done with the popping of precisely one

symbol of the form j, (that is the one on top of u;) and all other
symbols popped should be letters.

— Going from v; to v2 can be done with the popping of precisely one
symbol of the form k, (that is the one on top of u,).
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Compliance with these requirements can be checked using a finite number
of control states. If the automaton finds that it cannot avoid violating
a requirement (e.g. it reaches the bottom of a stack whilst iterating
pop,) then it just enters a distinguished control-state fail. Otherwise it

enters one of the following distinguished control-states: wiviuov2%",
start

V1uU1v2U2 Or U1U2V1V2, U1V1U2V2, UIV1V2U2, V1UIU2V2, V1UIV2U2,

V1V2u U2 OF U1 "%, vyu1 ™ specifying the order of creation of these

four stacks along with a flag indicating end if the us and ve are empty
and start if both u; and uy have the top-most i,, element of s and both v
and vg the top-most i, element. Call these control-states verifier states.

e From one of the above verifier states, the automaton may perform any
sequence of of pop, and collapse operations via edges labelled pop, and
collapse which all end in control-state test.

Ezample 4.8. The automaton A; could reach the stack in Example 4.7 in
control-state guess. From here it could, for example, reach the configuration

consisting of stack:

[[ab] [~ ][ ][] [ ablyablyclyababcely | [ ablyablycly, | [ ably,ably, | [ ably, |]

in control-state vivoujius.

Definition 4.9. Let us fix some configuration of AQP+ with stack s and control-
state guess. Let us call the configurations reachable from (guess, s) associated
with a verifier state the s-verifier configurations. Given an s-verifier configu-
ration ¢ (with set of top four stacks {uy,us2,v1,v2}) we define its successor
¢t to be the configuration (which is unique if it exists) with top four stacks
{uf,ud, v, v} such that uf = uz and v = vs.

Additionally the unique s-verifier bearing the start flag is dubbed ‘the 0
s-verifier’ Os. The unique s-verifier configuration whose control-state bears the

end flag is dubbed the s-terminal verifier ends.

We can now produce a version of Lemma 4.6 in terms of s-verifier configu-

rations.

Lemma 4.10. Let (guess,s) be a reachable configuration of A; for some
instance P of Post’s Correspondence Problem. Then s represents a solution
to P in the sense of Lemma 4.6 if and only if there exists a chain of stacks
S1,82, ..., 8k such that s1 = 0y, s, = end, and s;41 = sj‘ foreach1 <i<k-—1

and such that for each i there exists a reachable s;-verifier.
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Proof. From the definitions of + and the relationship between w; and us in
each verifier configuration, it follows that the top element of us is the element
coming after the top element of ug in the subsequence of elements in top,(s)
consisting of elements of the form i,. The same holds for vy and v; and the
subsequence of elements in top,(s) consisting of elements of the form 4,.

Also note that the top elements of us and vy in 05 will respectively be the
last i, and i, in each of these subsequences and the top elements of u; and vy
in end, will be the first (since by definition of end, there cannot be any i, or
iy lying below the top element of u; and vy respectively).

Now we can get by an easy induction on r that if there is a chain s1, s9, ..., s
such that s; = 05 and s;41 = sj‘ for each 1 < i < r, then the following three
assertions are true:

e The top element of the us of s, is the rth element from the end of the
subsequence of top,(s) consisting of elements of the form i,.

e The top element of the vy of s, is the rth element from the end of the

subsequence of top,(s) consisting of elements of the form i,.

e If the top element of the uz of s; for 1 < j < risi;,, then the top element

of the vy of s; is iy, .

As a consequence, we get that the existence of such a chain implies that the
final r elements of the subsequence of top,(s) consisting of elements of the
form 4, matches the last r elements of the subsequence of top,(s) consisting of
elements of the form 7,.

So suppose there exists a chain s1, 2, ..., s such that s; = 0g, s = end;
and s;11 = sj for each 1 < i < k — 1. The observations above ensure that s
meets the conditions of Lemma 4.6 and so we may conclude that s does indeed
witness a solution to P.

Conversely let us begin by assuming that s witnesses a solution to P. It
must then be the case that top,(s) satisfies the properties laid out in Lemma
4.6. It is again an easy induction on r to see that under such circumstances one
can generate a sequence S1, S2,...,S, where s; = 05 and s;41 = s:r for each
1 <7 < rsolong as r does not exceed the length of the subsequence of top,(s)
consisting of elements of the form 4, (which is the same as that consisting of
elements of the form 4,). The induction step just needs to observe that we
should order the u},ug, v, vy with decreasing height, to enable the next to
be formed from pop,ing from the previous.

Finally observe that when r reaches the length of the subsequences, the us
and vy of s, will have top elements corresponding to the initial i,, and i, in the
subsequences of top,(s) given by Lemma 4.6. This means that s;” will have u;
and v; with these same initial elements and so us and v must be empty. That

is s} = end;. Hence we construct a chain of the required form. O
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We now consider how transitive closure logic can be used to assert the
existence of a (guess, s) configuration from which a chain of the form in Lemma
4.10 can be realised. In particular we need to be able to define the * operation.
This can be achieved by ensuring that the element on top of us in a verifier-
configuration stack s is the same as the element on top of u; in the purported
sT. Because every element in a A; 1-stack has a pointer to a different location,
we can detect this using first-order logic by checking that the result of collapsing
on either of these two elements results in the same stack (equality). Individual

T steps can be extended to a chain via transitive closure.

Lemma 4.11. There exists a X1 sentence ¢ of FO(TC) containing only
derived predicates 1 formed from A, formulae such that for all instances P of

Post’s Correspondence Problem we have:
G(AL) E ¢ iff P has a solution.

Proof. Let us first exhibit formulae witnessing the fact that the relation ‘for
some stack s x is an s-verifier and y = 27’ is A;-definable. The following is a
31 formula representing the relation:

3z. (Fuwiwaws. (pop,(x,w1) A popy(wi, we) A pops(wae, ws) A popy(ws, 2))
Fwiwhwy. (popa(y, wh) A popy(wy, wy) A pop,(wh, wy) A popy(ws, 2))) A

\/ abed(z) A \/ abcd(y) A

{a,b,c,d} {a,b,c,d}
:{Ul,u27'l)1,1)2} :{u17u27’l)1,1)2}

(wrugv1v2(z) A uru2v1v2(y)) — ((Jwiws.Jw| wiws. Iey.
pop,(z, w1) A\ popy(wi, w2) A collapse(ws, c,)
pop3(y, wy) A popa(wy,wy) A popa(wh, wy) A collapse(ws, cy))
A(w].Jey.collapse(z, c,) A popy(y, wy) A collapse(w), c,)))) A«

c A ((v1u1u2v2(2) A urviugva(y)) — (3w Jwjwhws. Jey,.
pops(x,w1) A collapse(wy, c,)A
pop,(y, w)) A popy (W, wh) A pops(why, ws) A collapse(ws, c,,))
A (Fwiwh.Je,.collapse(x, c,)A

Pop,(y, wy) A popy(wh, wy) A collapse(wy, c,))))

A

We have only mentioned two of the 6 x 8 + 2 x 8 = 64 elements of the final
conjunction in the formula above, but the remainder follow the same pattern.

There are 6 different predicates that characteise the order of the uq, ug, v1vs in
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x but 8 for y as these may enjoy the end flag and then there are additionally
two with a start flag that x may exhibit. The formula correctly captures
the relation y = 2T since the pointer from each atomic element in the stack
is assigned a different target to its 2-pointer when it is created. In the final
conjunction, ¢, represents the common target of the us in x and w1 in y and
¢, the common target of the vo in z and the vy in y. The first clauses of the
formula assert that x and y are both s-verifiers for some particular fixed stack
s (embodied by the configuration bound to z).

We now exhibit a II; formula defining this relation, thereby showing that
the relation is Aj. This is effectively a rehashing of the »; formula above,
exploiting the fact that all of the relations used are destructive operations on
some fixed stacks and are consequently ‘functional’ (the result of a particular
destructive operation on a fixed stack always gives a unique result):

Yz Ywiwaws Vwjwhwh (popy (z, w1) — popy(wi, ws) — pop,y(wa, ws) — popy(ws, z)
— pop,(y, w)) — pop,y(wi, wh) — popy(wh, wh) — popy(ws, z)) A
A

\/ abed(x) \/ abed(y) A

{a,b,c,d} {a,b,c,d}
= s U2,V1, = sVL
{u1,u2,v1,v2} {u1,u2,v1,v2}

(wru2v1v2(z) A uruv1v2(y)) — ((Vwws Vw|wyws.Ve,.
pop,y(z,w1) — popy (w1, wz) — collapse(ws, c,)
Pop,(y, wh) — popy(wi, wy) — popy(wh, ws) — collapse(ws, cu))

A(Yw) Ve,.collapse(z, c,) — pop,(y, w)) — collapse(w],cy)))) A -+

< A (V1w uvz (2)Vurviugva (y)) — ((Ywr Vw|whws . Ve,.
pops(r.w1) — collapse(wr, ¢,) —
pop,(y, wy) — popy(wy,wy) — pop,y(wy,wy) — collapse(ws, c,))
A (Ywjwh.Ve,.collapse(z, c,) —

pop(y, wy) — popy(wy, wy) — collapse(ws, cy))))

A

Let ¢ (z,y) be either of the formulae above.We can now define what it
means to have a chain from z to y of s-verifiers (for some s) in FO(TC') using

transitive closure on only a Aj-definable relation:

¢t (x,y)
We can easily assert that y is equal to ends for some stack s with:

ulv‘lmd \Y, vlui"d
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Likewise we can assert that x is equal to 04 for some stack s with:
start start
U U2V1V5 (X)) V v1v2uruy " (x)

By Lemma 4.10 we can construct the required 3; sentence ¢ by putting all of
the above together to get:

Jr.Jy. | (wru2v1v5 () V vivau ud® (z)) A \/ abed®™ (y) A ¥ (x,y)

{a,b,c,d}
={u1,uz2,v1,v2}

O

We have thus reduced PCP to FO(TC)-model-checking on 2-CPDA and

so this model-checking problem must be undecidable.

4.3 Marching on to 3,-CPDA

In the previous section we saw how PCP could be reduced to model-checking
FO(TC) on 2-CPDA. The key part of the reduction involved asserting the
existence of a chain of 2-stacks; each successor in the chain required collapse on
a certain element to yield the same result as collapse on a particular point in
its predecessor. The chain could be described by taking the transitive closure
of this first-order definable ‘successor’ relation. A 35-CPDA allows us to record
the chain of 2-stacks directly in the 3-stack—the members of the chain are piled
on top of each other. Since recording a chain can be done within the model,
this removes the burden of transitive closure from the logic, although for 3o-
CPDA we require e-closure. We will thus see that the e-closure of 3,-CPDA
graphs have undecidable first-order theories.
Let us construct a 35-CPDA .Agi for each instance of PCP P.

Definition 4.12. The 35-CPDA .A?{_; behaves as follows:

e It begins by behaving in the same way as A?, performing only 2-stack op-
erations until it reaches the control-state wquov1v25t%"t or v1 v u ux5te"t.
If it is unable to reach such a state, it goes into a distinguished fail state

and aborts.

e The automaton then pushes a record of its Agi control-state on to the
stack and performs pushs; popy; Pops; Pops; Popy;. This will return the
stack to the original .A; guess-configuration. It then behaves from here
as though it were AL in the guess control state (with a stack s) until it
reaches an s-verifier-configuration (or finds it is unable to, in which case
it aborts).
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e The previous step is repeated until an end; configuration is reached, at
which point the CPDA pushes the A; control-state onto the stack and

enters a distinguished guesss, control-state.
The following transitions are then added:

e An e-transition going from any configuration to a distinguished control-

state prototest via a pops operation.

e The only transition going from a prototest control-state is allowed when
the top, stack-symbol is one of: uju2v1v2, U1V1U2V2, U1V1V2U2, V1UIU2V2,
V1U1V2U2, V1VaU U2 (in particular when the top symbol does not have
a start or end flag). This transition is given the label toTest and moves

to control-state test with no stack operation.

e We also allow a toTest-labelled transition from a configuration with
control-state guesss, to control-state test whilst not performing any

stack operation.
We further add these transitions:

e A transition to2% performing a pop, and entering control-state abed
whenever in control-state test with top stack element abcd where abed
is a control-state of A%, . From this control-state A:},; behaves in the same

way as A;, performing only order-2 operations.

e From any configuration with test control-state there exist transitions la-
belled push 3 and pop 3 performing the respective stack operations whilst
remaining in control-state test.

Let us continue with the running example:

Ezxample 4.13. Recall that a solution to the PCP example P from Example 4.1

could be represented by a stack of AL which we abbreviate to:

I ablyablyclyababel,ab2,b24,ca34,3, | ]

(as per Example 4.7). The automaton A%, extends this 2-stack upwards to form

a 3-stack with contents disecting each stage in the 7,, and ¢,, subsequences. This
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yields the following 3-stack in control-state guesss,,:

I - - - 80 [ ablyablycly [ ably )[]vrug™ 1]

[T - - - 8a ][ @blyablyclyababely, [ ablyablycly ][ ablyably, |[ ablyvivauiug ||

[T - - - 8a ][ @ableyablqyclyababelyab2q,b24q, |[ ablqyably clyababelqyab2y, [ ablyably clyababely |[ ablyablyuivivaus |

[T - - - 8o ][ -+ - b20b24,caBd4,84 ][ -« - 32 ][ ablyably clyababelyab2q,b2q, [ ablyably clyababelyab2yviuiugvy ]

U 8o [+ - 8o ][ ablyablyclyababelyab2ypb2ucadudy 1 1[ - 3u ][ - - - 2vb2ucaduvivauiug®™ | ]

A stack in a guessg, configuration of A:};Q fixes not only the 2-stack rep-
resenting a guess at the solution (as is done by A;) but also a sequence of
2-stacks alleged to witness the correctness of this guess. The construction of
A?I; means that just a single toTest transition is needed in the e-closure of its
configuration graph to reach any of the 2-stacks in this sequence other than the
bottom-most. Thus we are able to achieve with universal quantification over
G¢(A{) that for which we needed transitive closure logic over G(AZL,).

Lemma 4.14. There exists a Yo sentence ¢ of FO such that for all instances

P of Post’s Correspondence Problem we have:
QE(A:I;Q) E ¢ iff P has a solution.

Proof. Let us first interpret Lemma 4.10 in the context of Ai. Since A:};Q is
designed to generate arbitrary verifiers for some stack s created at the out-
set, beginning with 0s and ending with ends, Lemma 4.10 implies that there
is a solution to P if and only if A:},; can reach a configuration of the form
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(guesss,,s) such that for every pair of 2-stacks t,t occurring in s with ¢/
immediately above t, t' = tT.

We already have a II; formula ¢(z,y) in first-order logic expressing that
y = 27 where z and y range over 2-stacks reachable by A2P+. This was given
in the proof of Lemma 4.11. Now observe that for any 3-stack s and se-
quence of 2-stack operations dp we have 0(s) = _)(popg(pushg (s))) if and only
if §(tops(s)) = O(tops(pops(s))). We can thus exploit the AL -simulation fea-
ture of Ai to express that some variable  bound to a configuration of As, of
the form (test, s) has the property that tops(pops(s))™ = tops(s). This can
be done by the II; formula y(z):

Vy1y2y.Vz.(pops(z, y1) — pushg(yi,y2) — t027 (y2,y) — to2T (z,2) — ¥(y, 2))

over both the graph G(AY) and G°(AL)) (A%, has no e-transitions reachable
from a configuration with control-state test).

The construction of Agi ensures that the configurations we can reach from
(guessg,,s) by a (possibly empty) sequence of e-transitions followed by a
toTest-transition are precisely those of the form (test,s’) such that s is a
prefix of s whose 2-stacks all occur in s. Hence these stacks are precisely those
reachable by a toTest-transition in the e-closure of the configuration graph.
Thus combining all of the observations above the required ¥, sentence ¢ is:

¢ = Jx.Vy(guesss, () \toTest(x, YAX(Y)V (w1 w0105 (y) Vorvaug us®™ (y)))
(disregarding when y is a verifier with the start flag as this is at the bottom
and so there is no stack to compare below this). O

4.4 The non-locality of 3;-CPDA

We now consider 33 automata. Adapting A:},; to become a 33-CPDA is straightforward—
we can simply replace the 2-links with 3-links and replace the initial pushy op-
erations with push, operations to ensure different targets. In fact using 3-links
allows us to simplify the automaton a little bit since we can compare the top
elements of two 1-stacks by simply collapsing on each and seeing whether the
same 3-stack is obtained from each collapse. When we were using 2-links, it
was necessary to do some additional pops and pushs operations. These were to
cope with the fact that two ‘equal’ elements in two different 2-stacks would still
yield different results when collapsing on a 2-link since a collapse on a 2-link
occurs within each separate 2-stack.

Moreover, the undecidability result for 33-CPDA is stronger; the non-
locality of additional 3-links is exploited to alleviate the need for e-closure.
We illustrate this idea of exploiting non-localilty in Figure 4.1. An initial guess

at a solution is stored in a 1-stack s with each element in s emanating a 3-link
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Figure 4.1: Exploiting the non-locality of 3-links

with a distinct target (these targets have been omitted from Figure 4.1). In
a manner similar to A?i, we then proceed to produce 2-stacks representing a
chain of verifier-configurations. This time, however, we also add a series of
3-links on top of s—these can be discarded each time s is copied to begin the
creation of a set of uy,ug,v1,v2. Proceeding in this way we end up with a
tops 2-stack decked with pointers to each of the 2-stacks in the verifier-chain.
Naturally one needs an unbounded number of pop, operations in order to reach
the source of each of these links, but note that the very top tops-stack in the
figure is uniquely determined by those below it. This means that we can have
a universal quantifier ranging over all results of these iterated pop, operations
by restricting the range of a such a quantifier with a common result of pops.

This allows access to a link for each position in the chain without e-closure.

Definition 4.15. Let P be an instance of Post’s Correspondence Problem.
The 33-CPDA Af has stack alphabet:

start start end end
SU Ly, 20,0 my] U Ly, 24, .00y my) U {uugv v v1v2u1us ™™ ug v viui"}

U {abed : {a,b,c,d} = {u1,uz,v1,v2}} U {e}

It initially behaves by non-deterministically choosing one of the following:
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e Push any member of ¥ onto the stack.

e If the ¥ symbols in the stack since the last symbol of the form i, in the
top 1-stack (or the bottom of the 1-stack if there is no such symbol) form
the word u;, then it may perform pushs; push{“’?’.

e If the ¥ symbols in the stack since the last symbol of the form 4, in the
top 1-stack (or the bottom of the 1-stack if there is no such symbol) form

the word v;, then it may perform pushs; push{”’B.

Finite control-states enforce the precondition on the second and third options.

Once the top two elements of the stack are of the form 4,14, for some ¢
(in either order), the automaton enters the next phase and generate the first
element of the verification chain:

o Perform pushy; pushg
o Perform pop,; pushy; push,

e Either push ujuzv1v5 ™ or vivauius®* onto the stack depending on

whether the top two elements were in the order 4,7, Or iyi,.

The automaton then iteratively produces further candidates for elements in
the verification chain:

e Perform pushs.
e Perform popy; popypopspops,
e Perform push?$®

o Perform push, followed by iterated pop, until the top element of the stack
is no longer a e.

e Generate a further four 2-stacks representing a wuq,usg, vy, vy in exactly
the same way as for AZI,;, recording the ordering (possibly with an end

flag) on top.

e The automaton breaks from this iteration at this point iff an element
with an end flag was just deployed.

After this phase the automaton enters a distingished control-state candidate.
It then leaves this control-state to perform pushs; pops; pops; popy; pop, and

enters control-state chainpos. It then repeatedly performs the following:
e pop; entering a non-distinguished control-state.

e If the top element is a e it enters control-state chainpos and goes back
to the item above.
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We additionally add transitions from all configurations labelled by pop,, pops,
pops and collapse performing the respective stack operations whilst transi-

tioning to a distinguished control-state test.

A first-order formula very similar to that in the proof of Lemma 4.14 com-

bined with the capacity to replace e-closure with collapsing on 3-links gives:

Lemma 4.16. Let P be an instance of Post’s Correspondence Problem. Then
there exists a Yo sentence ¢ of FO such that:

G(Az,) F ¢
(note no e-closure) if and only if P has a solution.

Proof. For the same reasons as with .Agi it is the case that P has a solution if
and only if A{ can reach a configuration (candidate,t) such that, for every
pair of 2-stacks s, s’ occurring in ¢ with s’ is the 2-stack immediately above s,
it is the case that s’ = s™.

Assuming that the variable z is bound to a configuration (test,t') where ¢’
is an initial segment of a stack ¢ such that (¢, candidate) is reachable, we can
assert that the top two 2-stacks of ¢’ form a pair with the credentials above
using the following II; formula ¢ (z) over G(As,):

Vs' Yugvauiv1 Yww' Ve, ey .(pops(x, 8') — uiusvi1v2(z) — uiugviva(s’)
— pop,(x,v1) — pop,(v1, w) — popy(w,ur) — pop, (s, va)
— popy(s’,w') — popy(w',uz) — collapse(uy,c,) — collapse(v,c,)
— (collapse(usz, c,) A collapse(va,cy)))

A

where as with the proof of Lemma 4.11 we have illustrated just one of 64
conjuncts that go through all possible orderings of the w, u2,v1,vs in the top
and penultimate 2-stacks. The correctness of this formula follows from the fact
that every element constituting the guess of a solution of P is equipped with a
3-link pointing to a distinct 2-stack.

The design of .A?i ensures that the elements in the verification-chain con-
tained in ¢ (i.e. all candidates for the pairing s,s’ in t) are precisely those
that can be reached by performing a collapse operation on a (chainpos,t’)
configuration reached from (candidate,t). Assuming that z is again bound to
a (candidate,t) configuration, we can thus assert that x represents a solution
to P with the following II; formula x(z) over G(AZ%):

x(x) := Yy.Vz.(chainpos(y) — pops(y,r) — collapse(y, z)

— —|(u1u2v1v25t‘m(z) vV vlvzuluzst‘m(z)) — P(2))
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We can thus take the required 3o formula ¢ (asserting the existence of such a
solution witnessing configuration z) to be:

¢ := Jx.(candidate(z) A x(z))

4.5 The Power of 5, and 53-CPDA

The automata A?I; and A:i both work by generating a ‘verification chain’ of
2-stacks. First-order logic is used to express that for each member s of the
chain the results of collapsing in two different positions, called A5 and B; say,
yield the same result. With an order-5 stack it is possible to do either the A
collapse or B; collapse at every point s in such a way that the final stack retains
a record of each collapse. Moreover, we can give the CPDA two modes—one
by which it generates such a stack using A collapses and the other by which it
generates a stack using B collapses. There is a 3; sentence asserting that it
one can generate the same stack by both of these methods, which implies that
the Ag collapse and By collapse yield the same result for every s.

Thus a Y7 sentence over the configuration graph of a 53-CPDA or a 53-
CPDA is sufficient to assert the existence of a solution to an instance of Post’s
Correspondence Problem. This gives us an incredibly strong undecidability
result—for such graphs even model-checking first-order sentence without any
quantifier alternation at all is undecidable. Both these results will actually be
implied by an analalgous result for 4o-CPDA in the next section. However, the
construction used there will be more fiddly whilst in the order-5 case we can
resuse the same basic idea that we have used previously.

Figure 4.2 demonstrates the idea behind the 5,-CPDA Ag;. The regions
labelled s consist of multiple 1-stacks encoding a guess of the solution to the
PCP instance P in the same manner as AY. If the 5-stack A is equal to the
5-stack B then the guessed solution is indeed correct.



5-stack A:

Collapse on uj of m

Collapse on v of m

{ug, uz, v1 ’U'z}“>|‘ g, ug, 01 v2}"‘>|‘ ‘ ‘
Chaln posn:ion ‘m ; 1 Chaln p051t10n m —‘ Collapse on u; of m — 1 Collapse on v; of m — 1
{ul Uz, vy U'z}">|‘ {u1>u2 vy v2}"‘>|‘ k- {"1 ugz, vy ”2}"‘>|‘ {ul u2, v v2}"‘>|‘
Chaln poéltlc;n 3 Chaln pOSlth’n 3 Chain poéltlc;n 3 Chaln po’smlon 3
A, ug, vy v}t fuw, ug, vy,v2}t k- fwr, ug, vi,02} 9 fwr, ug, vi,vz}
Cham position 2 Cham position 2 Chain position 2 Cham position 2 Collapse on uj of 2 Collapse on v; of 2
{u1»u27v1yv'z}“>|‘ {u1>u2,v1,v2}'“>|‘ k- {u17u2»v11v2}"‘>|‘ {ul,u2>v1,v2}"‘>|‘ ‘ k- {u17u2vvlyv2} >|‘ {u11“21")17'u‘2}' >|‘
Chaln position 1 Chaln position Chain position 1 Chaln position 1 Chain position 1 Chaln position 1
s k:- {ulyu27v17v2}“>|‘ s k:- {u17u2,v1yv2}'“>|‘
Chain position m Chain position m
k- {“’1,“2’U1:U2}">| s k- {u1,u2,v17vz}-~>| s k-- {u1,u2,v1,v2}-~>| Kk fwy, ug, v1,v21
Chain position m — Chain p051t10n m — Chaln posltmn m — Chaln posltlon m — 1
{Ul ug, vy Uz} B {u1 ugz, vy Uz}-~>| {u1 ugz, vy vz}-~>| k- {ul ug, vy vz}-~>|
Chaln pO’Sltl(;n ) Chaln pOélth’n j Chaln po;utlc;n f Chain po’sltm’n {
|<,{u‘1y,u,27v1fv2}“>|‘ k.{uly}tzavuw}'“ﬂ‘ k,{‘ubﬁtzyvlfw}'“ﬂ‘ |<‘{M1,?t.271)1,‘v2}"‘>|‘ ‘ K- {u17u2yv1,v2} >|‘ K- {ulauzyvl,vz} >|‘
Chain position 2 Chain position 2 Chain position 2 Chain position 2 Chain position 2 Chain position 2
K fwi, ug, vi,v2} Aw, ug, vi,v2} Ay, ug, vy vt ke {wi, ug, vy,v2} A, ug, vy v} ke fwi, ug, vi,v2}
Chain pO’Sltl(;n ’ Chaln pOélth’n 1 Chaln po;utlc;n ’ Chain po’sltm’n ’ Chaln pO’Slth’n ’ Chain pO’Sltl(;n ’
5-stack B:
Collapse on us of m — 1 ‘ Collapse on vg of m — 1 ‘
k- {u1,u2,U1,U2}“>| k- {u17u2,v17v2}"‘>|
Cham pOSlthn i) = Cham posxtxon m — Collapse on ug of m — 2 Collapse on vy of m — 2
{u1 Uz, vy Uz}“>| {U1 ug, vy v2}'“>| k-- {ul u2, vy U2}'“>| {u1 Uz, v1 v2}'“>|
Chaln po’sﬂ;u‘;n 3 Chaln pOélth’n 3 Chain po’sxtlc;n 3 Chaln po’smlr;n 3
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Figure 4.2: The idea behind Agi
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Definition 4.17. The automaton AZ is a 5,-CPDA that initially behaves

in the same manner as A:},; with the same stack alphabet until it reaches the

guessg, control-state. It then either adopts mode A or mode B. In mode A it

behaves as follows:

Perform a push, operation.

Navigate to the u; 1-stack in the tops stack. The position of this stack is
indicated by the abed indicator on top of the tops stack (where a,b, ¢, d €
{u1, us,v1v2}) as is the case with 'ABP;' Navigating to the u; stack requires

at least one and up to three pop, operations.

A collapse operation is performed on the element on top of the u; 1-stack
in the tops stack.

A pushy operation is performed followed by a pop 4; push,.

Navigate to the vy 1-stack in the top, stack.

Perform collapse on the element on top of the v; 1-stack in the tops stack.
Perform a pushsy operation followed by a pop, operation.

We now manipulate the next element in the verification chain by perform-
ing a pop; operation and going back to the top of this list of operations.

The iteration stops as soon as the u; and vy collapses have been performed
on the 3-stack second in the verification chain—i.e. second from the
bottom of the 4-stack. When this point is reached, we enter distinguished
control-state A.

If the automaton adopts mode B then it instead behaves as follows:

Perform a push, operation.

Perform a pops; pushs operation so now the tops stack is a copy of the
second stack in the verification chain.

Navigate to the uy 1-stack in the tops stack. The position of this stack is
indicated by the abed indicator on top of the tops stack (where a, b, ¢, d €
{u1, us,v1v2}) as is the case with .Agi. Navigating to the us stack requires
up to two pop, operations. If the uy stack is the top, stack then a pop,
needs to be performed to discard the state-decoration provided by A?i.

A collapse operation is performed on the element on top of the u; 1-stack
in the top stack.

A pushy operation is performed followed by a pop,; push,.
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e Navigate to the vy 1-stack in the top; stack.

o Perform collapse on the element on top of the v 1-stack in the tops stack.
o Perform a pushs operation followed by a pop, operation.

o Perform a pops; pushs operation.

e Navigate to the vy 1-stack in the top; stack, performing a pop, operation
to discard the state-decoration if it is the top, stack.

e Perform collapse on the top element of the vy 1-stack.

e We now manipulate the next element in the verification chain by perform-

ing a pops operation and going back to the top of this list of operations.

e The iteration stops as soon as the us and vy collapses have been performed
on a copy of the 3-stack bottom in the verification chain—i.e. bottom
of the 4-stack. This will occur when the bottom 4-stack in the topy
stack still contains two 3-stacks. When this point is reached, we enter
distinguished control-state B.

We additionally add a transition labelled to Compare from both A and B to a
distinguished control-state compare without performing any stack operations.

Lemma 4.18. Let P be an instance of Post’s Correspondence Problem. There
exrists a Xy sentence ¢ such that Q(A5PQ) E ¢ if and only if P has a solution.

Proof. We claim that the required ¢ is simply:
¢ = Jzyz.(A(z) A B(y) A toCompare(z, z) A toCompare(y, z))

This is satisfied by G (Aél) just in case A:},; can generate an identical stack in
both A mode and B mode. We now argue that this coincides precisely with
when P has a solution.

P has a solution iff a verification chain exists in the sense of Lemma 4.10.
Referring to the proof of Lemma 4.14 such a chain exists just in case As, is
able to produce a 3-stack ¢ such that for every initial segment of ¢ consisting
of an integral number of 2-stacks all belonging to ¢ and containing at least
two 2-stacks we have top4(t') = tops(pops(t'))T. As observed in the proof of
Lemma 4.14, this is the case iff both collapsing on u; of tops(¢') yields the
same result as collapsing on us of tops(pushs(pops(t'))) and collapsing on vy
of tops(t') yields the same result as collapsing on vy of tops(pushs(pops(t'))).

Consider a 3-stack ¢ such that As, can reach a configuration (guesss,,t).
Suppose that this contains m 2-stacks. In mode A As, will go on to reach a
configuration (A,t4) where t4 contains 2(m — 1) 4-stacks {3, . .. ,t’;‘(m_l).
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In mode B it will go on to reach a configuration (B,t?) where t® contains
2(m — 1) 4-stacks tP 8 ..., tim_l).

Observe that the automaton ensures that pop,(t2) = pop,(t?) for every
1 < ¢ < 2(m —1) since the manipulation of the bottom most 4-stack in each
5-stack is the same for both the A mode and the B mode. Let ¢; be the initial
segment of ¢ consisting of the bottom-most i 2-stacks of ¢. The automaton
also ensures that the for each 0 < j < (m — 2) the t0p4(t‘24j+1) is the result of
collapsing on the u; of the tops(¢;) and top 4(t’23j 41) is the result of collapsing on
the uz of the tops(pushs(pops(t;))). Likewise for 1 < j < (m —1) the t0p4(t‘24j)
is the result of collapsing on the vy of the top;(t;) and top,(t5}) is the result of
collapsing on the ve of the tops(pushs(pops(ts))).

We may thus conclude that t4 = ¢ if and only if ¢ contains a valid verifi-
cation chain witnessing a solution to P.

If P does have a solution, then we already know that A3, can produce such
a stack t witnessing a solution to P. Hence Ajs, can reach both (A,t*) and
(B, tP) where t4 =t as required.

Conversely suppose that (A, s) and (B, s) are both reachable by As,. There
must then exist stacks ¢ and ¢ of Ajs, such that s = t4 and s = /5. The
automaton will ensure that pop,(t{) = t and pop,(t{*) = '. Since t* = t'B
we must thus have t{* = #/® and so t = /. Thus there does exist a reachable

configuration (guesss,, t) such that t* = ¢%(= s). Hence P has a solution. O

A 53-CPDA Af-; can be constructed for each instance P of the PCP along
exactly the same lines as Aéz. We can just employ 3-links rather than 2-links
to keep track of different stack elements. The construction still works since the
act of collapsing on a 3-link is still contained within a 4-stack and so the rest
of the automaton can behave in the same way.

Again this result is subsumed by that in the next section, although we

require a more fiddly notion of verification chain for this to work.

4.6 Fiddling with 4,-CPDA to attack X;

The need to modify the verification chain

In an earlier section we showed that solving an instance Post’s Correspondence
Problem P could be reduced to model-checking a X5 sentence ¢ on G¢(As,).
This sentence ¢ is of the form: ‘there exists a 3-stack s such that for all 2-stacks

)

in s...” where ‘for all 2-stacks in s’ is implemented by exploiting e-closure in
allowing ¢ to reference an arbitrary number of pops’s as a single edge.

The same idea can be straightforwardly adapted to 4o-CPDA removing the
need for e-closure. After generating the proposed 3-stack s, a 4o-CPDA could

perform a push, operation followed by an arbitrary number of pop, operations
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terminating in a control-state guess. The assertion ‘there exists a 3-stack s
such that all 2-stacks in s behave like X’ could then be expressed over the
transition graph of this 4,-CPDA (without e-closure) as ‘there exists a 4-stack
s such that for all configurations ¢ with control-state guess where pop,(t) = s,
the top 2-stack of ¢ behaves like X.

However, in this section we focus on a stronger result— there exists a X
sentence ¢ such that we can construct a 45-CPDA Af; for each instance of
the PCP P G(A}) F ¢ if and only if P has a solution. This will use a very
similar idea to the previous section and indeed will imply the results in the
previous section. However, the 5,-CPDA As, very much depends on being
order-5 in order to carry out its job correctly. To understand why this is the
case, consider Figure 4.3 which shows initial segments of hypothetical ‘ A-mode’
and ‘B-mode’ 4-stacks. Since we need to compare u; and v; of the mth element
in the verification chain with us and vy respectively of the (m — 1)th element,
we need two copies of of the mth element in the verification chain in A-mode.
This could be implemented using a pushs operation, as is suggested in Figure
4.3, but this presents a problem when constructing the B-mode stack on the
right of Figure 4.3. The 2-stacks highlighted in red need to be a copy of the
mth position in the chain to provide a chance of equality with the A-mode
stack, but we also need a copy of (m — 1) just above it, which would require it

to be the (m — 1)th position in the chain.

The modification

We modify the verification chain so that only one pair of collapses needs to

be compared for equality rather than previously where two comparisons were

required (for the u and the v). This allows us to avoid the problem above.
Proceeding with our running example, a solution to a PCP instance will be

represented using a 2-stack in exactly the same manner as before:

[[ab] [abloab | [+ ) [T ][] ][ ][ abluablyclyababclyab2,b2,,ca34,34 ] ]

The difference is the manner in which the ‘verification chain’ used to check
the correctness of an alleged representation is constructed and represented in a
3-stack. In this modified chain of 2-stacks it is the top three 1-stacks that are
significant. Fach element in the stack will posess either ‘u v; and vy’ 1-stacks
(in some order) or v, u; and ug 1-stacks. This contrasts with the original
verification chaion where each point posessed a u1, ug, v1 and ve 1-stack.

We refer to the u or v 1-stack in a chain position as guaranteed and the uy or
vy stack as tentative with the associated u; or vy as the condition stack. If the

condition stack represents the same position in either the uw or v subsequence



76

The Collapse of First-Order Logic. Undecidability and CPDA Graphs

Collapse on v; of m ‘ ‘ Collapse on vg of m — 1 ‘
ke fw 1;u2,v1,v2}--->|‘ s g, o, v15v2 ]
Chain position m
g, ug, vi,v2 )9 k- {u1,u27v1,v2} Bl
Cham p051t10n m—1 Cham p051t10n m —
ke fw1, ug, vi,yv2t s ke {u1,u27v1,v2} >|
Chain position 3 Chain position 3
K {wg, ug, v1, 093 s ke fug, ug, vivgd
Chain poéltlén 2l Chain pO’Slth;n )
ke fw1, ug, vi,v2} s ke {u1,u27v1,v2} Pl
Chain position 1 Chain position 1
Collapse on u; of m ‘ ‘ Collapse on ug of m — 1 ‘
k- fwi, uz, viyvat- s g, o, vy Ve ]
Chain position m
{ulvquvlav2}"'>|‘ ‘ k- {ulvquvla”2}"'>|‘
Cham position m — 1 Cham position m —
K- {wi, ug, vi, v} s K- {wi, ug, vy, vz}
Chain position 3 Chain position 3
k- fwi, ug, vi,v2} 9 s k- fwi, ug, vy,v2} 9
Chain po’sﬂno’n % Chain p0,51t10’n 2
k- {w1, ug, v1,'v2}"'>|‘ ‘ s k- {wr, ug, Ula"”2}"'>|‘
Chain position 1 Chain position 1
s K- {w1, ua, v1,v2} s K- {wi, ua, vy, v2}
Chain position m Chain position m
s k- {w, ug, vi,v2} 3 s K {w, ug, v1,v2} 3
Chaln posltion m —’ 1 Chaln poslt;on m —’ 1
k- {ul ugz, v1 Uz}--->| s k- {ul ugz, vy v2}--->|
Chain pO’Sltl(;n 3 Chain pO’Sltl(;n 3
k- {w1, ug, v1,va2t s k- {w1, ug, vy, vz}
Chain position 2 Chain position 2
ko {wi, ug, vi,v2} 9 s kK {wy, ug, vy,v2}
Chain pO’Slth’n 1 Chain pO’Sltl(;n 1

Figure 4.3: Why Ag; cannot ‘directly’ work at order-4

from the previous member in the chain, then the tentative stack correctly
represents the next position in the u or v subsequence. This is the same idea
as before. The guaranteed stack, however, will always unconditionally represent

the next position in the v or u subsequence.
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The following shows this new kind of a verification chain as a 3-stack:

I able 010 w§™ )

(T @bl ablycly J[ ablyably |[ ablyvuiuz ]

[T @bleyablqyclyababelyab2q, ][ ablyably clyababely, |[ ablyablyvivow |

[T @ableablqclyababelqyab2q,b2q, cadq, [ ablqyablyclyababely,ab2q,b2q, |[ ablqy ably clyababelyab2puiugv |

[T @ableablqclyababelqyab2q,b2,,ca34,34 ][ ablyablqyclyababely,ab2q4b2q,calq, || abluabluclvababcl.uab2vb2uca3uvu1u§m” ]
As before, a token describing the ordering of the stacks is added to the top of
each element in the chain.
Let us formally define a 32-CPDA that generates verification chains in the

manner illustrated in the example above.

Definition 4.19. Let P be an instance of PCP. The 3,-CPDA AL, shares

3(2Lll
stack alphabet with A§ but with extra symbols: vujuz, wivuz, wiusv,
vuudt, ull wivs, V12, V1VaU, UYLV, Y,

AE,, initially behaves the same way as A} in order to generate a 2-stack
2
representing a postulated solution to P. At this point the top two elements

of the stack will either be iy4, or i,i, for some i € [1..m]. We then perform
'U/U]_'U;tart

pushy; pushy; popy; ;’f)ﬂushg followed by push if the top two symbols are
Tyl and pusiffulu2 if 4,,%,. The automaton then performs push; and behaves

as follows, examining the token on top of the stack to ascertain which option
should be taken:
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e If the current guaranteed stack of the tops element (which has just been
copied) is below both the condition and tentative stacks, then we should

perform pop, until the guaranteed stack is the top, stack—i.e. perform

POP,y; pop,. Then:

— If the guaranteed stack is a u stack (rather than a v stack) then

perform pop; until another j, or j, is found for some j € [1..m].

* At the first new j, to be discovered, we deem the resulting top,
to be the new u stack. If v; and vs are still to be produced we
perform push, and continue with the pop;s.

* At all subsequent j, discovered, we just perform pop; and con-
tinue with the pop;s.

* If a j, is found and we have not yet created a new vp, then
we non-deterministically choose whether to deem this stack to
be the new vy. If we choose not to we just proceed with more
pop,s. If we choose to do so, then we perform push,,.

x The first new j, to be found since creating v should become
the new vy stack. If the new u stack has not yet been created
then we perform pushy and continue with the popping.

x All subsequent j, found since creating the new vo should just
be popped and the pop;s continued.

* If the empty 1-stack is produced, then abort (and fail) if ei-
ther uq has not yet been generated or either ug or v have been
generated. Otherwise perform push,; push?iﬂd.

x If the new v, u; and us have all been created, then cease the
pop,s and perform pushi®**™ where token is the token (without
a start or end flag) denoting the order in which the stacks were
produced.

— If the guaranteed stack is a v stack (rather than a u stack) then do

the same as above interchanging v and v.

o If the condition stack of the top; element in the chain is below both the
guaranteed and tentative stacks, then we should perform pop, until the

condition stack is the topy stack—i.e. perform pop,; popy. Then:

— If the condition stack is a uy stack (rather than a vy stack) then

perform pop; until another j, or j, is found for some j € [1..m].

* At the first new j, to be discovered we just perform pop; and
continue with the pop; operations. At the second new j, to
be discovered, we deem the current top, stack to be the new
u stack. If the new v; and vs have not yet been created we

perform push, and continue with the pop, operations.
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* At all subsequent j, discovered, we just perform pop,; and con-
tinue with the pop;s.

* If a j, is discovered then we behave in the same way as in the
case when the guaranteed stack u is below the condition stack
v1 (see above). This creates the v; and vy stacks.

x If an empty 1-stack is produced or we have just finished creating
all of the new u, v; and vy then again we behave in the same
manner as when the guaranteed stack is below the condition
stack.

e Note that the condition stack will always be below the tentative stack,
so we have already exhausted the possibilities.

e If it is not the case that top;(u) = i, and top,(v2) = i, or top;(uz) = iy
and top;(v) = i, (depending on which combination of stacks the recently
produced chain element uses) for some ¢ € [1..m] then the automaton
aborts into a fail state.

o If we have deployed a token with an end marker, then we halt and move
into a distinguished control-state guessg,. Otherwise we perform a pushg

operation and repeat.

P
3(2Lll

of a v and uq, ug stacks. If v is the first (lowest) of these, then the next element

Remark 4.20. Suppose that an element in a chain generated by A:,, consists

in the chain will consist of a v, u; and us. If u; is the lowest, then the next
element in the chain will consist of a u, v1 and vs.

We formalise what it means to be a correct verification chain in this new

style using a revised successor operation & to be to Af;au what + is to AZI,;.
2

Definition 4.21. Let s be a 2-stack over the alphabet of AL. The successor
5P of s is the unique stack such that:

® POPy; POPy; Popo(sY) = popy; popa; pops(s)
e Where a,b,c are (in order) the top three 1-stacks of s®: ¢ C; b C; a.

o If the bottom of the top three 1-stacks in s is a u or u; stack, then s®
should consist of a u, v; and v, stack, if its a v or v; stack then, s® should
consist of a v, u; and ugy stack.

o Let s, be either the us or u stack in s (whichever s posesses). Let s, be
either the vy or v stack in s (whichever s posesses).

— If s® posesses up, then this u; = s, and its ug has as its top,
element the highest element of the form 4, below top,(s,). If such
an element does not exist, us should be empty. Moreover the v of
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s® should have as its top; element the highest element of the form
i, below top;(s,). If such an element does not exist, v should be
empty.

— If 5% posesses vy, then this v; = s, and its v, has as its top, element
the highest element of the form 4, below top,(s,). If such an element
does not exist,vy should be empty. Moreover the u of s¥ should have
as its top, element the highest element of the form ¢,, below top; (s,).

If such an element does not exist, u should be empty.

The following Lemma is almost an immediate consequence of the definitions
and Lemma 4.6.

Lemma 4.22. Let P be an instance of Post’s Correspondence Problem and let
s be a 2-stack generated by AL . The 2-stack s represents a solution to P in the
sense of Lemma 4.6 iff there is a ‘verification chain’ of 2-stacks s1,sa,. .., Sk

for some k such that:

o 51 = pushy; pushq; popy; pushy(s) (with top three stacks defined to be v,
w1, Uz Or u, vy, v2 if the top two elements of s are respectively of the

form iyiy, or iyiy,)
e si has empty stacks as its top two 1-stacks
® 5,11 = Sf.B for every 1 <i < k.

e [or each element s; in the chain we have top,(v) = j, and top;(u2) = ju
or topy(u) = ju and top,(v2) = j, for some j € [1..m] (depending on
what selection of stacks s; has).

Proof. We establish the result by arguing that such a sequence exists iff s
satisfies the conditions set out in Lemma 4.6.

Argue by induction on [ that an initial segment of such a chain s1, s2,..., s
exists with 71, ja, . .., j; the associated indices mentioned in the fourth condition
iff the top-most I elements of s of the form i, are (j1)u, (j2)u,- -, (Ji)u, and
the topmost [ elements of s of the form i, are (j1)v, (j2)v,---,(Ji)» (ordered
top down).

First the =) direction. The base case (I = 1) is immediate since all stacks
generated by AL must have top two elements of the form j,j, or j,j, for some
7. Suppose now that an initial segment of such a chain si, sa, ..., s, S;4+1 exists
with fourth-condition indices ji, jo, ..., Ji, ji+1- By the induction hypothesis,
we just need to check that if the top elements of either v or vy in s; and either
u Or us in s; are respectively the Ith j, and j, elements from the top of s,
then the top elements of either v or vy in (s;)® and either u or us in (s;)¥ are
respectively the (I + 1)th elements of the form j, and j, from the top of s. But
this is ensured directly by the fourth point in the definition of ®.
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Now consider the <) direction. Again the base case (I = 1) is straightfor-
ward since s; is explicitly defined to meet the criteria. Suppose that the top-
most [ + 1 elements of the form j, of s are: (j1)u, (J2)u,-- - (41)us (Ji41)u and
the topmost [+ 1 elements of the form j, of s are: (j1)wv, (52)vs -« -5 (J1) v, (Ji+1)v-
By the induction hypothesis we already have a chain si,ss,...,s; and so we
just need to show that (s;)® both exists and satisfies the requisite criteria. If
it does exist, then as above the fourth clause in the definition of © ensures
that the fourth requirement of the Lemma is satisfied, which is the only one
that would need to be established (the first applies only to s;, the second is
not relevant to initial prefixes and the third is by assumption). Thus it is only
existence that we need to establish. But the ® successor always exists. The
top three stacks are all initial segments of s (exhaustively defined—they are
defined to be the empty stack if an appropriate element in s does not exist)
and so can be linearly ordered with resepct to Cj. O

P
3t

appropriate chain of successors if one exists and moreover provides a sufficient

The following Lemma is critical—it tells us that A%,, is able to construct an

(and necessary) condition for a stack it generates representing such a chain.

Lemma 4.23. Let P be an instance of Post’s Correspondence Problem. For

any 2-stack s generated by AL there exists a sequence of 2-stacks s1, Sa, . .., 5k

P
3%%

satisfying the condition in Lemma 4.22 iff A can reach a configuration

(guesss,, [s1,5,...,5;]) such that:

o s = push’iake"(si) for each 1 < i < k where token is a token indicating

the ordering of the top three stacks with a start flag for s} and a end
flag for sj..

e Foreveryl <i<k:

— If sj,, contains a uy then this is equal to uz or u in s; (depending
on which one s} contains)

— orifsj, | contains a vy then this is equal to vy or v in s} (depending

on which one s contains).
Note that for each i only one of the above will hold.

Proof. First let us argue in the =) direction. First argue by induction on [ that
if we have an initial prefix sq, so,..., s of such a sequence s1, ss, ..., Sg, then
A;fgu can generate a stack [s],s5,...,s)] without aborting, during the phase
after generating the 2-stack s, such that:

o s = pushf"ke"(si) for each 1 < i <[ where token is a token indicating
the ordering of the top three stacks with a start flag for s} and a end
flag for s).
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e Forevery 1 <i <

— If 57, | contains a u; then this is equal to uz or u in s} (depending

on which one s, contains)

— or if i, | contains a v; then this is equal to vy or v in s} (depending

on which one s} contains).

Note that for each ¢ only one of the above will hold.

P
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s in exactly the way that s; is defined in Lemma 4.22 (adding a token on top).

P
3%”

corresponding to a sequence si, 3, ..., S. Suppose now that this sequence ex-

For the base case (I = 1) the result is immediate as A%, will construct s} from

For the inductive step, suppose that A:,, has already generated [s], s, . .., s]]
tends to s1,82,...,51,8+1. The automaton will perform pushg; popspop, in
preparation to generate sj ;. We consider two cases:

Case when the guaranteed stack of s; (or by induction hypothesis equivalently
s1) is below both the condition and tentative stacks: W.l.o.g. assume that the
guaranteed stack of s is a u stack (the case when it is a v stack is similar).
Due to the position of v we must have in s;: v J;7 u; 1 us. Thus the u; of
Sp41 = sfb, which is the uy of s; can indeed be produced by performing pop,
operations on the v of s; (s]). The automaton is free to pick anything to be
the uy of s;11 and so in particular can choose the correct value. The new v
of s;41 is restricted to be correct with respect to the v of s; and similarly the
restriction on wusg is precisely what is required with respect to u; in s;41.

Case when the condition stack of s, (or by induction hypothesis equivalently
s1) is below both the guaranteed and tentative stacks: Again w.l.o.g. assume
that the condition stack of s} is a uq stack (the case when it is a v; stack is
similar). Due to the position of u; we must have in s;: w1 J;y v and uy Jq us.
Since the new v; in s;11 should be equal to v in s; and the new u in s34
an initial prefix of us in s;, it must be possible to form both of these from
performing pop; operations on the u; in s;. The automaton is unconstrained
in picking the vy, so in particular it is able to guess the correct position—again
the constraint on picking the new wvs relative to v; is precisely the correct one.
Note also that the constraint on picking the new w relative to the old u; is
precisely the correct one—popping to the next j, will yield the old us and so
popping from that to the second j, will yield the correct new wu.

Either way since the sequence si,sa,..., s, s;+1 by assumption exhibits
equality of the top elements of the us and v or v and u in each element in the
chain, it will carry out the above without aborting. Furthermore the second
condition on the s} is satisfied since the s; form a ®-successor chain.

This establishes the induction hypothesis is true for all [ < k. In particular
when | = k the top two 1-stacks of s;, (or s}, ignoring the token on top) will be

empty and so the automaton will halt in control-state guesss, as required.
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Now let us consider the <) direction. We argue by induction on the con-

P
3(2Lll

[s7 s4 -+ 8] (in the phase following the construction of the 2-stack s) that

verse hypothesis to what we had before. Suppose that A~,, generates a stack

corresponds to a correct initial segment of a verification chain si,s2,...,s;.

P
3t

fies the conditions in the converse of the induction hypothesis used previously.

Suppose now that A,,, proceeds to generate [s) s5 --- s; s, that satis-
This stack must have been produced from [s] s5 --- sj] by beginning with a
pushg; popsy; pops. Again we should consider the same two cases as before, not-
ing that the additional assumed constraint on sj ; relative to s; ensures that
the guessed new wuy /vy for S;+1 must indeed be the u; /vq for sl@ (i.e. the ug /vy
of s} or equivalently s;). The new us/ve and v/u will be correctly created by
the automaton, as discussed before when arguing in the = direction.

The fact that the automaton does not fail means that it must have success-
fully found that the u/ug and ve/v stacks in s;; share top; elements. Thus
Si41 = sl@ as required and also satisfy the top, equality requirement.

The automaton will only halt in control-state guesss, if it detects two
empty 1-stacks (modulo the token), constituting the final s in the chain. O

Exploiting A%, in a 4-CPDA

alt
32

Since only one comparison needs to be made between adjacent elements, the
problem illustrated in Figure 4.3 is no longer an issue. The same idea that
took us from .Agi to Ag; can thus be used to go from AL, to a 4,-CPDA Ai.

alt
32

Definition 4.24. Let P be an instance of Post’s Correspondence Problem.

The 45-CPDA Afz shares the same stack-alphabet as A;,t. It begins by be-
2
P

san until this automaton halts in control-state guesss,. It then
2
performs a push, operation and non-deterministically decides whether to op-

having as A

erate in ‘A-mode’ or ‘B-mode’. If it decides to operate in A-mode:

e Perform collapse on the conditional stack (either us or ve depending on

which it has) of the top; element of the verification chain.

o Perform push,; pop;—this reveals the previous member of the verification

chain as the top, stack.

e Repeat until collapse has been performed on the second member of the
verification chain (we do not do this to the first member). Once this stage
is reached, enter distinguished control state A.

If it decides to operate in B-mode, it proceeds as follows:

e First examines the token on top of the top; stack to determine whether
the condition stack of the top; element in the chain is u; or vy. If it is

up set w = u and if it is v1 set w = v.
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o Performs pops; pushs so that a copy of the previous element in the chain
is now the tops stack. The automaton then performs collapse on either
the guaranteed stack w or the tentative stack wo depending on which this

previous element in the chain posesses.
o Perform pushy,; pops.

e Repeat until collapse has been performed on copies of all but the last
members of the verification chain (including the first represented by the
bottom 3-stack). Once done enter distinguished control-state B.

We add an additional transition labelled toCandidate from both A and B to
a distinguished control-state candidate.

Lemma 4.25. There exists a ¥q-sentence ¢ such that for every instance P of
Post’s Correspondence Problem we have Q(AZ) E ¢ iff P has a solution.

Proof. Combine Lemmas 4.22 and 4.23. Thus P has a solution if and only if
A?’Pgh can reach a configuration (guesss,, [s1,52,...,sk]) such that: For every
1<i<k:

o If 5,11 contains a u; then this is equal to ug or w in s; (depending on

which one s; contains)

e or if s;11 contains a vy then this is equal to vy or v in s; (depending on

which one s; contains).

We claim that this is the case iff A, can both reach a configuration (A,t) and
a configuration (B, t) for some stack ¢.

Suppose first that such a pair of configurations is indeed reachable for Afz .
Since a stack produced by either an A-mode run or a B-mode run from a
Af;gu stack [s1, S2, ..., sg] will have this 3-stack as its bottom most 3-stack we
may conclude that the configuration (A,t) as well as the configuration (B, t)
must be produced beginning with the same A?’Pgh stack. Since a collapse on
two elements in copies of some 2-stack s; will yield the same result iff they are
the same, the construction of the A and B modes ensures that the equalities
required to relate each s; to s;41 (for 1 < i < k) must hold. After all, the
ith collapse performed in B-mode will be on the appropriate component of
s; for 1 < i < k whilst the ith collapse performed in A-mode will be on the
correspondingly appropriate component of s;41. The results of these collapses
are directly compared since collapse is performed on a copy of the relevant
2-stack that has precisely the same set of 2-stacks below it in each case.

It follows from the above that P does indeed have a solution.

P
3alt

2
must be able to reach a configuration (guessg,,[s1 s2 --- si]) satisfying the

Conversely begin by assuming that P has a solution. It follows that A
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conditions above. By the converse considerations to before (in terms of compar-
ing collapses) these conditions must ensure that the A-mode and the B-mode
both generate the same stack from this starting point, as required.

We can therefore take as the required 3;-sentence the following:

Jz.3y.3z.(A(z) A B(y) A toCandidate(zx, z) A toCandidate(y, z))

4.7 Summary of Undecidability Results

We summarise the new undecidability results as the following theorem:

Theorem 4.26. 1. For everyn >4 and 2 <m <n—2 the 31-FO model-
checking problem for n,,-CPDA graphs (even without e-closure) is unde-
cidable.

2. For every n > 3 and m > 3 the IlI3-FO model-checking problem for
nm-CPDA graphs (even without e-closure) is undecidable.

3. For every n > 3 and m > 2 the Ilo-FO model-checking problem for the
e-closures of ny,-CPDA graphs is undecidable.

The Iy undecidability results cover almost the entire hierarchy (recalling
that X1 C TIlp); the only remaining gap is the class of 3,-CPDA graphs
(without e-closure). We will fill this in Chapter 7 where we show that the
whole of FO is decidable on 35-CPDA graphs (without e-closure). The next
chapter, however, considers the 3; question. In particular we will show that
31-FO is decidable on the e-closures of 3,-CPDA graphs as well as the e-
closures of n,-CPDA graphs for all n. Unfortunately the question of ¥;-FO
on the 332-CPDA graphs and n,,_; graphs will be left open (both with and

without e-closure).






CHAPTER 5

Monotonic CPDA, Derivatives and
>:1-Decidability

We introduce the notion of a monotonic n-CPDA, which is one that can witness
the reachability of all configurations in its graph without destroying (n — 1)
stacks during its run. Showing that every CPDA has a corresponding mono-
tonic CPDA makes heavy use of logical reflection for the p-calculus. In some
respects can be viewed as the CPDA analogue of Carayol’s work [23] extending
n-PDA with ‘regular tests’ in order to derive a canonical means of constructing
a stack.

Monotonicity allows us to introduce the idea of the derivative of an (n+1)-
CPDA, which is an n-CPDA whose runs encode the order-(n+1) configurations.
This provides the basis of our decidability result for X;-FO on the e-closures
of 3,-CPDA. Intriguingly the barrier to extending this to 33 2-CPDA does not
arise from the operational effects of collapse on 3-links but rather the fact that
3-links are not explicitly represented but can be responsible for distinguishing
stacks.

This problem is solved for n,~-CPDA using trail annotations in the stack
precisely capturing the differences caused by n-links. This allows us to get 3
decidability for the e-closures of n,-CPDA.

The remaining decidability result for 3o-CPDA (without e-closure, but for
the whole of FO) will be revealed in the final chapter. It is worth mentioning
that some parts of this proof, however, will make use of monotonic CPDA and
derivatives, so the reader may wish to take note of these ideas in preparation
for the final chapter. We will also appeal to a result in the final chapter (the
decidability of FO(TC[Ay]) on the e-closure of 2-CPDA) in order to get the
311-FO decidability result for ¥; on e-closure of 35-CPDA.

87
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5.1 Monotonic CPDA

We wish to decompose e*a-labelled runs of an automaton between two con-
figurations into an e-fall and an ea-climb, which we will describe as a bounce.
The fall is the first part of the run during which the stack will reach its lowest
point, whilst the climb is the part of the run where the lowest point will be
built up to the final configuration. This is illustrated in Figure 5.1.

Here ‘lowest point’ refers to the number of (n — 1)-stacks constituting the
n-stack, and so we find it convenient to ensure that the |_|,,-height of the stack
is only ever altered by e-transitions. We will without loss of generality make
the assumption that push,, pop, and collapse on m-links is only performed
during e-transitions. This avoids the need for case separation when mono-
tising automata—we can just focus on e-edges. Generality is not lost since
e-closure allows us to decompose an a-labelled push,, edge (for example) into
an e-transition with push,, followed by an a-edge with nop.

We will also use ¥ to denote the set of non-¢ transition labels and view e
as lying outside of 3.

Let us begin by considering climbs.

Definition 5.1. Let A be an n-CPDA. An €*a-climb of A from a configuration
T

(g, s) to a configuration (¢', s’), written (g, s)r.,(¢’, s’), is an e*a-labelled run
from the first configuration to the second such that each stack ¢ occurring in

the run (including s') is such that pop, (s) C, t.

We say that an n-CPDA is monotonic via r just in case no r-transition per-
forms a collapse on an n-link or a pop,, operation. That is, when transitioning
using r-edges, the number of (n — 1)-stacks in an n-stack increases monotoni-
cally. The following Lemma constructs an automaton monotonic via an edge
re such that e*-climbs are precisely captured by standard reachability using r-
edges. An n-CPDA is monotonic if it can construct all reachable configurations
from the initial configuration only by performing monotonic transitions.

Write A 111,x for the automaton formed from A by deleting all unary pred-
icates not labelled in IT and deleting all transitions not labelled in ¥ U {e}.

Lemma 5.2. Let A be an n-CPDA with edge alphabet ¥ and unary predicates
II. Then there exists an n-CPDA Al such that G5(A) = G(A! 1x.11) but whose
additional distinguished edge labels include r. ¢ ¥ such that Al is monotonic

via v and (q,s)r). ,(¢',s') just in case (q, s)rrs o(q',8").

Proof. Due to Theorem 2.24 it is sufficient to define an order-n uCPDA A"
that satisfies the requirements. Conversely recall (from Chapter 2) that we can
construct an order-n yCPDA A* that shares the same configuration graph as
A. Extend this to a uCPDA A" as follows:
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e Add a unary predicate q for each control-state ¢ of A.

e Add a marker marker[vy] to the stack-alphabet for each 7 in the stack
alphabet of I'. The automaton ensures that at most one of these is on
the stack at any one time. Extend the X transitions to treat marker[v]
as v and add a single unary predicate marker asserting that the marker

is on top of the stack.

e We add edges labelled deployMarker that simply rewrites the top ele-
ment of the stack v to marker[vy] without changing the control-state.
(As discussed in Chapter 2, rewriting is a conservative extension when

considering the e-closure).

e Add edges labelled removeMarker that rewrite a marker[vy] on top of the
stack to « without altering the control-state.

e Add edges €<, for each e-transition in A not performing a collapse on

an n-link; a pop,, nor a push,,

o Add edges €push,, for each e-transition in A that performs a push,, oper-

ation.

Now let ¢, be the p-calculus assertion: ‘We can perform deployMarker and
then perform arbitrary e transitions, beginning with a push,, and immediately
removing the marker from the copy, ending up back with the stack at which we
started, and indeed stopping precisely when we end up back where we started,
with the marker on top and in control-state ¢.’

This can be expressed in the p-calculus by the following:

¢q = < deployMarker >< €pysn, >< removeMarker > 1 X.((q A marker)
V (< €>X A —marker))

We define an re-edge to occur whenever we have an €«p,-edge or an €push, -
edge. We additionally add an r.-edge to control-state ¢’ via nop whenever ¢4
holds in the current configuration (possible since it is a uCPDA).

Observe that reachability via r.-edges preserves the original stack alphabet—
markers are only implicitly deployed in the definition of each ¢, they are never
introduced by an actual transition of A"

Now we argue for correctness. We disregard the single a € ¥-transition at
the end of the path since by our w.l.o.g. assumption this is an order (n — 1)-
operation and so not pertinent to the definition of a climb.

First suppose that (g, s)r’. (¢, s") (derived from A). All operations featur-
ing in this path other than a pop,, or a collapse on an n-link can be replaced
directly by an r.-edge. So we just need to show that pop,, and collapse on

n-links can also be replaced. The fact that we are considering a climb rather
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than an arbitrary run tells us that for every stack ¢ occurring in the run wit-
nessing (g, s)rl.(¢/,s') we must have pop,(s) T, ¢ It must thus be that
for every instance of collapse on an n-link or pop,, resulting in a configuration
(p/,t) there must be an earlier configuration of the form (p,t) in the run that
is followed by a push,, operation. But then ¢,/ holds at this configuration and
so there is an re-transition from (p,t) to (p/,t), as required.

Conversely suppose that there is an r} path from (¢, s) to (¢/,s’). Argue
by induction on the length of the path. If pop, (s) T, t, then ¢’ = push,,(t)
and ¢’ = 0(¢) for any 0 € ©,,_1 must satisfy pop,,(s) T, t. Moreover these
operations for r.-edges are directly inherited from the original e-edges and so
the path is as required for these operations. It just remains to consider r.
resulting from a ¢,/ -test at a configuration (p,t) with s C, ¢, resulting in
(p',t). But ¢, asserts the existence of precisely such an e-path. O

Remark 5.3. Since the initial configuration has the empty stack L, and we
can w.l.o.g. view ‘pop, (L) C, t as holding for any stack ¢ (for example by
treating the initial stack as push,,(L,) and ensuring the automaton never pops
down below this) we get that all reachable configurations are monotonically
reachable from the initial configuration via {r. U X}-labelled paths.

The dual of an e-climb is an e-fall; it captures the idea of a configuration
with a higher stack reaching a configuration with a lower stack such that no
configuration in the run descends below the lower stack.

Definition 5.4. Let A be an n-CPDA. An e-fall of A from a configuration
(¢, ) to a configuration (¢’, s’) is an e*-labelled run from (g, s) to (¢, s’) such
that for every stack ¢ occurring in the run (including s) we have pop,,(s") T, t.

The quasi-analogue of A' for falls is A'. However, we avoid needing to per-
form any destructive operations by instead making A} aware of the predicates
that A could satisfy after performing an e-fall. Whilst something similar could
have be done for e-climbs, we need access to the actual result of an e-climbs
from the base of a fall. This will become clearer when we introduce meta-
annotations later in this chapter. Writing G 111 to mean the graph resulting for
deleting all unary predicates not in II from the graph G:

Lemma 5.5. Let A be an n-CPDA with unary predicates I1. Then there exists
an n-CPDA A with stack-alphabet TV and control-state space Q' such that
G(A) = G(A ') and that also has a predicate P* for each P € T such that
P holds of precisely those configurations c from which A has an e-fall to a

configuration ¢’ satisfying P.

Proof. As with the proof of Lemma 5.2 we work with n-uCPDA instead of
n-CPDA, as permitted by Theorem 2.24. In fact we begin the construction of
AL (the uCPDA meeting the requirements that can then be translated to the
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CPDA A') in exactly the same way as A" from Lemma 5.2. We further add
an edge q for each ¢ € @ that transitions to control-state ¢ without altering the
stack; a pop,, edge performing a pop,, operation without altering the control-
state; and a destroy,, edge for every e-edge performing a collapse on an n-link
or a pop,, operation, making the same transition as the e-edge.

We can define the property marker! asserting that a marker has already
been deployed to the top of some (n — 1)-stack below in L,,:

marker! := ;X .(marker V < pop,, > X)

For each predicate P € II the following p-calculus ¢p; sentence defines the
required predicate P!. It asserts reachability whilst making sure the final result
is an e-fall by deploying the marker every time we make a push,, operation,
thereby enforcing that we should eventually descend below the marker:

VYpr = pX.((P A —marker')
V < destroy,, U < €cpn > X
vV (ﬂmarkerl A < deployMarker >< €pyen, > X)
vV (markerl N < €push, > X)))

Note that some stacks during the run asserted to exist by ¥p, may contain
multiple markers at one time (unlike with AT). With A" we were concerned
about knowing when we return to exactly the same stack, whereas here we just
want to make sure that we do not stop until we have returned to the last stack

at which we performed a push,, (in order to get an e-fall). O
We now formally introduce the idea of a bounce.

Definition 5.6. Let A be an n-CPDA. An a-bounce in A from (g, s) to (¢',s’)
in A" is a run consisting of an e-fall from (g, s) to some configuration (¢q”, s")
followed by an rfa-climb from (¢”,s”) to (¢',s’). Let us write (q,s)ba(¢,s)
to indicate the existence of such a bounce.

The significance of bounces is summed up in the following lemma. Whilst
we strictly only need to consider A! we state the Lemma in terms of ATt
as when we come to make use of it (with meta-annotations) we will need to

reference predicates holding at the bottom of the bounce:

Lemma 5.7. Let (q,s) and (¢',s’) be two configurations of a CPDA A and
let (q,L(s)) and (¢', L(s")) be the corresponding configurations in AT wia the
strong isomorphism. Then (q,8)Te=q(q’, ") just in case (q, L(s))boL(¢’, L(s")).

Proof. Suppose first that (¢, L(s))b,(¢’, L(s")). Then by definition there must
be an e-fall from (g, L(s)) to some configuration (¢”, L(s"”)) in AT such that
(¢", L(s"))rl. ,(¢,L(s")). But the latter implies (¢”, L(s"))rl. (¢, L(s)) and
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so there is an €* a path in AT from (g, L(s)) to (¢', L(s"). But this uses edges
inherited from the original A and so (g, $)Texo(¢, 8') in A.

Conversely suppose that (g, $)req(¢’,s’) in A. This must be witnessed
by a run and we may take the right-most element (¢”,s”) in the run such
that pop,,(s”) C, pop,(t) for stacks t to the left of s” in the run. This is
the ‘final lowest point’ the n-stack reaches in the run. By definition of e-fall
we have an e-fall from (g, s) to (¢”,s”). By Lemma 5.2 we must also have
(q”,L(s”))rlZ (@, L(s")) in Al'since pop,, (") Cn pop,(s’) (due to it being
the final lowest point in the run). We thus have the required bounce. O

5.2 Link Trails: Towards Link Elimination for Graphs

Part of our technique addressing the ¥; model-checking problem for CPDA
graphs involves the elimination of outer-most links. The operational part of
the simulation will make use of bouncing (Lemma 5.7). But it is not enough
just to simulate collapse; even if links are never used operationally, they still

provide a feature by which stacks may be distinguished. For example the stacks:

[[abe] [abe]] and [[abe] [abe]]

are different although removing the link from either gives us the same: [ [ abc] [ abc ] ].

We introduce the idea of link-trails in order to capture the differences created by
links after they have been removed. Stacks and atomic elements are ‘coloured’

in a manner that is unique to a particular arrangement of n-links.

Definition 5.8. We overload the la(s) operator to apply to stacks s as well as
individual elements. Let s = [ s1 82 +-- 8, | be a k-stack with 2 < k (located
within an n-stack for k& < n). Define la(s) to be the position of the highest
(n — 1)-stack pointed to by an n-link:

la(s) =max({la(s;) : 1<i<m} U {0}
and when s = [ay a2 ---a;, | is an order-1 stack:
la(s) = max ({ la(a;) : lo(a;) =nand1<i<m} U {0})

So in particular la(s) = 0 when s contains no element with an n-link.
We now describe how stacks and atomic elements can be ascribed one of

four colours in { c<,c—,cs, L }.

Definition 5.9. We ascribe colours to stacks and atomic elements via a func-

tion col(_). Let s =[ay az -+ an | be a 1-stack located in an n-stack. For
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1<i<m:

1L iflo(a;) #n

¢ if for every j < i such that lo(a;) = n we have
col(a;) := la(a;) > la(aj)

c= if lo(a;) = n and the greatest j < ¢ such that

lo(a;) = n satisfies la(a;) = la(a;)

Note that for constructible stacks the above is exhaustive (it is impossible to
construct a stack containing a link with target lower than the target of a link
below it in the same 1-stack).

Now let s :=[ 81 82 -+- S, | be an order-k stack in an order-n stack for
n >k > 2 (in particular we allow k& = n in which case s is the whole n-stack).
We then set col(s;) for 1 <1i < m as follows:

e ifla(s;) >max({la(s;) : 1<j<i})
col(si) == c=  ifla(s;) =max({la(s;) : 1<j<i})
ce ifla(s;) <max({la(s;) : 1<j<i})

The next step is to show how a CPDA can dynamically assign colours to
its stacks correctly. We restrict ourselves to automata that only have n-links
so that the only way to destroy internal stacks is using a higher-order pop
operation. Let s be an n,-CPD stack over the alphabet I".  We define the
colour tracking stack colTr(s) to be the stack over the alphabet:

n—2

' U I'x{l,ec,es }x H{c<,c:,c> Ty [1a(n=1) ] x {eeyemyes )
i=0

We construct colTr(s) from s by first replacing each atomic element a that

emits a link in s with an element
(@, 0, (B, B0y ), (Bhe- o BE ), (B272))
where:
e ¢p :=col(a)
e For each i,j such that 0 <i < j <n—11lets; := top;,(5<q). Then:

— Abuse notation by taking top,,,(s) := s. If there exists another
element a’ below s; in top; ,(s<s;) such that la(a) = la(a’) that

has been assigned b/, then b} := b/}.

— Otherwise b’ := col(s}) := col(top,(s<s,;))-
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We finish the construction of colTr(s) by adding a decoration (i,col(s;)) on
top of each i-stack s; in s for 1 <i<n—1.

The idea is that each component stack of s is annotated with its colour and
the additional decorations provide the necessary information to determine how
a stack operation affects the colours.

It will be useful to have a procedure executable by an n-PDA that lo-
cates the lowest element a in top;,(colTr(s)) such that la(a) > la(a") for
all other elements a’ in top,,,(colTr(s)). We can do this by first finding the
(i — 1)-stack containing the requisite a, then the (i — 2)-stack within that stack
containing a and so on. More precisely we recursively apply the following to

top;, 1 (colTr(s)):

e If i =1 and the colour of the top, element is cs, then the top, element

is the required a.

o If the colour of the top, stack for ¢ > 1 is ¢s, then recursively apply the

procedure to the top, stack.

o If the colour of the top, stack for ¢ > 1 is c= or c., then the requisite
element must lie below (by definition of colours), so perform pop; and
recursively apply the procedure to the new top, ., stack. (Note that pop;
will not alter any colours since the discarded stack cannot contribute

anything beyond that which is below it since it does not have a ¢s colour.)

Let us call this procedure FLHPE; | ‘find the lowest highest pointing element
wn the top, 1-stack’.

The utility of finding such an element a becomes clear when we want to
perform a pop,,; operation on colTr(s) (for 1 <i < n — 2) and learn the new
colour of the top,, ;-stack (for i < j <n — 1) after performing this operation.
When the top,,, stack being discarded has colour ¢ together with all of the
top, 1 stacks for i < k < j, the required information will appear on the bé
decoration of a located by FLHPE; ;:

Lemma 5.10. Let s be an n,,-stack. Leta := (a,co, (bY,...,0% 1), (B3, ..., bL 4
be the lowest occurrence of an atomic element in top; (colTr(s)) such that
for all other occurrences of an element a’ in top,,(colTr(s)) we have la(a) >
la(a’). Then col(top;  ,(colTr(s))) = c~ for everyi < k < j implies

col(top; 1 (pop; 1 (colTe(s)))) = b} for 0 <i < j<n.

Proof. By the definition of a we must have col(top,_,(colTr(s)_,)) = ¢ for
all 0 < k <. If additionally col(top,,,,(colTr(s))) = ¢ for every i < k < j,
it must be the case that la(a) > la(a’) for all occurrences of an element a in
top;2(colTr(s)) below a and so in particular below top; ;. The result then
follows by the definition of bj. O

)y (0,71)
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It is also helpful to be able to use colour annotations to recover which stacks
contain fresh links.

Lemma 5.11. Let s be an ny-stack. Then for each 2 < i < n, the stack top,(s)
contains an n-link from an atom a with lr(a) = 1 iff col(top,,(s)) = ¢~ and
additionally for each j such that i < j < mn we have col(top;(s)) € { c=,c> }.

Proof. First suppose that top;(s) contains an n-link from an atom a with
Ir(a) = 1. Since no link in the (n — 1)-stack below can source a link with
the same target, we must have col(top,,(s)) = ¢s. Moreover, no link in the
top,,(s) stack can have a target above that of a. Since top,;(s) contains a,
top;(s) must contain a for i < j < n and so col(top;(s)) € { c=,c> }, as
required.

Now suppose that the right-hand-side of the ‘iff” holds. Since col(top,,(s)) =
¢> the top,, stack must contain a fresh n-link as all other n-links in the top,,
stack would have been created and so exist in an n-stack below it. Suppose
for contradition that top;(s) does not contain a fresh n-link. Then there must
be a maximum j with i < j < n — 1 such that top;(s) does not contain a
fresh n-link. But since top,, does contain a fresh n-link there must exist an
n-link below top,;(s) in top,,(s) whence we would have col(top;(s)) = c<, a

contradiction. O

The following Lemma tells us that we can preserve the correct annotations
whilst manipulating an n,-stack. Unfortunately we do not have a version of

this Lemma for n-stacks containing links of other orders.

Lemma 5.12. Let s be an n,-stack over an alphabet I' and let 6 be an n-stack
operation. There then exists a ‘compound stack operation’ 8" (that may include
operations conditional on observations made using a finite number of control-
states) such that colTr(6(s)) = 6'(colTr(s))—i.e. 8" could be implemented by

an n,-CPDA. Moreover the number of operations in 0" is bounded.

Proof. Consider each possible # in turn.

If it is a push, operation, then if no link is attached, no colour is affected
and we can simply take 6’ = 6.

If it is a push(™ operation, then we first pop off the colour annotations on
top of the stack. In the light of Lemma 5.11 these colour annotations allow us
to deduce the set F' C [2..n] of elements ¢ such that top,(s) contains a fresh
n-link. The colour of any top,-stack with ¢ € F is unchanged since they already
contain a link with the highest possible target. The colour of top,-stacks with
i ¢ F (with ¢ € [1..n]) are set as follows (which do not necessarily but may

result in a change of colour):
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e if i+ 1 € F and col(top,(s)) € {c<,c=}, then a stack below top,(s) in
top;y1(s) already contains a link and so the new colour of the new top,

stack is c—.

e otherwise the new top, stack has colour ¢ (it either already has this
colour or else i + 1 ¢ F and so this is the first fresh link in top, ,(s)).

Note that this ensures the colour ¢y of the new atomic element to be created
is either c— or ¢~ depending on whether there already exists a fresh link below
it in the top, stack. The actual element being pushed onto the stack has the
form:

(ayco, (09,00 ), (bh, ... 0L ), ..., (bT2))

n—1 n—1 n—1

where we take bé as follows:

e Note that it is impossible for there to be an element in a lower (n — 1)-
stack containing the same pointer as the freshly created a. If j < n—1 and
J+2 € F and col(topy,(s)) € {c<,c=} for some i < k < j then there
must exist another fresh element a’ below the top, ., stack in top;, ,—
i.e. an element with a link of the same target as the element a being
created. In order to comply with the definition of colTr(push{™"(s)) we
can apply the procedure FLHPE; 5 to a temporary copy of topj+2(s)
(such a temporary copy can be created using push o since j <n— 1) in
order to find the lowest such element a’. We then set b} := b/’ where b/
is the corresponding parameter for a'.

e Otherwise no such element a’ exists so we must set b} to be the re-
sulting colour of the top;,; stack if we were to perform a pop,; op-
eration. If i = 0 then b} := col(top,(colTr(s))) (i.e. the colour of
the top,,, stack prior to adding the new atom). If ¢ > 0 then observe
that pop;,(colTr(s)) = pop; 1 (colTr(pushi"(s))) and so in particular
col(top; 1 (pop; 1 (colTr(s)))) = col(top; 1 (pop; 1 (colTr(pushi™(s))))).
We thus set b} to be the colour that we would have set the top;, to be
had we performed pop,,; on s. This procedure is detailed below (if
FLHPE; 1 has to be carried out on top, , it should be done on a tem-

porary copy of top, ).

If & = pop, for 1 < i < n, then it is only necessary to update the colour
annotations for the new top;, stack withi < j <n (by popping them off and

pushing on new appropriate annotations).

o If there exists a k with ¢ < k < j such that col(top,(colTr(s))) €
{e<, c=}, then we must have col(top ;(pop;(colTr(s)))) = col(top,;(colTr(s)))
(i.e. the colour of the top; stack remains unchanged). This is because
there is a link in the top; stack below the top, stack (in which the top;
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stack being discarded resides or else which is the same as the stack being
discarded) that points at least as high as any link in the top, stack.

e If no such k exists (so that col(top,(colTr(s))) = cs for every i < k < j)
but col(top;(colTr(s))) € {c<,c=}, then col(top;(pop,(colTr(s)))) = c<
since we are discarding the highest pointing link from the fop; stack that
only points at most as high as any (j — 1)-stack below the top; stack.

e Otherwise col(top,(colTr(s))) = ¢ for every i < k < j. We can then
apply FLHPE; to top,;(colTr(s)) to discover the new colour of the new

top; stack using Lemma 5.10.

If & = pop,, then we can just have §' = pop,, as no colour annotations will
need changing. Likewise since we only have n-links we may take 6’ = collapse
when 6 = collapse.

If 6 = pushy, for 2 < k < n, then we discard all colour annotations (i, c;)
on top of the top,,, stack for ¢ > k, perform a push; operation changing the
colour annotation on top of the resulting top-most k& — 1 stack to (k — 1,c=)
and replacing all of the previously discarded decorations unchanged. The colour
annotations on i-stacks for ¢ > k — 1 will remain correct as no new links are
created and those on i-stacks for ¢ < k — 1 will remain correct as they depend
only on what was copied in its entirety by the push; operation.

Observe how none of the b; values of atomic elements in the copied stack
need changing. Overloading the notation a consider an atom

a:= (a,co, (09, ..., 0% ), (b3, ... b 1), ..., (077D)
occurring in the newly created (k — 1)-stack.

e For 0 <i < j <k — 1 note that top;,(pushy(colTr(s))) is a copy of
a (j + 1)-stack either in or equal to the (k — 1)-stack below. Since the
meaning of b% is completely determined by the (j 4 1)-stack in which it

resides, this remains correct.

e For 0 <i < j =k —1note that a is a copy of an element (in particular
with a link to the same target) in the top; 5 (j+ 1)-stack below the new

top;,; stack and so in particular below the new fop,, stack.

e Fori <k—1< j<n-—1we must also have that a is a copy of an element
with the same link in the top ;5 (j+1)-stack below the new top, ., stack.

e For i > k — 1 we have pop,(push,(colTr(s)).,) = pop;(colTr(s)_,.),
where a’ is the original from which a is copied. Hence correctness is
inherited.
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We informally use the phrase link trail to refer to the extra information
bourne by a stack colTr(s) in contrast to s.

Link trails allow us to uniquely reconstruct links in a stack. Write stripln(s)
to denote the result of deleting links from a stack s.

Lemma 5.13. Given two constructible n,-stacks s and s’ we have s = s iff
stripIn(colTr(s)) = stripln(colTr(s)).

Proof. The functionality of colTr(s) implies the left to right direction.

For the other direction suppose that stripln(colTr(s)) = stripIn(colTr(s)).
We give a method that allows one to recover the target of a link in s from the
corresponding position in stripln(colTr(s)), which means that this equality
implies s = 5.

It suffices to give a procedure that given colTr(s)_, for some atom a in
colTr(s) will locate a lower element in the stack that has the same link. When
colouring tells us that there is no lower element (using Lemma 5.11) we know
that the link must point to the (n — 1)-stack immediately below and thus have
recovered the target of the original link. We may use Lemma 5.12 to ensure
that the annotations in the stack remain correct during the procedure.

Consider an atom a in colTr(s) and let so := colTr(s<,)—this can be
computed using Lemma 5.12 with a suitable sequence of pop operations to
locate a. If there exists an a’ below a in s with a pointer to the same target,
then there must exist a least ¢ with 0 < ¢ < n such that col(top,;(s0)) # c>.
The leastness of i means that a is the highest pointing element in the top;, ; (so)
stack (when i > 0).

If col(top; 1 (50)) = c=, then we may apply FLHPE; ;5 on top;  »(pop, ,(s0))
to find a lower element with a pointer to the same target. This is correct since
by assumption a is the highest pointing element in top; ,(so) and so by def-
inition of c—, @ must share a target with the highest pointing elements in
top;yo(s0)-

If col(top;,,(s0)) = c< then there must be an element b below it in
top; 1o (pop;1(s0)) that points to a higher target. Since we are considering
only stacks that are constructible (from the empty stack) we may consider the
sequence of order-(i+1) stack operations that were used to construct top; 5 (so).
After a pushl{l’" operation creating an element with the same target as b there
could not be any further push‘f,’" operations creating a link with the same tar-
get as a (since a points lower than b and new links can only point to the stack
immediately below). This means that the occurrence in a on top of top;,(so)
must have been created by a higher-order push operation. Indeed it must have
been created by a push, o operation since it is the lowest element with its tar-
get in top;, 1 (so). This means that top,, ,(so) is a prefix of top; | (pop;,2(s0))
and we can use this fact to find a lower element with the same target. O



5.3. Link Elimination for ¥X; properties on n,-CPDA

99

5.3 Link Elimination for ¥; properties on n,-CPDA

In this subsection we construct an n-PDA over which we may express properties
equivalent to a 31 property holding of the original n,-CPDA graph. Given an
n,-CPDA A we define the illumination lum(A) of A to be the result of adding
link trails to its stack. The automaton lum(.A) generates the same underlying
graph (up to e-closure) but makes use of Lemma 5.12 to ensure equality between
two different lum(A) stacks does not depend on n-links.

Lemma 5.14. Let A be an n,-CPDA. Then there exists an n,-CPDA lum(A)
such that G¢(lum(A)) = G(A) and further such that for any reachable con-
figurations (¢, s), (q,s") of lum(A) we have s = s’ iff stripIn(s) = stripIn(s’).

Proof. We define lum(A) to be the n,-CPDA with the stack alphabet induced
by colTr(_) that replaces all operations of A generating an a-edge with a com-
pound operation from Lemma 5.12 where the compound generates a path of
the form e*a. Lemma 5.13 ensures that s = s’ iff stripln(s) = stripIn(s’) for
any stacks s and s’ reachable by lum(A). The predicates for lum(A) are in-
duced by those for A by projecting the stack alphabet and control-states of
lum(.A) onto those of A. O

We now add a mechanism by which we can simulate edges in the graph
without needing to actually perform the collapse operations. Indeed it will
remove the need to perform any stack operations at all. This is achieved by
decorating (n— 1)-stacks within an n-stack with information about the control-
states from which a complete n-stack could be reached via an €*a-climb. By
asserting the existence of a suitable e-fall to such a decoration, we can assert
the existence of a bounce witnessing reachability, as illustrated in Figure 5.1.

In order to assert the non-ezistence of an edge between (g, s) and (¢', ") we
assert that there is no e-fall to a suitable point. As suggested by Figure 5.2, this
requires the (n — 1)-stacks to be decorated with information about all possible
stacks that can be monotonically generated from it. Because this requires
quantification over multiple runs and a CPDA can only perform one run at a
time, it is necessary for the CPDA to guess the appropriate annotations and to
externally verify them. We will thus add a predicate to our logic asserting that
all of the decorations are ‘correct’ and then subsequently show that this logic
is decidable for n-PDA (i.e. n,-CPDA with their outer-most links eliminated).

Definition 5.15. Fix k£ € N and let A be an n,,-CPDA with control-states @

and edge-labels in X. A k-meta-annotation for Ais a |E|.k-tuple ((Qf)aes, - - -, (QF)aex)

where each component is a subset of Q.

Given an n,,-CPDA A and k € N the n-PDA GrStriplng (A) is formed using

the following recipe:
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> > >

n-stack ops (n — 1)-stack ops n-stack ops

(n — 1)-stackops
Assert_e-fall to included in climb)

orange decoration
range decoration

asserts e*a-climb

Figure 5.1: Asserting the existence of a bounce without performing any stack
operations.
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Figure 5.2: Guessing the manner in which a stack may be produced from
bottom up. This involves decorating the top of each stack with a guess as
to which control-states at that stack could yield which control-states upon
generating the whole stack. When two stacks being compared share a common
initial segment, the guesses for each stack should decorate both sets of stacks
in the shared initial segment.

e Take the n,~-CPDA lum(.A) and modify it so that a single k-meta-annotation
(QY)aess - - -, (QF)aex) is kept at the top of every (n — 1)-stack. No re-
striction is placed on what this may be (it is non-deterministically chosen
from amongst all k-meta-annotations). We add a predicate
Met(((Q})aes, - - -, (Q%)acx)) holding at all configurations with the cor-
responding meta-annotation on top together with a predicate
Met (g, (Qf)aex, - - -, (QY)aex)) additionally asserting that the automa-
ton is in control-state q. Unary predicates are inherited directly from
A on the basis of control-state and stack symbol immediately below the
meta-annotation. Call this n,-CPDA lum(A); .

!
e Let GrStripln,(LA)~ be the automaton Ium(.A)'kFT .

e Finally GrStriplng(A) is GrStripln,(,A)~ restricted to edges that do
not perform a collapse or a pop, operation, and we remove all links.
Thus GrStripln,(A) is an n-PDA. We further add an edge stackComp
from each configuration (g,s) to a configuration (s?,s) for a distin-
guished control-state s?. This allows stacks from different configura-

tions to be manipulated and compared without prejudice to their control-
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states. Also add an edge labelled p for every p € @ such that for any
control-state ¢ of GrStriplng(A) and control-state p corresponding to p
we have (¢, s)p(p, s). Add an edge pop,, from each (g, s) to (g, pop,,(s)).

Let us break down each stage of this construction. We need to classify the
stacks for which the k-meta-annotations are considered ‘correct’—something
that lum(A);" has no control over itself —it is a constraint imposed from the
outside. Indeed correctness is only defined for k-tuples of configurations since
every meta-annotation references reachability to each of k different configura-

tions. This correctness property is known as consistency.

Definition 5.16. Let (q1,51), ... (gk, sx) be reachable configurations of lum(A); .
Then we say that this k-tuple of configurations is consistent just in case the
following conditions are met:

e For each ¢ with 1 < ¢ < k it is the case that each (n — 1)-stack in s;

contains precisely one meta-annotation, which must occur on top of it.

e Suppose that t C,, s; for some 1 < i < k. Then the meta-annotation on
top of top,,(t) must be ((Q7)acs, - - -, (QF)aex) where for each 1 < j < k:

Qi :={qeQ : (¢.t)rl,(g.5)}

Note that QF = () if there is no €*a-climb from any configuration (g, t) to
(gj,s;), which in particular is the case if pop,, (t) £, s;.

Now let L be the map from lum(A) " -stacks to GrStripln, (A) ~-stacks wit-
nessing the strong isomorphism G¢(lum(A)") £ G¢(GrStripln,(A)7) 1m.x,
where IT and ¥ are the unary predicates and edge labels from lum(A)" . So if
(¢,5) is a node of G¢(lum(A)"), the corresponding node in G¢(GrStripln, (A) ™)
is (¢, L(s)). Note further that since GrStripln,(.A)~ is monotonic, deleting de-
structive transitions will not change the set of reachable configurations. Thus
(g,stripIn(L(s))) is also a reachable configuration of G¢(GrStripln,(.A)). By
Lemma 5.14 L(s) is completely determined by stripln(L(s)), and so for nota-
tional convenience we drop the stripln() and view (g, L(s)) as the ‘configuration
of G¢(GrStripln (A)) corresponding to (g, s)’.

Lemma 5.17. For each k € N and n,-CPDA A, there exists an MSO for-
mula con(x1, T2, . .., k) such that reachable configurations (q1,$1),- - -, (qk, Sk)
0f|um(A)+ are consistent just in case:

GrStripin, (A) & con((q1, L(s1)), - - (qx, L(sk)))

and such that for every i with 1 < i < k, GrStripln,(A) E con(cy,...,cx)
implies that ¢; = (q, L(s)) for some reachable configuration (q,s) of lum(A)*.
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Proof. First observe that for Ium(A)',: configurations (q,s) and (¢’,s’) with
corresponding GrStripln, (A) configurations = = (¢, L(s)) and y = (¢’, L(s"))
we can MSO-define s C,, s" in G(GrStripln,(A)) using a standard least fixed-
point construction:

r C, y = 3X.(32".zstackCompz’)(Jy .ystackCompy').
(@' € X A ¢c, (X,y) A WYi(¢c, (YY) — X CY))

where
oo, (X, 2 y) = V2 (2€X « (z=vy Vv (3 € X).2'pop,,2))

We do indeed have s ,, " iff L(s) C,, L(s’) since strong isomorphisms preserve
stack structure.

We additionally need a way of capturing the configurations of GrStripln, (.A)
that correspond to the reachable configurations of Ium(.A)Jr, namely those
monotonically generated by GrStriplng(A) " :

R(z) = 3X. 32 (2 € X A ¢or(X) A VW.(¢r(Y) — X CY) A \/ 7' ax)

where

dr(X) = Vz.(zeX & (z=c¢ V (32 € X).(2'rez V \/ Z'az))

aesU{e}
where ¢g is the initial configuration. Using a standard least-fixed-point con-
struction, R(x) defines those configurations of GrStripln, (A) reachable via an
(re + X + €)*X-labelled path. By Remark 5.3 these are precisely the configu-
rations of GrStripln, (A) corresponding to those in lum(A)*, noting that no
re-edge is deleted in forming GrStripln,(A) from GrStripln,(A)~ since the
latter is monotonic via r.. Also note that our w.l.o.g. assumption that all
Y-labelled edges perform an order-(n — 1) operation prevents any Y.-labelled
edge from being deleted.

For lum(A);" configurations (¢, s) and (¢, s') with corresponding GrStripln, (A)
configurations z = (¢, L(s)) and y = (¢, L(s")) we can MSO-define (¢, s)r. (¢, s')
for a € ¥ in G(GrStripln, (A)) with the ¢*a-climb interpreted over lum(A) ™ by
defining z7,-,y in G(GrStripln, (A)). These two are equivalent due to Lemma
5.2 together with the w.l.o.g assumption that all 3-labelled operations are
order-(n — 1).

arly = reeqy = 3X.(F y'ay).(y € X N ¢p . (X, 2) A
VY.(¢r,.(Y,2) — X CY))
where

Or. (X,2) = V22 €X & (z=2 V (I € X).2re2))
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We define a predicate meta asserting that a configuration has a meta-
annotation on top:
meta(z) = \/ Met(m)(z)
meM
where M is the set of meta-annotations. We also define the following predicates
that can be used to express some basic properties about the meta-annotation
on top of a stack:

lq € QF](x) = \V Met(m)(z)
m=((Q)aes - (Q)aex)EM
qeQY

foreach 1 < i<k, a € ¥ and ¢ € Q. We can now read off the definition of
consistency to define:

k
con(zy,xs,. .., 2k) =Y. (\/a: C, a:1> —
i=1

meta(z) A /\ [q € Q%(z) « Fy.(R(y) A zqy A yrl. i)
1<i<k
a€EX,qEQ

O

Lemma 5.18. Let A be an n-CPDA with stack-alphabet T'. For every quanfi-
tifer free formula ¢(x1,...,x) in FO and configurations (q1,51),- - -, (qk, Sk)

in GE(A):
G(A) F d((g1,81)--s (arss8)) & G(um(A)) E d(ai,ta), - (ks 1)

whenever (q1,t1), ..., (qr, tx) are consistent reachable configurations of lum(A);
and mr(t;) = s; for each 1 <i <k.

Moreover for every set of A configurations (q1,81), - - -, (qk, Si) there exists a
consistent set of reachable configurations (qi,t1), ..., (qk, tx) of Ium(A)z such
that mr(t;) = s; for each 1 <i < k.

Proof. For the first part argue by induction on the structure of ¢. For the base
case note that unary predicates are inherited directly from A and the fact we are
considering e-closure ensures that binary relations are also directly inherited,
despite the additional steps of maintaining meta-annotations. For equality we
must appeal to consistency. The )¢ component of any meta-annotation m
containined in one of the ¢; is uniquely determined by (g;,s;) (or indeed by
(¢i>t:)) and t;_,
will have (g;, ;) = (gj,t;) just in case s; = s;.

by definition of consistency. Thus for any 1 < i,j < k we

Conjunction and negation are straightforward applications of the induction
hypothesis.
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The second part is immediate from the fact that we just need to choose @
for each meta-annotation to be the unique set specified by (gi, s;). [l

Lemma 5.19. Let A be an n-CPDA. For every %1 sentence ¢ in FO we can

construct an MSO sentence ¢E such that:
G(A) F ¢ < G(GrStripin(k)) F ¢

Proof. Without loss of generality (due to prenex normal form) let us assume
that ¢ = Jxq.3xs. - Jzg.¢' (21, ..., ) where ¢’ is quantifier free. For each
reachable configuration (g, s) of lum(A); let (¢, L(s)) be the corresponding
reachable configuration of GrStripln4(k). By Lemma 5.18 it suffices to con-
struct a quantifier free MSO formula ¢/ (x1,...,2E) such that for consistent
(q1,51),- -+, (qK, sK):

G (lum(A)) F &' (a1 51),--, (a s6) &

G(GrStriplng (A)) F ¢'((q1, L(s1)), -, (qx, L(sk)))

We can then take

k
¢ = Fzy -y (/\ R(z;) A con(z1,...,25) A ng’(xl,...,xk)>
i=1

where con is the MSO formula taken from Lemma 5.17 and R is the reachability
predicate taken from the proof of Lemma 5.17.

We define qg’ by induction on the structure of ¢’. The atomic cases of
equality and unary predicates can have qg’ = ¢’ due to the strong isomor-
phism between lum(A);" and GrStriplny,(A)~ together with the fact that re-
moving links does not affect equality for Ium(.A)z. Binary relations must be
given a more sophisticated translation since some edges are removed in forming
GrStriplng (A). We therefore appeal to Lemma 5.7 telling us that (¢, s)a(q’, s")
in G¢(lum(A)) just in case (g, L(s))ba(q’, L(s)) in GrStripln,(A)~. When
¢ (x,y) = zax; (so y = x;—every variable must be of the form x; and the i is
significant here for meta-annotations) we thus express the existence of such a
bounce by taking:

Saa) =\ N\ Met(gm) ()

q€EQmeM; ,

where @ is the set of control-states of A and M , is the set of meta-annotations

((chl)aEEa cee (QZ)aEE) such that ¢ € QF.
Negation and conjunction is a trivial application of the induction hypothe-

sis. O

Remark 5.20. The method behind the proof of Lemma 5.19 does not generalise
to sentences with quantifier alternation since consistency requires a k-tuple of
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01234567

Figure 5.3: Simulating stacks with runs

stacks to be fixed. If one fixes a stack with an existential quantification and
then endeavours to add a universal quantification, there may be some stack over
which the universal quantifier ranges that does not honour the information in

the meta-annotations embedded in the fixed (existentially quantified) stack.

Since GrStripln, (A) is an n-PDA it must be the case that G¢(GrStripln 4 (k))
has decidable MSO theory [27]. Lemma 5.19 therefore implies:

Theorem 5.21. Let A be an n,-CPDA. Then the ¥ theory of G¢(A) is de-
cidable.

We now look at extending this result to cover n(,_1)-CPDA, although we
only have a complete proof for 35-CPDA.

5.4 The Derivative of a CPDA

It is possible to simulate an n-stack by a subsequence of a run of an (n — 1)-
CPDA, which we call the the derivative of the original automaton. Consider
the illustration in Figure 5.3. A monotonic n-CPDA can build up its stack one
(n — 1)-stack at a time, never destroying any of its constituent (n — 1)-stacks.
Such an n-stack is illustrated at the top of the figure. After the automaton has
constructed one (n — 1)-stack it will perform a push,, and move on to construct
the next. A series of (n — 1)-stack operations follow in order to construct this
next stack prior to performing another push,,. In this respect, the construction
of the n-stack can be viewed as a run, illustrated at the bottom of the figure.
The red stacks represent the (n — 1)-stacks produced whilst generating the
constituent green coloured stacks. Of course, an associated run may not be
unique as there may be multiple ways of generating each green stack from its

predecessor—i.e. the intervening red stacks are not uniquely determined.

Definition 5.22. Let A be an n-CPDA. The derivative 0(A) of A is the
(n — 1)-CPDA that shares the same stack alphabet and set of control-states
as Al but removes all transitions performing an order-n operation (including
collapse on n-links). Only those labelled r. performing a push,, operation are

replaced with a transition bearing a fresh label r? and performing nop.
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Ezxample 5.23. Consider a 2-CPDA transition:

re.r"

(g, ] [ abaabc | [ abaac]])

(¢, ][ abaabe | [ abaac | [ abacca ] ])

where the first r. performs a push,, and the subsequent ones order-(n — 1)
operations. In the derivative this transition corresponds to:

D ,.m
T

(q,[ abaac]) ———— (¢, | abacca])
Recall that stripln(s) for an n-stack s is just s with its n-links removed.
The significance of the derivative is summarised by the following lemma:

Lemma 5.24. Let A be an n-CPDA with initial control-state qy. Let L be
the strong isomorphism relating A to A'. Then A can reach a configuration
(q,8) with stripIn(s) = [s1,...,8m] iff there exist control-states qi,...,qm—1
such that

(q07 L(J—n))r(re—Q—E)* ((]17 L(Sl))rrp(re—Q—E)* o Trp (o 43)* (qula L(Smfl))

TTP(T€+Z)*Z(q7n7 L(Sm))

Proof. This is just a definition chase (recalling that ¥-edges are assumed to be
order-(n—1) operations). In particular the monotonicity of A" demands that all
stacks can be constructed without performing pop,, or collapse on n-links. [

The Annotated Derivative

We wish to add meta-annotations to arbitrary n-stacks and express consistency
in terms of derivatives. Since consistency is defined in terms of k-tuples of con-
figurations, this needs to be paramaterised by k. This is the derivative equiv-
alent of Ium(A)Z—it can non-deterministically select any meta-annotations
that it likes; correctness will be imposed externally.

In addition to our assumption that Y-transitions only perform order-(n—1)
operations, it is convenient to assume w.l.o.g. that the only stack operation

that A can perform in its starting configuration is push,,.

Definition 5.25. Let A be an n-CPDA with edges ¥ and control-states Q.
Let A',f be A adapted to keep a non-deterministically chosen meta-annotation
(@})aes, -, (QY)acx) on top of each stack (using e-transitions). Predicates
metaConfig(m) and metaConfig(q,m) are added for each ¢ € @) and meta-
configuration m that hold in a configuration with control-state ¢ and meta-
configuration m on top of the stack. The k-annotated derivative Of(A) is

1
(9(./4;T ) where we add reachable configurations of the form:

(Pv I,b, ((Qlll)aezv SRR (Qz)aez)a 5)
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Figure 5.4: The derivative tree of four n-stacks.

where s is a stack reachable by 0x(A) and (P, I,b, (QF)aex; -, (QF)aes))
is an additional ‘control-state’ where P C @, I C [l.k], b € B and
each Qf C @ so that ((Q)aes,---,(QY)acx) is a meta-annotation for A.
These additional configurations are referred to as meta-configurations. An
edge stackEq is attached between every pair of configurations sharing the same
stack. This facilitates stack comparison. We also add additional control-states

(absorbed into e-closure) and edges reachTest, ) and reachTest, , .») for

q,9",a
each ¢,¢' € Q and a € ¥ U {e} so that we have an e*reachTest(, ,/ ,)-path

or an e*reachTest, . ,7)-path from a configuration (p, s) to (p', s) just in case

!
there is respectively an 77 a-path or r*’r*a-path from (g, s) to (¢, s) in G(AzT ).

The intuition is that (P, 1,0, ((Qf)aes, - - -, (Q%)acx), ) represents an (n —
1)-stack within an n-stack ¢ of A where P contains precisely those control-
states in which we may be after constructing t<s, and ((Q{)acs, - .-, (QF)acs)
is the meta-annotation to be assigned to the top of s. The set I tracks which
of the k stacks we are currently representing and the flag b is set to t just in
case we are representing the top (n — 1)-stack of one of the k stacks.

Our aim is to arrange some meta-configurations of Ji(A) into a tree that
represents a k-tuple of A-configurations whose stacks are annotated with meta-
configurations in a consistent manner. This tree representation will branch at
a point where the A-stacks contain (n — 1) stacks that differ. We illustrate this
in Figure 5.4. The orange regions in the figure show regions where the stacks
have (n — 1)-stacks in common. Note that for a bounded number of A-stacks
the number of these orange regions will be bounded.

The following defines the child relations of the tree:
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Definition 5.26. Let A be an n-CPDA with control-states Q. For each 1 <
I <k we define the ({4 1)-ary relation 8; between meta-configurations of dx(A)

where

(Pa Ia f7 ((Qlll)aEEa ey (QZ)(IEE); 8) 8[ (Pj7 IJ? b]a ((Qtllj)aexv RS (QZj)aEE); Sj)lgjgl
just in case:

LP = {p : (p,8)rew:(p,s;)forp € P }, where reachability is
interpreted in O (A).

2.I; NIy = Dforevery 1 <j<j <L

l
3. Uil I = L.

4. If b; = t, then |I;| = 1 with say [; = { j } and Q?] ={gq } for
some g; € P; for every a € X. The jth child would then represent the
7th configuration in the k-tuple and the represented configuration would
have control-state g;.

5. For every 1 < j < j' < [ such that b; = bjy = t, either s; # s;; or
Q;‘J #* Q;?,  for every a € X. (Ensures that every path in the stack
represents a distinct configuration—i.e. differs in at least one of stack or
control-state.)

6. s; # sy for 1 < j < j' <l where b; =b;; =f.

7. For each i € I, a € ¥ and for every 1 < j/ <[ such that either b;; # t or
bjr =t but i # ;' (i.e. excluding that covered by item 4):

{aeQ : (¢85)rr=a(g,55) } where there exists j € [1..1]
?j’: s.t. bj:tandi:j'
U jee[b__l] {qe@ : (¢,85)r:(¢',55) } otherwise
q'€Qy;
{qe@ : IpeQ.q,s)rv:(p,s) and (p, s)rr, r2a(q;,8;) }  where there exists j € [1..]]
Qo = st.bj=tandi=j

Uje[b-l] {qe @ : 3peQ.(p,s)rs:(p,s) and (q,s)rr, :(¢',5;5) } otherwise
q'€Qy;

8. Ifigé[theanj:(Z)foralllgjglandaEE.

9. Forevery 1 < j <[the jth configuration must satisfy metaConfig((Q‘fj)aeg, ce, (sz)aeg).
This ensures the meta-configuration is reflected in the stack structure so
that it can be refered to by the ! predicates.
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Definition 5.27. A k-derivative tree root for an n-CPDA A and k € N is the
meta-configuration ({qo}, [1..k], f, M, [M]) for any meta-annotation M, where
qo is the initial control-state of Jx(.A). We say that a meta-configuration M is
a derivative leaf just in case its Boolean flag is t.

We are now in a position to formally define the k-derivative-tree of an
nn—1.2-CPDA A, which is the tree illustrated in Figure 5.4.

Definition 5.28. Let A be an n(,_1) 2-CPDA with stack-alphabet I" and
control-states @ and let k € N. A k-derivative tree of A is a tree of meta-
configurations with the k-derivative tree root at the root of the tree; a node
m has children mq,mo,...,m; just in case m@ymims - - - my; the leaves of the
tree are derivative leaves.

Let .AZ' be as in Definition 5.25. Let I'" be I" extended with meta-annotations
for A (i.e. the stack-alphabet of Af). We say that the A -configuration
derived from a branch co,c1,...,c, of a k-derivative tree of A (where ¢ is
the root and ¢, is a leaf) is the configuration of A™ of the form (g, s) where

s = mr+([s0s1 - - - sr]) such that:

e The (n — 1)-stack s; is the stack associated with the meta-configuration
cj foreach 1 < j <.

e ¢ is the unique control-state of A such that Q¢ = {¢} in ¢, where I = {i}

in ¢,.

Remark 5.29. The restriction on leaves of k-derivative trees ensures that a k-
derivative tree has precisely k£ branches. This is because the root of the tree has
I = [1..k] and the leaves of the tree have |I| = 1 with disjoint union equalling
the I at the root.

We adapt our previous definition of consistency (Definition 5.16) to our

current setting.

Definition 5.30. Let (q1,51),. .., (qk, k) be reachable configurations of A} .
Then we say that this k-tuple of configurations is consistent just in case the
following conditions are met:

e For each ¢ with 1 < ¢ < k it is the case that each (n — 1)-stack in s;
contains precisely one meta-annotation which occurs on top of it.

e Suppose that ¢t C,, s; for some 1 < i < k. Then the meta-annotation on
top of top,_;(t) must be equal to ((Qf)aes,-- ., (QF)acx) Where:

Qt={qeqQ : (¢,t)rl (g, 5:)}

The following Lemma characterises consistent configurations of AT in terms

of derivative trees of O;(A). The reader concerned about getting lost amongst
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C’

C—

B B B

Figure 5.5: Why a derivative tree correctly represents consistent configurations:
In order to go from L to C’ monotonically, it is necessary to pass through
C, corresponding in the derivative to rPr¥ (preceded by r? from L back to
itself). Likewise for R to get to C’ it is necessary for it to pass through C,
corresponding to r} in the derivative. Noting that top,, stacks of R and C' are
siblings in derivative tree and top,, of L the parent, we can see how rule 7 of
the tree relation locally propagates global reachability.

subscripts might actually find Figure 5.5 more readable than the proof! This il-
lustrates how the tree relation propagates global reachability in a local manner,
which is the reason why the Lemma holds.

Lemma 5.31. Let A be an n(,—1.2-CPDA. Then there exist distinct (pairwise
unequal) reachable consistent configurations (qu,81),- -, (qk, sk) of AT if and
only if there exists a k-derivative tree of A with the configurations derived from

its branches being precisely (q1,51), - -, (Qk, Sk)-

Proof. Let L be the map from A; -stacks to AZTi—stacks.

First suppose that there exist distinct reachable consistent configurations
(q1,81),-- -, (qx, sk) of AT. We now define the required k-derivative tree and
simultaneousy establish by induction on the structure of the tree that it has
the required property.

Take the root with stack:

[ ((Q(IZ)GEEa ) (QZ)GEE) ]

where Q¢ = {q¢€ Qu (¢, L([))rl. (@i, L(ss)) }. Since we are making
the w.l.o.g. assumption that all automata begin with a push,, operation and
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since (q1,81),-- -, (qk, Sg) are consistent it must be the case that this (n — 1)-
stack is also the bottom stack of each of the s1,s9,...,s;. Now suppose that

we have already constructed a node

(Pv I,b, ((Q(IZ)GEEa ) (QZ)GEE)a 8)

of the tree. As an induction hypothesis we assume the following:

1. Let h be the length of the path in the tree starting at the root and ending
at this node. Let t5; be the hth (n — 1)-stack in s; for each ¢ € [1..k].

Then there exists 7 € [1..k] such that s = top, (L(s;)y, )

2. Based on this i:
f if |S;|n > h

3. Then we have:
{i€[l.k] : sicy,, = Si<tn: and |s;|l, >h} ifb=f

s=5; ifb=t

2

4P = {peQ: (bLlsi, ) eRAT) Y.
5. If b= £, then for every ¢ with 1 <1 < k we have:
Q = { ¢ € @ : (¢, L(s<t,,))rrza(qi, L(si))  }
with reachability interpreted in A+Tl.
6. If b=t with I = {7 }, then for every a € ¥ we have:
Qf={q}
andfori;«éiwherelgigk:

Qlil = { q € Q : (qaL(sﬁth))rTZa(qivL(si)) }

By construction the root satisfies all of these (and in particular b = f at the
root by definition). If b =t then we need not do anything as such a node has

no children. So just consider the case when b = f. Inducting on h let
{sh,85,...,81} == {top,(L(sicy,, ;) : i €1 and [si|, > (h+1)}
where the s are pairwise distinct for j € [1..l]. Further define:

{sip1- s b= {top,(L(s;)) : i€l and |si], =(h+1)}
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where we view the above as an equality between multi-sets and so the 33 are
not necessarily pairwise distinct for j € [l + 1..1 + I']. We then specify | + I/

children:
(Pja Ij7 b]a ((Q(fj)a@h RS (QZJ‘)G.EE)) S;)
where j € [1..(I +1")] with:

L JE e
Tt e+ ).+
and
{iel : sj=top,(sics, 1) } it j e[1.]
Ij = q{min({i € I : s; = top,(si<s,,,i),

|sjln = (h+1),i ¢ sy for j' <j})} ifje[l+1).(1+1)]

Based on the definition we must have satisfaction of the first three elements
of the induction hypothesis. We can then ensure satisfaction of the remaining
three elements by reading them as definitions for the P;, and Qf e

Let 7; be a representative of I;. It just remains to check that:

(Pa I7b7 ((Qtll)aeza ey (QZ)IIEE)a 5) 8[ (Pja Ija bja ((Qlfj)aeih ) (sz)aez)a S;’)je[l..l]

We work through the criteria for 8; in the same order as presented in the
definition:

1. Recall that R(A;Tl) is witnessed monotonically and so for (¢',u) €
R(A:Tl) there must be some (g, pop,,(u)) € R(A:Tl) such that (g, top,, (pop,,(u)))re = (¢, top,,(u))
in the derivative and conversely if for (g, pop,,(u)) € R(A;Tl) we have
(g, top,,(pop,,(u)))rse v (q', top, (u)) in the derivative it must be the case
that (¢, u) € R(AF ).

2. This is ensured by the pairwise distinction between the s} for j € [1..]
(for which b; = f) and the pairwise distinction for j € [(I + 1)..I'] (for
which b; = t) combined with the fact that the I; # I;; whenever b; # bj.

3. We are assured that all ¢ € I such that ¢ € [+ 1..0+ '] (so that b; = t)
are covered due to the fact that we are considering multi-sets. We also
cover ¢ € [1..] due to the definition of I; when b; = f subsuming equal
stacks.

4. The facts that |I;| = 1 with I; = { j } and |Q‘J‘| = 1 are immediate
j

from the definition. The requirement that ¢ € P where Q;”j ={q } must

be satisfied by the assumption that (q{j 'S5 ) is reachable by A where

L={i;}
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5. This is ensured by the assumption that the configurations (g;,s;) are
pairwise distinct.

6. This is ensured by the imposition of pairwise distinction on the s} for
je1.].

7. By the induction hypothesis we have it that for every ¢, (g, L(s;gtm NTrxalqir, L(sir))
iff ¢ € Q¢. Suppose that thereisa j € [(I+1)..I'] such that b; = t with j =
i. It must then be that s} = top,,(L(s;)) and that s = top,,(pop,,(L(s:)))
Thus monotonicity means that the derivative must be able to go from

a configuration (g, s) to some configuration (p,s) via an r}-path lead-
!/
J
(¢, L(s;y, ))Trza(qir, L(si7)), as required.

ing onto configuration (g;,s}) via an r”.r7a labelled path, just in case

Suppose now that there is no such j. This means that there must be
J € [1..1] such that b; = f and so [s; |» > (h + 1). Thus for any i € J; in
order to construct L(s;) it must be necessary in the monotonic automaton
to pass through L(si} ) from s, beginning with a push,, and performing a
subsequent push,,. Thus the initial push,, and order-(n — 1) operations
must correspond to e-transitions. This corresponds in the derivative to
a path of the form r,.r}. Moreover, this path must end up in a control-
state ¢ such that (g, L(s{j))rr:a(qi, L(s;)). Thus QY satisfies the second
equality on part 7 of the 9; definition.

Similiar considerations ensure that the Q¢ ; satisfy the first equality of
part 7; since we are considering siblings here (corresponding to (n — 1)-
stacks at the same height as an n-stack) no push,, need be considered due
to monotonicity.

8. If i # I, then by the induction hypothesis popn(sj/th+1 ) By s for
J
any j' € I; with j € [1..1.l + I']. Thus monotonic reachability from a
configuration with stack L(sj/th+1 ) to one with stack L(s;) is impossible
j/

and thus Q¢ J will indeed be empty, as required.

9. This follows from what it means for the (g;, s;) to be consistent and the
value of the QF ; that we have set in the induction hypothesis in the light
of Lemma 5.2.

Note that the only leaves to which we do not add children have b; =t and
so the leaves of the tree we have defined are as required by a derivative tree.
The tree we have defined is thus indeed a k-derivative tree for A. Note further
that the construction of the tree ensures that the configurations derived from
the branches are precisely those required.

For the converse direction suppose that we have we have a k-derivative tree
D of A, which must have precisely & branches (Remark 5.29). Let (¢1,s1),
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(g2,82),- ., (qx, sk) be the configurations derived from these branches. First
we argue that they are distinct. Suppose for contradiction that they are not—

let us say that (g¢,s) = (¢, ') is an equal pair. Then there must be some node

b in D that have two children with the same stack. The 9; relation (for any [)
allows this only when one of the following holds:

e One of the children has the b flag set to t and the other set to f. But
then one is a leaf and the other is not, which means that |s| # |¢'| and so

s # s', a contradiction.

e Both of the children have the b flag set to t (so are both leaves) but then

q # ¢, which again is a contradiction.

So the configurations derived form branches of D must be distinct from each
other. It just remains to show that they are both reachable and consistent.

For consistency it is sufficient to check that the following two properties
hold of each node

(P7 Ia ba ((Q?)aéEv sy (Qz)aEE)a 8)
in the k-derivative tree D:

1. Let i € I be any representative of I. Let I’ = { i’ € [1..k] : L(sir)_ g =
L(s;)_, }. If b={, then for every i’ € I’ we have:

Qi ={a€Q : (¢,L(s;_,))rrralqir; L(siv)) } for a representative el

!
with reachability interpreted in A+

2. If b=t, then I = { i} for some 1 <i < k and for every a € ¥ we have:

Qi ={a}

and for i # ¢’ where i’ € I':
Qi ={qeQ : (¢,L(s;_,))rrza(qir, L(sir)) } for a representative iel

Combined with the fact that the ¢, from the meta-configuration must also be
those on top of the meta-configuration’s (n — 1)-stack is precisely the condition
required for consistency.

We argue by reverse induction on the distance of nodes in D from the root,

starting with the leaves and working towards the root. Note that (¢, L(s;) _)7ra(qir, L(5i7))

implies that pop,,(L(s;)_,)) = pop,(L(si)) Cn pop, (u) for all stacks u in the
run witnessing 1“eachabiliity7 due to the monotonicity requirement.

The 7th rule for the 8; relation ensures that any node defining a branch
from the root deriving an n-stack t is a sibling of any node deriving an n-stack
t' such that pop,, (t) = pop,,(t').
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It follows that the leaves (which must have b = t) which are the furthest
from the root must satisfy the properties due to the first equality of the 7th
rule for 8;. For other nodes that are not leaves, their Q¢ for ¢ € I will satisfy
the properties by appealing to the 2nd equality of the 7th rule rules together
with the induction hypothesis applied to the node’s children.

For other nodes that are leaves we note that for ¢ € I the properties hold
by definition and that for ¢« € I’ we may appeal to the 1st equality of the 7th
rule together with the paragraph above.

For reachability, it is sufficient (due to the 4th rule of 8;) to check that for
every node:

(Pv I,b, ((Qlll)aeEa LR (Qz)aeE)a 5)

!
we have P = { ¢ € Q : (¢,L(s;_,)) € R(.AJrT ). But this is easily seen by
straightforward forwards induction on the structure of D, starting at the root
and moving towards the leaves by appeal to the 1st rule. O

The Diagram of a Derivative Tree

Let us call a maximal chain of nodes each of which is the unique child of its
parents a log'.

Definition 5.32. Let S be a set of nodes in a k-derivative tree D. We say
that S is a partial log just in case S forms a 81-chain and there is precisely one
2 in S such that x is either the root of D or x has a sibling in D. We say that
S is a log just in case it is a maximal partial log. The 81-minimal element of a
log (which must either be the root of D or a node with a sibling in D) is called
the base of the log. The d1-maximal element of a log (which must either be a
leaf of D or else the parent of more than one child) is called the tip of the log.
The log containing the root of D is the trunk of the tree. A log containing a
leaf (which must be the tip of that log) is called a twig.

As observed in Remark 5.29, a k-derivative tree has precisely k-branches.
In particular this means that there is an upper bound on the number of logs
such trees have and hence the number of ways in which logs may be arranged.
We assign indices to the logs in a way that reflects their arrangement. The set
of these indices, which we call the diagram of the tree thus specifies the overall

arrangement of the logs.

Definition 5.33. The log-index LInd(S) of a log S of D is recursively defined
by:
€ if S is the trunk

Lind(S) :=
LInd(S’)i  if the base of S is the ith child of the tip of S’

IThis is intended in the sense of a component of a branch that one burns in the fire
rather than the inverse of exponentiation!
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The diagram of D is the set of indices of logs:
Diag(D) := {LInd(S) : Sisalogof D}

Example 5.34. The logs in the illustration in Figure 5.4 are highlighted in
orange. The diagram of this tree is: { ¢,1,11,12,21,22 }.

We write Diag; to denote the set of diagrams of k-derivative trees.

Lemma 5.35. |Diag,| < 3.k and so in particular is finite for each k € N.

Proof. As observed in Remark 5.29 any k-derivative tree has at most k-branches.

A new log is only created at a branching point in the tree. A single branching
point results in the creation of at most three logs (the new branch together
with the two new logs resulting from splitting a log in two at the point of
branching—if a log splits into more than two parts just consider this to consist
of multiple branching points each resulting in a split into two parts). Since
there are at most k branching points, there can be no more than 3.k logs. O

As before, expressing consistency in a suitable logic will be key to the
decidability result. In this case, consistency will be expressed via derivative
trees, so we need to be able to define a derivative tree in a suitable logic.

Lemma 5.36. Let A be an n(,_1)..2-CPDA. Then for eachl and k there exists
a A1 -first-order formula Oy(x,y1,ya,-..,y1) that defines 8y in G¢(Ox(A)). In
the case when | =1 this is a Ag (quantifier free) first-order formula.

Proof. Since there are only finitely many control-states associated with meta-
configurations, we can simply construct a disjunction of all possible combi-
nations of control-states in each of the (I 4+ 1)-meta-configurations and then
express the conditions required by each combination according to the defini-
tion of 8;. The relation stackEq allows for comparing stacks for equality and

the relations reachTest ) and reachTest(, . ,r) allow to express item 7.

49" 5a
The following fragment from the formula for part of rule 7 illustrates how the

whole thing is possible:

/\ \/ xreachTest(, , .z A zreachTest(, , ,.r)y;
quj PEQ,IE(QY);
i€([1..1]
/\ - \/ areachTest(, , . x A xreachTest(, , .7y
a¢QY s.t. jEI; PEQ,IE(QY);
q'E€(QF) ie(1..]]

where @ is part of the meta-annotation on the parent = and (Qf); part of the

meta-annotation on the child ;.



118

Monotonic CPDA, Derivatives and };-Decidability

Note that the only use of quantifiers is when comparing stacks: both
Jz.(zstackEqz A ystackEqz) and Vz.(xstackEqz A ystackEqz) capture ‘z and
y have the same stack’—this is thus A;. Note that when [ = 1 there is no need
to compare any stacks (since stacks are only compared for siblings) and so in
this case we have a Ag formula. O

This enables us to Aj-define a k-derivative tree with any given diagram
using FO(TC[Ay]) over 0 (A).

Lemma 5.37. Consider a k-derivative tree diagram Dia. Then there ez-
ists a A-FO(TC[Ayp])-formula ¢pia(xt 28 ... 2t 22 ) such that Dia =

{1, im } and such that
ge(ak('A)) = ¢(t11 ) bilv RN tim;bim)

Just in case there exists a k-derivative tree D such that Diag(D) = Dia and

every log S of D has tip tiing(s) and base biing(s)-

Proof. Let zlogy be the relation asserting that there is a log with base z and
tip y. From Lemma 5.36 in the case when | = 1 we know that log must be
definable in G¢(9x(A)) by a FO(TC[Ay]) formula with no quantifiers. In
order to get this we take 281y V x =y. The = y covers the case when the
log has just one element (and so the base and tip coincide).

We can then just take the conjunction of all formulae of the form:

b ¢ ¢ b b
vy loga; N xp Qi -aiy

where the log with index ; has [ children. O

For any k € N it is thus possible to assert using a A1-FO(TC[Ay]) formula
that x1,...,x, are the leaves of a k-derivative tree of A.

Lemma 5.38. Let A be an ng,_1).2-CPDA, and let k € N. Then there exists
a 31-FO(TC[Ay])-formula con(xy,...,xx) such that

ge(ak (A)) F ¢(U1, s 7U'k)
Just in case uy, ..., ur are the leaves of some k-derivative tree of A.

Proof. When considering a tree with a particular diagram Dia we can employ
the formula from Lemma 5.37:

Hg-¢Dia(x17 sy Ty g)

where w.l.o.g. we assume that the first k-parameters of ¢p;, correspond to
the k leaves of the diagram. Lemma 5.35 tells us that there are only a finite
number of k-diagrams and so we can take con(x1, ..., xx) to be the disjunction

of all such formulae (for each diagram Dia). O
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We have given the name con to the formula in Lemma 5.38 in order to be
suggestive of its use in the light of Lemma 5.31.

5.5 Some X; decidability results

The work in the previous section can be used to reduce decidability of 3;
sentences on the e-closure of an n(,,_1). o-CPDA graph to the decidability of a
¥1-FO(TC[Ay]) on its derivative, which is an (n — 1)-CPDA graph. Since
we have a way of asserting the existence of consistent and pairwise distinct

k-tuples of configurations the idea is essentially the same as with Lemma 5.19.

Theorem 5.39. Let A be an ng-CPDA with S C [2..(n — 1)] and let ¢
be a Xi-sentence of FO. Then we can compute an (n — 1)s-CPDA and a
Y1 -sentence ¢' of FO(TC[Ayp]) such that:

G(A) F ¢ iff G°(Ok(A) F ¢

Proof. Without loss of generality we may assume that ¢ is in prenex normal
form: Jzyxg - - - x (21, 22, . . ., ) Where 9 is quantifier free and is a conjunc-
tion. (This does not lose generality since existential quantification distributes
over disjunctions). We further assume without loss of generality that v is of
the form: /\#j -z; = x; A x(x1,%2,...,2,) where x does not contain any
occurrence of the equality relation. This does not lose generality because we
may first change ¥ to a disjunction (which can later be eliminated as above)
over all possible exhaustive assertions of pairwise equality /inequality between
the x;. Since v is assumed to be a conjunction (after eliminating any intro-
duced disjunction as previously) if z; = z; occurs as a subformula of ¢ we may
remove this occurrence in exchange for replacing all instances of x; with z;
provided that —z; = x; does not also occur (in which case the sentence must
be false as it would be inconsistent). All assertions of inequality may also be
removed as these are already asserted.

By Lemma 5.31 and Lemma 5.38 we have G¢(0x(A)) E con(uy,...,ux) just
in case there exist pairwise distinct and consistent AT -configurations vy, ..., vy
such that u; = mp+ (top,,(v;)) for each 1 < i < k where I'" is the stack-alphabet
of AT. Crucially all unary predicates are fully determined by the top,, stack
and control-state which are still present in the w;. In particular the unary
predicates of the form (Met(g,m)(z)) inherited from A;Tl are determined
completely by the top,,-stack. Due to consistency we may thus follow Lemma

5.19 in translating an atomic sub-formula of 1 of the form z; a z to:

a(z, ) = \/ J\ (Met(q,m)(z))"

7€Q meM; ,

where @ is the set of control-states of A and M, ;’a is the set of meta-annotations
(@f)aes, -, (QY)aex) such that ¢ € QF. This translation is sound for the
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same reasons as in Lemma 5.19. The translation of a unary predicate can be
just the unary predicate itself due to fact that these are completely determined

by the top stack symbol.

We can then take 1/3(3:1, ..., xk) to be the conjunction of all such translations
corresponding to the conjunction that is ¥ (x1, ..., x). Finally ¢'(x1,...,x%) :=
Jzq - xg.(con(xy, ..., x) A Y(z1,...,2k)). O

One consequence of the next chapter is that the FO(TC[Ay]) theories of
2-CPDA are decidable and so a Corollary of Theorem 5.39 is:

Corollary 5.40. The X1 first-order theory of the e-closure of any 32-CPDA
graph is decidable.

This result is of interest since the Ils theory of 32-graphs is only decidable
when one avoids full e-closure. It would be nice to extend this to all 3-CPDA
but unfortuantely we are unable to see how to do so. It is interesting to note
that the stumbling block is not to do with the operational treatment of 3-links
as in fact these would never need to be ‘simulated’ in the derivative as they
could be treated in the same way as e-closure—namely via the annotations

derived from Aﬁl and appeal to consistency. Rather the problem is distin-
guishing between configurations whose only difference lies in their 3-links. It
is unclear how to extend Lemma 5.14 to handle internal links, as an internal
collapse would skip over information needed to keep track of the colour in the
stack. We do, however, conjecture that at least in the case of order-3 this might
be a surmountable problem.

Of course this raises the spectre that if no decidability result exists for
general 3-CPDA, decidability might fail even if one includes 3-links but never
performs a collapse operation.

It is also worth remarking that avoiding e-closure does not appear to help
this technique bear any further fruit. It can be shown that if the automa-
ton has no € transitions, then at most three elements in a log will have non-
empty (¢ components in their meta-annotations. However, we also require
multiple reachability tests in parallel to maintain the P components of meta-
configurations, which prime facie is sufficient to require some kind of transitive
closure logic.

It is also worth pointing out that we could use Theorem 5.39 to provide an
alternative proof of decidability for n,-CPDA since the annotated derivative
would then be an (n —1)-PDA yielding graphs with decidable MSO and hence
decidable FO(TC[Ay]) theories.

The author is aware that the reader may have felt afflicted by a firey assault
of technicalities in this chapter, although we hope that (s)he may still have been
able to gleen the intuitions and ideas that lie beneath them! We hope that the

slight change of scenery in the next part of the dissertation will provide some
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compensation as we move on to consider a new notion of automaticity that
will eventually be used to characterise 2-CPDA graphs and provide an FO
decidability result for 3,-CPDA without e-closure.






CHAPTER 6

Isophilic Structures and Rewrite
Systems

Automatic structures are represented by finite automata recognising its domain
and relations. Good closure properties then lead to the decidability of the first-
order theory. Whilst traditionally automaticity concerns words and trees, we
introduce a new notion of automaticity based on Alur et al.’s nested-words and
nested-trees and the related visibly pushdown languages [6, 7, 4]. Originally
introduced to represent the structure induced by runs of programs with calls
and returns, nested-words can be viewed as conventional words together with
‘back edges’ or ‘pointers’ that respect a well-nested structure. Note that whilst
also based on nested-words, our notion of automaticity is different from that
of Arenas et al. [8] as it is intentionally more restrictive in order to precisely

capture 2-CPDA graphs, which is one of our goals.

6.1 Nested-Words, Nested-Trees and Automata

Nested-Words

Recall that a 3-labelled word is a map w : dom(w) — 3 where dom(w) is
a downward closed subset of N. A (semi-)nested-word is a word endowed with

‘back pointers’ that are arranged in a well-nested manner.

Definition 6.1. A semi-nested-word over ¥ is a pair w™F where w is a -
labelled word and F : dom(w) — dom(w) is a partial map such that for all
z € dom(E), E(z) < z and E(z) < E(y) for every y € dom(E) such that
E(z) <y < x. We deem it to be a nested-word if the last requirement is
strengthened to E(x) < y < = implying E(z) < E(y).

Graphically we represent F using pointers as in Figure 6.1. This set of
nested-words is denoted NWord ().

123
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This definition is very similar to that
given by Alur et al. [7] with the main differ- abcbaabba
ence that we disallow ‘unmatched calls’—we
cannot have a position in the word being the abccbaabba
target of a pointer without the pointer having
a corresponding source. This is important Figure 6.1: Semi-nested and
when considering a prefix of a nested-word nested-word

2

wF which we define to be a nested-word

w157F!1S for some downward closed subset S C dom(w). (We often ab-

Ele where u is a prefix of w.) The fact that a prefix of a

breviate this to u
nested-word is itself a nested-word destroys information about pointers sourced
in the suffix and targeted at the prefix. It is useful to have a notion of prefix
for which such information is retained. For this reason we make a distinction
with wvisibly pushdown words [6] which coincide with Alur et al’s notion of

nested-words but differ from our own.

Definition 6.2. Given an alphabet X the associated visibly pushdown alphabet
(L) is given by V(L) := X U X U X where for every a € & the set 3 consists
precisely of elements of the form & and 3 of elements of the form a. Given
w™F € NWord(X) we define the visibly pushdown word B(w"F) to be the
U (X)-word w’ such that dom(w’) = dom(w) and for each x € dom(w’):

a if x €img(E)
w'(z) = ¢a ifz¢img(E) U dom(E)
a ifz € dom(E)

Note that U does not make sense for semi-nested words as the pointer
structure could not be uniquely recovered from the image of the map. Figure
6.2 illustrates a nested-word and its associated visibly pushdown word together
with the difference it makes to prefixes.

Another concept that we borrow from Alur et al. is the idea of the summary
Tw ™ F7 of a nested-word wF. This is the string that is obtained by reading
the nested-word from left to right ‘skipping over’ the back edges as they are
found. This concept applies equally well to semi-nested words although in

practise we will not use it in this context.

Definition 6.3. The summary "w™ of a (semi-)nested-word w is defined re-

cursively as follows:

Twa'l := Tw'aif a sources no pointer

wa
Two ag wy a1 ' = Twy'ag al

This is illustrated in Figure 6.3. It is also possible to represent a nested-
word as a tree whose paths are the summaries of its initial segments [7]. This
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Figure 6.4: The tree presentation of the semi-nested-word in Figure 6.3

is illustrated in Figure 6.4. We will not make formal use of this notion, but
it would be worth the reader keeping it at the back of his mind to under-
stand the intuitions behind the progression from words, to nested-words, to
nested-trees discussed in this chapter. Roughly speaking the targets of point-
ers in the nested-words correspond to branching points in the tree, with one
branch ignoring the pointer and the other following it. Positions in the word

immediately before the source of a pointer correspond to the tips of branches.
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/X A
7\ 7\

Figure 6.5: Path-wise nested-tree and nested-tree

Finally we will use two notions of projection on nested-words. Firstly for
w™F € NWord(X) the operation ms (w™F) removes positions that are neither
dom(FE) nor img(E) and are not labelled in 3’ C .

Secondly if f : ¥ — ¥/, then f(w"F) is the ¥'-labelled nested-word
formed from w"F by replacing every label a € ¥ with f(a) € ¥'. In particular
we will sometimes take f to be m; which is the ith projection of a Cartesian

product.

Nested-Trees

Recall that a X-labelled tree with degree bounded by d (for d € N) is a map
T :dom(T) — ¥ where dom(T") C [1..d]* is prefix-closed. A maximal element
of dom(T") is known as a leaf, € as the root and a branch is a path from the

root to a leaf.

Definition 6.4. A path-wise nested-tree T F consists of a tree T together
with a partial map E :dom(T) — dom(T') such that every branch is a
nested-word. A nested-tree is a path-wise nested-tree T°°F such that for each
leaf v and each node v € img(E) such that v' C v there exists a u € dom(E)
with v/ £ u C v such that F(u) = v'.

The additional constraint for nested-trees ensures that if a node of the tree
is the target of a pointer along some path, then it is the target of a pointer
along every path passing through it. This definition is very similar to that of
Alur et al. [4] with the difference that our trees are finite and as with nested-
words, there is no notion of a node being the target of a pointer with no source.
We illustrate the idea in Figure 6.5.
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Figure 6.6: Branch ordering

Definition 6.5. Let N'Tree(X) be the set of ¥-labelled nested-trees (with any
degree-bound). We write N'Tree,(X) to denote the set of nested-trees that

have at most k leaves (branches).

Branch and Summary Ordering

We place a linear ordering on the branches of a tree following the manner in
which a left-to-right depth first search would occur.

Definition 6.6. Let ! :=aq ---a, andl' := a - - - al, be leaves of a (nested-)tree
TF and let b be the branch tipped by [ and b by I'. We say b < b’ iff a; < a,

where ¢ is the least j such that a; # a;.

Figure 6.6 exhibits this ordering, where the red, orange, yellow, green, blue,
indigo and violet branches are in <-ascending order.

We treat branches of a nested-tree as nested-words. Note though that dis-
tinct branches might be associated with the ‘same’ nested-word (same pointer
structure and node labels). For a tree T°F we write TQE to denote the ith
nested-word in its branch ordering.

Similarly we place a linear ordering on the summaries of certain prefixes of
semi-nested-words. This amounts to the branch ordering on the standard tree

representation thereof.

Definition 6.7. Let w™F be a semi-nested-word and let succ(uy) < succ(uz) <
-+ < succ(u,) be an exhaustive ordered list of the nodes in dom(E) (since the
first node cannot be in dom(E) all must be of the form succ(u)). Writing v; " F
for the prefix of w™F ending with node u; we define the summary ordering «
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Figure 6.7: Summary ordering of a semi-nested word

of w
rvlﬂEl‘l < rvgﬁE2‘| < - rUTﬁEr‘l < rwﬁET

We treat summaries as non-nested words and write wQE to denote the ith
word in the summary ordering of w™F.

Traditional Nested-Tree Automata

We begin with Alur et al.’s nested-tree automata [4]. These read a nested-tree
from top to bottom and have access to the state at the target of a pointer when
reading its source. Formally a nested tree automaton (NTA) is a tuple:

A = <Z7Q;I75®557595F>

such that ¥ is a finite alphabet, @) is a finite set of control-states, I C @ is a set
of initial states, F' C @ is a set of accepting states and dg, §, g are transition
functions with the following types for some k£ € N:

g 1 X X Q — Ui, @'
0:XxQ — Ui, @'
b 1D x Q xQ — U@
A run-tree of A on T"F € NTree(X) is a Q-labelled tree R such that
dom(R) =dom(7T) U { w0 : u € dom(T) is maximal } and:
o Re) eI
o If u € img(E) and u has 4 children in R (for some 1 < i < k), then

(R(u1),. .., R(u;)) € 8o (T (w), R(u)).

o If u € dom(T') — (dom(E) Uimg(FE)) and u has i children (1 < i < k),
(R(u1), ..., R(u;)) € 6(T(u), R(uw)).
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e Ifu € dom(T) and u has ¢ children (for some 1 < ¢ < k), then (R(u1),...,R(u;)) €
O (T'(u), R(E(u)), R(u)).

Note that this is well-defined as by construction the nodes in R with children
are precisely the nodes in T'. A run-tree is deemed accepting just in case all of

its leaves are labelled with a state in F. The language defined by A is:
L(A) = {T"F ¢ NTree(X) : A accepts T"F}

A nested-word automaton is a nested-tree automaton that acts on nested-
words. We call such a device deterministic if I is a singleton set and the image
of each of the transition functions consists of singleton sets (so can in fact be
viewed as being a subset of @). It is known that all nested-word automata can
be determinised (and hence complemented) [6, 7].

A semi-nested-word automaton is defined in exactly the same way as a

nested-word automaton, except we allow semi-nested words into its language.

Some Automaton Variants

The next two kinds of device may be viewed as special-cases of nested-tree au-
tomata, and could be considered the cascade product of two automata. They
take the form B¢ where B is a nested-tree automaton and C is a conventional
finite tree automaton that has access to the state of B. Formally, if B =
(X,Q8,18,9g 3,08, 0c z) we require C to have the form C = (X, Qg, Qc, I¢, ¢, F¢)
where I C (¢ is a set of initial states, F¥ C () is a set of final states and:

0c 1 X X Qp X Q¢ — oUi1 Qe

. We do not require B to have any final states as they are irrelevant to the
definition of accepting run.

A run-tree R for B¢ on T"F € NTree(Y) is a (Qs x Qc)-labelled tree
such that:

e m1(R) is a run-tree for B.
o m3(R(€)) = g for some ¢ € Ic.

o If w has ¢ children and R(u) = (p,q), then for each 1 < j < i we must
have ma(R(uj)) = g; where (q1,...,¢) € dc(T(u),p, q).

A run-tree is deemed accepting just in case all of its leaves have a label of
the form ( _,q) for some ¢ € F¢. The language recognised by B¢ consists of
precisely the elements of NTree(X) for which B¢ has an accepting run-tree.
In the special case when B is a deterministic nested-word automaton acting
on each branch of the tree individually we call B¢ a path-nested automaton.
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The determinism and branching-agnosticism of B ensures that the flow of in-
formation from B to C can only be one way—we can describe a path-nested
automaton as having access to both the nesting structure and branching struc-
ture of the tree but ‘not in combination’.

Definition 6.8. A path-nested automaton is an automaton B¢ such that B is
deterministic and for any (qi,q2,...,qx) € img(dgz) Uimg(dg) Uimg(dsz) we
have g1 = ¢2 = - -+ = q&, where dg 3,05, 0c 5 are the transition functions of 5.

Despite the fact that B is technically a nested-tree automaton we may
naturally view it as a nested-word automaton as it acts along every branch
independently in a deterministic manner.

A different restriction of B gives a spine nested automaton, which behaves
like a path-nested automaton along ‘the spine’ of an input tree—the <-greatest
path, which consists of right-most children. Elsewhere it can behave as an

unrestricted nested-tree automaton.

Definition 6.9. We call B¢ a spine nested automaton if it has a subset of
control-states P C ()i such that:

e [ is a singleton set (just one initial state) with element belonging to P.

e For every p € P there exists a unique p’ € P such that §(_,p), do(-,p)

/

and dg (-, -, p) map to sets S such that for every v € S 5 (7) = p'.

So a spine nested automaton B¢ requires B to be ‘deterministic along the
spine of an input tree’.

One final variant we call a trunk nested automaton and this requires B to
be deterministic along the trunk of an input tree—that is the path from the

root prior to any branching.

Definition 6.10. We call B¢ a trunk nested automaton if it has a subset of

control-states P C @p such that:
e Iz is a singleton set (just one initial state) with element belonging to P.

e For every p € P there exists a p’ € P such that §(_,p), do(,p) and
de (-, -, p) map to sets S such that for every ¢ € S (where ¢ is a one-
element vector) ¢ = p’.

These three variants, which all arise by restricting B in different ways, are
illustrated in Figure 6.8.

Recognising Visibly Pushdown Trees

We have only explicitly defined U to act on words as this will be an essential

part of defining prefix rewriting. However, the definition can also be applied to



6.1. Nested-Words, Nested-Trees and Automata

131

-\
NI\
A NN A NN

Figure 6.8: The manner in which path-nested, spine nested and trunk nested
automata differ—the red lines indicate the branches along which B must be
deterministic and ignore branching whilst the green lines indicate the branches
along which it is allowed to behave as an unrestricted tree automaton.

trees and this is useful for some of the internals of proofs. A frontier delimits

the analogue of a prefix for trees:

Definition 6.11. Let T°F € NTree(X). A frontier F of T"F is a set of
nodes F C dom(T') such that for all z,y € F we have ¢ £ y and y £ =
but for every leaf z € dom(T) there is a w € F such that w T z. We
write T2F to denote the subtree of T°F with domain restricted to the set
{uedom(T) : uL z for some z € F }. We say a frontier is uniform if T2F
is a nested-tree (in particular has a source on every branch corresponding to

any target).

The following automaton is designed to behave on a prefix of a word or tree
restricted by a frontier in the same way regardless of whether that prefix or
subtree occurs in its original context complete with its original pointers. The
Boolean flag is used to keep track of whether a a-labelled node could plausibly

be the target of a pointer in some well-nested extension of the word or tree.

Definition 6.12. Let A = (X,Q, I, g, 6,00, F) be a top-down nested-tree au-
tomaton working over the alphabet ¥. The automaton

B(TF) = (V(X),Q x B, I x {t},84,8,0,,F x B) behaves in exactly the
same way as A except that it operates over the alphabet (X)) with the fol-

lowing adjustments:
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e The automaton enforces that every node w labelled with a € ¥ should
satisfy u ¢ dom(E) U img(E). That is, §'(a, (¢,b)) := 6(a,q) x {b} and
3 (a, (p,-), (¢, -)) =05 (a, (q,-)) =0 for all p,g € Q and all @ € X.

e The automaton enforces that every node u labelled with @ but with u ¢
img(E) should nevertheless be treated under the ¢’ function of U(A) in
the manner in which an a label would be treated under d5 of A, provided
that there is no v € img(E) such that w C v but E(v) C w. This is
enforced by setting the flag to f which will prevent any such pointers
from being introduced. So ¢’(a, (q,-)) := dg(a, q) x {f} for every q € Q.

e The automaton enforces that every node u € img(E) should be labelled
with a label of the form & and should be treated in the same way as by
A. Tt sets the flag to t since any subsequent well-nested pointers will
not target a node preceding the current node. That is 05 (a,(q,-)) =
05(a, (g,-)) := 0 and 6, (a, (g,-)) := ds(a,q) x {t} for all a € ¥ and all
q€Q.

e The automaton enforces that every node u € dom(FE) should have label
of the form @ and should be treated in the same way as by A. It may
only proceed, however, if the flag is t so as to avoid a pointer passing over
a a-labelled pointerless element. The previous flag value can be recalled.
That is, 0% (@, (7, ), (0,-) = 0% (as (9, ), (4,-)) = (@, (p, ), (4, £)) = 0
and &, (a, (p,b), (¢,t)) := dg(a,p,q) x {b} for every a € ¥ and p,q € Q.

Let us say that a pseudo run-tree of an NTA on TF is a tree R sharing

exactly the same definition as a run-tree except that no extra leaves are added
so that dom(R) = dom(T).

Lemma 6.13. A tree R is a run-tree of A on TF just in case R is a run-tree
of B(A) on B(TF). Moreover if F is a frontier of T"F (and hence also of
R and B(TF)), then Rz is a pseudo run-tree of B(A) on V(T F) £.

Bottom-Up Automata

It will be useful to have a notion of bottom-up nested-tree automaton (BUNTA).
Whilst the NTA introduced above begin at the root of a tree and move down
towards its leaves, a bottom-up automaton begins at the leaves and moves to-
wards the root. We are only interested in these devices when it is possible to
determinise them. We thus restrict our attention to the case when the trees
fed to the automaton have a bounded number of branches, or equivalently a
bounded number of leaves. Formally a k-BUNTA A is an automaton acting
on Y-labelled nested-trees with at most & branches (k € N) where:

A: <E7Q7I17I27"'7Ik76@757597F>
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where @ is a finite set of control-states; I; C @ is a set of initial states for
the jth leaf for each 1 < j < k; F C @ is a set of final states and there are
transition functions:

bp 1 Sx | J @ — 29

1<j<k
5 XX U QF — 29
1<j<k
bs:Ix | @x | @ — 29
1<j<k 1<j<k

We still intend dg, to act on sources of pointers and dg on targets, but because
we are reading the tree in a bottom-up manner, sources will be read prior to
targets and so the types of dg and dg are ‘the other way around’ with respect
to the original top-down version.
A run-tree of A on T"F € NTree,(X) is a Q-labelled tree R such that
dom(R) =dom(T) U {u0 : u € dom(T) is maximal } and where b; < by <
- < by, for m < k is the complete branch ordering of R and I; is the leaf
tipping b; for each 1 < i < m we have:

o R(l;) e ljforeachl1 <j<m

e If u € dom(FE) and w has ¢ children uq,...,u;, then
R(u) € 6a(T(u), (R(u1), - .., R(ui))).

o If u ¢ dom(E) Uimg(F) and v has ¢ children uy, ..., u;, then
R(u) € 0(T(u), (Ru1), ..., R(ui)))-

e If u € img(F) and u has ¢ children uy, ..., u;, then
R(u) € (T (u), (R(v1),...,R(vj)), (R(u1),. .., R(u;)))
where v1 < vy < -+ <wv; and B~ (u) = { v,...,0; }.

As before, note that the nodes with children in R are precisely the nodes in T
and the leaves of R are precisely the nodes that R posesses but which T lacks.

We say that R is accepting just in case R(e) € F. The language defined by
A is given by:

L(A) = {T"F € NTreey(X) : A accepts T"F}

The following is analogous to the top-down case, except that two Boolean
flags are needed due to the fact that the dg function deploys a control-state on
the source of a pointer rather than reading the control-state on the source of a

pointer.
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Definition 6.14. Let A = (X,Q, 11, s, ..., I, 0g,0,00, F) be a k-BUNTA.

Then the k-BUNTA D(A) := (V(X),Q x B x B+, Q x {t},Q x {t},...,Q x {t}, 85,0, 05, F)
behaves in a similar way to .4 except that it operates over the alphabet (%)

with the following adjustments:

e The automaton enforces that every node w labelled with a € ¥ should
satisfy w ¢ dom(E) U img(E). That is, §'(a, (¢1,b1,-), ..., (g;,b;,-)) :=
§(a,qiy. .y QJ)X{/\le bi}x{L}and 5&9(% (P15 )55 (Pir o )5 (q1y 5 )5 (qja o) =
on(a, (q1,-2), -+ (gj,—-)) ==0foralll <i4,j < kandpi,...pi,q1,...,q5 €
Q@ and all @ € ¥. A conjunction of the Boolean values is appropriate as
this will then be set to f if there is any @ (on any branch) requiring a
subsequent a to be the target of a pointer.

e The automaton enforces that every node w labelled with @ but with u ¢
img(E) should nevertheless be treated under the §’ function of B(A) in
the manner in which an a label would be treated under 5 of A, again
ensuring an extended tree could render it the target of a pointer (by means
of the Boolean flag). The lack of a corresponding source and associated
state is dealt with via over-approximation. That is,

for every qi,...,q; S Q But (5/(d, (qh fa —)7 ceey (qja f7 —)) = 6/(&7 (q17 —)7 KRN} (qja —)) =
0.

e The automaton enforces that every node u € img(E) should be labelled
with a label of the form & and should be treated in the same way as by
A. We recall the Boolean values from the sources of the pointers. That
i8 0 (@, (Pry s )y s (Pis s )y (@155 )y (55 5)) =
51@(&7 (P1s = -)s ooy (Pis = )5 (@155 )5 e e (qj7 --)) = 0and 5/e(d, (P15 - bl)’
s (Pis = 03)s (@15 )5 e ey (qj7 ~-) =ds(a,p1,..,pi,q1,- - 7qj)><{/\i:1 by} x
{1} foralla € ¥ and all p1,...,p;,q1,...,¢; € Q.

e The automaton enforces that every node u € dom(E) should have label
of the form @ and should be treated in the same way as by A. This means
that the next @ must be the target of a pointer, and so we set the Boolean
flag to f, whilst recording the current Boolean value (conjunction) in
the third component to be recalled at the target of the pointer. That
i5, 0% (@ (@1, s (@) = 0@, (g1, ), (g,-2)) 2= 0 and
86 (a, (q1,b1,2), ..., (g5, b5, 2)) == da(a,q1,...,q;) x {£} x {A\,_; by} for
everya€ X, 1<j<kandaq,...,q €Q.

Again the following Lemma is a direct result from the construction above,
except we need uniform frontiers for a bottom-up run-tree to make sense (so
that behaviour is well-defined at the target of a pointer).
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Lemma 6.15. A tree R is a run-tree of a k-BUNTA A with leaf-states I, ... Iy,
on a nested-tree T"F € NTreey(X) iff it is a run-tree of B(A) on B(TF)
such that the jth leaf of R has label in I;. Now let F be a uniform frontier of
T E. Then Rr is a pseudo run-tree of B(A) on B(TF) .

We now have the terminology needed to prove the following Lemma showing

the top-down and bottom-up automata to be equi-expressive.

Lemma 6.16. Let A be an NTA such that L(A) C NTreeg(X). It is then the
case that there exists a k-BUNTA A’ such that L(A') = L(A). Conversely let
A’ be a k-BUNTA. Then there exists an NTA A such that L(A) = L(A).

Proof. Let A = (3,Q,1,0g,0,00, F) be an NTA such that £ C NTree,(X).
We define an equivalent k-BUNTA A" = (,Q",I{, I},..., I}, 64,0, 64, F') as
follows:

e Take Q' := Q U @ x Q. For the purposes of this proof, let us us write
(-, ¢) to mean ‘either g or (p,q) for any p’.

o Take F':=Tand I{ :=1y:=---:=I :=F

e Take 0%, to be the function such that (p, ¢) € 65 (a, (-, 1), (-, q2), - -+, (5, 45))
iff (q17q27 .. 7qj) € 569(@7]9;(]) for every qi,42,---,495,pP,q S Q

o Take ¢’ to be the function such that ¢ € §(a, (-, ¢1), (-, ¢2), - - -, (-, ¢;)) iff
(Q17q25 o aQJ) S 5®(a‘aQ) for every qi,q2,---,4;5,9 € Q

e Take 07, to be the function such that p € 65 (a, (p, 1), (D, 72), ..., (0, 71), (- @1), (5 q2)s - - -, (o, 45))
iff (q1,92,...,q;) € ds(a,p). Any input to 0, not matching this pattern
is mapped to the empty set 0.

Intuitively a run-tree of A’ looks more or less the same as a run-tree of A.
The BUNTA A’ is constrained when reading the source of pointers in the sense
that it does not yet know what the control-state at the target of the pointer
will be. Permissible run-trees of A depend on this information, which of course
would be available to an automaton reading the tree from top to bottom. We
circumvent this problem by allowing A’ to guess the control-state at the target
of a pointer when reading its source. This is indicated by p € @ in the definition
above. When the target is eventually reached, A’ constrains itself by refusing
to perform any transition that is not consistent with this guess.

We want to show that £(A) = L(A"). By Lemmas 6.13 and 6.15 it suffices
to show that £L(U'(A)) = L(T(A")), where L'(A") is the same as B(A') except
that it shares the same leaf-state sets I1,..., I as A’

Due to the choice of F” and I7, ..., I}, it is, in turn, sufficient to show that
for every TF € NTree(X) there is a (not necessarily accepting) run-tree
R of B(A) on TF iff there is an accepting run-tree R’ of B(A’) on TF
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such that for each u € dom(R) = dom(R’) we have either R(u) = R'(u) or
R(u) = (R (u)).

In turn this is implied by the claim that for for every T € NTree(X)
and frontier F of T°F, there is a pseudo run-tree R of U(A) on THF iff
there is an accepting pseudo run-tree R’ of V(A’) on TP such that for each
u € dom(R) = dom(R’) we have either R(u) = R'(u) or R(u) = m2(R'(u)).

We argue by induction on the maximum length of an element of F. The
base case when F = {e} is straightforward since the accepting states of U (A")
are precisely the initial states of U(A) (since this is the case for A’ and A). For
the induction step consider extending the tree by adding children uq, ..., u to
a particular leaf, which may each be given a label of one of the forms a, @, a. For
the cases when u; is decorated by a or a, the result follows immediately from
the definition of the transition relations, recalling that for @ in the absence of a
corresponding d the automaton U(A’) will over approximate. A control-state
of the form (g,-) from U(A) is assigned to node u; of its extended run-tree
iff a control-state of the form (g, _,_) is assigned from U(A’), noting that the
Boolean flags of each control-state are completely determined by the structure
of the tree in each case.

Now suppose that one of the w; is given a a annotation and so must be
the source of a pointer. The fact that the frontier is not uniform does not
matter since in this particular case the validity of the run-tree can be preserved
by choosing a state of each a independently. We assign it state (¢q,-) in the
run-tree of Y(A) iff we assign it a state ((p,q),,-) in the run-tree of U(A")
(again noting that the Boolean flags are uniquely determined by the pointer
structure), where p is the A control-state associated with the corresponding
@ node v. This choice of p ensures that the run-tree of U(A’) remains valid
at v iff the extended run-tree of U(A) is valid at u;. An essentially similar
argument will cover the second half of the claim.

Now let us consider the converse. Let A’ = <E, Q' I, 15,..., I}, 04,0, 04, F'>
be a k-BUNTA. We construct an equivalent NTA A = (2,Q,1,g,0,d5, F)
using a similar idea to the other direction of the lemma. This time it is the
top-down automaton doing the guessing at the target of a pointer using its dg
function. The guess specifies several control-states that it postulates will occur
at the corresponding sources of the pointers by means of a partial function from
sets of branch indices. So if the guess suggests that there will be a correspond-
ing pointer source with state ¢ lying on a node belonging to branches 2,3 and
4, the partial function will map {2, 3,4} to g. The partial function is undefined
on a set S when it is guessed that S will not reflect the branches on which
any corresponding pointer source will lie—in this case the function would be
undefined at {2, 3} since a node lying only on branches 2 and 3 cannot source
an appropriate pointer if a node lying on branches {2,3,4} does. In order to
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verify these guesses (using dg) it is necessary to keep track of which branch is

which, which is done using a subset of [1..k] contained in the state.

e Take Q := P x Q' x 21kl where P is the set of partial functions f :
21Kl @ where all S € dom(f) are disjoint and such that if 7,5 € S
and ¢ < r < j then r € S. Note that these constraints induce a natural
ordering L < L’ on the elements of dom(f) where L < L’ iff [ < I’ for
any representatives [ € L and I’ € L.

o Take F':={ (L,q,{j}) : ¢ € [} } (where g is a single element vector and
1 is the everywhere undefined partial function) and I :=P x F' x {§ C
[1..k] : S downward closed}.

e Take dg to be the function such that

((f17q1;L1)7 (.anq27L2)a [ERR (fjv(Ij’Lj)) € 59(&, (fv(IaL))

where fl,...,fj eP,qe, L1 U --- UL;=Lwith L1 <Ly <---<
Lj, iff g € 6’@(f(Sl), RN f(Sl), q1,---, Qj) where dom(f) = {Sl < S <
-+ < S;}. The idea is that f records a guess as to which branches will
bear the corresponding pointer sources.

e Take § to be the function such that

((f17q17L1)7 (fz,(I27L2)a R (fj,QjaLj)) € 5(0'7 (q,L))

where g e Q, L1 U --- ULj:LWithL1<L2<"'<Lj andfl,...,fj
are any partial functions in P, iff ¢ € ¢'(a, ¢1, ..., ¢j).

o Take dg to be the function such that

((f17q17L1)7 (f2,(I2,L2)a SRR (fj7qj7Lj)) € 5@(0'7 (f7 - —)7 (J_,q,L))

where fl,...,fj eP,geQ,and L1 U --- L‘JLj = L with L1 < Ly <
-~ < Ly, iff g € 04(qu,-..,q;) and g = f(L).

First observe that for any accepting run-tree of A the L component of the state
contains precisely the indices of the branches to which that node belongs (where
branches are indexed in a left-right manner). This can be seen by induction on
the tree being read using the hypothesis: ‘If the initial state at the root of the
tree T°F has L component [1..i], then the L component of all nodes of the run
tree correctly indicate branch indices for some other tree of which T7°F is an
extension’. This is verified by checking each rule in turn. Conversely the claim
that for any input tree there is a run-tree of an automaton only taking account
of the L components correctly labelling each node with the branches to which

it belongs—again verifiable by induction, checking each rule on turn, taking



138

Isophilic Structures and Rewrite Systems

the initial state to use L component [1..7] where ¢ is the number of branches in
the tree.

So let us assume that every run-tree of A has L component correctly la-
belling each node of the tree with the branches to which it belongs. In a similar
manner to before, it is sufficient to see that U(.A) has a pseudo run-tree on T2 F
just in case U(A’) has a pseudo run-tree on Tj_—“E where at each corresponding
pair of nodes in the run-trees, the Q' component is the same in each, for every
T F € NTreex(X) and uniform frontier F. Uniformity is required since an
appropriate choice of partial function at the target of a pointer depends on
the location and state annotation of all of its sources. The induction can be
performed in a similar manner to before but nodes added in the induction step
must be done in a fair manner so that all source nodes sharing a single target
are added simultaneously. When adding sources ay,as, ..., a; to form a uni-
form frontier, the induction step is possible by replacing the partial function
in the run tree of U(A) at the corresponding target ¢ with f(L;) := ¢; where
L; is the L annotation of the node at a; and g; is its control-state. This must
preserve correctness of the run-tree iff correctness is preserved in the extension
of B(A") by the definition of behaviour if dg.

O

Boolean Closure

In order to develop a notion of automaticity, we need to have some kind of
Boolean closure for the languages recognised by these automata. We are only
interested in top-down automata for this result, although bottom-up automata
will come into the proof. It is easy to get closure under intersection since all

of our automata can be run in parallel.

Lemma 6.17. Let L1 and Ly be languages of nested-trees recognised by nested-
tree automata. Then we can construct a nested-tree automaton recognising
L := Ly N Ly. Moreover if L1 and Lo are both recognised by respectively path-
nested, spine nested or trunk nested automata, then L is also recognised by

respectively a path-nested, spine nested or trunk nested automaton.
Proof. A standard product construction suffices. O

It is known that nested-word automata can be determinised and hence
complemented [7][6]. Unfortunately nested-tree automata can be neither de-
terminised nor complemented in general [4]. We can, however, complement a
path-nested automaton B¢ since B is, in particular, deterministic. It is thus
just a matter of complementing C in the same manner as a conventional tree
automaton.
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Lemma 6.18. Let A be a path-nested automaton operating over the alphabet
Y. There exists a path-nested automaton A recognising L(A) := NTree(X) —
L(A).

Proof. Let B¢ be a path-nested automaton. The automaton B is deterministic
and so we only need to complement the finite tree automaton C, which can be
done using standard techniques. O

By contrast, complementing spine nested and trunk nested automata is
impossible in general since being able to do so would imply that general nested-
tree automata could be complemented. After all, both of these variants act as
general nested-tree automata on certain components of the tree. Adapting Alur
et al.’s proof for the determinisation of nested-words [7][6] we can, however,
complement a set of nested-trees with a bounded number of leaves. We obtain
this result by first showing that bottom-up automata can be determinised. This
allows them to be complemented and so we can then just appeal to Lemma
6.16.

Lemma 6.19. Let A be a k-BUNTA. Then there exists a deterministic k-
BUNTA A’ —that is one such that the image of the transition functions consists

of singleton sets and the leaf-state sets are also singleton—such that L(A) =

L(A).

Proof. We follow the same proof idea as used by Alur et al. for nested-words
[7][6]. Recall that bottom-up automata on standard trees can be determinised
using a power set contruction. If the bottom up automaton simply skips over
pointers, then such a power set construction would still work. This is in effect
what happens, except that before skipping over a pointer, a new automaton is
spawned that reads the sub-tree between the sources and targets. This spawned
automaton is responsible for considering all possible combinations of control-
states at the sources; in order to keep track of the required information we rely
on the fact that the tree has at most k& branches. The result of this automaton
is additionally made available at the target of the pointer.

With this intuition in mind we define A’ = (X, Q’, I, I3, ..., I}, 64,8, 045, F")
from A=(X,Q,1,1s,...,1;dg,0,0c, F) to be as follows:

o @ = 2@Uocick @y 9@xUocick @ ¢ 9@xUo<i<k @' writing (L, T) to

denote either T or (S,T') for some S.

o [;:={l; x {e}} foreach 1 <i <k.

o 0y(a, (o, T1),...,(5Ty)) = {({ (¢, wrwa---wj) : ¢ € dgla,qu,...,q) and (g, w;) €

Tiforeach 1 <i<j},{(g,q) : ¢€Q})}

e d(a, (5, Th),..., (o, Ty) = {{ (¢, wrwa---w;) : ¢ €d(a,q1,...,q;) and (g;, w;) €

T; for each 1 < i < j }}
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o d5(a, ((S1,T7), .-, (S, 1)), (1), .-, (5 T5))) ==
H ([, wijwh - w) = ¢ € ds(a,pr,....p1,q1,...,q;5) for some (g;, w;) €
T; for each 1 <14 < j such that
wiwy - - wj = pip2 - - - pi, and (p;,w}) € S} for each 1 <i <1 }}

o /= {F x {e}}

We claim that the unique run tree R of A’ on a nested-tree T"F € N'Tree;(X)
has the following properties:

e At a node u ¢ dom(E) we have R(u) = T € 29*Vosizx @' At a node
u € dom(E) we have R(u) = (S,T) € 29%Uosizr @' x 9@%Uo<i<i @' We
keep this notation u, S and 7" in the items below (which hold irrespective
of whether v € dom(E)).

o Let Ncy, :={ve€dom(E) : vC ubut E(v) Juand for all v/ s.t. v C
v/ C u,v" € dom(E) implies E(v') C w }. That is N< is the set of sources
of pointers closest to u in the subtree rooted at u whose pointers have not
yet been discharged by reaching their targets. Note that if v € dom(E)
then N<, = {u}. We can order N<,, (if it is non-empty, which is not nec-
essarily the case) using the branch ordering: v; < vy < -+ < vp,. Then
the set T' consists of precisely those elements (¢, p1p2 - - - pm) such that A
could have a run-tree starting at the subtree with leaves v1,va,...,v;, in
respective states p1, po, ..., pm ending at the node u in control-state ¢. If
N<,, is empty, then T consists of precisely those elements (g, €) such that
A would have a run-tree starting at the leaves of 7°°F in initial states
and ending at u in state q.

e Now consider u € dom(E) so that (S,T) is the associated state. Let
Ney :={vedom(E) : vC ubut E(v) 3 wandforall v sit. v C
v C u,v’" € dom(E) implies E(v') C u }—that is the same definition
as N<, except that we consider the nodes v € dom(E) that are strictly
below u. Again order the members of N., with the branch ordering:
v1 < Vg < -+ < Upy. Then the set S consists of precisely those elements
(¢,p1p2 - - - pm) such that A could have a run-tree starting at the subtree
with leaves vy, va, ..., v, in respective states p1,po, ..., pm ending at the
node w in control-state q. If N, is empty, then T consists of precisely
those elements (g, €) such that A would have a run-tree starting at the

TnE

leaves of in initial states and ending at u in state q.

It is mechanical to verify that the transition rules maintain these invariants
on the assumption that they have been maintained whilst reading the nodes
strictly below u in the subtree rooted at u. The third item of the invariant is
necessary to verify that dg preserves the second item of the invariant.
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The second item of the invariant implies (due to the choice of F’) that the

unique run-tree of A’ is accepting iff A has a run-tree. O

We can now get closure under complementation for nested-tree automata
acting on trees with a bounded number of branches.

Lemma 6.20. Fiz k € N. Let A be a nested-tree automaton operating over the
alphabet . There exists a nested-tree automaton A recognising N'Treey,(X) —
L(A).

Proof. Apply Lemma 6.16 to get a k-BUNTA A’ such that £(A) = L(A').
We may then determinise A’ using Lemma 6.19. Since the automaton has a
unique run-tree on any given 7% € NTree;(X) we may complement it by
complementing its set of final states. The automaton A4 may be obtained by
applying Lemma 6.16 a final time to go from the complemented k-BUNTA to
the top-down NTA. O

Remark 6.21. The reader may wonder why we do not encode elements of
NTree,(X) as nested-words and then appeal to the boolean closure of nested-
word automata. Whilst such an encoding is possible it is perhaps not as neat
as it would be for non-nested trees—encodings of branches would have to be
embedded within one another rather than just be concatenated. This is due
to the need to preserve well-nesting of pointers. It is felt that it is as easy to
reformulate the proof in terms of nested-trees as it is to deal with encodings
and decodings. The reader might also ask why we do not just forget about
NTree,(X) altogether and deal exclusively with nested-words. The reason for
this lies in our application of them, which relies on having both the pointer

and genuwine branching structure.

And as a corollary to Lemma 6.17, Lemma 6.18 and Lemma 6.20 we have:

Lemma 6.22. Quer the universe NTree(X) path-nested automata are closed
under Boolean operations. Quer the universe NTreeg(X) for fivred k € N
nested-tree automata (which include spine nested automata) are closed under
Boolean operations.

Note that the lemma above guarantees only that the complement of a spine
nested automaton is a nested-tree automaton; it does not say that its com-
plement can be represented by another spine nested automaton. It will be
important to proving the FO(TC[Ay]) component of Theorem 7.20 that a
spine nested automaton can be complemented to another spine nested automa-

ton when operating over trees with at most two branches.

Lemma 6.23. Quer the universe NTreey(X) spine nested automata are closed
under complement and since they are closed under intersection must thus be
closed under Boolean operations.
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Proof. Let us call the branch that is not part of the spine of a tree in NTreey(X)
the rib. When acting over elements of NTrees(X) the B component of a spine
nested automaton B¢ can be decomposed into a deterministic nested-word
automaton Bg reading the spine and then for every pair of control-states (g, p)
of Qs x Q¢ a nested-word automaton B,, behaving as B¢ would along the
rib starting in state (g, p) at the first node of the rib after branching from the
spine. Noting that the target-states of pointers targeting the spine but sourced
along the rib can be treated as part of the input alphabet for the purposes
of determinisation, we can determinise each nested-word automaton B, ,. A
nested-tree automaton B’ can then be constructed that behaves as Bg along
the spine and then at the branching point runs all of the deterministic B, in
parallel along the rib. The finite tree automaton C’ behaves as C does along the
spine and at the branching point picks an B, , such that a branch to state (g, p)
would have been possible and accepts the rib just in case B, ; is accepting.
The spine nested automaton B’ ¢ thus simulates BC and recognises the same
language. Moreover, the run-tree of B’ is unique on every input tree and so it
can be complemented by complementing the finite tree automaton C’. O

Note that this cannot be generalised beyond N'Treey(X) since spine nested
automata can act completely non-deterministically on the trunks of subtrees
not part of the spine. The construction relies on there being just one rib.

Other Properties of Automata

We turn our attention to closure under a notion of ‘projection of branches’. For
this we use a skeleton selector which is a deterministic tree automaton & whose
state space can be partitioned into two sets P and S with transition function
having the property that every state in S yields at least one child with a state
in S and no state in P can yield a child with a state in S.

Definition 6.24. A skeleton selector is a finite tree automaton S = (X, Q, qo, 9, F, P, S)
where @ is a finite set of control-states; gg € @ is the initial state; § : X x@Q —

2Ui—1 @' ig a transition function specifying allowable behaviours of the automa-

ton at a node with ¢ children for 1 <i < k, F' is a set of accepting states and

P,S C Q are such that @ = P U S and P N S = (. We additionally require

that if ¢ € S and 7 € d(a,q), then at least one element in ¥ must be in S.
Moreover if ¢ € P and 7 € §(a, q), then every element in 7 must be in P.

A run-tree of a skeleton selector S = (3, Q, qo, 0, F, P, S) on a 3-labelled tree
T (which may or may not be nested) is a tree R such that dom(R) = dom(T)
and such that:

* R(€) =qo
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e Suppose that © € dom(T) has ¢ children uq,...,u;. Then for 1 < j <4
we have (R(u1), R(tw), .., R(u;)) € 6(a, R(u)).

We say that a run-tree is accepting if all of its leaves are decorated by ele-
ments of F. A S-skeleton of T € NTree(Y) is the unique subtree consisting
of precisely the nodes assigned a state in S by an accepting run of S. We denote
the set of S-skeletons by S(TF). The S-skeleton language and 8> -skeleton
language recognised by a nested-tree automaton A are respectively denoted
and defined by:

LT(A) = {87 . §7P ¢ S(T™F) for some T™F € £L(A) }
LT(A) :={857P . 7P ¢ S(TF) for infinitely many TF € L(A) }

So a skeleton belongs to L£Z(A) if there is some tree recognised by A with
that skeleton. A skeleton belongs to £ (A) if there are infinitely many trees
recognised by A that all have that same skeleton.

Very often we will be interested in skeleton selectors S that choose precisely
one subtree—that is such that S(T°°F) is a singleton for every 7%, An impor-
tant example is the ezoskeleton selector that chooses precisely the <-greatest
and <-least branches of a tree. For trees with branching degree bounded by
d this can be defined by a deterministic tree automaton with S = {qo,l,r},

P = {p} where g is the initial state and the transition function is given by:

5(—,610) = {QO7(17T)7(lvpar))(lapvpar)a'")(lapvpa"'apvlr)}
—_——
d—2 times
5(—71) = {la(lap)a(lapap)a'”a(lap7p7~'~7p)}
——
d—1 times
5(_,7") = {Ta (p,T),(p,p,T),---,(p,p,...,p,r)}
—_——
d—1 times

(=%
/Iﬂ
=
~—

Il

d .
U {r'}

where all states are accepting states.
These skeleton languages provide a form of projection under which (almost

all) our automata are closed.

Lemma 6.25. Let S be a skeleton-selector and let A be a nested-tree (resp.

path-nested) automaton. There exists nested-tree (resp. path-nested) automata

S(A) and LT (A) such that:
L(S(A)) = L5(A) and L(S*(A)) = L3 (A)

If S selects the spine of every tree (amongst possibly other branches) then the
above also holds for spine nested automata. If S selects both the <-greatest and
=<-least branches (amongst possibly other branches), then it also holds for trunk
nested automata.
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Proof. We first exhibit S(A) recognising the required language. Let us assume
that A is of the form B¢ (if A is a generic nested-tree automaton then it
can be represented in this form by ignoring the C component). We begin by
replacing C~ with the product of S and C~, which we call C.

For (p,q) € Qg X Q¢ we define the set:

Reach(p,q) == { S CQp x Qc : IT"F. there is a run-tree
of B on TF with root labelled (p, q) and leaves

labelled by pairs of states in S}

This set is computable. Consider (p,q) € @ X Q¢ and S C Qp x Qc. We can
decide whether S € Reach(p,q) by simply checking for emptiness the nested-
tree automaton formed from B¢ by changing the initial state to (p,q) and
setting the final states to .S.

We also define a set of control-states Qf := Qp x 295%@¢. The automaton
BT endowed with this state set behaves in the same manner as B keeping track
of additional information in the second component of its state. If it is in state
(g, S) at a node u of the input tree T“>F this means that it is possible to replace
the subtree of T°F rooted at u with another subtree (whose root is glued to
u) such that B would be able to complete the run-tree from u to become an
accepting run-tree starting in a state (¢’,p) € S.

BT is able to compute this set S on the fly in a manner that also respects any
deterministic behaviour of the original B. In its initial state (goz,So) we can
just take Sp := {(p,q) : IF € Reach(p,q) containing only accepting states}.
So long as neither the target nor source of a link is traversed the set S remains
the same and B* need not update it. This is because the set of ancestors
of the current node that are targets with unmatched sources would not have
changed. When transitioning from a node that is a source of a link u to its
children, the set of ancestor nodes that are targets with unmatched sources
returns to exactly what it was at the target E(u) of u. Thus the transition
from the source of a link to its children can simply restore S to what it was at

So we only need to consider the case when u is the target of a pointer—i.e.
u € img(FE). In this case the children of u will have an additional unmatched
target amongst its ancestors in comparison to u. We define the following op-

erator on S assuming the simulated B is in control-state p at wu:

AddTarget(p, S) :=={ (p',q) € Qs x Qc : IF € Reach(p',q) s.t. V(r,s) € F.
Jda € ¥. 3k € N. 3((r1, 51),- .-, (7%, 5k)) € dgpge(a,p, (r,s))
s.t. (ri,s;) € Sforeach 1 <i <k}

So if the simulated control-state of B is p, the S sent to the children of u is
AddTarget(p, S). In summary the transition functions of B¥ can be described
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thus:

dop+(a,(q,5)) = { ((q1,AddTarget(q,S)), (g2, AddTarget(q, S)),

..., (gr, AddTarget(q, S))) = (q1,42,---,qr) € dogla,q) }

{ ((q1,9), (a2, 9), -, (@, 9)) = (q1,42:---,qx) € 0B(a,q) }

{ (a1, R), (g2, R), .- (aw, R)) = (q1,q2:---. k) € dap(a,p,q) }

op+(a, (¢,5))
5®B+ (CL, (pv R)a (LL S))

and BT will maintain the invariant that when in control-state (g, S) at node u
there exists a subtree that could replace the subtree rooted at u such that B¢
could continue with a run from w« in this replacement tree from a control-state
in S and finish at every leaf of the replacement subtree in accepting states.

We can now modify the automaton BT to form B™" that actually imple-
ments deletion. In order to preserve path nestedness/spine nestedness/trunk
nestedness we do not give BT the power to directly consider the skeleton se-
lector as this may introduce undesirable non-determinism (despite the skeleton
selector being non-deterministic, missing out branches of the tree might intro-
duce non-determinsim).

The automaton BT+ makes a transition to k children wq,us, ..., us in con-
trol states (q1,qs,- - -, qr) where BT could make a transition to k' > k children
arranged as v1u1 03Uz . . . Vp Uk} in control states pi, q1,p2, g2, - - - s PkqkPk+1- NO
constraints are placed on the choice of uq,...,u; for generic nested-tree au-
tomata or for path-nested automata. Observe that if B is path-nested, B* will
also be path-nested and because path-nestedness is immune to influence from
behaviour at siblings. If B is spine-nested or trunk-nested, however, then we

impose some additional constraints:

e If BB is spine nested and S selects the spine of every tree, then we insist
that |pxr1] = 0—id.e. BtT always assumes that the spine of the tree
being read is also the spine of the tree on which a run of B is being
simulated. Note that this means that Bt* will also be spine nested. It
also will never violate the constraints imposed by the skeleton selector.

e If Bis trunk nested and S selects both the leftmost and rightmost branches
of every tree, then we insist that |p1| = |px+1]| = 0. The assumption about
S means that this will never be too strong a constraint to prohibit se-
lecting the branches that S would select. Moreover, this constraint also
means that the trunk of both the original tree and the skeleton will be
shared and so B™" will also be a trunk nested automaton.

For technical reasons we additionally extend the state space of BT to include
a record of the B control-state at E(u) on the children of a node v € dom(E).
(We make the record on the children of u rather than wu itself so as to avoid
introducing any non-determinism as a result of this record).
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We now define a finite tree automaton CT that has access to the control-
states of Bt*. C* bases its behaviour on a simulation of C (recall that C
in turn includes a simulation of §). When it makes a transition to k chil-
dren wq,us,...,uk, it guesses pairs of control states in @p X Q¢ as a vector
71 (p1,q1)75(p2, @2)73 - - - 77 (Dk, @i )Tit1 such that BC could make a transition to
children viuiv3us ... Ugupui in these control-states. It verifies the legitimacy
of this guess when reading the state of B+ at the children, which contains
a record of the control-state at the target of a pointer should the ability of
B¢ to perform the guessed transition depend on this. It also checks (via its
simulation of §) that precisely the nodes w1, ug,. .., ur would be selected out
of the postulated vector viuiv3us . .. vguguk. A final consistency check ensures
that the guess has the property that the control-state of B simulated by B+
at the child u; is p;.

C™T should also ensure that the pairs in the 75 can all yield accepting run
trees. This occurs just in case any one of the children u; could be replaced with
a subtree from which B¢ would have an accepting run tree were it to start at
the root of the new subtree in a state specified by such a pair. This is precisely
the information contained in the set S from BT in the control state of BT at
children—C™ just needs to check that the pairs in 7; all belong to the set S
associated with the children (which will be the same for each child).

Note that we do not need to adjust the accepting states of CT™—we can take
them to be those that simulate accepting states of C. The transition function
of C*, as described above, will ensure that only S states that select a branch
are propagated down the actual tree asserted to be a skeleton.

We can thus take S(A) := B+’

Now let us turn our attention to S (A). In addition to the set Reach(p, q)
we need a set representing the fact that an infinite number of trees can be
found giving a run with leaves ending in the given set of states:

Inf(p,q) =={SCQpxQc : I°T"F. there is a run-tree
of B¢ on TF with root labelled (p, q) and leaves

labelled by pairs of states in S}

Again this set is computable. Consider (p,q) € @ x Q¢ and S C @ X Qc.
Again we form an automaton from B¢ by changing the initial state to (p, q)
and the final states to S. We have S € Inf(p,q) just in case the language
accepted by this modified automaton is infinite. If it is infinite it must contain
a large member on which the Pumping Lemma may be applied. Conversely if
it contains a large member we may apply the Pumping Lemma to produce an
infinite number of members. Thus we just need to test whether the language
contains a large member—we can intersect the automaton with an automaton

recognising large trees and test this for emptiness.
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To form §*°(A) we adapt BT to form B°°. This automaton has state space
Qp~ 1= Qp x 298%Qc x 2Q5%Qc A state (¢, S,T) consists of ¢ and S, which
have exactly the same meaning as with BT and are updated in exactly the
same manner, together with 7" which is a set of B¢ from which the current
pointer context would allow an accepting run on infinitely many extensions of
the current tree.

The initial Ty is given by Ty := {(p, ¢) : IF € Inf(p,q) containing only accepting states}.

At the target of a pointer T is updated to T in a manner similar to the move
from S to S’ except that in this case we are also interested in the possibility of
there being infinitely many possible extensions prior to the pop occurring. The
analogue of the operator AddTarget(p, S) for T is AddTarget™ (p, S,T) defined
as follows:

AddTarget™ (p, S,T) :=={ (p,q) € Qs x Qc : IF € Inf(p',q) s.t. ¥(r,5) € F.

Jda € ¥. 3k € N. 3((r1,51), .., (7%, 5k)) € dppge(a,p, (r,5))

s.t. (ri,8;) € Sforeach 1 <i <k}
U
{(P',q) € Qs x Q¢ : IF € Reach(p,q) s.t. V(r,s) € F.

Jda € ¥. 3k € N. 3((r1,51), .-, (7%, 5k)) € dppge(a,p, (r,5))

s.t. (r;,s;) € Sforeach 1 <i<k

and (r;,8;) € T forsome 1 <i <k}

The first component of the union captures the cases when there are an infinite
number of subtrees preceding the corresponding source of the target being
added and the second component of the union captures the cases when there
are an infinite number of extensions of some subtree beyond the corresponding
source. If there are an infinite number of extensions, then the extension must
fall into one of these two categories. Note that we depend on S as well as T
since not all branches need to admit an infinite number of possibilities for there
to be an infinite number of possible trees—only one such branch need admit
this.

Thus we implement B5°° to update T in the same manner as S at source
nodes and nodes that are neither a source nor a target and at a target node u
we update T in a state (p,S,T) to AddTarget™ (p, S,T) at the children of w.
The automaton B°°7 is then created from B> in exactly the same way as BT+
is created from BT. The finite tree automaton C* is then defined in exactly the
same manner as C* (but with respect to BT instead of B™") except that C>
additionally ensures that T can be used in place of S in at least one instance
of deletion.

We then take S (BC) := B>+, This recognises precisely the trees that
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belong to the set of skeletons for an infinite number of trees. First suppose that
T7F € £(S>(BC)). Then it must be possible to decorate T F with states
of B€ such that this constitutes a subtree of some accepting run tree R of B¢
such TF is precisely a subtree selected by S. Additionally there must exist
at least one node of R shared with 7% with a child in R not shared by 7F
that can be replaced by infinitely many possible alternative subtrees ending
in accepting states. This ensures that T°F does indeed belong to the set of
skeletons of an infinite number of trees.

Conversely assume that T F belongs to the set of skeletons of an infinite
number of trees. Since T°F has finite size, this must mean that there exists
at least one assignment o of states of B¢ to the nodes of T°F that forms a
skeleton-selected subtree of infinitely many run-trees of B¢. Moreover there
must exist at least one node u in T°°F from which there are infinitely many
extensions to accepting run-trees consisting of nodes not belonging to T°°F.
Observe that the existence of an extension of a node u in T°°F with a run-tree
depends exclusively on the assignment o (to ancestors of u) and the states
spawned down to the children of u—both the children in 7% and those in the
extended run tree. However, since all trees accepted by B¢ have nodes with
bounded degree and since there are only finitely many control-states of BC it
follows that there are only finitely many combinations of possible states on the
children of w. Thus there must be at least one child of w that can be added
as part of an extension of T°F decorated with o to a run tree of B¢ that can
be assigned a control-state from which there are infinitely many extensions to
accepting run trees. It follows that S°(BC) will accept T F, as required.

O

6.2 Introducing Automaticity for Nested Trees

Traditional Tree Automaticity

The idea of a ‘tree automaticity’ is to present a relational structure as having
a set of finite trees as a domain and recognising n-ary relations using finite
tree automata that act on n trees in a synchronous manner. The latter is best
viewed in terms of convolutions of n trees that can be defined as follows. Given
Y-labelled trees T, Tb, . .., T, the standard convolution @), ( Th,T>,..., T, ) of
T, T>,...,T, is defined to be the X"-labelled tree T such that:

e dom(7T) :=J;_, dom(T})
e For each u € dom(T') and each 1 < i < n we have:

Ti(uw) if u € dom(T;)

mi(T(u)) = 5 if u ¢ dom(T;)
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We use the term standard and write the ! annotation in ®; in order to distin-
guish it from the revised notion of convolution to be introduced a bit later,
which is what will be used for the bulk of this chapter. A standard tree auto-
matic structure can then be defined to be a relational structure whose domain
is a regular tree language and whose n-ary relations are regular languages of
n-ary convolutions of the n-tuples belonging to the relation. We write TAut
to denote the class of standard tree automatic structures and we write WAwut
to denote the class of standard word automatic structures (defined in the same
way but with domains restricted to words—i.e. unary trees).

First-order logic is decidable on tree automatic structures as the good clo-
sure properties of tree automata allow one to recognise any set of convolutions
that is first-order definable. However we cannot directly extend it to nested
trees since standard convolutions would present a problem when the nested-
trees being conjoined have differing structure with respect to pointers. If cor-
responding nodes in two trees are respectively the source and target of the
pointer, it is not possible to naively add a pointer to the convolution that cov-
ers both cases. One should also note that tree automatic (and indeed just word
automatic) structures can capture the configuration graphs of Turing machines.
This precludes any nice treatment of non-locality. For example, it would be
good to be able to define a ‘reachability’ predicate in all automatic structures;
but so long as we wish to return first order definability this could not be done
by extending tree automaticity directly.

We will thus use an alternative definition of convolution for the purposes
of this chapter, which we now introduce.

Automaticity for Nested-Trees and Words

The pointer pattern patp~x(u) of a node u € dom(T) in a nested-tree TF
is a string over the alphabet {¢,n,s} (target, neutral, source) such that if
U1, ... ,Upm is the path from the root to w, then patp~ez(u) = p1 - pm
where:
t  ifu; € img(E)
pi=4qn ifwu; ¢ img(E) U dom(E)
s ifu; € dom(E)

Also consider the trace tracer~r(u) of a node u € dom(T') where T is X-
labelled, which is an element of ¥* indicating the sequence of Y-labels of the
nodes in the path from the root to w inclusively. Let us also abuse notation
so that the domain of a tree may be a subset of { (u,p,v) € S x S5 x S3

|u] = |p| = |v| } for finite sets S1, Sz and S3. Due to the length constraint we
may also view an element (u,p,v) as being in (S7 X S x S3)* and any ‘prefix
closed’ set of such elements can naturally be viewed as the domain of a tree.
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a a a,{1,2}
\
l‘l O‘L a, {1, 2}
/\ /\ /|
b «‘z ® c‘z T> = b{l}a{Z} a{lz}
| o)
t‘l b> a b a{l}a{2} b{l}b{Z}
l l o) 12

Figure 6.9: Convolution of Two Trees

Assuming an ordering on Sy, Se and S3 we may also view such a tree as being
ordered by taking the lexicographic ordering on S; x Sy x S3.

Let TP 1y B2 T, 7En ¢ NTree(X). We define their convolution
X <T1“E1 VTP ,THAE"> to be the ¥ x 2[1-7l_labelled nested-tree T°F
where:

o dom(T) = {(u,p,v) € ([L.k]* x {t,n,s}* x ¥*) : .1 < i < nu €

dom(T;) and patp~e(u) = p and tracer~=e(u) = v}

e dom(E) consists of nodes in dom(T) of the form (u,p.s,v) and we set
E(u,p.s,v) to be the node (v,p’.t,v’) bearing the matching ¢ to the s at
u.

o We set T'(u,p,v'".a) = (a,S) where:

i € S iff u e dom(T}), paty, ~e, (u) = p and tracer, ~r, (u) = v'.a

The ordering on {t, n, s} and ¥ is immaterial at the level of abstraction at which
we will work, although the reader should bear in mind the standard ordering
on [1..k] which is the dominant component of the lexicographic ordering.

We define the set Convo’.(X) to be the set of n-ary convolutions over ¥ (for
trees) and Convojy (X) to be the set of n-ary convolutions over nested-words
(rather than trees). Conwvoy,(2) thus contains nested-trees with at most n
leaves.

Let us fix a signature o = (R{",...,R;"*) (each m; € N) for relational
structures. We describe six different ways of presenting o-structures 2 =
(A, R;y,...,Rg) using nested-tree automata. In each case A C NTree(X)
(sometimes NWord (X)) for some finite alphabet ¥ and R; is encoded as a sub-
set of Convo’y(X) (sometimes Convoly (X)) such that @ ( Ty Fr ... T " )
belongs to the encoding iff ( TE L T B ) € R;. If there is an automa-
ton A recognising A and automata R; = B;% recognising each of the encodings
of R; such that B; only depends on the ¥-label of nodes in the convolution (i.e.
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the transition function of B; only considers the first projection of the labels in
¥ x 27 then we deem the structure to be:

o isophilic if A is a nested-word automaton (so the domain is a set of
nested-words) and each of the R; is a pathwise-nested automaton. This
class is denoted by Isoa.

e dendrisophilic if the structure is a graph, A is a nested-word automaton
and each of the R; is a spine nested automaton. This class is denoted by
dIso,.

o symmetric-dendrisophilic if the structure is a graph, A is a nested-word
automaton and each of the R; is a trunk nested automaton. This class

is denoted by sIsos.

e nondisophilic if A is a nested-word automaton and each R; are nested-
tree automata. This class is called nlsos.

o tree-isophilic if all of the automata are pathwise-nested automata (the
domain may consist of nested-trees, not just words). This class is denoted
by Isos.

e tree-nondisophilic if all of the automata are nested-tree automata. This
class is denoted by nlsogs.

(Whilst we will establish first-order decidability results for some of these classes
when viewed as including relations of arbitrary arity, it should be emphasised
that when characterising these classes using systems of (coloured) graph gener-
ators we obviously must assume that we are only dealing with those structures
employing relations of arity at most two.)

The first three enjoy elegant characterisations in the form of prefix rewrite
systems (for graphs) and the first two correspond precisely to the transition
graphs of second-order (collapsible) automata. We suggest that tree-isophilic
structures are a natural third member of the progression from word to tree
automatic structures. They also subsume the third level of the Caucal hierarchy
(although we lack a precise characterisation as with the second level). Tree-
nondisophilic structures seem to be less interesting, but we introduce them as
they provide the tool by which we get our decidability result for FFO on a
subclass of order-3 collapsible pushdown graphs.

It is also worth having the name flat-isophilic to refer to the special case of
isophilic structures where the words are non-nested—thus the automata may
all be considered finite-word /tree automata (with ‘flat-nondisophilic’ and ‘flat-
nondisophilic’ amounting to the same thing). This class of structures is denoted
by Iso1.
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Let us say that a class C of structures is closed under FO®°-definability if
for every 2 € C and FO®°-formula ¢(z1, ..., T, ), adding the relation defined

by ¢ to 2 also results in a structure belonging to C'.

Theorem 6.26. Isos, nlsoz and Isosz are closed under FO®° definabil-
ity. When we restrict consideration to structures with domains contained in
NTree(X) for some fized k € N, tree-nondisophilic structures are also closed
under FO®° definability.

Proof. Consider any such structure 2 and an FO® formula ¢(x1,...,Zm).
Argue by induction on the structure of ¢, constructing an appropriate automa-
ton recognising the encoding of a relation defined by each subformula. Boolean
operations are covered by Lemma 6.22.

The induction cases of 3 and 3°° are covered by Lemma 6.25. We use a
skeleton selector selecting every node in the convolution except for those asso-
ciated exclusively with component of the relation being quantified. We then
project the labels of the convolution tree—in the isophilic case this will retain
the determinism of the nested-word automata since originally their transitions
depend only on the ¥-component of labels in the convolution and the construc-
tion in the proof of Lemma 6.25 does not change this. O

Since dendrisophilic structures are just a special case of nondisophilic struc-
tures, emptiness testing together with Theorem 6.26 gives us:

Corollary 6.27. FO and FO® on isophilic, dendrisophilic, nondisophilic

and tree-isophilic structures are decidable.

Handling Tree-nondisophilicity and First-Order Logic

We run into difficulty when it comes to tree-nondisophilic structures as we
have no Boolean closure in general. Instead we need to restrict ourselves to a
subclass of these structures where relations can be determined by examining
only the right-most k branches of a convolution for some fixed k. This enables
us to appeal to the closure properties of nested-tree automata that act only on
trees with a bounded number of branches. The inherent locality of first-order
logic as encompassed by Gaifman’s Locality Theorem [38] then allows us to
obtain first-order decidability.

Gaifman’s Locality Theorem

Let us fix some standard terminology relating to Gaifman Locality from [38].

Definition 6.28. Let % = (A, Ry, ..., R,,) be a relational structure. The
Gaifman graph Gaif(21) of 2 is the graph with domain A and an (undirected)
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edge between a,b € A whenever there exists (¢1,co,...,¢) € R; for some
1 <4 < m such that a,b € {¢1,¢a,...,¢}.
Given a € A the local ball of radius v € N about a is the subset of A:

B.(a) :={be A : there exists a path of at most length r in Gaif () from a to b }

Noting that edges in the Gaifman graph are definable by the same formula
in all relational structures over a given signature and further noting that we can
easily construct a formula d,(z,y) for each r € N asserting that the shortest
path between x and y in the Gaifman graph of the structure is of length at

least r, the following definition makes sense:

Definition 6.29. An r-local formula is a first-order formula ¢(z, ) with at
least one free variable x whose quantifiers are restricted to B,.(z). A basic local

sentence is a sentence of the form:
k
Hxlaﬂjgaxk /\ ¢1($Z) A\ /\ dr(xi,xj)
i=1 1<i<j<k
for some r € N where the ¢;(z;) are all r-local sentences.
Gaifman’s Locality Theorem states the following:

Theorem 6.30 (Gaifman’s Locality Theorem [38]). Every first-order sentence

18 equivalent to a Boolean combination of basic local sentences.

This allows us to partially reduce the decision problem for first-order logic
to deciding first-order logic on local balls.

Locality In Tree-Nondisophilic Structures

Definition 6.31. Let us say that a set of n-ary convolutions R is k-compact
for k € N just in case there exists a nested-tree automaton A4 (acting on trees
with at most k branches) such that:

C P eR iff  S(C™F) e L(A) and each node of C°F not selected by Sy,

is associated with all of the n trees yielding C*"F

where Sy, is the skeleton selector selecting the k right-most branches of a tree
(thereby selecting a unique tree so that S,(CF) is a singleton set and so we
may treat it as its element). We just say that a relation is compact if it is

k-compact for some k.

In order to use this definition in the context of relational structures, it will
be helpful to separate the two concerns of ensuring membership of the domain
and determining whether elements are related. Thus for the purposes of this
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section we will view relations on a domain as being n-tuples of arbitrary nested-
trees, not necessarily restricted to those nested-trees belonging to the domain.
The following definition captures the place where we do want to be able to
consider membership of the domain as well (the second condition):

Definition 6.32. We say that a tree nondisophilic structure A = (A, R1,..., Ry)

is compact if both of the following conditions are met:
e Every relation R; is compact for 1 < i < m.

e The relation { (a,b1,ba,...,bx) : bi,bo,....bx € Bo(a) } N A" s
compact for every 7 € N on the assumption that a € A.

We can use Gaifman’s Locality Theorem together with the closure prop-
erties of nested-tree automata on trees with a bounded number of branches
(Lemma 6.22) to get:

Theorem 6.33. FO is decidable on compact tree-nondisophilic structures.

Proof. Let 2= (A, Ry, ..., R;) be a compact tree-nodisophilic structure with
domain recognised by A. We begin by showing that for every r-local formula
o(x,y1,...,yr) there exists a nested-tree automaton Af acting on trees of
bounded width m such that:

{C7F € L(Ay) : Sn(CTF) € L(AF) and m (C7F) € L(A) }
- { R (S, B B A E (L T 5P

and ;7P € B.(S7P) for each 1 <i < k }

where Ay is an automaton that ensures that all nodes not belonging to the
right-most m branches of the convolution (i.e. not selected by S,,) are associ-
ated with every tree making up the convolution (i.e. that the convolution does
not split on these branches). It also ensures that the labels on these nodes of
the tree are consistent with it being an n-ary convolution. It ignores the right-
most m branches. By m(CF) € £L(A) we mean that the first component of
the convolution is in £(A) = A. We argue by induction on ¢.

In the case when ¢ is atomic, it will be of the form Ry;---y;. Noting
that equality = is 0-compact (nothing needs to be checked to determine equal-
ity on the assumption that corresponding branches are the same in each tree
being compared!) and from the assumption that 2 is compact we get that
the relation R is m-compact for some m. We also have it that the relation
Y1y, Yk € Br(z) N A is m/-compact for some m’. Note that we may view
both of these relations as being max(m, m’)-compact. If w.l.o.g. m < m' then
we simply extend the automaton acting on the right-most m branches of the

convolution (recognising R) to act on the right-most m’ branches, asserting
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equality between the nodes not lying in the right-most m branches. We can
thus take Aff to be the intersection of these two nested-tree automata acting
on the right-most max(m, m’) branches of the convolution.

For a conjunction (¢ A1) we can take A@ Ay the intersection of .Af and
A{f. Note that ¢ and 1 might contain variables not contained in the other.
However the convolutions being recognised by Af and Af will both contain
one variable in common, namely x, the centre of the local ball. So if Af acts
on the right-most m branches of a convolution C°* and A7 on the right-
most m’ branches of a convolution C’ mEl, then everything outside the right-
most m branches of C*°F must be shared by all elements, in particular x, and
everything outside the right-most m’ branches of C’ “F" hust be shared by
all elements, in particular x. Since x is shared in both convolutions, merging
them must result in a convolution for which everything outside the right-most
m + m’ branches is shared by all elements in the convolution (including z).
Thus the intersections and unions above can be recognised by automata acting
on at most the right-most m + m’ branches of a convolution.

For negation we must obtain an automaton A-4 from A4. We do this by
complementing Af (possible due to Lemma 6.20) and intersecting with the
automaton for B,(z) N A in the same manner as for the atomic case. Because
we are restricting the elements of the convolution to those belonging to B, (x)
this is sound as membership of B,.(x) requires being identical to = at nodes not
read by As.

Now we come to existential quantification—representing a formula of the
form Jy.¢(x,y,v1,...,yk). Since this is assumed to be r-local about x the
existential quantifier should only range over B,(x) (N A). But this is exactly
the constraint that Af places on y. Since y # x (because the variable defining
the centre of the ball is always kept free) we can be sure that the nodes of the
convolution associated only with y would only have be read by Af (and not by
A, which only reads = and not by A, which must by assumption only accept
when it has read nodes belonging to all elements of the convolution). We can
thus obtain the requisite automata by projecting away nodes belonging only to
y from Ay using Lemma 6.25 and for every automaton projecting node labels
to eliminate references to y.

It follows that we can constructed a nested-tree automaton recognising the
set of nodes defined by an r-local formula ¢(x) with a single free variable
representing the centre of its ball. Additionally note that the relation d,(z,y)
holds iff y ¢ B,_1(x). But by assumption membership of local balls is compact
as witnessed by an automaton Apg, , reading the right-most m branches of a
convolution. We thus have y ¢ B,_1(x) if either the right-most m branches
are rejected by Ap,_, or there is a node differing between y and x outside

the right-most m branches. The latter can easily be detected by a nested-tree
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automaton and the former can be detected since Ap can be complemented

r—1
due to the fact it acts on a bounded number of branches. We can thus construct
a nested-tree automaton recognising the relation d,(z,y).

Since basic local sentences can be formed from such formulae without the
need for negation (i.e. without the need of complementing automata) and since
intersection and projection can be performed on all nested-tree automata, it
then follows that for any given basic local sentence ¢ we can construct a nested-
tree automaton that recognises a non-empty language iff A FE ¢. Thus by
Gaifman’s Locality Theorem (re-stated here as Theorem 6.30) we can decide
an arbitrary first-order sentence in 2 by deciding a finite number of basic local
sentences and applying appropriate Boolean operations on the Boolean results

for each (which do not need to be represented directly with automata). (]

A crucial assumption for the proof above to work (subsumed by the defi-
nition of compactness) is that membership of B,.(x) N A is compact rather
than just membership of B,(x) alone. This is because projection needs to be
performed in a manner that does not interfere with the ability to detect mem-
bership of a defined relation on the basis of examining a bounded number of
branches. In particular this means that membership of the domain needs to be
compact with reference to the centre of our ball z, which is the only variable
that will never be ‘projected away’ whilst forming the automata for our r-local
formulae. The following Lemma will be useful in setting out a sufficient crite-
rion for this to be possible in compact structures. It basically says of compact
structures that if given an element € A one can determine whether y € A by
comparing y to x using a compact relation, then B,.(z) N A is also compact.

Lemma 6.34. Let 2 be a tree-nondisophilic structure with domain A consist-
ing of nested-trees over an alphabet 3. Suppose further that for each m € N
there is a compact relation A,, C NTree(X) x NTree(X) such that

Apm N A x NTree(X) ={ (a,b) e Ax A :
all nodes of ® (a,b) not in the right-most m

branches belong to both a and b}
Then if all of the relations of A are compact, A is a compact structrure.

Proof. We just need to show that the (k + 1)-ary relations (y1,y2,...,yk) €
B,.(z) N AF where 2 € A are compact.

First observe that the edge relation in Gaif(2() must be recognised by
nested-tree automata. This can be achieved by taking the nested-tree automa-
ton recognising an n-ary relation R and applying the projection from Lemma
6.25 to it with a skeleton selector that chooses an arbitrary two members of

the convolution. This is the only time when we will use a skeleton selector that



6.2. Introducing Automaticity for Nested Trees

157

can non-deterministically choose multiple different skeletons for a given input
tree. We can then take the union of all such automata derived from all the
relations of 2. In fact we can go further and say that the edges of Gaif ()
are compact. This is due to the fact that the original relations are themselves
compact and so we can recognise Gaifman edges by performing this projection
on the automaton acting on the bounded number of right-most branches of a
convolution. We then take the union of these automata acting on a bounded
number of right-most branches. Note that we must also take the symmetric
closure of this automaton (which is another union) as the edges of the Gaifman
graph are not directed.

For any given r this allows us to construct an automaton recognising paths
T,21,%22,-..,2r—2,y Of length 7 in the Gaifman graph indeed we can see that
this r-ary relation is compact assuming that z € A. We argue by induction
on r. When r = 2 the path is just z,y, so x and y must be related by a single
Gaifman edge. Since Gaifman edges are compact, there must exist some m € N
such that all nodes of ) (x,y) not lying on the right-most m branches of the
convolution must belong to both x and y. So we intersect the compact relation
A,, that guarantees y € A (assuming that z € A) with the compact edge
relation of Gaif(2). This intersection yields a compact relation for the same
reasons as in the intersection case for local formulae in the proof of Theorem
6.33. The induction step reasons in exactly the same way, noting as part of the
induction hypothesis that all elements in the path being extended must belong
to A on the assumption that z € A.! We can then just apply projection from
Lemma 6.25 on the intermediate nodes in the path in order to get the relation
y € By(z) N A on the assumption that z € A.

In order to extend to y1,...,yx € B.(x) N A we simply observe that this
is a finite intersection of k£ compact relations having a variable x in common,
again in a similar manner to the intersection case in the proof of Theorem
6.33. O

As a corollary of Lemma 6.34 and Theorem 6.33 we get:

Corollary 6.35. Let 2 be a tree-nondisophilic structure with domain A con-
sisting of nested-trees over an alphabet 3 whose relations are all compact. Sup-
pose further that for each m € N there is a compact relation A, C N'Tree(X) x

IEven if our structure is a graph consisting of reachable nodes, reachability in the Gaifman
graph where we allow all possible nested-trees as nodes is still not necessarily the same as
reachability in the structure. Thus additional assumptions have to be made in terms of
assuming compactness of relative membership of A as going along a Gaifman edge that
corresponds to a backwards-edge in the original graph requires some additional information
to ensure the node could be obtained via forwards reachability from the origin.
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Figure 6.10: Isophilic Chain

NTree(X) such that

Apm N A x NTree(X) ={ (a,b) e Ax A :
all nodes of ® {a,b) not in the right-most m

branches belong to both a and b}

Then FO is decidable on 2.

6.3 Isophilic and (Symmetric-)Dendrisophilic Chains

For this section we restrict our attention to isophilic, dendrisophilic and sym-
metric dendrisophilic graphs; so only (nested-)words make up the domains and
all relations are either binary or unary. The fact that convolutions must branch
as soon as components begin to differ means that an arbitrary number of con-
volutions can be ‘glued together’ whilst retaining a finite alphabet. This allows
us to represent paths in isophilic and dendrisophilic graphs as trees denoting
chains of words, which in turn can be recognised by automata.

A path in a graph 20 is a sequence of nodes u1, ..., u,;, such that for 1 <
i < m there is an edge from u; to u;11. We say that uru’ if v’ is reachable
from u—that is there is a path from u to u’. We say that ur°°u’ if there exist
infinitely many distinct paths from u to u'—note that if there is a cycle in
the graph on some path between u and u’ this automatically implies ur°°u’

(although not conversely in an infinite graph).

Definition 6.36. For each graph 2 let Rg be the set of its binary relations.
A Q-decorated structure Ag adds a map Q : Ry — @ X @ for some finite set
Q. This allows for a finely controlled notion of path. A path ui,...,u,, in

A is deemed Q-compatible if there is a function f : [1..m] — @ and relations
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Ry, ..., R, —1 such that for every 1 < i < m we have u;R;u;+1 and Q(R;) =
(f(2), f(i+1)).

We say that urq,qu' if there is a Q-compatible path p beginning with u
and ending in v’ for which f(1) = ¢ and f(|p|) = ¢’ and urgs,,u’ if there exist
infinitely many such paths. Note r» and r°° arise when @ is a singleton.

Ezample 6.37. The motivating example is when the nested(-words) s1, sa, . . ., Sk
represent the contents of a stack of a pushdown automaton and we take @ to
be its set of control states. The relations would then represent stack opera-
tions and a suitable @ would assign an origin and target control-state that
accompany that each transition. If s1,s9,...,s; forms a Q-compatible path,
then this means that there exists control-states ¢i,¢qo,...,qx € @ such that
(q1,51), (g2, 52), -, (qr, Sk) is a run of the automaton. Likewise srq,q-s" would
mean that there is a run from (g, s) to (¢’,s’) and sr2°,s’ would mean that

a9
there are infinitely many runs from (g, s) to (¢’, s').

Branch Chains

Assume the nested-words in 2’s domain use the alphabet . A (symmetric)-
dendrisophilic (resp. isophilic) chain over Ug is a ¥ U {¢, e}-labelled nested-
tree C*°F such that:

e It is a binary tree.

e Every node u € dom(C) with C(u) = e satisfies u ¢ dom(FE) and u ¢
img(E) and may have no children.

e If a node is not labelled e, then it must have a child.

e Every node u € dom(C) with C(u) = € satisfies u ¢ dom(E) and u ¢
img(E) and cannot be the root.

e The left child or only child of a node may not be e-labelled. If a node
has two children, then the right child must be e-labelled.

e For 1 <i < wth(CF) let T;%* be the subtree consisting of just the i
and (i + 1)th branches of C°F. Tt should be the case that ms(T;F1) =
T (®< CoF CoF >) The value wth(C*°F) is the number of leaves

<i4+1
of C"F.
o mx(CLF),. .. ,Wg(CQfMCnE)) forms a Q-compatible path in 2.

where we write 7s(TF) to denote the tree formed by deleting all nodes not
labelled in ¥ under the assumption that all nodes in 7°F not labelled in ¥
have at most one child.

Let us denote the space of (symmetric-)dendrisophilic (resp. isophilic)
chains over 2o by Ch(2g).
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Lemma 6.38. For any Q-decorated symmetric-dendrisophilic, dendrisophilic
or isophilic graph Ao it is the case that:

1. There exists respectively a trunk nested, spine nested or path-nested au-

tomaton recognising Ch(2l).

2. Let uy,...,uUm in A be a Q-compatible path in A. Then there exists a
unique C°F € Ch(2l) such that wth(C°F) = m and u; = 7= (C;™F)
for each 1 < i < m. The converse also holds.

Proof. We begin with the most general case—when the graph is symmetric-
dendrisophilic. Let A, , = B, ;7 be a trunk nested automaton recognising
the union of all relations decorated by p,q € @ (where @ x @ is the image of
Q). Recall that this means that the B, , are deterministic along the trunks
of trees (the initial segment of the tree that occurs prior to any branching).
It is also worth reminding the reader that the convolutions read by A, , are
binary relations between nested-words, so the trees upon which they act have
at most two branches. We refer to the component leaving the trunk to the
left as the left-branch and the component leaving the trunk to the right as the
right-branch.

We define an automaton A = B¢ recognising Ch(2). This will act on a
trees with an arbitrary number of branches where adjacent branches should
be related in a manner that would be accepted by one of the A, ,. It has

control-states Qg where:

Q=[] @s. x [[ @5,,xBx [] @s,, xB x=*

(p,a) (p,a) (p,a)
cQxQ cQxQ EQXQ
Trunk-Sim Left-Branch Sim Right-Branch Sim

The set @, , is the set of control-states of the automaton By, ;. For a set S we
write S+ to denote S U { L}. We use the value 1 when the value is ‘irrelevant’
or undefined.

The idea is that the trunk sim component will always simulate the behaviour
that each B, , would exhibit when reading the trunk of a binary convolution.
Since A, 4 is a trunk nested automaton, by definition this behaviour must be
deterministic. This means that B, 4 is able to carry out this simulation despite
a node in a chain potentially belonging to the trunk of an unbounded number of
binary convolutions. The left-branch sim and the right-branch sim components
will respectively simulate the behaviour of each B, 4 at the left or right branch
of a binary convolution. Behaviour here may be non-deterministic, but this is
not a problem as any given node in a chain will belong to the left-branch of at
most one convolution and the right-branch of at most one convolution. This
fact will be exhibited when we describe the transition functions of B which is

able to soundly carry out this simulation without any conflict.
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The Boolean flag B associated with the left and right branch simulations
is used to keep track of whether any pointer encountered during the left/right
simulation should be treated as a pointer to the trunk of the convolution or
a pointer to the left/right branch of the convolution. A value f means that
subsequent pointer sources should be simulated as pointing to a target in the
trunk and a value t means that subsequent pointer sources should be treated
as pointing to a target in the left/right branch.

The ¥ component is just used to remember the most recent non-e symbol
visited. This is useful when skipping over € nodes in a chain.

The automaton B begins in state (q0;7q,I,f,I,f,J_) where qo, , is the

vector of initial states for each B, 4. It then transitions as follows:

e The trunk sim component is updated according to the transition functions
of the B, 4 as they would act when a node has at most one child. If
transitioning from a node that is the source of the pointer, the trunk
component of the target is used as the target state. This results in it
simulating the behaviour of the automata under the assumption that they
never come accross any branching. This update must be deterministic.
Any nodes labelled € in the chain are simply ignored by this component.
The ¥ component is set to the node label just read whenever this node-
label belongs to ¥ (i.e. is not ¢).

e The automaton only allows nodes of the input tree to have at most two
children. When such a node is reached it simulates reaching the single
point of branching in a binary convolution. Let a € ¥ be the current node
symbol if this belongs to X or the value in the ¥ component of the control
state if the current node symbol is e. Let s, , be the state simulated
in the trunk component for B, ,. For each pair (p,q) € @ x @Q the
automaton should non-deterministically pick a pair of states (s;fw, s;,q) €
Qs,., X @8, , belonging to the set given by the transition function of B, ,
acting on an a-labelled node in state s, ;, and appropriate for the current
node’s pointer status. If the current node is the source of a pointer, the
state in the trunk component of the target is used as the target state.
The left sim component of the left child should be set to (55 o f) and
the right sim component of the right child should be set to (s;:q, f). The
value f is correct for the Boolean flags since we have not yet passed any
node that is the target of a pointer since beginning this fresh left/right

branch simulation.

e The left sim and right sim components are updated non-deterministically
according to the transition functions of the B, ; when transitioning from
a node with at most one child. Nodes labelled € are ignored. The Boolean

flag in each component is set to t when transitioning from a node that
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is the target of a pointer. This is correct behaviour as a source node
occurring subsequently must point to a node visited after the start of
this left /right branch simulation. When transitioning from the source of
a node, the Boolean flag is set to the value of the Boolean flag in the
corresponding component at the target of the pointer.

e When the current node has two children, the left sim simulation is prop-
agated down the right child and the right sim simulation is propagated
down the left child. This is correct behaviour since the left component of
one of the binary convolutions in the chain will be the right-most branch
beginning at the left child of the branching point of the convolution and
the right component will similarly be the left-most branch beginning at
the right child of the branching point of the convolution. Note further
that this does not conflict with the spwaning of fresh left and right-sims

in the second item, which are spawned in the opposite directions.

Note that Cp 4 has no obligation to be deterministic anywhere on its input
tree. However, in contrast to B whose transitions can depend on states at
non-local nodes in the tree (which is why this proof does not work for general
non-deterministic automata), the locality of the dependencies for transitions of
Cp,q allows us to make it deterministic along the trunk of a convolution (before
it splits) using the power-set construction. This enables us to simulate each
Cp,q in the same manner as the simulation for each B, 4. In fact the simulation
is a little simpler as it does not need to lookup the state at the targets of
pointers and so the Boolean flags are not necessary. The only other difference
is that we simulate only one of the C, 4 in the left and right branch simulations
rather than all of them simultaneously as we did with B. This is reflected in
the fact that we have taken unions rather than products. This is important
since it forces C to decide which C, 4 it is going to use at each convolution in
the chain, which amounts to guessing the Q-decoration that will be placed on
the elements of the chain.

Define C to have state space:

1 1
QC = H 2Qcp,q X U Qc(p,q) X U Qc(p,q) X X
(p,q) (p,a) (p,a)
€EQRxXQ €EQxQ €EQxQ
——
trunk-sim left-branch-sim right-branch-sim

-

The initial state of Q¢ is (I, 4, L, L) (where I,, are the sets of initial states
of each Q¢, ,). The trunk-sim component behaves the same on all branches of
the chain, keeping track of all possible states that each 9, , could be in from

the root of a convolution and prior to it splitting.
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The left-branch-sim always propagates along the right child or only child
and the right-branch-sim always propagates along the left child or only child,
simulating behaviour after the convolution has split. When the chain branches,
some (p,q) € Q x @ is chosen and a fresh left-branch-sim is propagated down
the left child and a fresh right-branch-sim down the right child based on a
permissible transition of C, 4 at the splitting point of a convolution from one of
the states in the trunk-sim component. Note that this commits the simulation
to a particular C, 4 connecting these components of the chain.

The automaton C has access to the states of B to enable its simulation to
depend on the simulated B, 4. It accepts if all of its left-branch-sim and right-
branch-sim components simulate accepting states with the additional condition
that if the left-branch-sim at a leaf is simulating C, 4, then the right-branch-sim
of that same leaf must be simulating C, ;- for some r € Q.

So this gives the requisite trunk automaton BC. If we are considering den-
drisophilic graphs so that the f,?f are spine-nested automata, then we can
make B€ a spine-nested automaton as well by simply removing the right-sim
component from the states of 5. We could rename the ‘trunk sim’ component
the ‘spine sim’ component. The simulation in the right-sim component of C
will look at the state in the trunk-sim of B all of the time, which is correct by
the definition of spine nested automata.

For isophilic graphs we can make B¢ path-nested by removing both the
right-sim and left-sim components of B. We could rename the ‘trunk sim’
component the ‘path sim’ component. Both the left and right-sim components
of C refer to the path sim simulation of B all of the time, which is adequate for

path-nested automata. [l

We are now in a position to show that reachability is definable in symetric-

dendrisophilic, dendrisophilic and isophilic graphs.

Theorem 6.39. Let A be a symetric-dendrisophilic, dendrisophilic or isophilic
graph. The graph obtained by adding the relations r and r°° is also respec-
tively symmetric-dendrisophilic, dendrisophilic or isophilic. Where g is Q-

decorated the same applies to rq.q and rfl’f’q, for each q,q¢' € Q.

Proof. First consider the Q-decorated case. In order to get an automaton
recognising 74,4 we first obtain an automaton recognising Ch(2l) using Lemma
6.38. We modify this to ensure that the simulation on the left-most binary
convolution is of Cg ;- for some 7 € () and that the simulation on the right-most
binary convolution is of C, o for some r’. We then project onto the exoskeleton
of the chain using Lemma 6.25. The only remaining issues are to add indices
{1}, {2}, {1, 2} to the nodes of the tree recognised in order to give it the form of
a binary convolution; to ignore the es at the end of the branches, both of which

are trivial, and also remove the € symbols that may appear in the right-branch.
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The last item can be achieved by first noting any node labelled € can be neither
the source nor the target of the pointer. The automaton can thus easily be
modified to ignore e-transitions.

In order to get an automaton for T We do exactly the same thing except
that when applying Lemma 6.25 using the exoskeleton we opt for the version of
projection asserting the existence of an infinite number of trees with the given
skeleton.

The r and r°° relations are just special cases of the above when @ is a

singleton set. O

Flat Isophilic Chains based on Summaries

We also define a notion of flat isophilic chain, which takes the form of a semi-
nested-word representing a path in a flat isophilic structure. There is no den-
drisophilic counterpart since flat isophilic structures are by definition formed
from ordinary non-nested words and so the distinction collapses. This is es-
sentially the nested-word representation of the isophilic chain defined above
(noting that in this special case it would be a non-nested tree). Formally, given
a Q-indexed flat isophilic structure Ao (defined in the same way as before) a
flat isophilic chain is a semi-nested-word ¢ over the alphabet ¥ U {o, e}
such that:

e ¢(0) =0 and i € dom(E) iff ¢(i) = e.

e For each i € dom(FE) it must be the case that c(succ(i)) is distinct from

the label of the position coming after E(i) (if it exists) in "e¢™F ;7.

e Suppose that ¢; €4 c2 € -+ € ¢, is the summary ordering of ¢ E. We
require mx(c1), ..., Tx () to be a path in 2 and moreover there to exist
a function f : [l.m] — @ such that 7x(c;)Rims(ciy1) for some

relations of the form R; € Q(f(4), f(i +1)).
Example 6.40. Suppose we have the following sequence of non-nested words:
abccba, abebba, abcbaab, abeebbb, abecbbe, bba

This flat-isophilic chain is encoded as the following semi-nested word:

oabccbaebbaeaabecbbbecebba

The set of flat-isophilic chains of 2 is denoted by Ch ((2l). We have an

analogue of Lemma 6.38:

Lemma 6.41. Let 2 be a Q-decorated flat-isophilic structure.



6.3. Isophilic and (Symmetric-)Dendrisophilic Chains 165

1. There exists a semi-nested-word automaton recognising Ch ().

2. For every Q-compatible path in A there exists a unique corresponding

element in Ch q(2) (and conversely).

Proof. This is a very similar idea to proof of Lemma 6.38. Indeed the con-
struction is essentially the same as the tree automaton given in the proof of
Lemma 6.38 mapped to a semi-nested-word automaton recognising precisely
the semi-nested-words encoding the trees recognised by the tree automaton.

Take Cp, 4 to be the union of the finite tree automata recognising the convo-
lutions of relations decorated by (p, q) for each (p,q) € @ x @, the co-domain
of Q.

The semi-nested-word automaton C recognising Ch ¢(2l) is given state-

space:
€1 1
Qc = H 9Qcp.q x H 9Qcy g XQcp 4 % U QC(p N
(p,q) (p.q) (p,q)
€QxQ €QxQ €QxQ
trunk-sim left-branch-sim right-branch-sim

The initial state is (I(p_:q), 1, 1) where I, , is the set of initial states of Cp 4.

Suppose that Q¢ has read the first segment u of a semi-nested-word. The
trunk-sim deterministically keeps track of the state that C, , would be in if it
read "u ' from its initial state. In order to do this, it ignores the targets of
pointers but at the source of a pointer v it will pick up from where it left off
at F(v) rather than from the predecessor of v.

Whenever transitioning to the successor of a target a fresh left-branch-sim is
started. If ' is the segment of the word that has been read since and including
the immediate successor of the target, then the left-branch-sim component
keeps track of the pairs (r,7") for each Cp 4 that means the automaton could
have started in state r and read "u'7 ending in state r’.

Whenever transition is made from the successor of a source v a fresh right-
branch-sim is started. This simulates a specific C, ,; which may be chosen
arbitrarily. The state the simulation begins with must meet the following
constraints: (p, ) may be arbitrary if the previous right-branch-sim was L,
otherwise only ¢ may be arbitrary and p must be such that the previous right-
branch-sim was simulating (r,p) for some r € ). The actual simulated state
¢ is chosen so that there exists some pair (a,b) in the current left-branch-sim
of Qc, , such that b is accepting for Q¢c, , and there exists some state d in the
trunk-sim component of the state at E(v) such that C, 4 could branch from d
to (a,c).
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Whenever a fresh right-branch-sim is begun Q)¢ must also ensure that the
previous right-branch-sim ended terminated with an accepting state and reject
otherwise.

(Note the asymmetry between the left-branch-sim and right-branch-sim is
necessary since in a semi-nested-word multiple pointers may share the same
target and so we need to ‘determinise’ the left-branch-sim in order to cover the
multiple corresponding right-branch-sims whose associated left-branch sims all
start from the same point.) O

Whilst this could be used to show that » and r°° can be added to flat-
isophilic structures, this can already be seen by applying Theorem 6.39 to
this special case. The utility of flat-isophilic chains lies in the fact that they

themselves naturally form isophilic and dendrisophilic structures.

6.4 Graphs Constructed From Chains

Graphs from Flat Chains

Consider a Q-decorated flat-isophilic graph 2. Let Ry be the set of its binary

relations and let Py be the set of its unary predicates. Let us also consider two

maps Qpop; Qpush : Ra — Q x @ and two further maps Qpanic, Qeatm @ Pa X Py — Q X Q.
The structure Chﬂ (Ao, Qpop, Qpusn) has domain Ch (), and decoration Q 4

where it has relations:

e For each binary relation R of 2 a relation R relating each encoding of
the path wy, ..., Wy —1, W to the encoding of the path w1, . .., wy_1, w),
where w,, Rw,,. We set Q¢(R4) := Q(R).

e For each binary relation R of 2 a relation R,,, relating the encoding of
a path wy, ..., Wmn_1, Wy, to wy,...,W,_1 whenever w,,_1 Rw,,. We set

Q< (Rpop) = QPO;D(R)'

e For each (p,q) € Qpush a relation Ry, relating the encoding of a path
W1y n oy Win—1, Wy 1O W1, ..oy Win—1, Wy, Wh, Whenever w,, Rw!,. We de-
fine Q< (Rpush) = qush(R)-

We will now consider some extensions of this structure with additional relations:

e For each pair of unary predicates P; and P, we have arelation (P, P2)panic
that relates every encoding of a path wy, ..., wmy_1, W, where w,, € P;
to the encoding of the shortest sub-path wq, ..., w, such that r < m and
Wy, is a prefix of w; for every r < ¢ < m with w,, not a prefix of w,,
and w, € Po. We set Qq((P1, P2)panic) := Qpanic(P1, P2). The ‘panic’
terminology is inspired by [53].
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e For each pair of unary predicates Py and P, we have a relation (P1, P2) caim
that is the inverse of (Ps, P1)panic—ri-€. ¢(P1, P2) caimc iff ¢/ (P2, P1)panicc-
We set Q(((Pla PZ)calm) = Qcalm(Pla PZ)

The structure ChE(Q[, onp; qush, Qpanic) extends Chﬂ (Q[, onpa qush)
with the relation (P1, P)panic for every Pi, Py € Py.

The structure Chi (2[7 onp7 qusha Qpanica Qcalm) extends Che (2[7 onp7 qusha Qpanic)

with the relation (Py, P2)caim for every Py, P» € P.
First we give a lemma explaining how to ‘compute’ the sub-chain resulting
from the panic (and hence also calm) relation given a starting chain.

Lemma 6.42. Let ¢ be a chain encoding w1, ..., Wp—1, W, where m > 2.
Then there exists a unique chain ¢ encoding w1, ..., w, such that r < m and
Wy, 1S a prefiz of w; for every r < i < m and such that r is minimal. If the
final position of ¢ is not e then v = m — 1. Otherwise it is ® and hence the
source of a pointer with target |. Then the unique ¢’ relating to c in this way

1s the subword of ¢ finishing with the right-most e or o symbol to the left of [.

Proof. We argue by induction on m. The case when m = 2 is immediate from
the fact that » = 1 is the only shorter chain and trivially satisfies the property
since i = 2 is the only possible value for i. For the induction step suppose first

that ¢ does not end in e. This means that ¢ has the form:

where no e occurs amongst the final - --. The definition of chain ensures that
ms(To -+ (D)1 -+ (b—1)e7) is the largest common prefix of w,,—1 and w,, as
a must be different to whatever follows [ in ws;("o --- (1)l -+ ¢). Thus wy,
cannot be a prefix of w,,—1 and so 7 = m — 1 is the necessary value of r (so
that ¢ only takes the value m).

Suppose now that ¢ has the form:

O «-- l l/ .m_ld...c.m

where the right-most two --- do not contain any e symbols. Thus we can

see that w,, is a prefix of w,,—1. Now let us adjust the chain by replacing

Wm—1 with w!,_; formed by moving I’ to the left to the same position as [ and
removing the right-most d - -- ¢ segment. Indeed w,, _; = wy,,. The r given by
the induction hypothesis to this modified chain is thus correct for w),_; = wp,.
But since w,, is a prefix of the original w,,_1 it must be correct for the original

chain too.



168 Isophilic Structures and Rewrite Systems

The only other form that ¢ could take is:

O - @p_ 1 Q - l R
where the right-most --- does not contain any e symbol. By the induction
hypothesis 7s;("0 -+ @,,_1 a --- 17) is not a prefix of w,,_o and so neither

can be w,,. Thus again r = m—1 is the appropriate value for r, as required. O
Now we can place the chain derived structures in our hierarchy.

Theorem 6.43. Let Ag be a Q-decorated flat-isophilic graph. Then for ev-

ery onpv qush D Ry — Q X Q and Qpam’c; Qcaim C Q X Q the structure

Chi(ma onpa qusiu Qpanim Qcalm) is symmetric-dendrisophilic, Che (2[7 onpa qusiu Qpanic)
is dendrisophilic and the structure Chi(%l, Qpops Qpush) is isophilic.

Proof. 1t is first necessary to encode the semi-nested words making up the
domain of these structures as nested-words, since isophilic and dendrisophilic
structures require a domain of nested-words. A nalve encoding is suggested
by Figure 6.1, but this results in convolutions splitting too early to decide the
R4, relations. Instead we use an encoding Y illustrated in Figure 6.11. T
ensures the convolution does not split until the sources of the differing pointers.
This is achieved by treating all positions not sourcing a pointer as the target of a
pointer. This results in ‘spurious pointers’ that are discharged using additional
A-labelled poistions. Positions labelled ¥ are targets used to simulate pointers
sharing the same target (which are disallowed in nested-words).

We define a map Y from semi-nested-words over an alphabet ¥ to NWord(X).
Suppose that w™F is such a semi-nested-word. We can view dom(w) C x* and
prefix closed. However it will be helpful to view dom(Y(w)) as being a pre-
fix closed subset of (x + A + ¥)*. Thus it still defines a word (rather than
a tree) but gives us a bit more flexibility with notation. For such a string u
in the domain we write 7, (u) to denote the string that results from deleting
the A and V¥ elements from u. Note also that well-nesting ensures that we
can uniquely define the pointers in a nested-word purely by specifying which
positions belong to img(F) and which to dom(E).

So Y(w"F) = w' “E" 5 defined as follows. The definition is technical and
the reader may prefer just to look at Figure 6.11 to see what the map really
does. Take dom(w’) to be the prefix closure of the set with longest element v’
that satisfies the following where u is the longest element of dom(w):

e We have m,(u') = u.

e If the ith position of u is in dom(E) then the ith * in «’ is in dom(E")

and is followed immediately in ' by a single ¥ which is in img(E")
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e If the ith position of w is not in dom(E) (and may or may not be in
img(FE)) then the ith % in «’ is in img(E").

e If the ith position of u is in dom(E) and maps under F to the jth
position, then the ith x in «’, which we denote [, is immediately preceded
by a sequence of As in dom(E’) such that E’(l) is either the jth x in u’ or
else is a ¥ following a kth element of u where that kth element maps to
the jth element of u under E. Well-nesting of E’ ensures that only one
of these options is possible and that when the ¥ option is taken there is
precisely one suitable V.

e We add A’s in dom(FE) to the end to discharge any remaining elements
in img(E).

Finally we label each x position in u’ with the corresponding label from u and
label each ¥ position with ¥ and each A position with A. The unicity of the
fourth item and the intrinsic unicity of the second and third conditions tell us
that ¥ must be injective. It thus respects equality.

Given a semi-nested word automaton .4 we can construct a nested-word
automaton A’ recognising:

LA) ={T(w"F)c NWord(Z U { A,V }) : w™F cL(A)}

A" simulates A when reading + positions. It must non-deterministically guess
whether a * position in w' ¥ belonging to img(E’) corresponds to a position

of wNE

in img(E) or in neither img(E) nor dom(E). It flags its guess in the
control-state at this position /. It may then proceed to verify its guess at the
position in W F in dom(E’) mapping to [ under E’. If this position is labelled
with A then [ is not in dom(E), otherwise it is. The only other feature of A’
needed to facilitate the simulation is to repeat the state at E(l) where [ is a x
node in dom(E’) at the following ¥ node. This enables the correct simulation
of multiple pointers with the same target.

Since this is a nested-word automaton, it may be determinised, as would be
required for acting on elements of convolutions to be read by restricted forms
of nested-tree automata. Indeed we now turn our attention to recognising the
various relations in the structures considered by the theorem. Let R be a
relation of . Since %A is flat-isophilic it must be that R is recognised by a
standard (non-nested) tree automaton.

Recall that the relation R relates flat-isophilic chains ¢ and ¢’ (semi-nested-

words) made up respectively of elements wq, wa, . . ., Wy —1, Wy and wy, Wa, . . ., Wyyp—1, Wh,

where w,, Rw!,. Recall that w,, = "¢ and w], = "¢'. Let i. be the last po-
sition in ¢ to be a source of a pointer. Let i.» be the analogue for ¢’. Recall
further that we can obtain the semi-nested-word representation of the chain
consisting of the first m — 1 elements in ¢ by taking the prefix consisting of



170

Isophilic Structures and Rewrite Systems

everything strictly before i. (so the target of i. may no longer be the target of
a pointer). Similarly we can obtain a representation of the first m — 1 elements

of ¢. We thus have cR¢c iff the following two conditions are met:
° I—C_\RI—C/—I

e The prefix of ¢ consisting of everything strictly before i, is identical to

the prefix of ¢’ consisting of everything strictly before ..

In order to understand the purpose of YT, observe that i, and i, might source
pointers with different targets. This would result in a ‘semi-nested word convo-
lution’ splitting at the target of i, or i./, preventing the necessary comparisons
between the target of i, and 7. itself from being carried out. This problem is
eliminated under the T mapping as a pointer-caused difference can only occur
at a source—non-sources are all treated as targets. We can see that the two

conditions above are met under precisely the following conditions:
° I_C_\RI_C/—I

e The prefix of Y(c) consisting of everything strictly before the position cor-
responding to i. is identical to the prefix of YT (¢’) consisting of everything
strictly before the position corresponding to ..

This time the second condition holds just in case everything strictly prior to
either i, in c or i in ¢’ belongs to the trunk of the convolution &) (Y (c), T(c')).
Note also that under this assumption i. and i.» would be the first positions in
"¢ and "¢’ respectively that might differ from each other as these constitute
the right-most sources of pointers. This means that everything prior to i. or
i in @ ("¢, "¢ must oceur in the trunk of the convolution &) (Y(c), T(c')).
Since R can be recognised by a non-nested tree automaton, it must be recog-
nised by a non-nested automaton Ag that acts deterministically on the trunk
of the tree. We can use the powerset construction to determinise the trunk.
We must then have a nested-word automaton Ag whose state after reading a
nested-word Y (w™F) for semi-nested-word wF is the same as that of Ag af-
ter reading "wF 7. This can be achieved by programing AY to recall its state
at the target of a pointer when reading its source (at ¥-labelled positions). We
also encode in each A% state following a source the state and label that was
at that source’s target.

We can then construct a non-nested tree automaton A7, that ignores the
trunk of the convolution Q) (¢, ¢’). At the point of branching it does one of two
things:

e Guesses that i, and i both occur on the trunk of the convolution (in
which case they would occur in the same position). It then behaves in

the same manner as Ag after branching, beginning at the state of AN
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at the end of the trunk. This will be sound assuming the correctness
of the guess as the branching of the convolution ) (c,c’) will occur at
the point corresponding to the branching of & (T¢™,"¢'"). In order to
verify the guess, it suffices just to check that the only A symbols occur
after branching are at the end of the branch, as this means there indeed
are no further pointer source in the original words after the alleged i,
and ¢». This indicates that the branch does not contain any position

corresponding to a dom(FE) position in the semi-nested word.

e Guess that i, and i occur immediately after branching. In this case A%
will guess a pair (g1, g2) of Agr states and simulate a Ag branching with
q1 down the left branch and g down the right. It can verify that i, and i,
do indeed occur immediately after branching by ensuring that there are
¥ symbols sourcing pointers immediately after the tip of the trunk. (Any
preceding A symbols should occur prior to branching as i, and i, should
have the same target in the semi-nested words). It proceeds to check that
(g1, g2) is a valid branching transition for Ag from the state and symbol
that was at the target of i, and i, (which would be the state and symbol
at the preceding position in the summary). The only remaining thing to
verify is that there are no more positions corresponding to the source of a
pointer in the semi-nested words. In order to do this we again just check
that the only A symbols occurring after branching are at the end of the

branch.

e If both of the above guesses would be incorrect, then as previously ex-
plained the relation does not hold.

The path-nested automaton AY AR thus recognises R 4.

Now we wish to show that the R,,sn, and R,,p, relations are recognisable
by path-nested automata. Note that these relations are just the inverses of
each other and so it is sufficient to show that just R,., is recognisable by a
path-nested automaton. Recall that cRp,pc’ just in case c is a flat isophilic
chain of wi,wa, ..., Wm_1, W, and ¢ of wi,ws, ..., w,_1 where w, Rw,,_1.
So we can say that cRp,pc’ just in case:

e The convolution ) (¢, ¢’) does not branch at all.

e If the convolution does not branch at all let i, be the position in the
convolution that corresponds to the final Y-labelled element that sources
a pointer. Then all ¥-labelled nodes strictly prior to i, should be associ-
ated with both ¢ and ¢’ and everything after and including i. should be

associated exclusively with c.

o "cR M.
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The first two conditions can easily be confirmed using a non-nested tree au-
tomaton. In order to test the final condition, we may assume that the first two
conditions are also met (as these are tested independently). This means that
¢ = c<;,. Let [ be the target of the pointer sourced at i.. By the definition of
flat-chains, this ensures that the label to the right of the node corresponding
to | in "¢’ will either not exist or will be different from the label of 4.. Thus {
corresponds to the end of the trunk of the convolution &) (T¢™,™¢'™).

We can construct a non-deterministic nested-word automaton that recog-
nises Y(c) such that @ ("c¢,"c.;. ") € R. Due to the above paragraph this is
what is required to verify the third condition on the assumption that the first
two (independently verifiable) conditions hold. Since nested-word automata
can be determinised we can just augment the non-nested tree automaton ver-
ifying the first two conditions with a check that the tip of the ¢ component
of the convolution yields an accepting state on this deterministic automaton.
This then gives us the required path-nested automaton recognising R,y .

So we do indeed just need to construct a non-deterministic nested-word
automaton that recognises Y(c¢) such that @ (T¢™,"c.;. ") € R. But this is
straightforward. We just simulate Ag on the view of the semi-nested word
on the summary up to a point that we non-deterministically guess to be [ the
target of i.. At [ we leave a flag in our state to mark the guess and proceed
simulating a right-branching of Ag on the remaining view. As soon as we reach
reach the position sourcing the pointer targetting our flagged position, we treat
it as i, and start to simulate the corresponding left-branching. We verify the
guess was correct by making sure that after the associated guessed i, the only
A nodes are at the very end of the word.

Now let us turn our attention to the claims that Ch‘j (A, Qpops Qpushy Lpanics Leaim)
is symmetric-dendrisophilic and that Ch? (A, Qpops Qpush, Qpanic) is dendrisophilic.
Again it suffices to establish the dendrisophilic claim only since the calm re-
lation is the inverse of panic and so the addition of calm must fall under
symmetric-dendrisophlicity. So we need to show that there exists a spine
nested automaton B¢ recognising the relation (P1, P2)panic for every pair of
unary predicates P; and Ps.

Given flat-isophilic chain ¢ it is easy to construct a deterministic nested-
word automaton acting on Y(c) to check whether the final element in the chain
¢ satisfies some unary predicate P. After all, we just need to check whether
Tc7 € P and P itself will be recognised by some deterministic non-nested word
automaton Ap. So we just need to have a nested-word automaton that reads
Y (c) simulating Ap, picking up from the state at the target of a pointer when
reading the source of a pointer at a 3-labelled position. In particular, given two
flat-isophilic chains ¢ and ¢’ and two predicates P; and P we can have a single
nested-word automaton simulating both Ap, and Ap, simultaneously. This
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single automaton can act on each branch of @ (Y (c), T(¢')) independently.
Thus we just need to check that we can construct a spine nested automaton
that recognises convolutions @) (Y (c), Y(c¢')) where c encodes wy, . . ., W1, Wi,
and ¢’ encodes the longest w1, ..., w, for some r < m such that w,, is a prefix
of w; for every r < i < m. By Lemma 6.42 we just need to ensure that
T(c') is the same as an initial prefix of Y(c) and that the the first position
in T(c) corresponding to a target in ¢ after the end of T(¢') is as dictated
by Lemma 6.42. This can be checked by a nested-tree automaton that marks
this target. This will require a non-deterministic guess in the case of T (c¢)—we
have seen how the fact a ¥ symbol is a target in the underlying semi-nested
words can only be verified at the source. However, since this occurs in the
left-branch from the trunk of the convolution, it can be carried out by a spine
nested automaton. (Note that spine nested would be require irrespective of
the T issue since flagging the first target after branching would still require a

post-branching behaviour change). O

In order to understand why the preconditions for panic and calm relations
have to be based on unary predicates rather than binary relations, as with push
and pop relations, consider the following chain:

Oabc... c.d... d.c... C

There is no way for an automaton reading left-to-right to be able to determine
whether the two instance of ¢ ... ¢ have the same contents. If they were next
to each other without the intervening d --- d such a comparison would be

possible. If they were equal we would have:

oabc ---cCe

This is not possible to encode in the presence of the intervening d --- d as it

would violate well-nesting:

Oabc... c.d... d.

So binary comparisons can only be done between adjacent elements in the
chain.

Graphs from Chains of Nested-Words

We build the ‘next level’ from O-decorated graphs 2o that are either isophilic
or dendrisophilic. The structure Chz (A, Qpop, Qpush) is a structure whose
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Figure 6.11: The Y-mapping of a semi-nested word.

domain consists of either isophilic or dendrisophilic chains (depending on 21),
which are nested-trees and is defined in a way completely analogous to Chi—
the definition can almost be read verbatim except that we name the decorating
function Q_ instead of Q, write R instead of R4q and ‘representation of
a chain’ refers to an isophilic chain (nested-tree) rather than a flat-isophilic
chain (nested-word). We sometimes write ChI_Z instead of Chz when 2 is

dendrisophilic (instead of isophilic).

Theorem 6.44. Let Ao be a Q-decorated isophilic (resp. dendrisophilic)
structure. For every Qpop, Qpush @ Ra — Q X Q Chi(?l, Qpopr Qpush) 5
tree-isophilic (resp. tree-nondisophilic).

Proof. To recognise a relation R~ we just need to check that the two trees in
the binary convolution differ only in their right-most branches and then run
the automaton recognising R on this pair of right-most branches. For Ry
and R, we just need to check that one tree is precisely the subtree consisting
of all nodes not belonging exclusively to the right-most branch of the other.
We then just need to check that the right-most branch and branch immediately
to the left of that branch are related by R, which can be done by treating this
pair of branches like a convolution and applying the automaton for R.

Lack of interesting consequence for our purposes means that we do not
consider symmetric-dendrisophilic chains in the above, although this would

technically be possible. O

Remark 6.45. We could have added panic and calm relations defined in an
analogous manner. However, we choose not to as these will not be as use-
ful for our purposes in assisting with precise characterisations of higher-order
automata. For one thing we would need some artificial restrictions forcing
the differing branches in a convolution to be right-most and contiguous in the
branch ordering. We also lose a nice notion of dendrisophilicity with nested-
trees that we have in the nested-word case—we would thus be forced to talk
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about the more general nondisophilic structures, which do not admit such a

nice characterisation.

Bounces

We introduce a more abstract notion of bouncing (compared to that introduced
in the previous chapter) that applies to (dendr)isophilic structures in general.
It is useful to ‘globalise’ the pushes and pops of these chain structures in the
form of a bounce. In a structure Chz (A, Qpop, Qpush) We say that a node u

bounces to a node v’ if there exists a Q_-compatible path of the form

URY popt1 Ropop Ui 1 Ripopi Rit1 Uip1

li
Rito,yspitoRits sy Bimpushtt

i.e. pops followed by an R followed by pushes. Let us write ubu’ to denote
this relation; note that this can be defined in the same way for Chﬂ and Ch? .
For the latter the following theorem is a special case of reachability, but for
tree-isophilic structures and tree-nondisophilic structures we have no general
definability-of-reachability theorem and so a few extra comments are needed
to establish it for Chz:

Theorem 6.46. 1. Every structure of the form Chﬁ(%l, Qpops Qpush) Te-
mains tree-isophilic (resp. tree-nondisophilic) where A is isophilic (resp.

dendrisophilic) when the bounce relation b is added.

2. Every structure of the form Chﬂ(Ql, Qpop, Dpush) Temains isophilic when
b is added.

3. Every structure of the form Ch?(?l, Qpop> Dpushs Dpanic) remains den-
drisophilic when b is added.

4. FEvery structure of the form Chi(%l, Qpops Qpushs Lpanic) TEMains symmetric-

dendrisophilic when b is added.

Proof. Firstly we should mention that the individual R,,p and Ry, are defin-
able as they just require the comparison of neighbouring branches which may
be treated as convolutions. Iterated popping and pushing may also be defined
using the same construction as in the proof of Lemma 6.38 as these amount to
recognising that a suffix of the <-ordering forms a chain.

We can thus recognise a bounce from T°F to T’ A by detecting iterated
pop from TF to some tree U and iterated push from some Ut o 70 F
such that all but the <-last branch of each of U"F and U"F" are shared. Since
all of the branches before them in the <-ordering are shared, these last two
branches can then be treated as a binary convolution of nested-words to test

an intermediate relation for the bounce. O
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6.5 Relationship with Tree Automatic Structures

We wish to demonstrate the way in which the hierarchy of chains can be ex-
ploited. We will do this by constructing ordinal numbers, which also enables
us to separate the various levels of the hierarchy and indeed see that the tree-
isophilic structures is a strictly bigger class than the tree automatic structures.
It is known that the word and tree-automatic ordinals are precisely those be-
low w* and w*” respectively [36]. We illustrate the utility of the flat, isophilic,
tree-isophilic hierarchy by re-exhibiting the definability of w*, w*” and addi-
tionally w*"" as a natural progression exploiting isophilic chains.
All ordinals e have a unique Cantor Normal Form
a = Zlewﬁi where By > 5 > -+ > (B > 0 are

ordinals. When a < €y we also have 8; < «a. If / \

o = Zf;l WP, then o < o iff k < k' and for every b a

1 <i < k we have §; < 3. /N /\
We can thus encode every ordinal below w® (for bt

which the §; will be natural numbers) as a finite- / .\\ .

word over the alphabet {a,b}. This will take the . .

form 6% a b%2 @ --- a bk, This is how it is shown S e S

that the set of ordinals below w® is word-automatic; ’ . .\a ’ Y ' .

in fact they are flat-isophilic. As soon as a difference

in two encodings is spotted (which is when a convolu-
Figure 6.12: ‘Leafica-

tion’ of a tree

tion would split) the ordering can be inferred. So let
On(w®) be this flat-isophilic structure representing
the ordinals below w* under the strict ordering <.
Progressing up the hierarchy, let On(w*)y be the structure On(w*) aug-
mented with two instances of the universal relation (that relates everything)
Upop and Upysp. Assume that it is decorated over a set Q = {gpop, pusn } Where
Q(Upop) = (@pop: pop)s <) = (dpops dpush) and Q(Upush) := (dpush: push)-
An ordinal below w*” has a Cantor Normal Form for which the 3; < w®—
that is it can be represented as a chain of ordinals less than w* and a < o
if there is a common prefix of the chains for a and o' that is followed by
in @ and # in o such that 8 < 3’. This is exactly the bounce relation for
Chi(On(w“’)UQ, Q, Q) and so taking < to be b we obtain On(w®”). In a
similar vein we can finish thewhierarchy with On(w*” ) = Ch£ (On(w*” Yuo, 9, 9Q).
Thus all ordinals below w*”  are tree-isophilic.
Delhommé’s result [36] implies that there exist tree-isophilic structures that
are not tree-automatic.
It is also straightforward to see that every tree-automatic structure is tree-
isophilic. To prevent convolutions from splitting due to a difference in labels we

shift the labels to an additional child of each node. An automaton reading the
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convolution guesses the label at each node and verifies the guess by checking
the child containing the label. This transformation is illustrated in Figure 6.12.

Word (WAut) and tree (T'Aut) automatic structures are not closed under
reachability and considering the relationship between nested-words and trees:

Theorem 6.47. Isoy C WAut C TAut C Isos and Iso1 C Isox C TAut.
It is also worth noting that every word-automatic structure is nondisophilic:
Theorem 6.48. WAut C nlso,

Proof. Let 2 be a word-automatic structure. We encode each element w of the
domain A of 2 as a nested-word of the form e/*lw~, where w* is the word w
written backwards. Each element of w™ should source a pointer, pointing to a
canonical target in /! determined by well-nesting. Suppose that A is over the
alphabet ¥. Word-automatic n-ary convolutions can then be simulated along
the trunk of a nested-word convolution since the nested-tree automaton can
non-deterministically guess an n-tuple in X" representing the -label of each
of the components in the nested-word convolution. These guesses can then
be verified when reading the w component of the encoding of each word.
This may occur after the nondisophilic convolution has split, but this does
not matter since the simulation of the synchronisation of the word-automatic
convolution would have been based on the guess whilst reading the trunk.
Strictness of the inclusion comes from the fact that nlIsos contains Isos,

which contains the ordinal w*”, which is not word-automatic [36]. O

6.6 Closure Under Graph Transformations

We have already seen that the classes sIsog, dIsoz, Isos of symmetric-dendrisophilic,
dendrisophilic and isophlic structures are closed under the addition of reacha-

bility predicates. Observe that Theorem 6.39 can be generalised to reachability
witnessed by strings of relations restricted by some regular expression. Kart-

zow considered this in his work on 2-CPDS graphs [48] and indeed this forms

the basis of rational mappings, devices that can be used as part of the con-
struction of the Caucal Hierarchy [29]. New graphs can be defined via relations
specified by regular sets of paths in the original.

Definition 6.49. Let 2 = (A Ry,..., R;,) be a directed graph. If E is a

finite set of symbols, then a rational map on 2 is a function:
p E — 2[1..’”7.]*

where the image of p consists of regular languages. An inverse rational map

on 2 is a function:
p: E — o([1..m]+1..[m])"
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where the image of p consists of regular languages.

So a rational map associates a fresh edge symbol in F with a rational set
of sequences of relations in the original graph. An inverse rational map will
allow for edges (relations) in the original graph to be traversed backwards. A
directed edge R; is the directed edge R; backwards.

Definition 6.50. Let 2 = (A Ry, ..., R;,) be a graph. Let p be a(n inverse)
rational map on 2 with domain FE. There exists a set of relations between
the nodes of the graph 7. for each e € E such that upeu’ iff there is a path
uR; u1 RiyuaRy - - Ry wiy, R v/ where 41i9is - - - ig_14x € p(e) and we de-
fine R; := { (y,z) : xR,y }—i.e. R; is the inverse of R;.

The graph p(21) defined in 2 by p is set to be the graph with domain A
and directed relations R, := p. for each e € F.

We obtain the following closures under rational and inverse rational maps:

Theorem 6.51. The isophilic and symmetric-dendrisophlic graphs are closed
under inverse rational maps. The dendrisophilic graphs are closed under just

rational maps.

Proof. We need to show that given a graph 2( that is isophilic, dendrisophilic
or symmetric-dendrisophilic then for any rational map p : E — 21 the
relation p. is respectively isophilic/dendrisophilic/symmetric-dendrisophilic for
each e € E. We can obtain the result for inverse rational maps for isophilic and
symmetric-dendrisophilic structures by first adding the inverse of each relation
in 2. Since path-nested and trunk nested automata recognising binary relations
can always swap the way they act on each branch, this is always possible. Note
that this cannot be done for dendrisophilic structures as spine nested automata
are restricted differently on each branch (they must behave differently on the
spine to the non-spine) and so it is not possible, in general, to have them
recognise branches in the reversed order.

So suppose e € E maps under p to a regular word-language £ recognised by
a finite automaton A, with transition function § : [1..m] x @ — @ where Q
is its state space. Let us begin by taking an automaton A recognising Ch(2l).
Recall that an accepting run of A will have a state at the leaf of the (i 4+ 1)th
branch of the chain recording the index (in [1..m]) of the relation relating the
1th branch to the (¢4 1)th branch. If the chain has k elements we need to check
that the string of relation indices of the (¢ + 1)th branch for i € [1..(k — 1)]
belongs to L.

We can simulate a run of A, along the leaves of a tree using a finite tree
automaton AL. We take the state space of AL to be ((Q x [l.m]t) x
Q) U [1..m]* with initial states:

{ ((g0,L),q) : qo is initial state of A, and ¢ is final state of Az } U{ L : if ¢y is accepting}
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A state of AL indicates a guess about the run of A, along the leaves of the
tree. A state ((¢,1),¢') € (Q x [l.m]t) x Q) at the root of a subtree 7' in
the chain asserts that the subtree has at least two leaves and that the leaf of
the left-most branch of the sub-tree will have state ¢ in a run of A, along the
leaves and that the left-most branch is related to the branch to the left of it in
the chain by the ith relation of 2. If the left-most branch of T is the left-most
branch of the whole chain, there is no branch to the left of it in the chain and
so ¢ is set to L. It further asserts that the right-most branch of the sub-tree T
will be tipped with state ¢ in the run.

A state i € [1..m]* simply asserts that the sub-tree T' does not branch and
that its leaf is related to the previous element of the chain by the ith relation
of . If T lies entirely within the left-most branch of the chain, then i is set to
1.

Note that the initial state of the automaton will be placed at the root of
the chain and so is at the case when T is the whole chain. Note how given
the meaning of the states of Az defined above, the initial states all assert that
the left-most branch of the chain is associated with an initial state of Ay and
the right-most with an accepting state. This thus asserts the existence of an
accepting run of Az on the leaves. The automaton A% proceeds to spawn
up to two children such that the correctness of the assertions made at the two
children implies the correctness of the assertion at the parent. It will fail (abort
the run) at a node only if the parent assertion is false.

e If the state is i € [1..m]L, then we fail if there are two children and if
there is one child set the child state to be ¢ again. This is correct because
if the child is rooted at a subtree that does not branch, then under these

circumstances so must the parent.

e If the state is ((¢,4),¢') € (Q x [1l.m]1) x Q), then if there is only one
child we simply propagate the same state to it. If there are two children,
then we non-deterministically choose one of the following (all of which

apply the truth of the assertion made by the state at the parent node):

— Down the left child we send i and down the right child we send
J € [1..m] such that ¢’ € 6(4,q)

— Down the left child we send i and down the right child we send
((p,7),q') such that p € 6(j, q)

— Down the left child we send ((g,7),p) and down the right child we
send j € [1..m] such that ¢’ € 6(j,p)

— Down the left child we send ((g,7),p) and down the right child we
send ((r,7),q") such that r € §(j, p)
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We now run A in tandem with A, and deem a run to be accepting just in
case A accepts and additionally A, ends in states of the form i € [1..m]* such
that 4 is either L (which by design can only ever occur on the left-most leaf)
or matches the index provided by A of the relation relating the branch to its
predecessor in th chain. Clearly this condition would imply the truth of the
assertion at the leaf made by the state of A and fail only if the assertion made
by A is false. It must thus be that the assertion made at the root of the tree
is true iff there is an accepting run-tree and given the assertion made at the
root we thus have an automaton recognising all chains denoting paths that are
specified by L.

We can then apply projection on the exoskeleton (Lemma 6.25) and elimi-

nate the € nodes in the same manner as in the proof of Theorem 6.39. O

We will later see that the dendrisophilic graphs are ‘inherently asymmetric’
in the sense that they are definitely not closed under inverse rational maps.

A related closure property is the following:

Corollary 6.52. The e-closure of a symmetric-dendrisophilic, dendrisophilic
or isophilic graphs is respectively symmetric-dendrisophilic, dendrisophilic or

isophilic.

Proof. The edges of the e-closure are given by the rational map €*a — a for
every edge-label a. If the graph is rooted and we additional want to restrict the
reachable configurations under e-closure (as with CPDA graphs) we can recog-
nise the domain as those elements connected to the root by an edge induced
by the regular language (¢ + X)*.3 where X is the set of edge labels. O

The next form of closure is the first use we make of nondisophilic structures
(not necessarily graphs). We show that they are closed under ‘projection’ on the
labels of the nodes belonging to the nested-words making up their domains.
This is fairly predictable and obvious. What is more significant (albeit not
difficult to prove) is that the nondisophilic structures are precisely those that
arise when one projects on the alphabets of the isophilic structures, the smallest
of our hierarchy of classes. So projection allows us to go from the smallest of
our classes to the largest. When we come to alternative characterisations of
these structures, we will be able to say a little more about how to interpret this
result—in particular it will become our only characterisation of nondisophilic
structures which do not appear to admit characterisations enjoying the same
kind of naturality as the other classes.

Definition 6.53. A projection on an alphabet ¥ is nothing more than a map
T : X — Y. (We use the word ‘projection’ as often such maps are
used to eliminate certain pieces of information from node labels). Given a tree
T F € NTree(X) we define 7(TF) to be the tree in NTree(Y') formed
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by replacing each label [ with 7(1) at each node. Given a relational structure
A = (A, Rq,...,R,,) whose domain consists of Y-labelled nested-trees we
define 7(2l) to be the structure:

m() := (r(A),7(Ry), ..., 7(Rm))
where 7(A) := { 7(T"F) : T°F ¢ A} and
m(R;) == { (n(Ty"FY), ... w(T, 7 E)) - (7 F . T, e Ry )
for each 1 <1i <m.

Theorem 6.54. The nondisophilic structures are closed under projection—i.e.
if A € nlsoq, then () € nlsos for any projection .

Proof. We first show that nondisophilic structures are closed under projection.
Let 2 be a nondisophilic structure and let 7 : ¥ — Y’ be a projection. First
observe that it is straightforward to adapt a nested-tree automaton recognising
a tree T°F to one recognising 7(TF)—just replace each occurrence of a € ¥
in the transition function with 7(a), taking the union of elements of the co-
domain of the transition functions that end up being the image of the same
element of the domain. This may introduce further non-determinism but since
nondisophilic structures place no restrictions on where their automata may be
non-deterministic this is not a problem. This takes care of recognising the
domain of w(2(). A small modification is needed for the relations, however, as
the convolutions may change their structure—the point at which elements in
the relation begin to differ may be closer to the root after projection.

Suppose that A is an automaton recognising an n-ary relation R in 2.
Suppose further that A has state space Q. We can recognise the convolutions
corresponding to 7(R) with an automaton having control-states (Q+)2" ™. A
state f € (QL)g[l”n] satisfies f(S) # L iff we are simulating a branch of a
convolution in R for which S specifies a maximal group of components that
have not yet separated. The elements S such that f(S) # L will thus be
disjoint. We begin reading a proposed element of w(R) in state [1..n] — g
and [1.n] # S — L, where qo is the initial state of A.

We then simulate a transition of A acting on a convolution over the alphabet
3. Let f be the current state and let a be the current symbol. Suppose that
S1,..., Sk are all of the disjoint sets such that f(S;) # L for ¢ € [1..n]. If the
current node label is (S, a) and there exists T with f(T) # L and T € S then
we fail, because we are attempting to simulate branches that could not have
been assimilated into the actual branch of the convolution that we are reading.
Otherwise suppose that the current node has m children. We pick by, bs, ..., bi
(a list which may contain repetitions) such that 7(b;) = a for every 1 <i < k.
Suppose that 4 would allow (S;,b;) to spawn [; children with states g1, ..., q,
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from state f(S;) (looking at the A state g(V') where V is the set with S; CV
such that g(V') # L where g is the state at the target when reading the source
of a pointer). We then partition S; into sets U{, Ui, ..., Ufi. We then partition
the set:

{((Ul,g,) : 1<i<kand1<j <l }

into m sets Wi, ..., Wp,. We put a state f; at the jth child (1 < j < m) where
fi(U) == qiff (U,q) € Wj, otherwise f;(U) := L.

In this manner we can simulate a run on the original convolution. The
reader might find this somewhat technical but what is going on is very simple.
We are just compensating for the fact that we need to be able to simulate
a split between elements of the projected convolution when they might have
split in the original convolution of 2 but before the split in 7(A)’s convolution.
The split in the latter might be delayed because projection could cause more

corresponding positions in the elements to ‘become equal’. O

Theorem 6.55. The nondisophilic structures are precisely the isophilic struc-
tures under projection. In the light of Theorem 6.54 this amounts to: for every
A € nlsoq there exists B € Isog and projection 7 such that A = w(B).

Proof. Let 2 = (A, Ry, Ra,...,R;,) € nlsoz be a nondisophilic structure.
The idea is that we will create an isophilic structure B8 that consists of ‘run-
trees’ of the automata used to recognise the domain and relations in 2(. Since
run-trees are decorated with states, this has the effect of resolving non-determinism
as any non-deterministic choice would be specified by the decorating states.
This in turn allows for recognition by the constrained automata of an isophilic
structure. Projection can then be used to eliminate the states from the run
trees just leaving the original labels—this yields .

In actual fact since nested-word automata can be determinised, we only
need concern ourselves with the automata for the relations. Suppose that X’
is the alphabet for the words in A. Let A be a deterministic nested-word
automaton recognising A. Let R; be a (possibly non-deterministic) nested-
tree automaton with control-states @); recognising the convolutions belonging
to R; for each 1 <i < m.

We define the alphabet ¥ := U, (X x Q; x (@i U {e,XK}). The
projection m : X — X’ is defined by w(a,q,q') := a. The structure
B =(B,S1,852,...,Sm) is defined as follows:

B :={w™F ¢ NWord(%) : m(w"F) € A and for u € dom(w)

. if u € img(E)
m3(w(u)) = (X if u ¢ img(E)
ma(E(u)) if u € dom(E)

U dom(E) }
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S; ={ ® <wlnE1,wgnE2, . ,wn“E"> € Convo™(X) :
(1 (Wi DY), (w2, L (wn ) € Ry
and Wg(wj”Ej) €Q;foreach1<j<n
and dom(® (wi ™ F wp B2, )
= dom((Q) (m1 (w1 ™), my (w2 ™), Ly (w, D))

Ty (® <w1“E1 Jwe 2 wn“E">) is an accepting run-tree of R; on m; }

for each 1 < ¢ < m. The assertion about the domains of convolutions can be
viewed as saying that the elements in the convolution of the w;Fi split in
the same places as they do after being projected. In other words, a split must
occur when the ¥’ component of a label in ¥ differs rather than as a result of
different states in ) being assigned to separate instances of the same element
of 3.

We immediately get that 7(B) = A and 7(S;) = R; for each 1 < i < m.
That is to say that 7(8) = 2. It just remains to show that B is isophilic; to
do that we need to check that there exist path-nested automata recognising B
and S; for each 1 < i <m.

Observe that B can easily be recognised by a (deterministic) nested-word
automaton. We just take the deterministic nested-word automaton for A and
add the trivial checks to enforce the conditions for the 73 elements of the node-
labels. We now claim that the relations can be recognised by standard (non-
nested) finite-tree automata, a special case of path-nested automata. Such
an automaton S; recognising S; is given control-states @; (the same as the
automaton R; recognising R;) and behaves in the same manner as R; with
the following adaptations compensating for the fact it is not a nested-tree

automaton:

e It uses the m3 component of a label to distinguish between nodes of
img(E), dom(E) and those in neither.

e It ensures that the mo component of any node is equal to the state that

it is in at that node.

e It uses the m3 component of a label to get the state at the target of a

pointer when at its source.

e It ensures that whenever the convolution branches there is either a dis-

crepancy in pointer-status or m; of the labels.
O

Note that the arguments in both the theorems above could also be adapted
to tree-isophilic and tree-nondisophilic structures, although they might become
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even more fiddly. We do not do this as we do not have any nice characterisations
of the tree-isophilic and tree-nondisophilic structures and so this result would

be less meaningful than in the word case where nice characterisations do exist.



CHAPTER

Prefix Rewriting and Higher Order
Pushdown Graphs

In this chapter we introduce three natural systems of prefix rewriting based
on nested-words that generate precisely the respective classes of isophilic, den-
drisophilic and symmetric-dendrisophilic structures. Arguably prefix-rewriting
is a more pleasant presentation of these classes and can be viewed as a natural
generalisation of rational prefix rewriting on standard words [28, 68]. Whilst
this previously studied class captures precisely the e-closures of (order-1) push-
down graphs, our rewrite systems respectively capture precisely the e-closures
of 2-PDA graphs (the second level of the Caucal hierarchy); 2-CPDA graphs
and 2-CPDA graphs under symmetric closure. This reinforces the robustness
of the first class and provides evidence for the robustness and naturality of
the second two classes. We are able to separate the symmetric and standard
2-CPDA graphs showing that the collapse operation is indeed inherently asym-
metric. This contrasts with 2-PDA graphs which are inherently symmetric—
indeed Carayol et al. have made use of a graph-equivalent symmetric variant
in studying their configuration graphs [23, 25, 27].

It should be noted that Carayol has his own form of generalised prefix
rewriting [23] that generalises to all orders rather than just order-2 as in our
case. This takes the form of a canonical presentation of a sequence of operations
to generate a given stack, which in the special case of order-1 takes the form
popipushy, essentially a prefix rewrite rule. In some respects our nested-word
presentation could be viewed as a recipe for generating a stack in terms of
operations, a little like Carayol’s canonical sequences of operations. In other
respects it is quite different; isophilic structures arise naturally independent of
any intuition concerning higher-order stack operations and the prefix rewriting
more closely resembles the operation on words in the Caucal sense. Moreover,
we are able to account for the addition of a collapse operation in a manner that

fits neatly in our framework. The fact that we are able to re-obtain Kartow’s
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decidability result also suggests a substantive difference in our approach.

Finally we are able to use techniques regarding compact dendrisophilic
structures from the previous chapter to show for the first time that 35-CPDA
graphs (without e-closure) have decidable FO theories.

7.1 Prefix Rewrite Systems

A prefiz-rewrite system [28] traditionally consists of a regular string-language
L together with pairs of regular languages (L;, L) each assigned a label e;.
The prefixz recognisable graph generated by such a system has £ as its node-set
and an e; labelled edge from a word of the form uv to a word of the form w'v
whenever v € £; and v € L. Call the
resulting class of structures RW. Such
graphs coincide with the e-closures of order-
1 pushdown automata [68] and indeed from
the resemblance of flat-isophilic structures to -
Blumensath’s ‘generalised prefix rewrite sys- /\
tems’ [12] the reader may not be surprised
to learn that they coincide precisely with
flat-isophilic structures as well. The intu- Figure 7.1: The relationship be-
ition behind the relationship is given in Fig- tween isophilic structures and
ure 7.1. This suggests a generalisation of the rewriting.
idea to capture isophilic, dendrisophilic and
symmetric-dendrisophilic structures.

All generalisations have the form:

RW:<L,£1€—1> ’1,...,£ke—’“>£§€>

where L is a nested-word language over some alphabet ¥ and £;, £} are regular
languages over that same alphabet. The nodes of the graph generated are
always the elements of £. Given a nested-word of the form (uv)nE let us write
V(v F) to mean the suffix of B((uv)"F) corresponding to v. A

o rat-rat system has an e;-labelled edge from (wv)F to (w'v)"F ifu € £;,
u' € L) and B(v"F) = B(v"F'). Denote this class by RWoy.

o sum-rat system has an e;-labelled edge from (uv)"F to (u'v) P if "y Flu1 €
L, u' € L) and B(v"F) = V(v F"). Denote this class by RWa.

e sum-sum system has an e;-labelled edge from (uv)nE to (u'v)nEl if
Cyn Bl e gy TP 1T e £ and B0 F) = B(v™F'). Denote this
class by RWss.

Given a re-write system RW we write G(RW) to denote the graph that it

generates.
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Ezample 7.1. The following is an example of a traditional rational prefix rewrite
system [28]. Consider £ = (a + b)* and a rule:

a: a'b — b*a

Then we have the following edges in the graph (the colour is only for illustrative
purposes and does not differentiate symbols):

a
aaabaaabaaa ———— bbaaaabaaa

aaaaaaabaaa ——2——  bbbbbbaaaa

Ezample 7.2. We now give an example of a rat-rat system. Again consider an
L based on (a + b)* that allows arbitrary well-nested pointers. The rule:

a : a’b — b'a

interpreted as a rat-rat rule this would give the following edges in the graph
(again colours are purely illustrative and there is no formal distinction between

letters of different colours):

a
aaabaaabaaca —— bbaaaabaaa

ddadaaabaaa ——2——  bbbbbbdaaa

To give an example of a sum-sum system, let us interpret the rule as a sum-
sum rule. This now gives the following edge (which would belong to neither the

rat-rat interpretation nor indeed the sum-rat interpretation for that matter).

a
aaababaaa —— bbabaaaa

Under a sum-sum rule we consider only the summaries of the left and right
hand sides. (For a sum-rat rule we could only use summaries for the right-hand
side). If more control over permissible pointer structure is needed this has to
be enforced by restricting the domain of the graph L.

7.2 Equivalence with Nested-Word Automataticity

We now explain how to precisely capture our notions of automaticity over
nested-words using prefix rewriting. This requires decorating nested-words
with states from automata that act upon them. This enables rewrite systems
to observe the behaviour of automata used to define automatic structures.
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State Decorations

Let A be a deterministic nested-word automaton. Define a map
D4 : NWord(Y) — NWord(E x Q4 x Q4 x B)

such that D 4(w™F) = w'™F where 7 (w') = w; m(w') gives the unique run
of A on w; m3(w’) is L in each position u unless u lies in dom(E) in which case
it gives the state of the run at E(u); m4(w’) is t only at those points in w'™
at which there is no unmatched target strictly preceding it. We write symb,
st 4, stP" 4 and cld for 71, mo, w3 and 74 respectively with the subscripts used
to disambiguate when we decorate with multiple deterministic nested-word
automata at once.

It is easy to see that if £ is recognised by a nested-word automaton, then
its image D 4(£) must also be nested-word automaton recognisable. Observe
that D 4(£) and £ are in a natural bijective correspondence with each other.
This will ensure that the prefix-rewrite system we define do indeed yield graphs
isomorphic to the isophilic/dendrisophilic structures we consider.

We also define ©% to be a map on languages that maps a X-labelled nested-
word language £ to a nested-word language £’ over the alphabet ¥ x Q4 X
Q% x B such that 71 (£') = £ and for every w™F € L of length k and sequence
1. .., 7k 0 (Qa X Qg x B)*, there exists W™ e £ with m (wF) = wHE
and 7r273,4(w’nE) =71,...,7%. In particular ©%(X) produces the alphabet for
the image of X-labelled languages under © 4. We can think of ©% as ignoring
the actual transition function of A but just providing a way to decorate words
with all possible arbitrary combinations of state information.

The Equivalence Theorem

In the proof of the equivalence theorem it is easier to deal with ‘suffix rewrite
systems’ rather than prefix rewriting. This is because the branching of convo-
lutions are read by the automata defining an isophilic structure after the trunk
of the convolution is read. However, suffix and prefix rewriting can be viewed
as the same thing due to the following Lemma:

Lemma 7.3. Let L be a language recognised by a mested-word automaton.
Then the language
L7 ={w " cwFerL}

where w™E is the result of writing w front to back and E is the result of
reversing the directions of pointers (so in particular interchanging dom(E) and

img(E)) is also recognised by a nested-word automaton.

Proof. Let A be a nested-word automaton recognising £ with state space Q.

We can construct the required automaton A~ as having state space @ x @Q U
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Q. When reading a word w"™F the automaton .4~ will begin in a final state of
A and when transitioning non-deterministically choose a new state that could
have yielded the current state if reading in a right-to-left direction. When
transitioning to a node in img(E) it must simulate a right-to-left 4 transition
from a node sourcing a pointer. In order to do that it needs to guess the state
that will be at the corresponding dom(F) node and indicates this additional
information using a pair in Q x ). This guess can then be verified when the
corresponding dom(E) is reached (by checking back along the pointer for the
guess that was made). O

Theorem 7.4. RW,.,, = Isoz and RWgs, = dIsoz and RWss = slsos.

Proof. First let us say that RW,.,, C Isoz and RWyg, C dIsoz and RWgs C
sIsoo will be exhibited as a consequence of theorems later in this chapter. We
will show that rewrite systems are subsumed by variants on order-2 pushdown
graphs which are in turn subsumed by Isoz, dIsos and sIsos. The difficulty of
doing a ‘direct’ proof stems from the fact that a priori a rewrite rule may map
a portion of the original word back to itself. This cannot be naively reconciled
with the determinism constraints on the trunk of a convolution. In fact as
a consequence of the equivalence (which includes the proof via higher-order
automata) we see that it is never necessary to map a portion of the original
word back to itself. This is highlighted by the proof below which produces
rewrite systems with this property.

Here we will therefore just show that RW,.,. 2 Isos and RWg, 2 dlsos
and RWgs 2 slsos.

Consider an isophilic structure A with deterministic nested-word automaton
A recognising its domain (we can determinise if necessary) and path-nested
automata B; recognising convolutions for its e;-labelled edges for 1 < i < k.
We define the deterministic word automaton p(C;) to have state space 29¢: and
keep track of the possible states that C; could be in if it had not yet branched
(we implicitly assume that it has access to the current state of B;).

We define an equivalent rat-rat suffiz-rewrite system, which by Lemma 7.3
is sufficient to deduce an equivalent prefiz-rewrite system. We take as the

domain of the rat-rat suffix-rewrite system the nested-word language:

D AB1, - Bro(Cr) o) (BIL(A)))

Recall that this set of nodes is in bijective correspondence with £(.A) and that
5 just adds decorations indicating whether a position is the source of a pointer,
target or neither.

We then add multiple suffix rewrite rules labelled e; of the form:

!/

Liabpa) — Liaw (v
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for each @ in the alphabet ¥ x Q4 x Q% x B of the domain, b # b’ € V(X) and
each pair p,q € Q¢, such that there exists an r € st¢,(@) such that C; could
branch to (p,q) from r taking into account stg,(a).

The elements of Liz (4 are defined to be those of the form @bw where
symb(b) = b and symb(b)symb(w) could be recognised by C; starting in
state p and taking the stp, decorations to be the state of B;. There is no

other restriction placed on w. L} b (p,q) is defined to be similar except that it

considers C; beginning in state ¢ andp’\ife consider b in place of b. We thereby
simulate the corresponding forking of the convolution both in terms of the
behaviour of automata at the fork and the fact that a fork actually does occur
in this position (as enforced by b # b/, which due to U takes into account
pointers). Note also that since C; is a finite non-nested automaton it must be
the case that both of these languages are regular. Hence this is indeed a rat-rat
suffix rewrite system, as required.

Now consider a dendrisophilic structure 2, again with deterministic nested-
word automaton A4 recognising its domain, and spine nested automata BZC
recognising its e;-edge convolutions. Define Bicim to be the deterministic
nested-word automaton with state space 298: XQ¢; X@s; XQ¢; where an element
((q,p), (¢',p")) belonging to the state means that if B, had started in state
(¢,p) at the most recent target not discharged by a source, then B could
now be in state (¢, p’) assuming no branching. This is the same construction
as used in the determinisation proof of nested-word automata [7] and, as seen
there, a B;™ can be constructed to deterministically maintain this state.

We form the equivalent sum-rat suffix rewrite system (which as before may

be converted to a prefix rewrite system) taking the domain to be:

965,...Js;7p(c1)7...,p(ck),5101 M BRe™ (B(L(A)))

where B is B; restricted to acting (deterministically) on a spine (i.e. pretend-
ing no branching ever takes place). In a manner similar to before we take a
family of rewrite rules for each e; of the form: Lizy (9) — Lizy pq
ever b # 0’ € Y(¥) and C; could branch from a state in st,c,)(@) to p down
the left-hand branch and g down the right-hand branch.

The language L} . ,, (p.q) &Y be defined exactly as before because the right-

) when-

hand branch of the convolution is essentially the same as in the isophilic case,
treating B; like the path-nested automaton. This language must thus also be
regular.

The language Lz (p,q) is different to before (and not necessarily regular)
as the left-hand branch of the convolution may be read non-deterministically.
It is defined to consist of all words of the form @bw where symb(b) = b and
B;Si could recognise bw :

e starting in some state (r, p) where B; would be able to branch-left off the
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spine into state r from stp: ().

e treating all positions that are not pointer sources in dw but for which
stP"p: # L as being the source of a pointer with state stP"g: at its
target.

Given that dw is the suffix of a nested-word in the domain, the last item above
ensures that we give B; the correct state at the target of pointers where the
target lies outside of the suffix.

It is easy to derive a nested-word automaton from B;% that would recog-
nise Liz (pq)- However, we wish to present this in terms of a language of
summaries—i.e. we need to be able to recognise T@w?. We can do this with a
finite-word automaton that reads "@w™ simulating B;* starting in some state
(r,p) as specified by the first point above. The second point above can also
be achieved using a non-nested automaton since there is no need to actually
look up a state at the target of a pointer in order to achieve this. So the only
problem is simulating B, on pointers whose source and target both lie within

the suffix @w. This is enabled by looking at sty c,n in r@bw. Suppose there

is a segment - - -ab- - - in the summary that originates from --- @ --- b ---. The
state sty ¢, (b) will specify pairs ((q1,42), (¢1,¢3)) such that starting at a in
state (q1,q2), B:" could begin in state (q1,¢2) and end in state (¢}, q3) at b.
Our finite automaton in reading the summary is thus able to recall its state at
a when reading b and compute a possible state of Bici to simulate at b. Thus

L

id,(p,q) 18 summary-regular, as required.

Showing that every symmetric-dendrisophilic graph is also generated by a
sum-sum rewrite system is very similar to the above. We just need to construct
a summary language to handle the right-hand branch of a convolution in the
same way that we handled the left-hand branch in the dendrisophilic case
above. The only other difference is that we need to synchronise the B; on the
left and right branches. This was unnecessary in the dendrisophilic case as the
right-hand branch was deterministic. In order to do this we just have rewrite

rules of the form:

Lia b, ((ri),tra0)) — Liapr ((r1,0)s(r00)

where B;% can branch from (stg,, ste.) to (r1,p) down the left-hand branch
and (72, ¢) down the right-hand branch. We then make (71, p) the starting state

for the simulation of B, in Lia,((r1.p),(rarq)) a0d (2, q) for L] O

id,((r1,p),(r2,9))"

The power of summaries over the mere underlying word arises from the fact
that a summary implicitly reflects information about pointer structure. The
proof of the theorem uses ideas from the determinisation proof for nested-word

automata [7].
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7.3 Collapsible Pushdown Automata

This section establishes the equivalence between our prefix rewrite systems
or automatic structures and higher-order pushdown automata. The rat-rat
rewrite systems/isophilic structures are precisely the e-closures of order-2 push-
down graphs; the sum-rat rewrite systems/dendrisophilic structures are pre-
cisely the e-closures of order-2 collapsible pushdown graphs and the sum-sum
rewrite systems/symmetric-dendrisophilic structures correspond precisely to
the e-closures of 2-CPDA graphs transformed by some inverse rational map.
We will see how the move from isophilic to dendrisophilic structures and the
added power of sum-rat rewrite rules compared to rat-rat rewriting is pre-
cisely the expressivity needed to capture the power of the collapse operation at
order-2. The equivalence of sum-rat rewriting with 2-CPDA graphs also con-
firms the intuition that collapse is an inherently asymmetric operation. Indeed
we can use the results in this chapter to formally show that sum-sum rewrit-
ing is strictly more powerful than sym-rat so indeed the rational symmetric
closure of 2-CPDA graphs generates more structures than the 2-CPDA graphs
alone; this is another formal statement of the fact that collapse is inherently
asymmetric. By contrast the e-closures of 2-PDA graphs closed under ratio-
nal symmetry. This is known from consideration of the Caucal hierarchy and
indeed equivalence with Carayol’s symmetric PDA [23, 27]. In our setting the
rational symmetric closure of isophilic structures turns out to be another way
of demonstrating this.

We will also see how tree-isophilic and sparse tree-nondisophilic structures
subsume 3-PDA and 3-CPDA graphs, which gives us decidability of first-order
logic. However, we have no corresponding tight characterisation as we do in
the order-2 case, so other than it acting as a device for the decidability proof
there is no further interest here.

Classes of (C)PDA Graphs

We write Pde,, to denote the nth level of the Caucal hierarchy—equivalently
the e-closures of n-PDA graphs. We write PdefZ to denote the class of e-closures
of n-CPDA and Pd.$ to denote the symmetric closures thereof —i.e. where we
may for a particular graph reverse the direction of some transitions (including
e-transitions). The class wPde,, is the class of n-PDA e-closures quotiented by
a stack projection. If 7 is a projection on atomic stack elements, then we form
a member of wPd,,, from a graph in Pd,,, where we deem configurations (g, s)
and (¢, s') to be the same node if 7(s) = 7(s'). Likewise the class 7Pd.C is
the class of n-CPDA e-closures quotiented by stack projection.
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ab abab gbabbca ababbéa ababaa ababaabac ababaabba

ababbcacabaabacba

Figure 7.2: The 2-CPDA stack corresponding to a nested-word

From Rewriting to Higher-Order Pushdown Graphs

We define maps encoding nested-words as order-2 stacks (where stackq(I)
and stack$ (T') respectively denote the 2-PD and 2-CPD stacks over the stack-
alphabet T):

S : NWord(X) — stacks(B(X))
¢ : NWord(Z) — stack$ (TB(2))

recalling that B(X) := ¥ U ¥ U ¥ where ¥ and % are disjoint copies of %
whose elements are respectively indicated as ¢ and & for each o € 3. Consider
w™F € NWord(X). We define the map &€ as follows:

Gc(ﬁ) = J_Q
Clwa) — (pushz;push‘f’z)(G(v)) if a € img(FE)
push{(S(v)) if a ¢ img(E) U dom(E)
Gwd - cb) = push%(@c(v a -+ ¢) i topy(&(va)))

We define &(w"F) in the same way as &€ (wF), ignoring stack pointers.

Example 7.5. Consider the nested-word:

w™ = abadbbcacabaabacba

We illustrate &€ (wF) in Figure 7.2.

The next lemma gives us some information on how a CPDA might ‘compute’
a representation of a nested-word on the fly.

Lemma 7.6. For any w™% € NWord(X) the following equalities hold:
"W = top,(&° (w ™))

popo (SC((w a)mE)) if a € dom(E) Uimg(E)

G(wAEWdum(w)) — B
pop1 (&€ ((w a)™™))  otherwise

&€ (w™F) = (popy; collapse)(&C (w™F a-- - b))
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Proof. Let &Y be a map defined on nested-words over (X)) that is defined
exactly as & except that references to a € img(F) are replaced with ‘a is of
the form b’. Tt is sufficient to show that the statement of the lemma holds for
every prefix u™F of Y(w™F) replacing & with &% and a € img(F) with ‘a is
of the form b’.

We establish this by induction on the length of the prefix © matching against
the left-hand-side of the first item and the right-hand-side of the second, third
and fourth items. We need a slightly strengthened induction hypothesis with
respect to the third item. We use:

runF—\ — tOpz(GiU(unF))
pops (&% ((u a)nF)) if a € dom(F) or of the form b

GW(U‘{\FW dom(u)) —
pop, (6% ((uwa)™))  otherwise

topy (& (u™T e a)) = topy (pop, (6% (u -+ b)))

ST (u™) = collapse(ST (u™F a))

The third and fourth items above together imply the third item in the lemma
since the target of a link in a CPDA remains fixed and so collapse on a copy
of a particular stack element will always yield the same result regardless of the
copy on which it is applied. The empty word trivially satisfies the conditions
(in particular it matches neither pattern in the second item nor the patterns
in the third or fourth items, so these hold vacuously). For the induction step
consider the prefix to be of the form v a"F.

If @ is of the form b (so a € img(E)) we have:
S(ua™F) = push?® (pushy (ST (wF e )))

This immediately gives us popy(&(u a™F)) = &(u"Flemw) as required for
the second item. Since the top, stack is the same other than the addition of &
on top the induction hypothesis also gives us the first item. The fourth item
holds by the induction hypothesis because collapse will have the effect of pop,,
which returns us to the original stack. The third item holds vacuously because
we do not match the pattern on the right-hand-side.

Now consider the case when a is not of the form b and is also not the source
of a pointer. Then a is just pushed onto the stack and so the second item
holds and the first does by the induction hypothesis. The third and fourth
hold trivially as we do not match the pattern on the right-hand side.

Now consider the case when the prefix is of the form: v"Fa v"F" b, Then

we have:

’

ST F d v F by = [ST(w T a v ) [ topy (ST (T @) b] ]
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Thus topy(pop, (ST (u™F d v F" b)) = topy (&Y (u"F @)) as required by the
third item. Also note that by the induction hypothesis the top, of the stack
will be the summary (which deletes v), thereby satisfying item one. Since pop,
gives us the stack corresponding to the prefix before adding b the second item
must be satisfied and the fourth item is trivially satisfied as we do not match
the pattern.

O

Lemma 7.7. Every rat-rat prefiz-rewrite graph is the e-closure of a 2-PDA
graph.

Proof. By Lemma 7.3 we can consider rat-rat suffiz rewrite systems. Consider

a rat-rat suffix-rewrite system:
RW ::<£7£15_1> /17"'7£ke_k>£§c>

Let A be a deterministic nested-word automaton recognising £. Consider the

following suffix rewrite system:
RW' = (DaL),Du(Lr) 5 DALY, -\ DalLe) 5 Du(LL) )

Since A is deterministic, £ and D 4(£) are in bijective correspondence and so
G(RW) = G(RW'). It thus suffices to construct a 2-PDA B such that G(RW)’
is the e-closure of 5. We describe the permissible behaviours of the automaton
when generating an e; edge (with the e-closure implicit in the unbounded num-
ber of steps that this might take—we do not mention control-states explicitly
as we may assume that there is a fixed (initial) control-state which begins and
ends each edge). Each such run terminates with an e;-labelled edge (and all
other transitions €).

Let A; and A} be deterministic finite-state (non-nested) automata recog-
nising the regular languages £;~ (the result of reversing all elements of £; as
in Lemma 7.3) and L’; respectively with respective state spaces @ 4, and Q A
and transition functions 4, and d4;. An e;-edge is generated by B as follows,

noting that it keeps a register q with value in @ 4, and a register ¢’ with value
in QA;Z

e Set q := go where qp is the initial state of A;

e Phase 1: If the value of q is an accepting state of A;, then a non-
deterministic choice is made whether to jump to phase 2a or to continue

with phase 1. If it is not accepting, then phase I must continue.

o — If symb(top,) = a € X, then a pop, is performed and we set q :=
5./41' (a/ﬂ q)
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— If symb(top,) = @ € %, then we perform pop, and set q =
64,(a,q)

— If symb(top,) = a € 3, then we perform pop, and set q =
64,(a,q)

Return to the start of phase 1.

Phase 2a: Set @' := ¢, where ¢ is the initial state of A’.

Phase 2b: If the value of ' is an accepting state of A, and st(top,) is
an accepting state of A and cld(top,) = t, then we non-deterministically
decide whether to perform an e; transition and terminate or continue.

Non-deterministically pick a € ¥. Do one of the following:

,q",¢)

— Perform pushga where ¢’ := §4(a, st 4(top,)) and

cld(top,) if symb(top,) ¢ ¥

c= ,
f if symb(top,) € ¥

Set q := 5A; (a,q).

7q70))

— Perform (pushQ;pushgd where ¢ := Ja(a, st a(top,)) and ¢ =

cld(top,).
Set q := 5A; (a,q).

— If cld(top;) = t then we may do the following. Perform push,
followed by iterated pop; precisely until one has as the top ele-
ment u such that symb(u) € ¥ that is not followed by an ele-

,q",q,¢)

ment with symb in Y. We should then perform pushga where

c = cld(top,), ¢ = st a(u) and ¢ =d4(a,q’, q).
Set @' :=da(a,q).

For the following induction argument we need to consider a nested-word w™F

to really be talking about U (w"F) (so that we can have ‘dangling pointers’).

Suppose that the initial stack configuration represents &(w"F) for some
w™F € D 4(NWord(X)). For phase one we can check by induction on k
that after k iterations (of phase one) we have a stack equal to &(w' " "v")
where w = w’ a;---ax and q is set to the state in which A; would be after
reading symb(ay) - - - symb(a1). The induction step for the former comes via
the second equality of Lemma 7.6 and the induction step for the latter is
immediate from the way in which q is updated.

Given the condition for terminating phase one (and moving to phase two)
this tells us that if phase one begins with stack configuration &(w™¥), then if it
terminates it must terminate with stack configuration of the form &(w" 1)
where w = w’ a;---ap and ap---a; € D4(L;7) and so a1 ---ar € DY (L;).
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Conversely since A4; is deterministic and we can easily check by induction that
B can proceed with phase one indefinitely (at least until the stack becomes
empty) we can see that if a; - --ax € ©%(L;) then B can begin phase one with
S(w"F) and end with &(w' " F1*") with w and w’ as above.

Now suppose that at the end of phase one the stack configuration is &(w’ nE ).

We may again argue by induction on k that after k steps of phase two we have
a stack &(v"F) such that v € D 4 (NWord(Y)) and v F = w a - - ag
for some ay,...,a; and moreover q’ is the state in which A, would be after
reading symb(a1)--- symb(ar). The only substantive part of the induction
step is when pushing an element with symb of the form a onto the stack. For
this consider the first part of Lemma 7.6. Since the top, stack prior to this
operation must be the summary of the word hitherto created, the highest b that
is not followed immediately by a I must indeed be the most recent unmatched
target of a pointer.

Given the condition for terminating phase two this tells us that if phase
two begins with the stack &(w’ ﬂE/) and terminates with the stack &(v"F)

1E’

where v = w ay---ap then ay ---ay € AL, and so ay - - - ay, € L. Moreover

~F ¢ [ since it is ensured that the st 4 of the top element

we must have v
is an accepting state of A. Since B is allowed to simulate the addition of an
arbitrary symbol with arbitrary link (except for an element in Y when there is
no corresponding ¥ to link to) the converse must also hold.

By combining these properties of phases one and two we may thus conclude
that B emits an e; edge precisely when required and that starting with a stack
corresponding to an element of £ ensures that the stack at the end of phase 2
also corresponds to an element of £. Therefore all configurations of B reachable
from a configuration encoding an element of the domain of the rewrite system
do themselves encode elements in the domain of the rewrite system. In order
to ensure that the domain of the e-closure contains the correct elements we can
pick an arbitrary (either fresh or non-fresh) automaton edge label p and map
it to the rewrite rule {¢} — L. This will then generate £ from the initial
configuration, and by the definition of e-closure for CPDA, the p in these edges
will be discounted and it will be used purely to generate the domain, provided
that we ensure the initial configuration is never subsequently reached. This
requirement can be fulfilled by choosing a fresh initial control-state that is
never reused.

O

Lemma 7.8. Every sum-rat prefiz-rewrite graph is the e-closure of some 2-
CPDA graph.

Proof. Again Lemma 7.3 allows us to consider instead suffix rewrite systems.
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Consider a sum-rat suffix-rewrite system:
RW = <£,£1 O N c’k>

Let A be a deterministic nested-word automaton recognising £. Consider the

following suffix rewrite system:
RW' = (Da(L),DA(Lr) < DALY, ..., DA(Le) > DA(LL) )

Let A; be a deterministic finite automaton recognising the regular language
TL£;7 7, which must exist and have the property ‘w™F ¢ £;" iff "w"F7 ¢
TL;~ 7" since £; (and hence £;7) is summary recognisable. Let A be a finite
automaton recognising the regular language £;. We can construct a 2-CPDA
B in a manner very similar to the 2-PDA in the proof of Lemma 7.7. Indeed
phase 2 is identical with the exception that all push, operations should now
attach 2-links. This works since £} is a regular language as with the case for
rat-rat rewrite systems. We thus give only the analogue for phase one here (in

preparation to emit an e; labelled edge):
e Set q := go where qq is the initial state of A;:

e Phase 1: If the value of q is an accepting state of A;, then a non-
deterministic choice is made whether to jump to the second phase (as
in proof of Lemma 7.7) or to continue with phase 1. If it is not accepting,

then phase 1 must continue.

e — If symb(top;) = a € X, then a pop; is performed and we set q :=
da;(a,q).
— If symb(top,) = a € 3, then a non-deterministic choice is made to
either:
* Perform a pop, and set q := d.4,(a,q)
* Perform a pop, to result in an element b € % (by point 1

of Lemma 7.6) and set q := d.4,(a,04,(b,q)). Then perform

collapse.

— If symb(top,) € ¥, then we must terminate with failure (i.e. no
edge is emitted).

We argue by induction on k that after k iterations of phase one starting with
a stack &(w"F) the stack will be of the form G(w’nEww/) such that w' =
tv with v = ayuibiasugbs - - - apurby where u; = b; = € iff a; ¢ img(E 1,).
Otherwise E(b;) = a;. Moreover q is the state in which 4; would be after
reading bxarbx—1ax—1---bia;. The induction step is provided by Lemma 7.6
points two and three.
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Conversely it must be possible for the automaton to arrive after k steps to

any such &(w " F1"")

. This is because the only reason the automaton will stall
is if it begins an iteration with a symbol of the form @ on top. But this will only
happen if the corresponding ' was discarded previously without discarding a
(by means of a pop,). Thus one could reach the representation of the word
resulting from discarding a by instead going with the pop;; collapse operation
at this previous point when pop, was instead used. Opting not do discard &
corresponds to the case when one does not want to include a in the suffix but
one does want to include the corresponding a—i.e. the case when the pointer
from a’ to a is not included in the suffix despite its source being included.

This ensures that a phase one may start with &(w™F) and end with
G(w’nEww/) just in case w = tv and v"Flv € £;.

As with Lemma 7.7 we can set up ‘dummy p transitions’ for the rewrite

rule {¢} — L to correctly set the domain. O

Lemma 7.9. Every sum-sum prefix-rewrite graph is the symmetric e-closure
of some 2-CPDA graph.

Proof. Let L over the alphabet ¥ be the domain of the sum-sum prefix rewrite
system and suppose the system has rules £; ———— L} for i € I where I is

an index set. Consider the language:
L= {iw : ww' € L for some w and i € I}

over the alphabet ¥ U I. We can then construct a sum-rat rewrite system with
domain £’ and rules of the form:

L; —— {i}
L, —— {i}
for each 7 € I. We can also add a sum-rat rewrite rule:

{e} —2L— ¢

By Lemma 7.8 there exists a 2-CPDA A whose € closure is the graph generated
by the sum-rat rewrite system. We can thus take the symmetric e-closure of

A. O

From Automata to Isophilic Structures

This is inspired by Kartzow’s work on 2-CPDA and tree-automaticity [48].
We reformulate it to show how the progression from words to nested-words to
nested-trees corresponds well to the journey from order-1 to order-3 automata.

Given an automaton A we consider its stack graph which represents its
behaviour in terms of edges annotated with pairs of control-states and whose

configurations consist only of a stack.
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Definition 7.10. Let A be an n-(C)PDA for some n € N. Its stack graph
Gs(A) has stacks belonging to reachable configurations of A as nodes and a
directed relation Ry 4, between stacks s and s’ whenever there is an a-edge
from (p, s) to (q,s’) in G(A). The e-closed stack-graph G<(A) is defined in the
same way except there is a directed relation Rp 4,4 between stacks s and s
whenever there is an a-edge from (p, s) to (g, s’) in G°(A) and the nodes of the

graph are the stacks belonging to configurations in the e-closure.

We are naturally able to make both G;(A) and G$(A) a Q-decorated struc-
ture, assigning pairs of control-states of A to each relation. In both cases we
set Q(Rp,a,q) := (P, q)-

It is easy to see that for any order-1 automaton A; the graph Gs(A) is
flat-isophilic. If T' is the stack alphabet, then stacks can be represented by
finite-words in I'*. Since an individual stack operation changes the height of
the stack by at most one, convolutions representing single transitions have
branches of length at most one eminating from the tip of the trunk and so
can easily be recognised by a finite tree automaton. Given the judicious choice
of Q-decoration, Theorem 6.39 then gives us a flat-isophilic representation of
G<(A)—we first get a representation of €* labelled paths using the theorem, and
can then concatenate a single non-e¢ edge. This is the same as Stirling’s theo-
rem that the e-closures of 1-PDA graphs coincide with rational prefix rewrite

systems [68]. We express this result as:
Lemma 7.11. Let A be a 1-PDA. Then GS(A) is flat-isophilic.

With the use of derivatives and flat-isophilic chains we can continue the

hierarchy with the following:

Lemma 7.12. Let A be a 2-PDA, then GS(A) is isophilic. Let A’ be a 3-PDA.
Then GE(A') is tree-isophilic.

Proof. Let A be a 2-PDA. We first show that just the slow 2-PDA graph is
isophilic, which is the restricted e-closure for which no e-transition uses a pushq
or pop, operation.!

Consider its derivative 9(A) (introduced in Chapter 5), which is a 1-PDA.
From the remarks above we know that G¢(9(.A)) is flat isophilic. We add the re-
lation: Ry re(r 4+3)=,q relating (¢, s) and (¢', s’) such that (q, s)7»(r 15)- (¢, 8).
We give this relation the Q-decoration (g, ¢’).

Let us further add a unary predicate coRyx 4 that is satisfied by precisely

those nodes s such that (g,s) is reachable from the initial configuration of

IThe reader may notice that this contradicts our generality preserving assumption used in
Chapter 5 that says the opposite: push, and popy should always be e-transitions. However,
this assumption was mainly helpful for meta-annotations, which are not used here. For
derivatives we may think of 7P as a pushy operation for either an e-edge or a X-labelled edge.
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0(A) via an r’-labelled path. All of these additions preserve flat-isophilicity by
Theorem 6.39. Let us give the graph modifed to include only Rg r»(r.+5x)*,q’
and coRy» 4 the name G5(9(A))™.

By Lemma 5.24 we can represent precisely the nodes of G¢(A) by the ele-
ments of the set:

S = {C € Chq(G5(0(A))") : the initial item in C satisfies coRy» q

and has decoration ¢ for some ¢ }

This set is over approximated by Ch ((G¢(9(A))T). Note how the automaton
recognising a chain in Ch4(G$(9(A))") can be adapted to recognise S; we
simply send down the left-most branch of the chain a copy of the automaton
for the unary predicate coRyx 4 for each state ¢ and require that the instance
for the state p accepts where p is used as the decoration for the first element of
the chain. In order to show that G¢(A) is isophilic, it thus suffices to show that
the graph Ch¢(GS(0(A))T), together with the relations for stack operations
on the 2-PDA stacks encoded as chains, is isophilic.

We appeal to Lemma 6.41. Recall that we are considering the slow version
of a 2-PDA and so we are not treating any pop, or push, operations as e-
transitions. First observe that order-1 operations only affect the top stack—
i.e. the final element of the stack in the chain representation thereof. We can
therefore represent these by flat-isophilic relations of the form Ry ¢4, for each
a € X relating stacks s and s’ when (g, s)re (¢, s’) and assigning these the

decoration (g, q’). The relation Ry +q on chains then does the job.

'q

For a pop, we just need to discard t?le final element of the chain. We can
have a relation Ry 4], that relates a stack s to s’ just in case a pop, could be
performed by A via an edge a when in control-state ¢ with top stack symbol
top,(s) and transitioning into control-state ¢’ (stack s’ is ignored). We can
then represent pop, operations by relations of the form R, 4
Qpop(Ra.ale) = (¢, 4)-

For push, we can have a relation Ry .7, that relates a stack s to s’ just

@' pops BSSIgNING

in case a pushy could be performed by A via an edge a when in control-state
q with top stack symbol top,(s) and transitioning into control-state ¢’ and
additionally s = s'. (Equality is flat-isophilic so this is possible). We can
then represent pop, operations by relations of the form Rq’aT’q/push’ assigning
Qpush (Rg,at.q') = (4, 9')-

We thus see that a slow GS(A) is isophilic. We could obtain the result
for full e-closure by appealing to Corollary 6.52, but instead we do so using
bounces. This enables us to recreate the proof for 3-CPDA in a completely
analogous manner (except we deal with isophilic chains instead of flat-isophilic
chains).

We make use of the fact that e*a-reachability in a 2-PDA A can be rep-
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resented by a bounce of A!—this fact was stated as Lemma 5.7. Moreover,
Theorem 6.46 tells us that adding a bounce in the more abstract isophilic sense
of the word preserves isophilicity. We can represent a single push, as part of

an e-climb by Rg,rerz,q ., For a single pop, as part of the e-fall we can

just take the relation Rw:?q}jm that relates s to s’ just in case there is an r}-
path in 0(A) from (g, s) to (p,t) where there is also a single e-transition in A
performing a pop, from a configuration with control-state p and top, element
top,(t) (with s’ being ignored).

This witnesses the fact that G¢(A) is isophilic.

Armed with this fact we can see that GS(A’) is tree-isophilic for a 3-PDA
A’, since its derivative is a 2-PDA and hence has an isophilic stack-graph.
The argument proceeds in ezactly the same way as going from 1-PDA to 2-
PDA except that we use the analogous results for isophilic chains (yielding
tree-isophilic structures) instead of flat-isophilic chains (which yield isophilic
structures). O

In order to handle 2-links we need to record them without explicit repre-
sentation. We could almost use the lum(.A) from Chapter 5, but this is a little
top heavy and complicates matters; at order-2 we can be much simpler. It
needs to be the case that collapse on an element in a stack will discard all of
the top-most stacks of which the top, stack is a prefix. This can be achieved
by having two colours red and blue annotating atomic elements that alternate
every time we have a link to a different stack. We also have an annotation
1 that indicates a 1-link (or equivalently no link) is attached. At the top of
each 1-stack we indicate the colour that any new links should use. We write
Trail(A) to denote this modified automaton.

Definition 7.13. Let A be a 2-CPDA with stack-alphabet I". The 2-CPDA
Trail(A) has stack-alphabet I' x {1,red,blue} x B U { red,blue } x B+.
The automaton Trail(A) begins in ‘red-mode’.

The following modifications are made. Where A would have performed

push?l, Trail(A) performs pushga’l’”’l. Where the original would have per-

hga’X’b)’Q when in X-mode, where b is t if this

formed a push?’Q, it performs pus
is the first fresh link in the stack and f otherwise. Prior to performing push, it
first pushes (X, b) onto the stack (which is immediately popped off the copy)
where X is its mode and b = t iff the 1-stack being copied contains a fresh link.
(Note that with these annotations together with the marking of the ‘lowest’
fresh link in a 1-stack the presence of fresh links is easy for the automaton to
track.).

The mode is changed from X-mode (either red-mode or blue-mode) to the

other colour Y just in case one of the following occurs:
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e The automaton performs a pop, operation discarding a 2-link that is not
fresh in the current 1-stack and that is the same colour as X.

e The automaton performs a pop, or a collapse operation in which case it
adopts the mode specified by the element on top of the stack.

Ezxample 7.14. Suppose that:

[[aabb] [aabbbb] [aabbbb] [aabbbb]]
[[aabb] [aabbbb] [aabbbb] [aabbbb]]

are stacks of 4. Then ignoring the additional Boolean values on the stack
required for ‘tracking the existence of fresh links’, the corresponding stacks of
Trail(A) are:

[[aabb] [aabbbb] [aabbbb] [aabbbb]]
[[aabb] [aabbbb] [aabbbb] [aabbbb]]

Note how colouring indicates that the top b’s in each of the top three stacks
source pointers with different targets.

The significance of colouring is given by the following Lemma:
Lemma 7.15. 1. G°(A) =2 G*(Trail(A))

2. If s and s’ are two stacks belonging to reachable configurations of Trail(A)
such that stripln(s) = stripIn(s’), then s = s’

3. If stripIn(s) = [s1 82+ Sy Spq1 -+ Sm] 1S a stack in a reachable config-
uration of Trail(A), then if top,(s) has a 2-link, stripln(collapse(s)) =
[s1 82 - s;] where s, Ty s; for every r+1 <i < m but $;, 1 Sr.

Proof. 1. The isomorphism comes from the fact that Trail(.A) mimics the
same operations as 4 and colours for new elements are deterministically
determined from the stack content in any given configuration. The ‘mode’
and ‘freshness tracking’ components of the control-state (and Boolean
annotations on the stack for tracking freshness) are also deterministically

determined from the stack content in any given configuration.

2. Suppose for contradiction that the statement is false. We can then pick
the smallest h such that there exist s and s’ with stripln(s) = stripln(s’)
and |s| = |s’| = h but s # s’. It must thus be the case that there are
instances of an atomic element ~ in the same position in s and s’ such
that lo(a) = lo(a’) = 2 but la(a) # la(a’). Indeed these must be the
respective top elements of s and s’ or else we would contradict minimality
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of h. But this in turn means that one of them must have been created
afresh in the top 1-stack and the other must have been copied from the
1-stack below. W.l.o.g. suppose that a was copied from the 1-stack below
and that a’ was created afresh. In order to create a in s it would have been
necessary to pop; the copy of a’ resulting from push, on the stack below;
no other links would be pop,’ed or else we would violate the minimality
of h. But by assumption a’ would not have been fresh in the top,-stack
and so the mode would have changed to be the opposite colour of a’ at
the point when a is created.

3. Ignoring the stripIn(.) the statement holds since the target of a 2-link in
a 2-CPDA is completely determined by the 1-stack in which it was first
created and moreover the atomic elements below a link cannot have been
changed (since then the link would have been discarded). The statement
must thus hold by item 2.

O

Now we can extend Lemma 7.12 to handle an order-2 collapse to give an
analogous result for both 2-CPDA and 3,-CPDA. When we stick with slow
32-CPDA stack graphs, we are able to see that the structures are compact

nondisophilic.

Lemma 7.16. Let A be a 2-CPDA. Then G¢(A) is dendrisophilic. Let A’ be
a 32-CPDA, then GS(A) is tree-nondisophilic. If for the latter we consider the

slow graph only, then it is compact nondisophilic.

Proof. The proof proceeds in exactly the same way as for Lemma 7.12. For
2-CPDA we just need to handle collapse. We begin by working with Trail(A)
(whose e-closure is isomorphic to that of A) instead of A. Item two of Lemma
7.15 ensures that equality of chains from the derivative implies equality of the
stacks being represented (in the absence of links). Due to the third item of
Lemma 7.15 this means that we can extend the proof to work with collapse
by recognising such transitions by predicates of the form (Pi, P2)panic Where
Py checks that the top element of the starting stack is such that the transition
function permits collapse and P is the universal predicate, which should be
satisfied by all stacks. The use of panic means that we obtain a dendrisophilic
structure.

Whilst we could extend the abstract notion of bounce to include panic
to go from slow graphs to full e-closure, we instead find it easier to appeal
to Theorem 6.52. We feel that we have already made the point about the
similarity in construction with each level in Lemma 7.12.

Since we do not make use of 3-links in a 35-CPDA, however, we can obtain
the nondisophilicity of GE(A’) in exactly the same way as with Lemma 7.12,
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this time using dendrisophilic chains in the derivative. Bouncing works for e-
closure since no analogue of panic is required (nor indeed has been defined for
nondisophilic structures) at the third level.

Considering a slow 35-CPDA graph gives us a 2-compact nondisophilic
structure: Since only the two right-most elements of the dendrisophilic chain
need be compared in order to establish whether a pop; or pushs relation holds
(under the assumption that all other branches of the two chains are the same),
all transition relations must be compact. We want to use Lemma 6.34 and so
must supply a suitable A,,, for each m € N. This requires a small modification
with the encoding of stacks. At the tip of ith element s; of the chain we must
record a set 5; for each 1 < ¢ < k where the chain has length k. The set
S; contains precisely those control-states belonging to reachable configurations
associated with the stack encoded by the first ¢ elements of the chain. Note
that S;y1 ={ ¢ € Q : (q,8)rrp(re +X)* } and so each step in the chain
remains dendrisophilic and so the chain as a whole is still tree-nondisophilic.
Moreover, since each S; decoration is uniquely determined by the chain, the
replacement chains are in bijective correspondence to the originals.

So given a modified chain encoding of a reachable stack s and a chain
encoding of an arbitrary stack s’ such that all but the right-most m branches
are shared by s and s’, we can now define an A,,, as needed by Lemma 6.34,
acting on the right-most (m + 1) branches of ) (s, s’) that accepts just in case
s’ is also a reachable stack. This automaton has a look at the S decoration on
the last nested-word that the chains s and s’ have in common. Since this S
also belongs to a substack of s, which is assumed to be reachable, making the S
correct, it provides the necessary data to continue the chain for the remaining
m branches of s’, which can be done by an (m+1)-compact automaton A,,. O

We can go from a representation of GE(.A) to a representation of G¢(.A) by
simply adding to the right-most leaf of a representation of the stack a control-
state of A. Each element of the domain then represents a configuration rather
than just a stack. We can then construct a representation of an a-labelled edge
R, by constructing an automaton recognising the same binary convolutions as
Ry q,q in the stack-graph whenever the first configuration has right-most-leaf
labelled ¢ and the second has right-most-leaf labelled ¢’. Thus the lemmas

above give us:

Lemma 7.17. Let A be a 2-PDA. Then G°(A) is isophilic. Let A be a 2-
CPDA. Then G¢(A) is dendrisophilic. Let A be a 3-PDA. Then G¢(A) is tree-
isophilic. Let A be a 32-CPDA. Then G(A) is nondisophilic. If we consider a
slow 33-CPDA, then G¢(A) is compact nondisophilic.

We also need to say something about symmetric 2-CPDA graphs:
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Lemma 7.18. Let A be a 2-CPDA. Then any symmetric closure based on
G¢(A) is symmelric dendrisophilic.

Proof. Symmetric closure is just a special case of closure under inverse rational
maps and so this is a consequence of: Theorem 6.51 and the fact that G¢(A)
must be dendrisophilic, in particular symmetric-dendriosphilic. O

7.4 Concluding Remarks

We can summarise the consequences of the principal results of this chapter
with following Theorem.

Theorem 7.19. Iso2 = RW,, = Pde, C Pdeg = RWs, = dlsoz C
RW.s = Pd.S C nlsoy = nPd., = 7Pd.S and Pd.; C Isos.

=

Proof. Isoa = RWy, = Pd¢, and Pdeg = RWyg, = dIso, are obtained
by combining the inclusion lemmas for each direction from this chapter, and
Pd.; C Isos is also stated as an inclusion result in a lemma above. The
equality nlsos = wPd¢y = deE§ is a result of Theorems 6.54 and 6.55.

The strictness of the inclusion of Pdes in Pdeg was estabilished by Hague
et al. [40] when they observed that there exists a 2-CPDA whose configuration
graph has undecidable MSO theory whilst all members of the Caucal hierarchy
(including Pdcs) have decidable MSO theories.

The strictness of the inclusion of Pd.$ in Pd.5 is obtained by the following
observations. First note that the translation from a (symmetric) (dendr)isophilic
structure to the corresponding prefix rewrite system creates rules of the form
L — L' where the common prefix of elements of £ U L’ has length precisely
one. The circle of equivalences thus tells us that every prefix rewrite system
can be written in a form £ — L’ where the common prefix of the elements
of £ U L’ has precisely length one. Thus for each edge label a, we can have
just a single rewrite rule for each of these common prefixes of length one.

Suppose for contradiction that RWss = RWg,.. Then given a sum-sum
rewrite system with rules of the forma : £ — L’ we can add reverse rules of
the forma : £ — L and still retain a sum-sum system. By our assumption
there must be an equivalent sum-rat rewrite system. Moreover, the rules of this
equivalent sum-rat rewrite system can be expressed in the special form in the
paragraph above. Due to this form, it must be that for each rule of the form
a : M — M/’ in the new system, the sum-rat rule in the reverse direction
of the special formis@ : M’ — M. Since both of these are sum-rat rules it
must be that both are actually rat-rat rules. But then RWgs = RW,.,. and
so in particular Pdeg = Pd.,, which contradicts the separation of 2-PDA and
2-CPDA graphs.
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Figure 7.3: Classes of graphs. Double headed arrow indicates equality, dots
indicate strict inclusions.

The strictness of the inclusion of Pdeg in nIsos = wPdy comes from the
fact that nIsoz is not closed under reachability (whilst Pdeg is, as we have
seen, closed under reachability). This is because the nondisophilic structures all
have decidable first-order theories but we can represent the transition graph
(without reachability) of a Turing Machine as such a graph due to the fact
that such graphs are word-automatic and by Theorem 6.48 all word-automatic

graphs are nondisophilic. O

The known strict inclusions and equivalences between the various classes
we have considered are illustrated in Figure 7.3. In particular note that the
strictness of the inclusion of PdEg in Pde‘zS can be viewed as a formal state-
ment of the fact that collapse is inherently asymmetric. This confirms what
has been intuitively clear—in particular the impossibility of symmetric CPDA
generating the same graphs as ordinary CPDA in the way that Carayol et al.
were able able to design symmetric PDA [25, 27].

The coincidence of nlsoq, mPd¢y and rPdeg indicates that a certain form
of non-determinism, namely that introduced by projection, removes the dis-
tinction between 2-PDA and 2-CPDA. This could therefore be viewed, in some
respects, as the graph analogue of Aehlig et al’s result that introducing non-
determinism makes 2-CPDA and 2-PDA equivalent for word-languages [47].

Finally we can state our new decidability result. The fact that slow 3o-
CPDA graphs are compact tree-nondisophilic means that they have decidable
first-order theory by Theorem 6.33. As required by Chapter 5 we can also see
that the e-closure of 2-CPDA graphs have decidable FO(TC[Ay]) theories.
This follows from Lemma 6.23. Ag formulae with only two variables must
be formed from Boolean combinations of binary relation symbols and unary
predicates, defining a set of convolutions consisting of trees with at most two
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branches. Since spine nested automata are closed under Boolean operations
when we restrict the universe to trees with at most two branches (Lemma
6.23), this means that the binary relation defined by a Ag formula with only
two variables over dendrisophilic predicates must itself be dendrisophilic. The
transitive closure must also be dendrisophilic since dendrisophilic structures
are closed under reachability (Theorem 6.39).

Theorem 7.20. FO is decidable on G(A) for every 32-CPDA A (and indeed
is decidable on G(A) when A is slow).

FO(TC[Ay]) is decidable on all dendrisophilic structures and in particular
is decidable on G¢(A’") where A" is a 2-CPDA.



CHAPTER

Epilogue and Further Directions

Having begun with an analysis of the semantic significance of links in CPDA we
proceeded to investigate the decidability of first-order logic on CPDA graphs,
which turns out to be highly sensitive to which links are allowed. Some very
strong undecidability results were established which show that even ¥; sen-
tences are undecidable for most parts of the hierarchy. We introduced a new
technique for reasoning about stacks that employed monotonic automata and
the notion of derivative. We obtained some limited undecidability results for ¥
sentences, which when combined with Kartzow’s work and our own in the final
chapter, leaves open only the decidability of ¥;-sentences on n,, (,,_1) graphs
(both with and without e-closure) when n > 3. This would of course be a nice
gap to fill in, and we hope that the machinery we have developed to tackle the
other ¥, decidability problems may yet be adaptable to this task.

We have also introduced several new classes of structures based on notions
of automaticity arising from nested-words and nested-trees. Some of these
classes have very nice closure properties and indeed we have shown the isophilic
structures to coincide with the second level of the Caucal Hierarchy and the
dendrisophilic graphs to coincide with the e-closures of 2-CPDA graphs. Whilst
CPDA were not designed to be interesting graph generators, this shows that
the 2-CPDA graphs admit a non-trivial alternative representation and hence
may well be worth further study.

Indeed further work on the various types of isophilic structures would be
in order, including the quest for some other examples of interesting structures
residing within these classes. There is plenty of scope for improving our un-
derstanding of them in a more general setting as well—for example it would
be nice to see whether w** is an upper-bound on the well-orderings that
are tree-nondisophilic as well as a lower-bound. An approach to this question
that might yield further results concerning linear orderings would relate to
Braud and Carayol’s analysis of linear orderings in the Caucal hierarchy [17].

They provide a precise characterisation of linear orders occurring at each level

209
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and in particular an upper bound of " at level 3. Since tree-nondisophilic
structures include graphs outside of the third level of the Caucal hierarchy, we
cannot directly infer any bound from this result. However, another part of op
cit. demonstrates that the ordinals in the (n 4 1)th level of the hierarchy are
precisely those induced by the lexicographic ordering on leaves of trees in the
nth level. The precise coincidence of isophilic structures and 2-PDA graphs
allows us to conclude that it is precisely the ordinals less than w*”" which
occur at the frontiers of isophilic trees. Perhaps a correspondence between the
frontier ordinals of isophilic trees and the tree-nondisophilic (or more weakly
tree-isophilic) structures could be established.

Blumensath established that the first level of the Caucal hierarchy consists
of all graphs MSO definable in the infinite binary tree Ay [12]. Carayol et
al. extended this result [27, 23] to show that the nth level consists of those
graphs MSO definable in A%, which can be viewed as the canonical structure
resulting from A, via an n-fold iteration of the ‘treegraph’ operation. This is
related to Caucal’s generalisation of prefix rewriting in terms of finding canon-
ical sequences of stack operations witnessing the nodes and transitions in a
pushdown graph. Our own notion of rat-rat prefix rewriting could yield a simi-
lar MSO definability result at order-2 in a canonical structure A7, the infinite
4-ary tree with well-nested back-edges. The idea is that the 4-ary tree would
allow for 0 and 1 branching as in As but with extra annotations specifying
pointers whenever they are permitted by well-nesting—u.e. 0,0, 1 and i. An
MSO with a matching predicate to handle pointers [6] might then be able to
capture our rewrite rules. Indeed if a p-calculus based logic with matching is
employed, such as a branching version of CARET [5], it might be possible to
derive the preservation of u-calculus decidability, which would be of interest in
the collapsible pushdown hierarchy could be captured in this way.

In this setting, order-2 (C)PDA graphs would be obtained in a manner anal-
ogous to 1-PDA graphs in the non-nested setting. An adaption of the treegraph
operation to introduce nested word structure in the second dimension created
by treegraphing might be a way of generalising Carayol’s work on the Caucal
hierarchy to the hierarchy of CPDA graphs. Indeed this would be a helpful
exercise in understanding the connections with his work; in particular whilst
Carayol begins with prefix rewriting capturing order-1 and then generalises
using ‘canonical operation sequences’, we would begin with prefix rewriting
capturing order-2 and then generalise after that using something similar to
canonical operation sequences.

As an alternative to the treegraph transformation to generate levels 3 and
above, it would be worth investigating exstensions of A7 with pointers allowing
different amounts of ‘bad-nesting’, with the extent of bad-nesting corresponding
to the level in the hierarchy.
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Further understanding of the structures could arise from investigating pump-
ing on paths in the graphs. Kartzow’s use of a tree automatic presentation of
2-CPDA graphs to obtain a ‘pumping lemma’ for them [49] is intriguing and it
would be interesting to see whether such results could be extended to 33-CPDA
(and indeed 3-PDA) using a pumping technique on nested-trees.

The nested-word representation of 2-CPDA stacks also suggests an alterna-
tive model of automaton where stacks are nested-words and higher-order stacks
are nested-words of stacks, rather than just words of stacks with unstructured
pointers. In many respects CPDA are ugly; the links lack structure, there exist
stacks that cannot be constructed from the empty stack and unlike higher-
order PDA they lack a true inductive structure as shown by the possibility
for ‘dangling links’. Stacks based on nested-words might offer a more elegant
alternative—we already know from this dissertation that such an automaton
could be defined at order-1 that is equi-expressive with 2-CPDA. Unfortunately
it seems that an order-2 nested-word stack of nested-words would already come
very close to being able to simulate a two counter machine. Nevertheless, the hi-
erarchy of graphs so generated may admit other favourable properties; after all
the transition graph of a two counter machine is word-automatic. For example,
one might look at developing a notion of automaticity based on higher-order
stacks of this nature that synchronises at the end of each component stack.

Another possibility for further work would be to exploit monotonicity and
the derivative construction. For example, it would probably be possible to
obtain a proof of Parikh’s Theorem using a monotonic 1-PDA and it would be
interesting to see whether any analogues could be extracted at higher-orders.
In choosing the terminlogy for ‘derivative’ we partly had in mind the idea of
‘going down an order’. Hopkins and Kozen have a proof of Parikh’s theorem
by ‘going down an order’ from polynomials over a commutative Kleene algebra
using formal differentiation [43].

Of course we must not forget that CPDA originally arose from the study of
higher-order recursion schemes, which in turn have applications in modelling
higher-order functional programs. To the author’s knowledge, there is currently
no study in the literature comparing CPDA graphs to the graphs (rather than
trees) generated by recursion schemes, with nodes comprising of applicative
terms and edges generated via (non-deterministic) head reduction rules. It
seems likely that the standard compilation of an n-(C)PDA to a (safe) recursion
scheme would respect graphs as well as trees, but the converse is less apparent.
Reasoning about graphs of recursion schemes using first-order logic might have
some practical applications, for example when considering the structure of
memory during the evaluation of a term. Non-deterministic edges could be
introduced to extract particular subterms by means of a reduction along an edge
that spits out a particular argument. So it might be possible to make a useful
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first-order assertion (at least when e-closure a.k.a. reachability is available)
stating, for example, that some particular subterm keeps reappearing during
evaluation.

However, the author in all honesty is sceptical about the utility of such
a venture; in any case we have not come anywhere near offering practical
algorithms, even for the decidable fragments of the decision problem. We feel it
is best to view the work as furthering our general mathematical understanding
of structures that are associated with devices with practical application, rather
than offering practical utility in themselves! We hope that not only our results
but some of the machinery that we have developed to obtain them will prove
interesting to the reader and invite further lines of enquiry.
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