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Abstract. Higher-order pushdown systems (PDSs) generalise pushdown
systems through the use of higher-order stacks, that is, a nested “stack
of stacks” structure. We further generalise higher-order PDSs to higher-
order Alternating PDSs (APDSs) and consider the backwards reachabil-
ity problem over these systems. We prove that given an order-n APDS;
the set of configurations from which a given regular set of configura-
tions is reachable is itself regular and computable in n-EXPTIME. We
show that the result has several useful applications in the verification
of higher-order PDSs such as LTL model checking, alternation-free p-
calculus model checking, and the computation of winning regions of
reachability games.

1 Introduction

Pushdown automata are an extension of finite state automata. In addition to
a finite set of control states, a pushdown automaton has a stack which can be
manipulated with the usual push and pop operations. Higher-order pushdown
automata (PDA) generalise pushdown automata through the use of higher-order
stacks. Whereas a stack in the sense of a pushdown automaton is a first-order
stack — that is, a stack of characters — a second-order stack is a stack of first-
order stacks. Similarly, a third-order stack is a stack of second-order stacks, and
SO on.

Higher-order PDA were originally introduced by Maslov [17] in the 1970s
as generators of (a hierarchy of) finite word languages. Higher-order pushdown
systems (PDSs) are higher-order PDA viewed as generators of infinite trees or
graphs. These systems provide a natural infinite-state model for higher-order
programs with recursive function calls and are therefore useful in software verifi-
cation. Several notable advances in recent years have sparked off a resurgence of
interest in higher-order PDA /PDSs in the Verification community. E.g. Knapik
et al. [23] have shown that the ranked and ordered trees generated by deter-
ministic order-n PDSs are exactly those that are generated by order-n recursion
schemes satisfying the safety constraint; Carayol and Wahrle [5] have shown that
the e-closure of the configuration graphs of higher-order PDSs exactly constitute

* The full version [12] of this work is downloadable from the first author’s web page.



Caucal’s graph hierarchy [9]. Remarkably these infinite trees and graphs have
decidable monadic second-order (MSO) theories [10, 5, 23].

These MSO decidability results, though powerful, only allow us to check that
a property holds from a given configuration. We may wish to compute the set
of configurations that satisfy a given property, especially since there may be an
infinite number of such configurations. In this paper, we consider a closely-related
problem:

Backwards Reachability: Given a set of configurations C,,;, compute the
set Pre*(Crnit) of configurations that can, via any number of transitions,
reach a configuration in Cp.

This is an important verification problem in its own right, since safety properties
(i.e. undesirable program states — such as deadlock — are never reached) feature
largely in practice.

The backwards reachability problem was solved for order-one PDSs by Boua-
jjani et al. [2]. In particular, they gave a method for computing the (regular)
set of configurations Pre*(Crpit) that could reach a given regular set of configu-
rations Crp;:. Regular sets of configurations are represented symbolically in the
form of a finite multi-automaton. That is, a finite automaton that accepts fi-
nite words (representing stacks) with an initial state for each control state of the
PDS. A configuration is accepted if the stack (viewed as a word) is accepted from
the appropriate initial state. The set Pre*(Crnit) is computed by the repeated
addition of a number of transitions — determined by the transition relation of
the PDS — to the automaton accepting Cpy;t, until a fixed point is reached. A
fixed point is guaranteed since no states are added and the alphabet is finite:
eventually the automaton will become saturated.

The approach was extended by Bouajjani and Meyer [1] to the case of higher-
order context-free pushdown systems, which are higher-order PDSs with a single
control state. A key innovation in their work was the introduction of a new
class of (finite-state) automata called nested store automata, which captures an
intuitive notion of regular sets of n-stores. An order-one nested store automaton
is simply a finite automaton over words. An order-n nested store automaton is
a finite automaton whose transitions are labelled by order-(n — 1) nested store
automata.

Our paper is concerned with the non-trivial problem! of extending the back-
wards reachability result of Bouajjani and Meyer to the general case of higher-
order PDSs (i.e. taking into account a set of control sets). In fact, we consider
(and solve) the backwards reachability problem for the slightly more general
case of higher-order alternating pushdown systems (APDSs). Though slightly
unwieldy, an advantage of the alternating framework is that it conveniently lends
itself to a number of higher-order PDS verification problems. We show that the
winning region of a reachability game played over a higher-order PDS can be

! “This does not seem to be technically trivial, and naive extensions of our construction
lead to procedures which are not guaranteed to terminate.” [1, p. 145]



computed by a reduction to the backwards reachability problem of an appropri-
ate APDS. We also generalise results due to Bouajjani et al. [2] and Cachat [21]
to give a method for computing the set of configurations of a higher-order PDS
that satisfy a given formula of the alternation-free p-calculus or a linear-time
temporal logic.

Related Work. Prompted by the fact that the set of configurations reachable
from a given configuration of a higher-order PDS is not regular in the sense
of Bouajjani and Meyer (the stack contents cannot be represented by a finite
automaton over words), Carayol [4] has proposed an alternative definition of
regularity for higher-order stacks, which we shall call C-regularity. Our notion
of regularity coincides with that of Bouajjani and Meyer, which, when confusion
may arise, we will refer to as BM-regularity.

A set of order-n stacks is C-regular if it is constructible from the empty
n-stack by a regular sequence of order-n stack operations. Carayol shows that
C-regularity coincides with MSO definability over the canonical structure A%
associated with order-n stacks. This implies, for instance, that the winning region

of a parity game over an order-n pushdown graph is also C-regular, as it can be
defined as an MSO formula [21].

In this paper we solve the backwards reachability problem for higher-order
PDSs and apply the solution to reachability games and model-checking. In this
sense we give a weaker kind of result that uses a more “practical” notion of
regularity. However our solution is direct and has a lower (though still large)
complexity bound. Because C-regularity does not imply BM-regularity?, our
result is not subsumed by the work of Carayol.

The definition of higher-order PDSs may be extended to higher-order push-
down games. In the order-one case, the problem of determining whether a con-
figuration is winning for Eloise with a parity winning condition was solved by
Walukiewicz in 1996 [13]. The order-one backwards reachability algorithm of
Bouajjani et al. was adapted by Cachat to compute the winning regions of order-
one reachability and Biichi games [21]. Results for pushdown games have been
extended to a number of winning conditions [22,3,11,19,8] including parity
conditions [21,18]. In the higher-order case with a parity winning condition, a
method for deciding whether a configuration is winning has been provided by
Cachat [21].

Higher-order recursion schemes (HORS) represent a further area of related
work. MSO decidability for trees generated by arbitrary (i.e. not necessarily
safe) HORS has been shown by Ong [20]. A variant kind of higher-order PDSs
called collapsable pushdown automata (extending panic automata [24,15] to all
finite orders) has been shown to be equi-expressive with HORS (for generating
ranked and ordered trees) by Murawski and Ong [7]. These new automata are
conjectured to enrich the class of higher-order systems and provide many new
avenues of research.

2 For example (pushg)*; pushz defines all stacks of the form [[a"][a"]].



2 Preliminaries

In the sequel we will introduce several kinds of alternating automata. For con-
venience, we will use a non-standard definition of alternating automata that is
equivalent to the standard definitions of Brzozowski and Leiss [14] and Chandra,
Kozen and Stockmeyer [6]. Similar definitions have been used for the analysis
of pushdown systems by Bouajjani et al. [2] and Cachat [21]. The alternating
transition relation A C Q x I x 22 — where I is a kind of alphabet and Q is
a state-set — is given in disjunctive normal form. That is, the image A(q,~) of
g€ Qandye Iisaset {Q1,...,Qn} with Q; € 22 for i € {1,...,m}. When
the automaton is viewed as a game, Eloise — the existential player — chooses a
set Q € A(q,y); Abelard — the universal player — then chooses a state ¢ € Q.

2.1 (Alternating) Higher-Order Pushdown Systems

We begin by defining higher-order stores and their operations. We will then
define higher-order PDSs and APDSs in full.

The set C{ of 1-stores over an alphabet X is the set of words of the form
[a1,...,am]) withm >0 and a; € ¥ foralli e {1,...,m}, [¢ X and | ¢ X. For
n>1,C¥ = |wy,...,wy] with m > 1 and w; € C_, for all i € {1,...,m}.
There are three types of operations applicable to n-stores: push, pop and top.
These are defined inductively. Over a 1-store, we have (for all w € X*),

pushylal ... am] = [was ... am)
topilay . ..am] = a1

We may define the abbreviation pop; = push.. When n > 1, we have

pushy[y1 ... Ym] = [pushy(y1)72 - - Ym]

pushi[y1 ... vm] = [pushi(y1)v2 ... ym] f2<1l<n

pushn[y1 ... Ym] = 17172 - - - Vi
popi[Y1 -+ Ym] = [popi(V1) Y2 - m] 1 <1I<n
popn[’Ylu-’Ym]:[’YQ-“’Ym] iftm>1
topi[y1 - - - ym] = topi(71) if1<i<n
topp|v1 - Ym] =M

Note that we assume wlog X’ NN = @, where N is the set of natural num-
bers. Further, observe that when m = 1, pop,, is undefined. We define O,, =
{ pushy | w e X* } U{ pushy,pop; | 1 <l <mn }.

Definition 1. An order-n pushdown system (PDS) is a tuple (P, D, X) where
P is a finite set of control states p/, D C P x X x O, x Q is a finite set of
commands d, and Y is a finite alphabet.

A configuration of an order-n PDS is a pair (p,7y) where p € P and 7 is
an n-store. We have a transition (p,v) — (p’,7') iff we have (p,a,0,p’) € D,

top1(y) = a and 7' = o(7).



Definition 2. An order-n alternating pushdown system (APDS) is a tuple (P, D, X)
where P is a finite set of control states p?, D C P x X x 297*€< ig a finite set of
commands d, and X is a finite alphabet.

A configuration of an order-n APDS is a pair (p,v) where p € P and ~ is an
n-store. We have a transition (p,v) — C iff we have (p,a, OP) € D, top1(y) = a,

and
C={ ") [ (0,p)€OP A+ =0(7)}
U{ {p,V) | if (0,p") € OP and o() is not defined }

The transition relation generalises to sets of configurations via the following rule:

(p,7) = C ’

In both cases, we define < to be the transitive closure of <. For a set of
configurations Cr,;; we define Pre*(Cry;t) as the set of configurations (p, v) such

that (p, ) S candce Crnit or (p,7) S Cand C C Crnit respectively.
Observe that since no transitions are possible from an “undefined” configu-
ration (p,V) we can reduce the reachability problem for higher-order PDSs to
the reachability problem over higher-order APDSs in a straightforward manner.
In the sequel, to ease the presentation, we assume n > 1. The case n = 1 was
investigated by Bouajjani et al. [2].

2.2 n-Store Multi-Automata

To represent sets of configurations we will use n-store multi-automata. These are
alternating automata whose transitions are labelled by (n — 1)-store automata,
which are also alternating. A set of configurations is said to be regular if it is
accepted by an n-store multi-automaton.

Definition 3.

1. A I-store automaton is a tuple (Q, X, A, gy, Q) where Q is a finite set of
states, X is a finite alphabet, qo is the initial state and Qy C Q is a set of
final states. A C Q x X x 22 is a finite transition relation.

2. Let B2, be the (infinite) set of all (n— 1)-store automata over the alphabet
X. An n-store automaton over the alphabet X' is a tuple (Q, X, A, qo, Q)
where Q is a finite set of states, go ¢ Qy is the initial state, Q¢ C Q is a set
of final states, and A C Q X ‘Bf_l x 22 is a finite transition relation.

3. An n-store multi-automaton over the alphabet X' is a tuple

(Q, E,A, {ql, .. .,qz}, Qf)

where Q is a finite set of states, X' is a finite alphabet, ¢; ¢ Qf for ¢ €
{1,..., 2z} are separate initial states and Qf C Qs a set of final states, and

AC(@xBy  x29Uu({d",....a"} x {v} x {¢5})

is a finite transition relation where a5 € Q; has no outgoing transitions.



To indicate a transition (q, B,{q1,...,qm}) € 4, we write,

B
q—’{qlv"'aqm}

Runs of the automata take the form,

Eo 1 1 B(1 é'm m m
g —={aqr, ot} — A}
" . B,
where transitions between configurations {qf,...,q% } — {gf ..., qfntil}

B
are such that we have gy — Q, for all y €~{1, ...,mg} and de{l,___,mm} Qy =
{q'f“, ... ,qﬁ;}rl} and Uye{l,...,mm}{By} = B,. Observe that By is necessarily a
singleton set.
We will, by abuse of notation, abbreviate a run over the word w to

QL{Qlavan}

Further, when a run occurs in an automaton forming part of a sequence indexed
by i, we may write —; to indicate which automaton the run belongs to.

A 1-store [ay . .. an] is accepted by a 1-store automaton A (that is [a1 ... an] €
L(A)) iff we have a run ¢ “=%" Q in A with Q C Q. For a given n-store au-
tomaton A = (Q, X, A, qo, Q) we define

E é”'b . >
LA ={|r-vml g —>...72Q AN QCQr ANVO<i<mn~ €L(B;)}
where v € L(B) iff v € L(B) for all B € B.
For an n-store multi-automaton A = (Q, X, A,{q,...,¢*}, Qf) we define

LATY = { (1o | 2 B )
ANQCQOr NY0O<i<mny €L(B;)}
U{vl¢ —>d} ,
LA ={ W [ie{l,....z} Ay e LAT)}

Finally, we define the automata Bj' and X' for all 1 <! <mn and a € X
and the notation ¢’. By} is the [-store automaton that accepts any [-store -y such
that top:(y) = a. X" is the (n — 1)-store automaton accepting all (n — 1)-stores
such that top1(y) = a and top;+1(y) = [[w']] for some w'. That is, pop;(7y) is
undefined. If 6 represents an automaton, the state ¢ refers to the initial state
of the automaton represented by 6.

3 Backwards Reachability

Theorem 1. Given an n-store multi-automaton Ay accepting the reqular set of
configurations Crpir of an order-n APDS, we can construct in n-EXPTIME an
n-store multi-automaton A, accepting the set Pre*(Crpit). Thus, Pre*(Crpit) is
regular.



Fix an order-n APDS. We begin by showing how to generate an infinite
sequence of automata Ay, A1, ..., where Ay is given such that £(Ag) = Crna.
This sequence is increasing in the sense that £(A;) C £(A;+1) for all ¢, and sound
and complete with respect to Pre*(Crpit), that is |J,~o L(Ai) = Pre*(Crnit)-
We assume wlog that all initial states in Ag have no incoming transitions and
there exist in Ag a state q;’; from which all valid n-stores are accepted and a state
q; € Qy that has no outgoing transitions.

An intuitive explanation of the algorithm. To simplify the description, we
assume that the transition relations of the automata are not alternating. Thus,
abstracting over the automata labelling the transitions of A;, we have a directed
graph with labelled edges. The construction of A;11 from A; is determined by the
edges of A; and the commands of the order-n (A)PDA. This construction step
may involve the addition of a number of edges to A;. Further, because commands
may have an effect at all orders of the automaton, the automata labelling the
edges of A; need to be updated to define A; ;.

Because an update to a single automaton for a single command will refer
to any number of the (n — 1)-store automata (which are edge-labels) in A;, we
consider all (n — 1)-store automata simultaneously. That is, we view them as one
large automaton with a set of initial states built from the initial states of the
automaton’s constituent parts. This can be thought of as a multi-automaton.
During each update we add a fresh initial state for each automaton represented,
and add transitions from these new states that move only to the previous state-
set.

The sequence Ag, A1, ... does permit a finite representation A.. We shall give
an informal explanation in the following. Viewing A; as a graph, the (order-n)
vertex-set of A; is fixed as i ranges over the natural numbers, and the algorithm
adds at most one labelled edge (transition) from ¢; to g2 for each pair of states ¢;
and ¢o. The order-(n — 1) automaton labelling this edge will be updated during
the construction of A;41 from A;, but another edge from ¢; to go will never
be added. Hence, ignoring the labels, the edge relation at order-n of the A;’s
will reach a fixed point. Because the updates to the order-(n — 1) automata are
determined by the edge relation, they become repetitive, in such a way that
— again ignoring edge labels — the new states added to the multi-automaton
representing the (n — 1)-store automata, together with their outgoing edges, will
form an infinite chain with an unvarying pattern of edges. This chain can be
collapsed into a single finite set of new states with edges between themselves as
well as the previous state-set. This is illustrated in figure 1.

O ?

5 8

Fig. 1. Collapsing a repetitive chain of new states.



Because we consider one large order-(n — 1) automaton with several initial
states, we essentially have an (n — 1)-store multi-automaton. Moreover, the use
of “self-referential edges” has allowed us to fix the state-set. Ignoring the edge
labels, the edge relation of this automaton will eventually become saturated: we
will reach a fixed point as in the order-n case. Inductively in this way the fixed
points cascade to order-1 part of the automaton. Once the vertex set at order
1 has been fixed, a fixed point of the entire process is guaranteed because the
alphabet is finite.

3.1 Preliminaries

To aid in the construction of an automaton representing Pre*(Cryqt), we intro-
duce a new kind of transition to the n-store automata. These new transitions are
labelled with place-holders that will eventually be converted into (n — 1)-store
automata.

New transitions are introduced during the processing of the order-n APDS
commands. Between any state q; and set of states ()2 we add at most one
transition. We associate this transition with an identifier G4, ). To describe
our algorithm we will define several sequences of automata, indexed by i. The
identifier Gl(‘qh%) is associated with a set that acts as a recipe for updating the

(n — 1)-store automaton described by 67(:(1_11622) or creating a new automaton if

éz;l Q) does not exist. Ultimately, the constructed (n — 1)-store automaton will
label the new transition.

The sets are in a kind of disjunctive normal form. A set {Si,..., S} rep-
resents an automaton that accepts the “disjunction” of the automata described
by S1,...,Sm. Each set S € {S1,...,Sn} corresponds to a possible effect of a
command d at the current order of the automaton. The automaton described by
S is the “conjunction” of the automata described by its elements. An element
that is an automaton B refers directly to the automaton B. Similarly, an iden-
tifier G refers to its corresponding automaton. Finally, an element of the form
(a, 0, 0) refers to an automaton capturing the effect of applying the inverse of the
command o to the stacks accepted by the automaton represented by 6; more-
over, the top; character of the stacks accepted by the new automaton will be a.
It is a consequence of construction that for any S added during the algorithm,
if (a,0,0) € S and (a’,0',0") € S then a = d.

Formally, to each 61”( 01,0 At order-l we attach a subset of

oBi-1U G lU(Ex O x (Bi-1UG)))

where B;_1 is the union of the set of all (I — 1)-store automata occurring in Ag
and all automata of the form Bj' ; or X ;. Further, we denote the set of all
order-(I — 1) identifiers G’(im) in A; as G/ ;. The sets B;_1 and D are finite by
definition. lf the state-set at order-[ is fixed, there is a finite bound on the size
of the set G;_; for any 1.



Given g~; for some [, we build the automata for all éz) € C:ll simultane-
ously. That is, we create a single automaton G associated with the set GVZ This
automaton has a state géqth) for each G’(iqh%) IS g;?j The agtomaton G’(iqh%)
labelling the transition ¢g; —; Q2 is the automaton G; with gqu Q) 88 its initial
state.

The automaton G/ is built inductively. We set G{ to be the disjoint union
of all automata in B;. We define G/ ' = Tgi+1(G]) where T5;(G}) is given in

1 1
Definition 4. The reason for the distinction between (i + 1) and j will become
clear in Section 3.3.

Definition 4. For j > 0, an automaton g;‘ and a set of identifiers g~{ , we define

N it .. i+1 _ i ~J
the automaton Tg~lj (G}) = G, 7. Initially, we set G, = G/. For each G%qth) €
i+1

g~{ we add a state g{ql 03) to G, if it does not exist. There are now two cases
depending on I:

Case | = 1: Each state g{ql Q) inherits transitions from gngle) if it exists. That

. . i1 b . .. ; b
is, fqr each transition ggqhQQ) — @ in G! we add the transition ggqhQQ) —Q
to g{“.
ot (2 ~J . ~J
Then for each set G(unz) € Gf,eachset {ay,...,a,} € G(qth), every b € X

and Q = Q1 U...UQ,, we add the transition,
j LNV
9(41,Q2)
to /! when for each t € {1,...,r} we have

— If oy is an automaton or identifier, then there exists the run ¢® LN Q¢ in
gi.
— If ay = (a, pushy,, 0;), then b = a and we have a path ¢’* - Q; in Gi.
1,Q2) in-
e TS j—1 e . j—1 B
herits t?anbltlonb from 901,22) if it exists. That is, for each transition J.@2)
Q@ in G} we add,

Case | > 1: Initially we set é’('H) = () for all éé) € letl. Each state g{q

éz‘+_1
J
(g(ql ,QQ)’Q)

J
9(a1,Q2) Q

if it does not exist (setting é”} = (), and add the set { B} to CNT'H} .
(g(quQ’%)va) (g.((ll,QQ)’Q)

Then for each set G{qh%) € G/, each set {a,...,q,} € G{qh%) and every
pair of sets S =51 U...US, and Q = Q1 U...UQ,, we add the transition,
éz‘+1

J

j (g(‘Zl»QQ)’Q)
9(a1,Q2) Q




if it does not exist (setting G+} 0), and add S to Gt} when

g(ql,QQ)’Q) B g(ql,QQ)’Q)’
for each t € {1,...,7} we have

— If oy is an automaton or identifier, then S; = { B} and there exists ¢** 2, Q:
in QZ

— If oy = (a, pushy, 01), we have Sy = { B |} U B U By and there exists a path
¢ 25 QP 5 Qin G

— If oy = (a,popy, 01), we have S; = {B? |} and Q; = {¢"*}.

— If @ = (a,0,61) when £(0) < I, we have S; = {(a, 0, B)} and a run ¢%* NN
in g;

We have constructed an automaton with transitions labelled by sets in g~;j11 We

construct G/ through a recursive call to Tgi+1(G1 1)
-1

3.2 Constructing the Sequence Ag, A44,...

For a given order-n APDS with commands D we define the operation A;1; =
Tp(A;) as follows.

Definition 5. For an automaton A; and a set of order-n APDS commands D,
v~v§ define the automaton TD(Ai) = A;1. We set GZ;I{ )= 0 for all G’(Z%Qz) in
G! 1. Then, for each d = (p?,a, {(o1,p*),..., (0m,p*™)}) € D, we perform the
following update: for every pair of sets S = S1U...US, and Q@ = Q1 U...UQ,
add the transition,

~i+1
G(qJ}Q)

¢’

if it does not exist (setting éé;}lQ) = ()), and add S to éé;}lQ), when for each
t € {1,...,m} we have,

— If oy = pushy, then S; = {B2%_,} U 51 U 52 and there exists a run,

ki §1i / 52

q —; Q¢

in Al

— If 0y = popy, then S; = {B%_,} and Q; = {¢**}. Or, if ¢ s, {q?} exists
in A;, we may have Sy = {Bj_;} and Q: = {¢5}.

— If oy = pushy, or oy = push; for I < n, then Sy = {(a,0,0)} and there exists
a transition ¢* iq Q¢ in A;.

— If oy = pop; for I < m, then S; = {(a,0,0)} and there exists a transition
¢ -, Q,in A;. Or, if ¢ L, {q5} exists in A;, we may have S; = {X['}
and Q¢ = {(J}}



By repeated applications of Tp we construct the sequence Ag, Aq,... which
can be converted into m-store multi-automata using the procedure described

in the previous section. This sequence is sound and complete with respect to
Pre*(Crnit)-

Property 1. For any configuration (p’,v) it is the case that v € E(Agj) for some
i iff (p7,7) € Pre*(Crnit).

3.3 Constructing the Automaton A,

We need to construct a finite representation of the sequence Ag, Ap,... in a
finite amount of time. To do this we will construct an automaton A, such that
L(As) = Ujeo, £(A;). We begln by introducing some notation and a notion of

subset modulo 7 for the sets G (00"

Definition 6. Given 6§ € B, U 5; for some ¢ and [, let

i {0 if 6 € B, )
/il = Glyon 10=GCl, 0, €Gi

For a set S we define S[j/i] such that, 8 € S iff we have 0[j/i] € S[j/i], and
(a,0,0) € S iff we have (a,0,0[j/i]) € S[j/i].
We extend the notation [j/i] point-wise to nested sets of sets structures.

1. G’qQ)NGqu ﬁforeachSGG( Q)wehaveS[j—l/z ]EG(qQ

2. Ql gg{ iff for all G(q Q2) Egl we have G(q Q2) Egl and G(qQ)NG(q’Q).

An important result in reaching a fixed point is that the sets ééq Q) are
i 5 is ; (i Gi < git+l o .
increasing. That is, for all ¢ and G(q’Q,) we have g(q’Q,) S g(q’Q,). This follows
because no transitions are removed.

Writing A ~ B to mean A < B and B < A, we now show that a fixed point
is reached at order-n.

Property 2. There exists 7,1 > 0 such that Q Z” | forall i > dy,_1.

n—1 =

Proof. Since the state-set in A; remains constant, there is some %,,_1 where no
more transitions are added at order-n. That gn - l” | forall i > 4,1 follows
since the contents of any G ) and G ) are derlved from the same transition
structure.

The following lemma shows that, once a fixed point has been reached at
order-(I + 1), we can fix the state-set at order-I.

Lemma 1. Suppose we have a sequence of automata GP,G},... and associated
sets gl ,gl ) . Further suppose there exists an i; such that for all i > i; we
have gl ~ g” We can define a sequence of automata g Q”‘H, ... such that the
order-l state-set in C;ll remains constant. The following are equivalent for all w,



1. The run gzg o =, Q with Q C Qy ewists in C;ll for some 1.

2. The run 92:1,@) i Q" with Q" C Qy ewists in Gi for some 7.
We use C;ZH = Tg~l7:l (i2ir—1] (Gf) to construct the sequence GZ’ , Q;‘+1, ... In-

tuitively, since the transitions from the states introduced to define G for i > i
are derived from similar sets, we can compress the subsequent repetition into a
single set of new states with “self-loops”.

Once the state-set has been fixed at order-/, we will reach another fixed point.
In this way the fixed points cascade. The proof is similar to Property 2.

Property 3. For a sequence of automata G, G}, ... such that the state-set at

order-/ of g;‘ remains constant there exists 7;_; > 0 such that letl ~ QN; ! for
all ¢ > ilfl.

We have the following algorithm for constructing A.:

1. Given Ay, iterate 4,11 = Tp(A;) until the fixed point A
2. Forl =n —1 down to [ = 1: iterate QZH = Tgil
l

in_, is reached.

fi/ir—1] (G}) to generate the

fixed point g}“ from gfl.
3. Let Gf = Gi°. For [ = 2 to [ = n—1: construct G; by labelling the transitions
of G;'~" with automata derived from G; . Then, construct A, analogously.

Property 4. There exists an automaton A, which is sound and complete with
respect to Ao, A1, ... and hence computes the set Pre*(Crpit).

Remark 1. We claim our algorithm runs in n-EXPTIME. Intuitively, when the
state-set Q is fixed at order-1 of the store automaton, we add at most O(2/<l)
transitions (since we never remove states, it is this final stage that dominates
the complexity). At orders I > 1 we add at most O(2/9l) new transitions, which
exponentially increases the state-set at order-(I — 1). Hence, the algorithm runs
in n-EXPTIME.

4 Applications

4.1 Model Checking Linear-Time Temporal Logics

Bouajjani et al. use their backwards reachability algorithm to provide a model
checking algorithm for linear-time temporal logics over PDSs [2]. In this Section
we show that this work permits a simple generalisation to higher-order PDSs.

We form the product of the higher-order PDS and the Biichi automaton
corresponding to the negation of ¢ [26, 16, 25]. This gives us a higher-order Biichi
PDS with a set F of accepting control states. Thus, model checking reduces to
the non-emptiness problem for higher-order Biichi PDSs. Let [la]! denote the
order-1 stack consisting of a single character a and ['a]’ for [ > 1 denote the
stack consisting of a single order-(I — 1) stack [¢=Dqa](=1),



Proposition 1. Let ¢ be a configuration of an order-n Biichi PDS BP. BP
has an accepting run from c iff there exist distinct configurations (p',["a]™) and
(pt,y2) with topi(y2) = a and configuration (p’,~v1) such that p¥ € F and,

1. ¢ < (pt,~3) for some ws with top1(ys) = a, and
2. (p",["a]") = () = (')
Using this reduction, we have the following theorem and corollary.

Theorem 2. Given a order-n Biichi PDS BP = (P, D, X, F), we can calculate
in n-EXPTIME the set of configurations C such that from all ¢ € C there is an
accepting run of BP.

Corollary 1. Given an order-n PDS (P, D, X)) and a formula ¢ of an w-reqular
logic, we can calculate in (n + 2)-EXPTIME the set of configurations C of
(P, D, X)) such that every run from each ¢ € C satisfies ¢.

There is one exponential blow-up in the construction of BP and one more
in a final complementation step. We can test ¢ ¢ C rather than ¢ € C for an
(n+ 1)-EXPTIME algorithm.

4.2 Reachability Games

Our algorithm may be used to compute the winning region for a player in a
two-player reachability game over an order-n PDS. This generalises a result due
to Cachat [21]. We call our players Eloise and Abelard.

Given an order-n PDS (P, D, X), a Pushdown Reachability Game (P, D, X, R)
over the order-n PDS is given by a partition P = P4 W Pg and a set R of con-
figurations considered winning for Eloise. The winning region for Eloise can be
characterised using an attractor Attrg(R). Conversely, the winning region for
Abelard is Attrg(R). We can use backwards-reachability for APDSs to calcu-
late Attrg(R), and hence the winning regions of both Abelard and Eloise. This
is a straightforward encoding of the pushdown reachability game as a APDS.
We form R’ from R by adding the regular set of all configurations from which
Abelard cannot make a move (and therefore loses the game).

Theorem 3. Given an order-n pushdown reachability game, where R is a reg-
ular set of configurations, and an order-n APDS as defined above, Attrg(R)
is reqular and equivalent to Pre*(R’) less all configurations of the form (p, V).
Hence, computing the winning regions of the game is n-EXPTIME.

4.3 Model-Checking Branching-Time Temporal Logics

Generalising a further result of Bouajjani et al. [2], we have that backwards-
reachability for higher-order APDSs may be used to solve the model-checking
problem for the alternation-free (propositional) p-calculus over higher-order PDSs.
Common logics such as CTL are sub-logics of the alternation-free u-calculus. The
algorithm uses properties of the alternation-free p-calculus to reduce the model
checking problem to a number of reachability games. We state the following
theorem:



Theorem 4. Given an order-n PDS (P, D, X)) and a formula ¢ of the alternation-
free p-calculus, we can compute the regular set of configurations satisfying ¢ in
((ng - n) + 1)-EXPTIME, where ng is the length of ¢.

The ((ng - n) + 1)-EXPTIME result is due to a final complementation step.
As before, this may be avoided, yeilding an (ny - n)-EXPTIME algorithm.

5 Conclusion

Given an automaton representation of a regular set of higher-order APDS config-
urations Cry;, we have shown that the set Pre*(Cfy;:) is regular and computable
via automata-theoretic methods. This builds upon previous work on pushdown
systems [2] and higher-order context-free pushdown processes [1]. The main inno-
vation of this generalisation is the careful management of a complex automaton
construction. This allows us to identify a sequence of cascading fixed points,
resulting in a terminating algorithm.

Our result has many applications. We have shown that it can be used to
provide a solution to the model checking problem for linear-time temporal logics
and the alternation-free u-calculus. In particular we compute the set of config-
urations of a higher-order PDS satisfying a given constraint. We also show that
the winning regions can be computed for a reachability game played over an
higher-order PDS.

There are several possible extensions to this work. Firstly, we intend to com-
plete the complexity analysis with corresponding hardness results. Secondly, we
plan to investigate the applications of this work to higher-order pushdown games
with more general winning conditions. In his PhD thesis, Cachat adapts the
reachability algorithm of Bouajjani et al. [2] to calculate the winning regions in
Biichi games over pushdown processes [21]. It is likely that our work will permit
similar extensions. Finally, we intend to generalise this work to higher-order col-
lapsible pushdown automata, which can be used to study higher-order recursion
schemes [24,7]. This may provide the first steps into the study of games over
these structures.

Acknowledgements. We thank Olivier Serre and Arnaud Carayol for helpful dis-
cussions.
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A Example

Fix the following two-state second-order PDS and 2-store multi-automaton Ag
with some B1, B2, Bs and By.



, @ pUShw;p )

@ d4 = (p?, a,pop2,p")
B

We iterate Tp until a fixed point is reached. The dashed arrows are labelled with
the appropriate GE .

B1 By
= (p*, a, pushz, p")
Bs , = (p' a,pushs,pl),
() ~
( 2

)
, Gl oy = {{(a.pushe, B} }
qu ar :{{vaBlvBiﬂ’}
G%q L apusha. B}
o = B

G?q o) {{(a,pushE,BQ},{(a,pushg,é%ql’o))}}

= (51 Chmn 50, (1. )
1y (ql,q5)r P4 1) M (q1,0)) 23

qu o = {{ a,pushw, B1)},{(a, pushw,G(q o) }}

.qn = BT}

qu ap) {{(a pushw,G(q tu))}}

The following diagrams show excerpts of GZ and G; respectively. All edges are
labelled a.

The relevent S are underlined in the tables above. The new edges in the sec-
ond diagram derive from S[2/1] for the appropriate S. The branching edge is
removed from the first diagram for clarity. The new branching edge is added
after the self-loop.



