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Chapter 1

Introduction

In the digital age of internet, mobile computing and cloud computing, the need for develop-
ing and quickly deploying complex communicating programs have become an order of the
day. With increasing dependency on automated medical equipments, aeroplanes, automo-
bile and financial transactions, the need to check for correctness of programs ( also referred
to as systems) has gained significance. There are various interesting properties against which
one might want to verify such systems. As an example, consider a train that has automated
opening and closing of its doors. One may wish to ensure that the door never opens when
the train is moving or that the door only opens on the side where a platform is available.

The most extensively used method to ensure correctness of programs is testing. However,
while a cleverly constructed set of tests may expose bugs, one cannot obtain a correctness
guarantee through this technique. Furthermore testing often fails to find bugs in the concur-
rent setting where a bug may manifest itself only in the rarest of rare executions (Heisenbugs
[74]). Formal verification is an alternative technique which establishes the correctness of a
program with respect to specifications in a mathematically rigorous manner.

Model checking is a formal verification technique that algorithmically explores all possi-
ble system behaviours to check if a given specification holds [53,/57]. The input to the model-
checking problem is usually a mathematical model of the system (there are techniques that
work directly on the code as well, for e.g. [29}35,[117]) along with a property expressed in a
suitable logic. Examples of such logic are LTL [123] used for specifying properties that each
run of the program should satisfy, and CTL [108] for reasoning about the structure of the en-
tire collection of runs of the program.

The models used in model checking can either be finite or infinite. While an accurate
modelling of software system usually requires infinite models, hardware systems typically
are finite state. One very simple and interesting property is whether a particular state or a
location in the program can be reached. The problem of checking such a property is called
the reachability problem. Safety properties which say that something bad does not happen
can be reduced to the reachability problem. On the other hand, liveness properties which say
that something good will eventually happen, require examining infinite runs. An important
problem in this setting is the repeated reachability problem, which asks if a particular state or
a program point can be visited infinitely often. A solution to this is often the key to solving

11



12 CHAPTER 1. INTRODUCTION

the model checking problem over infinite behaviours.

A plethora of successful tools for verification of finite state systems have been built e.g.
SPIN [82], SMV model checkers[I15]. For finite state systems, checking properties of finite
behaviours can be reduced to elementary graph theoretic properties while that of infinite
behaviours frequently relies on results from the theory of finite state automata over infinite
words (and other structures).

Infinite state systems arising from programs are Turing powerful and hence the verifica-
tion problem is undecidable. The infiniteness arises for a variety of reasons. For e.g.

1. Variables taking values from unbounded or infinite data domain.

2. Recursion: Programs in which procedures can be called recursively can potentially have
an unbounded call stack.

3. Heap: Another source of infiniteness that can occur in a program is due to data structures
that use dynamically allocated store. See for eg. [5,[113}[127,[128]

4. Programs may deal with real time and continuously evolving variables. See for eg. [10} 11,
120].

In the recent years several techniques have been proposed to circumvent this undecidability,
by either considering restricted subclasses of systems (under-approximation) or by relaxing
the possible behaviours of the systems (over-approximations). The results in this thesis are
along these lines.

Concurrency and communication add a different dimension to the problem. Consider
a system with a number of finite state components communicating through shared mem-
ory or rendezvous. Even though the composed system is finite state, the number of states is
exponential in the number of components. This is called the state-explosion problem and
poses the main challenge in the verification of finite state systems. This problem has been
addressed through a variety of techniques such as symbolic model checking [46}[115], Partial
order techniques [145] and so on. When the components are infinite state the verification
problem becomes even undecidable. For example, two recursive programs communicating
with each other through a shared memory or by hand shake can simulate a Turing machine.
Another example, is the case of (even finite state) systems communicating via FIFO channels.
These are Turing powerful as the FIFO channels can easily simulate a tape.

However there are some positive results too. For instance, in the setting of finite state
systems communicating via channels that are lossy the reachability problem becomes decid-
able [7,[8]. The technique used to prove this is based on the theory of well-quasi orders. This
technique has been effectively used in developing analysis techniques for a wide variety of
systems [1} 9} 68} [70, 129]. Another general technique used to extend verification to beyond
finite state systems is that of regular model checking [44}[90,[144]. This technique consists of
representing collections of configurations of the system in a finite manner and manipulating
these representions to reason about the system. Examples of such representations includes
finite state automata, Presburger formulas, semilinear sets and so on. Such techniques have
been used to solve verification problems in pushdown systems [41], processes communi-
cating via FIFO channels [6} 42] and parametrised programs [114]. For a detailed survey on
regular model checking, we refer the readers to [2].
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Let us take a closer look at the infiniteness caused by recursion. Notice that the state
space in this case remains infinite even if all variables are drawn from a finite data domain.
When all the variables are from a finite data domain the only source of infiniteness is through
recursion. Thus, it has a structure similar to that of a pushdown system and thus can be
modelled as such systems. The theory of pushdown systems is well studied. For instance the
reachability problem, the repeated reachability problems and model checking LTL and CTL
formulas over pushdown systems [41},[83}143] are all decidable. There are also many tools for
efficiently model checking pushdown systems for e.g. Bebop, Moped [30, 66].

All the results in this thesis are concerned with formal models of programs that consist
of an a priori bounded number of threads or processes that communicate through a shared
memory. These threads/processes may be recursive and hence are themselves of infinite
state space. The natural formal model of the entire system is that of an multi-pushdown
system. Informally, a multi-pushdown system is like a pushdown system except that it is
equipped with multiple stacks. The state of the multi-pushdown system incorporates infor-
mation about the local states of each of the component threads as well as the contents of
the shared memory. There is one stack to model the call stack of each thread. As already
mentioned, even simple problems such as whether a state is reachable, are undecidable for
such systems. Thus, there is no hope of a complete solution. One idea used to circumvent
this problem is under-approximation. The idea is to identify a subset of behaviours and re-
strict the verification only to this subset. An under-approximation is interesting only if the
verification problem when restricted to this subset is decidable and in addition the subset
covers interesting behaviours. There are various under-approximations that are well studied
in literature.

Bounded-context analysis was introduced by [125]. A context-switch occurs when the
automaton switches from accessing one stack to another (or equivalenty when scheduler
switches from one thread to another). Placing an a-priori bound on the number of context-
switches along any run results in decidability of reachability and host of other verification
problems. Such an under approximation technique has proven to be very useful in finding
bugs in real time [118]. It was shown in [95} [105], that checking some of linear time prop-
erties under context-bounded setting can be reduced to checking them on a sequential set-
ting. This lead to using plethora of already available tools for model checking concurrent sys-
tems. Bounded-context technique has also been successfully used in areas outside of multi-
pushdown systems. In [21], a system where multi threaded recursive programs with ability
to dynamically fork new threads were considered. In this paper [21], a variant of bounded-
context restriction was considered. They analysed behaviours of such system in which, for
every process the number of contexts in which it is involved is bounded. In [94], context
bounding was used to obtain a decidable underapproximation of concurrent processes com-
municating via unbounded FIFO channel.

Bounded-phase analysis, which is a generalisation of context switch was introduced in
[97]. A phase can be thought of as a sequence of moves of a multi-pushdown system in which
all pop operations are restricted to a single stack. Now placing an a priori bound on the
number of phases along any run results in decidability for a host of verification problems.
In [45], Ordered multi-pushdown systems were introduced as generalisation of context free
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grammar and further studied as model for concurrent programs in [16} [14]. In an ordered
multi-pushdown system (OMPDS), there is an inherent ordering on the stacks and in such
systems, only executions involving pop operations from least non-empty stacks are allowed.
In 18,101} [102], Bounded-scope restriction was studied. In bounded-scope execution, an a
priori bound is placed on the number of times a stack can context-switch before which it has
to become empty.

In this thesis, we extend the work on some of these restrictions: we propose an algorithm
for model checking infinite runs under the bounded-scope restriction. We also propose a
new construction to solve the decidability of parity games under the bounded-phase restric-
tion and establish a matching lower bound. We propose a new restriction called adjacent
ordered restriction and study the model checking problems under this restriction and give
some applications of this model. We also study the analysis of multi-pushdown systems un-
der accelerations i.e. the effect of executing certain sequences of transitions (for e.g. loops)
on the configurations.

The incorporation of both the local states of the components as well as the shared mem-
ory in the state of an multi-pushdown system means that the communication between the
different components is not explicitly represented. This has some disadvantages, for in-
stance, consider the degenerate case, where there are just two threads that do not communi-
cate at all. One should be able to analyse this system, yet they fail to be in any of the classes
mentioned above. We study a more fine grained model where each thread is represented as
a separate pushdown system and all the communication via the shared memory is explicitly
recorded. Even here the two pushdowns can simulate a Turing machine easily. In this set-
ting, we propose a new restriction called stage bounding and study the decidability of model
checking under this restriction. This work relies on the ability to compute certain regular ab-
stractions of pushdown systems and leads us to one other contribution of this thesis: efficient
algorithms for computing abstractions of subclasses of pushdown systems.

We now summarise the contributions of this thesis.

Linear time model checking under bounded scope

Recall that in a bounded-scope execution, an a priori bound is placed on the number of
times a stack can context-switch before which it has to become empty. Reachability prob-
lem for multi-pushdown systems operating under bounded-scope restriction was shown to
be PSPACE-COMPLETE [103]. We first extend the definition of bounded-scope restriction to
infinite executions and prove the following results.

e We show how to obtain an exponential procedure for solving the repeated reachability
problem. The basic idea of our reduction is to reason in a compositional way about thread
interfaces corresponding to the states that are visible at context-switch points. We show
that, when all threads are active infinitely often, the interface of each thread can be de-
fined by a finite-state automaton, and then our problem can be reduced to a repeated state
reachability problem in the composition of these interface automata. In general, to capture
also the case where after some point all threads except one may be stopped, we show that
it suffices to analyse infinite runs of a suitable pushdown system. This gives us an EXPTIME
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procedure.

¢ We use the algorithm for repeated reachability to provide an EXPTIME procedure for model
checking an LTL formula on bounded-scope computations of a multi-pushdown system.
Lower bound immediately follows from the fact that model checking LTL formulas against
pushdown system is EXPTIME-COMPLETE.

* We also provide a simple proof of PSPACE hardness for reachability, by reducing the empti-
ness on n-finite state automata to reachability on multi-pushdown system with bounded-
scope restriction.

This is a joint work with M. E Atig, A. Bouajjani, K. Narayan Kumar and was published in
the proceedings of ATVA 2012 [18].

Adjacent ordered multi-pushdown systems

We introduce a variant of multi-pushdown system called the adjacent ordered multi-
pushdown systems. The restriction imposed by adjacent ordered multi-pushdown system
similar to that in ordered multi-pushdown system, in the sense that it allows pop operations
to happen on the least non-empty stack. Further it allows push operations only on least non-
empty stack or onto stacks immediately adjacent to it. In this model, infinite behaviours may
involve infinitely many contexts involving more than one stack as in the case of bounded-
scope or ordered multi-pushdown system. This model can also transfer the contents of one
stack to another (adjacent) stack. Such a transfer is possible in OMPDS and bounded-phase
restrictions but not in the others.

We show that reachability an adjacent ordered multi-pushdown system is EXPTIME-

COMPLETE. This is significantly better than 2ETIME complexity required for solving reach-

ability on multi-pushdown with bounded-phase restriction and ordered-multi pushdown

systems.

¢ We also show that the repeated reachability problem is EXPTIME-COMPLETE. Using the al-
gorithm for repeated reachability, we show how to obtain a procedure for model checking
LTL formulas.

¢ We also show some applications that illustrate the power of this model.

— We show that reachability in recursive programs communicating via queues, whose con-
nection topology is a forest, can be reduced to reachability on adjacent ordered multi-
pushdown system.

— We also show how to obtain a procedure for solving bounded-phase reachability of a
multi-pushdown system, by showing an exponential time reduction to reachability on
adjacent ordered multi-pushdown system.

This is a joint work with M. E Atig and K. Narayan Kumar and was published in the pro-
ceedings of DLT 2013 [25]. An extended version was selected and published in a special issue
of IJFCS [26]
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Acceleration

In the global model checking problem the aim is to compute from (a representation of) the
set of initial configurations (I) (a representation of) the set of configurations reachable from I/
(denoted post* (I)). Note that our description of global model-checking does not require that
the representations of the initial set I and the reachable set post* (I) be the same. However,
if both sets use the same description, then we say that the representation is stable. Stability
is an useful property as it permits us to compose (and hence iterate finitely) the algorithm.

A well known technique used in the verification of infinite state systems is that of loop
accelerations. It is similar in spirit to global model checking but with different applications.
The idea is to consider a loop of transitions (a finite sequence of transitions that lead from a
control state back to the same control state). The aim is to determine the effect of iterating
the loop. That is, to effectively construct a representation of the set of configurations that
may be reached by valid iterations of the loop. Loop accelerations turns out to be very useful
(e.g., [13,131}132}33]137,38}[39,43} 68} (69, 88} (89,109, 110]) in the analysis of a variety of infinite
state systems.

We propose to use accelerations as an under-approximation technique in the verification
of MPDSs. We take this further by proposing a technique that composes the iterations of
such loops with context bounded runs to obtain a new decidable under-approximation for
MPDSs. Observe that there is no bound on the number of context switches under loop itera-
tions while a context bounded run permits unrestricted recursive behaviours, not permitted
by loop iterations, thus complementing each other.

* We showing that both regular sets as well as rational sets of configurations are stable w.r.t.
bounded-context acceleration.

e We show that under iterations of a loop (a finite sequence of transitions that lead from a
control state back to the same control state), the acceleration of a regular set of transitions
is always rational while that of a rational set need not be rational.

* We then propose a new representation for configurations called n-CSRE inspired by the
CQDDs [43] and the class of bounded semilinear languages [49]. Then, we show that n-
CSREs are indeed stable w.r.t iteration of loops. This result also has the pleasant feature that
the construction is in polynomial time. However, n-CSREs are not stable w.r.t bounded-
context executions.

* We then introduce a joint generalization of both loop iterations and bounded-context ex-
ecutions called bounded context-switch sets. We show that the class of languages defined
by n-dimensional constrained automata (the most general class considered here and a n-
dimensional version of Parikh automata) is stable w.r.t accelerations via bounded context-
switch sets. Since membership is decidable for this class, we obtain a decidability of reach-
ability under this generous class of behaviours.

This is joint work with M. E Atig and K. Narayan Kumar and will appear in the proceedings
of TACAS 2016.
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Systems communicating explicitely via shared memory

We adopt a formal model that consists of a network of processes with a shared store ranging
over a finite domain. Each of these processes can be a pushdown system, an one-counter
system or simply a finite-state system. Each of these processes may perform reads and writes
on the shared store. In [64] 96], the problem of parametrised reachability over such models
were considered and was shown to be decidable. The parametrised reachability problem asks
whether there is a number k such that k identical pushdown systems can co-operate to reach
a given control state. Interestingly, the problem is undecidable for a fixed set of processes.
We study the reachability on such system. We show that two 1-counter systems sharing only
one bit memory are able to simulate any 2-counter machine.

We then restrict the way information flows through the shared memory. The idea we con-
sider is the following: For each computation, consider a decomposition into what we call
stages, where in each stage only one process is unrestricted while all the others are only al-
lowed to read. Then, we only consider computations up to some fixed bound on the number
of stages. Notice that this notion of bounding called the stage-bounding, does not restrict the
way stacks and counters are accessed. It is rather imposing that writes by different processes
to the shared memory cannot interleave in an unbounded manner (while reads are allowed
to interleave unboundedly with any kind of operations from any process). The notion stage-
bounding is somehow inspired by the notion of context-bounding. However, it is clear that
stage-bounding is strictly more general than context-bounding in term of behavior coverage.
This is due to the fact that operations (reads and writes) by different processes can alternate
unboundedly within one single stage.

* For networks of finite-state systems, we prove that the stage-bounded analysis is NP-
complete (while the unbounded analysis is PSPACE-complete as mentioned earlier). So,
stage-bounded analysis in this case has the same complexity as context-bounded analysis,
while it offers more coverage.

* We show that for systems with precisely two pushdown systems the complexity of stage-
bounded analysis is (at least) non-primitive recursive. The decidability in this case is actu-
ally still an open problem.

¢ We prove that for two pushdown systems and one 1-counter system the state reachability
problem under stage-bounding is undecidable.

e We prove that for networks with at most one pushdown system and any number of 1-
counter systems, stage-bounded analysis is decidable, and we show that it is in NEXPTIME,
while it is PSPACE-hard. We establish this decidability result by a non-trivial reduction to
the state reachability problem for pushdown systems with reversal-bounded counters (i.e.,
counters where the number of ascending and descending phases is bounded) [84]. Such a
reduction uses the ability to compute downard/upward closures of languages of pushdown
systems and one counter systems.

This is a joint work with M. E Atig, A. Bouajjani, and K. Narayan Kumar and published in
proceedings of FSTTCS 2014 [20].



18 CHAPTER 1. INTRODUCTION

Regular abstractions of one counter automata

We then look at closures on languages of counter automata. A very well known result, the
Higman’s Lemma, states that any upward closed language has only finite number of minimal
elements under the subword relation. As an easy consequence we have that every upward
closed language is regular and consequently every downward closed language is regular as
well. The downward and upward closures of context free languages are effectively regular
and the minimal size of finite state automatas recognising these closures are exponential in
size.

¢ We show that for the counter systems which are subclass of pushdown systems, the upward
and downward closures can be computed in POLYNOMIAL-TIME and the resulting automata
are POLYNOMIAL in size. The construction for the downward closure is quite involved.

Another abstraction is that of parikh images. The parikh image of a word is a vector that
assigns to each letter a natural number giving the number of times it occurs in the word. A
parikh image of a language is the collection of the parikh image of the words in the language.
A famous theorem of R. Parikh shows that for every context-free language there is a regular
language with the same Parikh Image. Parikh images of context-free/regular languages can
also be represented using existential presburger formulas. Parikh images have been used as
an important regular abstraction in the model checking of infinite state systems [23,[60} [130].

It is known that for context-free languages the size of the smallest NFA that is Parikh
equivalent may be exponential in the size of the PDA or CFG describing the given language.

* Every one counter automaton has a Parikh equivalent NFA which is subexponential in size.
The proof of this result is involved and proceeds by showing a reduction first to Parikh im-
ages of reversal bounded one counter automata and then showing that these can be con-
verted to sub-exponential sized Parikh equivlanet NFA.

This is a joint work with M. E Atig and K. Narayan Kumar and is part of the paper [67]. The
paper [67] also includes results proved by D. Chistikov, P. Hofman and G. Zetzsche.

Parity games on bounded-phase multi-pushdown systems

We then consider the problem of solving parity games over a multi-pushdown systems with
bounded-phase restriction. The problem of solving parity games on multi-pushdown sys-
tems was first studied by A. Seth in [133]. He showed how to obtain a NON-ELEMENTARY
decision procedure to solve the problem.

* We provide a simple inductive construction to solve this problem. Our procedure is also
has non-elementary complexity.

* We also provide a non-elementary lower bound to the problem by reducing the satisfiability
of formulas in first order logic with order (FO(<)) over natural numbers to this problem.
This answers a question posed by Anil Seth.

This is a joint work with M. E Atig, A. Bouajjani and K. Narayan Kumar.



Chapter 2

Preliminaries

In this section, we fix some basic definitions and notations that will be used in the entire
thesis. We assume here that the reader is familiar with language and automata theory in
general.

Notations Let N denote the non-negative integers. For every i, j € N such that i < j, we use
[i...j] todenote theset{keN|i< k< j}.

Let X be a finite alphabet. We denote by Z* (resp. %) the set of all finite (resp. infinite)
words over X, and by € the empty word. Let u be a word over . We use u® to denote the
reverse of the word u. The length of u is denoted by |u|; we assume that |e| = 0 and |u| = w if
uex”. Forevery j€[l...|ul], we use u[j] to denote the jth letter of u and u[i ... j] to denote
the sequence starting at i and ending at j. Given any word w € £*, we say u =gy w iff uis a
suffix of w.

Let S be a set of (possibly infinite) words over the alphabet X and let w € £* be a
word. We define w.S = {w.u | u € S}. We define the shuffle over two words induc-
tively as Shuffle(e, w) = Shuffle(w,e) = {w} and Shuffle(a.t/, b.v) = a.(Shuffle(/,b.v) U
b.(Shuffle(a.t/, V). Given two sets (possibly infinite) of words S; and S, (over X), we define
shuffle over these sets as Shuffle(S;,S2) = Uyes,,ves, Shuffle(u, v). The Shuffle operator
for multiple sets can be extended analogously.

We say that a word w over the alphabet X is a subword of a word w' if w = ;... a, and
there are x; € 2*, 1 <i < n+1 such that if w' = xja1x2az...x,a,X,4+1. We write w < w' to
indicate this. It is easy to check that the subword relation is a partial order.

The downward closure of alanguage L < * is the language L| = {w | w < w',for some w' €
L}. Similarly the upward closure of a language L < £* is the language L= {w | 3w’ € L. w' <
w}. A language L is upward closed if L = L1 and it is downward closed if L = L|. Clearly a
language L is upward closed iff its complement L is downward closed.

For any alphabet X = {ay,---,a,}, given a word w € X*, the parikh image of w denoted
Parikh(w) is a vector v € N'*!, where v = (Jw la, blwlg, -+, 1w lg, |) is a vector that counts
the number of each occurrences of letters from X in w. The parikh image of a language
Parikh(L) = {Parikh(w) | w € L}
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Finite-State Automata A finite-state automatonis a tuple A= (Q, X, A, qo, F) where: (1) Q is
the finite non-empty set of states, (2) Z is the input alphabet, (3) A € (Q x (2 U {e}) x Q) is the
transition relation, (4) go € Q is the set of initial states, and (5) F < Q is the set of final states.
The language of finite words accepted (or recognized) by A is denoted by L(A). We may also
interpret the set F as a Biichi acceptance condition, and we denote by L* (A) the language of
infinite words accepted by A. The size of Ais defined by |A| = (|Q|+|Z]|+]A]). For any transition
T=1(q,a,q") € A, we let Z(1) = a, i.e. the input letter of the transition. Given a sequence of
transition T =11.T2--- Ty, welet 2(T) = Z(11).2(12)..... 2(ty)

Pushdown-automata A pushdown automata (PDA) is a tuple A = (Q,T',%,6, s, F) where Q
is the set of states, T is the stack alphabet with a special symbol L to facilitate empty test
on the stack, X is the tape alphabet, s € Q is the initial state, F < Q is set of final states and
0 is the transition relation. The transition set § is a subset of Q x Op x Z, x Q with Op =
Uger\i11{Push(a) u Pop(a)} U {Zero, Int}

The configuration of PDA A is a pair (gq,y) with g € Q and y € (T'\ {L})* L. The initial
configurationis the pair c;jni; = (s, L). Given any configuration ¢ = (g, y), we will use State(c) =
g and Stack(c) = y to retrieve the state and stack part of the configuration. The transition
relation > A, (or ZL when we are interested in the transition used) , a € £, on the set of
configurations is defined as follows:

. (g ay) 24 (g, y) if T = (q,Pop(a),a, q') € 5. Pop move.

. (q,7) L (q', By) if T = (q,Push(p), a, g') € 5. Push move.
. (4,7) 54 (q,y) if T = (g,Int,a,q') € 5. Internal move.

. (g, 1) L., (q', 1) if T = (q,Zero, a, q’) € 5. Emptiness test.

= w N~

We will use —* to denote the reflexive and transitive closure of —. Given a set of con-
figurations C, we use L(A, C) to denote the set of words w such that (s, L)i»*c, for some
¢ € C. Given two configurations cy, c2, we use L(A, ¢1, ¢2) to denote the set of words w such
that c; w,* ¢>. We will use L(A) to mean Urer L(A, (f,L).

An infinite computation is said to satisfy Biichi acceptance condition if it visits a state in
F infinitely often. We will use ¢ = ... to denote the existence of an infinite run starting at
¢, which generates w, i.e. a computation of the form c4 ) 2, where w=ajay---. We
will use L* (A) to denote set of all infinite words generated by infinite computations satisfying
Biichi conditioni.e. LY(A) = {w |3Im = ¢ ﬂw AT®i e N, State(n(i)) € F}

When size of stack alphabet |I'| = 1, we will refer to pushdown automata as a counter
automata, further we will simply refer to Push(a),Pop(a),a € I" as Inc,Dec in the counter
automata. In this case, we will also refer to number of elements in stack as value of the
counter. When ever we are not interested in the input alphabet, we will refer to the push-
down automata as pushdown system ( similarly counter automata as counter system). In
such a pushdown system, we will omit the reference to X and let A = (Q,T, 6, s, F), and let the
transition relation be § € Q x Op x Q. When we are not interested in the set of final states, we
will omit it and simply refer to such pushdown systems as A= (Q,T’,X,9, s).
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Multi-counter system An n counter system is a tuple C = (n,Q,§, qo, F) where Q is finite
non-empty set of states, gp € Q is the initial state, F < Q is set of final stateand 6 S Q x op x Q
is transition relation, where op = Uj¢(1..»{Inc;, Dec;, Zero;}. The configuration of the counter

system C is given by a tuple (g, vy,v2,---,v,), where g € Q,vy,v2,-++,v, € N. The initial
configuration C;p;; is given by (go,0") and set of final configurations is given by Cgipa =
{(four,---,up) | f € Euy,up, -+, uy € N}, Given two configuration ¢; = (g, v1,v2,-++,v,) and

c2=(q',u1, up, -+, uy), we say c; — ¢, iff one of the following holds.

* 7=(q,Inc;,q") €8, forsome i€ [1..n], u; = v; + 1 and for j # i, Uj="vj
e 7=(g,Dec;,q") €5, forsomei€[l..n], u;+1=v;andfor j # i, uj=v;

* 7=(q,Zero;,q') € b, forsome i€ [1..n], u; = v; =0 and for j # i, uj="v;

We say a sequence ¢1T1C2T2 -+ - €, is a computation of C iff for all i € [1..n—1], ¢; SN
We will sometimes refer to such a computation sequence as ¢; —- ¢y —2- - Ll .. The
reachability problem for n-counter system asks whether there is a valid computation from the
initial configuration to one of the final configurations. It is well known that the reachability

problem for even two counter systems is undecidable. We will let (5{nc =6nQ x{Inc;} xQ
and 6me = Uje(1..n) O 1o We Will define 61, 6., OZero and dpec analogously. We will also let
6l = 6%81‘0 U 6{’11(3 U 6{)ec'

n-tape finite state automata A n-tape finite state automaton over Xi,...,%, is defined
as A = (Q,Z4,...,Z,,06,qo, F) where Q is a finite set of states, ¢ is the initial state, F is
the set of final states, and 6 € (Q x (£, U {e}) x --- x (£, U {e}) x Q), is the transition re-
lation. A run m of A over a n-dim word w over Xi,...,%, is a sequence of transitions
(qo,u1,q1), (1,42, q2),...,(Gn-1,Un, qn) € 6 such that w=uyu, - --uy,. The run x is accepting if
qn € F. The language of A, denoted by L(A), is the set of n-dim words w for which there is an
accepting run of A over w. A n-dim language is rational if it is the language of some n-tape
automaton [34]. Observe that 1-tape automata are the standard finite-state automata.

An interesting subclass of rational languages are what are called recognizable or regular
languages. A n-dim language L is regular if it is a finite union of products of n rational 1-dim
languages (i.e. L= L_J;”ZIL(]-J) x -+ x L(jpn) for some m € N where L(j ; is an 1-dim rational
language over Z;). Observe that if n = 1 rational and regular languages are the same. The
language {(a’, b") | i = 0} is an example of a rational language that is not regular.
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Chapter 3

Shared memory systems

3.1 Introduction

In this chapter, we will introduce a model called the shared-memory concurrent pushdown
systems. Informally it is a network of processes with a shared store ranging over a finite do-
main. Each of these processes can either be a pushdown system, a counter system or simply a
finite state system. Each of these processes can perform reads and writes to the shared store.
We study the reachability problem in the model. First we will prove that in order to get decid-
ability, restricting only the data domain is not enough. Indeed, we show that two 1-counter
system communicating via an one bit store are able to simulate any 2-counter machine.

We then restrict the way information flows through shared memory. The idea we consider
is the following: For each computation, consider a decomposition into what we call stages,
where in each stage only one process is unrestricted (i.e. allowed to read and write) while all
the others are only allowed to read. Then, we only consider computations up to some fixed
bound on the number of stages. Notice that this notion of bounding, called stage-bounding,
does not restrict the way stacks and counters are accessed. It is rather imposing that writes by
different processes to the shared memory cannot interleave in an unbounded manner (while
reads are allowed to interleave unboundedly with any kind of operations from any process).
The results we establish in this chapter are as follows.

We consider network of finite state systems and show that reachability under stage
bounded restriction in this case is NP-COMPLETE (while in the unbounded case it is PSPACE-
COMPLETE ). So the stage bounded analysis in this case has the same complexity as context-
bounded analysis but offers more coverage. However considering networks with just two
pushdown makes stage-bounded analysis much harder. We show that precisely with two
pushdown systems, the complexity of stage bounded analysis is (at least) non-primitive re-
cursive. The decidability in this case is still an open problem. We prove that for two pushdown
and one counter system, the state reachability problem under stage-bounding restriction is
undecidable. On the other hand, we will prove that for networks with at most one pushdown
system and any number of counter systems, stage bounded analysis is decidable and is in
NEXPTIME while it is PSPACE hard. We establish this decidability result by a non-trivial reduc-
tion to the state reachability problem for pushdown systems with reversal bounded counters.
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Several bounding concepts have been considered in the literature in the last few years
such as context-bounding and phase-bounding [98]. Stage-bounded analysis strictly gen-
eralizes context-bounded analysis, while it is incomparable with phase-bounding which is
based on restricting accesses to stacks (i.e., push and pop operations by different processes
in each phase) rather than restricting accesses to the shared memory. Another work based on
restricting the access to stacks is for instance scope bounding [100]. Again, the results there
are incomparable with those we present here.

In [24], acyclic networks of communicating pushdown systems are considered. While
such an acyclic network can encode computations within one stage (since in a stage infor-
mation flows unidirectionally from the writer to all other processes), it has been shown that
switching once between acyclic communication topologies in a network is enough to get un-
decidability [27]. In contrast, our main result show a case where information flow can be
redirected any finite number of times.

In [77, [64], networks of pushdown systems with non-atomic writes are considered.
Atomic read-writes cannot be implemented in that model, which means that only a weak
form of synchronization is possible. It is shown that for a fixed number of processes the
reachability problem is undecidable, while in the parametrized case the problem becomes
decidable [77] and is PSPACE-complete [64]. In contrast, our results hold even for the case
where atomic read-writes are allowed and show a decidable case for a fixed number of pro-
cesses. The parametrized case in the context of our stage-bounded analysis is still open and
cannot be reduced to the problem considered in [77, [64].

3.2 Shared memory concurrent pushdown System

Definition 1. A Shared-memory concurrent pushdown System (SCPS) over a set of memory
values M is a tuple (I, P, my) wherel is a finite set of indices and P = {P; | i € I} is an I-indexed
collection of pushdown systems P; = (Q;,T';,0n, 065, s;). The tape alphabet Oy = {!m,?m | m e
M} where!m denotes writing the value m to the shared memory while ?m refers to reading the
value m from the shared memory. The value my € M is the initial memory value.

A configuration of a SCPS (I,P, my) over M is a triple (q,y, m) where q assigns an element
of Q; toeachi €1, me M is the contents of the shared memory andy assigns an element of (I';\
{LH*-{L}) to each i €1 such that (q(i),y (i) is a configuration of P;. The initial configuration
of the system is the triple (s, L, my) where for each i, (s(i), L(i)) is the initial configuration of
P;.

The transition relation O—IZZ-, op€ Oy, i € ,T €6;, relating configurations of the SCPS is
defined as follows: (q,y,m) %*; (q',y',m") iff (q(D),y (D) 2 (' D,y (), @D,y () = (@'()),
Y'() for j # i and further one of the following holds

1. op=?tm and m' =m (aread operation)
2. op='m' (a write operation)

We write 2% (or simply 2) for Wier %i. This naturally extends to a relation . forwe @y,
0 € (8 =Ujexd)*. Wewrite (q,y,m)—"(q',y',m') if there is some w € G}, such that (q,y,
m-%" gy, m).
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In this chapter, we will call the pushdown systems in an SCPS as a counter if [['\ {1}| =1
and refer to it as a finite state system (FSS) if [T\ {L}| =0

Remark: Communication via shared memory isunreliable. This is because, the reader may skip some
of the values (lossiness) while reading some values multiple times (stuttering). It is easy to eliminate
stuttering errors, using a unidirectional protocol . The writer, writes a delimiter between every adjacent
pair of values. The reader only reads values separated by such a delimiter. i.e. an unused symbol (say $)
is added to the set of possible memory values. Now, instead of writing a sequence my, my, ..., my to the
memory, the writer writes the sequence my,$, my,$,... mg,$. The reader also expects a $ between every
alternate value and hence avoids stuttering errors. Eliminating lossiness would require acknowledge-
ments from the reader.

3.2.1 The Reachability Problem for SCPS

Given a SCPS (I, P, my) and a configuration (q,y, m), reachability problem asks whether (s, L,
myp)—"(q,y, m). Unfortunately, this problem is undecidable. Infact it is undecidable even if
we allow the memory to be of size one bit.

Theorem 1. The reachability problem for SCPS is undecidable even when |M| = 2, |I| = 2 and
both the pushdown systems in P are counter systems.

Proof. The idea is to reduce reachability on a two counter system to reachability on SCPS. We
will first describe the proof idea before formalising the same. Fix a 2-counter machine C = (2,
Q, 9, go, F). We construct a SCPS A = ([1,2],{P;, P»},0) over memory values [0, 1]. We will refer
to Py, P, as master and slave respectively. The master simulates the control state of A as well
as the value of the counter 1. The job of the slave is to maintain the value of the counter 2.
Quite clearly the master can simulate any move that does not involve counter 2. In order to
simulate the moves on counter 2 the master communicates with the slave through the shared
memory. We show that it is possible for the master to communicate, unambiguously, a value
from the set {1, 2, 3} to the slave, standing for increment, decrement and test for zero respec-
tively and also obtain a confirmation from the slave if it is able to complete the operation
successfully. First we show how the master may communicate a single value from {1, 2,3} and
then extend it to sequences of such values.

Assume that the memory contains the value 0. To communicate the value i € {1,2,3}
the master carries out the sequence of operations (1120)?.(21!0)! on the memory. The slave
guesses the value j being sent and executes a sequence of the form (2110)7.(1120)/. There are
three possibilities and we analyze each of them:

1. i = j. In this case there is exactly one successful interleaving of the two sequences and
it is of the form (11,,21!0,20,,)".(11,21,,!0,,20,)! (where, the component involved in the
memory operation is marked as a subscript). Further it leaves the memory with the value
0.

2. i < j. In this case, the interleaved runs reaches a deadlock after a sequence of the from
(11,,21,10,20,,)! where both components wait for the other one to write the value 1 to
proceed further.
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3. i > j. In this case, the interleaved runs reaches a deadlock after a sequence of the from
(11,,21,10,20,,,)" (11,1 +!1,!1,,,) and both components wait for the other one to write the
value 0 to proceed further.

Since all unsuccessful runs deadlock, it follows that the protocol can be repeated for any se-
quence of values and the system will either deadlock or succeed in communicating the se-
quence correctly to the slave. Finally, handling the confirmation from the slave to the master
is also easy. After guessing the next operation the slave attempts to carry out the operation
and only on success does it enter the protocol described above. We will now give the detailed
construction of P; = (Qy,1a, L1}, Zp, 01, qo) and P = (Q2,{a, L}, 2,02, po). The process P; is
described below

e The states of P; are given by Q; = QuU (Q x S;) where S§; = {w | 3 € [1...3],
w is a suffix of (1120)'.(2110)%}

* The input alphabet is given by X, = {20,!0,?1,!1}

e The initial state of P; is gy which is also the initial state of our two counter system

e The transition relation §; is defined as below.

a.l For all q,q’ € Q, if (q,Zeroy,q’) € §, then we have (g, Zero,¢, q’) € §,. This transition
simulates the zero test on counter-1.

a.2 Forall q,q' € Q, if (g,Incy, g) € §, then we have (q,Push(a),¢, q') € 61. This transition
simulates the increment on counter-1.

a.3 Forall g,q' € Q, if (q,Decy, q') € §, then we have (g,Pop(a),¢,q’) € §,. This transition
simulates the decrement on counter-1.

a.4 For all q,q’ € Q, if (q,Zero,, q') € §,then we have (q,Int,!1,(g’, (20).(21!0))) € §;. This
transition is added to start communicating with slave process to perform a zero test
on its counter.

a.5 For all ¢,q' € Q, if (g,Incy, ¢') € §,then we have (g,Int,!1, (g’,20(1120)".(2110)?)) € §;.
This transition is added to start communicating with slave process to perform a incre-
ment move on its counter.

a.6 For all q,q' € Q, if (q,Dec,, q’) € §,then we have (g,Int,'1, (g',20(1120)2.(2110)%)) € &.
This transition is added to start communicating with slave process to perform a decre-
ment move on its counter.

a.7 Forall g€ Q,a€ Zy,we X}, we add ((q,a.w),Int, a, (g, w)) € 6;. These transitions
are added to enable series of communication with slave process through the shared
memory operations.

a.8 Forall g € Q, we add ((g,€),Int,€, q) € §;. These transitions are fired only on successful
completion of communication with slave process (without deadlocking).

The process P, is described below

e The states of P, are given by Q» = {po} U Sz, where S» = {w | 3j € [1...3],
w is a suffix of (2110)/.(1120)/}

* The initial state of P, is pg

¢ The transition relation 0, is defined as below.
In the following set of transitions, slave guesses the operation that master process wants
it to perform and moves to state that executes the appropriate protocol after performing
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that operation.

b.1 (po,Zero,?1,((10).(1120))) € 5>

b.2 (pg,Push(a),?1,(10(21!0)}.(1120)%)) € 5,

b.3 (po, Pop(a),?1, (10(21!0)2.(1120)3)) € 5

b.4 Forallae Xy, we Z}“V[, we add ((a.w),Int, a, (w)) € 5,

b.5 We also add (¢,Int, 20, py) € O, this transition is fired on successful completion of com-
munication with master process.

The correctness of such a construction follows from the following lemma which relates
the runs of the SCPS A constructed with the runs of the two counter system C.

Lemma 1. (quO’ 0)_>*C(q) 48 UZ) iﬁt((QO,PO), (J—)J—)’O)_'*((q! pO)y (avlJ—) avzj—))o)-

With Lemma(]in place, it is easy to see that reachability of a two counter system C reduces
to reachability on SCPS A. This will also complete the proof of Theorem([I] We will now prove
Lemma (I} which is not very difficult to see but some what tedious. For this, we will first
prove the following lemma which states that the protocol followed by the master and the
slave succeeds without deadlocking iff both of them guess a sequence of identical length.

Lemma 2. ((¢,20(1120)/71.(2110)/), (10(2110)*~1.(1120)X), a™ L,a’>1),1)—=*((g,€),€),a™ L,
a™1,0), forsomex € [0,1] iff j = k.

Proof. We first prove that for case where j = k, we have a successful run. Let y: X — Zps be
a function such that p(?x) =!x and p(lx) =2x for any x € [0,1]. Such a function can easily be
extended to a sequence w € X%,. We note that (20(1120)/~1.(2110)/)) = (10(21!0)/~.(1120)/).
We now prove that for any ((g, w), wa,a™ L,a"™ 1, y), such that w, = u(w,) and w; € S;, we
have ((q, w1), w2, a™ L,a™ 1,y)—*((q,€),€,a™,a™,0).

Claim 1. For any w; € Si,w; € Sy such that wy = u(w,), we have ((q, wy), wo,a™ 1,a™ 1,
y)—*((q,€),e,a™,a",0)

Proof. We prove this inducting on length of w; and w»

For base case, we consider w; =10 and wy =?0 (note that the only words of length 1 in
S1 =!0 and S, =?0). By construction, for all g € Q, we have 77 = ((g,!0),Int,!0, (g,€)) € §; and
T2 = (20,Int, 20,€) € J». From this it is easy to see that ((g,!0),20,a™ L,a™ L, y)—*((q,€),€,a™,
a',0), by applying 7, followed by 7, transitions.

Case where |w; | = |wz| > 1, w.log we will assume that w, :?x.wi and w, =!x. wé for x € [0,
1] ( the other case is similar). Clearly ((g,?x.w}), (\x.w}), a™L,a™1,y)—((g,2x.w)), (w)),
a™l, a™1,x)since ((x.wy),Int,!x, (w})) € §>. We also have ((g,?x.w}), (po, w5), a™ L,a™ 1,
x)—((q, w)), (po,wy), a™L,a™1,x), since we have ((g,2xw}),Int,?x, (g, w})) € §; and the
current memory value is x. Note that w} € S; and |w/|| = |wj| < |w1| = |w.|. Hence we can
apply induction hypothesis to get the required run.

O

We will prove that for cases where j # i all possible runs deadlock. Since there are finitely
many ( six cases ) cases to consider, we will analyse each of these cases individually to show
that in each case all possible runs necessarily deadlocks.
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 Case when j = 1, k = 3, we have ¢ = ((g,20(1120).(21!0)!), 10(2110)2.(1120)3),a™ 1, a™ 1),
1). Note that the only possible move enabled here is for P, to write the value 0
onto memory, since P; is waiting to read value 0 from memory. Hence we have
c = ((g,20(1120).(2110)}), (10(2110).(1120)%), a™ 1,a™1),1) — c¢; = ((q,20(1120).(2110)}),
((2110)2.(1120)3), @’ 1,a"™ 1),0). Now note that in ¢, the only possible move is for P; to
read the memory value 0 and proceed ( since P, is waiting on a value 1 ). Hence we have
c1 — ¢ = ((g,(1120).(2110)1), ((2110)2.(120)%), a™ 1, a™1),0). Now note that the memory
value is 0 and P, is waiting on value 1. Hence the only possible way to proceed is for P; to
write a 1, proceeding thus, we get the run ¢ — ¢; — co—*((g, (21!0)), ((2110).(1120)%), a™ L,
a'™1),0). Now note that both P, and P, are waiting on a value 1 and hence they can never
proceed further.

* Case where j =1,k =2and j =2, k=3 are similar to the case above.

For the case where k < j, we have the following cases to consider

e Casewhen k=1, j=3wehavec= ((q,?O(!l?O)Z.(?I!O)?’), 10(1120)), a™ 1,a™ 1),1). Notice
that P; is waiting on reading the value 0 and the current memory value is 1, hence the
only way the run can proceed is by P, writing a 0 and then P; reading it. Hence we have
c—*c1 = ((q,(1120)2.(2110)%), (1120)), a™ L,a™ 1),1). Now there are two possible ways to
proceed, either P; writes a 1 and goes onto waiting on 0, followed by P, writing a 1 and
going onto wait on value 0 or the other way around. In both cases, both the processes wait
on value 0 and hence deadlocks.

* Case where k=2,j=3and k=1, j =2 are similar to the case above.

This completes the proof of Lemmal?]

Proof of Lemmall]

Proof. (=)

We will prove this by induction on length of the computation. Base case involving zero
length computation is trivial since ((qo, po), (L, L),0)—* (g0, po), (L,1),0).

Suppose we have a run (go,0,0)—"c(q1, vi, vé)l»(q, v1,v2). If T is any operation on
counter-1, then the proof is trivial since by construction, we added for every transition in
C of the form (gq,0p,, q’) € § where op, € {Inc;,Zero;, Dec;}, a transition of the form (g, op,
€,q') € 5, where op € {Push(a),Pop(a),Zero} that can simulate such a move. We will con-
sider 7 = (q1,Zeroy, q), rest of the cases are similar. Note that since T succeeds, we have that
vy =vo=0and v; = ).

By induction we have a run a = (g0, po), (L, 1),00—"((q1, po), (a¥'1,1),0). By construc-
tion, since we have 1 € §, we have the transition (g;,Int,!1, (g, (20).(21.10))) € 6,, (see. We
also have the transition (pg, Int, €, (10.(!1.20))) € >, (see. Hence we can extend the run 7z’
as follows.

((q1, po), (@™ L, 1),0)—(((g,20.(3110)), po), (@™ L, 1),1) —
(((g,20(2110)), (10.(!120))), (@™ L, 1),0).
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From Lemma 2} we can extend such a run to

((q1, o), (@™ L, 1),0)—(((q,20.(2110)), po), (@™ L, 1),1) —
((g,20(2110)), (10.(1120)), (a™ L, 1),00—"((g,€),e,a™ L, L, 0).

Now, using the transitions from[a.8and[b.5|we can complete the run.

(<)

Let T ={((q, po),a” L,a"1,0) | g € Q, v1, v2 € N}, note that T that does not involve inter-
mediate states of the form (g, w) in P; or w in P, for some w € S; U S, and g € Q. For this
direction, we will induct on number of time a configuration from set T is seen in the run. Let
us consider the computation

7 = ((qo, po), (L, 1),00—"((q, po), (" L, a" 1),0)

For base case, if number of times a configuration from 7 seenin x is 1, clearly g = qp and v; =
vp = 0i.e. itis arun oflength zero. For induction case, let us consider that the number of times
a configuration seen in the run is greater than 0. Suppose number of times a configuration
from T seenis > 1, then the run can be broken up as

7 = ¢o = ((qo, po), (L, 1),00—*¢1 = (1, po), (@1 L, a"> 1),0)—* -
—*m = ((Gm> po), (@"V L,a" 1),0)—"c=((q, po), (@” L,a"1),0).

Where ¢y, c1, - ¢, ¢ are all the configurations from T in 7.

By induction, we have the run o = (4o, 0,0)—" c(qm, v{", v3"). If the subcomputation (¢,
Po), (@'’ 1, a’' 1),0)—* (g, po), (a”* L,a" 1),0), does not involve transitions of Py, then each
such a transition is of type (g, 0p,¢, q’) for some op € {Zero,Push(a),Pop(a)} and it can be
simulated by an equivalent transition in the counter system.

Now assume that the 7’ involves P, transitions. Then clearly, the subcomputation (¢,
po), (@' 1, a”ﬁnJ_),O)—>*((q, po), (@’ L,a"1),0) can be expanded as

7' = 1= (Gm, o), (@' L,a" 1),0) —
(((q1,20(1120)/1.(2110)7), po, (@ L, a™2 1),1) —
¢ = (((q1,20(1120)7 1. (2110)7), (10(2110)%~1.(1120)%))), ("1 L, a2 1),1)—*
cs = ((g2,6),6, (@ L, a" 1),0)—" ¢4 = (¢, po), (@” L, a" 1),0)

We make the following observations about the computation 7’.

e In ¢;—%¢y, ¢; and ¢4 are the only configurations from T.

¢ In ¢;—* ¢y, involves only transitions form orfa.5 or[a.6) and orb.2Jor[b.3). Hence,
we have v]" = v].

* From lemma-{2} we know that k = j

* ¢,—"c3 only involve transitions of the form [a.7} from this we get g1 = ¢, v} = v} and
v} = v} since these transitions do not involve stack manipulation.
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e In ¢c3—*cy4, the transitions and are used. Since cy, ¢, are only transitions from T,
there is no transitions of the form (b.1| and b.3), from this we can conclude that v} = v,.

Now we can rewrite 7’ as follows.

' = c1 = ((gm, o), (@' L,a" 1),0)—"
¢ = (((q1,20(1120)7 1. (2110)7), (20(2110)/~1.(1120)7))), (@"1 L, a™> 1), 1)—*
c3 = ((q1,€),¢€, (a"iJ_, a”1),00—*cs = ((g, po), (@ L,a"1),0)

We will only consider the case where j = 1 (the other cases are similar) and show how to
extend o. Now 7’ can be written as

7' =c¢1 = (Gm, po), (@' L,a"? 1),0)—"
¢z = (((q1,20(2110)), (10(1120)))), (a”1 L, a"?1),1)—*
¢ = ((q1,6),6 (@ L, a™1),0)—*c4 = (¢, po), (@ L, a"* 1),0)

We have two cases to consider, depending on whether [b.5|was executed before[a.8| or not in
c3—*c4. We will assume that[b.5|was executed first, then[a.8|is executed immediately after.
Then, we have g; = g and the following form for the subcomputation.

' = c1 = ((Gm, po), (@™ L,a" 1),0)—"
¢ = (((g,20.(2110)), (10.(1120)))), (a”f"J_,aUZJ_), 1)-*
s = (((q,),6), (@’ L,a"1),0) — cs = (((q,€), po), (@' L,a"1),0)—
(@, po), (@""' L, a" 1),0)

Firstly, 71 = (gm,Int,!1, (g, (20).(21!0))) € 6; and 12 = (po, Zero, ?1,(10).(!1120)) € 6, transi-
tions were used in ¢;—* ¢2. Since 7] was used in such a sub compuation, we know that there
is a transition of the form (g,,,Zero,, g) € 6 and from execution of 7, from this we can con-
clude that v}" = v, = 0. From this we get the required run (g, 0,0)—"(qm, v{",0) —(q, v1,0).

In the other case, once ((q’ ,€),Int, €, q’ ) € 01 is executed, process P; can start executing
transitions not involving any operations on counter-2 before process P, returns back to pg by
executing (¢,Int, 20, po) € §,. In this case, 7’ is of the form

7' = (dm, po), (@™ L, a" 1),0)—"
(((¢',20(2110)), (10(1120)))), (a"!" L, @™ 1), )—"(((q,€),€), (@'t L,a"1),0) —
(q',e,(@"" L,a"1),0)—"(q",¢,(a" L,a"1),0) — (q, po, (a” L,a"* 1),0)
Firstly note that if the master process were to start any communication with slave process

before the slave goes back to pyg state, the computation will dead lock (since the transition that
takes slave process from state € to pg requires the memory value to be 0).
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From this we have that any sub-run of the form (¢’,¢, (@' 1,av1),0)—* q"e, (@’ 1,
a"21),0), can involve only transitions that operate on counter-1. Clearly such transitions can
be simulated by equivalent transitions in the counter system, leading to a run of the form (¢g’,
v, v2)—" (q",v1, 7). As in previous case, from execution of 7, and 7,, we have vt =12=0.
From this we have the required run (go,0,0)—*(q’, v]",0)—=" (4", v1,0)—*(q, v1,0). This com-
plete the proof of Lemmal[l]|

O

With this, the proof of Theorem(l|is complete. O

3.3 Stage-bounded Computations

We introduce hereafter the concept of stage-bounding. We divide a run into segments, called
stages, where in each stage at most one component is allowed to write on the shared memory
while there is no restriction on the number of readers. We emphasize that there is no restric-
tion placed on the number of writes or the number of context switches between the different
components nor is there any restriction on the accesses to stacks during a stage. We then
place an a-priori bound on the number of stages in the run. Formally

Definition 2. Letp = co i p1 €1 ffp ..Cn-1 0—>p"pn ¢ be arun of the SCPS (1, P, m). We say that

pisap-runifforalll <i < n, whenever op; € Wy (whereWpy = {{m| m € M}), we have p; = p.
That is, all the write transitions are contributed by the same process p.

We say that p is a 1- -stage run lfll' is a p-run for some p €1 and a run p is a k-stage run
if we may write p = co—1> cl—z> . Cle— 1—">*ck such that each c;_ 1—’» ci(l<si<k)isa

1-stage run.

Stage-bounded Reachability Problem: Given a SCPS (I, P, my), an integer k and a configuration
(q,7, m) determine whether there is a k-stage run (s, L, mg)—"*(q,y, m).

3.4 Stage bounded reachability for Communicating FSS

In this section, we show that stage-bounding is relevant even when all components of the
SCPS are finite-state. In this case stage bounded reachability problem is indeed easier than
the unrestricted reachability problem.

Theorem 2. The reachability problem for an SCPS where every component is a FSS ( finite state
system ) is PSPACE-COMPLETE while the stage bounded reachability problem for SCPS where
every component is a FSS is NP-COMPLETE.

Proof. When there is no bound on the number of stages, it is easy to see that an SCPS with n
FSS components is equivalent to the product (intersection) of n FSS and hence the reacha-
bility problem is PSPACE-COMPLETE. The details are given below.

The PSPACE algorithm for reachability can easily be obtained by reducing it to language
intersection of n finite state automata. For this purpose, we will construct a finite state au-
tomata A; corresponding to each FSS P; in our SCPS. The finite state automata A; that we
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construct ( corresponding to process P;), has as its input alphabet the memory values tagged
with the process index (i.e. M xI). The state space of such a FSA is given by Q; U Q; x M,
where Q; is the state space of P;. The states of the form (g, m) € Q; x M will be used during
the write moves to simulate stuttering. The constructed finite state automaton simulates a
write move of P;, of the form (q,!m, q') through a transition of the form (g, (m, i), (g, m)).
From states of the form (g, m), we have transitions of the form ((g, m), (m, i), (q, m)) and ((q,
m),e€, q). These moves allow stuttering of write moves. Any read move of P;, of the form (g,
2m, ¢') is simulated by transitions of the form {g} x (M xI\{i}) x{g'}. Here the read move is sim-
ulated by reading memory value tagged with any index other than itself. So far all transitions
added, simulate moves of FSS. However, we need also moves that mimic moves of other pro-
cesses. For this, we upward close the finite state automata w.r.t. memory values tagged with
index other than itself (M x I\ {i}). For this, we have for every g € Q;, transitions of the form
{q} x (M xI\{i}) x {g}. Note that in transitions of A;, transitions labeled by letters of the form
M x {i}, correspond to simulating a write of FSS P;. Whereas transitions labeled by letters of
the form M x I\ {i} can either simulate a read move or can mimic a move of another process.
So far our construction religiously simulates every move except for own reads, i.e. memory
values read by a process, that was written by itself. But notice that such transitions can easily
be eliminated from the SCPS by storing the memory values written in the state space. With
this observation, the construction is complete. Note that for reachability on SCPS, we are
interested in checking whether a particular configuration for each FSS is reachable. A run in
such an FSA is accepting if the configuration we are interested in for the corresponding FSS
is reached. With such a construction in place, it is easy to see that (;¢; L(A;) # @ iff there is a
run in SCPS that reaches required state in each FSS.

For the hardness we reduce the emptiness of the intersection of n finite state automata
(FSA) to this problem. We use n FSSs. The first one guesses a word in the intersection and
apart from simulating the first FSA on this word, it also transfers this word, letter by letter,
reliably to the other FSSs using the shared memory. This can be done easily using acknowl-
edgements since there is no bound on the number of stages. The other n — 1 FSSs simulate
one FSA each and hence the emptiness of the intersection reduces to the reachability prob-
lem.

To solve the stage bounded reachability problem, we show that it suffices to consider runs
where in each stage every one of the readers participates in at most | A;| transitions, where A;
is the ith automaton. We then use this to show that in addition we may restrict to runs where
in each stage the writer participates in at most O((Y; | A;])?) transitions.

Let A; be the ith FSS. Let p be the sequence of transitions in some k stage run from ¢y to

.o%
cr and let p = p)p, ... pr where each p; constitutes a single stage and ¢;_; £~ ¢;. We show
that we may find a different k stage run p’ = p}p}...p}, with each p’j constituting a single

;% , * ;%
stage, such that cot o2 LN ¢ and the length of each p’j is polynomial in }_; | A;|

and |M|. As a first step towards this we show that in any p;, we can bound the number of
transitions of any reader i to |A;|. This is because, if there are two occurrences of the same
transition 7 for some reader i in p; then we may safely delete all the transitions of i in p;
between the first and second occurrences, including the first but not the last and obtain a p’j
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;%
such that ¢;-; L j- Thus, the total number of transitions by all the readers in any p; can
be bounded by }_; | A;].

Now, suppose there are two occurrences of a transition 7 of the writer w in p; (the tran-
sition by itself need not necessarily be a write transition) and suppose there are no (read)
transitions involving other FSSs (readers) in between. Then we may remove from p; all tran-
sitions of the writer starting with first occurrence 7 and upto but not including the second

; k
occurrence and obtain a p’, such that cj_l—p—j—> cj. This along with the bound on the total
number of read transitions means that the number of transitions of the writer in p; needs to
be at most |A,|.(3; | A;l), where A, is the writer, and hence quadratic in the sum of the sizes
of the FSSs.
Thus we may restrict the length of k stage runs to be at most k.(¥; .| A;])?> without sacri-
ficing any reachable states and the stage bounded reachability problem is in NP.
O

3.5 Bounded-Stage Reachability of recursive processes

Bounded stage reachability problem is not decidable even when only 2 pushdown and 1
counter processes are involved.

3.5.1 Undecidability of Bounded-Stage Reachability

Unfortunately, stage bounding does not lead to decidability in the general case. We can in-
deed prove that SCPS with two pushdown systems and one 1-counter system are able to en-
code the computation of any Turing machine.

Theorem 3. The 3-stage reachability problem for SCPS consisting of two pushdown systems
and one counter system is undecidable.

Proof. We will reduce the halting problem for Turing machines to the stage-bounded reach-
ability problem in a SCPS with two pushdown systems and one counter. We refer to the two
pushdowns as the generaror and the replayer. If somehow a writer and a reader could follow
a protocol that ensures that every letter that is written is read exactly once then the unde-
cidability would follow quite easily without the counter. However, doing this using shared
memory in a stage bounded manner is tricky and details are as follows. In what follows we
assume that stuttering errors are eliminated using a suitable delimiter.

The simulation of a (potential) accepting run of the TM is carried out in 4 steps which use
3 stages in all. We fix a suitable encoding of the configurations as a word over some alphabet
I' and assume that this alphabet does not contain the symbol #. In the first step, the generator
writes down a (initial) configuration C; of the TM in its stack followed by the # symbol. While
doing so, it uses the shared memory to send a value, say , to the counter for each letter in
C;. The counter counts the number of such values. Since stuttering has been eliminated, the
value of the counter c; is < |C;| at the end of this step.

In step 2, the generator guesses a sequence of configurations C,,Cs,... C, ending in an ac-
cepting configuration, writes them down, separated by #s, in its stack. It also writes the same
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sequence to the memory, as it is generated, which in turn is read by the replayer and copied
on to its stack. At the end of step 2, the contents of the generator’s stack is x = C*#CE_ #...CF
while that of the replayer is y = DE#DR #...DX, m < n—1 and y is a subword of x. It in-
dicates the end of this stage by writing some suitable value to the memory which signals the
end of this stage to the replayer and the counter. In all we have used one stage so far.

In step 3, the counter sends its value c; to the generator using the shared memory by
writing c; copies of some fixed value ending with some special value to indicate the comple-
tion of this sequence. The generator removes one non-# symbol from his stack for each such
value. At the end of this sequence of operations if the top of stack is not a # the generator will
reject this run. Thus, a successful completion of this step will mean that |C,| < ¢; and thus,
|Cp| < IC1l. At the end of this step, the contents of the generator’s stack is CX_ | #CR #...Cf
and the counter is empty. This constitutes the second stage.

In the last step, the replayer removes the contents of its stack one element at a time and
writes the removed value to the shared memory for the generator to read. It writes a special
end marker at the end of the sequence and enters an accepting state. The sequence read by
the generator would therefore be of the form z = Eg#E] #... E{ (followed by the end marker)

where p = m < n—1. Clearly z is a subword of y. The generator, as it reads Efj removes
symbols from its stack verifying that C,—; may be reached in one step from the configuration
E), (we write E;,—*C,-1 to indicate this), entering a reject state if either this is false or if they
are not of the same length. It then repeats this procedure for E,,_; and C,—, and so on. It
enters an accepting state only if it empties its stack at the end of the entire sequence.
Observe that if the generator reaches its accepting state then p hastobe n—1, |E,_;| =
|Cp-1l, ..., |[E1l =|C1| and E;—1—*Cy_1, ..., E;—"* C;. Further, since z is a subword of y, yisa
subword of Cf#Cff_l#...Cf and p=n-1,wehave E; < D; <C;y; forall1 =i <n-1. Thus,

|Cil=|E1l =Gl =B =...=|Ch1l = Ex—1 = |Cyl
But |C,| <|C;] and thus,
|C1l = |E1l =1Co| = |E2l... = [Cp-1l = |Ep-1] = |Chl

Therefore E; = Cy, E» = Cs, ..., E;—1 = C,, and the result follows. O

3.5.2 Bounded stage reachability for two pushdown case

We already showed that the stage bounded reachability problem for systems with at least
two pushdowns and one counter is undecidable. One can ask what happens if we were to
restrict ourselves to just two pushdown case. The problem currently remains open. Even if
this problem is decidable its complexity cannot be primitive recursive.

The regular post embedding problem is the following: Let £ and I" be two alphabets. Given
two functions f: X —T'*and g: X — I'*, extended homomorphically to £*, and a regular lan-
guage R< X%, does there exist a w € R such that f(w) < g(w)? As shown in [52], this problem
is decidable but cannot be solved by any algorithm with primitive recursive complexity. We
reduce the regular post embedding problem to the stage-bounded reachability problem for
SCPS with two pushdowns to obtain the following Theorem.
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Theorem 4. The 2-stage bounded reachability problem for SCPS with two pushdowns cannot
be solved by any algorithm whose complexity is primitive recursive.

Proof. The reduction is indeed quite simple. Once again, we refer to the two pushdowns as
the generator and replayer. The generator guesses a word w from R, stores f(w) in its stack
and while doing so writes g(w) letter by letter on the shared memory. As always, we assume
stuttering errors are eliminated using delimiters. The replayer reads these values and stores
them in its stack. At the end of this first stage the contents of the two stacks are f(w) and w’
with w' < g(w).

In the second stage, the replayer transfers the contents of its stack to the shared memory,
one letter at a time, and the generator pops it stack verifying that it agrees with the letters
read from the shared memory. It enters the accepting state only if it empties its stack exactly
that the end of this stage. Notice that the values read by the generator w" is a subword of w’
and thus an accepting run verifies that f(w) = w” < w' < g(w).

Conversely, if f(w) < g(w) there is an accepting run where exactly the letters that do not
belong to the embedding of f(w) in g(w) are lost i.e. missed by the reader (the replayer in
the first stage and the generator in the second stage) in at least one of the two stages. O

3.5.3 Decidability for single pushdown plus counters

The problem is decidable if we restrict ourselves to certain subclasses. The following Theo-
rem describes this class and is the main result of this chapter.

Theorem 5. The stage bounded reachability problem for SCPS with at most one pushdown
system is in NEXPTIME.

Basically, we show that each counter system can be simulated by an exponential sized
bounded-reversal counter system thus reducing the problem to reachability in a pushdown
automatorﬂ (PDA) with reversal bounded counters (which is known to be in NP).

The proof of this Theorem is quite involved and most of what follows in this chapter is
devoted to the same. The proof proceeds in a sequence of steps and in each step we provide
an informal description of the ideas before providing the formal details The first step is ap-
plicable to any SCPS. In this step, we eliminate the shared memory, decouple the different
pushdown systems as a collection of pushdown automata (PDA) and reduce the reachability
problem for the SCPS to the emptiness of the intersection of these PDAs. This problem, in
general, is undecidable, but we will be able to restrict ourselves to the case where the PDAs
are of a restricted variety.

In a shared memory system, the sequence of values written by the writer in a stage is not
transmitted with precision to the reader as the reader may miss some values while reading
others multiple times and this is what permits the decoupling.

We fix an SCPS S = (I, P, my) over the set of memory values M where P = {P; | i € I} is an
I indexed collection of pushdown systems P; = (Q;,T';,0,8;, s;), for the rest of this section.
For the moment, consider one stage runs where p € I identifies the writer. Suppose we are

1We plan to use "automata" instead of systems when they are used as language generators and to avoid ambi-
guity with the components of the SCPS.
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interested in the existence of one stage runs starting at the configuration ((s;) e, (07) je1, 1)
and ending at some configuration ((g;) e, (Y:)ie1, m'). Now, consider the languages L;, i €1
(recognising values of memory reads of a reader process), defined as, if i # p then

Li={mimy...my | tn¥my...2my, € L(P;, (s, 0:), (i, Y ))}
and L, (recognising values of memory writes of a writer process) given by
{(m.my.my...my.m' | 2m* \my2my 'my. . \m,2m, 'm'tm’” € L(Pp, (p, pp), (qp, Y p))}

Then, the existence of an one stage run from ((s;) jer, (01) ier, M) to ((q1) iet, (i) ier, M') (With w
as the writer) is equivalent to the non-emptiness of

StLp) In(Lit
i#p

Moreover, the languages St(Lj) | and L; 1 can easily be realized as the languages of PDAs
Ap and A; constructed from the PDSs P, and P; respectively. These automata maintain the
stack and control state of the PDS they simulate as well.

We will first show the construction for a single stage setting and then extend it to multiple
stages. We will fix our SCPS as S = (I, P, mg) over the memory domain M. In the single stage
setting that we consider, we will index the writer process using p and the reader processes by
r1,--+,I'n. We will show the construction of pushdowns systems A, and A;, --- Ay, such that
checking existence one stage run can be reduced to intersection on these systems.

Construction of pushdown automata A, corresponding to writer process

Ap = (Py,T, M,5),s)) where
* P, =Qpx M, where Q,, is states of the process P, in S
* s = (qy, mo), where g} is the initial state of process Pp, in S.

¢ The transition relation & ;, is defined as below. Along with the transition description, we will
also provide a mapping g : 6”7 — 0, U {e}, where §, is the transitions of process P, in S.

a.l1 For any memory read transition of the form 7 = (g,0p,2m,q") € 6, where op €
Uger{Push(a), Pop(a)} U{Zero, Int}, we add the transition 7’ = ((q, m),op,¢€,(q',m)) € &',
we will let g(t') = 1.

a.2 For any memory write transition of the form 7 = (q,0p,!m,q') € 6, where op €
Uger {Push(a),Pop(a)} U {Zero, Int}, we add for all m' € M, the transitions 7’ = ((q, m'),
op,€,(q',m)) € §), and 7' = ((g,m’),op,m,(q',m)) € &), (such a pair allows memory
writes to be nondeterministically made visible or not, hence ensuring downward clo-
sure), we let g(17') = 1.

a.3 We add also add forall g € Q,, m € M, the transition 7 = ((q, m),Int, m, (g, m)) € §',, this
allows stuttering of the memory value, we let g(7) =€

Note that by construction, if w € L(Ap,¢) for some configuration c, then any w' that is a
subword of w is also in this language (i.e. language of this pushdown automata is downward
closed).
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Construction of pushdown automata A,, corresponding to reader process Py,

Ay, = (Pr,,T,M,5),s?) where
e P, =Q;, x M, where Q, is states of the process P;, in S

o s) =(q°,my), where g is the initial state of process Py, in S.

¢ The transition relation ,ri is defined as below. Along side the transition description, we will
also provide a mapping g : ), — 0, U {€}, where &, is the transitions of process P, in S.

b.1 For any memory read transition of the form 7 = (gq,0p,?m,q’) € 0r, where op €
Uger{Push(a),Pop(a)} U {Zero, Int}, we add the transition 7’ = ((¢q, m),op, m, (q',m)) €
0}, we willlet g(t') = 7.

b.2 We add also add for all g € Q,, m,m' € M, the transition 7 = ((q, m),Int, m’, (q, m")) €
) ;,, this allows upward closure of the memory value, we let g(7) =€

Note that for any word w and any configuration c if w € L(A;,, ¢) then any word w' such
that w is a subword of w' is also in the language. Now we will like to prove that the exis-
tence of a single stage run can be reduced to language intersection problem in the pushdown
automata Ap, Ay, Ar,.

Lemma 3. There is a 1-phase run of the form (so, L, mg)—*(q,y, m) in S iff there is a word
w € M* such that w € L((s), 1), ((q(p), m),y () N Nieq1...n LY, 1), ((q(r), m), y (1))

Proof. (=)
We will prove by induction on length of the run that for any 1-phase run of the form (so,
1,my)—*(q,y,m) in S, we can find runs of the form (sop,J_)&*((q(p),m),y(p))) and (s(,’i,

L)-2"(q(r), m),y(r)) foreach i € [1...n].
* For base case, consider a zero length run. This trivially follows from a run one.

e Case where (sg, L, mg)—*(q,Y, m) is of length greater than 1, then we can clearly split such
arun into (so, L, mg)—*(q',y',m') = (q,y, m). Now by induction, we have runs of the form

(s9, )= ((q'(p),m"), ¥ (p) and Vi € [L.nl(s?, L)~ ((q'(ry), m),y"(r;))
We will consider various possibilities for T and show that in each case, we can extend the

run as required.

— Case where 7 is a memory read transition. We have two cases to consider, the transition
is that of the writer (7 € §,) oritis that of a reader (7 € 6;,).

« Let7 = (q'(p),Int,2m, q(p)) € 6 p» then notice that m = m' and that there is a memory
read transition of the form ((q'(p), m),Int, ¢, (q(p), m)) € 6 ;, by From this we get

(s, D" (g(p), m), y (p))

Also notice that for any reader process r;, q(r;) = q'(r;) and y(r;) = y'(r;). Hence by
induction we have .
(s2, D)= (q(r), m),y (i)

For cases where 7 is an operation other than an internal move, the argument is similar.
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* Lett = (q'(r,-),Int,?m, q(r;)) € 6., for some r; € I. Notice that in this case, m' = m and
we have ((¢'(r;), m"),Int, m’, (q(r;), m") € &), by|b.1} From this, we get

(s2, 1)-2™ (g (ry), m"), y ()

For process p, we have the stuttering transition from and g(p) = q'(p), y(p) =
¥'(p). From this we get

(s9, D" (q(p), m), v (p))

For all other r; # r;, we have the upward closure transition from From this and the
fact that q(r;) = q'(r}), y(rj) = y'(r}), the result follows.

— Case where 7 is a memory write transition, let 7 = (¢'(p),Int,!m, g(p)) € 5 ,. Notice that
((q'(p), m"),Int, m, (q(p), m)) € 5, froma.2}

(s, D" (g(p), m), ¥ (p))

Further we have for all r; € I, the upward closure move of the form ((g'(r;), m’),Int, m,
(q(r;),m)) € 6’” from From this, we can easily get the required runs.

(<)

Before going to prove this direction, we will introduce some notations and claims that
we will use later. For the writer we will say that (g,,y,, m) ~ (@, Y}, m') for some w =
myms --- m,m' iff there is a collection of runs involving only the transitions of p, of the form

*
m*)!ml (?ml *)
—_

(q,y, m) ¢

*
Imy(Zmy™)
LA AN

(q1,71,m1),(qy,Yy, m1) (q2,72, m2)

* *
\mg(2mg™) 'm,(tm,") 'm'2m'")

(@n, ¥ n, M) @y, Yy m)

such that g(p) = qp,Y(P) = vp,q4'(p) = q,,,Y'(p) = v}, and for each i € [1...7n],q;(p) =
qi(p) and v (p) = yi(p). We will call such runs a fractured run.

Similarly for any reader r € I, we say that 7. = (¢q,,y,, m) Z (q,y., m") for some w =
mgy.my.my - - - my,, where mo = m and m,, = m’, iff there is a run involving only the transitions
of r, of the form

@m*) "

(q)Y; m)(?—’n*)’ (ql»Yl, m)) (LI{,YII, ml) (qZ)Yval))"' )

@m'”

(G Yo m) -2 (g m)
such that g(r) = q,,y(r) =y,,q'(r) = q.,¥'(r) =y} and for each i € [1...n],qlf(r) =qi(r)
and y}(r) = yi(r).
We will also use the following Claim in our proof.
Claim 2. Suppose there is a fractured run of the writer of the form 7, = (qp,y p, m) s (q;, y;,,

Wy,
m'), set of fractured runs one per readers (for each i € [1...n]) of the form m,, = (qr,,Yr;, M) ~>
(q;i,y’ri,m'). Further, for each r;, if there is a monotonic map of the form hy, : [1...|lw;,|] —
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[0...lwl], from positions of wy, to positions of w such that if h;,(j) = i then we have wy,[j] =
wli] (except for h., (i) = 0, in which case w(i] = m ), then there is an combined 1-stage run
in S of the form (q,y,m)—"(q',y',m"), where q(p) = qp,q(r)) = q:,,9'(p) = q,,9'(r) = q,
Y =YY =y, ¥ (D) =7p Y r) =77,

Proof. (idea)

Letus assume that w = aja - - - a,. Since there is a monotonic map h,, from each w;, to w,
itis easy to see that each of these w;, is of the form m* a;‘l aj,a;, forsomeaj aj,---aj, < w.
Further ji, j2,--+, jn, are the positions into which w;, maps, via h,,. Hence w,, can be split as
VoV1 - Uy, according to memory values to which they map.

Let o,, be the sequence of transitions used in 7n,,. Now o, can be split as o,, =

ri ri ri iy i
0,0, 0y, such that 2(0]. ) =vj.

* *

The global run can now be obtained by first executing sequence of the form agi that are
mapped to position 0 followed by sequence of transitions that generate a;, followed by se-
quence of transitions that are mapped to this position (if any), followed by transition that
generates ay and so on.

O

Coming back to proof of Lemma since we are given that w € L(((sg, my), 1), (g, m),

Yp)), then clearly there is a run of the form ((sg, mg),J_)l>*((qp, m),yp). Let Tfrf -1h be
the sequence of transitions executed in such a run.

Similarly since for all r € I, we have w € L(((s(,), my), 1), ((qr,m),y,)), we have a run of the
form ((s‘r), mo),J_)—w>*((q,, m),y,). Let 7]75- --Tfnr be the sequence of transitions in such a
run.

We will let o, = g(Tf)g(T§)~~-g(rfn) and vy, = Z(0p). Clearly such a o), gives us a run of

the form ((sg,mo),J_) A ((qp, m),yp). Let w = mp" my™ mp™ ---my."*m', for some ng = 0
and my, - -+, ng, ny = 1. Note that w is in stuttering downward closure of v),. This follows from
the fact that A, is similar to P, except that it can stutter the memory writes or lose them.
From this, we get that v, can be broken up as v, = vomyvimy --- vpmuvg,,. Let vV =my vp, it
is easy to see that there is a natural monotonic map f from positions of w to positions in v/
such that if f(i) = j then wli] = V'[]].

Now for any reader r, let o, = g(‘[;)g(‘[;) . ~~g(r;nr_). Let v, = X(0,), it is easy to see that
vy is a subword of w. This follows from the fact that lAr is similar to P, except that it might
read arbitrary values (using the upward closure transitions) without changing configurations.
Since g, contains transitions of the SCPS S sans the upward closure moves that were added
to A,, we have a local move in SCPS of the form ((s?, myp), L) M ((gr,m),y,). Further there
is a natural monotonic map h from positions of v, to positions of w such that if k(i) = j
then v, [i] = w[j]. Composing these two maps provides us a monotonic map from positions
of v, to positions in v,. Now using Claim we can get the required run in the SCPS. This
completes the proof of Lemma[3]

O

We are however interested in k stage runs where the identity of the writer (and hence the
closures to be applied) changes with the stage. We will now show how to extend the above
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construction to k stage setting. For this, we will fix the sequence of writers in each stage as
Telk,

Let (s, L, mp) and (q,y, m) be the initial and target configurations of the SCPS and we wish
to determine if there is a k stage run consistent with 7 that goes from the initial to the target
configuration. We will show how to construct a pushdown automaton A} that simulates P;,
where its runs break up into k parts, where in the jth part it applies either a stuttering down-
ward closure or upward closure to the behaviour of P; depending on whether j = 7(j) or not.
We will show that the reachability in the SCPS can be reduced to checking if intersection of the
language of these pushdown systems is empty or not. Fori € [1...k], let M; = M* - (M x {i}).

1. For any j < k if 7(j) = i then we add the following set of write transitions.

a.l For any memory read transition of the form 1t = (q,0p,2m,q’) € §; where op €
Uger{Push(a),Pop(a)} U {Zero, Int}, we add the transition ((g, j, m),op,¢, (¢, j, m)) € 5;,.

a.2 For any memory write transition of the form 7 = (gq,0p,!m,q') € §, where op €
Uger {Push(a),Pop(a)} U {Zero, Int}, we add for all m' € M, the transitions ((q,]j, m'),op,
€,(q',j,m) €d’, and ((q, j,m'),op,m,(q’, j,m)) € 5”7 (such a pair allows memory writes
to be nondeterministically made visible or not, hence ensuring downward closure).

a.3 We also add for all g € Q,, m € M, the transition ((g, j, m),Int, m, (q, j, m)) € §'), this
allows stuttering of the memory value.

2. For any j < kif 7(j) # i then we add the following set of read transitions.

b.1 For any memory read transition of the form 7 = (gq,0p,?m,q’) € 0y, where op €
Uger{Push(a),Pop(a)} U {Zero,Int}, we add the transition ((g, j, m),op,m,(q’, j,m)) €
5.

b.2 We add also add for all g € Q,, m,m' € M, the transition ((g, j, m),Int,m’, (q, j, m")) €
1) ’p, this allows upward closure of the memory value.

3. In addition, we have for all g € Q;, m € M and j € [1..k — 1], the transitions ((g, m, j),Int,
(m.i),(q,m,j+1))€d f These set of transitions are used to synchronise the initial memory
value at the beginning of each stage.

Using arguments similar to Lemma [3} we can easily prove the following lemma which
relates a 1 stage run in the SCPS with a common subword of the pushdown systems con-
structed.

Lemmad4. Forany j € [1..k], there is a word w € M* such that w € Nier Laz (((q(i), m, j),y (i),
((q' (), m', j),y' (i) iff there is a 1 -phase run of the form (q,y, m)—*(q',y',m') in S

We now prove the following lemma. This lemma relates the emptiness checking of lan-
guage intersection in the constructed pushdowns with a run in SCPS.

Lemma 5. Forevery p €1, we can construct, in polynomial time in |S|, a PDA A}, over the stack
alphabet Ty, such that, for ¢, = (((q(p), m), k),y (p)), p €1, we have

1. Ifwe L(A}, cp) thenw € My - Mz --- My_.M*. (unambiguous breakup)



3.5. BOUNDED-STAGE REACHABILITY OF RECURSIVE PROCESSES 41

2. Ifwe L(A}, cp) with w = wyws...wg, wy € M{,...,wi_; € M,’;_l and wy € M*, then for
all w € My, ..., w;c_l € M;_, and w}c € M* such that, either p = 1(i) and w € St(w;) | or
p #1(i), and w; € w; 1, we have w.w.... w;c € L(A}, cp). (closure)

3. There is a k stage run from (s, L, my) to (q,y, m) with t(i) as the writer in the jth stage iff
Npe1 L(A}, ¢p) # @. (decoupling)

Proof.

1. Foreach p €1, if w € L(Aj}, ¢;) then we have a run of the form

((s(p), mo, 1), L)-2"((q(p), m, k), Y (p))
It is easy to see that such a run can be expanded as,
1,1)

((s(p), mo, 1), L)% " (g, my, 1, y) "™ (g1, m1,2),71)

2% (o m2,2),72) "D (G2 mz,3),y2)

k-1 *
LY (Groy, mi1, 0, Y1) 2" (g (p), m, K), Y ()

From this, we know that w = w;.(my,1).w».(mo,2)...(Mg_1, k). wir € My - My --- Mp._;.M*
2. For this, we will first prove the following Claim.

Claim 3. For any j € [1..k], and for any p € 1, if (g, m, ),1)=%" (¢, m', j),y), then the

following holds.

a) If t(j) = p then for all w' such that w' € w|, we have a run of the form ((q,m, j),
N (g, m', )

b) If 1(j) # p then for all W' such that w' € w1, we have a run of the form ((q,m, j),

=L (g, m', ),y

Proof.

a) We will prove this by induction on length of w. Base case is when w = €. In this case, we
have nothing to do. For the induction case, we will consider |w/| > 0. In this case, we will
let w = v.m' for some m' € M. Now for any w' € w|, it is the case that w' = v'm’ such
that v/ € v] or w' € v|. Let the run on w be of the form

(g, m, ), )" ((q",m", ), YV (g, m', ),y

Let the transition used to generate m’ be of the form 7 = ((¢”,m", j),Int, m’, (¢, m’, j))
(we will only consider this case, the other cases are similar). Now for any w' € w/|, if
w' € v|, by induction we have a run of the form

(g, m, ), - ((q",m", j),y"

Combining this with transition of the form, ((g”, m", j),Int,¢, (g, m’, j)) available in
we get the required run
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(g.m ), (q"m", )y S (g, m, j)y)

For case where w' = v'a, with v’ € v|, we use the transition 7 to extend the run got from
induction.
b) This case is tedious but very similar to proof above , hence we will skip the same.

O

Now coming back to proof of Lemma since we have w € L(A}, cp), there is a run of the
form

((s(p), mo, 1), L)-“-" (g1, my, 1, y) "™ (g1, m1,2),71)

2% (G2 m2,2),72) "D (G2 mp,3),y2)

(mk—ik_l)

(Gr-1, M1, k), YE-1) 2" ((g(p), m, k), Y (D))

Now using Claim we can replace any w; in the above run by w, where w; € w; | if 7(i) = p
and w} € w; otherwise. From this, we get the required result.
3. (=) We are given that there is a k-stage run of the form

(s,L,mo)—"(q,y,m

Such a run can be split as follows

co=(s,L,mo)—"c1=(q1,71,m)—"c2=(q2,Y2,mz) -
Ck-1= (Gk-1,Y k-1, M—1)—" ¢ = (4,7, m)

Where each ¢;—*c;41 is a single stage. Now using Lemma we have runs of the form

((S(P)y 1» m())) J—)_’* ((ql(P), 1) ml),Yl (p)))
(qi(p),i,my),yi(p)—"(gis1(p), i, Miz1),Yi+1(p)),
(qr(p), k,my), Y(p)—"(q(p), k,m),y(p))

Combining these runs with transitions from[3} we get the required run.

< Since Nper L(AT, cp) # @, there is a w such that w € ﬂpelL(AT ,Cp). Notice that such a w
can be split as w = w;.(my,1)w,(my,2)--- wy. From this, for each p € I, we have runs of
the form

((s(p), o, 1), )= " (g1 (p), m1, 1, 11 () "% (g1 (p), m1,2), 71 (p)

(mk—i:’k—l)

(Gr=1(p), my_1, k), Yk-1(p))
5" ((g(p), m, k), Y (p))

2.7 (o (p), M2, 2), Y2 (p)) -+

From this we get that
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* w1 €Mper LU((s(p), mo, 1), 1), ((g1(p), 1, 1),71(p)))

w; € Nper L(((gi (p), mi, i +1),v:(p), (Gi+1(p), Mis1, i+ 1), yir1(p)), foralli € [1.n—1]
Wi € Nper LI(Gxk-1(p), mg—1, k), Y -1), ((q(p), m, k), y(p))).

Now applying Lemma 4} we get the following sub-computations of SCPS.

- (s,L,mo)—"(q1,yY1,m1)

- (g0, Y5, mi) =" (Gir1,Yiv1, mig), forallie [1.n—1]

- (qk—l»Yk—l»mk—l)_’*(q;Y;m)-

Now combining these runs, gives us the required run. This completes the proof of
Lemmal5l

O

Remark: Note that in our construction we fix a-priori a stage sequence T and then constructed
the pushdown automata A (for all i € ). It is however possible to eliminate the need to fix the stage
sequence a-priori. This can be done by letting each process guess a writer at the beginning of each stage
and synchronising this guess using an input letter. Thus, we can construct a pushdown automata A;
without needing to fix a stage sequence apriori.

In the second step we exploit the fact that the language of each A}, is a finite unambiguous
concatenation of languages that are upward or downward closed. Towards this we first state
two propositions which explain the importance of closures.

Proposition 6 (Downward closure of CFLs [54}[15]). Given a pushdown automaton P and two
configurations c;, cf, we can construct, in time and space at most exponential in size of P, ¢;
and cy, a FSA A with two configurations c; and c} such that L(A, c;, c}) = L(Pc;,cp) .

Proposition 7 (Upward closure of CFLs [15]). Given a pushdown automaton P and two con-
figurations c;, cr, we can construct, in time and space at most exponential in size of P, ¢; and
cf, a FSA A with two configurations c; and c} such that L(A, c;, c}) =L(Pcj,cp)l.

This means that, if we are dealing with a single stage then we may replace the PDA A;,
i €1, described earlier, by exponential sized finite automata B;, i € I (for all i, including the
writer p). Thus we have reduced the problem to the emptiness of the intersection for FAs.
However the k stage case is somewhat more complex. This is because, as Al? switches from
one stage to the next, it has to preserve the configuration of P; (i.e. the contents of the stack)
as well as the contents of the memory. While this is trivial when A? is a pushdown, it is not
possible to do this using finite number of states. However, all is not lost as we may convert
A] into a 2k-reversal bounded PDA B . Recall that a run of pushdown automaton is said to
be 1-reversal if the stack height of the sequence of configurations is either uniformly non-
increasing (does not involve a push move) or non-decreasing (does not involve a pop move).
A k-reversal run is concatenation of k sequences of 1-reversal runs. A k-reversal bounded
PDA is one which only allows at most k-reversal runs.

Lemma 6. For every p €1, it is possible to construct, in exponential time in the size of A}, a2k
reversal bounded PDA B}, and a configuration c,,, such that L(B},, c,) = L(A}, cp).
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Proof. We first fix a pushdown automaton A = (Q,T, Z, 4, s) and show that for any two given
configurations ¢ = (q, @), ¢’ = (¢, B) the closure language CI(L(c, c')) can be accepted by a 2-
reversal bounded automata B ( whenever type of closure is not important, we will use CI()
to refer to either the downward or the upward closure ). For any run p, we say it is a y-run,
y € T*.L if y is the longest common suffix of the stack of every configuration along the run
of p. We write y(c, ¢') to refer to the set of words accepted on y-runs from c to ¢’. We will
represent a y-run from c to ¢’ over a word w as c—w»*yc’. Let ¢ = (g,p) to ¢’ = (¢, p"). Then,
L(c, ¢"), the set of words accepted on runs from c to ¢’ is

{x.ylxeyl, ("), yeyq",y),c), wherey is a suffix of p and " € Q}

Foreach ¢ e T'and ¢, g2 € Q, we let

Ly(q1,q2) = {w](q1,al)"%" (g2, L) without using emptiness tests }
L;(ql, g2)= {w] (C]],J_)l’*(ék, al) without using emptiness tests }

Mg, g) = wl(q, )" (ga, L)}

We can see that the language y(c,(q”,y)) (resp. y((q",y),c') ) can be rewritten
as Ug,,q,q01€Q La, (@, G1) - La, (91, G2) ++ Lg, (G-1,4") - L and with p = ayaz---ay (resp.
Uaiaoaore@L- Ly (" 1) Ly, (1, 42) - -L;;ﬂ (qe-1,q") with p’ = @), @), -+~ a}y) and L= {e}

ify # L and L= L*(g", q") otherwise.

Hence, any word w € CI(L(c,c)) can be rewritten as the concatenation of three words
(i.e., w = wywyws). The first word w is in Cl(Ly, (q,q1) - Cl(Ly,(q1,G2))---Cl(Ly,(qe-1,
qy)) for some states qi,---q,-1 € Q, letters aja;---a, and stack content y such that p =
a1az---agy. The second word w; is in Cl(Ll(qi’,qg)) if y = L, and in {e} otherwise. The
last word ws is in Cl(L;,l(qg’,qi)) . Cl(L;Q(q{,%))---Cl(L;,W(q},_l, q") for some some states

! ! ! !/ ! ! _ !
qy-qp € Q, letters A, ay---y, such that p’ = a,a

most 3 reversals.

/
-1

---a]y. Note that such a run has at
Lemma 7. Given a pushdown automaton P = (Q,I',%,6,s), we can construct a 2-reversal
bounded PDA B = (Q',T,%,8',s") such that for any two configurations ¢ = (q,p),c' = (¢,
,0,) € Cg(P)) L(B) ((qr _)) p)y ((q/y +)) p,)) = Cl(L(A; c, C,))) I/Uhere (q) +)v (qy _) € Q,-

Proof. The languages L, (q1, g2), Lg(ql, g») and LL(ql, g») are context-free and their upward
and downward closures are effectively regular (see Propositions and so let B, (q1,q2),
B} (q1,q2) and B*(qi, go) be finite state automata recognising CI1(L, (g1, q2)), CI(L}(q1, g2))
and CI(L*(q1, g2)) respectively. We let S subscripted with automata to indicate the states of
automata eg. Sp;(q,,q, t0 be the states of B (g1, g2). Similarly, we let Initial, Final,6 sub-
scripted with the automata to indicate initial state, final state and transitions respectively.

As observed earlier, any word w € CI(L(A,c,c’)) can be rewritten as the concatenation
of three words (i.e., w = wjwows3). The first word w; is in By, (q,q1) - Bg,(q1,q2) -+ Bg,(qe-1,
qy) for some letters a;ay--- ay and stack content y such that p = @y, ---a,y. The second
word w, is in B(q},qy) if y = L, and in {e} (with g} = g) otherwise. The last word wj
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is in B;,l(qé’, a) -B;é(qi,qé)---B;;/(qé,_l,q’) for some letters a’la’z---a’[, € I such that p’ =
a’g,a’g,_l ---a}y. Note that such a run has 3 phases namely decreasing phase, zero phase and
increasing phase. Hence our state space consists of states of the regular automata recognising
the closure languages along with states of A tagged with phase information. The state space
of Bis given by Qx {+, —, L}UUp, preq,aer SB; (p,p) YSB: (p,p’) YSBL(p,p)- The initial state is given
by (s, —) since we always start in a decreasing phase.

In the automata we construct, we intend to simulate the increasing, decreasing and zero
phases. Hence we need to add the transitions of these automata to PDS that we construct.
Note that the syntax of finite state automata differs from that of PDA. Hence for any (g, a,
q") € Up,peQ.aer OB; (p,p) Y OB (p,p) YO BL(p,p) We add the transition (q,Int, a,q') to §'.

The phase in our automata can transition from decreasing to zero and zero to increas-
ing phase, hence we add for all p € Q, the set of transitions ((p, —),Int,¢, (p, 1)), ((p, L), Int,
€,(p,+)). During the decrease phase, the automaton B from the current state (say (p,—))
has to guess a return state (say (p’,—)), pops the top of stack (say «) , simulate the automa-
ton B (p, p’) and finally returns to state (p’,—). Hence we include in the transition ((p,-),
Pop(a),¢, Initialg- p,pH) and (Finalg_ p, ), Int,€, (p',-)). Similarly, we add the transitions ((p,
1), Zero, ¢, Initialg. p, ) and (Finalg.;, ), Int,€, (p', 1)) and ((p, +), Push(a), ¢, Initialp: p, )
and (FinalB; (p,p), INL,E, (p',+)) corresponding to the simulation of zero phase and increase
phase. Clearly such a construction allows at most 2-reversals, one during decrease phase and
another during the increase phase.

We prove the correctness of the construction below.

* CI(L(A,c,c) € L(B,((g,-),p),((q',+),0")

For every u € CL(L(A, ¢, c)), we will now show that u € L(B, ((g,-), p),((g’,+),p")). Let u €
CL(L(A, c,c)), then there is a w € L(A,c,¢') such that c-% "¢/ (with ue CL(w)). Clearly
such a w can be split into words recognised in decreasing phase w,, the word recognised
in zero phase w, and the word recognised in increasing phase ws. Clearly there is a y run
(G027 (g 22" (g), )27, (g, p). Note that now u can also be split as u;.u.u3
where for i € [1..3], u; € Cl(w;). Let p = ay.a2.-+-.ay.y, then (q,p)ﬂ»*y(qi’,y) can be
represented as

1 * 2 * n ¥
1

(q,al'az_..._an_fy)ﬂ» Y(ql,azan'y)ﬂ» Y...L Y(qi/’,},)

i.e. the execution can be split into series of runs with one symbol from the stack popped
each time. Clearly u; = ul.uf - u? with ul € Cl(w}). By definition of B (p, p'), it recognises
the closure of words of run from p with a on top of stack and ending at p’ with a popped
(note that the zero test is not allowed). Clearly u; € By, (g, q1) and u; € By, (qi-1,4i) and
Uy € B;n (gn-1, qi’ ). Since we have a transition in our construction of B from state (g,—) on
popping a; to Initialg; (q,q,) and from Finalg; (q,q,) to (q1,-), we have a run of the form

L x

(G, =), 1.2 @n V) (q1,=), @a. . Ap.Y)
Reasoning similarly, we can find a corresponding run

1 ¥ 2 *

(G, =), @1.Qo. -+ A Y) = (G1, =), 2.+ @ Y)— - (g, =), y)
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Similarly, we can find corresponding runs ((Gli', J_),Y)—EL*((CIQ,J_),Y) and ((q),+),
y)ﬁ* ((4',+),p"). This along with the fact that from a decreasing phase we can transi-
tion to zero phase and from zero phase to increasing phase, it is easy to see that there is a
run in B such that ((g, -), p)—”>* (q',+),0").
* L(B,((g,-),p),((q",+),p") € CI(L(A,c,c")

We will now show that for every u € L(B, ((g,-),p),((g',+),p")), we can find a w € L(A,c,
') such that u € Cl(w). Since u € L(B, ((q,-),p),((q',+),p"), u can be split up as the word
recognised in decreasing, zero and increasing phases i.e. u = u;.uy.u3 such that

(4, -), )" ((g", )0 5 (g, LT (gl L), ) S (qh, +),7)
3.7 ((q',+),p") [with up = e and g} = gl if y # 1]

Let p = aj.a2.--- .a,.y, then it is easy to see that the decreasing phase can be split up as

1 0* 2 *

(G, =), a1.@2. A Y)— (G1, ), @2 )= (G2, —), Az, .}) -+
(G, =), O )~ (g1 =), )

where u} € L(Bg, (q,q1)), ui € L(Bg,(gi-1,4i) and uj € L(B;n(qn_l,q”)). By construction,
forany v e B, (p, p') there is a run from (p, a.y)ﬂ»* (p',y) in Awith v € Cl(w) (since there
is no zero test, there is a y run for any y). Hence there is a run (g, p)ﬂ»* (g{,7) in A. Using
similar argument we can find runs (g} oy (g5,7) (wp =€ ify # 1) and (g, -
p") in A, with u, € Cl(w,) and us € Cl(ws). From this we have that w = w;.w».ws € L(A, c,
cYand ue Cl(w).

O

With the above lemma in place, we are ready to construct Bj from a given
A;, =(BPT,Z,6,s) such that for any give configuration ¢ = (q,y) of A}, L(A%,c) = L(BY,((q,
+),7)). Note that the states of Aj, are of the form (q,m, i) i.e. are tagged with memory and
the stage information. We let S; = {(g,m,i) | (q,m,1) € P} i.e. the set of all states that are
tagged as stage i. The idea is to first construct a 2 reversal bounded automata for each
stage. For this purpose, we construct A;’i by restricting the states and transition to S;. i.e.
A};i =(S;,I,Z,0;9), s€ S; is any state, the initial state is not important as we will see later, let
0;=0Nn(S; x0px X, x §;) i.e. the transitions restricted to stage-i states. Now for such a PDA,
by Lemrnawe can construct a 2-reversal bounded PDA B,T;i such that Cl (L(A;,’i, (q,p),(d,
o) = L(B™, ((q,-),p), ((q',+),p"). In fact due to the nature of construction of A?, if 7(i) = p
then we have that St(L(A}’, (q,p),(q',p")) |= L(A}',(q,p),(q',p") and if T(i) # p then L(A}",
(q,p),.(q’,p’)) 1= L(A;'i, (q,0), (q’,.p’)). The idea now is to concatenate appropriate closures
of B;’l for each i. We choose B;,” to be downward closed when 7(i) = p and upward closed
otherwise. The B, automaton is now simply defined as union of Bf,'i automata for i € [1..k]
along with additional transitions. The states of B;, are union of states of B;,’i , the transitions

of By, are the union of transitions of B;,'i, in addition to stage change transitions of the form
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((g,m,i),+),Int,(m,i),((q,m,i+1),-)). i.e. for every state-i in increasing phase, we allow it
to transition into the next stage i + 1 in decreasing phase. Note that in such a construction
the stack content remains the same across the stage boundaries. With this and Lemma(7} the
correctness of the construction is not difficult to see. This completes the proof of Lemmalf]
O

Unfortunately, the emptiness of the intersection of even two 2-reversal bounded PDAs is
undecidable, as can be seen from an easy reduction from the Post’s correspondence problem
(PCP). The situation is quite different when the PDAs are counters. In fact, we can show:

Lemma 8. Let k be a natural number. Let Ay be a2k turn PDA and As,..., A, a sequence of
2k-reversal bounded counter automata. Let c; be a configurations of A; foralli:1<i < n.
Then, the problem of checking whether L(A1, c1) N---N L(Ap, ¢,) is not empty can be decided in
nondeterministic time that is polynomial in the size of A;, ¢; and k, and exponential in n.

For proving Lemma (8] we will first define PDS with reversal restricted counter. We will
then show that given a 2k-reversal bounded PDA and (n — 1) number of 2k-reversal bounded
counter automata, deciding whether intersection of languages recognised by these system is
empty or not is decidable by reducing it to the reachability problem of a PDS equipped with
3k reversal restricted counters.

Definition 3 (Pushdown with reversal-restricted counters). Let n, k be two natural numbers,
B(i) = {inc(i), dec(i), zero(i) | i € [1..n]}, and B(n) = UL, B@). Let A= (Q,I,ZuUp(n),d,s) bea
PDS equipped with counters. For everyi € [1..n], we say that a run p = (q,y)—“’—»sﬁA(q’,y’) is (k,
i)-reverse run iff the following conditions hold:

* wlpi)€ St(w;) for some w; € (B(i))* such that|w;| < k,
o |wll..jlgecn | = 1wll..j1 iy | forall j € [1..lwl], and
o |wll.jl lideciiy | = 1wl..jl ) incqy | for all j € (1. |wl] such that w(j) = zero(i).

For every subset ] < [1..n], the run p is (k, J)-reverse run iff it is (k,i)-reverse foralli € J. We
use Lk, (A, ¢) to denote the set of words w such that there is (k, J) -reverse run of the form (s,
1) 4 c. For any (k, J)-reverse run of the form (s, L) 2, 4 ¢, we will use pi(w) to indicate the
current value of the counter-i. i.e. p; (W) = W | nciy | = 1W L idectiy |

Reversal restricted reachability Problem: Given two natural numbers 7, k and a PDS A and
a configuration c, the (k, n)-reversal-restricted-reachability problem is to determine if there
is a (k, [1..n])- reverse run of the form (s, L)% 4c. We will also refer to this simply as reacha-
bility on pushdown with k reversal restricted counters.

Lemma 9. Let k be a natural number. Let Ay be a 2k reversal bounded PDA and Ay, ..., A, a
sequence of 2k-reversal bounded counter automata. Fori € [1..n], letc; = (qlf , 1) be any config-
urations of A;. Then, the problem of checking whether L(A1,c1) N---NL(Ap, c,) is empty or not
can be reduced to 3k reversal restricted reachability on a PDS with n counters. Furthermore,
the size of P is polynomial in the size of A; and k, and exponential in n.
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Proof. We will fix the 2k-reversal bounded pushdown automaton to be A = (Q;,I'1,Z,01, $1)
and the 2k-reversal bounded counter automaton to be A; = (Q;,{a, 1},Z,6;,s;) foralli:2 <
i < n. We will now show how to construct S = (Q,I',ZU (n), A, §). The states of S will have the
product of states of PDA and the counter automata along with states that can count up to n.
iie. Q=(Q1 x--xQp)U(Qg x -+ x Qy x [1..n] x ). We need the states that count up to »n in
order to ensure that any move on input alphabet is made simultaneously by PDA and all the
counter automata. The initial state of S, § = (sy,:--,Sy) is the initial states of the pushdown
automaton and the counter automata. The transition includes set of all epsilon moves of each
of the PDA and the counter system along with synchronised moves on any input alphabets.
For all (q1,0p;e, qi) €0, forall g; € Q;, i € [2..n], we have the transitions

((fh,fh,"' »Qn),op,e»(fﬁ;éh;”' »ﬂn)) eEA

For any (q;,0p;e€, q;) € 0; with i # 1, we have for all qj € Qj such that j # i, the transitions

((Ch»"' yqdi-1,qi qi+1, " »Qn),lnt,x,(ch;'” »Qi—l,qg,ﬂﬁﬂ,"' ;Qn)) €A

where x = inc(i) if Op = Push(a), x = dec(i) if Op = Pop(a), x = zero(i) if Op = Zero and
x = € otherwise.

The transition relations ensures that any move on input symbol is made synchronously
by the pushdown automata and all the counter automatas. This is ensured using the counting
states which moves from one counter to another and returns to normal state only after each
of the counter automaton has executed a transition involving the symbol i.e. for every b € Z,
every (q1,0p, b, qi) €0 andforall g; € Q; (2 <i < n), we have

((QI,QZ,“' yqn)yopy b,(QE,QZH“ yCIn,Z, b)) (AN

For every j € {2,..,n—1}, (q;,0p, b, q}) € 6]~ and for all g; € Q; with i # j, we have

(ql,---,c/j,---,qn,j,b),lnt,xj,(ql,---,q},---,qn,j+1,b)€A

where x; = inc(j) if Op = Push(a), Xj= dec(j) it Op = Pop(a), xj = zero(j) if Op = Zero and
x;j = € otherwise

We also have the transition that takes us back to normal state once all the counter au-
tomata have executed a transition involving b. i.e. for all g; € Q;,i € [1..n—1], (g5, 0p, b,
q,) € 8, and for x,, defined as above, we have the transitions

((Ch» CIZ»"' ,Qn;n»b),lnt,xn,(fh;(h'” ;q;)) EA

Since each counter automaton allows only runs that are at most 2k-reversals, it is easy
to see that for any run of our system, if we project only the operations of a counter (say i), it
can be written as concatenation of at most k sequences of the form inc(i)*.dec(i)*.zero(i)*.
Clearly such a sequence is at most 3 reversal restricted and hence the newly constructed sys-
tem allows only runs that are at most 3k reversal restricted. Furthermore the correctness of
our construction follows from the following straight forward Lemma.
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Lemma 10. ((s1,-- ,sn),J_)—”>*((q{,--- ,qﬁ),J_) is a (k,[1..n])-reverse run in S with |u | jinc(i
| =t gecy | forall2 < i < niff foralli € {1,..., n}, we have (si,J_)—L“e*Ai(q{,J_) withw=uls.

The decidability of checking whether there exists a (k, [1..n])-reverse run of the form ((s,
,sn),J_)—”>*((q{,--- ,qﬁ),L) in S with |© | ine@y | = 1t L ideciy | for all 2 < i < n follows from
the following lemma. The lemma states that the problem of deciding whether there is a re-
versal restricted run to a specific configuration is NP-COMPLETE .

Proposition 8 (Reversal restricted reachability Problem [85]). The reachability on pushdown
with reversal restricted counters is NP-COMPLETE.

O

Finally, Lemma8]is an immediate consequence of Proposition[8land Lemma[9] This finishes
the proof of Theorem |5}

The complexity of such a construction is as follows: The complexity of the | B| automaton
constructed in Lemma 7| is exponential on the size of |P|, from this, the size of B, that we
construct in Lemma |§I is exponential on the size of A;,. Now in Lemma @, the size of the
reversal bounded system P that we construct is polynomial in size of By, and exponential on
n. Such a P that we construct is specific to the 7 we fixed earlier. There are n* possible choices
for 7. Hence the over all complexity for solving the bounded stage reachability problem is
equivalent to solving the 3k reversal restricted reachability on a pushdown with n counters
of size O(n*.|S|9USI-M) where n is the number of processes, |S| = Ze1| Pyl and k is the number
of stages. This gives us the NEXPTIME upper bound.

Towards showing lower bounds for the problem, we will reduce the problem of check-
ing emptiness for the intersection of a collection of 7 finite automata (which is known to be
PSPACE complete) to the n-stage bounded reachability problem for SCPS with 7z counters to
obtain the following Theorem.

Theorem 9. The stage-bounded reachability problem for SCPS consisting only of counter sys-
tems is PSPACE-HARD.

Proof. Let (A;)1<i<n be the given collection of FA. We use n counters C; to C,, and n stages.
In the first stage the counter C; guesses a word w and writes it letter by letter on the memory
(taking care to eliminate stuttering) while incrementing its counter by n — 1 for each such
letter. While doing this it also simulates the automaton A; on this word verifying that w is
accepted by A;. In this stage, each counter C;, 2 < i < n, reads the values written on the
memory by C; and verifies that the word w; it reads is accepted by A;. It also records the the
length of w; in its counter. Of course, w; < w and so at the end of this stage, writing c; for the
value of counter i we have ¢c; = (n—1).|w| and |w;| =c¢; < c; foreach2<i<n.

In stage i, 2 < i < n, the counter C; writes as many values as c¢; to the shared memory
and C) reads and reduces the value of its counter by the number of values it reads. The run
is accepting only if C; is empty at the end of stage n. Notice that this may happen if and only
if ¢; = ¢; (and the communication in all the stages were loss-free) and thus w; = w for all
2 < i < n. Thus, the emptiness of the intersection reduces to the n-stage reachability in this
SCPS. O
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3.6 Conclusion

In this chapter, we introduced shared memory concurrent pushdown system and showed
that for such models, even one bit shared memory is sufficient to simulate two counter sys-
tem. We then went on to introduce a restriction called stage bounding. We showed that the
stage bounding by itself is not enough to get decidability. We showed that two pushdowns
and a counter system are enough to get undecidability for reachability under stage bounded
restriction. We then showed that if we restrict ourselves to one pushdown and multiple coun-
ters, it is possible to decide the reachability problem in NEXPTIME. We first showed that it is
possible to reduce the k stage bounded reachability problem on SCPS to language intersec-
tion of 2k reversal bounded counters automata with a pushdown automata. The size of such
2k reversal bounded counters automata that we constructed is exponential in the size of the
SCPS. Later we show that deciding intersection of 2k reversal bounded counter system with
a pushdown system can be reduced to reachability on pushdown with 3k reversal restricted
counters, which is known to be NP-cOMPLETE. The complexity of our construction is expo-
nential in the size of the SCPS and on the number of processes. The exponential dependency
on the size of the SCPS arises mainly because we use the exponential time algorithms avail-
able for computing the downward and upward closures of pushdown automata. This leads
to an exponential sized pushdown with reversal bounded counter system that we construct.
However, what we really need is an algorithm that works on counter automata. The question
arises as to whether we can do away with this exponent by providing a more efficient down-
ward and upward closures for counter automata. We will show in subsequent chapter that
this is indeed possible.



Chapter 4

Regular abstractions of one counter
automata

4.1 Introduction

A very well known result called the Higmans’s Lemma [81], states that any upward closed lan-
guage has only finite number of minimal elements under the subword relation. As an easy
consequence we have that every upward closed language is regular and consequently every
downward closed language is regular as well. Given a language L, a natural problem is then
to construct a finite automaton for L1 (upward closure of L) and L| (downward closure of L)
from a finite representation of L. However, this may not always be possible. Emptiness of
L is equivalent to the emptiness of L1 or L| and thus such an effective construction cannot
exist for any class for which emptiness is undecidable. Even for classes that have a decid-
able emptiness problem, the effective construction of such finite automata is an interesting
problem.

Another abstraction that may be applied to a language is the Parikh image abstraction.
Parikh image of a word w € =* denoted Parikh(w) is a vector v € N'*! that counts the number
of occurrences letters of Z in w. The Parikh image of a language L, written Parikh(L) is the set
of vectors containing the Parikh images of the words of L.

It haslong been known that all three abstractions can be effectively computed for context-
free languages (CFL), by the results of van Leeuwen [139] and by what is now referred to as
the Parikh theorem [121]. For the Parikh image of CFLs, a number of constructions have been
proposed as well [139] (75| 55} 28]; we refer the reader to the paper by Esparza, Ganty, Kiefer,
and Luttenberger [62] for a survey and state-of-the-art results: exponential upper and lower
bounds on the size of NFA for (L). Algorithms performing these tasks, as well as finite au-
tomata recognizing them, are now widely used as building blocks in the language-theoretic
approach to verification. Recall that the downward and upward closures were used in chapter
for solving the bounded stage reachability problem over shared memory concurrent push-
down systems. There are also other places where computing upward and downward closures
occurs as an ingredient in the analysis of systems communicating via shared memory, see,
e.g.,[23) 120, [IT11]. The recent paper [99] shows that for parametrized networks of systems

51
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communicating via shared memory, the decidability hinges on the ability to compute down-
ward closures. Parikh-images as an abstraction in the verification of infinite state systems has
been extensively used (see e.g.,[3},192} 79,61, 131} [22}[65, 72, 4]).

Effective constructions for the downward closure have been developed for Petri nets [76]
and stacked counter automata [147]. The paper [148] gives a sufficient condition for a class
of languages to have effective downward closures; this condition has since been applied to
higher-order pushdown automata [78]. The effective regularity of the Parikh image is known
for phase-bounded and scope-bounded multi-stack visibly pushdown languages [137} 102],
and availability languages [4].

The family of languages recognised by one counter automata is more than the class of reg-
ular languages but less than the class of context-free languages. From verification perspec-
tive, the class of counter automata has proved to be an useful infinite-state model [12] 104].
In this chapter, we consider the complexity of these abstractions on languages accepted by
one counter automata.

We first show how to obtain a polynomial sized NFA for L{,L|, when L is a language of a
counter automata. While the construction of L1 is fairly straight forward, the construction of
L] is involved.

As an application, we consider the shared-memory concurrent pushdown systems that
we saw in chapter[3] There we showed that the reachability of such systems in the bounded
stage setting was NEXPTIME. Specifically, given an SCPS S = (I,P,my), we reduce the k
bounded stage reachability problem to a reversal bounded pushdown system, whose size
is O(n*.|S|'S''"), where n = |I|. We show in this chapter on how to eliminate the exponential
dependancy on the size of the system. Hence reducing the exponential dependency only on
the number of processes.

We then consider the Parikh image abstractions for the languages of the class of counter
automata. We provide an quasi-polynomial solution for this problem. Given a counter au-
tomata <, we show how to construct a suitable NFA of size O(|Z|.|«#|°/?814D)) " This con-
struction proceeds in two steps. In the first step, we show that it is enough to restrict our
attention to only runs with at most polynomially many reversals. The next step works for a
reversal bounded pushdown automata as well. We show in this step, that a given reversal
bounded pushdown system can be transformed in to another pushdown system (with the
same Parikh image) with logarithmic bound on its stack size.

4.2 Counter automata

We first recall that the counter automata is defined as a tuple C = (Q,%,6, s, F), where the
transitions can be of the form § < Q x {Int, Dec, Zero, Inc} x . x Q. We first show that in order
to compute the upward, downward closure and the Parikh image abstraction, it is sufficient
to compute it for only the positive runs. The intuitive explanation for this is, any run of a
counter automata can be broken up as a positive part, followed by a zero test part, followed
by a positive part, and so on. The part which only performs the zero test part does not require
a counter. Hence if each of these positive parts and zero test parts can be abstracted as a finite
state automata, then they can be stitched together to get the abstraction of the entire run. We
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formalise this idea in the next subsection.

4.2.1 Simplified counter automata

We are interested in computing an efficient finite representation of the downward closure,
the upward closure and the Parikh image abstraction for a counter automata. We first show
that it suffices to consider only a subclass of counter automata called the simplified counter
automata, which has the following properties

¢ There are no zero tests.
¢ There is a unique final state i.e. F = {f}.
¢ Only runs of the from (s,0)—*(f, 0) are considered accepting.

We will first prove that it suffices to consider closures on such simplified counter au-
tomata. Once we obtain an algorithm for this subclass, it can easily be extended with at-
most polynomial blow up to compute closures on the general counter automata. Given a
counter automata C = (Q, %, 9, s, F), we will let L;, q,(C) to be the set of all words accepted by
a run from configuration (g,0) to configuration (g’,0), not involving any zero test. We will
in sequel show that for every pair of states g, g’ € Q, if there is an automata B , such that
L(Bg,q) = L;y q,(C) |, then there is an automata B such that L(B) = L(C)|. Further size of the
automata is at most linear in size of £ ;¢ |Bg,4'| and size of C. Though we show this only for
downward closure, such a Lemma can easily be extended to other abstractions (i.e. upwards
closure and Parikh image ).

Lemma 11. Given a counter automata C = (Q,%,6,s,F) and for every q,q' € Q an NFA B, 4,
such that L(Bg,q) = L; (C)], we can construct an automata B = (QB,Z, AB s, F) such that
L(B) = L(C)|. Further |B| =24 4¢q|Bg,q/ +IC|

Proof. Before we prove the Lemma, we will first introduce —* 7 to mean a subcomputation
of the form ¢;—"*c,---—%c, such that value of the counter in each of the configurations is
0. We will let Lz 0 ={w](q, 0)-L" 2(q',0)} (words of runs not involving the stack). Now,
let w € L(C), then it is easy to see that w can be split as w = wy.w;.ws - -- Wy, such that for
i€[0..n], wy; € th a 4O and w1 € qum Goiv (C) i.e. it can be split as alternating sequence
of subwords, one involving no stack operation and the other involving no zero tests. It is also
easytoseethat ue w| iff ue wyl| .un| .wy| --- wep,|. We have assumed that we have a NFA
Bg,q such that Lqu 7 (C)|= L(Bg,q). An NFA for LZ ,(C) can be obtained by deleting from C all
the moves that modify the counter.

Using these facts, we will formally describe the construction of B automata. For this pur-
pose, for any g, ¢’ € Q we will use State(Bg,q), Initial(By, ), Final(Bg,;) and A(Bg, 4) to refer to
the states, initial state, final state and transitions of B, , respectively. Further we will assume
that state space of each By ; is distinct.

* The states of B automata are given by QB =QuUg,qeq State(By,4)
¢ The transition relations are defined as below.

1. Forall q,q' € Q, we have A(Bg,4) < AB.
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2. For each transition of the form (qg,Int, a, q') € A and (q, Zero, a, q') € A, we have the tran-
sition (g, a, g") € A and a transition for downward closure (g,¢, g') € AB.

3. We further have for all ¢, ¢’ € Q, the transitions (g€, Initial(Bg,q4)) € AB and (Final(Bg,q'),
€,q)eAB

The correctness of such a construction is easy to see, suppose w € L(B), then there is
a run of the form go—-" g1 -2 .2 g5 --- such that the transitions used in generating
u;’s are from |2 and transitions used in generating v;’s are from [Ij and |3} It is easy to see
that each transition in the sequence qi—”"—>* gi+1 can easily be simulated by it correspond-

;) *
ing transition in A, hence we have the run of the form (g;, O)—ui—> (qi+1,0) where u; < u; The
runs of the form g;—%" g;1 actually look like g; — Initial(qu,qM)—Ui—fFinal(qu'qM) — i1
Now by definition, corresponding to the run Initial(Bg, 4,,,)— " Final(Bg,,q;,,), there is a run

ok
(q,-,O)—Vi—> (gi+1,0) such that v; < v;. Now combining these runs, we get the required run in
counter automata.

For the other direction, suppose w' € L(C) |, then there is a corresponding run in C
of the form 7 = (qo,O)l»*(qn,O), such that w’ < w. Notice that such a run can be split
as (4o, 0= £ (g1,00-2" (g2,00 %" 7(g3,0) -+~ (g, 0), where the runs (g;,0)-2> " (Gi41,0) do
not involve a zero test. Let uj,uy, -, uy, U}, v5,-++, v, be such that v} < v;, u; < u; and
UV ULV Uy Uy = W

Clearly corresponding to runs of the form (qi,O)—”L»*(q,-H,O), for every v! < v; there

ok

is a run of the form Initial(Bql.,qM)i» Final(Bg, 4,,,). This we get because L(By, g4;,,) =

Ly, 4., (O 1. Hence there is a run of the form Initial(qu,qm)i» Final(Bg, g4;,,) in B. Simi-

larly, corresponding to runs of the form (qi,O)i»* z(qi+1,0), it is easy to see that we have a
*

!

run of the form qoL g1 in B. Now combining these runs with transitions in ‘ we get the
required joint run in B.
O

The above construction can be extended to other closures as well and hence, for the
rest of the sections in this chapter, we will limit our attention to the subclass of simplified
counter automata. In rest of the chapter, when we say counter automata, we mean a simpli-
fied counter automata (unless specified otherwise).

4.3 Computing upward closures

In this subsection, we will show that for any simplified counter automata </, we can construct
in polynomial time, a NFA that accepts L(«/)1. This easy construction follows the argument
traditionally used to bound the length of the shortest accepting run in the pushdown au-
tomata. We use the following notation in what follows: for a run p and an integer D we write
plD] to refer to the run p’ obtained from p by replacing the counter value v by v+ D in every
configurations along the run.
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Lemma 12. Let o/ = (Q,%,6, s, F) be a counter automata and let w be a word accepted by < .
Then there is a word y < w in L(«f) such that y is accepted by a run where the value of the
counter never exceeds | Q| + 1.

Proof. We show that for any accepting run p reading a word w, there is an accepting run p’,
reading a word y < w, in which the maximum value of the counter does not exceed |Q|* + 1.
We prove this by double induction on the maximum value of the counter and the number of
times this value is attained during the run p.

If the maximum value is below |Q|? + 1 there is nothing to prove. Otherwise let the max-
imum value m > |Q|?> + 1 be attained c times along p. We break the run up into segments
P = P0P10P2P3 - PmPhy_y -+ Po-P-P Where
1. pop1p2.-..pm is the shortest prefix of p after which the counter attains the value m.

2. pop1pP2...p; is the longest prefix of pgp102 ... pm after which the counter valueis i, 1 <i <
m-—1.

3. PoP10P2---Pm-Ppy_;---P is the shortest prefix of p with pgp1p2...pm as a prefix and after
which the counter valueisi,0<i<m-1.

Let the configuration reached after the prefix py...p; be (p;, i), for 1 < i < m. Similarly let the
configuration reached after the prefix pop102...0m.0p},_; ... p}; be (g;, i), for0<i<m-1.
Now we make two observations: firstly, the value of the counter never falls below i during
the segment of the run p;,1...p; — this is by the definition of the p;s and p/s. Secondly,
there are i < j such that p; = p; and g; = q; — this is because m = |Q|? + 1. Together this
means that we may shorten the run by deleting the sequence of transitions corresponding
to the segment p;41...p; leading from (p;,7) to (pj, j) and the sequence corresponding to
the segment p’j_1 ... p;. from (g, j) to (g;,1) and still obtain a valid run of the system. That is,
PoP1---PiPj+1[=mlpjr2[—m] ...p’j[—m]p’i_l...p() is a valid run, where m = j — i. Clearly the
word accepted by such a run, say y’ is a subword of w, and further this run has at least one
fewer occurrance of the maximal counter value m. Thus the Lemma follows by applying the
induction hypothesis to this run and using the fact that the subword relation is transitive. [

The set of words in L(«) accepted along runs where the value of the counter does not
exceed |Q|? + 1 is accepted by an NFA with |QI.(|Q|? + 1) states (it keeps the counter values as
part of the state). Combining this with the standard construction for upward closure for NFAs
we get

Theorem 10. There is a polynomial-time algorithm that takes as input a counter automata
o =(Q,,6,s,F) and computes an NFA with O(|</|%) states accepting L(<£)1.

4.4 Computing downward closures

Next we show a polynomial time procedure that constructs an NFA accepting downward clo-
sure of the language of a simplified counter automata.

First we extend the definition of configurations to values where the counters come from
Z rather than N. Formally, the set of transitions defines the one step move relation = (with
7 € §) on configurations as follows.
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1. 1=(q,a,Int,q’). Then, (g, n) = (¢g', n) for all n € Z. Internal move.
2. 1=(q,a,Dec,q’). Then, (g, n) = (g',n—1) for all n € Z. Decrement move.
3. 7=(q,a,Inc,q"). Then, (g, n) = (g',n+1) forall n € Z. Increment move.

. . € o.T .
This extends naturally to sequences of transitions: (g, n) = (g, n) and (g, n) = (q', n’) if there
is (g”,n") such that (g, n) = (g",n") and (q",n") = (g',n"). We call this a free run on the
sequence of transitions o.

Remark: We observe that if p = (qo, no) g (1, nl)...,g (gi,ng)... g (gx, nx) and m is an integer,
positive or negative, then p[m] = (qo, o+ m) = (g1, m+m)..., = (gi,ni+m)... Z (gx, nx+m) is also
a free run.

Finally, note that any free run in which the counter values are always = 0 is a run. We first
prove a couple of useful lemmas that will lead us to our polynomial time construction.

Let o« = (Q,Z%,6, s, F = {f}) be any counter automata and let K = |Q|. Consider any run p
of «/ from a configuration (p, i) to a configuration (g, j). If the value of the counter increases
(resp. decreases) by at least K in p then, it contains a segment that can be pumped (or iter-
ated) to increase (resp. decrease) the value of the counter. If the increase in the value of the
counter in this iterable segment is k then by choosing an appropriate number of iterations
we may increase the value of the counter at the end of the run by any multiple of this k. Quite
clearly, the word read along this iterated run will be a superword of word read along p. The
following Lemmas,whose proof is a simplified version of that of Lemma([12] formalize this.

Lemma 13. Let (p, i)i>*(q, J) with j—i > |Q|. Then, there is an integer k > 0 such that for
each N = 1 there is arun (p,i)—%"(p/, j + N.k), where w = y1.(y2)N*L.ys, with x = y1y2 5.

Proof. Consider the run (p, 5" (g, j) and break it up as
(P, 1) = (i, )" (Pisr, i+ D22 (pii2, i 42) .. L (), D2 (4, )

where the run (p;, i)i»*...i»*(pr, r) is the shortest prefix after which the value of the
counter attains the value r. Since j —i > K it follows that there are r,r’ withi <r <r' < j
such that p, = p. Clearly one may iterate the segment of the run from (p,,r) to (p,,
r’) any number of times, say N > 1, to get a run (p,i)—"’»*(q,j + (r' = r)N). where w =
X1 .0 Xp(Xrg1... %)V x4 1L X Setting k = 1’ — 7 yields the Lemma. O

An analogous argument shows that if the value of the counter decreases by at least K in
p then we may iterate a suitable segment to reduce the value of the counter by any multiple
of k' (where the k' is the net decrease in the value of the counter along this segment) while
reading a superword. This is formalized as

Lemma 14. Let(q’,j’)—z>*(p’, i") with j' — i’ > K. Then, there is an integer k' > 0 such that for

w=y1(y2)"*y;

every N =1 thereisarun (q', j + N.k') (p',i"), withz = y1y2ys.

Proof. We break the run into segments as:

@, i) = (qj, LS (G, - DL (Ga, = 2) . 2 (g, D ES (P
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where (4',j') = (g}, ) il *(qu_l,j’ -1 ol *(qj/_g,j’ —2)...i»*(qt, t) is the shortest
prefix after which the value of counter is ¢. Since j' — i’ > K it follows that there are ¢,
such that j' > ¢ > t’ > i’ such that gq; = qy. Then, starting at any configuration (g;, R) with
R=t+(t—t')N, N € N, we may iterate the transitions in the run (g, t)—* (g, t'), an additional
N times. In particular this yields arun (q;, t+(t— )N (g, t) where 2" = (z;_1...2;,)NV L.
Observe that z,_;...z} is a subword of z". Finally, notice that this also means that (¢,

J'+ N = 1) 220" (g, t+ NL(f — t’))—zl*(qﬂ, t" “(p',i"). Taking k' = (£ - t') com-
pletes the proof. O

244120

A consequence of these somewhat innocous Lemmas is the following interesting fact: we
can turn a triple consisting of two runs, where the first one increases the counter by at least
K and the second one decreases the counter by at least K, and a free-run that connects them,
into a real run provided we are content to read a superword along the way.

Lemma 15. Let (p, i)—x>*(q,j) £4 (q’,j’)—z>*(p’,i’), with j—i> K and j'—i' > K. Then, there
isarun (p,i)=%" (p',i') such that xyz < w.

Proof. Let the lowest value of counter in the entire run be m. If m = 0 then the given free run
is by itself a run and hence there is is nothing to prove. Let us assume that m is negative.

First we use Lemma to get a k and an x’ for any N > 1 and a run (p, i (g,j+

;¥
k.N) with x < x’. We can then extend this to a run (p,i)-= (q,j + k.N) 2 (q',j' + k.N), by
choose any N such that k.N > m. Then, we have that the value of the counter is = 0 in every

configuration of this run. Thus (p, i)—'>* (q j+k. N)—>* (q',j' + k.N) for any such N. Now,
we apply Lemma 4/to the run (¢/, j DI (p i') to obtain the k'. We now set our N to be a

value divisible by k/, say k'.I. Thus, (p,z)—» (q,j+k.K I)—» (¢', j'+k.k'.I) and now we may

again use Lemmato conclude that (¢', j' + k.k’.I)—» (p',i") with x < x" and z < Z". This
completes the proof.
O

Interesting as this may be, this Lemma still relies on the counter value being recorded
exactly in all the three segments in its antecedent and this is not sufficient. In the next step,
we weaken this requirement (while imposing the condition that g = ¢’ and j = j) by releasing
the (free) middle segment from this obligation.

Lemma 16. Let (p, i)—x>*(q, j),(q,j)i*(p’,i’), with j—i> K and j'—i' > K. Let there be a
free run from q to q that reads y. Then, there is a run (p, i (p',i") such that xyz < w.

Proof. Let the given free-run result in (g, j) EA (g, j + d) (where d is the net effect of the free
run on the counter, which may be positive or negative). Iterating this free-run m times yields

m

afree-run (g, j) EAN (g, j+ m.d), for any m = 0. Next, we use Lemmato find a k > 0 such that
for each N >0 we have a run (p, i)ﬂ»* (g, j + N.k) with x < x. Similarly, we use Lemma
to find a kK’ > 0 such that for each N’ >0 we have arun (q, j + N’.k’)ﬂ»* (p',i") with y < yn.

Now, we pick m and N to be multiples of k" in such a way that N.k + m.d > 0. This can
always be done since k is positive. Thus, N.k + m.d = N'.k' with N’ > 0. Now we try and



58 CHAPTER 4. REGULAR ABSTRACTIONS OF ONE COUNTER AUTOMATA

combine the (free) runs (p, i)ﬂ»*(q,j + N.k), (q,j+ N.k) AN (g,j+ N.k+m.d) and (q, j +
N'. k2" (p', i) to form a run. We are almost there, as j + N.k + m.d = j + N'.k'. However,
it is not guaranteed that this combined free-run is actually a run as the value of the counter

m

may turn negative in the segment (q, j + N.k) EAN (g, j + N.k+ m.d). Let —N" be the smallest
value attained by the counter in this segment. Then by replacing N by N + N”.k" and N’ by
N'+ N".k we can manufacture a triple which actually yields a run (since the counter values
are = (), completing the proof. O

With Lemma|16]in place we can now explain how to relax the usage of counters. Let us
focus on runs that are interesting, that is, those in which the counter value exceeds K at some
point. Any such run may be broken into 3 stages: the first stage where counter value starts
at 0 and remains strictly below K + 1, a second stage where it starts and ends at K+ 1 and
a last stage where the value begins at K and remains below K and ends at 0 (the 3 stages
are connected by two transitions, an increment and a decrement). Suppose, we write the
given accepting run as (p, 0) Wt (g,¢) W2t (r,0) where (g, ¢) is a configuration in the second
stage. If a € X is a letter that may be read in some transition on some free run from g to
g. Then, wyaws is in L(A)|. This is a direct consequence of Lemma It means that in
the configurations in the middle stage we may freely read certain letters without bothering
to update the counters. This turns out to be a crucial step in our construction. To turn this
relaxation idea into a construction, the following seems a natural.

We make an equivalent, but expanded version of /. This version has 3 copies of the state
space: The first copy is used as long as the value of the counter stays below K + 1 and on
attaining this value the second copy is entered. The second copy simulates o exactly but
nondeterministically chooses to enter third copy whenever the counter value is moves from
K+1to K. The third copy simulates o/ but does not permit the counter value to exceed K. For
every letter a and state g with a free run from g to g along which a is read on some transition,
we add a self-loop transition to the state corresponding to ¢ in the second copy that does not
affect the counter and reads the letter a. This idea has two deficiencies: first, it is not clear
how to define the transition from the second copy to the third copy, as that requires knowing
that value of the counter is K+1, and second, this is still a counter automata (since the second
copy simply faithfully simulates /) and not an NFA.

Suppose we bound the value of the counter by some value U in the second stage. Then
we can overcome both of these defects and construct a finite automaton as follows: The state
space of the resulting NFA has stages of the form (q, i, j) where j € {1,2,3} denotes the stage
to which this copy of g belongs. The value i is the value of the counter as maintained within
the state of the NFA. The transitions interconnecting the stages go from a state of the form
(g,K,1) to one of the form (¢’, K + 1,2) (while simulating a transition involving an increment)
and from a stage of the form (g, K+1,2) to one of the form (¢’, K, 3) (while simulating a decre-
ment). The value of i is bounded by K if j € {1,3} while it is bounded by U if j = 2. (States
of the form (g, 7,2) also have self-loop transitions described above.) By using a slight gener-
alization of Lemmal/[16} which allows for the simultaneous insertion of a number of free runs
(or by applying the Lemma iteratively), we can show that any word accepted by such a finite
automaton lies in L(</)|. However, there is no guarantee that such an automaton will accept
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every word in L(«/)]. The second crucial point is that we are able to show thatif U = K 2+ K+1
then every word in L(<f) is accepted by this 3 stage NFA. We show that for each accepting run
p in o there is an accepting run in the NFA reading the same word. The proof is by a double
induction, first on the maximum value attained by the counter and then on the number of
times this value is attained along the run. Clearly, segments of the run where the value of
the counter does not exceed K2 + K + 1 can be simulated as is. We then show that whenever
the counter value exceeds this number, we can find suitable segments whose net effect on
the counter is 0 and which can be simulated using the self-loop transitions added to stage 2
(which do not modify the counters), reducing the maximum value of the counter along the
run. We now present the formal details.

We begin by describing the NFA </ where U = K + 1.

Ay =(Q1UQ2uQ3,%,A, iy, Fyl)

where Q1 = Q x{0...K} x {1}, Q2 =Q x{0...U} x {2} and Q3 = Q x {0...K} x {3}. We let iy = (s,
0,1) and Fy =1{(f,0,1),(f,0,3) | f € F}. The transition relation is the union of the relations A,
A, and A3 defined as follows:

Transitions in A;:

1. (¢,n,1) > (q',n,1) forall n€{0...K} whenever (¢,Int, a,q') € 5.
Simulate internal move.

2. (¢,n,1) 5 (q’,n—1,1) for all n € {1... K} whenever (q,Dec, a, q') € 5.
Simulate decrement.

3. (¢,m,1) > (q',n+1,1) forall n€ {0... K — 1} whenever (g,Inc, a, g') € 6.
Simulate an increment.

4. (¢,K,1) 3 (¢, K +1,2) whenever (g,Inc,a,q') € 5.
Simulate an increment and shift to second phase.

Transitions in Aj:

1. (¢,n,2) £ (g',n,2) forall n€{0...K? + K + 1} whenever (g,Int, a, q') € 5.
Simulate internal move.

2. (q,n,2) 4 (q',n—1,2)forall ne{l1...K?+ K + 1} whenever (q,Dec, a,q') € 5.
Simulate decrement.

3. (9,K+1,2) % (¢, K,3) whenever (¢,Dec, a, q') € .
Simulate decrement and shift to third phase.

4. (¢,n,2) > (¢',n+1,2) forall n € {0... K% + K} whenever (g,Inc, a, g') € 8.
Simulate an increment move.

5. (¢,1,2) = (q,n,2) whenever (g,a) € S where S = {(q,a) | ¢ = q,a < w}. Freely simulate
loops.

Transitions in Ag:

1. (q,n,3) > (q',n,3) forall n€{0... K} whenever (g, a,Int, ¢') € 8.
Simulate internal move.
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2. (q,n,3) 4 (q',n-1,3) forall n € {1...K} whenever (g, a,Dec, q') € 5.
Simulate decrement.
3. (¢,n,3) > (q’,n+1,3) forall n € {0...K — 1} whenever (¢, a,Inc, q') € 5.
Simulate an increment move.
The following Lemma, which is easy to prove, states that the first and third phases simu-
late faithfully any run where the value of the counter is bounded by K.

Lemma17.
1 If(q,i,D-%"(q', j, 1) in <ty then (q,i)-%" (¢, j) in<t, forl € {1,3}.
2. If(q,0)-%"(q', ) in o through a run where the value of the counter is < K in all the config-
urations along the run then (q, i, H-* (q',i,D) forle{1,3}.

Proof. Follows directly from the construction, we have an equivalent transition manipulating
the counter stored in the state, for every transition in the original counter system. O

The next Lemma extends this to runs involving the second phase as well. All moves other
than those simulating unconstrained free runs can be simulated by «/. The second phase of
&y can also simulate any run where the counter is bounded by U.

Lemma18.1. If(q,1, ) (q',j,1) is a run of oy in which no transition from A, of type 5 is
used then (q, " (q,])isarunof<.
2. Ifp = (qo, io) 2" (g1, i) -2 ... 2" (Gom, i) isarun in s in which the value of the counter
never exceeds K%+ K + 1 then o' = (qo, i0,2)i>* (01, i1,2)ﬂ>* ...ﬂ»*(qm, im,2) isarunin
Ay.

Proof. The proof of this again directly follows from the fact that for every move in counter
system M, we have an equivalent transition in <.
O

Now, we are in a take the first step towards generalizing Lemma[16|to prove that L(<#;) S
L(«)].

Lemma 19. Let (q, i,2)—w—>* (q',j,2) be arunin sfy. Then, there is an N € N, words X, o, X1,
Y1,.--, XN, and integers ng, ny, ..., ny—1 such that:
1. w=<XxpYoX1)1---XN.
. Yoo XN L, o .
2. (q,))=———=(q',j') wherej' = j+no+n;...+ ny-_1.
mgo my

X1)1

.. YoYo AN . . .
3. (g,1) (q',j") where j" = j+ mg.ng+ my.ny...+ my_1.nN-1, for any mg, my,

...mny-1=1.

Note that 2 is just a special case of 3 when mgy, my,---my_1 = 1.

Proof. The run (g, i,2)%" (¢',j,2) in o/ uses only transitions of the types 1,2,4 and 5. Let
N be the number of transitions of type 5 used in the run. We then break up the run as follows:

(q,1,2)2%" (o, i0,2) 2" (po, i0,2) " (p1,1,2) ... (PN-1,iN-1,2)

SN (-1 in-1,2) -2 (g ],2)
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where the transitions on a;’s are the N moves using transitions of type 5 in the run. Let (p;,

ir) é@ (pr, i) be a free run with a, < y, and let n, = i, — i. Clearly w < xoyo X1 1 ... XN

It is quite easy to show by induction on r, 0 < r < N, by replacing moves of types 1,2 and
4 by the corresponding moves in «f and moves of type 5 by the iterations of the free runs
identified above that:

. X * . y(;"o . X1 . yinl .
(q,1)—> (po, o) = (po, o + My.ny) = (p1,i1 + My.ny) = (p1, i1 + Mo.nNp + my.Nnq)
mr

. Yr . X1 ¥
cee(pryir+mo.ng...+ mp_1.0np21) = (Pr, ir + Mo.Ng...Mr.Ny)

(Pr+1yire1 + mong ... my.ny)
and with r = N — 1 we have the desired result. O

Now, we use an argument that generalizes Lemma(L6]in order to show that:

Lemma 20. Let w be any word accepted by the automaton <fy;. Then, thereis a word w' € L(<f)
such thatw < w'.

Proof. If states in Q» are not visited in the accepting run of «/;; on w then we can use Lemma
[17]to conclude that w € «f. Otherwise, we break up the run of <#; on w into three parts as
follows:

(50,07 (p, K, 1) 2 (9, K+1,2) %" (,K+1,2) 8 (1,K,3) 7 (£,0,3)

Using Lemmait follows that (5,00~ (p, K) and (¢, K) 2" (f,0). We then apply Lemmas
andto these two segments respectively to identify k and k’. Next we use Lemma to
identify the positive integer N, integers ng, 11, ... ny—1 and the free run

X0)Y0--- XN
(g, K+1)=——= (,K+1+ng+n;...+nn-1)

with wy < xpy0x1¥1... XN—1YN-1XN. We identify numbers m, my, my,..., my—1, all = 1, such
that (m—1).k+mg.ng+...my—_1.ny—-1 = k'.m’ for some m' = 0. By taking m—1 and each m; to
be some multiple of k’ we get the sum (m —1).k+ mg.ng +... my—_1ny-1 to be a multiple of K/,
however this multiple may not be positive. Since k > 0, by choosing m — 1 to be a sufficiently
large multiple of k’ we can ensure that m' = 0. Using these numbers we construct the free run

mg

(@, K+1+(m—1).k) ==

xy) Xy
(nK+1+(m-1).k+mgong+...mn_11N) =

(r,K+1+k'.m)

Let [ be the lowest value attained in this free run. If / = 0 then

mo my
xoyo X1y, X
—_

(¢, K+1+(m-1).k) Y (nK+1+kK.m)
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and using Lemma(13|and[14]we get

* "0 m1... *
(5,00-L" (P, K+(m-1.0)2 (g, K+1+(m—-1).k) =L 2N =N, - gr1+k.m)
B, K+k.m)=2"(f,0,3)

with w; < w, wy < xoygl"xlylml ...xy and ws < z as required.
Suppose [ < 0. Then, we let I be a positive integer such that I.k+1>0and I = k'.m" (i.e.
I is divisible by k') which must exist since k > 0. Then

mQ my
J/() X1y

(¢, K+1+(m-1).k+1.k) 20 AR T K41+ Lk+k.m)

is a free run in which the counter values are always = 0 and is thus a run. Once again, we may
use Lemmas|13|and[14](since I.k is a multiple of k') to get

mo *
X()yo X1 yl XN
_—

(5,005 (p,K+(m-1).k+ 1.k 2 (¢, K+1+(m—1).k+1.k)
LK+1+k.m' + L)% (6, K+1+K.m' + Lk="(f,0,3)

with w; < w, wy < xgyg%xly;"l ...xn and ws = z. This completes the proof of the Lemma.
O

Next, we show that if U = K? + K + 1 then L(</) < L(<#y).
Lemma?2l. LetU =K%+ K+1. Let w be any word in L(«/). Then, w is also accepted by ;.

Proof. The proofis accomplished by examining runs of the from (s,0) w,* (f,0) and showing
that such a run may be simulated by <f;; transition by transition in a manner to be described
below. Any run p = (s, 0)—“’»* (f,0) can be broken up into parts as follow:

(502" (g, N (h j)=2"(f,0)

where, p; = (s, 05" (g, j) is the longest prefix where the counter value does not exceed K,
ps = (h,j )= ( f,0), is the longest suffix, of what is left after removing p1, in which the value

of the counter does not exceed K, and p, = (g,j)l» (h,j') is what lies in between. We
note that using Lemma [17| we can conclude that there are runs (s,0, l)i*(g, j,1) and (h,
j' ,3)—Z>* (f,0,3). Further, observe that if value of the counter never exceeds K then p, and p3
are empty, x = w, g = f and j = 0. In this case, using Lemma([17} there is a (accepting) run (s,
0,1)-%"(£,0,1).

If the value of the counter exceeds K then j = j' = K and by Lemma (5,0,1)-%" (g K,
1), (h,K,3)="( f,0,3) and p, is non-empty. Further suppose that, p», when written out as a
sequence of transitions is of the form

p2= (8, K) S (p,K+1) = (po, i) 2 (p1,i1) 3 (p2yin) ... =2
(Prrin) = (¢, K+1) 2 (1, K)
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We will show by double induction on the maximum value of the counter value attained in the
run p; and the number of times the maximum is attained that there is a run

ph=(g,K,1) S (p,K+1,2) = (ph,i5,2) 2 (p},i},20 5 (ph, i,2) 2 ...
LBl 2) = (g, K+1,2) 2 (h,K,3)

such thatforall i,0<i<n,

1. either p; = p! and p;41 = p!_; and the ith transition (on a;1) is of type 1,2 or 4,
2. orp;=pi,. i;=1i;,, p;= piand p;s1 = p; so that the ith transition (on a;41) is a transi-
tion of type 5.
For the basis, notice that if the maximum value attained is < K? + K + 1 then, by Lemma
there is a run of «/; that simulates p, such that item 1 above is satisfied for all i.
Now, suppose the maximum value attained along the run is m > K? + K + 1. We proceed
along the lines of the proof of Lemma(12} We first break up the run p, as

(8, K) % (po, K+ 1) = (Gre1, K+ DL (Gryo, K+2) 25" (gris, K +3)

/
Ym-1

* * , * ’ *
2 (G, m) G, ,m-1)2ets | e g K412

(@, K+1) 2 (h,K)

where

¢ The prefix upto (g, m), henceforth referred to as o, is the shortest prefix after which the
counter value is m.

* The prefix upto (q;, i), K+1 < i < m is the longest prefix of g, after which the value of the
counter is i.

¢ The prefix upto (q:., i), K+1 = i < m is the shortest prefix of p, with o, as a prefix after
which the counter value is i.

By construction, the value of the counter in the segment of the run from (g;, i)—*...—* (qg, i)
never falls below i. Further, by simple counting, there are i, j with K+1 < i < j < m such that
gi=qjand q; = q;.. Thus, by deleting the segment of the runs from (g;, i) to (¢;, j) and (q}, 7
to (q}, i) we get a shorter run p; which looks like

(8 K)-%" (po, K+1) = (i1, K+ 1) ... 257 (g5, ) 25 (g, i+ 1)
- oy [/ .
A Gm— D2 - (q}, = (g)_y,i- D).

(G, K+ 12" (g, K+ 1)L (1K)

This run reaches the value m at least one time fewer than p, and thus we may apply the
induction hypothesis to conclude the existence of a run p/, of Ay, that simulates this run
move for move satisfying the properties indicated in the induction hypothesis. Let this run
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be:

(& K, 1) = (ro, K+1,2)... 25" (r1, 01, 2) 2 (71, €41, 2) o 22

y, * yr‘ * y, *
m— ! / i— ! /
(Fmy €y 2) =25 L. e (rj,c;,2)—=5 (r;_y,¢;_1,2)...

b
(Fspr Creapp 22" (1, K+1,2) 2 (1, K)

Now, if (py, i1) w (pi+1, i7+1) was a transition in p» in the part of the run from (qg;, i) to (g;,
j) then, q; = py, p; 2 qi and p;1 = q;. Now, either r; = g; or r; = ¢;, and gj+1 = r; and
(gi,aj+1,0p,qj+1) is a transition for some op. In the both cases clearly r; 2 ri. Thus every
such deleted transition can be simulated by a transition of the form (r;, ¢;,2) e (ri,ci,2).

A similar argument shows that every transition of the form (p;, i;) ES (p1+1,11+1) deleted
in the segment (q}, j)to (q}, i) can be simulated by (r}, c}, 2) Mt (r}, c;., 2). Thus we can extend
the run p/; to a run pj, that simulates p fulfilling the requirements of the induction hypothe-
sis. This completes the proof of this Lemma. O

Notice that the size of the state space of < is K.(K? + K +1) when U = K? + K + 1. Since
downward closures of NFAs can be constructed by just adding additional () transitions, Lem-

mas[20]and 21]imply that:

Theorem 11. There is a polynomial-time algorithm that takes as input a simple counter au-
tomaton o/ = (Q,%,6, s, F) and computes an NFA with O(|l</|3) states accepting L(<f) | .

4.5 Revisiting shared memory systems

Recall that we defined shared-memory concurrent pushdown systems and a restriction
bounded stage on its runs in chapter We also described a procedure for solving the
bounded stage reachability on shared memory system when at most one pushdown process
was involved. For this, we showed how to reduce the k bounded stage reachability problem
on an SCPS S, to reachability on pushdown with reversal bounded counters . The size of the
resulting reversal bounded system that we constructed was o(n* |S|19USLm)y “\where n is the
number of processes in S.

Observe that the exponential dependancy on the number of stages was because we pro-
ceeded by fixing the sequence 1 of writers for each stage in the construction. This was done
for sake of simplifying the proof. This can easily be eliminated, by modifying Lemma-{5|such
that each process guesses the writer in each stage and all the processes synchronise on the
identity of the writer at the beginning of each stage (as they do w.r.t. the value of the memory
at the beginning of the stage). This modification reduces the complexity to O(k.|S|°U5-7),
However note that the complexity is still exponential on size of SCPS and the number of pro-
cesses.

Next, notice from the calculation in Lemmal6} that the size of the automaton appears in
the exponent only because we assumed that the size of the closures on counter systems is
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exponential. Thus, the results proved above, reduces the complexity further to O(k.|S |00y,
With this we have the following theorem

Theorem 12. The stage bounded reachability problem for SCPS with at most one pushdown
system is in NEXPTIME in the number of processes, while polynomial in the size of system and
number of stages. In particular, the problem is in NP if the number is processes are fixed.

4.6 Parikh Images of Reversal Bounded PDAs

In this section we describe an algorithm to construct an NFA Parikh-equivalent to an counter
automata /. The NFA has at most O(|Z|K9108K)) states where K = | /|, a significant improve-
ment over Q2P IZD) for PDA.

We establish this result in two steps. In the first step, we show that we can focus our at-
tention on computing Parikh-images of words recognised along reversal bounded runs. A
reversal in a run occurs when the counter system switches to incrementing the counter after
a non-empty sequence of decrements (and internal moves) or when it switches to decre-
menting the counter after a non-empty sequence of increments (and internal moves). For a
number R, arun is R reversal bounded, if the number of reversals along the run is < R. Let us
use Lr(</) to denote the set of words accepted by o along runs with at most R reversals.

We construct a new polynomial size counter automata from «/ and show that we can
restrict our attention to runs with at most R reversals of this counter automata, where R is
a polynomial in K. In the second step, from any simple counter automata < with K states
and any integer R we construct an NFA of size O(K°!°8®)) whose Parikh image is Lp(<?).
Combination of the two steps gives a O(K 0(logK)y construction.

4.6.1 Reversal bounding

We establish that, up to Parikh-image, it suffices to consider runs with 2K? + K reversals. We
use two constructions: one that eliminates large reversals (think of a waveform) and another
that eliminates small reversals (think of the noise on a noisy waveform). For the large rever-
sals, the idea used is the following: we can reorder the transitions used along a run, hence
preserving Parikh-image, to turn it into one with few large reversals (a noisy waveform with
few reversals). The key idea used is to move each simple cycle at state g with a positive (resp.
negative) effect on the counter to the first (resp. last) occurrence of the state along the run. To
eliminate the smaller reversals (noise), the idea is to maintain the changes to the counter in
the state and transfer it only when necessary to the counter to avoid unnecessary reversals.

Consider a run of « starting at a configuration (p, ¢) and ending at some configuration (g,
d) such that the value of the counter e in any intermediate configuration satisfiesc-D <e <
¢+ D (where D is some positive integer). We refer to such a run as an D-bound run. Reversals
along such a run are not important and we get rid of them by maintaining the (bounded)
changes to the counter within the state.

We construct a counter automata < [D] as follows: its states are Q U Q U Q, where Q; =
Qx[-D,D] and Q, = [-D,D] x Q. All transitions of </ are transitions of </ [D] as well and
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thus using Q it can simulate any run of «f faithfully. From any state g € Q the automaton may
move nondeterministically to (g,0) in Q;. The states in Q; are used to simulate D-bound runs
of o/ without altering the counter and by keeping track of the net change to the counter in
the second component of the state. For instance, consider the D-bound run of &« described
above: </ [D] can move from (p, ¢) to ((p,0),c) then simulate the run of </ to (g, d) to reach
((g,d —c),c). At this point it needs to transfer the net effect back to the counter (by altering it
appropriately). The states Q. are used to perform this role. From a state (g, j) in Q1, </[D] is
allowed to nondeterministically move to (j, g) indicating that it will now transfer the (positive
or negative) value j to the counter. After completing the transfer it reaches a state (0, g) from
where it can enter the state g via an internal move to continue the simulation of <.

The nice feature of this simulated run via Q; and Q is that there are no reversals in the
simulation and it involves only increments (if d > ¢) or only decrements (if d < ¢).

We now formalize the automaton «f [D] and its properties. The counter automata </ [D] =
(Qp,Z,0p, s, F) is defined as follows:

Qp=Qu@Qx{-D,...,Dhu({-D,...,D} x Q)

and d p is defined as follows:

0 € dp . Simulate runs of <.

(g,Int,€,(g,0)) € 6 p. Begin a summary phase.

(g, ), Int, a,(q’, j)) € 6p, if (q,Int, a, ') € §. Simulate an internal move.
(g, ), Int,a,(q’, j+1)) € 6p, if (g,Inc, a, g") € §. Simulate an increment.
(g, )),Int,a,(q’,j—1)) € 6p, if (q,Dec, a, g') € 6. Simulate a decrement.
((g, j),Int,¢, (j, q)) € 6 p. Finish summary run.

((j,q),Int,e,(j—1,q) € 6p, if j > 0. Transfer a positive effect.
((j,q),Dec,e,(j+1,q) € dp, if j <0. Transfer a negative effect.
((0,9),Int,¢, g) € 6 p. Transfer control back to copy of <.

© XN R W=

The following Lemma is the first of a sequence that relate « and 7 [D].

Lemma22. 1. Foranyp,qeQandanyc,deN,if(p,c)-%" (q,d) in<f then (p,c)-%" (q,
d) in < D).

2. Foranyp,q € Q andanyc,d e Nif(p,c)-%" (q,d) in /D] then (p,c+D)-“%"(g,d+D)
in <. In particular, if (p,0)-%" (,0) in </ D] then (p, D)~ (q,D) in<f .

Proof. The first statement simply follows from the fact that 6 < dp.

Letp=(p,c) Ry (g,d) bearunin «/[D]. The second statement is proved by induction on
the number of transitions of type 2 taken along p (i.e. the number of summary simulations
used in p). If this number is 0 then all the transitions used are of type 1 thus p is a run in &«
and thus p[D] satisfies the requirements of the Lemma.

Otherwise, let p must be of the form

p=(p, 02" (p1, 1) = ((p1,0), c1) 2" (0, g1), db) = (g1, d) 2" (g, d)

where we have identified the first occurrence of the transition of type 2 and as well as the
first occurrence of a transition of type 9. Now, by the induction hypothesis, we have runs (p,
c+D)-*% (p1,c1 + D) and (q1,d; + D) (g,d+ D) in .
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From the definition of 6 p, run ((p1,0), cl)ﬂ:k ((0, 1), d1) must be of the form

(p1,0), c1) 2" ((p2, €2), €1) = ((C2, p2), €1)-5" (0, p2), €1 + C2)

with p, = ¢1 and d; = ¢; + ¢, and where the run ((p1,0), c1)—2" ((p2, ¢2), ¢1) involves only
transitions of the form 3, 4 or 5.

Claim: Let ((g,O),e)ifk ((h,i),e) be arun in «/[D] using only transitions of type 3, 4 or 5.
Then (g, e)-%"(h,e+1i)in o for any e = D.

Proof. By induction on the length of the run. The base case is trivial. For the inductive case,
suppose ((g,O),e)i’»*((h’,i’),e) 2 ((h,1),e) and by the induction hypothesis (g, e)i/»*(h',
e+i') for any e = D. Now, if the last transition is an internal transition then, ((%',i),Int, a, (h,
i) edandi=1i. Thus (W,e+i) > (he+i)in <. If the last transition is an increment then
((W',i"),Int, a,(h,i)) € § and i = i’ + 1. Thus, once again we have (h',e +i’) 4 (he+1i)in .
Finally, if the last transition is a decrement transition then, ((#/,i'), a,Dec, (h,i)) € §. Then,
i=i'-1andi=-D. Thus, e+i>0and thus (,e+i") = (h,e+i) in o, completing the proof
of the claim. O

Since, ¢; + D = D, we may apply the claim to conclude that (p1,c; + D)~ (ps = q1,
c1+D+cy=d; +D)in of. This completes the proof of the Lemma. O

Next we show that </ [D] can simulate any D-bound run without reversals.

Lemma 23. Let (p,c)—%"(g,d) be an D-bound run in sf. Then, there is a run (p,c)-%" (q,
d) in o/ [D] in which the counter value is never decremented if ¢ < d and never incremented if
c=d.

Proof. The idea is to simply simulate the run as a summary run in «f [D]. Let the given run be

(»,¢) = (po,co) = (p1,¢1) 2 (p2,¢2) ... 2 (Pnycn) = (g, d)

Then, it is easy to check that the following is a run in < [D]

(P0, Co) = ((P0,0),c0) 2 ((p1,c1 = €o)rco) = oo 2 ((Pyn — €0)sC0) ~ ((Cn — C0» P, C0)

It is also easy to verify that for any configuration with ((j, p), e) with e+ j =0, ((j, p),e)—= " p,
e+ j)isarunin A[D] consisting only of increments if j > 0 and consisting only of decrements
if j <0. Since ¢, =0, (¢, — cp) + ¢o = 0 and the result follows. O

Actually this automaton A[D] does even better. Concatenation of D-bound runs is often
not an D-bound run but the idea of reversal free simulation extends to certain concatena-
tions. We say that a run (po, co)—“’»*(pn, cp) is an increasing (resp. decreasing) iterated D-
bound run if it can be decomposed as

(10, c0) 2" (p1, c1) 5" . (Pt Cne1) 25" (P, cn)

w,

. * .
where each (p;, ¢;)—=> (pi+1,Ci+1) is an D-bound run and ¢; < ¢;4+1 (resp. ¢; = ¢;+1). We say
itis an iterated D-bound run if it is an increasing or decreasing iterated D-bound run.
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Lemma 24. Let (p, c)—w—»* (g,d) be an increasing (resp. decreasing) D-bound run in </ . Then,
there is a run (p, c)—w>*(q, d) in /D] along which the counter value is never decremented
(resp. incremented).

Proof. Simulate each p; by a run that only increments (resp. decrements) the counter using
Lemmal[23l O

While, as a consequence of item 1 of Lemma[22] we have L(s/) < L(</[D]), the converse is
not in general true as along a run of «/[D] the real value of the counter, i.e. the current value
of the counter plus the offset available in the state, may be negative, leading to runs that are
not simulations of runs of <. The trick, as elaborated in item 2 of Lemma that helps us
get around this is to relate runs of «/[D] to o with a shift in counter values. We need a bit
more terminology to proceed.

We say that a run of is an D< run (resp. D run) if the value of the counter is bounded
from above (resp. below) by D in every configuration encountered along the run. We say that
arun of «f is an D run ifit is of the form (p, D) w,* (g, D), it has at least 3 configurations and
the value of the counter at every configuration other than the first and last is > D. Consider
any run from a configuration (p,0) to (g,0) in «f. Once we identify the maximal D sub-runs,
what is left is a collection of D< sub-runs.

Let p = (p, c)—“’»*(q, d) be a run of &« with ¢,d <= D. If p is a D< run then its D-
decomposition is p. Otherwise, its D-decomposition is given by a sequence of runs pg, o,
P1,P1 - Py 1, Pn With p = pg.04.01.0] -...0},_1.Pn, Where each p; is a D< run and each p’ is a
D-, run for 0 = i < n. Notice, that some of the p;’s may be trivial. Since the D. subruns are
uniquely identified this definition is unambiguous. We refer to the p’'s (resp. p;s) as the D>
(resp. D<) components of p.

Observe that the D< runs of & can be easily simulated by an NFA. Thus we may focus
on transforming the D runs, preserving just the Parikh-image, into a suitable form. For D,
2% € N, we say that a D5 run p is a (D, %) -good run (think noisy waveform with few reversals)
if there are runs 01,03...,0,,0,4+1 and iterated D-bound runs pi, p2,...,p, such that p =
01010202...03,Pn0n+1 and |o1] +...+ |0 41| + 2.1 < Z. Using Lemmaand thatitisa D~
run we show

Lemma 25. Let (p, D)-%~" (g, D) be an (D, &) -good run of £ . Then, thereis a run (p,0)-%" (q,
0) in &/ D] with atmost X reversals.

Proof. Let the given run be p. We first shift down p to p[—D] to obtain a run from (p,0) to (q,
0), which is possible since p is D~ run. We then transform each of the iterated D-bound runs
using Lemma [24| so that there are no reversals in the transformed runs. Thus all reversals
occur inside the o;[-D]’s or at the boundary and this gives us the bound required by the
Lemma. O

So far we have not used the fact that we can ignore the ordering of the letters read along a
run (since we are only interested in the Parikh-image of L(«/)). We show that for any run p of
</ we may find another run p’ of &, that is equivalent up to Parikh-image, such that every D-
component in the D-decomposition of p’ is (D, %#)-good, where Z and D are polynomially
related to K.
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We fix D = K in what follows. We take % = 2K?+K for reasons that will become clear soon.
We focus our attention on some D~ component ¢ of p which is not (D, 2)-good. Let X < Q
be the set of states of Q that occur in at least two different configurations along ¢. For each
of the states in X we identify the configuration along ¢ where it occurs for the very first time
and the configuration where it occurs for the last time. There are at most 2| X|(< 2K) such
configurations and these decompose the run ¢ into a concatenation of 2| X|+1(< 2K + 1) runs
¢ =¢&1.62...&,, where ¢;,1 < i < m is a segment connecting two such configurations. Now,
suppose one of these ¢;’s has length K or more. Then it must contain a sub-run (p, ¢)—* (p,
d) with at most K moves, for some p € X (so, this is necessarily a K-bound run). If d —c =0
(resp. d — ¢ < 0), then we transfer this subrun from its current position to the first occurrence
(resp. last occurrence) of p in the run. This still leaves a valid run ¢’ since ¢ begins with a K as
counter value and |¢;| < K. Moreover ¢ and ¢’ are equivalent upto Parikh-image.

If this ¢’ continues to be a K= run then we again examine if it is (K, %)-good and oth-
erwise, repeat the operation described above. As we proceed, we continue to accumulate a
increasing iterated K-bound run at the first occurrence of each state and decreasing iterated
K-bound run at the last occurrence of each state. We also ensure that in each iteration we
only pick a segment that does NOT appear in these 2| X] iterated K-bounds. Thus, these iter-
ations will stop when either the segments outside the iterated K-bound are all of length < K
and we cannot find any suitable segment to transfer, or when the resulting run is no longer a
K- run. In the first case, we must necessarily have a (K,2K? + K)-good run. In the latter case,
the resulting run decomposes as usual in K< and K- components, and we have that every K.
component is strictly shorter than . We formalize the ideas sketched above now.

We begin by proving a Lemma which says that any K. run p can be transformed into
a Parikh-equivalent run ¢ which is either a K> run which is (K J2K2 + K)-good or has a K-
decomposition each of whose K. components are strictly shorter than p.

Lemma 26. Letp = (p, K)--"(¢,K) be a K- run in of. Then, there is a runé = (p, K)i»*(q,
K) in o/, with |&| = |p|, Parikh(w) = Parikh(w'") such that one of the following holds:
1. ¢ isnota K run. Thus, all K- -components in the K -decomposition of ¢ are strictly shorter
than ¢ (and hence p).

2. {isaKs runandé =01p1...0,p, wheren <2K+1, each p; is an iterated K -bound run and
loil <K foreachi. Thus, ¢ is (K,2K? + K)-good.

Proof. Let p = (py, co) 4 (p1,c1) ... o (Pm,cm). Let X < Q be the set of controls states that
repeat in the run p. We identify the first and last occurrences of each state g € X along the
run p, and there are n = 2.|X| < 2K such positions. We then decompose the run p as follows

(po,co) =(qo,e0)o1(q1,e1)o2(q2,e2)...

. (gn-1,€n-1)01(qgn, €00 n+1(gn+1, ens1) = (g, d)

where configurations (g1, e1), (g2, €2)...(qn, en) correspond to the first or last occurrence of
states from X. We introduce, for reasons that will become clear in the following, an empty
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iterated K-bound run p; following each (g;, e;) to get

(90, e0)01(q1,e1)p1(q1,e1)02(q2,e2)p2(g2,€2) ...

oo (qn-1,en-1)0n(qn, ) 0n(Gn, €n) 0 ns1(Gn+1, €ns1)

Let &y be p with the decomposition as written above. We shall now construct a sequence
of runs ¢;, i = 0, from (p,K) to (g,K), maintaining the length and the Parikh image as an
invariant, that is, Parikh(¢;) = Parikh(¢;+1) and |¢;| = |p|. In each step, starting with a K. run
i, we shall reduce the length of one of the o; by some 1 < [ < K and increase the length of one
iterated K-bound runs p; by / to obtain a run ¢; 1, maintaining the invariant. If this resulting
run is not a K, run then it has a K-decomposition in which every K. component is shorter
than ¢; (and hence p), thus satisfying item 1 of the Lemma completing the proof. Otherwise,
after sufficient number of iterations of this step, we will be left satisfying item 2 of the Lemma.
Let the K. run ¢; be given by

(G0, €0)T (q1, ) pl (q1, [0k (g2, D) ph (g2, 1) ...

(-1, €Dl (Gn, €0k (qn, DTl (Gnar, el )

where each pj. is an iterated K-bound run. If the length of Iaj.l < K foreach j < n+1 then, we
have already fulfilled item 2 of the Lemma, completing the proof. Otherwise, there is some j
such that Iaj.l = K. Therefore, we may decompose a;'. as

(@j1 f D01 Q)22 81 x3(q, €))

where (r,g)x2(r, g') is arun of length < K and r € X. There are two cases to consider, depend-
ing on whether g'—g=0or g’'— g <0.

Let (g3, eg) and (gg, fé) be the first and last occurrences of r in ¢;. We will remove the
segment of the run given by y, and add it to p}, if g’ = g and add it to p}, otherwise. First
of all, since the first and last occurrences of r are distinct, the pg will remain a increasing
iterated K-bound run while p}. remains a decreasing iterated K-bound run. Clearly, such a
transformation preserves the Parikh image of the word read along the run. It is easy to check
that, since ¢; is a K> run and the length of y, is bounded by K, the resulting sequence ¢; 1
(after adjusting the counter values) will be a valid run, since the counter stays = 0. However,
it may no longer be a K. run. (This may happen, if eg < g and there is a prefix of y, whose
net effect is to reduce the counter by more than ejg —K.) However, in this case we may set ¢; ]
is a run from (p, K) to (g, K), with the same length as ¢; and thus every K. component in its
K-decomposition is necessarily shorter than ¢;. Thus, it satisfies item 1 of the Lemma.

If ¢;41 remains a K- run then we observe that |0'§ ...Uﬁ;l > |0'i+1 ...Uil“I and this guaran-
tees the termination of this construction with a ¢ satisfying one of the requirements of the
Lemma. O

Starting with any run, we plan to apply Lemma to the K, components, preserving
Parikh-image, till we reach one in which every K. component satisfies item 2 of Lemma [26]
To establish the correctness of such an argument we need the following Lemma.
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Lemma 27. Let p = (p, 0)—“’»*(6],0) be a run. If p = p1(r,K)p2 then every K~ component in
the decomposition of p is a K> component of p1 or p, and vice versa. In particular, if p = p1(r,
K)p2(r',K) p3 then, K= components of the K -decomposition of p are exactly the K~ components
of the runs p1, p2 or ps.

Proof. By the definition of K., run and K decompositions. O
We can now combine Lemmas[27and 26/ to obtain:

Lemma 28. Letp = (p, 0)-L* (q,0) be any run in of . Then, thereis arun p' = (p,O)l/»* (q,0)
of o with Parikh(w) = Parikh(w') such that every K. component ¢ in the canonical decompo-
sition of p is (K,2K? + K)-good.

Proof. The proofis by double induction, on the length of the longest K> component in p that
is not (K,2K? + K)-good and the number of components of this size that violate it. For the
basis case, observe that any K- component whose length is bounded by 2K? + K is necessarily
(K,2K? + K)-good.

For the inductive case, we pick a K> component ¢ in p of maximum size apply Lemma [26]
and replace ¢ by &’ to get p. If &' is (K,2K? + K)-good we have reduced the number of com-
ponents of the maximum size that are not (K 2K?%+ 2)-good in p’. Otherwise, ¢’ satisfies item
2 of Lemma26)and thus by Lemma 27| the number of K> components in the decomposition
of p’ of the size of ¢ that are not (K,2K? + K)-good is one less than that in p. This completes
the inductive argument. O

Let «#X be the NFA simulating the counter system «/ when the counter values lie in the
range [0, K], by maintaining the counter values in its local state. This automaton is of size
O(K?). Now, suppose for each pair of states p, g € Q we have an NFA %P9 which is Parikh-
equivalent to Lygz, x(Z[K]P9), where o/ [K]P7 is the automaton «/[K] with p as the only
initial state and g as the only accepting state. We combine these automata (there are K? of
them) with «/X by taking their disjoint union and adding the following additional (internal)
transitions. We add transitions from the states of the from (p, K) of «/X, for p € Q to the initial
state of state of all the 879, q € Q. Similarly, from the accepting states of 879 we add internal
transitions to the state (g, K) in «/X. Finally we deem (s,0) to be the only initial state and (f,
0) to be the only final state of the combined automaton. We call this NFA 3.

Lemma 29. Parikh(L(98)) = Parikh(L(</))

Proof. Let p be an accepting run of o/ on a word w. We first apply Lemma [28| to construct
arun p’ on a w', with Parikh(w) = Parikh(w'), in whose K-decomposition, every K- compo-
nent is (K,2K? + K)-good. Let y = (p, K)—x>*(q,K) be such a component. Then, by Lemma
there is a run y': (p, 0)-%" (q,0) in «/[K] with at most 2K? + K reversals. Thus, there is
a x' € L(®P9) with Parikh(x) = Parikh(x/). If (s, O)L*(p, K) is a K< component of p’ then (s,
0)-%"(p,K) in K. If (p, K)-5"(g,K) is a K= component of p’ then (p, K)-="(¢,K) in &K
and finally if (p, K)i»*(f, 0) is a K< component of p’ then (p, K)i»*(f,O) in «X. Putting
these together we get a run from (s,0) to (f,0) in 2 on a word Parikh-equivalent to w’ and
hence w.
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For the converse, any word in L(98) is of the form x.uy.vy.up.v2...u,v,.y where (5,
02" (p1, K) in X, (g, K) L7 (f,0) in /X, u; € L(BP%) and (g1, K)2=" (pi41,K) in K,
foreach 1 < i < n. By construction, there is arun (s, 0)-%" (p1,K) in «/ and (qn,K)l»*(f, 0) in
M. Further for each i, there is a run (qi,K)—vL»**(p,-H,K) in of as well. Since u; € L(%Pi4), by

construction of 8P4 there is a run (pi,O)—uL» (gi,0) in &/ [K] with Parikh(u;) = Parikh(u;.).

;%
But then, by the second part of Lemma there is a run (pi,K)i» (gi,K) in of. Thus
we can put together these different segments now to obtain an accepting run in < on the
word X.u}.v1.Uy. Vs ... U}, V,. Thus, Parikh(L(9)) < Parikh(L(«¢)), completing the proof of the
Lemma. O

The number of states in the automaton 2 is }_ P,qeQ |9BP9|+K?%. What remains to be settled
is the size of the automata 98P9. That is, computing an upper bound on the size of an NFA
which is Parikh-equivalent to the language of words accepted by an counter automata (in this
case M|[K]) along runs with at most R (in this case K 2 + K) reversals. This problem is solved
in the next subsection and the solution (see Lemma[32) implies that that the size of %P7 is
bounded by 0(12|KO%08K)) Thus we have

Theorem 13. There is an algorithm, which given an counter automata with K states and al-
phabet Z, constructs a Parikh-equivalent NFA with O(|Z|.K 0logK)y states.

4.6.2 Parikh image under reversal bounds

Here we show that, for any counter system «f , with K states and whose alphabet is X, and any
R €N, an NFA Parikh-equivalent to Lg(s/) can be constructed with size O(IZI.KOU"gK)). Asa
matter of fact, this construction works even for pushdown systems and not just for counter
systems.

Let & be a simple counter system. It will be beneficial to think of the counter as a stack
with a single letter alphabet, with pushes for increments and pops for decrements. Then, in
any run from (p, 0) to (g, 0), we may relate an increment move uniquely with its corresponding
decrement move, the pop that removes the value inserted by this push.

Now, consider a one reversal run p of & from say (p,0) to (g,0) involving two phases,
a first phase p; with no decrement moves and a second phase p, with no increment moves.
Such a run can be simulated, up to equivalent Parikh image (i.e. upto reordering of the letters
read along the run) by an NFA as follows: simultaneously simulate the first phase (p;) from
the source and the second phase, in reverse order (p5°"), from the target. (The simulation of
p,°" uses the transitions in the opposite direction, moving from the target of the transition to
the source of the transition). The simulation matches increment moves of p; against decre-
ment moves in p5°’ (more precisely, matching the ith increment p; with the ith decrement
in p5°") while carrying out moves that do not alter the counters independently in both direc-
tions. The simulation terminates (or potentially terminates) when a common state, signifying
the boundary between p; and p; is reached from both ends.

The state space of such an NFA will need pairs of states from Q, to maintain the current
state reached by the forward and backward simulations. Since, only one letter of the input
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can be read in each move, we will also need two moves to simulate a matched increment
and decrement and will need states of the form Q x Q x X for the intermediate state that lies
between the two moves.

Unfortunately, such a naive simulation would not work if the run had more reversals. For
then the ith increment in the simulation from the left need not necessarily correspond to the
ith decrement in the reverse simulation from the right. In this case, the run p can be written
as follows:

(,0)01(p1,0) 2 (P}, c+ D p3(ph, c+1) 3 (p2,0)palqi, ©)ps(g,0)

where, the increment 7; corresponds to the decrement 7, and all the increments in p; are
exactly matched by decrements in ps. Notice that the increments in the run ps are exactly
matched by the decrements in that run and similarly for p,. Thus, to simulate such a well-
matched run from p to g, after simulating p; and p.°” simultaneously matching correspond-
ing increments and decrements, and reaching the state p; on the left and g; on the right,
we can choose to now simulate matching runs from p; to p; and from p, to q; (for some
p2). Our idea is to choose one of these pairs and simulate it first, storing the other in a stack.
We call such pairs obligations. The simulation of the chosen obligation may produce further
such obligations which are also stored in the stack. The simulation of an obligation succeeds
when the state reached from the left and right simulations are identical, and at this point
we we may choose to close this simulation and pick up the next obligation from the stack or
continue simulating the current pair further. The entire simulation terminates when no obli-
gations are left. Thus, to go from a single reversal case to the general case, we have introduced
a stack into which states of the NFA used for the single reversal case are stored. This can be
formalized to show that the resulting PDA is Parikh-equivalent to </.

Observe that in this construction each obligation inserted into the stack corresponds to
areversal in the run being simulated, as a matter of fact, it will correspond to a reversal from
decrements to increments. Thus it is quite easy to see that the stack height of the simulating
run can be bounded by the number of reversals in the original run.

But a little more analysis shows that there is a simulating run where the height of the stack
isbounded by log(R) where R is the number of reversals in the original run. Thus, to simulate
all runs of &/ with at most R reversals, we may bound the stack height of the PDA by log(R).

We show that if the stack height is & then we can choose to simulate only runs with at
most 2/98®~" reversals for the obligation on hand. Once we show this, notice that when
h = log(R) we only need to simulate runs with 1 reversal which can be done without any fur-
ther obligations being generated. Thus, the overall height of the stack is bounded by log(R).
Now, we explain why the claim made above holds. Clearly it holds initially when i = 0. In-
ductively, whenever we split an obligation, we choose the obligation with fewer reversals to
simulate first, pushing the other obligation onto the stack. Notice that this obligation with
fewer reversals is guaranteed to contain at most half the number of reversals of the current
obligation (which is being split). Thus, whenever the stack height increases by 1, the number
of reversals to be explored in the current obligation falls at least by half as required. On the
other hand, an obligation (p, g) thatlies in the stack at position h from the bottom, was placed
there while executing (earlier) an obligation (p’, g') that only required 2¥~*1 reversals. Since
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the obligation (p, ) contributes only a part of the obligation (p’, g"), its number of reversals is
also bounded by 25-"*1. And when (p, g) is removed from the stack for simulation, the stack
height is # — 1. Thus, the invariant is maintained.

We now describe the formal construction of the automaton and establish its correctness
now. We establish the result directly for a pushdown system. Recall that if I is a singleton we
have exactly a counter system.

Given a PDA &« = (Q,Z,T',6, 1, s, F) we construct a new PDA «/p which simulates runs of
&/, upto Parikh-images, and does so using runs where the stack height is bounded by log(R)
where R is the number of reversals in the run of o/ being simulated. «/p = (Qp U {sp, tp},Z,
I'p,0p,sp, tp) is defined as follows. The set Qp =T'p is given by (Q x Q) U (Q x Q x X). States
of the form (p, q) are charged with simulating a well matched run from (p, 1) to (g, L). While
carrying out a matched push from the left and a pop from the right, as we are only allowed
read one letter of X in a single move, we are forced to have an intermediary state to allow for
the reading of the letters corresponding to both the transitions being simulated. The states
of the form (p, g,a), a € Z, are used for this purpose. The transition relation § p is described
below:

. (sp,e,Int, (s, 1)) € §p. Initialize the start and target states.

2. ((p,q),Int,a,(p', q)) € 6p whenever (p,Int,a, p’) € 6. Simulate an internal move from the
left.

. ((p,q),Int, a,(p,q")) € 6p whenever (¢',Int,a, q) € §. Simulate an internal move from the
right.

4. ((p,q),Int,a,(p',q',b)) € 6 p whenever (p,Push(x), a,p'), (¢',Pop(x),a, q) € § for some x €
I'. Simulate a pair of matched moves, a push from the source and the corresponding pop
from the target, first part.

. ((p,q,b),Int, b, (p, q)) € 6 p whenever b € X. Second part of the move described in previous
item.

6. ((p,q),Push((q’, q)),€,(p,q") € 5p for every state g’ € Q. Guess a intermediary state where
a pop to push reversal occurs. Simulate first half first and push the second as an obligation
on the stack.

7. ((p,q),Push((p,q")),€,(q,q)) € 6p for every state g’ € Q. Guess a intermediary state where
a pop to push reversal occurs. Simulate second half first and push the first as an obligation
on the stack.

. ((p,p),Pop((P',q"),€e,(p',q")) € 6p. Current obligation completed, load next one from
stack.

. ((p, p),Zero,¢, tp) € 6 p. All segments completed successfully, so accept.

The following Lemma shows that every run of «/p simulates some run of <« upto Parikh-
image. In what follows, we recall that a run p is a y-run for some y € I'* L if y is a suffix of the
stack contents in every configuration in p (denoted —).

Lemma 30. Letf € F;J_. Let ((p, q),ﬁ)—w—»*((r, ), B) be a B-run in o/p, for some p,q and r in
Q. Then, for everyy € (T \{1})* L thereis a run (p,y)i» (q,v) in o such that Parikh(w') =
Parikh(w). Thus, if w € L(«/p) then there is a w' in L(sf/) with Parikh(w) = Parikh(w').

Proof. Proof of the Lemma directly follows from the following Claim.
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Claim 4. Ifthereisarun oftheform ((p,q), ,B)—">* (P, q"), B) in<dp, then for everyy € (T\{1}*,
there are runs of the form (p,yL)—> (p',ayl) and (q',ayL)—% (q,yL), for some a € (T'\
{AN* such that Parikh(v) = Parikh(vy.v»).

Proof. We will now prove this by inducting on stack height and on length of the run. Suppose
the stack was never used (always remained ), then the proofis easy to see. Then we proceed
by length of the run.

The only interesting case is when the run is of the form ((p,q), ,6) . («( pl, q1),
B)-292.% ((p', q"), B), where the transition used to execute the sub-run ((p;, ql) B4 ((p),
q),B) are 11 = ((p1,q1),Int, a1, (p', q', az) ( froml) followed by 12 = ((p', 4, a2),Int, ay, (p’,
g edp ( from) . In this case, clearly there are transitions of the form (p;, Push(x), a;, p’)
and (q',Pop(x), a1, q1) € 6. From this we have (p;,yL)—"(p/,xyLl) and (¢', xy L)—*(q1,yL).
Combining this with the run got by induction, gives us the required run.

Let us assume that stack was indeed used, then the run ((p, q), ,6)—”>* ((p',q"),B) can be
split as

(2, D, B2 (1, g1), B) — (P2, G2), (11, 1) f) 2>~
((r1, 1), (11, 82) B) — (11, 82), B2 (0, ), B)

We have two cases to consider, either q; = ; or p; = t;. We will consider the case where
g1 = b, the other case is analogous. In this case, clearly p, = p; and #; = 2. Hence the run is
of the form

(2, ), -2 ((p1, 1), B) — (p1, G2), (G2, g1) B) 2"
((r1, 1), (G2, g1 B) — (G2, q1), B2 (P, ), B)

Now consider the sub-run of the form

(2, @), B2 ((p1, g1, )

clearly such a run is shorter and hence by induction we have a corresponding runs of

H*

the form (p, yL)——» (p1,a"yl) and (ql,a”yj_)—> (g, yL), forall y € (T \{L})* some a” €
(I'\ {L}H* and such that Parikh(v;) = Parlkh(vl.

Consider the sub-run of the form

(p1,G2), (G2, q1) )2 ((r1, 11), (G2, 41) )

clearly stack height of such a run is shorter by 1. Hence by induction, we have a cor-

responding runs of the form, (pl,yL)—vé—» (ry,a’y' 1) and (rl,a’y’J_)L"» (2,7’ L) for some
a' € (T\{LhH* andally’ € (T'\ {L})*, such that Parikh(v) = P.alrlkh(v2 v "). Hence we also have

//*

a"y L) =2 (ga,a"yL).

I 0 I 0

the run (r,a’a yi)—’> (g2, @"y1) and a run of the form (r}, @'«
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consider the sub-run of the form

(G2, g0, B 2" (P, ), B)

clearly such a run is shorter in length, hence by induction, we have corresponding

o

runs (qz,y’J_)Lé» (v, ay'L) and (¢, ay' L)— (q1,7'L), for some a € (T \{L})* and all y’ €
(T'\ {L)* and such that Parikh(v3) = Parikh(v}.v5). Hence we also have (g, a”}d_)ﬁ» v,

aa’yl) and (¢, aa"yL)—> (q1,a"yL)
Now combining these sub-runs, we get the required run. O

O

In the other direction, we show that every run of «f is simulated upto Parikh-image by
«/p with a stack height that is logrithmic in the number of reversals. The next Lemma shows
how /g simulates runs of & and provides bounds on stack size in terms of the number of
reversals of the run in <.

Lemma 31. Let (p, a)i>* (g, @) be a a-run of «/ with R reversals with « e T*. L. Then, for any
yeT,L, thereisay-run((p, q),y)i» ((r,r),y) with Parikh(w) = Parikh(w'). Further for any
configuration along this run the height of the stack is no more than |y| + log(R+1).

Proof. The proceeds by a double induction, first on the number of reversals and then on the
length of the run.

For the base case, suppose R = 0. If the length of the run is 0 then the result follows
trivially. Otherwise, we will first recall that we use L, to refer to transition relation labeled
with the transitions ( as opposed to letters). Let the a-run p, @ € T'* L be of the form:

(P, @) = (po, ) = (pr,a1) 3 ... 2 (P, an) = (¢, Q)

If 7, is an internal move (po,Int, a;, p1) then ((po, pr), Int, a1, (p1, pr)) is a transition 6p (of
type 2). Thus

(Po, P)y 1) = ((p1, P),Y)

is a valid move in «/p. Let w = a; w;. Then, by induction hypothesis, there is a y-run

(1, )y P2 (1), 7))

with Parikh(w}) = Parikh(w,), whose stack height is bounded by |y|. Putting these two to-
gether we geta y-run

(o, Pu), PV ((1,1),7)
with Parikh(w) = Parikh(a;.w]) whose stack height is bounded by |y| as required.

If 7, is an internal transition (p,—1, a,,Int, p;) then

((pO: pn); anylnty (pOI pn—l)) € 6P
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is a transition of of type 3. Thus, ((po, pr),7) & ((po, pn-1),7) is amove in «/p. Further, by the

induction hypothesis, there is a word w» with w = wy.a, and a y-run ((po, pn-1), Y)—> (r,
r),Y) with Parikh(w,) = Parikh( wz). Then, since Parlkh(an.wz) = Parikh(w-.a;), we can put
these two together to get the requisite run. Once again the stack height is bounded by |y]|.

Since the given run is a a-run, the only other case left to be considered is when 7, is a
push move and 7, is a pop move. Thus, let 71 = (pg, Push(x,), a;, p1) and 7, = (pp—1, Pop(xy),
an, pn). We claim that x; = x,, and as a matter fact the value x; pushed by 7, remains in the
stack all the way till end of this run and is popped by 7. If the x; was popped earlier in the
run than the last step, then the stack height would have necessarily reached |a| at this pop,
and therefore there will necessarily be a subsequent push of x,. But this contradicts the fact
that R = 0. Thus, we have the following moves in </p.

((pprn)yInt)al r(pl rpn—l ;an))

((po, pn),7) ((po, Pn-1,an),y)

((p1,Pn-1,an),Int,an,(p1,Pn-1)

((plr Pn—l),)’)

Let w = aywsa,. Then applying the induction hypothesis we get a y-run ((p1, pn-1),

y)i‘;» ((r,7),y) where the stack height is never more than |y|. Combining these two gives

ay nw3

us a y-run ((po, pn),Y)——= ((r,1),y) where the stack height is never more than |y|. Ob-
serving that Parikh(a, a, w3) = Parikh(a; wsa;,) gives us the desired result.

Now we examine runs with R = 1. And once again we proceed by induction on the length
[ of runs with R reversals. For R = 1 there are no runs of length / = 0 and so the basis holds
trivially. As usual, let

(P, @) = (po, @) = (pr,a1) = ... 2= (pp,an) = (g, @)

be an a-run with R reversals. If either 7; or 7, is an internal move then the proof can proceed
by induction on [ exactly along the same lines as above and the details are omitted. Other-
wise, since this is a @-run, 71 is a push move and 7, is a pop move. Let 7} = (pyg, a1, push(x;),
py) and 7, = (pp-1,an, pop(xy), prn). Now we have two possibilities.

Case 1: The value x; pushed in 7, is popped only by 7,. This is again easy, as we can apply
the same argument as in the case R = 0 to conclude that,

((pprn)yInt)al r(pl rpn—lyan))

((p()) pn),Y) ((pO) pn—lyﬂn)»Y)

((pl ypn—l’an)rlnt)an)(pl)pn—l)

((p]r pn—l)rY)

Again, with w = aywsay, and applying the induction hypothesis to the shorter run (py,
*
a1)—=> (pp_1,a,_1) with exactly R reversals, we obtain a y-run

(1, o), =5 (1, 1), 7)

in which the height of the stack is bounded by |y| + log(R + 1). Combining these gives us the

1ng

y-run with stack height bounded by |y|+log(R+1), ((po, pn),Y)——= ((r,1),y) as required.
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Case 2: The value x; pushed in 7; is popped by some 7; with j < n. Then we break the run
ajy1...ap ¥

into two a-runs, p; = (po,ao)M*(pj,aj) and p2 = (pj, ;) (pn,ay). Note that
a=ap=aj=ay.Letay...aj=w;and a;...a, = w,. Let the number of reversals of p; and
p2 be Ry and R, respectively. First of all, we observe that R; + R, + 1 = R. Thus R, R, < R and
further either Ry < R/2 or R, < R/2.

Suppose Ry < R/2. Then, by the induction hypothesis, there is an ((p;, pn)y)-run

P4 = (((po, P, (Pjy P)Y)—= (', 1), (D}, Pn)-Y))
with Parikh(w,) = Parikh(w}) and whose stack height is bounded by

[(pj, pn)yl+1log(Ry+1) = |yl|+1+1og(Ry +1)
< lyl+1+log(R+1) -1
= |yl+log(R+1)

Similarly, by the induction hypothesis, there is an y-run p, = ((p;, pn),y)Lé» ((r,r),y) whose
number of reversals is bounded by |y| + log(R2 +1) < |yl + log(R+ 1) and for which
Parikh (ws) = Parikh(w,).

We have everything in place now. We construct the desired run by first using a transition
of type 6, following by p/, followed by a transition of type 8, followed by a simulation of p’, to
obtain the following:

*

((po,pn),Push((pj,pn)),€,(po,p;))

(Do, P, Y) ((Po, P (P, ) )~

((r',r'),Pop((pj,Pn)),€,(Pj,Pn))

', (pj, PR)Y) (pj, pu) V) —2 ((1,1),7)

This runs satisfies all the desired properties. The case where R, < R/2 is handled similarly
using moves of type 7 instead of type 6 and using the fact the Parikh(w),.w}) = Parikh(w}.wy).
This completes the proof of the Lemma. O

As we did for counter systems we let Lg(<f) refer to the language of words accepted by <f
along runs with at most R reversals. Now, for a given R, we can simulate runs of o«/p where
stack height is bounded by log(R), using an NFA by keeping the stack as part of the state.
The size of such an NFA is O(|Qp||Tp|PU08)y = O(1z||Q|OUo8(R))  Let ofy be such an NFA.
Then by Lemma [30} we have Parikh(L(<fg)) < Parikh(L(<#)) and by Lemma [31] we also have
Parikh(Lgr(«/)) < Parikh(L(</R)). By keeping track of the reversal count in the state, we may
construct an «f" with state space size O(R.|Q|) such that that L(«¢") = Lr(«/') = Lr(<#). Thus,
we have

Lemma 32. There is a procedure that takes a simple OCA «f with K states and whose al-
phabet is £, and a number R € N and returns an NFA Parikh-equivalent to Lg(<f) of size
O(|Z|.(RK)OUos ),
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4.7 Conclusion

In this chapter, we studied language theoretic features of context-free languages. We first
showed that the downward and upward closed (w.r.t. subword relation) language of a counter
automata can effectively be represented by a polynomial sized NFA.We then showed that
given a reversal bounded pushdown system, we can effectively obtain an Parikh equivalent,
sub exponential sized finite state automaton. Using this we showed that an Parikh equiva-
lent finite state representation of language of counter system is at most sub-exponential in
the size of the counter system. We conjecture that such a finite state representation recognis-
ing the Parikh image abstraction of counter system is tight. We further believe that the lower
bound can be obtained from a class of counter systems, described in Figure[4.1]

The counter system Cy, (for any n € N) operates on the alphabets {a;,---, an, b1, , by}. It
proceeds in phases and accepts a word of the form cj ¢] --- ¢;;, where ¢; either a; or b;. In each
phase it either reads a word of the form a; or of the form b;. If it reads a word of the form a;
then, the counter is incremented (denoted in the figure as +) for each word read. Similarly if
b’ is chosen in a phase then the counter is decremented (denoted in the figure as —) for each
b; that is read.

ap,+ ap,+ ap, +

el P om

bl»_ bzy_ bn,_
Figure 4.1: Cj,

We do not know how to construct polynomial sized NFAs for this family of counter sys-
tems and believe that such a family of NFAs does not exist.
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Chapter 5

Multi-pushdown systems (MPDS)

5.1 Introduction

In this chapter, we describe the multi-pushdown system model and some related results.
This will be useful in the following chapters where we describe out results on this model. In-
formally a multi-pushdown system is a generalisation of pushdown systems equipped with
multiple stacks. Here, each recursive thread is modelled using a pushdown stack. Thus it
naturally generalises the use of pushdown systems to model sequential recursive program to
those with bounded number of recursive threads. In full generality, MPDS are not analysable
as even two stacks are sufficient to simulate a Turing machine [126]. The focus therefore has
been on identifying restrictions on behaviours of such systems that leads to decidability of
verification problems. We first introduce the MPDS model and then discuss some of the well
known results.

5.2 Multi-pushdown system

Definition 4 (MPDS). A Multi-PushDown System (MPDS) is a tuple M = (n,Q,T', A, qo,70)
where:

n =1 is the number of stacks

Q is the non-empty set of states,

T is the finite set of stack symbols, containing a special symbol 1.

qo € Q is the initial state, yo € (I'c =T U {€}) is the initial stack symbol

A < Q xUien..nOp; x Q is the transition relation, where Op; = {Push;(a),Pop;(a) | a€ T\
{L}} U {Zero;,Int;}.

N AN

We will use Op to denote set of all transitions i.e. Op = Ujen.nOp; and A; to mean A; =
AN (Qx0p; x Q).

A configuration of the MPDS M is a (n+1) tuple (q, wy, wy,- -, wy) with g € Q, and w,
wo,...,wy, € T* L. The set of configurations of the MPDS M is denoted by € (M). The initial
configuration c}i'* of the MPDS M is (qo, L,..., L,YoL). Given 7 = (g,0p,q") € A . Given two
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configurations ¢ = (¢,y1,---,yn) and ¢’ = (¢',7},---,v},) (where forall i € [1..n], a;,y; € T* 1)
we say ¢ L ¢ iff one of the following holds.

* 7=(q,Push;(a),q),y;=ay;and Vje[l.n]\ {i},)f’j =y;j
* 7=(q,Pop,(a),q"),yi=a.y;and Vje[l.n]\ {i},)f} =y
* 7=(q,Zero;,q"),y;=y;=_Land Vj € [l..n]\ {i},y;. =v;j
e 7=(q,Int;,q") forsomei€[l..n]and Vj € [1..n],y;. =y

For any subset T < A, we define — 1 as Uzer A M. We write —* r to denote the reflexive
and transitive closure of the relation — 1. For every sequence of transitions p = 7172...T €
T* and two configurations ¢, ¢’ € € (M), we write ct : rc¢’ to denote that one of the following
two cases holds:

1. p=eandc=¢
2. There are configurations ¢y, -, ¢;;, € €(M) such that ¢y = ¢, ¢ = ¢, and ¢; —*7 ¢4 for
allie[0.m—1].

Given a configuration ¢ = (q, wy, wo, -+, Wy), we use Stack;(c) to denote the stack-i content
i.e. Stack;(c) = w; and State(c) to denote the state q. A computation n of M starting from a
configuration c is a (possibly infinite) sequence of the form ¢y - ¢; =2 --- such that ¢y = ¢
and ¢;_1 ¢ forall 1 <i<|ri72---|. We use Conf (), State(r), and Trace(r) to denote the
sequences cyc - -+, State(cp) State(cy)---, and 17175 --- respectively. Given a finite computation
mo=co2> e % ey 2 ¢y and a (possibly infinite) computation s = Cpe1 2 Cpen 25
.-+, my and 7, are said to be compatible if c¢,;; = ¢;+1. Then, we write 7, ¢ 15 to denote the
computation 7= ¢y 2 ¢1 2 ¢+ 2 i mgz o, L

There are various interesting questions that one can ask about this model. Reachability
problem asks whether a given configuration c is reachable from the initial configuration. Re-
peated reachability problem on MPDS M asks whether given a set of states F < Q, if there is
an infinite computation 7 of M such that some state of F is visited infinitely often. We also
consider model checking LTL formulas on MPDS. We first fix set of atomic propositions AP,
an LTL formula ¢, an MPDS M = (n,Q,T, A, go,Yo) and a labelling function 7: Q — 24P The
labelling function is extended to any configuration c € € (M) as, T(c) = 7(State(c)). It is easy
to see that (¢ (M), —, 1) is alabelled transition system. One can then ask if every infinite path
through this system satisfies a given LTL formula.

Since MPDS by itself is Turing powerful, our only hope is to study the above questions on
restricted behaviours of the MPDS. we will discuss below some of the well know restrictions

and related results.

5.2.1 Bounded Context

Qadeer and Rehof introduced bounded-context restriction in [124]. They also showed that
question of whether a given configuration is reachable by a bounded-context computation
for some a-priori fixed bound is decidable. Informally a context is a sequence of transitions
involving only one stack. In a bounded-context computation, there is an a-priori bound on
the number of contexts that can appear in it.
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Definition 5. Contexts: A context of a stack i € [1..n] is a computation of the form n =
co - ¢1 2>+ such that Trace(n) € AT UA?. We define Initial(n) to be the configu-
ration at the beginning of 7 (i.e., Initial(m) = ¢p). Furthermore, for any finite context
m=cooc 2L, we use Target(n) to denote the configuration at the end of
the context m (i.e., Target(m) = ¢p,). Similarly, we use Context(r) to denote the active

stack of the context (i.e. Context(rw) = i is the stack on which it operates).

Context Decomposition: Every computation can be seen as a concatenation of a sequence of
contexts my e o o .... In particular, every computation m can be written as a sequence
ey e... such that foralli, m; and ;. are not contexts of the same stack. We refer to
this as the context decomposition of 7.

Context-bounded Computations: Given k € N, a computation m = ¢y —2 ¢, 2 --- is said to
be k context-bounded if it has a context decomposition m =y e o e ... ® 1] consisting of
at most k contexts (i.e. | < k). Thus in a context-bounded computation the number of
switches between the stacks is bounded by (k —1).

Results: S. Qadeer and J. Rehof showed that, given any configuration, deciding whether or
not it is reachable through a bounded-context computation is NP-COMPLETE [124]. In it was
shown [118] that, in most practical cases context bounding is an effective way to capture
bugs. In [105] it was shown that decidability of reachability on multi-threaded systems, op-
erating under the context bounded restriction can be reduced to decidability on a sequential
program. This enabled multi-threaded programs to be analysed under sequential setting,
using plethora of already available tools. In [21], a system where multi-threaded recursive
programs with ability to dynamically fork new threads and a variant of bounded-context re-
striction wass considered. Such a restriction allows only those behaviours in which, for every
process the number of contexts it is in involved is bounded. They showed that reachability
problem under this restricted setting is EXPSPACE COMPLETE. In [17], problem of finding a
fair ultimately periodic executions under a context bounded restriction for multi-pushdown
systems was considered and solved.

5.2.2 Bounded Phase

The restriction bounded-phase was introduced in [97]. Informally a phase is a sequence of
operations in which the Pop operations are performed on only one stack. In a bounded-phase
computation, there is an a-priori bound on the number of phases that it can involve.

Definition 6. Phase A Phase of a stack i € [1..n] is a computation that involves pops ( and
zero test ) only from stack-i i.e. it is a computation of the form w = ¢y~ c¢; 2>+ in
which Trace(m) € A'i. Where A = An (Q x (op\ Uj#i Yaecr{Pop;(a)} U {Zero;}) x Q).

Bounded Phase computation Given k € N, a computation m = ¢y A4, 1 L2, ... is said to be k
Phase-bounded if it can be seen as concatenation of atmost k-Phases i.e. m =myemye
..o such thatmn,,---,n; arePhases andl < k.
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Results: The question of whether a given configuration is reachable through a bounded-
phase computation for some fixed a-priori bound was shown to be 2ETIME COMPLETE [97].
In the same paper, the authors also proved the Parikh theorem and closure under boolean
operations for the class of languages accepted by a bounded-phase MPDS. Given a set of
configurations C, we define Pre* (C) with respect to k-bounded-phase restriction as a set of
configurations ¢/, from which a configuration ¢ € C can be reached through a k-bounded-
phase computation. Global model checking problem asks whether given a regular set of con-
figuration C, Pre* (C) is also effectively regular. In [134], the global model checking problem
and repeated reachability problem for MPDS with bounded-phase restriction were solved.
This lead to decidability of model checking LTL logic against bounded-phase computations.
In [133] parity games over MPDS with bounded-phase restrictions were considered and a
NON-ELEMENTARY decision procedure for solving it was established. We revisit parity games
over MPDS in a later chapter of the thesis. In [112}56] it was shown that a bounded-phase
executions of an MPDS machine has bounded tree-width/split-width, as an application of
this, the decidability of many linear time properties over bounded-phase executions could
be obtained.

5.2.3 Bounded Scope

The bounded-scope restriction was introduced in [100], and we describe this restriction for-
mally below. We introduce some notation for this purpose. For any i € [1..rn] and for any
two contexts 71 and m, of stack i, we write < 71,72 >; to denote that Stack;(Initial(my)) =
Stack;(Target(m;)). This notation is extended in the straightforward manner to any bigger
sequence. Given a run of MPDS 7 and its context decomposition 7 = 71 e 7o @ ---, we let
Comp;(m) =< m;,,m;,, - >; (with i; < ip < i3 < ---) to be the maximal subsequence of i-
contexts of the decomposition.

Definition 7. Cluster A cluster p of a stack i € [1..n] of size j € N (also referred to as j-
cluster) is a sequence of finite contexts < my,7,...,7j >; of the stack i such that
Stack;(Initial(m;)) = Stack;(Target(n;)) = L (i.e., the stack i at the beginning of the
context ity and at the end of the context 7 j is empty).

Scope-Bounded Computations [ntuitively, in a scope-bounded computation, any value that
is pushed in a stack i is removed within k contexts involving this stack i. Equivalently,
we require that for any scope-bounded computation, if the computation is finite, then
it is just a concatenation of clusters of size at most k i.e., a computation 7 is said to be a
k scope-bounded computation if for each i € [1..n], Comp;(m), can be seen as a sequence
of clusters of size at most k (i.e. Comp;(w) =< p1,p2, -+ >;, Wwhereeach p1,---,pm, isak
cluster).

Results: In [102], the scope-bounded restriction was introduced and the reachability un-
der this restriction was shown to be PSPACE complete. Later in [56, [103], it was shown that
the tree-width/split-width of computations of such a system is bounded. In [102], language
theoretic properties of bounded-scope system were studied. It was shown that the scope-
bounded MPDS are determinizable. Further it was shown that the class of languages of a
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scope-bounded MPDS are closed under intersection and complementation. Further a se-
quentialisation construction of MPDS with scope-bounded restriction was shown, leading to
Parikh theorem for such languages.

5.2.4 Ordered multi-pushdown run

Ordered multi-pushdown system was originally introduced in [45] and the verification and
model checking problems on these structures were studied in [16]. Informally, in an or-
dered MPDS execution, the pop operations are allowed only on the least non-empty stack.
We would like to note here that, we always refer to any stack by the position it occupies in
the configuration. From this, there is also an implicit ordering on the stacks. Before we for-
mally present the definition, we introduce a funtion Act : € (M) — [1..n] that takes as an in-
put, a configuration of MPDS and outputs the least non-empty stack (or the active stack) of
that configuration. We define Act(c) = jif ce Q x L/™1 x (I'" 1) x (T*1)"J and Act(c) = n if
ceQx{Ll}"

Definition 8. Any executionn = c; LA Iy L T ofgiven MPDS M = (n,Q,T, A, go,Yo), is said
to be an order-restricted execution iff for all i € [1..7]], if 7; € (Q x UgerPop;(a) x Q) N A, for
some j € [1..n] then Act(c;) = j, i.e. the pop operation is allowed only on the least non-empty
stack.

Results: In [I6] it was shown that the reachability problem under this restriction is decid-
able and 2ETIME COMPLETE. It was shown in [14] that the repeated reachability problem for
such models can be reduced to a sequence of reachability queries and hence model checking
the LTL formulas on ordered restriction computations of MPDS is decidable. In [112|56], the
tree-width and split-width of a ordered restricted executions of an MPDS was shown to be
bounded.
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Chapter 6

Linear time model checking under
bounded scope

6.1 Introduction

There have been many works to address the problem of detecting safety bugs in shared mem-
ory multi-threaded programs. However besides safety, it is crucial to also ensure whether
concurrent programs satisfy certain liveness properties. Then one interesting question is
what would be a suitable concept for restricting behaviours of the multi-threaded programs
when reasoning about liveness properties and more generally about any omega-regular
property expressible in linear time temporal logic such as LTL or by a Biichi automata.

While context-bounding is quite useful for detecting safety bugs for which it is sufficient
to consider finite computations, this concept is not very appropriate for reasoning about live-
ness properties for which it is necessary to consider infinite behaviours. The reason for this
is because context bounding does not give a chance for every thread to be executed infinitely
often. Any context-bounded infinite execution eventually degenerates to that of a pushdown
system. In this respect, the scope-bounded restriction [103], is more suitable for reasoning
about liveness since it allows behaviours with unbounded context-switches between threads.

In this chapter, we show how to obtain an decision procedure for model checking a LTL
formula against scope-bounded executions of an MPDS. For this, we first define what a scope-
bounded infinite run of an MPDS means. A bounded-scope repeated reachability problem
asks if there is an infinite bounded-scope computation that visits a given good state, infinitely
often. We then go onto show that the bounded-scope repeated reachability problem is decid-
able. We show that this problem can be reduced to checking emptiness on a Biichi pushdown
automata. We later show how to use this result to model check an LTL formula.

We also present an alternate proof of hardness for the bounded-scope reachability prob-
lem. The original proof of hardness in [103] was by an involved reduction from the emptiness
problem for a space bounded Turing machine to the bounded-scope reachability problem
on an MPDS system. In this chapter, we first show a simpler proof to obtain the lower bound.
For this, we show an easy reduction from the emptiness of the intersection of 7 finite state
automata, to the scope-bounded reachability problem on an MPDS.
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In [14] the model checking problem of ordered multi-pushdown system is shown to be
decidable in 2ETIME-COMPLETE. It is not very clear how this decidability result is related to
the one we prove in this chapter. Simulating scope-bounded computation using the ordered
multi-pushdown system computation does not seem possible. More over the complexity
of the model checking problem for ordered multi-pushdown system is clearly higher than
model checking under bounded-scope restriction.

A procedure for detecting termination bugs using repeated context-bounded reachabil-
ity has been proposed in [17]. The idea there is to focus on checking the existence of fair
context-bounded ultimately periodic non-terminating computations i.e., infinite computa-
tions of the form uv® where u and v are finite computation segments with a bounded num-
ber of context-switches. The model checking procedure described in this chapter is more
general than the procedure in [17] since scope-bounded and w regular behaviours are more
general than ultimately periodic computations and context-bounding.

Remark: [n [101], the problem of model checking infinite scope-bounded executions of a
multi-pushdown system, against a powerful logic called multi-CaRet ( which is an extension
of CaRet logic) was considered and was shown to be EXPTIME-COMPLETE. Our work is inde-
pendent of their work and both results were obtained and published concurrently.

6.2 Hardness for scope-bounded reachability

In this section, we show an alternate proof of hardness for scope-bounded reachability.

Theorem 14. Given multi-pushdown system M, a constant k and a state q, checking if q is
reachable by a k-scope-bounded computation from the initial configuration is PSPACE HARD.

Proof. (sketch) Let us fix n finite state automata A; -+ A, where A; = (Q;,%,6;, q?, fl.O). We
know that the problem of checking whether N, L(A;) # @ is PSPACE HARD. We show how
to reduce this problem to checking whether a state is reachable via a finite n-bounded-scope
computation of an MPDS M. The idea is to construct an MPDS with 7 stacks. Initially each
of its n stacks are populated with the initial states of the automata (i’ stack is initialised
with q?). At start of each round, an input letter is guessed and systematically, the state stored
in each of the stack is replaced with a new state. The new state is the result of applying the
guessed input letter to the current state. For e.g. if stack-i has state g; in its stack and if the
guessed input letter is an a, g; is replaced with q; if (¢;,a,q;) € 6;. Clearly at the end of k
rounds, if the word guessed so far is w, then for each i € [1..n], stack-i holds the state g;
where g; =67 (q?, w). If at the end of some round if all the stacks contain a final state, then
we know that N}, L(A;) # @ . This can easily be arranged by non-deterministically checking
at the end of a round, if all the stacks contain a final state and moving to a new state say f in
the MPDS. Note that in each round, the state contained in each stack is popped and then is
replaced by the next state (and hence the stack is emptied). Hence the problem of checking
if the intersection of the language of n finite state automata is empty can be reduced to 1
scope-bounded reachability (of state f) in an MPDS with n stacks.

O
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6.3 Infinite scope-bounded computations

In this section, we introduce the definition of scope-bounded computation for infinite case.

Scope-Bounded Computations: Let 7 be any infinite computation, it is an infinite k scope-
bounded computation if it can be context decomposed as 7} e 72 o ... such that one of the
following holds.

1. (Case where there are infinitely many context switches) For each i € [1..n], Comp;(r), can
be seen as a sequence of clusters of size at most k (i.e. Comp;(w) =< p1,p2, - >;, where
each py,--+,pm, is a k cluster). Moreover, there are at least two distinct indices i, j € [1..n]
such that ¢; and o ; are infinite (and all the stacks for which o is finite are empty beyond a
point).

2. (Case where beyond some point all stacks except i are empty and there is a final infinite
context involving the stack i) For all j # i, Comp;(m) =< p1p2---pm; >j (where each p,
“++,Pm; is a k cluster) and Comp;(m) =< P1,02,"*Pm;» T >i,(where each py,-++, ppm, isa k
cluster), U’l. =<na'y,m's ,n’[ >; is a sequence of contexts with ¢ < k and n’g is an infinite
context.

6.4 Model checking LTL on bounded scope executions

In this section, we show how to model check LTL formulas over scope-bounded computa-
tions of MPDS. For this, we first show how to solve the repeated reachability problem and
then we show how to use this to solve the model checking problem.

6.4.1 Bounded scope repeated reachability

Bounded scope repeated reachability problem asks, given an MPDS M = (n,Q,T’, A, ¢init, Yo0),
anumber k € N and a set of final states F, whether there is an infinite kK bounded-scope run,
starting from the initial configuration that visits some final state f € F infinitely often. The
following Theorem states that this problem can be reduced to checking emptiness of a Biichi
pushdown system.

Theorem 15. Let k € N be a natural number, M = (n,Q,T', A, Ginit,Yo) an MPDS, and F < Q a
set of states. Then it is possible to construct a Biichi pushdown automaton P such that M has
a k scope-bounded computation that visits some state in F infinitely often if and only if the
language L (P) is not empty. Moreover, the size of P is O(|F| (kIMI)dk”) for some constant d.

We first informally sketch the proof before formalising the same. Firstly it is easy to see
that we may restrict ourself to checking whether a single final state f € F is visited infinitely
often along an infinite run. This is because, by definition we need only a single state to repeat
infinitely many times to satisfy the Biichi condition. If we can solve the problem for the single
state case, then we can repeat our check for each state in F. So w.l.o.g., we will assume that
F ={f} for some f € Q.
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Before we go on to describe the proof, we introduce some notations be-
low. Given a finite context m, we first define an abstraction as Abs(r) =
(State(Initial(m)), Context(m),flg, State(Target(m))), i.e. it is a tuple that records the
initial state (as first component of tuple), the final state (as last component of the tuple), the
active stack of the context (as second component of the tuple) and information on whether
f was seen during the execution of the context (i.e. flg = 1 if n visited f, 0 otherwise).
Given an infinite context of the form 7 = ¢;—c¢;—c3—---, its abstraction is defined as
Abs(m) = Abs(c; — ¢2).Abs(cp —c3) -+ i.e. the abstraction of its one step computations.
Given a sequence of contexts m = m; ey o --+, the abstraction of such a sequence is de-
fined as a word of the form Abs(r) = Abs(m;)Abs(7,)---, we call the resulting word the
abstraction sequence of m. Given a k cluster of the form p =< 7,70, -7 >; (I < k), we let
Abs(p) = Abs(1)Abs(7»)---Abs(;). Given a ( possibly infinite ) sequence of abstractions
w of the form w = (ql,il,fl,qi)(qz,ig,fz,qé)(q3,i3,f3,qé)"', we say it is well-formed if
q1 = Ginir and further for all i > 2, we have g; = g;_,. Given two configurations c,c’ € € (M),
we say ¢ =; ¢ iff State(c) = State(c’) and Stack;(c) = Stack;(c"). Given two clusters p =< 71,
my--+,my > and p' =<7}, 7y, -+, 7w, >; containing equal number of contexts, we say they are
i-equivalent iff the following conditions hold.

» Abs(p) = Abs(p’)
* Forall j # i, we have for all i’ € [1..1], Stack;(Initial(m;)) = Stackj(Initial(r}))

Now consider any k scope-bounded infinite computation n. Clearly it can be context
decomposed into infinite number of finite contexts (7 = 7wy ey e+, where 1,7y, -+ are finite
contexts) or into finite number of contexts ending in an infinite context (7 = 7y e 72+ e 7y,
where 71,72, - Ty_1 are finite context and 7, is an infinite context).

Let us first consider a k scope-bounded computation 7 of an MPDS M, involving in-
finitely many finite contexts. Note that this corresponds to the computation having infinitely
many context switches. Let o; = Comp; (), clearly by definition, each o; is a sequence of (
possibly infinite ) k clustersi.e. for all i € [1..n], we have 0; = < pi,pé, --->;, where each pj. is
a k-cluster. Further we have that at least two indices Z, j such that ¢, 0 are infinite. Consider
Abs(m), clearly such an abstraction sequence is well formed. Given any well formed infinite
word w € (Q x [0..1n] x [0,1] x Q)*, when can we say that it is an abstraction of some k scope-
bounded run of an MPDS? Firstly note that if we were to replace any k-cluster p correspond-
ing to stack-i in 7 by an i-equivalent k-cluster p’, the run is still a valid k scope-bounded
run. Hence it is enough to check whether there are abstraction sequences of k-clusters, one
for each stack and whether the given word is in the shuffle of such sequences. The following
Lemma formalises this.

Lemma 33. M has a k scope-bounded computation w = 7y e 1y » - - -, visiting infinitely often
the state f that can be decomposed into infinitely many finite contexts if and only if there is a
well formed word w such that

* There are infinitely many indices j € N such that w[j]l € Q x [1..n] x {1} x Q
» For every stack i € [1..n], there is a (possibly infinite) sequence o; of k clusters of the stack i,
such that w € Shuffle({Abs(o;)},..., {Abs(g,)}).
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Proof. (=)

For each i € [1..n], let 0; = Comp; (7). By definition of scope-bounded run, we have for
each i € [1..n], g; is a (possibly infinite) sequence of k-clusters (i.e. 0; =< pi, pé, .-+ >;, where
pi, pé, --- are k-clusters). It is easy to see that Abs(rr) € Shuffle({Abs(o;)},...,{Abs(0,)}) and
that Abs(r) is indeed well formed. Hence the required word is w = Abs(7).

(=)

We assume a well formed word w € Shuffle({Abs(c;)},...,{Abs(o,)}) where each o; is a
concatenation of possibly infinite sequence of k clusters and show how to construct a MPDS
run 7 from it. Firstly note that each of the o; is a sequence of contexts of the form < n{,né,
-+ >;. Let o = m,m9, 73, -+ be a sequence of contexts such that o € Shuffle(oy,...,0,) and
Abs(o) = w. It is easy to note that w determines such a o uniquely. Though we have this
sequence of contexts, it need not be compatible. Hence we are not immediately promised
an infinite run from this sequence of contexts. However all is not lost. The below Lemma
states that if there is a context of stack i starting from a particular configuration, then there is
a context starting from any configuration that is i-equivalent to it.

Lemma 34. Given any context n (with Context(r) = i), let u = Trans(m) be the sequence of
transitions of w then from any configuration c such that c =; Initial(n). There is a valid run of
the form L7, with ¢ =; Target(n). Further we have that forall j #1, ¢’ =j c.

Proof. We prove this by induction on the length of the computation in the context. The base
case is a zero length computation, which is trivial. For the induction case, we will assume
that the length of the context is greater than 1. In this case, the context & can be split as
n=d—*d" 5 d'. Byinduction, we have for any ¢ =; d, a computation of the form c—* ¢”" such
thatforall j # i, ¢” =j cand d" =; ¢”. The case where 7 is an internal move is easy to see. We
now consider the case where 7 is a zero move and rest of the cases are similar. Suppose 7 = (g,
Zero;, q'), since ¢” =; d", we have State(c') = State(d") and Stack;(c") = Stack;(d") = L. From
this we have ¢’ = (¢,y1,"*,Yi-1,L,"**,Yn) L= (q',v1,-+,Yi-1,L,++,Yn). Further, it is easy
to see that ¢’ =; d' and forall j #i,c' =; c. O

Now using the above Lemma, we will show how to construct a valid scope-bounded
computation from o (recall that o = my,72,73,-+ is a sequence of contexts such that o €
Shuffle(oy,...,0,) and Abs(o) = w). Let @ = a;,a2--- be a sequence, such that a; =
Trans(m;). Now the existence of a k scope-bounded run follows easily from the fact that,
using Lemma we can inductively construct for any prefix a;,---a, of a, a run from
the initial configuration c1#'* of the form C{\Z”M*cn such that ¢, =; Target(r,), where
i = Context(n,) and for all j # i we have ¢, = cp.

O

We will now show that the abstractions of set of all k scope-bounded computations in-
volving infinitely many finite contexts is regular. For this, we will construct a Biichi automa-
ton that will recognise well formed words w € (Q x [1..x] x [0,1] x Q) such that there are
infinitely many indices j € N such that w(j] € P x [0..n] x {1} x P and w € Shuffle({Abs(o )},
...,{Abs(o,)}), where o; is a (possibly infinite) sequence of clusters of stack i. Then by using
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Lemma 33} we get the existence of k bounded-scope run involving infinitely many context-
switches.

We will firstly show that for every k e N and i € [1..n], the set Lf(M) of all the finite words
of the form Abs(p) where p is a k cluster of stack i can be seen as the language of a finite state
automaton. Note that such a language is finite and hence regular. The problem is to show
that it is effectively regular and to compute the complexity of the automata recognising such
a language. For this, we build a pushdown system recognising the abstractions of clusters
and then restricting ourselves to only those words whose length is less than or equal to k.

Let Ctx?’q’ be set of all sequences of contexts such that, for any j € Nif (71, 72,---,7;) €
Ctx?’ql then the following holds.

e Context(my)=---= Com‘ext(nj) =1.
e Forall /€ [1..j — 1], we have Stack;(Target(r;)) = Stack;(Initial(my ).
e State(Initial(m;)) = ¢, State(Target(n,) = ¢ and Stack;(Initial(m;)) =

Stacki(Target(m,)) = L

Let s?’q ={Abs(my, 72, -, 7j) | (W1, 702, -+, 7Tj) € Ctx?’q , J € N}. Such a set captures all abstrac-
tions of clusters of stack-i that starts at ¢ and end in ¢’

Lemma 35. ThesetS ?’q is context free.

Proof. Any element of S?'q/ is of the form, Abs(p), where p = (my,---,7p) € Ctx?’q/. From this
we know that each 7y, -+ ,7m, is a context of stack i and hence during its execution, no stack
other than i is used. This means that, a single stack is sufficient to simulate the moves. We
show how to construct a pushdown system that will simulate each of these contexts, using
its local states and its stack. The states of the pushdown system that we construct will be of
the form (g, ¢', i). In this, the first component is used to store the starting state of the context,
second component is used to store the state reached while simulating the context and the last
component records whether the final state f was seen during the simulation. The pushdown
system will simulate a move of the context by performing any stack operation of the context
on its stack. Further it will update the second component of the state space to reflect the
effect of the move. If a final state is ever seen, it is recorded in the third component. The
pushdown system can nondeterministically guess from any configuration of the form ((¢, ¢/,
flg),y), the completion of a context. In this case, it outputs the abstraction (g, i,flg, g') and
starts simulating a new context. The details are formalised below.

The Pushdown system is defined as P;(q,q’) = ((Q x Q x [0,1]) U {e}, (Q x {i} x [0,1] x Q),
| ) (‘7"7’), (g,49,0)). The states of the pushdown system records along with the the start state
of the context, current state, and whether the state f was seen during the execution of the
context. The input alphabet is set of all possible abstractions of context i. The transition
relation §@9) is defined as below.

1. For any transition (g;,Push;(a),q}) € A, we add for all p € Q, the transitions ((p, g1, x),
Push(a),¢, (p, qi,y)) to 644", Further if g1=for qi = fthenwelet y=1andwelet y =x
otherwise. We add similar transitions for operations such as Pop;,Zero; and Int;. These
set of transitions simulate the context specific moves.
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2. For all q1,42, g3 € Q, we add ((q1, g2, x),Int, (q1, 1, X, G2), (g5, G5,0)) to 6@, These set of
transitions, makes a non-deterministic jump (indicating end of the current context and
beginning of a new one).

3. For all g; € Q, we add ((q1,q’, x)),Zero, (q1,i,x,q’),e). These set of transitions ends the
cluster when required state with empty stack is reached.

Correctness of such a construction is easy to see from the following Lemma.

Lemma 36. Any stringw = (q1,1,x1,q)).(G2,1, X2, G5).....(Gm, i, Xm, q1,) € L(P(q, q'), €) iff there

is a context sequence of the form o =< my,7m2, -, T, >;, such that Abs(o) € S?’q and w =
Abs(0).

Proof. For this, we first prove the following Claim that relates the run of P; to run of M.

Claim 5. For anyyi,y2 € T\ {L})* and x € [0,1], ((p, p,0),Y1L)-%" p.(g,) (P, 4, X), y2.L) (us-
ing transitions only from iff there is a context of stack-i m = c—* p¢’ such that State(c) = p,
State(c) = g, Stack;(c) = y1.1, Stack;(c') = y2L and for all j # i, Stack;(c) = Stack;(c') = L.
Further if x = 1 then there is a ¢ with State(c") = f such that n can be written as m =
C_’* Cl/—’* C/

Proof. (=) We prove this by induction on the length of the computation. The base case
being zero length computation is trivial. For the inductive case, we assume that ((p, p,0),
Y1)="p,(q.4)((p, g, X),y21) is of size greater than zero. Then the computation can be split
as

(P, 2,0V, Y1 D= Pig.q) (P, 7', 1), Y5 L) (000 (P2 G, %), 72 L)

By induction, we have a run of the form
(p, Ly L, L") =" (g, LTy L, L7

Let 7 = ((p,q', y),Push(a), (p, g, x)) (rest of the cases are similar and easy). Such a transition
was added in the first place due to the existence of a transition in M of the form (q’, Push; (a),
q). Moreover, if y = 0 and x = 1 then we have g = f or ¢’ = f. From these, we can extend the
run as follows.

(P Ly L L= (g, Ly L L) = (g, LT 2L, L)

(=)

We again prove this direction by inducting on the length of the computation. Base case of
length zero computation is trivial. For inductive case, we assume (p, L1, y11, L") —*(q,
L1 yo 1, 177} is a computation of length greater than zero. Hence we can split this com-
putation as

(p, L L L N="(q, L7y L, L) = (g, L e, LT
For some q' € Q and v}, € (I'\ {1})*. By induction, we have a run of the form

((py va)IYlJ-)_)*Pi(q,q/)((py q’y,)/),)/gl)
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Let T = (¢g/,Push;(a), g) (the other cases are similar). If y=0and g = f or ¢’ = f then
we have the transition ((p, ¢',0), Push(a), (p, ¢,1)) € 509 If y=0and g # f and g’ # f then
we have the transition of the form ((p, ¢’,0), Push(a), (p, ¢,0)) € 6@ If y = 1, we have the
transition ((p, ¢’,1),Push(a), (p, q,1)) €6 @4), Now using one of these transitions, we can get
the required run.

(P, p,0), 1)~ Pyiq.9) (P, G, %), Y2 L)

O

Now, proof of the Lemma 36]is an immediate consequence of the following Claim[5|and the
transitions from 23] This completes the proof of Lemma
O

This completes the proof of[35]
O

Given a pushdown automata P and an integer k, one can easily construct an finite state
automaton B accepting the set of k length words accepted by P, i.e. L(B) ={w||w|<kAwE
L(P)}. This can easily be obtained by converting the given pushdown automaton to a context
free grammar and then simulating all the derivations of length bounded by k. The size of
such a finite state automaton is at most exponential in k.

Corollary 1. Lf(q, q)={w|lwe S?'q/ Alw| < k} i.e. the set of all k-clusters of stack i is effec-
tively regular. The complexity of such a construction is at most exponential in k.

We now show how to construct a Biichi automata recognising the abstractions of a k
scope-bounded infinite computation that has infinitely many contexts. Towards construct-
ing the Biichi automata, we first fix the finite state automaton obtained from corollary[l} Let
B;(q,q") be the finite state automata recognising the language Li.“ (g9,q"). Let B; be an au-
tomata such that L(B;) = Ug,qeq L(Bi(q, q") i.e. consolidated automata recognising all inter-
face languages between all pairs of states for stack-i, let B; = (QP, (Q x {i} x [0,1] x Q), 65, qgi,
FBi). Burther we will, w.l.o.g. assume that the initial is not present in the set of final states.

Lemma 37. Given an MPDSM = (n,Q,T, A, so,Y0) and a state f € Q, the problem of checking
whether there is a well-formed word w such that

1. wesShuffle({Abs(oj)},..., {Abs(o,)}), where foreachi € [1..n], 0; is a sequence of k clusters
of stack i (with at least two of them being infinite)
2. There are infinitely many j € N such that w[j] € (Q x [1..n] x {1} x Q)

can be reduced to the emptiness problem for a Biichi automaton B whose size is O((k|M]|)?*™)
for some constant d.

Proof. Forany X c[1..n],let Lx = {w | w € Shuffle({Abs(o)},...,{Abs(o,)}) AI¥°je N, wljl €
(Qx[1.n] x {1} x Q}. It is the set of all well formed words in shuffle of clusters o1,---0,
such that for each i € X, o; is an infinite sequence of k clusters and for each j ¢ X,0; is
an finite sequence of k clusters. Clearly, what we require is a Biichi automata B such that
L(B) = Uxcq..n,1x1>1 Lx. We show how to construct such a Biichi automata recognising the
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language Lyx, for some fixed X. Then the required B automaton can easily be obtained by
taking union over all such X.

The idea to construct By, is to run the B; ( for all i € [1..n]) automatas in parallel and
stitch up the k-clusters obtained to form a well-formed word. We also need to ensure that, in
any execution, those components outside of X terminate eventually and those in X execute
infinitely often.

Ensuring that components outside of X terminate eventually is done by setting up a spe-
cial state L. Now the Biichi acceptance condition can be setup in such a way that for all
components not in X, only 1 is seen infinitely often.

For components in X, we need to ensure that every one of them is executed infinitely
often. This is done by ensuring that for every j € X, the final state and initial state of B;
is seen infinitely often. For this, we assume an implicit ordering on the elements of X say
X = {x1,--xm}. The Biichi system we construct will remember as part of its state space, the
last element of X that has visited a final state. Further the Biichi acceptance condition will
ensure that each of these elements are repeated in the state infinitely often.

The automata needs to accept sequence of abstractions that has to be well formed. Given
any abstraction of the form (p, i, x, p»), by target state we mean the state p, and by source
state, we mean the state p;. The accepted sequence of abstractions is ensured to be well
formed by storing in the state space the target state of the last seen abstraction and accepting
the next abstraction only if its source state matches the stored state. The construction is
formalised below.

The automata By = (QBx, (Q x {i} x [0,1] x Q),55x, qf)‘,FBX) is defined as

1. The set of states of By are QB = QB U {L} x---x QB U {1} x Q x X x [0,2]. Informally, the
states include the product of states of all B; (i € [1..n]) and a special L which will be used
by the indices i ¢ X, to indicate completion of the finite computation. We further record
the last seen target state in the abstraction sequence seen so far (as (n# + 1)’st component),
this information will be used in ensuring that the sequence is well formed. We also have a
component to ensure that each element in X is seen infinitely often. Lastly we have in the
tuple, flags [0..2] to record if f was visited. As we will see later, it also serves the purpose of
ensuring that each element in X is seen infinitely often.

2. The initial state of By is qg" = (qg‘,m ,qég”, S, X1,0).

3. The set of final states of By are F5 = {(g1,---, Gn, P, Xm,2) | p€ Q, Vi€ [L.n]\ X, g; = L A
qx, € F Bxm}. The final state ensures that all the components that were outside of X have
terminated. Further as we will see later, such a final state ensures that between any two
appearances of it, each component in X has made progress and that we have seen state f
at least once.

4. The transition relation 65 is defined as below.

a.l If (g;, (p,i,b,p), q) € 55 then we add for all states (q1,-+, qi, -+, Gn, P, X, 2) € QB | the
transition (1, Gi,**» Gn, P %, 2), (P, 1,0, P), (G1,-++, G} Gn, P’ %, ) € 5%, where
y=>bv z (islifeither of b, z is 1). Such a transition simulates one move of 6B, 1t further
records in flag y whether f was seen.

a.2 For every i ¢ X and for all g; € FBi we add (g1, ,qn, P, %, 2), €, (q1,"**,qi-1,L, Gi+1,



96 CHAPTER 6. LINEAR TIME MODEL CHECKING UNDER BOUNDED SCOPE

“qn, Py X, 2) € 5Bx signifying possible end of the finite computation. We also add the
transition from final state to initial state, this will start a new cluster for this thread. ((g1,
iy Gy X%, Y), €, (611,"',q§xi,"' Gns X, 9)) e 5Bx

a.3 Forevery x; € X, x; # X, and for all g, € FBxi we add (q1,-2Gx; > qGn, Xi, ¥), €, (q1,°*+,
qf e Gny Xit1, ) € 8Bx. This will ensure that we have transitioned from the final to
initial state for x; € X.

a.4 We also add for all gy, € FB, (g1, , Gn, Xm»1),€,(q1,"** , Gy Xm, 2)) to 6B% and ((q1, -+,
x> G Xm» 2),6,(q1, -+ qf*”‘,--- ,qn, x1,0)) to 68X . Note that by adding the special
state with flag 2 and making it the final state, we are forcing the automaton to move from
Xm to x1. This ensures that each of the elements in X are seen infinitely often.

To establish correctness of the construction, we will prove the following Lemma.
Lemma 38. w € L(B) iff the following holds

1. w is well formed

2. For each i € [1..n], there is a sequence o; of clusters of the stack i such that w €
Shuffle({Absg (01)},..., {Absg (0n)}).

3. There are infinitely many indices j € N such that w([j] € Q x [1..n] x {1} x Q.

Proof. (=)

1. Let w € L(B), it is easy to see why w is well formed. Firstly notice that all moves on the
letters from w are by using the transition in In each of these transitions, the target
state of previously seen input is recorded (i.e. if the previously seen input s (p, i, 1, p’) then
p' is recorded in the (n + 1)’st component of the state). Further notice that the transition
can be fired only if the previously recorded target state matches the source state of the
input currently read (i.e. the transition is enabled on input (p, i,1, p’) only if the (n + 1)’st
component of the current state is p). From this it is easy to see that for any input w that
is accepted, the source state of w/[i] for every i matches with the target state of w[i —1].
Hence any word w that is accepted, is well formed.

2. Follows directly from the fact that we chose | X| > 1 and from the following easy to see
Claim. Here, we will use w |; to mean w | (Qx{i}x[0,11xQ)

Claim 6. If w € L(Byx) then for all i € X, we have w | ;€ L(B;)® and for alli ¢ X, we have
wlie L(Bl')*.

3. Since w € L(B), it satisfies Biichi condition specified. Hence there are infinitely many
positions where state in FB is visited. Between any two visits to these final states, the last
element of the tuple resets to 0 and changes to 1 before going back to 2. Clearly there was
at least one abstraction which was form Q x [1..n] x {1} x Q between any two visits to final
state.

(<)
For this direction, we are given w € (Q x [1..x] x [0, 1] x Q) such that

e wis well formed
e we Shuffle({Abs(oj)},..., {Abs(o,)}), where o; is a sequence of k cluster of stack i.
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¢ There are infinitely many indices j € Nsuch that w[jle Qx [1...n] x {1} x Q

We show that there is a corresponding accepting run in By for w, where X < [1..n] is the set of

indices such that X = {x | o is infinite}. We will now show inductively that for any i € N, there
I

is a run of the form 7; = g~ (q1,"**,qn, X}, 2, q), where w' = w[1...i], for each x € X, we

w'|

have qg" = *qx and for y ¢ X, if w'|,# w|, then quﬂ» qy else g, = L . We also have
foreveryi< j,m; tobeaprefixof z;.

Base case is trivial. .

Forany j,letm; = qu (q1,-* qn, Xj, 2, p) (With w' = w(1... j]) be the run given by the
induction hypothesis. We extend such a run to j + 1. We will assume that w[j + 1] = (p,i,s,
p).

Note that for each ¢ € [1..n], w' can be split as u!, - .u; for some ¢ € N such that for each

uj,je€ [1..6 — 1], we have u; | ;€ L(B;) (except for uy, all other words are from the language

of B;). Further for uy, we have a run of the form qg ¢ el g:- This follows from the nature

of w we have assumed and the fact that, for ¢ ¢ X, we have o, | ;€ L(B,)* and for t € X, we
have o, | € L(B;)“. Now for i, we can split w’ as w' = uj u; Let the run on B; over u’[.(p,

. N
i,s,p) |; be of the form qég"M» q;, where the last transition used is (q;, (p,,s,p"),

q;) € 6%. By definition we have the transition ((q1,-**, i, , Gn, X}, 2, ), (P, 5,5, P"), (q1,-++,
G dn Xj, 1, P')) € 58. Hence we can extend the run on w'.(p, i, s, p) as

/ B (p,i,s,p)

Y4 :qOL’) (ql,“‘»ﬂh'»"',Qnyxj,z,l?)

(ql;""q;""»qn)xjyy»p,)

where y = z v b. Further,

e ifi¢ Xand w'.(p,i,s,p') | ;= o; then, we terminate the execution of component i

1 B w.qifq) " / /
2 _q()_——> (qlr"';qi;'“!ql’l)xjr,y)’?)_>

(QI,"' »ﬂi—l; J—; 6]i+1 )anxjvy; P’)

o if qg € FBi and Xj=1i# Xpn then, we extend the run as

r_ B wW.pif,p) " / ' B /
T —6]0—‘—’ (CII;"';qi;"',Qn,xj;y,p)_’(6]1,"‘»qo ,“'»Qn;xj+1»y,p)

s ifg;eF Bi and i ¢ X then, we extend the run as

ﬂ/zqgw (6]1»"';q;;"';CIn,xj,y;p/)_’ (Q1;"‘,qgi;“‘,C]n,x]',y,l?,)

o Ifi=xm q;€ FBi and y = 1 then, we extend the run as

r_ B wW.(pisp) " ' /
4 :qO (ql)""ql‘"")qn’xm’lyp)_’

(Ch,“',qg;'”,qn,xlylpl)—’ (QI,“',q(Ifi,‘“;qn»xl,O,P’)

Firstly note that in our construction, for each j € N we are extending the run that was
obtained inductively for j — 1 and together they define a single infinite run. By definition of
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our X, all components outside X do not have an infinite sequence of clusters. Hence for all
the components in the state corresponding to any y ¢ X will reach L eventually. For every
component x in X, w |, is a concatenation of an infinite sequence of clusters. Each such
cluster is accepted by a By automata. From these, it is easy to see that the constructed run is
accepting in By. This completes the proof of Lemma O

Size of each of B; is O(k.IM|%%), where d € N is some constant. Hence size of |B| =
O(klM]dk”). This completes the proof of Lemma
O

Now what is left to consider is a k scope-bounded computation of an MPDS M, say
7T =T e My e -7, that can be decomposed into finitely many contexts ending in an infi-
nite context. As in previous case, we would like to know when a well formed word w €
(Q x [0..n] x [0,1] x Q)* characterises the abstraction of an infinite k scope-bounded com-
putation. Firstly, w.l.o.g we assume that the infinite context in such computations occurs
only for stack-1 (i.e. Context(r,,) = 1). Notice that for any k scope-bounded computation
7, by definition, for each j € [2...n], Compj(n) =< 0102 Om; >j (where each oy, - - O m;
are k clusters), and Comp, (n) =<01,02,*-0m,;, p >1,(where each 01,---,0,,, are k clusters),
p=<mn'1,7'y--+,m, >; is a sequence of contexts, where ¢ < k and 7, is an infinite context.
Using this information, in the following Lemma, we characterise the existence of k scope-
bounded run as a well-formed infinite word of the form w € (Q x [0..n] x [0,1] x Q)“.

Lemma 39. Given an MPDS M, there is an infinite k-scope-bounded computationm = my ey e
-+, that can be decomposed into finitely many contexts (ending in a infinite context) visiting
infinitely often the state f if and only if there is a well formed word w € (Q x [0..n] x [0,1] x Q)?
such that

e There are infinitely many indices j € N such that w[j]l € Q x [1.n] x {1} x Q

e For every i € [1..n], there is a finite sequence o; of k clusters of the stack i, further for
stack-1, there is is a sequence of at most ¢ < k contexts < 'y, 7’5+, 7w, >1, with n, be-
ing an infinite context such that w € Shuffle({Abs(< 0,7, ,n’[_ >}, {Abs(02)},...,

1
{Abs(o,)}) .Abs(n%).

Proof. The proof of this Lemma is very similar to proof of[33] Hence we omit the same.
O

We now show that checking existence of such a well formed word can be reduced to
checking emptiness on an Biichi pushdown automata.

Lemma 40. Given an MPDSM = (n,Q,T', A, qo,Y0) and a final state f, the problem of checking
whether there is an infinite word w € (Q x [0..n] x [0,1] x Q)® such that

e w is well-formed

* There are infinitely many indices j € N such that w(jl € Q x [1..n] x {1} x Q

e For every i € [1..n], there is a finite sequence o; of k clusters of the stack i, further for
stack-1, there is p such that p =< my,7m2-++,7¢ >1 IS a sequence of ¢ < k contexts, with 1,
being an infinite context such that w € Shuffle({Abs(< o,7m;,-+-,m¢—; >1)}, {Abs(02)}, ...,
{Abs(0,,)}).Abs(,).
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can be reduced to the emptiness problem for a Biichi pushdown automaton. The size of such a
Biichi pushdown automaton will be O((k|M|)**") for some constant d.

Proof. As in the proof of Lemma (37, it is possible to construct a finite state automaton B;
accepting exactly all the finite words of the form Abs(o), where o is a cluster of size at most
k of the stack i € [1..n]. On the other hand, we can construct a Biichi pushdown automaton
P accepting the set of infinite words of the form Abs(< 7,79, ,7m¢ >1), Wwhere 1,---, 7y is a
sequence of contexts of the first stack such that 7, is an infinite context and ¢ < k. Finally, we
can use standard automaton constructions, to show that we can construct a Biichi pushdown
Pthat accepts all the well-formed words w satisfying the required properties. The details are
formalised below.

In the below construction, we will use B to denote the automata obtained by adding an
epsilon transition from final states to the initial state of B; automaton i.e. Blfk = (QB", (Qx{i} x
0,11 x Q), 857, g1, FBi), where 6% =6 u{(f,€,q.)|f € FBi}, note that L(B}) = L(B;)*.

The required Biichi pushdown automata is given by P = (Q”, (Q x [1..n] x [0,1] x Q),T, 57,
qé’,fp). where

e QP =(QBT UQx[1..k]) x QB2 U{L}x---x QB U{L} x Qx[0,1]) is the set of control states (we
will assume that only stack-1 can have infinite context). The first 7 components in the state
are for simulating the B; automata ( and additionally the pushdown system during the last
k context execution, in case of stack-1). The penultimate component is used to ensure that
the word accepted is well-formed. The last component is used during the execution of the
k-context of stack-1.

¢ T'is the set of stack alphabet of MPDS M.

. qé’ = (qfl, qg2,--- ,qf", qéw, 0) is the initial state.

fP=((f k),L,---,1,1) is the final state.

* The transition relation 6° is given as follows.

b.1 Forallie [1.nl],if (q;,(q,i,x,q"),q)) € 85/ thenwe add forall j #1i,q; € Q% the transi-
tions ((q1,-*» i=1, Gi»*** » Gn» 4,00, I, (q, 5, %, G, (q1,*++, 4} -+, Gn, 4, 0)) € ¥, We sim-
ulate each B; in a well formed manner.

b.2 For every i € [2..n], g; € FB, we add for all p € (Q%1 UQ x [1..k—1]) and g; € QB/, we
add (p, g2+, Gir-*» Gn> 4,0),Int, €, (P, G2, -+, Gi—1, L, Gi+1,*» Gn, G,0)) € 5, to end the
finite cluster sequence.

b.3 Further we add for all ¢; € FB1 , ((q1, 42+, qn, ,0),Int, €,((q1,1), G2, , Gn, g1, 1)) € 6
to denote the end of finite cluster sequence and beginning of the last sequence involv-
ing k contexts for stack-1.

b.4 For every transition of the form (g, 1, Push; (@), ¢') € A, we add the following transitions.
We also add similar transitions for Pop,,Int;, Zero; operations.

- foreach i < k and for all j>1,s; € QB; U {1}, the transitions (((g, i), S2,**+,Sn, p, 1),
Push(a),¢, ((¢',1),82,***,Sn, p, 1)) € 6F. These set of transitions simulate the last se-
quence of stack-1 contexts, upto the very last infinite context.

— The transitions (((¢, k), 1,---,L,q,1),Push(a), (q,1,x,4"),(q’, k), L,---, L,q',1)) € 6,
where x =1 if g = f and x = 0 otherwise. These transitions simulate the last infinite
context.
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b.5 Weaddforallic€ [2..n], s; € QBi* u{l}and j =<k, (((g1,)),S2,: S, q,0),Int,€, ((q1, ]), S2,
-+, $n,q,1)) € 7. These set of transitions mark beginning of context n’j.

b.6 We add for all j < k and i € [2..n], s; € QB U {1}, the transition ((g, J), 2, ,Sn, G, 1),
Int, (¢',1,x,9),((g,j+1),82,"**,$n,q,0)) € & for all g € Q. These set of transitions mark
end of context 7’,.

b.7 We further add for all g € Q, j < k, the transitions (((g, j),1,---,1,q,1),Int,€, (g, k), L,
.-+, 1,4q,0) € 6*. These set of transitions mark the beginning of the infinite context.

We prove in sequel, the correctness of our construction. The following Lemma relates
an infinite run in the constructed pushdown system to an infinite context in the multi-
pushdown system.

Lemma 41. Given any configuration ¢ = (((q,k), L"1,q,1),y1) of P, an infinite word w €
L? (P, c) iffthere is an infinite context  starting from (q,yL, 17 h of stack 1, such that Abs (i) =
w.

Proof. This directly follows from the construction of the pushdown system, where states of
the form ((gq, k), L", p, 1) simulates an infinite context of MPDS, move by move. O

Lemmad42. we L(P) iffw = u.v such thatu € Shuffle({Abs(oj, < my, -+, m¢—1 >1)},{Abs(02)},
...,1Abs(0)}), v = Abs(ity), where my, 2 -+ ,7w¢, ¢ < k are context of stack-1 (with m, being an
infinite context) and o ;,i € [1..n] is finite sequence of k-clusters of stack-i.

Proof. (=)

Suppose w € L(P), clearly there is a run 7 = ((qfl, qu,--~ ,qf”,qé\/[,O),J_)—”»*(((q,( -1),
J_”_l,q,x),)d_) - (((q, k),J_”_l,q,l),yJ_)—”>*... for some x € [0,1] and ¢ < k. Clearly by
Lemmaf41} we have a computation 77, in M starting from (¢q,yL, L,---, 1) such that Abs(7,) =
v. We will show that there are 01,---0,,71,:+,7y_1 such that u € Shuffle({Abs(< 0,7y, -,
me—1 >1)},{Abs(02)},...,{Abs(0,)}). For this, we will present below a set of very easy to see
claims. Here, the proofs are omitted since they are either straight forward or very similar to
the ones we saw in Lemmal[37

Claim 7. Forany w € L(P), w is well formed.

Claim 8. Ifw € L(P), then for any i # 1 and we have that w | ;€ L(Blfk)

Claim9. Forany w = u.up.v such thatm = (g0, 45+, ao", @), 0), L--" (g1, , G, P, 0),

J‘) - (((p’l)’q2"”’qn’p’1)7J-)—u2_)*(((q)j))ln_qu»x)vL) - (((q,k),ln_l,qyl);YL)—U**...
for some j < k, g; € Q% , p, q € Q, we have that u, | 1€ L(By)

Claim 10. Forall j > 1,s; € Q5 U {1}, 9,49 € Q, we have (((q,1),$2,"** ,Sn, 4, 1),)/J_)i>*p((q’,

’ *
i), 52,5 @, 1,7 L)L (g 1), 52,0+ 500 41, 0), 7' L) iff there is a context i = (q, L,

Yol, -, ynL)="Mm(G Y Ly2L, -, ypl) forallyy,--- ,yn € (C\{LH*.

From Claim clearly there is a finite sequence of clusters o; for each i € [2..n] such that
Abs(o;) = u |;. From Claim [9] and [10} we have o1,7;--,m¢_; and uy, up such that u; |;=
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Abs(01), up |1=Abs(< 1,72+ ,my_1 >1). Hence we have that u € Shuffle({Abs(< o, 717, -,
o—1>1)},{Abs(02)},..., {Abs(o ).

(<)

Let w = u.v be well formed sequence of interfaces such that u € Shuffle({Abs(< 0,7,
-, Te_1 >}, {Abs(02)}, ..., {Abs(g,)}), v = Abs(my), where 71,7, - - -, Ty are contexts of stack-1
and 0;,1 € [1..n] is a finite sequence of clusters of stack-i.

Firstly note that it is enough to show that there is a computation

T=(g0 -, a0, 0,ath, 4" p(((q,0, L7, q,%,71)

for some ¢ < k. Since combining this with the transition (((q,f),l”_l,q,x),lnt, €,(((g, k),
1771 4,1)) and Lemma will give us the desired run. Towards this, we will inductively
show that for every prefix u’ of u (i.e. u' = u[l...j] for some j)), there is a run of the form

((qégf,"' ,675:’,0, q{)”),L)l»*p((s, G2+, qn, q,0),yL) (where u' = u[1... j1)) and the following
properties hold.

e Forie[2..n],ifu'|;# 0, then qff AT gielseifu'|;=o;theng; = L

e if u' | is a prefix of Abs(o;) then we have that s = g, qffﬂ, g1 and y =e¢. Elseif u' |1 is

equal to Abs(< 01,71, -+, 7-1,7j >1), for some j < k, then s = (State(Target(r))),j+ I) and
y = Stack(Target (7))
We will now show how to construct such a run.

* Base case being run of length 0 is simple.
e Let u'(p,i,y,p') be any prefix of w, with i # 1. Let

(G0, q2,0,a, D" (4, g2+, Gy 0, ),y 1)

be the run got by induction. Such a run can be extended to u'a (where a = (p, i, y, p’)) as
follows.

7= (gg e, 0,480, -5 (g, o+, Gny 0, p),y. 1)
((Cl, q2,- - »67;'»“‘ ’qnlo’ P,)»YJ—) where q; = 63; (qi’a)

Further, if #'.a | ;= Abs(o;) (note that in this case, q;. € F5 since w'.a | ;e L(B})) then we
will use the transition in[b.2land let the extended run to be

T =gy, e, 0,g80, D5 (g, qa+ , Gny 0, p)yy L) >
((6]; qz:“ ‘y C];, ) qn»oy p,)yYJ-) - ((C], q2) Tt CIi—l,J-, C/i+1, Tt qnyoy p,))YJ-)
* In case of u'a, with a = (p, 1, x, p) being the prefix, there there are two distinct possibilities.

i.e. u'.al is a prefix of Abs(o1) or u'.a |,=Abs(< 01,71, -* ,7j >1) for some j < k. We will
show how to extend in each of these two cases.

— The case where u'.a | is a prefix of Abs(o) is similar to one discussed above for a = (p,
j,»p) with j € [2..n].
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— We will now consider the case where u'.a|1=Abs(< 01,71, ,7j >1) for some j < k. We
have two cases to consider, namely j = 1 and j > 1. We only consider the case where
j =1 (since case where j > 1 is similar and straight forward.). For this, let the run got by
induction be as follows.

((qfl "t ngl*l,o» q(j)w))l)i’ ((q’ (JZ,'“ )qn’oy P)y'}’J-)

clearly y = €. Let my = (g, L,y2,--,Yn)—"m(qg",Y'L,y2,--+,¥n). Then by Claim we
have a run of the form (((¢,1), 42, ,qn, 1, p), L)="(((¢", 1), g2, , qn, 1, p),¥'L). Com-
bining this with the transition in of the form ((gq,q2,"**,qn,0, p),Int,e, ((g,1), g2, -+,
dn, 1, p), we get the following run, which completes the proof.

(@, qm,0,aM0, -5 (g2, Gny 0, p), L) —
(((q) 1)) qu' ) qn’ 1, P); J—)_’*(((q,) 1)’ qu"' » Qn, 1) P);Y’J—)

2 q 1,2 qn,0,p),y' L)

This completes the proof of Lemma
O

This completes the proof of Lemma O

Now, the required Biichi pushdown system to complete the proof of Theorem [15|is ob-
tained by taking union of the Biichi automata and the Biichi pushdown automata that we
constructed above.

6.4.2 LTL Model checking

We consider in this section the linear-time model checking problem for MPDS’s under scope-
bounding. We consider that we are given w-regular properties expressed in linear-time
propositional temporal logic (LTL) [122]. Let us fix a set of atomic propositions Prop, and
let k € N be a natural number. The k scope-bounded model-checking problem is the follow-
ing: Given a formula ¢ (in LTL) with atomic propositions from Prop, and a MPDS M = (n,
Q.,T, A, Ginit,Yo) along with a labeling function A : Q — 2P associating to each state g € Q
the set of atomic propositions that are true in it, check whether all infinite k-scope-bounded
computations of M from the initial configuration c]{/?it satisfy ¢.

To solve this problem, we adopt an automata-based approach similar to the one used in
[40] to solve the analogous problem for pushdown systems. We construct a Biichi automaton
%-, over the alphabet 2”7 accepting the negation of ¢ [I41} 140]. Then, we compute the
product of the MPDS M and the Biichi automaton 2-, to obtain a MPDS M-, with a Biichi
accepting set of states F and leaving us with the task of checking if any of its its k scope-
bounded runs is accepting. Hence, we can reduce our model-checking problem to the k
scope-bounded repeated reachability problem for MPDSs, which, by Theorem can be
solved.
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Theorem 16. The problem of scope-bounded model checking LTL properties of multi-
pushdown systems is EXPTIME-complete.

The lower bound of Theorem follows immediately from the fact that the model-
checking problem for LTL for pushdown systems (i.e., MPDS with only one stack) are
EXPTIME-complete [40].

For the upper bound, it is well known that, given a MPDS M and an w-regular formula
@, it is possible to construct a MPDS M’ and a set of repeating states F of M’ such that the
problem of scope-bounded model checking of M w.r.t. the formula ¢ is reducible to the k-
scope-bounded repeated state reachability problem of a MPDS M’ w.r.t. F. Moreover, the size
of M' is exponential in the size of ¢ and polynomial in the size of M and k. Applying Theorem
[15|to the MPDS M’ and F, we obtain our complexity result.

6.5 Conclusion

In this chapter, we established that the repeated reachability problem and the model check-
ing linear-time properties (expressed as formulas of LTL ) against scope-bounded executions
of multi pushdown system are decidable in EXPTIME. Model checking LTL properties are also
EXPTIME-COMPLETE.
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Chapter 7

Adjacent ordered MPDS

7.1 Introduction

In this chapter, we introduce a restricted variant of multi-pushdown system called the ad-
jacent ordered multi-pushdown system (AOMPDS). Informally, an adjacent ordered multi-
pushdown system allows pop operations only on the least non-empty stack (active stack)
and restricts every other operation to the least non-empty stack or its adjacent stacks. In this
chapter, we will show that for such systems, the control state reachability problem is Exp-
TIME COMPLETE. This is significantly better than the 2-ETIME complexity required for solving
the control state reachability problem under the ordered restriction or the bounded-phase
restriction. We also note that such a system allows transfer of content from the least non-
empty stack to the next stack (adjacent higher numbered stack). This is not possible under
the bounded-context restriction. In fact, to the best of our knowledge, it is the first restriction
that allows transferring the contents of a stack and yet has an EXPTIME procedure to solve the
control state reachability problem.

We next provide a EXPTIME procedure to solve the repeated reachability problem on such
systems. As an application of this, we also get a procedure to model check LTL properties
against the runs of an adjacent ordered MPDS. We note that in case of both bounded-phase
and bounded-context infinite executions, the run eventually degenerates to effectively using
only a single stack. Even though under bounded-phase restriction, an infinite run can in-
volve pushing elements infinitely often onto multiple stacks, eventually the content of only
one stack can effectively be read. Ordered restriction that we discussed about earlier, allows
infinite runs effectively involving multiple stacks. However the complexity required to model
check LTL properties against such a restriction is very high (2ETIME-COMPLETE). Similar to
bounded-scope restriction that we saw earlier, AOMPDS allows infinite runs involving multi-
ple stacks, and yet has EXPTIME complexity.

Later in this chapter, we illustrate the power of AOMPDS using some applications. We
first show that reachability on recursive programs communicating via queues [138], whose
connection topology is a forest can be reduced to reachability on an AOMPDS with at most
polynomial blowup. We also show that bounded-phase reachability on an MPDS can be re-
duced to reachability on AOMPDS, with at most exponential blowup.

105
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7.2 Adjacent ordered multi-pushdown system

In this section, we use a slightly different model of MPDS, where in a move it is possible to
examine the top of each stack and modify more than one stack at a time (i.e. the ability to
re-write). Such a definition of MPDS has been used in literature earlier [14} [16]. This simpli-
fies our constructions and proofs. As in the case of pushdown systems, such a definition is
equivalent to the one which uses only push/pop operations. In section[7.5) we describe how
AOMPDS an also be seen as a restriction on the behaviours of the push-pop style MPDS used
elsewhere in this thesis.

Definition 9. An Adjacently Odered Multi-PushDown System (AOMPDS) is a tuple o = (n,Q,
I', A, qo, 7o) where:

* n=1 is the number of stacks,

* Qs the non-empty set of states,

e T is the stack alphabet containing the special symbol L to mark the bottom of stack,

* qo € Q is the initial state,

e vo €T is theinitial stack symbol,

e AS((Qx(Te)™ x(Qx (I'*)™) is the transition relation such that if (q,Y1,Y2,---,Yn), (G, @1,
az,...,ay)) isin A then, thereisanindexi € [1..n] such thaty; =---=y;—1 =1,y; € (C\{1}),
andyis =+ =7vn =€ and further one of the following properties holds:

- Operate on the stack i:
Forall j<i, wehaveaj =1,forallj>i, wehaveaj =canda; € (T\{L)* with|a;| <2.
We will refer to such transitions as A ;)

— Pushonthestack j=i—-1:
aj€ (I'-{1}), we have a; = €, for all k such that k # j and k < i, we have ay = L and for
k > i, we have a = €. We will refer to such transitions as A, ;-1

— Pushonthestack j=i+1:
a;=¢, forallk <i, we have ay = L, for all k such that j # k and k > i, we have ay = € and
aj € T'. We will refer to such transitions as A j+1)

A configuration of an AOMPDS &/ is a (n+1) tuple (q, wy, w», -+, wy) with g € Q, and w;,
wa,...,wy € (C\{L})* L. We will use € (/) as in case of MPDS to denote set of configurations
of the AOMPDS «f . The initial configuration ci;}it of the AOMPDS « is (qop, L,...,L,yol). If
t=0q,71,---,Yn), (g, ay,...,ay)) is an element of A, then (q,y1w1,...,YnWn) —tw« (q',a1wn,
o apwy) forallyywy,...,yawy € (C\{LD* L.

7.2.1 Reachability on AOMPDS

Theorem 17. The reachability problem for Adjacent Ordered Multi-Pushdown System is
EXPTIME-COMPLETE.

Upper Bound: Let « = (n,Q,I',A, go,y0) be an AOMPDS with n > 1 (the case where n =1
boils down to the reachability of pushdown systems which is well-known to be in PTIME).
The proof of EXPTIME-containment is through an inductive construction that reduces the
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reachability problem for </ to the reachability problem for a pushdown system with only an
exponential blow up in size. The key step is to show that we can reduce the reachability prob-
lem for </ to the reachability problem on an (n —1)-AOMPDS. The feature of our reduction is
that there is no blowup in the state space and the size of the stack alphabet increases quadrat-
ically in the number of states. A non-linear blow up in the number of states will result in a
complexity higher than EXPTIME.

We plan to use a single stack to simulate both the first and second stacks of «. It is useful
to consider runs of «# to understand how this works. Any run p of «f starting at the initial con-
figuration naturally breaks up into segments 0¢p101 ... 0 Where the segments p; contain
configurations where stack 1 is non-empty while in any configuration in the o;’s, the stack 1
is empty. Clearly the content of stack 1 at the beginning of p; contains exactly two symbols,
and we assume it to be a; L. We further assume that p; begins at control state g; and the
segment o; in state g;. What is the contribution of the segment p;, which is essentially the
run of a pushdown automaton starting and ending at the empty stack configuration, to this
run?

Firstly, it transforms the local state from g; to q;. Secondly, a word w; is pushed on to
stack 2 during this segment. It also, consumes the value a; from stack 1 in this process, but
that is not relevant to the rest of the computation. To simulate the effect of p; it would thus
suffice to jump from state g; to g; and push the word w; on stack 2. There are potentially
infinitely many possible runs of the form p; that go from g; to g} while removing a; from
stack 1 and thus infinite possibilities for the word that is pushed on stack 2. However, it is
easy to see that this set of words L(g;, a;, ;) is a CFL. If the language L(qg;, a;, q;) is a regular
language, we could simply summarize this run by depositing a word from this language on
stack 2 and then proceed with the simulation of stack 2. However, since it is only a CFL this
is not possible. Instead, we have to interleave the simulation of stack 2 with the simulation of
stack 1, using stack 2, and there is no a priori bound on the number of switches between the
stacks in such a simulation.

To simulate the effect of p;, we jump directly to g} and push a non-terminal symbol (from
the appropriate CFG) that generates the language L(q;, a;, q;)R (reverse, because stacks are
last in first out). Now, when we try to simulate o;, we might encounter a nonterminal on top
of stack 2 instead of a terminal symbol belonging to stack 2. In this case, we rewrite the non-
terminal using one of the rules of the CFG applicable to this nonterminal. In effect, we pro-
duce a left-most derivation of a word from L(q;, a;, g;) in a lazy manner, interspersed within
the execution involving stack 2, generating terminals only when they need to be consumed.
This is the main idea in the construction that is formalized below.

We define Ay = A(l,l) UA(I,Z); Aj= A(i,i) UA(i,i+1) UA(I'J'—I) forall2<i<n,and Ay = A(n,n) U
An,n-1)-

We construct a context-free grammar G, = (NT, (I'\ {1}), P) from the AOMPDS «. The set
of non-terminals is NT = (Q x (I'\ {L}) x Q). The set of productions P is defined as the smallest
set of rules satisfying:

1. For every two states p, p’ € Q, and every transition ((gq,7,€,...,€), (q’, Y1Y2,€,-..,€)) in Asuch

thaty,y1,y2 € U\ {L1}), we have (9,7, p) =c, (4, v1, PP, y2,P)
2. For every state p € Q, and every transition ((q,7,¢,...,€),(q’,7,€,...,€)) in A such that y,
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Y € (T'\{1}), we have (q,y,p) =>c, (.Y, p)
3. For every transition ((q,7,€,...,€),(q,€,€,...,€)) in A such that y € (I'\ {L}), we have (q,7,
q)=q, €
4. For every transition ((¢,7,¢,...,€),(q’,€,7,€,...,€)) in A such that y,y’ € (I'\ {L}), we have
@v.94) =6, 7"
Then, it is easy to see that the context-free grammar summarizes the effect of the first
stack on the second one. Formally, we have:

Lemma 43. The context free language L, ((q,7,q") is equal to the set of words {w® € (T'\
{L})* | ap € AT (q)YL) wz,..., w}’l) L.Q{(q’) J—) wwy,..., wn)}

The proof of the above Lemma is straight forward and very similar to the classical result of
converting a pushdown to a context free grammer, hence we omit the same. We are now ready
to show that reachability problems on < can be reduced to reachability problems on an (n —
1)-AOMPDS #'. Further, the number of states of A is linear in |Q|, size of the stack alphabet
of A is O(|Q|2.IT|) and the number of transitions is O(|Q|3.|T|.|A]). The upper-bound claimed
in Theorem[17]then follows by simple induction.

Let F < Q be the set of states whose reachability we are interested in, we show how to con-
struct (n — 1)-AOMPA 4 such that the reachability question on </ can be reduced to reach-
ability question on 4. Formally, .4 is defined by the tuple (n—1,Q,T UNT,A’, go,Yo) where
A’ is defined as the smallest set satisfying the following conditions:

1. For any transition ((q, L,y2,...,Yn), (@, L, az,...,a,)) € A, we have ((¢,72,...,Yn), (¢, @2, ...,
an) e

2. For any transition ((q, L,y2,€,...,€),(q',yL,€,...,€) € A1), we have ((4,72,€,...,6),(q", (q’,
Y,q"),€,...,€)) e A forall ¢" € Q

3. For any production rule X =¢_, w and state g € Q, we have ((q, X,¢,...,€),(q, wle,...e)e
A

Lemma 44. A state f € F is reachable in o iff f is reachable in ./ .

The fact that even a single contiguous segment of moves using stack 1 in o/ may now be
interleaved arbitrarily with executions involving other stacks in .4#’, makes the proof some
what involved. Towards the proof, we define a relation between the configurations of .4” and
& systems. For any configuration c € € (&) and d € € (/), we say cRd iff one of the following
is true:

1. disofthe form (g, L, ws,- -, wy) and cis of the form (q, L, L, w3, -+, wy)
2. d is of the form (g,mvinsve- Nmvml, ws, -+, wy) and c is of the form (q,.L,
UL VU V2 U Uy L, w3, -+, wy) Where vy, Uy, U2, Up, ..., Uy, Uy € TN {LD ", 11,M2,...,m €

*

NT* and g =7 u forall ke [1..ml.

Thus, cRd verifies that it is possible to replace the nonterminals appearing in stack 2 in
d by words they derive (and by tagging an additional empty stack for the missing stack 1) to
obtain c. We now show that this relation faithfully transports runs (from the initial configu-
ration) in both directions. This is the import of Lemmas[46/and[47} which together guarantee
that the state reachability in «/ reduces to state reachability in .4/". We will start by stating the



7.2. ADJACENT ORDERED MULTI-PUSHDOWN SYSTEM 109

following simple Lemma. The proof of the Lemma follows directly from the fact that we can
simply perform a left most derivation of the CFG.

Lemma45. Letc) € € () be a configuration of « such that cf;i t—* 4c1. For every configura-
tiond; € €(N) such thatciRd,, ifcy is of the form (q, L, aw», ws, ..., wy) for somea e (I'\{L1}),
then there is a configuration dy € 6 (AN) such that ¢y Rds, di—" y dy, and ds is of the form (q,
awy, ws,..., Wy).

Proof. If d, is already of the form (g, aw), ws, ..., w,) then we have nothing to prove, else
since cRd;, we have di = (q,n1v11M2V2 - Np U, W3, ..., wy) for some n; € NT*, such that
ni=g, uﬁ and uy viUp Uz - Un Uy = aw,. Since )y =* uf, there is a derivationn; =* nffa =*
uf. Combining this with production rule 3, we get d; —>3/ dy =(q, an’l V12V Ny Uy, W3, ...,
wy), clearly ¢; Rds.

[

Lemma 46. Letc1,c; € (Q x {L} x (Stack(=£))""1) be two configurations such that ci?”—»"ﬂcl

and ci?”—»*Mc‘g. Ifc i»d Co, Withp € U?:?,Ai U(A@1AT)UA@2) UA 3), then for every config-
uration dy € € (A) such that ¢y Rd,, there is a configuration d, € € (A') such that coRdy and

di—" yds.

Proof. Let c1,cy € €(<f) be two configurations such that CZ,” t* ,sc1 and CZ,” f* /0o, Let

clidq,withpeu’.‘_ A UA ) AT)UAR 2 UAp3). Let di € €(A) such that ¢c; Rd; .
i=3 (2,15 (2,2) (2,3)

* Case p € U!" ;A; By the definition of AOMPDS we know that the first and second stack of </
and the first stack of .4 are empty in the configuration c; and d; respectively. This implies
that ¢; is d; extended with an empty stack 1. Moreover, since c; £, M C2, we have that ¢,
is of the form (g, L, wy, ..., w,) with w, € Stack(<f). Then, we take dy = (q, w»,..., wy) and
from the definition of A" we have d; £, « do. Clearly ¢, Rdy.

o Case p € Ap,2) Here we have two cases to deal with depending on whether top of stack 1 of

A is anonterminal or from I'.

— Let us assume that d is of the form (g, aw», ws,---, wy) where a € (I'\ {1}), wp, ws,...,
wy, € Stack(<?). This implies that c; is of the form (g, L, awé, ws, -+, Wy). Let us assume
that the result of firing the transition p € A2 is the configuration ¢, which will be of the
form (g, L, uwé, ws, ..., wy) where u € (T'\ {L})*. Let d» be the configuration (q, uw-, ws,
---,wy) of A. Since c;Rd;, we have cyRd,. Moreover, from the definition of A4 we have
2y dy.

— Let us assume that d; is of the form (g, Xw», ws,..., w,) where X € NT is a nonterminal
symbol. Then by Lemma there is a configuration d; such that d; —*, d;, c;Rd; and
the top symbol of the first stack of d; is a. Then, we apply the previous sub-case to dj.

* Case p € A2,3) This case proceeds exactly as the previous one except that values pushed are
on stack 3 instead of stack 2.

* Case p € Ap)A]. Let £ € Ay such that p = tp’ for some p'. Let us assume that ¢ is of the
form ((q, L,y,€,...,€),(q",y' L,€,€,...,€)). Then there exists a configuration c € € (/) such

t !
that ¢; — ¢ and ci»gg 2. Let us assume that ¢; and c; are of the form (g, L, yw,, ws, ...,
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wy) and (q", L, uwy, ws, ..., w,) respectively. Since c; —tw ¢, we have that ¢ = (¢',y' L, w,,
ws,..., Wy).

Without loss of generality, we will assume that d; does not contain a non-terminal as top of
stack (otherwise by Lemma-{45} we can get to a configuration with this property which can
be reached from d;, preserving R). Hence, d; is of the form (q,ywé, ws,..., wy). Now let
dy =(q",(q',y, 9" w,, ws,...,w,). Clearly, dy —_y d». Moreover, we have that c,Rd, since
uleLg,(qy,q") by Lemma

O

Lemma 47. Let dy,d» € € (AN) be two configurations of & such that c]"\?”a*dydl —t:/y dy for
some t € A'. Then for every configuration c, € € (/) such that c, Rdy, there is a configuration
C1 € 6(f) such that ciRd; and c1—" o4 ¢o.

Proof. Letd;,d, € € (/) be two configurations of A such that ciﬁ”—»* e £ _ do for some
telN . letcy € ‘613{ such that co Rd>.

e Case t of the form ((g,L,y3,...,Yn), (¢', L, as,...,ay)). This implies that d; and d, are
of the form (q, L, w3, ..., wy) and (¢', L, w, ..., wy). Thus ¢; is of the form (¢', L, L, wy,
...,wy). Let ¢’ be a transition of M of the form ((g, L, L,ys,...,yn), (¢, L, L, as,...,an))
(from the definition of A", we know that such transition exists). Then, let c¢; be the
configuration of </ defined as follows: (g, L, L1, ws,...,w;). Then it is easy to see that

t!
Clel and Cl o C2.

e Case t of the form ((q, 1,7,¢,...,€),(q',y' L,¢,...,€)). This implies that d; and d, are of
the form (q, L,yws,...,wy,) and (¢',y' L, ws,..., wy). Thus ¢, is of the form (g, L,y’L,
ws,..., wy). Let ¢’ be a transition of «f of the form ((q,1,1,7,¢,...,€),(q’, L,y Le,...,
€)) (from the definition of .4, we know that such transition exists). Then, let ¢; be the
configuration of «f defined as follows: (g, L,y' L, ws,..., wy). Then it is easy to see that

[/
c1Rd; and ¢; — 4 ©;.

* Case t of the form ((q,7,¢,...,€),(q’,€,Y,€,...,€)). This implies that d; and d; are of the
form (gq,yws, ws, ..., wy) and (¢, wa,y' ws, wy, ..., wy,). Thus ¢, is of the form (¢, L, u,
Y ws, wy, ..., wy). Let t’ be a transition of &/ of the form ((g, L,7,¢,...,€),(q’, L,€,7 ¢,
...,€)) (from the definition of A", we know that such transition exists). Then, let c¢; be
the configuration of «/ defined as follows: (q, L,yu, ws, wy,..., wy,). Then it is easy to

see that ¢ Rd; and ¢ i/»d C.
e Case t of the form ((g,7,¢,...,€),(q’,a,¢€,...,€)). This implies that d; and d, are of the

form (q,yws, ws,..., wy) and (¢', aw,, w3, wy, ..., wy,). Thus ¢, is of the form (¢', L, au,
ws, Wy, ..., wy). Thenlet ¢; = (¢', L,yu, ws, wy,...,wy) and t' = ((q,1,7,¢,...,€),(q’, L,

a,e,...,€). Clearly ' is a transition in </, ¢; i’d ¢ and ¢ Rd;.
e Case t of the form ((¢q, X, ¢, ...,€), (g, wkr ee,...,€) with X =¢,, w. This implies that d;

and d; are of the form (g, Xw», ws, ..., w,) and (¢, wRw,, ws, ..., wy). Thus ¢, is of the
form (¢, L, u, ws, wy,..., wy). Let c; = ¢2. Then it is easy to see that ¢; Rd; and ¢; —»; Co.
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e Case t of the form ((q,7,¢,...,€),(q",(q",Y',q"),¢€,...,€)). This implies that d; and d, are
of the form (g, yw-, ws, ..., wy,) and (4", (q,y/, q”) Wo, W3, ..., Wy). Thus ¢, is of the form
(q",L,utd,ws,...,wp) such thatu® € L, ((q',y',q")) and (¢', L, v/, ws, .. wn)R(q wy,
ws,.. ,wn) FromLemmaE we know that there exists p’ € A} such that(q YL u, ws,

;wn)_’ ,Qf(q Lu-u, ws,..., Wy).

Let ¢’ be a transition of o of the form ((¢q, 1,7,¢,...,€),(q’,yY' L,¢,...,€)) (from the def-
inition of A4, we know that such transition exists). Then, let ¢; be the configuration
of .szl defined as follows: (g, L, yu ws,...,wy). Then it is easy to see that ¢; Rd; and

cl —w q,y'Lu, ws,.. ,wn)—~ aC=(q", Liud, ws,...,wy,).

Proof of Lemma[44]

Proof. = Suppose f is reachable in </, then there is a compuation of the form
c;‘;“—> c1—*cp—*---—=*cy, such that State(c,) = f and each c; € (Q x {1} x (Stack(=£))"1).
Firstly note that cmitl‘?cinit Now using Lemma . we can find d;, ds, -+ d,, such that c¢;Rd;
and d;—*d;, for all i€ [1 .n]. From this we have that c‘““ *di—*ds---—"*d,. Further from
definition of R, we have that State(d,) = f.

P

Now suppose that f is reachable in .4#". Then there is a computation of the form c(ij,it -
dy — dy — -+ — dy such that State(d,) = f. Letd, = (f,y2,---Yn), weletc, = (f, L,y2,-:*,Yn),
clearly ¢, Rd;. Now using Lemma.we canfindc,_1, -+, c1,co suchthat c;Rd; foralli € [1..n]
and ¢ RcL‘lv”, such that cp—*c;—*cy-+-—*c,. Further ¢y = c;‘;it follows from the definition of
R.

O

Complexity

Clearly the number of states of .4 remains the same (|Q|), size of the stack alphabet of A
is bounded by O(/Q|%.|T'|) and the number of transitions is bounded by O(|Q[3.|A|). Since we
repeat this procedure n times, the final pushdown system that we construct has state size
as |Q|, the stack size as O(|Q|>".|T|) and the transition size as O(|Q|3".|A|). This gives us the
desired upper bound.

7.2.2 Hardness result

Lemma 48. Given an AOMPDS «f = (n,Q,T',A,yo) and a state q € Q, the problem of deciding
whether q is reachable from the initial configuration is EXPTIME-HARD

Proof. The emptiness of the intersection of a PDA with n finite automata is known to be
EXPTIME-HARD ([80]). We reduce this problem to the reachability problem on an AOMPDS.

Let &2 be a pushdown automaton and 8;,2 < i < n be finite automata. We assume that
9B; do not contain e-transitions.
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We assume that the pushdown automaton £ recognizes the context-free language L, and
the n — 1 finite state automata %, ..., %, recognize the regular languages L,, ..., L, respec-
tively.

The simulation proceeds as follows: The AOMPDS « first starts the simulation of the
pushdown automaton &2 using its first stack. An e-labeled transition of &2 is simulated by a
transition on the first stack while the other stacks remain unchanged. A labeled transition
of &2 with an input symbol a is simulated by a transition on the first stack, followed by a
transition that pushes the input symbol a into the second stack. At the end of this phase, we
have that the first stack of & is empty and that the second stack of </ contains a word u®
such that u € L. Then, «f starts the simulation of the finite state automaton %8, in order to
check that u € L,. A transition of the form (q, a, q') of %, is simulated by a transition of .=/
that moves the current state from g’ to g while popping the stack symbol a from the second
stack and pushing a into the third stack (this can be achieved by popping a and storing it in
state space). At the end of this phase, we have that the first and second stacks of </ are empty
and that the third stack of o/ contains the word u such that u € LN L,. Next, of starts the
simulation of the finite state automaton %3 in order to check that u € Lz. A transition of the
form (q, a, q') of %s is simulated by a transition of «f that moves the current state from ¢ to
q' while popping the stack symbol a from the third stack and pushing a into the fourth stack.
We can see that at the end of this phase, we have that the first, second, and the third stacks of
« are empty and that the fourth stack of &« contains the word u® such that ue€ Ln L, N L.
The simulation go on in a similar manner as in the previous cases to check that, for every
i€[4..n], wehave ueL;.

O

7.3 LTL Model Checking on AOMPDS

In this section, we show that given an LTL formula, model checking it against runs of adjacent
ordered multi-pushdown system is EXPTIME-COMPLETE.

Let ¢ be an w-regular formula built from a set of atomic propositions Prop, and let «f =
(n,Q,T, A, qo,Y0) be an AOMPDS with a labeling function A: Q — 2Prop associating to each
state g € Q the set of atomic propositions that are true in it. In the following, we are interested
in solving the model checking problem which consists of checking whether all the infinite runs
starting from cj;” ! satisfy the formula ¢.

To solve this problem, we adopt an approach similar to [40] and we construct a Biichi
automaton B~ over the alphabet 2ProP accepting the negation of ¢ [141]. Then, we compute
the product of the AOMPDS « and of the Biichi automaton B-,, to obtain an AOMPDS </,
with a set of repeating states F. Now, it is easy to see that the original problem can be reduced
to the reachability problem which checks whether there is an infinite run of «/-, starting from
cfﬂp ! that visits infinitely often a state in F. We will use the following Theorem from [14] which
shows how to reduce the repeated state reachability problem for OMPDSs to the reachability
problem for OMPDSs.

Theorem 18 ([14]). Let M = (n,Q,T',A, qo,v0) be an OMPDS and qy be a state of M. There is
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an infinite run starting from ck’}i ! that visits infinitely often the state qy if and only if there are
i€[l.n],qeQ, andy e\ {1} such that:

o Mt (g, yw, iy, ..., wy) for some w, wisy, ..., w, €T
o (g, ()L y L, W) Lo p(qr wi wa, . w) By (g, (DT ywlw), ., w)) for some
Wi,..., Wy, w;.,..., wheT\{LY*L, p1e AN andp; € A" where A contains all the transitions

of the form ((q, (L)j‘l,y]-,e,...,e),(q,al,...,an)) €Asuchthatl < j<iandyje (['\{Ll}).
Now, we are ready to state our results for AOMPDSs:

Theorem 19. Let M = (n,Q,T, A, qo,y0) be an AOMPDS and q ¢ be a state of M. Then checking
whether there is an infinite run starting from c]lv’[’” that visits infinitely often the state q¢ can

be solved in time O(|M|)PO1Y

Proof. From Theorem we know that checking whether there is an infinite run starting
from cf\j}” that visits infinitely often the state g can be reduced to checking whether there

existi € [1..n], g€ Q, and y € '\ {1} such that:

1. Cﬁlit_’&(qr (J_)i_l,yw, Wisl,..., Wy) for some w, wiiq,...,wy, € C\{LH* L.

/

!
i1y Wh) for

2. (g, Ly L, (W) B gy, wi, w,.., wn) (g, (L yw!, w
some wi, ..., Wy, W, ..., w, € C\{L}*, p1 €A and p,e A",

Letus fixan index i € [1..n], a state g, and a stack symbol y e '\ {_L}.

Checking whether c]"v'[’”—ﬁ‘\/[(q, (L)i‘l,yw, Wisl,..., W) for some w, wiyq,...,w, € (I'\
{L})* can be easily reduced to the reachability problem of an AOMPDS M; (whose size is
linear in M) that proceeds into two steps. In the first step, M; mimics the behavior of M.
Then, nondeterministically, checks if the current state is g and the top most of the i-th stack
is y, and if it is the case M) moves its state to a special state f ¢ Q and starts emptying all its
stacks (from i to n). Thus, we have cﬁf}”—»}‘w(q, (J_)i_l,yw, Wisl,-..., Wy) for some w, wj,1,...,
wy € T* if and only if M; can reach the configuration (f, L,..., 1) from Cppinit-

Now, we can show in similar way that checking whether (g, (J_)i_l,yJ_, (L) L, m(qf,
W, Wa,..., Wn) 25 1(q, (L)i‘l,yw;, Wi, ..., wy) for some wy,..., wy, wi,...,wy, €T, p; €
A" and py € A * canbe reduced to the reachability problem of an AOMPDS M, (whose size is
linear in M) that proceeds as follows: First, M, starts by reaching the configuration (g, (1)"~!,
yL,(1)""%) from its initial one (using some transitions not belonging to M). Then M, moves
its current state from ¢q to a copy (g, false). Now M, can start simulating M while restricting
its behavior to the set of transitions in A’ and replacing any state g’ of M by its copy state (¢’,
false). M, checks if the current state is (g I3 false). At this point, for every transition A’ of the
form ((qf,v1,.-.,Yn), (g2, a1, ..., @p)), M, has a transition of the form (((gy, false),y1,...,Yn),
((go, true),ay, ..., ay)). This transition is to ensure that p € A" (i.e., the trace P2 is not empty).
After performing one of such transitions, M, continues the simulation of M restricted to the
set of transitions in A’ and replacing any state g’ of M by its copy state (¢’, true). Finally, in
non-deterministic way, M» checks ifits current state is (g, true) and the topmost stack symbol
of its i-stack is y, and if it is the case, he moves to a special state f ¢ Q and starts emptying all
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its stacks (from i to 7). Then, we have (g, (L)"~1,y, (1)) —p—1—>M(qf, Wi, Wa, ..., wy) 225 0(q,
(L yw) wi ..., w)) for some wi,..., wy, w),...,w), € T*, py € A’ and p; € A"" if and
only if the configuration (f, L,..., 1) is reachable by M, from Cpginit-

Finally, we can use the constructions given in previous section to show that checking

whether the configuration (f,Ll,..., 1) is reachable in M} (with k € {1,2}) from Cpyinic €an be

solved in time O(|M|)PoLym
O

As an immediate corollary, we obtain:

Corollary 2. The model checking problem for the linear-time temporal logic on runs of AOM-
PDS is EXPTIME-COMPLETE.

7.4 Applications of AOMPDS

7.4.1 An application to Recursive Queuing Concurrent Programs

La Torre et al. [138], study the decidability of control state reachability in networks of concur-
rent processes communicating via queues. Each component process may be recursive, i.e.,
equipped with a pushdown store, and such systems are called recursive queuing concurrent
programs (RQCP) in [138]. Further, the state space of the entire system may be global or we
may restrict each process to have its own local state space (so that the global state space is the
product of the local states). In the terminology of [138] the latter are called RQCPs without
shared memory.

An architecture describes the underlying topology of the network, i.e., a graph whose ver-
tices denote the processes and edges correspond to communication channels (queues). One
of the main results in [138] is a precise characterization of the architectures for which the
reachability problem for RQCP’s is decidable. Understandably, given the expressive power of
queues and stacks, this class is very restrictive. To obtain any decidability at all, one needs
the well-queuing assumption, which prohibits any process from dequeuing a message from
any of its incoming channels as long as its stack is non-empty. They show that, even under
the well-queuing assumption, the only architectures for which the reachability problem is
decidable for RQCPs without shared memory are the so called directed forest architectures.
A directed tree is a tree with an identified root and where all edges are oriented away from
the root towards the leaves. A directed forest is a disjoint union of directed trees. They use a
reduction to the reachability problem for bounded-phase MPDSs and obtain a double expo-
nential decision procedure.

We now show that this problem can be reduced to the reachability problem for AOMPDS
and obtain an EXPTIME upper-boundE] The reduction is sketched below. An EXPTIME upper-
bound is also obtained via tree-width bounds [112] (Thm. 4.6).

1 The argument in Theoremcan also be adapted to show EXPTIME-HARDNESS.
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Theorem 20. The control state reachability problem for RQCPs with a directed forest architec-
ture, without shared memory and under the well-queuing assumption can be solved in Exp-
TIME.

Proof. We only consider the directed tree architecture and the result for the directed forest
follows quite easily from this. An observation, from [138], is that it suffices to only consider
executions with the following property: if g is a child of p then p executes all its steps (and
hence deposits all its messages for q) before g executes. We fix some topologically sorted or-
der of the tree, say p1, p2,..., pm.- The AOMPDS we construct only simulates those executions
of the RQCP in which all moves of p; are completed before p;.; begins its execution. We call
such a run of the RQCP as a canonical run. The number of stacks used is 2m —1. The message
alphabetis I' x {1,...,m} UU;<j<m Zi, Where I' is the communication message alphabet and
¥; is the stack alphabet of process p;. We write I'; to denote I x {i}.

As we simulate a canonical run p of the RQCP in the order py,..., pm, the invariant we
maintain is that, at the beginning of the simulation of process p;, the contents of stack 2i — 1
is some a so that a |r, is the contents of the unique input channel to p; as p; begins its
execution in p. Thus, we can simulate p;’s contribution to p, by popping from stack 2i —1
when a value is to be consumed from the input queue. If top of stack 2i — 1 does not belong
ot I';, then we transfer it to stack 2i. When p; sends a message to any other process p; in
p (which must be one of its children in the tree) we simulate it by tagging the message with
the process identity and pushing it on stack 2i. Finally, as observed in [138], the stack for
pi can also be simulated on top of stack 2i — 1 since a value is dequeued only when its local
stack is empty (according to the well-queuing assumption). At the end of the simulation of
process p;, we empty any contents left on stack 2 — 1 (transferring elements of I' x {i +1,...,
m} to stack 2i). Finally, we copy stack 2i onto stack 2i + 1 and simulate process p;+1 using
stack 2i + 1 (thus ensuring that there is no reversal of the contents of the queues). The state
space is linear in the size of the RQCP and hence we conclude that the reachability problem
for RQCPs can be solved in EXPTIME using Theorem[17} O

7.4.2 An application to bounded-phase reachability

Recall that a Phase of a stack i € [1..n] is a computation that involves pops ( and zero test )

only from stack-i i.e. it is a computation of the form 7 = ¢ A 1 L in which Trace(r) € Ali.
Where Al = An (Q x (op \ Ujzi Yaer{Pop;(a)} U {Zero;}) x Q). We will refer to such a compu-
tation as i-run to mean that is a 1-phase computation of stack-i. Now, a run L mc isak-
phase runif we may write p = p1.p2....pr with p; € A*, c = COL*MQA*MCZ...&*MC]C =
¢ and each ciﬂ»* MCi+1 is a 1-phase run. We say that such a run is a good k-phase run if
k<nandforalll<i<k,c; ﬂ»;[ ci+1 is an i-run in which the stacks 1,2... (i — 1) are empty
in every configuration.

The (good) k-phase reachability problem is to decide for a MPDS M, a number k and a
state g € Q, whether there is a [-phase run (good [-phase run) (qo, L, L,...,y01) —},(q, a1,
az,...,an) with a; € (T\{L})*L for some I < k. The k-phase reachability problem is shown to
be 2-ETIME-Complete in [137]. We provide a reduction of this problem to the reachability

problem for AOMPDSs, providing a simple proof of decidability for BPMPDSs and illustrating
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the expressive power of AOMPDS. We first observe that the k-phase reachability problem can
be transformed to a good k-phase reachability problem.

Lemma49. Let M = (n,Q,T, A, go,Yo) be a simple MPDS, k an integer and q € Q. Then, the k-
phase reachability problem for q in M can be reduced to the good k-phase reachability problem
for some q' in a simple MPDS M' = (k+1,Q,T U {#,A', g}, y0) where |Q'| = O(Q|.n*) and
|A'| = O(|A|.n?¥). Further, every run of M' is actually a good l-phase run for some | < k.

Proof. The automaton begins by guessing a sequence si, $2,..., 5k, 1 < §; < n, of stacks that
would be used in the k-phase run that is to be simulated. Notice that any stack s may appear
more than once in this sequence (or even not at all). We inductively ensure that when this
automaton begins its ith phase, the contents of stack i are exactly the contents of stack s; at
the beginning of phase i of the k-phase run of M which is being simulated.

A move of M, during phase i may push values into not only stack s; but also the other
stacks. The activity on stack s; is simulated accurately using stack i. Further, we simply dis-
regard the values pushed on any stack s that does not appear among s;.1,..., ¢ since these
values will never be used. Finally, any value pushed on to a stack s that appears among s;+1,
..., Sk is pushed on stack j where j is the smallest number such that s; = s. At the end of the
simulation of phase i, if stack s; does not appear among $;.1,..., Sy then we simply empty its
contents before switching to simulating phase i + 1 using stack i + 1. If stack s; is used again
and j is the least number greater than i with s; = s; then we transfer the contents of stack i
to stack j via stack i + 1 (so that the order is not reversed).

O

Next, we show that any good k-phase reachability problem for any simple MPDS M can
be reduced to the reachability problem for an AOMPDS M’. Thus, using the EXPTIME com-
plexity of AOMPDS, we get a 2-EXPTIME algorithm for BPMPDS.

Lemma 50. Any good k-phase reachability problem for an MPDS M = (n,Q,T, A, qo,70) can
be reduced to the reachability problem for an AOMPDS M' = (2"~1,Q',T",A’, dorYo) Wwhere:
1Q'I = 0(1Q1.29M), |A'| = 0P |A]) and |T'| = 02OV |T)).

Proof. (sketch) Observe that in a good k-phase run, during the ith phase values are popped
only from stack i, which is also the leftmost nonempty stack. Further values are pushed only
on stacks numbered i or higher. To simulate such a run using an AOMPDS we should ensure
that the values are pushed only on stacks i or i + 1 (or i — 1, but given the nature of a good
k-phase run this will be unnecessary). Our strategy is to push the values meant for all the
stacks other than i into stack i + 1, after appropriately tagging them with the identity of their
destination. This naive strategy has some problems. Firstly, when operating on stack i in
phase i we will encounter values meant for other stacks (with a tag identifying the destination
stack j, j > i). We simply transfer these values as and when they are encountered to stack
i+ 1. The second problem is that when values tagged with stack j are eventually transferred
to stack j during phase j — 1, they may not occur in the right order. One reason for this
reordering is that as we transfer contents from stack i to stack i + 1, the values meant for
a future stack j get reversed in order. This is a relatively minor issue which can be handled by
inserting an additional stack, if necessary, to carry out one more reversal.
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A more serious problem that results in an exponential increase in the number of stacks
is the following — phase i in M may involve pushing values on stack j, j > i and we instead
tag it with j and push it on stack i + 1. However, it is quite possible that inside stack i there
might be values for stack j pushed during earlier phases which will be uncovered later and
transferred to stack i + 1, resulting in shuffling the values meant for stack j that are generated
by i and those that are only transferred by i. To get round this we need to keep several copies
of each stack, one for each stack whose phase may push values into this stack.

If the number of phases (and stacks) in M is just 1 or 2 then there is no problem as the
aforementioned shuffling does not occur for trivial reasons. Suppose M has 3 stacks (and
phases). Then we keep two copies of stack 3 which call say 3.1 and 3.2. We assume the order
of the stacks is 1,2,3.2,3.1. Whenever a value is to be pushed onto stack 3 during phase 1, it
is marked as destined for 3.1 and pushed on stack 2. During phase 2 any value destined for
stack 3 is marked as destined for stack 3.2 and pushed on to the next stack (which is also 3.2).
The phase corresponding to stack 3 is now broken up into two phases - first a phase on stack
3.2 and another on stack 3.1. The phase change from stack 3.2 to stack 3.1 takes place only
when stack 3.2 is empty. Notice that this precisely captures the fact that any value pushed by
phase 1 on stack 3 is accessible only after every value pushed by phase 2 on stack 3 has been
removed. Observe that if M has 4 stacks then we will need 4 copies of stack 4 (4.3.2,4.3.1,
4.2,4.1 in that order) where the any value meant for stack 4 during a phase on stack i € {1,
2,3.2,3.1}) is marked as destined for stack 4.i. Thus, if there were n phases (and stacks) we
construct end up with an AOMPDS with 2”71 phases and stacks. It also turns out that the
number of stacks between any stack i and its consumers (stacks of the form j.i, j € [1..n]) is
always even. Thus no additional reversal is needed.

O

7.5 Adjacent ordered restriction

In this section we will introduce a restriction called adjacent ordered restriction on runs of
MPDS. We then show that solving reachability problem on AOMPDS is same as solving reach-
ability on MPDS under such a restriction. We first recall the definition of Act (Indicating the
currently active i.e. the least nonempty stack). We defined it as, if c € Q x L/~ x (I'" L) x
(T*1)" 7, then Act(c) = jandif ce Q x {1}", then Act(c) = n.

Definition 10. Given an MPDS M = (n,Q,T, A, qo,Y0), for any two configurations c,c’ € € (M),
with Act(c) = j, the one step executionn = ¢ sy is said to be an adjacent ordered execution
iff T is a push, internal or a pop operation and one of the following holds.

1. 7€ (QxUgerPop;(a)Ulnt; x Q)NA, i.e. the internal transitions (designated for stack-j) and
the pop operations are allowed on least non-empty stack.

2. Any push operation from A can be performed only on least non-empty stack or its adjacent
stacks.

b.l1 Ifl<j<n,thente(Qx uuer,ke[j_lujﬂ]Pushk(a) xQ)NA
b.2 Ifj=nthent € (Q X Uger,ke(n-1,nPushi(a) x Q)nA
b.3 Ifj=1thent € (Q x Uger kep,2z/Pushi(a) x Q) nA
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Given any finite computation of an MPDS M, it is said to be adjacent ordered computation
if every one step computation in it is adjacent ordered i.e. T = ¢y Doy B ..o B¢, is said to be
adjacent ordered if for all i € [1..n — 1], c; i is adjacent ordered. The definition can be

extended to the infinite case in straight forward manner.

Adjacent ordered reachability problem asks whether a given configuration can be reached
from the initial configuration through an adjacent ordered execution. We show below that
given an MPDS M, we can construct in polynomial time an AOMPDS &« such that the adja-
cent ordered reachability on M can be reduced to reachability on «¢. For this purpose, we
will first fix our MPDS to be M = (n,Q,T', A, qo,Y0). The required AOMPDS is given by «f = (n,
Qut,Ter, Ay, s, 1), where

* Q. = QuU/{s}is the finite set of states.

e T, =TUT UT w{l} is the stack alphabet, where L is a new symbol , I = {d | a € T} and
T'={a|acT}. The symbol 1 will be pushed onto the last stack (as an initial symbol) and
will never be popped. The stack alphabet T and T will be used to move symbols on to right
and left stacks adjacent to the least nonempty stack.

* sis the new initial state and will be used to push yy, the intial stack symbol of M and enter
the state g, the initial state of M.

¢ The transition relation A is described below.

a.l From the start state s, there is a transition to push y, and move to gy i.e. we have ((s,
L7 1),(q0, L7 yol) €Ay
a.2 The following transitions are used to simulate the transitions in[I|from definition[10]
1. Forall i € [1..n] and (q,Pop;(a),q") € A we add (g, L™, a,e"%),(q', L7 ,e"" ")) e
Ay
2. Forallie€[l..n] and (¢,Int;,q") € Awe add forall ae T U 1, the transitions ((q, 171 q
€N, (g, L' ae" ) e Ay
a.3 Foralli € [1..n] and (g,Push;(b), q') € A, the following transitions are added to simulate
the transitions in[2]from definition

1. For all a € Tu L, the transitions ((q,J_i_l,a,e”‘i),(q’,J_i_l,ba,en_i)) € Ay . These
transitions allows pushes on least nonempty stack.

2. If i < n, then for all @ € T U 1, the transitions (¢, L}, a,e"" 1), (¢, L1, ba,e"" ")) €
A . These transitions pushes a symbol tagged with direction that will be transferred
to lower numbered stack, using transitions from[a.4]

3. If i > 1 then, for all @ € Tu L, the transitions ((q, L1172, a,e" "), (¢', 172, ba,
e""*1)) € A. These transitions pushes a symbol tagged with direction that will be
transferred to higher numbered stack, using transitions from[a.4}

a.4 We also add the following transitions to transfer the right and left symbols to its respec-
tive stack.

1. Foralli<n,andalldeT,weadd (g, L}, d,e" 1), (g, LI e, a,e" 1)

—

2. Foralli>1,andall e T, weadd (¢, LI, @,e" ), (g, L2, a,e""i*1)

We will now prove the following Lemma, which states that our construction preserves
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reachability.

Lemma 51. For any configuration ¢ = (q,y1L, --ynl) € € (M), we have an adjacent ordered
computation c}G”—»*Mc i]fci’j”—»*dd, whered = (q,y1L1,---y,LL1) e €(M).

Proof. (=) We prove this direction by inducting on the length of the run. The base case is a
zero length run. In this case, we use the transition[a.I]|to get the required run in 7.

For the inductive case, we assume a run c}\?}ta* mc of length greater than one. Clearly

such arun canbe splitas ciii'—* /¢’ < c.Let j =Act(c) and ¢’ = (¢, 7} L, -y, L). Inductively
there is a run of the form ¢)'—*,d’ where d' = (¢',y} L,---y,, L 1). We show how to extend

such a run for each possible choice of 7 that is adjacent ordered.

— Suppose T was of the form 7 = (¢/, Pop (@), q) then we use the transition infa.2|to extend
the run.

— Suppose 7 was of the form 7 = (¢',Int;, q) then we use the transition into extend the
run.

— Suppose 7 was of the form 7 = (¢', Push (a), ) then we use the transition into extend
the run.

— Suppose 7 was of the form 7 = (¢',Push;_; (a), q) then we use the transition infol—
lowed by transition infa.4]to extend the run.

— Suppose 7 was of the form 7 = (¢/, Push j+1(a), q) then we use the transition in fol-
lowed by transition infa.4]to extend the run.

(=)

Firstlylet S={(q,y1L,---,Yn L DI(q,y1L, -+, YnL) € €(M)}. For this direction, we induct
on the number of times a configuration from S is seen in the run. For the base case, suppose
the number of times a configuration from S is seen is 1, clearly such a run is of the form
ci;itﬂ*d(qo, 1" 1 yoL1). But note that (gg, L" !, yoL) = c}{/}it. From this we get the required
runin M.

For induction case let us assume a run ci;itﬁ* «d such that d € S and the number of
times the configuration from S is seen is greater than one. Then such a run can be split as
ci;it—f‘ wd'—* 4d, where in ' = d'—* d, there are no intermediate configurations from
S. Letd =(q',y|L,---,y,11), then from induction hypothesis, we have a run of the form
chit—* ¢/, where ¢ = (¢, 7} L,-++, 7, ). Let Act(c') = i, then y},---,y;_| = e. By the defini-
tion of the transitions of A, the run 7’ is of length at most 2. We consider various possible
choices of 7’ and show that in each case, we can correspondingly extend the run of M.

— Suppose that the transition used in 7’ was ((¢', L'~', a,e", (g, L'~1,e"~'™1), from[1]infa.2}
Then clearly by construction, we know that there is a transition of the form (q’,Popi(a,
q) € A. Further it is clear that firing such a transition from ¢’ confirms to the adjacent
ordered restriction. Using this we can extend the run in M to get the required run.

— The case where the transition used in 7’ was ((¢', L'~',a,e"",(q, L'~!, a,e""") from[2] in
is similar.

— We consider the case where the transitions used was from from of the form ((¢/, 1i a,
en—i-1 (g, 1 Za, e"" -1y followed by the transition from|a.4|of the form ((qg, 1 Z,e”‘i‘l),
(g, L"71,b,e"%). Then clearly by construction, we have (g',Push;_; (b), ) € A. Further it
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is clear that firing such a transition from ¢’ confirms to the adjacent ordered restriction (
since Act(c’) = 7). Using this we can extend the run in M to get the required run.
— Rest of the cases are similar and easy and hence we omit the same.

O
From the above construction and the Lemmal51} the following Theorem is immediate.

Theorem 21. Given an MPDS M = (n,Q,T’, A, qo,Y0), we can construct an AOMPDS </ such
that for any configuration c € ‘€ (M), there is an adjacent ordered computation m = cy/"'—* yc
iff there is a computation n' = c'/"'=* 4c.

7.6 Conclusion

In this chapter, we introduced a new restriction called adjacent ordered restriction on the
executions of the MPDS. We went on to show that reachability under such a restriction is Ex-
PTIME COMPLETE. We also showed how to solve the repeated reachability problem and hence
also the problem of model checking LTL formulas over runs of the MPDs with such a restric-
tion. We went on to show that the model introduced has many applications. Towards this, we
showed how to reduce the reachability on a recursive queueing concurrent program to reach-
ability on an AOMPDS. We also showed how to get an alternative algorithm for deciding the
bounded-phase reachability through reachability on AOMPDS. Since the model of AOMPDS
was formalised differently, we also proposed a restriction called the adjacent ordered restric-
tion on the runs of the MPDS model and showed that reachability under such a restriction
can be captured by the AOMPDS model.



Chapter 8

Accelerations on multi-pushdown
systems

8.1 Introduction

In this chapter we will present a new kind of under-approximation technique by means of
accelerating loops. The idea of accelerating loops is similar in spirit to global model checking
problem. In global model checking problem, the aim is to compute from ( a representation
of ) initial set of configuration I, ( a representation of ) the set of all reachable configurations
from I (denoted Post* (I)). There are many useful applications of global model checking, the
most obvious one being reachability. Note that our description of global model-checking
does not require that the representations of the initial set I and the reachable set post™(I)
be the same. For eg. for PDSs, whether we use finite sets or regular sets for the initial set of
configurations, the final set can be described effectively as a regular set. However, if both sets
use the same description, then we say that the representation is stable. Stability is an useful
property as it permits us to compose (and hence iterate finitely) the algorithm.

For PDSs if the initial set of configurations is a regular language then the set of reachable
configurations is a computable regular language ([40, [71]). The model we are considering
here is a multi-pushdown system, which we already know is Turing powerful. Hence the
only hope is to achieve this by some under-approximation technique. The configuration of
a MPDS can be represented as a tuple of words giving the current state and the contents of
the each of the stacks. We can then represent sets of configurations by recognizable or regular
languages [34]. Given a recognizable language representing the set of initial configurations,
the set of configurations that may be reached via runs with at most k-context switches is also
a (computable) recognizable language [124]. Thus, the global model checking problem under
bounded context setting is decidable and this has many applications, including the obvious
one — reachability can be decided.

Another well known technique used in the verification of infinite state systems is that of
loop accelerations. It is similar in spirit to global model checking but with different applica-
tions. The idea is to consider a loop of transitions (a finite sequence of transitions that lead
from a control state back to the same control state). The aim is to determine the effect of it-
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erating the loop. That is, to effectively construct a representation of the set of configurations
that may be reached by valid iterations of the loop. Loop accelerations turn to be a very useful
(e.g., [43,131}39}13}[33} 89} 38,137,169, 32} 109, 110} 88, 68]) in the analysis of a variety of infinite
state systems.

We propose to use accelerations as an under-approximation technique in the verification
of MPDSs. We take this further by proposing a technique that composes the iterations of
such loops with context bounded runs to obtain a new decidable under-approximation for
MPDSs. Observe that there is no bound on the number of context switches under loop itera-
tions while a context bounded run permits unrestricted recursive behaviours, not permitted
by loop iterations, thus complementing each other.

We begin by showing that both regular sets as well as rational sets of configurations are
stable w.r.t. bounded context executions. Next we show that this does not extend to iterations
of loops. We show that under iterations of a loop, the post™* of a regular set of transitions is
always rational while that of a rational set need not be rational. We then address the ques-
tion of a representation that is stable w.r.t. loop accelerations. Towards this we propose a
new representation for configurations called n-CSRE inspired by the CQDDs [43] and the
class of bounded semilinear languages [49]. This forms a very expressive class, for eg. the 1-
dimensional version is equivalent to the class of semilinear bounded languages (see [49]). We
show that n-CSREs are closed under union, intersection and concatenation. Furthermore, we
have the decidability of the emptiness, membership problem as well as the inclusion prob-
lem for n-CSREs. Then, we show that n-CSREs are indeed stable w.r.t iteration of loops. This
result also has the pleasant feature that the construction is in polynomial time. However,
n-CSREs are not stable w.r.t bounded context executions.

As a final step we introduce a joint generalization of both loop iterations and bounded
context executions called bounded context-switch sets. We show that the class of languages
defined by n-dimensional constrained automata (the most general class considered here
and a n-dimensional version of Parikh automata) is stable w.r.t accelerations via bounded
context-switch sets. Since membership is decidable for this class, we obtain a decidability of
reachability under this generous class of behaviours. Observe that the class of n-dimensional
constrained automata is not closed under intersection and that the inclusion problem is un-
decidable.

8.2 Acceleration

Given a set of configurations C < 6 (M) and a set of sequences of transitions ® € A*, the
acceleration problem for M, with respect to C and 0, consists in computing the set of con-
figurations ¢’ such that ¢ %), ¢’ where c € C and o € ®*. We use Poste- (C) to denote the set
{c'lcL ', ceC,oe®*). Observe that the global reachability problem is the acceleration
problem with the set of initial configurations as C and ® = A. We first show that global model
checking under context bounded restriction can be seen as acceleration problem. Before
that, we will first recall some properties of rational and regular languages (see, e.g., [34]).
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8.2.1 Properties of rational languages

Recall that a n-dim language is rational if it is the language of some n-tape automaton [34].
A n-dim language L is regularif it is a finite union of products of n rational 1-dim languages.
First, the class of recognisable languages, for any dimension 7 = 1, is closed under boolean
operations. On the other hand, for every n = 2, the class of n-dim rational languages is closed
under union and concatenation but not under complementation or under intersection. How-
ever, the emptiness and membership problems for rational languages are decidable and fur-
ther the inclusion problem is also decidable for recognisable languages. The inclusion prob-
lem is undecidable for rational languages.

We describe some additional closure properties of rational languages that are well known
and will prove useful. Rational languages are effectively closed under the permutation of in-
dices: Let A be a n-tape automaton over Xi,...,%,. Given a mapping h: [1..n] — [l..n], it
is possible to construct a n-tape automaton h(A), linear in the size of A, such that (wy, ...,
wy) € L(A) iff (wpy,..., Whm)) € L(R(A)). Rational languages are also effectively closed under
projection: Given a set of indices ¢ = {i} < i» <...i} < [1..n], we can construct an automa-
ton I1,(A), linear in size of A, such that L(I1,(A)) = {(w;,, wi,,..., w;,) | (w1, wo, ..., wy) € L(A)}.
Rational languages are also closed under composition operation : Let A be as before and let
A’ be arational language over X},%5,...,2,. Leti € {1,...,n} and j € {1,..., m} be two indices
s.t. Z’j = Z;. Then, it is possible to construct a (n + m — 1)-tape automaton Ao; j) A’, whose
size is O(| Al.|A")), accepting (wy,..., wp, W}, ..., w}._l, w}ﬂ,..., w),) iff (wy, ..., wy) € L(A) and
(wy,..., w}._l, w;, w}.ﬂ,..., w),) € L(A"), i.e. the composition corresponding to the synchro-

nization of the i’" tape of A with the j'"* tape of A'.

8.2.2 Context-Bounding as an acceleration problem

In the following, we show that context-bounding analysis [124}[119}[106}95] for an MPDS M =
(n,Q,T,A, go) can be formulated as an acceleration problem w.r.t. the class of rational/regular
configurations. Given two configuration c, ¢’ € €(M) and k € N, the k-context reachability
problem consists in checking whether there is a sequence of transitions o € A;‘l A;.“z “ee A;Fk, with

i1,i2,...,ix € [1..n], such that " mc'. The decidability of the k-context reachability prob-
lem can be seen as an immediate corollary of the decidability of the membership problem
for rational languages and the following result:

Theorem 22. Let i € [1..n]. For every regular (rational) set of configurations C, the set
PostA; (C) is regular (rational) and effectively constructible.

The set Posta: (C) has been shown to be regular and effectively constructible when C is
regular in [124]. In the following, we prove Theorem [22]for the case when C is rational. We
write M; for the PDS (Q, T, A;, o) simulating the behavior of M only on the stack i. First we
recall a result established in [51}[107].

Lemma 52. It is possible to construct, in polynomial time in the size of M;, a 4-tape finite state
automaton T(i), over Q,T,Q,T, such that (q,u,q’,v) € L(T (1)) iff (g, u)L*Mi(q’, v) for some
sequence € A
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Proof. Before going into the proof,we will recall the definition of a y run that we introduced
earlier. We say 7 = (g, a)—"y(q’, B) iff y is the longest prefix of stack in all the configuration
that occurs in 7.

Let% =1{(q,a,9") | (q, a)i»*Mi(q’,e), a€T,o € A}} beset such that if (¢, a, q') € U then
there is a run that starts at ¢, consumes a from stack and reaches g’ without involving a zero
test, similarly let 7 = {(q,a, q") | (q,e)i»*Mi(q’,a), ael,oeA}andlet # = {(q,9") | (g,
J_)l»* M, (g',1),0¢€ A;‘}. Observe the set %, ¥ and # are effectively constructible in polyno-
mial time by reduction to the reachability problem for pushdown systems.

Clearlyif (g, u)—"* p,(q’, v) then there is a configuration (¢", w), q" € Q,w € (I'\ 1)* L such
that (q, u)—* ,(q], w)—=" w(q,, w)—*,(q', v) i.e. any run can be split into decreasing part and
an increasing part and a possible zero test part in between. This also means that, u = v’ w and
v = v'w ( note that w can just be 1). Hence it is easy to see that L(T(i)) = {(q, uw,q’,vw) |
(g,u)—(q",e)n(q",e)=(q', v)AnweT* L}ul(q,ul,q’,vl)|(q,ul)="(q}, L) A(gy, L)="(q,
vl A(qy, L)=*(q5, L)}

We will now give the construction of 7'(i). The states of T'(i) are Qr(;) = {s} U (Q x (QU
{01) U {e, f}. The initial state is s and the final state is f. The states of T'(i) contains two
component, the first component is used to simulate the decreasing phase and the second
component to simulate the increasing phase. From the initial state on reading state from the
first tape, updates it in the first component of the state i.e. we add for all g € Q, (s, (q,€,¢€,¢),
(g,0)) € d1(;). Subsequently it starts simulating moves of decreasing phase, i.e. we add ((g,0),
(€, a,6,€),(q,0) € 57 if (¢, a,q') € %. It is easy to see that (g, 0) 245
T(i) iff (q, ) =, (g, €).

We add transition that guesses the intermediate point from where the automata starts
simulating the increasing phase from there onwards. To this effect, we add for all ¢’ € Q,
(9,0, (e,€,9',€),(q,q") € 61(;). To simulate the increasing phase, we add for all (¢, a,q") €
¥, transition ((q,q"), (€,€,€,a),(q.q") € 1) As in previous case, it is easy to see that (g,
q) e, i (q,q") iff (q",€) =, (¢, v). Finally we add for all g € Q, (¢, q), (€,€,€,€),e) €
Oriandforallae T\ {1}, (e, (e,a,€,a),e) €67 and (e, (e, L,€, 1), f) € d1(;), these transitions
guesses the intermediate point (for the case where there is no zero test) and checks if the
word below is same in even stacks.

We also add for all (g, q') € #/, the transition ((¢, ¢"), (¢, L,¢, L), f) (for the case where there
is zero test). It is easy to see that if (g, ") Leled), f then we have (g, L)—"p,(g’, L).

The correctness of the construction follows from the fact that, there is an accepting run
form s, iff it one of the following forms.

7@ (q',0) is arun in

S(‘"if'e) (,0) (€,U,6,6) *(CIN,O) (&&_67)’.6) (q//,q/) (€,6,€,V) *(6]/,, 6]") _ plewlewl) *f

or

0) euce) * ceqe) q/) (€,€,€,V)

(qf,O) ( (qi/’ //) (€, L,6,1) f

(qil’ q;

It is easy to see that the former case is true iff (q, uw L)— ", (¢", wL)—* p,(g', vwl) and
the latter case is true iff (g, uL)—" (g7, L) ="M, (g5, L)—="m,(q', v1).

s—(q,

O
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Observe that Lemma[52|relates any possible starting configuration (g, u) with any config-
uration (¢, v) reachable from (g, u) in M;. Let us assume now that we are given a (n+ 1)-tape
automaton A = (BQ,T,...,T',0, po, F) accepting the set C. In the following, we show how to
compute a (n + 1)-tape finite state automaton A’ accepting the set Postp: (C). To do that, we
proceed as follows: We first compose A with T'(i), synchronsing the second tape of T'(i) (con-
taining the stack contents at the starting configuration) with the (i + 1)-th tape of A, to con-
struct a (n +4)-tape automaton A; = Ao(;41,2) T(i). We also need to synchronize the starting
states (i.e. the first tape of A with the first tape of T'(i)). This can be done by intersecting A;
with the (regular) language Ugeqiq} x ()" x {g} x Q xI'*. Let A be the automaton resulting
from the intersection operation. Then, we project away the starting control state (occurring
on tapes 1 and n+2) and the content of the i + 1-th tape to we obtain the (n+1)-tape automa-
ton As =I1,(A2) where ¢t = ([1..n] \ {1,i + 1,n+ 2}). This is almost what is needed except that
the new content of the stack i occurs at the last position instead of position i + 1 and the con-
trol state occurs at penultimate position instead of the first position. We rearrange this using
the permutation operation. We let A" = h(A3) where h is defined as follows: (1) h(1) = n, (2)
h(j)=j—1forallj<i,(3) h(i+1)=n+1,and 4) h(j)=j—2forall j >i.

Observe that the size of A’ is polynomial in |A|. As an immediate consequence of this re-
sult and the fact that the membership problem for rational/regular languages can be checked
in polynomial time, we can deduce that the k-context reachability problem can be decided
in polynomial in the size of M and exponential in k (as in [124]).

8.2.3 Accelerating Loops: Case of regular/rational sets

In this section, we address the acceleration problem for the iterative execution of a sequence
of transitions in the control graph of a MPDS M = (n,Q,T, A, s). More precisely, given a se-
quence of transitions § € A* and a set of configurations C < ¢ (M), we are interested in char-
acterising the set Postg-(C). In sequel, when we consider a sequence of transitions, we will
assume that there are no zero test (unless mentioned other wise ). We will also assume all the
sequences we consider are state wise compatible. By statewise compatible, we mean, given
any sequence (q1,0p;, q;)(q2,0P1,45) -+ (Gm) OPm, Gr,), We have for all i € [1..m], gi+1 = q.
Note that in case we are accelerating loops and if there are zero tests, only finitely many con-
figurations can be reached. In fact if we can successfully iterating such a loop arbitrary num-
ber of times, we will end up in the same configuration each time.

Computing the effect of a sequence of transitions

Let M = (n,Q,T',A) be an MPDS and o € A* a sequence of transitions of the form (g, opy,
q1)(q1,0p1,G2) -+ (dm-1,0P,,—1,qm)- Intuitively, we associate to each stack i a pair (u;, v;)
such that the effect of executing the sequence o on stack i is popping the word u; and then
pushing the word v; on to it (i.e. the stack content is transformed from u; w to v; w for some
w). To this end, for every i € [1..n], we introduce a partial function Eff; : (I’* xI'™* xA*) — (I'* x
['*) (we will let the function map to L when it is not defined). Roughly speaking, assuming
that we have already computed the effect of a transition sequence ¢ on stack i to be (i, v),
i.e. to pop u and push v, Eff;(u, v, t) computes the effect of 0.t on stack i. In the below
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definition, given any transition of the form 7 = (g, op, a, ¢'), we let Op(t) = op. Given u, v € T'*
and t € A, we define Eff;((u, v), t) as follows:

* if Op(t) =Pop,;(a) for some a €I then

- Eff;((u,€),1) = (u-a,e),
- Ifv=a-v' forsome v eT'* then Eff;((u, v), 1) = (u, v"),
— Otherwise Eff;((u,v), t) = 1.

* if Op(t) = Push;(a) for some a €T, then Eff;((u,v), 1) = (u,a-v)
e If Op(t) =Int; or t € A\ A;, then Eff;((u, v), 1) = (u, v).

We extend the definition of Eff; to sequence of transitions as expected: For every two
words u, v € I'*, we have

1. Eff;((u, v),€) = (1, v),
2. For every 0’ € A* and 1 € A, we have Eff;((u, v),0’ - 1) = Eff;(Eff;(u, v),0"), 1) if Ef f; (1,
v),0’) # L is defined, and Eff; ((4, v),o’ - t) = 1 otherwise.

Our aim is to compute the complete effect of some sequence o on stack i and this is given
by Ef£;((€,€),0). We shall refer to this as Summ(i, o). The next lemma formalizes our intuition
about Summ and characterizes precisely when a sequence of transitions o may be executed
and computes its effect on all the stacks (if it is executable).

Lemma53. Letc=(p,ws,...,wy) andc' = (p',w},..., w}) be two configurations of M. L
such thato € A* iff for every i € [1..n], we have w; = u;u; and w; = v;u; for some u;, v;, u; € '
such that Summ(i, o) = (u;, v;).

Proof. (=)

We will prove this lemma by induction on the length of the run.

Base case |o| = 0: For the base case we consider the zero length run. Summ(i,¢) is defined as
Eff((e,€),€) = (€,€). Hence holds trivially.

Length greater than 0, case 0.7 :

Let ¢ "5 ¢ with ¢ = (p,wr,...,wp), ¢ = (p",w],---,w)) and ¢' = (p',w},...,w}). By
induction, we have Summ(i, o) = (u;, v}), with w; = u;u; and w} = vu;. Firstly note that, for
all j # i we have w}' = w} and Summ(j,07) = (1, v}’). Hence it is enough to only relate w;. and
1

w;.

* Case where Op(r = Int;) is easy since, by definition Summ(i,07) = (u;, v}) and we have by
nature of 7, w;.’ = w;..

e Case where Op(t) = Push;(a), by definition of Summ, we have that Summ(i,o.7) = (u;, a.v;.’)
and by nature of 7, we have w;. =a. w;’.

* Case where Op(t) = Pop; (a), firstly by nature of 7, we have a.w} = w;'. We have two cases
to consider
1) Where v = ¢ in this case, note that w} = u’ = au and w; = u. From this, we also have
w; = u;.u; = uj.a.u; . Also by definition we get Summ(i,0.7) = (u;a,€).
2) Where v; # €, in this case we have aw; = w;.' = v;.’ u;, hence v;.’ is of the form v;.’ = av; and
w; = v;u;. Further by definition, we have that Summ(i,o7) = (u;, v;).

(<)
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For all i € [1..n], let Summ(i,07) = (u;, v;) and let Summ(i, o) = (u;, v:.’), we will assume by
induction, the existence of a run ¢-Z " ¢” such that ¢ = (pwi,...,wy), " = (p", wi,---, wp)
such that for all i € [1..n], we have w; = u;u; and w = v}u}. Further by definition, we have
forall j # i, Summ(j,o1) = (u J» v}’ ). Now consider o . By assumption, we are given ot that is
state wise compatible.

 Case where 7 = (p”,Int;, p’) € A; is straight forward. From the definition of transition rela-
tion, we have c—*c" — (p’, w{, -+, w;). We have by definition, Summ(i,0'7) = (u;, v}). Hence
the result follows.

* Case where 7 = (p”,Push;(a), p') then Summ(i,07) = (u;, av}), hence v; = av}. Clearly from
definition of transition relation ¢” — ¢’ where ¢’ = (p', wy,---, aw!, w, ,---, w}). Note that
by induction, we have w;.’ = v;.’ u;., from this it is easy to see that w;. = aw;.’ = av;.’ ui

* Case where 7 = (p”,Pop;(a), p') and v; = € then Summ(i,071) = (u;.a,€). We have by induc-
tion hypothesis, w; = uiau; and w;.’ = au;.. Since top of stack is a, we have c;.’ N c; where
= (W], e W,

* Case where Op(t) = Pop;(a) and v; # € then, clearly v; = av;.' and hence w:.’ = aviu;.. Now
since we have an a on top of stack, we have ¢ — ¢', with w; = v;u’.

O

Now, we will characterize Summ(i,o/) with j = 1, i.e., the effect of iterating the sequence
o j-times, in terms of Summ(Z, o) for all i € [1..n]. Observe that if Summ(i,0) = L, then Summ(i,
o/) = L forall j = 1. Hence, let us assume that Summ(i, o) = (u;, v;) for some words u;, v; € T*.
First, let us consider the case when the sequence ¢ can be iterated twice and compute its
effect on all the stacks. Now, using the definition of Summ it is not difficult to conclude that
Summ(i,o0) is defined iff either v; is a prefix of u; or u; is a prefix of v;. We can in fact say
more. If the former holds we let x; be the unique word such that u; = v;x; and y; = €. In
case of the latter we let y; be the unique word such that v; = u;y; and x; = €. Then, we
have Summ(i,00) = (u}, v}) for all i € [1..n] where u; = u;x; and v; = v;y;. We define a partial
function Iter : ([1..n] x A*) — (I'* x I'*) such that Iter(i,o) is the pair (x;,y;) as defined
above when Summ(i, o0) is defined, and Iter(i,o) = 1 otherwise. We can now generalize this
computation of Summ to any number of iterations of o as shown below.

Lemma 54. Ler i € [1..n]. If Summ(i,00) is well-defined then Summ(i,o’) is well-defined for
all j = 1. Furthermore, Summ(i,0/) = (uixl!_l, viyl!_l) with Summ(i,o) = (u;,v;) and Iter(i,
0) = (X, yi)-

Proof. Firstly we will assume that Summ(i, 0) is well-defined. Given any summary sequence of
transitions, o0 = 71 -+ - T, we define a set Nest (o) < [1..m] as follows. For any j € [1..m—1] and
forany a €T, if 7; = (q1,Push;(a), g2) and 7,1 = (g3,Pop;(a), q4) for some q1, 42, g3, 94 € Q,
then j,j+1eNest(o). Forany k,j € [1..m], if k+1 € Nest(c) and j—1 € Nest(o) and 7 =
(q1,Push;(a), q2) and 7; = (q3,Pop;(a), q4) for some q1,q2,q3,q4 € Q, then k, j € Nest(0).
Clearly Nest (o) captures all the intermediate positions of o that are well matched. We define
for all i € [1.m —1], if i € Nest(o) or Op(t;) = Int; for some j € [1..n], then Unmatched(i,
0) = Unmatched(i+1,0), Unmatched(i,0) = 7;.Unmatched(i + 1,0) otherwise and for i = m, if
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i € Nest(o) then Unmatched(m, o) = €, Unmatched(i,o) = 7; otherwise. Clearly Unmatched(1,
o) gives us set of transitions in o that are not well matched. Given a transition 7,we will use
I'(7) to return the stack alphabet of the operation.

The following lemma states that in any sequence of transition, Summ(i, 8) is well defined
iff barring the transitions that are well-matched, all transitions that pop elements from stack
occur before ones that push into the stack. This is directly follows from the definition of Summ.

Lemma 55. Given a sequence of transitions 0 that are state wise compatible, Summ(i,0) is
well defined iff Unmatched(1,0 |a,) € (Q x UgerPop;(a) x Q)*.(Q x UgerPush;(a) x Q)*. Let
Unmatched(1,0 |a,) = @;.B; wherea; € (Q x UgerPop;(a) x Q)* and B; € (Q x UgerPush;(a) x
Q)*. Infact we can easily show that Summ(i, 0) = (T'(a;), T'(8;)%)

Proof. (<) We will induct on the length of the transition sequence 8. If || = 0 then there
is nothing to prove. For the induction case, we will assume that 8 = 0.7, let Unmatched(l,
ola) =aP e (QxUgrPop;(a) x Q)*.(Q x UgerPush;(a) x Q)*. We will further assume that
@=1;Tj,7j,and f=17 7" ---7; . From the induction hypothesis, we have Sumn(i,0) =
(ui, v1), where u; = T'(a) and v; = T'(B)%.
* case there Op(t) = Push; or Op(7) = Int; is simple and straight forward.
* case where Op(7) = Pop;,

- If B =€, then clearly Unmatched(1l,07 |a,) = a7 such that at € (Q x UgerPop;(a) x Q)*,

from this we know v; = €. Now by definition, Summ(i,o7) = I'(a)T (7).
— If B is not € then clearly T matches with T}m (otherwise Unmatched(l,07 |4,;) will not be

T
1

in the required form), hence Unmatched(1,07 |a,) = af’ where ' = T;IT;Z ”‘T;..m—l' Now
clearly v; = avg, where v; =T(B"), from this and definition of Summ, we have Summ(i,o1) =
(ui, v))

(=)

Again we will show by induction on length of transition sequence 0. If |0] = 0 then there
is nothing to prove. For the induction case, we will assume that 8 = 0.7, Let Summ(i,07) = (1;,
v;) and Summ(i, o) = (], v}).

* case where Op(t) = Push; or Op(t) = Int; is simple and straight forward.

* case where Op(t) = Pop; and v} = ¢, then we have v; = € and u; = u;I'(r). By induction, we
have Unmatched(l,0 |a,) = @ such that a € (Q x UgzerPop;(a) x Q)* and I'(a) = ui Now from
this and the definition of Unmatched, the result follows.

e case where Op(7) = Pop; and v;. # ¢, then we have u; =y;and I'(n)v; = vg. By induction,
we have Unmatched(1,0 |5,) = af such that T'(@) = u; and T(B)R = v;. From this it is easy
to infer that § = 1/, where 7’ € Q x Push(I'(1)) x Q. From this we know that 7/,7 are well
matched. Now from this and the definition of Unmatched, the result follows.

O
It is also easy to see that Summ(i,0.0) is well defined iff Unmatched(1,60.0 |a;) € (Q x

UgerPop;(a) x Q)*.(Q x UgerPush;(a) x Q)*. But Unmatched(1,0.0 |a,) = Unmatched(l,
a;.Bi.a;.B;). Hence we have that either I'(a;) is prefix of I'(8;)® or I'(8;)® is a prefix of I'(a;).
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If I'(a;) is prefix of I'(8;) then «;.6;.a;.6; = ai.ﬁ}.ﬁ?.ai.ﬁi where F(,Blz.)R =T'(a;). clearly
ﬂ?.ai is well matched hence we have Unmatched(1, a;.8;.a;.0;) = a,-.ﬁ}.,B,- and Summ(i,@.@) =
(ui, v;.x;), where x; = T(B})®. In general, it is easy to see that (a;.5;)/ = (@;.B}.p5 " ai B
with Unmatched(l, (@;.8;)7) = (a;.(6})7~*.B;) and Summ(i,0) = (u;, Vi'x{_l)

Similarly, If I'(B;) is prefix of I'(«;) then a;.B;.a;.5; = ai.ﬁi.a}.alz..ﬁi where I“(ﬁ,-)R = F((x})
and ﬁi.a} is well matched. Hence Unmatched(1, a;.8;.a;.0i) = ai.a?.ﬁi, in general we have
(ai.ﬁi)j = ai.ﬁi.(a%.a‘?.ﬁi)j_l. Hence the result follows.

O

Acceleration of regular/rational sets of configurations by loops

In the following, we first show that the class of regular (resp. rational) sets of configurations
is not closed under Postg-. Then, we show that the image by Postg- of any regular set of
configurations is a rational one.

Theorem 23. There is is an MPDS M = (n,Q,T',A), a regular (resp. rational) set of its configu-
rations C and a transition sequence 8 € A* such that the set of configurations Postg- (C) is not
regular (resp. rational).

Proof. Let us first show that the set of regular languages is not closed wrt. acceleration of
simple sequence of transitions. To do that, consider an MPDS M = (2,{q, q'},{a, b}, A) where
A only contains the following two transitions (g, Push; (a), ¢') and (g, Pushy(b), ). Let0 = (g,
Push, (a), ¢')(q',Pushy (b), ). It is easy to see that Postg- ({(q,€,€)}) = {(g,a’, b') | i € N} which
is not regular.

Now let us show the non-closure of rational languages. Consider an MPDS M = (2,1{q, 4},
{a, b}, A) where A only contains the following two rules (¢, Push; (b), q') and (¢’ ,Pop,(a), q).
Let 0 = (g,Pushy (b), ¢')(q',Pop,(a),q) and C = {(q,a’, a’)| i € N}. Observe that C is a rational
set of configurations. It is easy to see that Postg- (C) = {(q, blat,al~7) |0 < j < i} which is not
rational. O

However, whenever C is a regular set of configurations the set Posty-(C) has a simple
description. In what follows we fixa MPDS M = (n, Q,T, A).

Theorem 24. For every regular set of configurations C and transition sequence 0 € A*, the set
Posty- (C) is rational and effectively constructible.

Proof. Let 6 be a sequence of transitions of the form (qo, 0po, q5)(q1,0p1,4}) - (Gm, 0pm,
q;n). Since Postg+(Cy U Cy) = Posty+(Cy) U Postg+(C,), we can assume w.l.o.g that C is of the
form {g} x Ly x--- x L, where each L; is an 1-dim rational language over I' accepted by a finite
state automaton A; for all j € [1..n]. The proof proceeds by cases.

Case 1: Let us assume qg # gi+1 forsome i € [1..m — 1] or gy # q. In this case the sequence of
transitions cannot be executed and hence Postg+ (C) = C.

Case 2: Let us assume o # ¢, go = 4 and g = g;41 for all i € [1.m - 1]. In this case,
the sequence of transitions can not be iterated more than once and so we have Posty-(C) =
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Posty(C) u C. We now examine the set Posty(C). First, let us assume that Summ(i,f) = L for
some i € [1..n]. Then Posty(C) = ¢ and hence Posty-(C) = C.

Let us assume now that Summ(i,8) = (u;, v;) is well-defined for all i € [1..n]. We can apply
Lemma to show that Postg (C) = {q;,,} L} x---x L}, where forevery i € [1..n], L, = {w} | 3w; €
re. w;. =v;.w; ANujw; € L;}. Ttis easy to see that L’l. is an 1-dim rational language and can be
accepted by an automaton A} whose size is polynomial in the size of A; and the length of 6.

Case 3: Let us assume qo = ¢,,, o = q and q; = g; for all i € [1..m]. In this case, the se-
quence of transitions forms a loop in the control flow graph of M and hence the sequence
may possibly be iterated. Observe that if the function Summ(i,0) = L for some i € [1..n], then
Posty+(C) = C. Hence, let us assume that Summ(i,8) = (u;, v;) for all i € [1..n] so that it is well-
defined for each i.

Lemmal54]suggests that we should examine when Summ(i, 06) is defined for all i. Indeed,
if Summ(Z,00) is undefined for some i € [1..n], then Postg-(C) = Postg(C) u C (which can be
computed as shown in the previous case). So, let us further assume that Summ(i, 80) is well-
defined for all i € [1..n]. Hence, the function Iter(i,o) is also well-defined. Let us assume
that Iter(i,0) = (xi, ;)

Now, we can combine Lemma [54| with Lemma to give a characterization of when a
sequence 6 is iterable and its effect.

Lemma56. Let j=1andc=(p,w,...,wy,) andc' = (p',wy,..., w;,) be two configurations of
j-1

0/ - . _ " r_ j=1 i 7 *
M. c— c'iff foreveryi€ [l..n], we have w; = u;x; ~w; andw; =v;y; ~w; forsomew; €T

with u;,v;, x; and y;s are defined as above.

Proof. The proof follows directly from lemma-{54]and lemma+{53] We will prove this inducting
on j

base case j = 1: Base case directly follows from lemmawhich states, ¢ -2 ¢/ with w; =
u; w;.’ and w; =y w;' iff Summ(Z,0) = (u;, v;).

case j = 1: By lemma if Summ(i,00) is defined then Summ(i,6/) = (u,-xlj_l, viy{_l) is
defined for all j > 1, where (x;, y;) = Iter(i,0). Now applying lemma we get that Y
j-1 '

iff for every i € [1..n], we have w; = u;x; w;.’ and w;. = viy{_lw;.’ such that Summ(i,0/) =
j-1 j-1
(wix; viy; ).

O

With this lemma in place, let L be the (2n + 1)-dim language defined as the set containing

exactly the words of the form
-1 -1 -1 -1 -1 -1
(g, ulx{ wi, vly{ wi, ugxé wo, vzyé Wo,..., unxil Wy, vnyfl Wy)

with j =1 and w; € T* and where u;, v;, x; and y;s are defined as above. Observe that each
element of L relates a pair of configurations such that from the first we can execute the se-
quence 0 a finite number of times to reach the second. The starting configuration is given
by the first and all the even numbered positions, while the ending configuration is given by
all the odd numbered positions (including the first). As a matter of fact elements of L relates
exactly all such pairs in this manner. This language L is rational and we can easily compute
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an (2n + 1)-tape automaton A whose size is polynomial in the size of & and polynomial in
the size of M. To compute an (n + 1)-tape automaton A’ accepting Posty-(C), we proceed
as follows: First, we define the regular language L' = {g} x Ly x '* x --- x L,, x I'*. Then, we
compute an (2n + 1)-tape automaton A" accepting precisely the language resulting of the
intersection of the regular language L' and L. This allows us to restrict the starting config-
urations to be precisely those from C. The size A” is exponential in the number of stacks
and polynomial in the size of 8, and the finite state automata A, ..., A,. Finally, we need to
project away the tapes concerning the starting stack configurations. We let then A’ = I1,(A”)
with ¢t ={2i +1|i € [0..n]}. We note that this step does not result in any blow up and thus the
size of A’ is exponential in the number of stacks and polynomial in the size of 6 and Ay, ...,
Ap.

Since Postg- (C) = C U Posty+(C) and the class of rational / regular languages is closed un-
der union, this completes the proof of Theorem[24] O

8.2.4 Constrained Simple Regular Expressions

We now introduce the class of (1 dimensional) Constrained Simple Regular Expressions
(CSRE) and prove some closure properties. CSRE definable languages form an expressive
class equivalent to the bounded semi-linear languages defined in [49] and the class of lan-
guages accepted by 1-CQDD introduced in [43]. To deal with configuration sets of MPDS we
need n dimensional CSREs and so we lift these results to that setting. We then show that the
CSRE definable sets of configurations form a stable collection under acceleration by loops. As
in previous section, we will assume that the loops do not have zero tests. However, this class
is not stable w.r.t. bounded context runs. We begin by recalling some basics about Presburger
arithmetic.

Presburger arithmetic

Presburger arithmetic is the first-order theory of natural numbers with addition, subtraction
and order. We recall briefly its definition. Let 7 be a set of variables. We use x, y, ... to denote
variables in 7. The set of terms in Presburger arithmetic is defined as follows: ¢ ::= 0]1|x|t—
t|t+t. The set of formulae of the Presburger arithmetic is defined to be ¢ == t < t|-¢@|p Vv
@|3x. .

We use the standard abbreviations: ¢ A @2 = =1(@1 V@2), @1 = @2 = @1 A2, and Vx.p =
—3x.-¢. The notions of free and bound variables, and quantifier-free formula are as usual.
An existential Presburger formula is one of the form 3x;3x,...3x,.¢ where ¢ is a quantifier-
free formula. We shall often write positive boolean combinations of existential Presburger
formulas in place of an existential Presburger formula. Clearly, by an appropriate renaming
of the quantified variables, any such formula can be converted into an equivalent existential
Presburger formula. We write FreeVar(p) <7 to denote the set of free variables of ¢. Given a
function u from FreeVar(¢) to N, the meaning of u satisfies ¢ is as usual and we write u |= ¢ to
denote this. We write ¢(x1, x2,..., X§) to denote a Presburger formula ¢ whose free variables
are (contained in) xi,..., x¢. Such a formula naturally defines a subset of N¥ given by {(i,
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I2,...,ig) | = @(x1,Xx2,..., X)) where u(x;) = ij,1 < j < k}. We say that a subset S of NFK is
definable in Presburger arithmetic if there is a formula ¢ that defines it.

Constrained Simple Regular Expression (CSRE)

A Constrained Simple Regular Expression (CSRE) e over an alphabet X is defined as a tuple
of the form e = (wy,..., Wn, (X1, X2, ..., Xm)) where wy,..., w,, is a non-empty sequence of
words over Z, and ¢ is an existential Presburger formula. The language defined by the CSRE
e, denoted by L(e), is the set of words of the form w;' w,?---w,; such that ¢ holds for the
function u defined by u(x;) = ij for all j € [1..m]. The size of e is defined by |e| = |w; -+ wp,| +
||. CSREs define the same class of languages as CQDDs [43] (see [49]), however they have a
much simpler presentation avoiding automata altogether and as we shall see quite amenable
to a number of operations. We will now present a lemma that will be useful for proving some

properties of CSRE.

Lemma 57. Given two sequences of words vy,..., vy and uy, ..., uy overT, it is possible to con-
struct, in polynomial timein |v1 v, ... VU Uz ... U], an existential Presburger formula ¢(xy, X2,

e X0, V1, V2, -5 Vi) Such that = @ i]fvil(xl)-nl/?(x[) = uf(yl)---uz(yk).

Proof. To prove this lemma, we we will reduce the problem to computing an existential Pres-
burger formula recognizing the Parikh image of a pushdown automaton £ = (Q,Z,T', A, qo,
F). Then, we use the following Proposition to show that such an existential Presburger
formula can be constructed in polynomial time.

Proposition 25. [142] Given a pushdown automaton &2 = (Q,%,T,A, qo, F), it is possible to
construct, in polynomial time in the size of &, an existential Presburger formula ¢ such that
FreeVar(¢) = Z and Parikh(L(2?)) = {u| p |= ¢}.

The pushdown automaton &2 is defined as follows. The set of states Q is defined as the set
{0, q1,---, e, Ges1,Ges2 - -, Ge+k} With F = {q,.¢}. The input alphabet X is defined by the set of
variables x1, Xy, ..., x¢ and y1, ¥, ..., Y- The pushdown works in phases: In the first phase, the
pushdown automaton is at the state gy and can push the reverse of the word v; (denoted v{?)
into its stack while outputting x; (i.e., (qo, Push(vf), X1,qo) € A). In nondeterministic manner
the pushdown can decide to move to the simulation of the second phase by moving its state
from qo to q; (i.e., (qo,Int,€,, q1) € A).

In a phase i, with 1 < i < ¢, the pushdown automaton £? is at the state g;_; and and can
push the reverse of the word v; (denoted vf) into its stack while outputting x; (i.e., (g;-1,
Push(vf),xi, gi-1) € A). In nondeterministic manner the pushdown can decide to move to
the simulation of the second phase by moving its state from g;_; to g; (i.e., (g;—1,Int,€, g;) €
A).

In the phase ¢ + 1, the pushdown automaton is at the state g, and can start popping the
reverse of the word u;. (denoted ufj) from its stack while outputting yy (i.e., (qg,Pop(uf), Xi,
ge) € A). In nondeterministic manner the pushdown can decide to move to the simulation of
the next phase ¢ + 2 by moving its state from q, to g4 (i.e., (¢, Int,€, go41) € A).
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In a phase i, with £+ 1 < i < ¢ + k, the pushdown automaton &2 is at the state g;_; and
and can pop the reverse of the word uy;s+1-; (denoted uf o) from its stack while out-
putting yi+¢+1-; (i.e., (gi-1, POp(ufMH_i), Vk+e+41-ir»Gi-1) € A). In nondeterministic manner
the pushdown can decide to move to the simulation of the next phase by moving its state
from g;_ to g; (i.e., (gi—1,Int,€, q;) € A).

Finally, the set A is defined as the smallest set satisfying the above condition.

Let ¢ be the formula recognizing the Parikh image of the pushdown automaton 22 con-
structed as stated in Proposition Then it is easy to see that y = ¢ iff v/ (). UZ("’) =

©(y) (i)
ul Y uk .
O

Next, we present some closure and decidability results for the class of CSRE definable lan-
guages. These results can be also deduced from [49] since CSREs define bounded semilinear
languages.

Lemma 58. The class of languages defined by CSREs is closed under intersection, union and
concatenation. The emptiness, membership and inclusion problems for CSREs are decidable.

Proof. Let us assume two CSRE e = (v1, v2,..., Vg, 01(X1, X2,...,X7)) and ep = (uy, Uy, ..., U,
@2(y1,¥2,-.-, Yk)). We assume w.l.o.g. that x; # y; forall i and j.

¢ [Concatenation] Let e; - e, be the CSRE expression defined by the tuple (v, v2,..., Vg, U1,
e U, (X1, ..., X0, V1, - -+, Vi) Where @ = @1(x1,...,X2) A@2(y1,..., yk). Itis easy to see that
L(ey-ep) = L(ey) - L(ey) and that the size of e; - e; is linear in |e;| + |eo].

e [Union] Let e; + e, be the CSRE expression defined by the tuple (vy,vs,..., v, uy,...,
Uk, (X1,..., X¢, Y1,---, Yk)) such that ¢ = (@1(x1,...,X0) A ANi<j<kVj = 0OV (@2(y1,..., Vi) A
A1<i<¢X; = 0) It is easy to see that L(e; + e2) = L(e1) U L(e2) and that the size of e; + e, is
linearin |e;| + |es].

* [Intersection] We show there is a CSRE accepting L(e;) N L(e»). Let ey = (v1,..., Ve, @1(x1,
.., Xr)) and ez = (uy,..., Uk, @2(y1,..., yi)) with x; # y; for i, j. Let @3(x1,...,X¢, y1,..., Vi)
be the existential Presburger formula obtained by the application of Lemma[57|to the two
sequences of words vy,..., vy and uy,..., ur. Then the CSRE expression e; N e, defined to
be (vy,..., Ve, p(x1,...,Xp)) With ¢ =3y1.3y5..... AYn.@3(X1, .0, X0, V1o V) AQ1L (XD, .., XP) A
@2(y1,..., ¥x) defines the intersection of the languages defined by e; and e, and that the size
of e; Neyislinearin |e;| + |ey|.

The emptiness and membership can be easily shown to be decidable and NP-complete. A
lower bound for these two problem can be obtained by a straightforward reduction from
the satisfiability problem of the class of existential Presburger formula.

¢ [Inclusion] Let us now show that the inclusion problem is also decidable. The lemma is
an immediate corollary of the following three results: (1) for any CSRE expression e, it is
possible to effectively construct a bounded Parikh automaton accepting L(e) (see [49] for
the bounded Parikh automaton definition), (2) for any bounded Parikh automaton, it is
possible to construct a bounded deterministic automaton recognizing the same language
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(see Theorem 11, Corollary 12 and Section 5.3 in [49] for the bounded Parikh automaton
definition), and (3) the class of deterministic Parikh automata is closed under intersection
and complement and its emptiness problem is decidable (see [48]).

O

From Lemmal(56|it is clear that in order to compute the effect of the iteration of a sequence
0 on the content of stack 7, one has to left-quotient the content of stack i by the sequence
uixl! ~! and then add the sequence v; yl! -1 (on the left). With this in mind we now examine
left-quotients of languages defined by CSREs w.r.t. iterations of a given word. First we state a

technical lemma.

Lemma 59. Lete bea CSRE over an alphabetZ and w € £* be a word. Then, we can construct,
in polynomial time in |w| + |e|, a CSRE €' = (w, uy, u, ..., ug, (¥, 1, ¥2,..., Vi) such that for
everyieN, L(e;) = {w'|w'w' € L(e)} wheree; = (€, u1, Uz, ..., Uk, Y = i AQJ, V1, V2r- ) Yi)))-

Proof. Let us assume that the CSRE e is of the form (wy, wy,..., wy, d(x1, X2,..., x,)). Prefixes
of the form w/ may end in the middle of an occurance of some w; and so, in order to compute
left-quotients, it is useful to expand this CSRE into union of a set of more elaborate ones,
taking into account the position of such splits. For every i € [1..n] and u,v € £* such that
w; = uv, we define the CSRE sp(i, u, v) as follows:

!/ U
(wlv---’ Wi, U, U, Wi, Wit1,..., wn)(PAW(i,u,U)(xlv---:xl'»xu)xvrxl' )xi+l)---»xn))

where
Wi = (X = X+ X] + Xy + %) A ((Xy =%y =0) V (= X = 1))

We note that the size of y; ;, , is constant. It is easy to see that L(e) = Uje(1..n) Uw,;=uv L(sp(i,
u,v)).
Next, we use Lemma |57|to obtain a Presburger formula (p’ () (I X15-+, Xi, Xy) such that

1 E Pl 0 (0 X1, X1, X) B wh D wh O f()lc‘ v w D ) = () We modify the for-

mula to also insist that x,, = 1, and refer to the resulting formula as ¢;,,,,)- The size of ¢; 1)
is polynomial in |w; ... w;ul + |lw|. Now, we combine the CSRE sp(i, u, v) with the formula
®(i,u,v) as follows: Let sp'(i, u, v) be the following CSRE defined

(W, v, Wi, Wit1,y..., Wy, 3X13 X2 ... AX;3X0. QAW (G 0,0) APl u0)

The free variables of the formula in sp’(i, u, v), in order, are y, xy, X}, Xj+1,..., Xn (n—i+3 in
all).
Notice that this CSRE sp'(i, u, v) defines the language consisting of words of the form

wH) ku(x ) fflcl“) ”(x") such that there are u(x1), u(x2) ... 1(x;), t(x,) € N such that
1) wHY) = wf(x') ”(XZ)... ﬁ‘(x’)u and
2) wf(xl)wg(XZ)... ”(xl)u v. w )wfﬁ”‘) “(x”) € L(sp(i, u, v)). Further, the sum of the

length of the words in sp’(i, u, v) 1s linear in the sum of the lengths of the words in e plus the
|w|, the number of variables increases at most by a constant, and the size of the formula is |¢|
plus the size of |@; , | + ¥ 4 v (it increases additively by a polynomial in |w;...w; ul + |w|.)
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Next we show how to combine the various CSRE’s sp’(i,u,v), 1 <i < n, uv = w; into a
single CSRE with the desired property. We describe this for the case of two such CSREs and
the generalization to a collection is similar.

Given sp{ iup ands p{ it w.vy We first relabel all the variables in the Presburger formulas
of the two CSREs to be disjoint leaving only the variable y as it is. So, let their respective free
variables be y, p1,p2,... pn—i+2 and ¥, q1, G2, - .., Gu—i'+2. The resulting CSRE is then given by

(wy v, wl', wi+l) ERS ] wn; l)/; wi/)---) Wn,)((y» pl» p2;-- -vpn—i+2, CIl; q2) ERS ] qn—i’+2))
where y is
n—i'+2 n—i+2
(DAY oy ANPG,um A ( /\ qj = O VIPAY v AP, vy A pj= 0))
j=1 j=1
n—i'+2 n—i+2
= PN Wiup ANPGun AC N\ G =0V Winw AP,y AC N\ pj=0)
j=1 j=1

This describes the language L(SPEi,u,u)) U L(spéi,,u,'y,)).

We can easily generalize this to combine all the SPE,-, wy) 's using a disjoint set of variables
(except y) for each of them in the similar manner. Let the sum of the length of the words w;,
...,wy in e be K. The resulting expression:

1. Has a variable y whose value may be set to the number of iterations of w by which we
desire to left quotient.

2. Whose sum of length of the words is polynomial in K + |w/|

Whose number of variables increases by a polynomial in K + |w|

4. Whose formula has increased in length w.r.t. to ¢ by an addition whose size is polynomial
in K+|wl.

w

This completes the proof of the lemma.
O

The key point about the above lemma is that the left-quotient of L(e) w.r.t w’, for some
i € N, can be precisely identified as L(e;). Thus, the CSRE (€, uy, up, ..., Uk, @3, Y1, V2,---» Vi)
defines the left-quotient of L(e) w.r.t (w'|ieNy}, giving us the following corollary.

Corollary 3. Lete be a CSRE over an alphabet~ and w € ** be a word. Then, we can construct,
in polynomial time in |w| + |e|, a CSRE €' such that L(e') = {w'|3i e N.w'w' € L(e)}.

Multi-Dimensional Constrained Simple Regular Expression

Let n = 1. An n-dim CSRE e over an alphabet X is a of tuple of the form ((u1, ..., ug,), (Ux,+1,
ceor Uiy (Ui, (415005 Uk,), P(X1,..., Xk,)) where: (1) 1 < kj < ko <--- <k, and (2) for every
i €[1..kyl, u; isaword over Z. An n-dim CSRE e accepts thg n-dim language, denoted by L(e),
consisting of the n-dim words of the form (ui1 e u;ckll T u;C';”_’llji e u;c’;”) such that ¢ holds for
the function u defined by u(x;) = i; for all j € [1..k,]. In order to simply the notations, we
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sometimes write e as follows (uj,uy,...,uy, @(X1,X2,...,X,)) where u; = (ug,  +1,..., Ug;) and
X; = (Xk,_,+1,---, Xk,;) for all i € [1..n]. In the following, we show that the class of n-languages
accepted by n-dim CSREs enjoys the same closure properties as the class of CSREs. Further-
more we have the same decidability results.

Lemma 60. Let n = 1. The class of n-languages defined by n-CSREs is closed under inter-
section, union and concatenation. The emptiness problem , membership problem as well as
inclusion problem are decidable for n-dim CSRES.

Proof. The proofs are similar to the ones of Lemma Consider two n-CSREs e; = ((u3,
v ltp)yen (Ue, 4150 Up), @1(X1, .00, X)) and es = ((vy,..., Vi )seoos (Uky 415405 Vi, ) 02(V1,
., Yk,)) with x; # y; for i, j. We will show that there is an CSRE accepting the language
L(eq) - L(e2). Let e; -e2 be the CSRE expression defined by the tuple ((u1,...,us,, v1,..., k),
v (U, w1y Uy Uk, 415w U), P(X1, 0y X

Vireor YO X1 oos Xieys YO, 410 o 0s Yigr oo s Xbeyp YO, #1005 Ye,,)) where ¢ = ©1(x1,..0 Xk, ) AP2(y1,
..., Ye,). Itis easy to see that L(e; -e2) = L(ey) - L(ez).

We will show that it is possible to reduce emptiness, membership and inclusion problems
to their corresponding ones for CSRE. The idea is to encode the n-dim CSRE as a CSRE using
a special symbol  (not appearing in the alphabet) to separate all the different tapes. To that
aim, we define the function Encode that maps any n-dim CSRE to an CSRE. Let e = ((uy, ...,
Uk)s. o (U, 415--, Uk,), @(X1,...,Xk,)) be an n-dim CSRE over the alphabet Z. We assume
that ¢ . Then we define Encode(e) to be the CSRE (uy,..., Uk, ..., 8 Uk, ,+1,---» Uk,, @' (X1,
...,xkl,yl,xk1+1,...,xk2,y2,...,

VYn—1,Xk,_,+1,---»Xk,)) where ¢’ = @(x1,...,Xk,) A A1<i<n—1Yi = 1. It is easy to see that, for any
n-dim word (w;, ..., wy,) and any n-dim CSREs e we have (w;,..., w,) € L(ey) iff wif---fw, €
L(Encode(ey)). Hence, L(e;) = ¢ iff L(Encode(e1)) = @ and L(e;) € L(ep) iff L(Encode(e;)) <
L(Encode(ez)). Thus, the emptiness, membership and containment problems are decidable.

O

Next we extend Lemma 59l to the case of n-dim CSREs — n-dim CSREs are closed un-
der left quotienting by simultaneous iterations of a tuple of words w;,1 < i < n, one for each
component. Even more, this can be achieved by constructing an n-CSRE in which the num-
ber iterations may be set parametrically. The construction is also in polynomial time. Firstly
recall that we use u[i — w] to denote the n-dim word (u1, Uz,..., Uij—1, W, Ujt1,..., Un).

Lemma61. Letn = 1. Let e be a n-dim CSRE over an alphabet X andw = (wy, ..., wy),w; € Z*.
Then, we can construct, in polynomial time in |e| + Y. ; |w;|, an n-dim CSRE e[w] = (uy,...,
un.,(p(xl,...,xn)) such thatu;[1] = w;, for 1 < i < n and for every j € N, L(e[w, j]) = {v|v[i —
w{v[i]] € L(e)}, whereelw, jl = (u1[1 —€],...,uuy[l —e€l, (A1<i<nXi[ll = j A@X1,X2,...,X,))).

Proof. First suppose, we only quotient the 1st component by iterations of a w;. We can do
this by simply following the proof of Lemma[59|almost identically. In the resulting n-CSRE,
the increase in size is according to the items 2, 3 and 4 listed at the end of that proof. The
increase is additive, increasing by a polynomial in the sum of the lengths of the words in
u; and |w;|, and provides a variable y; (as indicated in item 1) to control the number of
iterations of w; by which the first component is to be quotiented.
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Repeating this now for the second component, again following the same line as in the
proof of Lemma [59| will result in an additive increase in size by a polynomial in the sum of
the lengths of the words in up and |w,| and provide a variable y» to control the iterations
of w, and so on. After n steps on is left with a CSRE which has only grown polynomially in
gl +...[upl+lwrl+...+wyl.

We can then existentially quantify the y,...y,, add a conjunct of the form y; = y, A y; =
¥3...¥1 = yn and drop the empty words corresponding to the positions referred to by y», ...,
¥n to arrive at the desired formula. O

We now have all the technical ingredients necessary to study the stability of sets of con-
figurations defined by n-dim CSREs. We say that a set C of configurations of the MPDS M is
CSRE representable if there is a function f that maps any state g € Q of M to an n-dim CSRE
eq such that (g, wy, ..., wy) € Ciff (wy,..., wy) € L(f(q)).

Acceleration of CSRE representable set of configurations

Let M = (n,Q,T',A) be an MPDS. We now examine the sets POSIA}‘ (C) and Postg+ (C) where A;
is a set of transitions on the i-th stack of M and 6 € A* where C is a CSRE representable set of
configurations.

Theorem 26. For every transition sequence 8 € A*, the class of CSRE representable sets of con-
figurations is effectively closed under Postg-. Further post set can be computed in time polyno-
mial in the size of 0 and | M]|.

Proof. Let 0 be a sequence of transitions of the form (qo, 0po, 45)(q1,0p1,47) -+ (Gms OPm»
q;n) and C be a CSRE representable set of configurations. Since Posty- (Cy U Cy) = Postg- (C1)U
Posty- (C,), we can assume w.l.o.g that C consists of configurations of the form (g, wy, ..., wy)
for some fixed g € Q. Let f be a function from Q to n-dim CSREs such that L(f(p)) = {(wy,...,
wy) (g, w1,...,wy) € Ctif p=qand L(f(p)) = @ otherwise. Next, we assume that f(gq) = (uy,
..o, U, @(X1,...,X,)). The proof proceeds by cases.

Case 1: Let us assume q;. # q; for some i € [1..m] or gy # ¢g. In this case the sequence of
transitions cannot be executed and hence Postg+ (C) = C.

Case 2: Let us assume qo # ¢, o = g and q; = g; for all i € [1..m]. In this case, the sequence
of transitions cannot be iterated more than once and so we have Postg+ (C) = Posty(C) U C.
We now examine the set Postg(C). First, let us assume that Summ(i,0) = L for some i € [1..n].
Then it is easy to see that Posty(C) = @ and hence Posty-(C) = C.

Let us assume now that Summ(i,0) = (u;, v;) is well-defined for all i € [1..n]. We can con-
struct a n-CSRE ¢’ such that (qg,,, w1,..., wy,) € Postg-(C) iff (wy,..., wy) € L(€') in two steps:
Let ey = f(q@)[(uy, up,--+,up),1]. This left quotients component i by u; as required and the
size of e is polynomial in the size of 6, M and f(q). Let us assume that e, is of the form ((e,
Woy.ooy We)yeony (€W, 42,00, Wp,), ¢"(x1,..., X¢,)). Next, we simultaneously add the content
vi to stack i, 1 < i < n as follows: Let the n-CSRE €’ be ((v1,€, wy,..., wy)), ..., (Vn,€, Wp,  +2,
e W), @ V1 XL e Xy e Yo X, 415 - -5 Xe,)) Where @' = 9" A N\y<p<nyi = 1.
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It is easy to see that Posty- (C) is CSRE representable by the function f’ defined as follows
'@ =f(@, f'(q},) =€,and L(f'(p)) = ¢ forall p ¢ {q, q,,}. Observe that the construction of
Posty-(C) is done in polynomial time in the sizes of 8, M and f(q).

Case 3: Let us assume qo = ¢,,, qo = q and q; = q; for all i € [1..m]. In this case, the se-
quence of transitions forms a loop in the control flow graph of M and hence the sequence
may possibly be iterated. Observe that if the function Summ(7,0) = L for some i € [1..n], then
Posty«(C) = C. Hence, let us assume that Summ(i,8) = (u;, v;) for all i € [1..n] so that it is well-
defined for each i. Lemma 54| suggests that we should examine when Summ(i,06) is defined
for all i. Indeed, if Summ(i, 60) is undefined for some i € [1..n], then Posty-(C) = Postg(C) U C
(which can be computed as shown in the previous case). So, let us further assume that Summ(i,
00) is well-defined for all i € [1..n]. Hence, the function Iter(i,o) is also well-defined. Let us
assume that Iter(i,o) = (x;, y;)

We then construct a n-CSRE ¢’ such that (g, w,..., wy) € Posty+(C) iff (wy,...,w,) €
L(€) in a sequence of steps: First we construct the n-CSRE expression e; = f(p)[(u, uz, -,
Un),1]. Let us assume that e; is of the form ((¢, wy, ..., We )y (€, We, 1 42,...,Wp,),P1(X1,...,
xy,)). Observe that the size of e; is polynomial in the sizes of 6, M and f(g) and it simulta-
neously left quotients component i by u;. Now, we must simultaneously left-quotient the ith
component by x{ , for a fixed j and then follow this by adding simultaneously y{ to compo-
nent i (for the same j) and then add simultaneously v; to component i (1 < i < n). To achieve
this we begin by applying Lemmato e; to construct the n-CSRE expression e, = e; [(x1,...,
Xn)]. Observe that the size of e, is also polynomial in the sizes of 8, M and f(q). Let us
assume that e, is of the form ((e, wy, ..., w}l),...,(e, w’.n_1+2,..., w}n),(pg(zl,...,zjn)). We now

J
exploit the parametrized nature of e;[(xy,..., x;)] stated in Lemma We let €’ = ((v1, y1,€,

wé,...,w}.l),...,(vn,yn,e, w}n_l+2,..., w}n), @'(t1,1],21, -1 Zkys o bns Uy 20, 415+ -+, Zj,)) Where
! _ — — —_ — EEPY Y —
@ =@2NNi<p<nti =1A (21 = 2j 11 S =2y wThEhL=E Iy)-

Finally, it is easy to see that Postg-(C) is CSRE representable by the function f’ such that
L(f'(q)) = L(f(q)) U L(e'), and L(f'(p)) = @ for all p ¢ {q}. Observe that the size of f'(qg) is still
polynomial in the sizes of 8, M and f(g). O

Unfortunately, CSRE representable sets are not stable w.r.t. bounded context runs.

8.3 Acceleration of Bounded-Context-Switch Sets

In the following, we introduce the class of constrained rational languages (as an extension
of constrained (or Parikh) automata languages to the settings of multi-dimensional words
[91] [48]). We show that the class of constrained rational languages is stable with respect to
bounded-context runs and simple loops. Even better, we show that the class of constrained
rational languages is stable with respect to bounded-context-switch sets, a generalization
of loops and contexts. The following section is structured as follows: First, we give the for-
mal definition of the class of constrained rational language and state some of its properties.
Then, we present the class of bounded-context-switch. Finally, we show that the class of con-
strained rational languages is stable with respect to acceleration by bounded-context-switch
sets.
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8.3.1 Constrained Rational Languages

A constrained automaton is a finite-state automaton augmented with a semi-linear set to
filter (or restrict) the accepting runs. We assume that this semi-linear set is described
by an existential Presburger formula. In the following, we extend this model to multi-
dimensional words. Let n = 1 and X;,...,Z, be n finite alphabets. Formally, a n-tape con-
strained finite-state automaton over X,,...,%, is defined as € = (A, ¢) where A = (Q,Xy,...,
2,,0,q0,F) is a n-tape finite-state automaton and ¢ is an existential Presburger formula
such that FreeVar(g) = 6. Furthermore, we assume w.l.o.g. that if (¢q,u,q’) is in § then
[u[l] -u[2]---u[n]| < 1. The language of ¢, denoted by L(%¥), is the set of n-dim words w
for which there is an accepting run 7 of A over w such that Parikh(n) |= ¢. A n-dim language
is constrained rational if it is the language of some n-tape constrained automaton. Let us
state some properties about the class of constrained rational languages. These properties can
be inferred from the properties of rational languages [34] and Parikh/constrained automata
[91}48,1146].

Lemma 62. The class of constrained rational languages is closed under union and concatena-
tion but not under intersection. The emptiness and membership problems are decidable while
the emptiness of intersection problem is undecidable.

Proof. We will now prove the closures w.r.t. constrained rational languages.

¢ Union: Let of = (A, ;1) and %8 = (B, ¢») be two constrained rational automata such that A =
(QA,Zl,---  Z, 04, q()‘l,FA) and B = (QB,ZI,--- ,Zn,éB,qg,FB). Without loss of generality,
we will assume that Q4 n Q% = @ and hence 6% N 6% = @. We construct the constrained
rational automaton € = (C, ¢) such that L(€) = L(«/) U L(28) as follows: C = (QA U QB U{so},
21,0, 20, 8¢, 50, FAUFB) where 6¢ = 64U8B U{(s0,€", g), (s0,€", gE)} and ¢ = 1 V. The,
it is easy to see that L(€) = L(%) U L(«/). Note that the overall size of € is linear in size of
o and %.

¢ Concatenation: Let of = (A,¢;) and % = (B,¢,) be two constrained rational automata
such that A = (Q4,%4,--+,%,,64,g4, FY) and B = (Q®,%,,---,2,,6%, 48, F?). Without loss
of generality, we will assume that QA N QB = @ and hence 64N &8 = @. We construct
the constrained rational automaton € = (C,¢) such that L(¥) = L(<f) - L(98) as follows:
C=Q"QPy,xy, -, 2,,6% g, FB), 6€ =608 Ul(g,e",qf) | g F4} and ¢ = 91 A s.
The correctness of the construction follows immediately from the construction. Note that
the over all size of € is linear in size of o/ and 23.

e Emptiness: Emptiness follows directly from the fact that n-tape constrained automaton
of over X1,%,,...,%, can be seen as 1-tape constrained automaton 9 over the alphabet
(ZyUfel) x --- x (£, U{e}) for which the emptiness problem is well-known to be decidable
[91,/48]).

¢ Membership: This follows immediately from the decidability of the emptiness problem
and the closure of the class of constrained languages wrt. intersection with regular lan-
guages (see Lemma[63). In fact any multi-dimensional language consisting of finite words
is regular.
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* Undecidability of emptiness of intersection: This directly follows from the fact that empti-
ness of intersection of rational language is undecidable.

O

We can extend the permutation, projection and composition operations to the context of
constrained rational languages in the straightforward manner. We also show the same closure
properties as in the case of rational languages.

Lemma 63. The class of constrained rational languages is closed under permutation, projec-
tion, composition and intersection with regular languages.

Proof. We will now prove the claim of the above lemma:

* Permutation: Given a constrained rational automaton «f = (4, ¢) with A = (QA, 21 20,
64, q¢", FY), and a permutation & : [1..n] — [1..n], we can construct another constrained
rational automaton % = (B, ¢') with B = (QA,Zh(l),~~~ ,Zh(m,(?B, q(‘;‘,FA) such that L(A) =
{(wnay, Wney, -+ Whm) | (w1, wa,---, wy) € L(&f)}. The states, initial state and final states
of out B automaton are the same as that of A. Along with the transition relation 68, we
will also construct below a bijective function g : 54 — §® mapping the transitions of A to
that of B. This will be useful for constructing the Presburger formula. For any 7 = (g, (a;,

-, an),q) € 64, we add 7’ = (q, (anq), -+, anmy), ") € 68 and let g(r) = 1'. Let us assume
that @(#, o, ..., t;;) where t1,t,...,t; € 54 are the free variables of ¢. Then the formula
¢ as p(t1/1g(t), t2/1g(62),..., tm/ g(tm)). It is then easy to see that L(%AB) = {(wnay, Whe),
Whm) | (W1, wo,---, wy) € L(<£)}. Note that the over all size of 28 is linear in size of «f

e Projection: Given a constrained rational automaton < = (A, @) with A = QY21+, 20,
54, q64,FA) and a set of indices ¢t = {i; < i» < ...i;»} < {1,...,n}, we can construct another
constrained rational automaton % = (B, ') with B = (Q?,25,-+,%,,6%,¢f, FP) such that
L(%) = {(wi, wiy,---,w;,) | (w1, w1, -, wy) € L(«£)}. The states of B are given by QB =
QAu{p, | T €64}, i.e. we add |6| new states to the automaton along with the states of A.
The initial state of B is the same as the initial state of A i.e. q(lf = qa“. Similarly the final
state of B is the same as the final states of Ai.e. F* = F5. Along with the transition relation,
we will also describe a function g : 4 — 62 that will help us to construct the Presburger
formula. For any 7 = (¢, (a1, -+, an),q’) € 54, we add 71 = (q,(ai, -+, ai,), pr) € 68 and
T2 = (pr, (€,-+-,€),q") € 55. We let g(r) = 7;. Now the Presburger formula ¢’ is defined as
@' =@r1/g(11),72/8(T2),...,T¢/8(T¢)), Wwhere 1,---7, are the transitions of A. Note that
the complexity of such an construction is at most polynomial. The number states of B is
the sum |64| and |A|. Furthermore, we have that 4 can be in the order of Q? x = where
z= Uie[l,.n] 2.

e Composition: Let of = (A, ;) and & = (B, ¢») be two constrained rational automata such
that A = (Q4,%y,-+,2,,64, g8, F") and B = (Q%,%,%),---,%,,,68,48, FP). Then, we can
construct a constrained rational automaton € = (C,¢) such that C = (Q¢,Z,,-- 2 Zh,

20,69, g5, FO) and L(6) = {(w1, -+, wn, Uz, -+, Um) | (Wi, -+, wn) € L() A (W1, iz, -+,
Um) € L(98)}. Observe that we assume that the composition between of and 28 is done over
the first tape since the class of constrained rational languages is closed under permutation.
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The states of the automata C are given by Q© = Q* x Q?, the initial state is given by qoc = (q(’)“,
g8) and the set of final states is given by F¢ = F4 x FB. We will define the transition relation
5¢ along with two partial functions g : §c — 64 and h: ¢ — 8p. For every q,q' € Q4, p,
peQPanda, ez, ifr,=(q,(ai, -, an),q") €6 and 15 = (p, (a1, bo, -+, byy), p') € 58 then
we add 7’ = ((q, p), (@1, , an, bo, -+, b)), (q', p')) € 5€. We also let g(1) = 7; and h(1') = 1».
For any 7 = (q,(€,az, - ,an),q") € 64, we add 7’ = (g, p), (€, az,--,an, €™ 1), (q', p)) € 6¢
and we let g(7') = 7. Similarly for any 7 = (q, (€, b2, -+, bp), q') € 68, we add 7’ = ((q, p), (",
by, -+, by),(q,p") € 6€ and we also let h(r') = 7. For any 7 € d 4, we will refer to g_l(r) to
mean g~ (1) = {1'| 7' € ¢ A g(7') = 1}. We use similar notation for h~!(7) with 7 € § .

Now the Presburger formula ¢ is defined as ¢ = @1((T/Xreg1() ) e54) A
01 (T Xven1m ™) res8)-

* Intersection with regular: Given a constrained rational automata < = (4, ¢') with A = (Q%,
21,0 ,Zn,5A, q(‘)“,FA) and a regular n-dim language L. Since the intersection operator is
distributive over the union operator and the closure of the class of rational languages under
union, we can assume w.l.o.g. that L is of the form L(A;) x L(Ap) x --- x L(A,) where for
every i € [1..n], A; = (Qi,Zi,éi,qf””,Fi) is a finite state automaton. Let A’l. = (Q;,Zq,...,
Zn,(S;,qf””,F,-) be the n-tape automaton such that (1) &, < e} 1 x2; U e} and (2) (g,
€1, a,e""),q") € 8 iff (q,a,9") € §;. Then, it is easy to set that LN L(«#) = L(((((«£ o(1,1)
(A, true)) o2 (A}, true)) o3 3) (Ay, true)) - o, Ay)). Since the class of constrained the
class of constrained automata is closed under composition, we obtain that it is possible to
construct a constrained rational automaton ¢’ such that L(«/') = Ln L(<f). Furthermore,
it is easy to see that the size of A’ is exponential in |A;| +|Az| + -+ | A,| and polynomial in
the size of o/. Observe that in fact the complexity is polynomial in (|A;| +[A2] + -+ A"
and the size of «/.

O

The complexity of permutation, projection, composition is at most polynomial in size
of input automata whereas the intersection with regular languages is at most exponential in
the size of the description of the regular language and polynomial in the size of constrained
rational automaton.

Acceleration of Bounded-Context-Switch Sets

Let M = (n,Q,T’,A) be an MPDS. A bounded-context-switch set over M is defined by a tuple
A = (19,71,...,T2m) With m € N where (1) for every i € [0..m], we have 1,; < Aij for some
ij € [1..n] with iy = i3, and (2) for every i € [0..(m —1)], |72;+1] = 1. The size of A is defined as
the sum of the sizes of the finite sets 7; for all j € [0..2m]. The set of sequences of transitions
recognized by A, denoted by L(A), is 747175 -+ T5,,. Observe that when m = 0 and 79 = A; for
some i € [1..n], L(A) corresponds to a context associated to the stack i. And whenever 75; = @
for all i € [0..m], L(A) is a sequence of transitions. Thus, bounded-context-switch sets gener-
alize both loops and contexts. Observe that dropping one of 72;.; from the definition of A will
allow the simulation of unbounded unrestricted context-switch sequences and hence leads
to the undecidability of the simple reachability problem. Next, we state our main theorem:
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Theorem 27. Let M be an MPDS and A = (t¢,T1,...,T2m) be a bounded-context-switch set over
M. For every constrained rational set of configurations C, Posty )« (C) is a constrained rational
set and effectively constructible.

The rest of this section is dedicated to the proof of Theorem First we prove an ex-
tension of Lemma that shows that in addition to computing pairs of the form (g, u, q’, u)
such that there is a run 7 from (g, u) to (¢', u') one may in addition keep track of the number
iterations of L(A) seen along 7.

Lemma64. Let2? = (Q,X,T,9, qo) be an PDS and A = (1¢,T1,...,T2m) be a bounded-context-
switch set over & such thatt ; € 6. Let} be a special symbol not included inT. Then it is possible
to construct, in exponential time in the sizes of 2 and A, an 5-tape finite-state automaton
T = (Q7,Q,T,Q,T,{#},6, o, Fr) such that (q,u,q’, v,§™) € L(T) iff (g, u) = 5(q’, v) for some
sequence 1t € (L(A))™. Furthermore, the size of T is exponential in the sizes of & and A.

Proof. The proof of this lemma is based on the combination of the proof of Lemma 52| with
the fact the Parikh images of context-free languages can be effectively realised as a regular
languages. The aim is to build a rational automata T such that L(T) = {(q,u,q’, v,4"™) | (g,
u) =" #(q'v) A e (L(A)™}. It is easy to see that for any two configurations (g, u) and
(¢',v) in 2, if (q, u)A—m>*(q’v) then clearly such a run can be split as (¢, ' w)-Z>" (q",
w)&»*w(q’, v'w) for some we (I'\L)*1, 0y.0, = A and some u', v’ such that u = v'w,
v=vw. Letu' = a,---a, and v' = by --- by, then clearly we can further split the run into
increasing and decreasing phase. If w # L, then we can split it as

o * g, * % " * ! * o, * !
(g,a1---apw)—- w(q1,a2apw)—== -—="w(q" , W—" (g, byw)—=" = (g, v W)

Such thatoq---0, = A™. Orif w = L then we can split it as

(@ @ an D" (g az--ay D227 =" (q], 1) =1 (g5, D="1(q}, b )—" -
2" (g,v1)

Note that these intermediate sequences o; need not fall at the A boundary. Given a run
(say (g, a1 ---ay w)ifk w(q1, az - ayw)), the number of times A sequences are executed and
completed in this part of run is regular (since this can be captured as parikh image of a push-
down system, which is known to be regular [62]). However only this information is not suffi-
cient to concatenate sequence of such runs. We also need to keep track of the position inside
A where the run ended.

For this purpose, we will construct a new pushdown automaton P = (S, {#},I', A, po, S) that
has embedded in it the information of which position in A it is executing. The states of such
a pushdown automaton are S = Q x [0..m]. The initial and final state of this pushdown is
not important at this point of time. In the newly constructed pushdown system, the input
alphabets (of the original system) are ignored. Further each time a context switch transition
of the form 7 € 72;_1,i € [1..m] is performed, the current position inside A is updated. The
pushdown system only includes the transitions from the bounded-context-switch set. The
transition relation A is defined as follows. We will along with the definition of transition also
define a mapping g : A — § U {e}, which will later be used in the proof.
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forall T = (p,Pop;(a), b, p') € T2;,i € [0..m], T’ = ((p, i),Pop(a),¢,(p',i)) e Aand g(z") =1
for v = (p,Pop;(a),b,p’) € T2i—1,i € [1..m], 7" = ((p, i),Pop(a),¢, (p',i+1) e Aand g(t') =7
for all T = (p,Push;(a), b, p') € 124,i € [0..m], ' = ((p, i),Push(a),¢, (p,i)) eAand g(1') =7
for t=(p,Push;(a), b, p) € 12i-1,i € [1..m], 7' = ((p, i),Push(a),¢, (p',i+1)) e Aand g(z") =7
forall T = (p,Int;(a), b, p') € 12;,i € [0..m], T’ = ((p,i),Int,¢, (p',i)) eAand g(1') =7

for 7 = (p,Int;(a), b, p") € T2;-1,i € [1..m], ' = ((p, i), Int, ¢, (p',i+1)) e Aand g(t") =7
forall T = (p,Zero;(a),b,p') € T2;,i € [0..m], ' = ((p, i), Zero,¢, (p',i)) eAand g(t') =T

for 7 = (p,Zero;(a),b,p’) € 12;_1,i € [1..m], T' = ((p,i),Zero,¢,(p',i+1)) e Aand g(r") =1
We also add t = ((p, m),Int, 4, (p,0)) € A and we let g(7) =€

© PN e W=

We extend the function g in the straightforward manner to sequence of transitions. It is
glo)

easy to see that, 7 = ((p, 1), u) =p((p', ), v) iff (p, u) »(p,v), further 2(0) = % if g(0) €
T’z*l.rzl-+1r’2*i+272i+3 . 'T;mAkTSTI . -1’2“]., for some k € N. We will call a sequence of the form
T;i12i+1r;i+212i+3'--T;mAkT(’;rl ---1’2“]. as (2i,AX,2)

For any i, j € [0..m], let L™ ((p,),a,(p’, ))) = {Z(0) | (p,i),a) Zp((p', j),€)}. The above
language recognises X(o) = ¥ if there is an execution sequence that starts at state p and
position 1y; in A, executes rest of sequence of A, iterates A*~1, executes the A sequence up
to 7, reaches state p’ and in the process removes the letter a from the stack. Clearly such
a language is effectively regular and at most exponential in size of P. This follows from the
fact that Parikh image of pushdown automata are effectively regular [63]. We will assume the
finite state automaton recognizing such a language to be B~ ((p, i), a, (p’, j)).

Similarly let L*((p, i), a, (p', J)) = {Z(0) | ((p,D),€) Zp((p', ), @}. Let L=((p,i),(p', j)) =
{Z(0) | (p, i),J_)i»p((p’,j),J_)}. These languages are also regular for the same reason as
above. We will assume the finite state automata recognizing the Parikh image of L* ((p, i),
a,(p', j)) to be B*((p,i),a,(p’, j)) and we will assume the finite state automata recognising
the Parikh image of L=((p, i), (p, j)) to be B=((p, ), (p', ).

We now show how to construct the rational automata 7. Towards this, we will introduce
some notations. For any 2x € {+,—, =}, we will refer to states of B** automata as State(B**).
Similarly, we will refer to initial, final states and transitions as Initial(B**) , Final(B**) and
A(B*¥) respectively. We will further assume that the states of such automata are distinct. We
will simply use St=,St™, and St* to refer to set of all states of all possible B=, B~ and B*
automata respectively.

The idea behind construction of rational automata T is as follows. We need to ensure
that L(T) = {(q, u, q', v, #"™) | (g, u) 2> 5(q', v) A7 € (L(A))™}. The construction of T amounts
to guessing these intermediate points of the decreasing, zero and increasing phase, while
keeping track of the Parikh image of the languages generated during these runs on the 5"
tape.

Now the states of T is given by Q7 = (Qx [0..m])USt™) x (Qx [0..m])UStT U{LHUSIE=U{s,
f,e}. It contains the states to recognise the decreasing slope, increasing slope, optional zero
phase and a final state. The first component of the state is used for the decreasing phase
and the second component of the state is used to simulate the increasing phase. When the
decreasing phase is active, the second component is L. The initial state is s and set of final
states is Fr = {f}.
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We add (s, (q,¢,¢€,€,€),((g,0),1)) € d7 to start the simulation of the decreasing phase,
starting from . We add for all i, j € [0..m], ae T\ {1} and q,q’ € Q, we add (((g, i), 1), (¢, a,€,
€,€), (Initial(B~ ((q, 1), a, (q', J)), 1)) € 67, this guesses the points of the decreasing phase that
removes a from the stack. Similarly we add ((Final(B~ ((q,1),a,(q’, j))), 1), (€,€,€,€,€), (', ),
1)) € 67, this ensures that on completing the simulation of automaton, the control returns
back. The above transitions have the following effect. Towards simulating the automata, we
add for all (p,a, p’) € A(B™((g,1),a,(q, j))), the transition ((p, L), (¢,¢,¢€,¢€,a),(p’, L)) € A'.

The effect of these set of transitionsan be described as, from the initial state s on reading
a state g on tape-1, we start the decreasing phase by entering the state ((g,0), 1). From any
state of the form ((g,i), 1), on reading a letter a from tape-2, it guesses the resulting state
(¢', j) of a run that ends up consuming a from stack and simulates the automata B~ ((q, i), a,
(¢', j)). We return to (q’, j) after completing to simulate the automata. It is easy to see that

e,u,6,64™m ¥

s—(q'—E@» ((g,0), 1) ( (q,n,L iff((q,O),u)i»*p((q',j),e),Witha € (2i,Am71,2j).

Similarly we add set of transitions to deal with the increasing slope. We add (((g,
i),1),(€e€q¢€€),(q,i),(G',m)) € §r. This transition starts the simulation of increas-
ing slope. We add for all k € [0..m], i,j € [0..m], a € T and p,q,q' € Q, the transition
((p, k), (q,1)), (€,€,€ a,€),((p, k), Initial(B* (4, ), a,(q,1))))) € 7. Similarly we add (((p, k),
Final(B* ((¢', J), a,(q,1)))), (€,€,¢€,€,€), (p, k), (4, }))) € 7. Towards simulating the automata,
we add for all (p,#,p') € A(B*((q,1),a,(q,j))), the transition (((g, k), p), (€,¢€,€,€,#),((q, k),
p)) € A'. We also add ((q,k),(g,k),e>,e) € A" and (e, (¢, a,¢,a,6),e) € A’ and (e, (¢, L€, L,
€),f) € A. Tt is easy to see that ((q’,j),l)w»*((q’,j),(q, m))M*((q’,j),(q’,
=+ () erewa * o) elebd " py iff (¢, wl)-L" (g, vwl) with o € 2§, A", 2).

To simulate the zero tests, we add the following transitions (((¢', j), (g, 1)), (€, L,€, L,
€), Initial(B=((q', j),(q,1)))) € A’ for all q,q' € Q, i,j € [0..m] and also the transitions
(Final(B=((q, ), (g, i), (€%), f) € A, Tt is easy to see that if (¢, ), (g, i) -E=eLt"L" ¢ if
(¢, 1)-%"(g, L), with o € (2, A™1,2]).

Correctness of such a construction can be got by simply following the argument similar
to that in lemmal52] O

This allows us to prove Lemmal65} leading to the proof of Theorem 27

From an MPDS M, one can construct a PDS M; for each stack i, which simulates the
moves of M on the ith stack while guessing, non-deterministically, the effect of the moves
corresponding to the other stacks. Clearly, any run of M can be decomposed in to a tuple
of runs, one per M;. However, because of the special structure of L(A), a converse of this
statement is true for runs of the form L(A)*. Any tuple of runs, one from each M;, which
agree on the number of iterations of L(A) seen along the run, can be composed together to
give a run M. We formalize these arguments now.

Let i € [1..n]. For each transition t = (¢, 0p, q') € A, we represent the effect of the transition
t on the stack i by the transition ¢|; defined as follows: ¢|; = ¢ if t € A;, and t|; = (g,Int;,
q') otherwise. We extend this operation to sets of transitions as follows: For a set T < A,
Tl;={tlilte T}.

Let M; = (1,Q,T',A; U {tg,T1,...,T2m}l;) be a PDS simulating the i-th stack while taking
into account the effect of the other stack operations. We define also A|; to be the bounded
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context/switches set defined by the tuple (7ol;, 71l;,-.., T2mli). Let T; be the 5-tape finite state
automaton resulting from the application of Lemma [64] to the PDA M; and the bounded-
context-switch set A|;. Then synchronising the multi-tape automata T; on the number of
occurrences of the special symbol § provides a relation between any possible starting config-
uration (q, uy, ..., u,) with any configuration (¢’, vy, ..., v,) reachable from (q, uy, ..., u,) of M
by firing a sequence of transitions in L(A)*.

Lemma 65. Let meN. Then, (q,u1,...,un) = _4(q',v1,..., v,) for some sequence m € (L(A))™
ifand only if for everyi € [1..n], (q, u;, q', vi,#™) € L(T}).

Proof. (=) Let(q,uy,...,uy) l»ﬂ(q’, v1,...,Uy) bearunin M such that 7 € (L(A))"™. By defi-
nition, n|; is clearly a valid sequence of moves in M; ( |; is extended to a sequence in straight
forward manner) such that z|; € (L(Al;))™. We can easily prove by induction on length of the
run thatif (g, uy, ..., u,) = _4(q', v1,...,vy,) then (q, u;) ”—“»(q’, v;). By definition of L(T;), this
means that (q, u;, q', v, #™) € L(T).

(=)

The idea for the other direction is as follows. If (g, u;, ', v;, ™) € L(T;), then by definition
there are individual runs in pushdown systems such that this run is in L(A[;)™. Clearly Al;
contains some real transitions and some projected transitions. Note that the real transitions
are also part of our multi-pushdown system M. If we can find a shuffle of all the real transition
sequences of each of these runs such that the ordering among the sequence obey the original
ordering in the individual run, they are state-wise compatible and they form a word in L(A)™,
then it is easy to see that such a transition sequence is also a valid transition sequence in the
multi-pushdown system M. We will attempt below to find one such valid sequence.

Let j € [1..n] be the index of the stack such that 79,72, € A;. In the following, we will
prove a stronger claim than the one stated by Lemma In fact we will prove that if we
can reach a particular state in a thread, we can reach it in all other thread and we can also
reach it by iterating A in MPDS, that is for every i € [1..n], (q, u;, g;, vi,§™) € L(T;) then (q,
ui,qj,vi,§™) € L(T;) forall i € [1..n], and (q, uy, ..., u,) l»,”(qj, v1,...,Vy) for some sequence
e (L(A)™.

The proofis done by induction on m.

Base Cases: The base case is when m = 0. This means that (g, u;) = (g;,v;) for all i € [1..n]
and hence (q, u1,..., uy,) Lﬂ(qj, v1,...,Uy) for m = €. Furthermore it is easy to see that (g, u;,
q;j,vi,§™) € L(T;) holds for all i € [1..n].

Let us assume that m = 1. Let us assume that (g, u;, q;, v;,#) € L(T;) for all i € [1..n]. From
Lemma ‘ this implies that for every i € [1..n], (g, u;) ﬂ»Mi(qi, v;) with o € (L(A)). Then we
can rewrite the run (g, u;) ﬂ»Mi(qi, v;) as follows (g, u;) M»Mi (pa1y, Ui 1) M'1\4,4(17(1‘,2),
U 2) —2 g, =2 (DG 2mys Ui 2m) —22 0, (i, vi) where a e € T for all £ €
[0..2m] such that a(;2r-1) = T2,—1 for all r € [1..m]. Then, it is easy to see that for every

agjamli

M; (g, vi) with v; = w(; 2m), this follows from definition of Al;.
) Qi,0) A1) A, 2m=-1) A(j2m) i

i #J, (Pa2my Ui,2m))

This implies that (q, u; Mm; (g, vi). Hence, (q,u;,q;,v,1) € L(T;) for
all i € [1..n] and so we have proved the first part of the claim.
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Let s € [0..2m], i be the index of the active stack (i.e., 7, € A; ). Then we can show that for

everyse€ [1.2m—1], (pa,s), Uq,s) Ue,s), "> Un, s)) —’M(p(l s+1) U1, s41) U@ s+1)s "> Unys+1))-
Furthermore, we can show (g, uy, uy, ..., ) —>M(P(1,1), U1, U1y, Um) and (pa,2m),
UQ,2m), U@e,2m)>" " Un, 2m)) Ljzm Mm(qj,v1,2,...,vy). Now combining all these runs we get

Q7,0 X6, Xigpyy_1,2m-1A(j,2m)

that (g, u1, ug, ..., uy)
the base case.

(qj,v1,V2,...,Vy). This complete the proof for

Induction Step: Let us assume now that if for every i € [1..n], (9, u;, q;, v;, ™) € L(T;) then (q,
u,-,q;., v;, 4™ € L(T;) forall i € [1..n], and (q, uy, ..., uy) l"/p{(q]', v1,..., Uy) for some sequence
e (L(A)™.
Let us show that if for every i € [1..n], (q, u;, g;, vi, §*") € L(T}) then (q, u;, qj, vi, ™) €
L(T;) foralli € [1..n], and (q, uy, ..., Un) l»ﬂ(qj, v1,...,v,) for some sequence € (L(A))™*1.
Since (q, u;, qi, vi,§""') € L(T;) for all i € [1..n], this implies that (g, ui)ﬂ»Mi(qi,vi)
for some ;i € L(Al;)"™. We can then split the run (q,u )L»Ml(q,-,v,-) as follows: (g,
)—»M (g}, w; )—»M (i, v;) such that 7, € L(A|;)™ and 7} € L(Al;).

Since for every i € [1..n], (q, u; )—*M,(%, w;) such that n € L(Al;)™, we have (q, u,,ql,
w;, #™) € L(T;) from Lemma[64] Now we can apply the 1nduct10n hypothesis to these runs
and we get that (g, ui,q}, w;, ™) € L(T;) for all i € [1..n], and (q, uy, ..., uy) iﬂ(q}, wi,...,
wy,) for some sequence 7 € (L(A))™.

On the other hand, since 79 € A j, we can show that (q] w;) 22— M; (gi, vi) such that n
L(A|;)™. This implies that (qj, wi, qi, vi,1) € L(T;) from Lemma Now we can apply the
induction hypothesis to these runs and we get that (q}, w;, qj, vi,4) € L(T;) for all i € [1..n],

and (q}, wi,..., Wy) i»%(qj, v1,..., V) for some sequence x € (L(A))™.
Since (g, u,-,q} w;, 4™ € L(T;) and (q} wi, qj,vi,§) € L(T;) for all i € [1..n], we get
that (q, u; )—»Ml(q] w;) and (q] w;) Z— M;(qj,v;). Combining these two runs we get (q,

u;i) —W>Mi(qj, v;) forall j € [1..n].

Now, we can also combine the following two runs (g, u, ..., u,) Lﬂ(q}, wy,..., wy,) and
(G Wy Wn) == (G, V1, Un), We BEL (G, U,y Un) == (G, V1, V). O
[l

Remark: The ideas used in the proof of Lemmal|64 can be used to compute more details such
as the number of occurrences of every transition (instead of number of iterations of L(A) ). How-
ever, without the special structure of L(\), this does not seem to lead to a corresponding gener-
alization of Lemmal65,

Now, we are ready to prove Theorem[27] Let us assume now that we are given a (n+1)-tape
constrained finite-state automaton € = (A, ¢) where A= (P,Q,T,...,T',0, po, F) and L(¥) =
In the following, we show how to compute a (n + 1)-tape constrained finite state automaton
€' accepting the set Post(p))+ (C). To do that, we proceed as follows: We first compose C with
the synchronized automaton (T3, true), synchronizing the second tape of T (containing the
stack contents at the starting configuration of the M;) with the second tape of A, to construct
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a (n+5)-tape constrained automaton 6 = € o2 2) (11, true). We then need to synchronize the
starting states (i.e., the first tape of A with the first tape of 7). This can be done by intersecting
%) with the (regular) language Ugeqiq} x (T*)" x {g} x Q xT'* x ({f)*. Let €] be the (n+5)-
tapes resulting of this intersection. Then, we project away the starting control state occurring
on the n + 2-tape and the content of the second tape to obtain the (n + 3)-tape constrained
automaton 6, =I1,(6)) where t = ([1..n+5] \ {2,n +2}).

Then, we need to compose ‘61” with the constrained automaton (7, true), synchronizing
the second tape of T» (containing the stack contents at the starting configuration of the M>)
with the second tape of €)', to construct a (n + 7)-tape constrained automaton 6 = €, 022
(T»,true). We then need to synchronize the starting states (i.e., the first tape of 6, with the
first tape of T»). This can be done by intersecting 6> with the (regular) language Ugeq{qg} x
T I x QxT* x ({fh)* x {g} x Q xT* x ({H*. Let 6, be the (n + 7)-tapes resulting of this
intersection. Then, we project away the starting control state occurring on the n +4-tape and
the content of the second tape to obtain the (n+5)-tape constrained automaton <€2” =TI, (ng’)
where (' = ([1..n+ 6]\ {2, n +4}).

This procedure is then repeated for all the constrained automata (T3, true), with i € [3..n],
to obtain at the end the (37 + 1)-tape constrained automaton ‘6,’,’. We can also project away
the starting state stored at the first tape from %, since it is not any more needed. So, let 4 be
(3n)-tape constrained automaton such that 4 =TIl 3, (€))).

Now, we need to synchronize the automata (7;,true) on their final states stored respec-
tively at the tapes 3(i — 1) + 1, with i € [1..n], of ¢4. To do that we intersect ¢ with the (regular)
language Ugeqiq} x T*x ({H* x{gt xT* x ({fH* x---x {g} x* x ({H *. Let ¢’ be the (3n)-tapes
resulting of this intersection. We can then project away the copies of the final control states
and only keep its first occurrence to obtain (2n + 1)-tape constrained automaton ¢” defined
as follows: ¢" =11,#(¥¢") where (" = ([1..3n]\{3i + 1|i € [1..n — 1]}). Let us assume that ¢" is
of the form (A’,¢") where A’ = (P, Q,T, {#},T,4,...,T,{#},0', py, F). Furthermore, let us assume
that for every i € [1..n], 5’1. is the subset of §’ containing only the transitions of the form (p, v,
p) € &' such that v[2i + 1] = . Observe that by definition, we have v[j] = ¢ for all j # 2i + 1.

From Lemma we need to ensure the same number of the special letters f in all the
tapes {2i + 1] € [1..n]}, we need to augment the formula ¢’ with additional constraints. Let
9" = (A,¢") where ¢" = ¢' A (X5, 1 = Lpyesy T2 =+ = Xy,e0,, In). Finally, the n+ 1-tape
constrained finite state automaton %’ can be constructed from %"’ by projecting away the
tapes with symbol # i.e. the tapes {2i + 1|i € [1..n]}. Hence, €’ = I1,»(¥¢"") where ' = ([1..n] \
{2i +1]i € [1..n]}). This completes the proof of Theorem[27]

8.4 Conclusion

In this chapter, we first showed that rational sets of configurations are stable w.r.t. bounded
context executions.

¢ We showed that under iterations of a loop of a regular set of transitions is always rational
while that of a rational set need not be rational.

* We then introduced a new representation for configurations called n-CSRE. We went on to
show that n-CSREs are indeed stable w.r.t iteration of loops.
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* We introduced a joint generalization of both loop iterations and bounded context execu-
tions called bounded context-switch sets. We showed that the class of languages defined
by n-dimensional constrained automata is stable w.r.t accelerations via bounded context-
switch sets.



Chapter 9

Parity games on MPDS

9.1 Introduction

In this chapter, we consider the problem of solving the parity games over the multi-pushdown
systems with bounded-phase restriction. Informally, a parity game is a two player game (
say player-0 and player-1), played on a graph. The vertices of the graph are partitioned into
player-0 and player-1 positions. Further each node in the graph is assigned a rank from a
finite set of natural numbers. The game starts with a token placed in a node designated as
the initial node. The play proceeds in rounds and the player of each round is determined by
the player of the node, in which the token is placed. During each round, the player moves
the token from the current node to one of its adjacent nodes. The winner of the game is
determined by the minimum rank visited infinitely often in the play. Now given any initial
position in the graph, one can ask if a particular player can play in such a way that he win
all plays starting from that position, irrespective of how the other player responds. Then we
say that the player wins from his position and has a winning strategy, formal definitions are
provided in the next section. Now given a parity game and a position in the game, one can
ask if there is a winning strategy for a particular player.

Parity games were originally introduced in [116] and subsequently studied as a winning
condition of games in [59]. Close connections of parity games with p-calculus [58,[135] makes
this problem interesting and important. The parity games on finite state systems is well stud-
ied [86} 136, 87] and is known to be in UP n co-UP. Solving parity games on infinite structures
has also been a topic of interest [50}[143]. Parity games on pushdown systems were studied in
[143] and was shown to be decidable. In [47,93], it was shown that set of all winning positions
in a parity game on pushdown systems is regular.

In this chapter, we are interested in solving the parity game over a multi-pushdown sys-
tem with bounded-phase restriction. This problem was first studied by A. Seth in [I133]. He
showed how to obtain a NON-ELEMENTARY decision procedure to solve the problem. Here,
we show a seemingly simpler and inductive argument for the same problem. For this, we
observe that any sub-game involving only one phase is essentially a game on a pushdown
system. Using this crucial fact, we then show how to reduce a parity games over a multi-
pushdown systems with k- phase restriction to a parity games over MPDS with k — 1 phase

149
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restriction, thus reducing the problem to pushdown games. The complexity of our construc-
tion is also NON-ELEMENTARY.

We next show how to reduce the problem of checking satisfiability of a first order formula,
with ordering relation FO(<) over natural numbers to solving a parity games over MPDS
with bounded-phase restriction. The satisfiability problem of FO(<) over natural numbers
is known to be NON-ELEMENTARY-COMPLETE [136]. This reduction shows that the high com-
plexity required to solve parity games on MPDS with bounded-phase restriction cannot be
avoided. With this, we settle the question posed by A.Seth [133], on whether such a high
complexity for solving parity games over MPDS with bounded scope is really required.

9.2 Parity Games

Definition 11. A Parity game is defined over game graph 9 = (V,E, 1,0) where

e V is a (possibly infinite) set of nodes.

e ECV xV isasetof edges.

e 7:V —10,1] is a function that defines ownership of the node.

e 0:V—[l..m] for some meN is a ranking function that assigns a rank to each node.

For any node s € V, we define E(s) = {s' | (s,s') € E}. We say a r is a finite play of 4 iff
7T =818+ Sy such that forallie[1...n—1], (s;,si+1) € E and E(s,) = @. 7 is said to be infinite
play of ¢ iff m = s18182 -+ such that for all i € N, we have (s;, si+1) € E. We will assume w.l.0.g.
that graphs we deal with do not have any dead end nodes (i.e. there is no s such that E(s) = @)
and hence that all our plays are infinite.

For any infinite play w = sys1 52+ -+, we let S to be the set of all nodes that appear infinitely
often in the play n. We define Parity(n) = min(inf (7)) mod 2, where inf(n) = {o(s) | s € S} i.e.
it is the parity of minimum rank that is seen infinitely often along the run. An infinite play n is
winning for player-0 iff Parity(r) is 0, otherwise it is winning for player-1.

For any i € [0,1], we let V; = {s| s € V A1(s) = i} i.e. it is the set of positions owned by
player-i. A strategy function f for player-0 is defined as f: V*V, — 2"\ @. An infinite play
7T = VoV V- is said to be confirming to a strategy function f iff for any prefix of the play
7' =vy---vi € V¥V, viy1 € f(r)). An strategy function f is said to be winning for player-
0 from any node s, if the set of all possible plays 7 starting from the node s, such that it
is confirming to the strategy function f are winning for player-0. The strategy function for
player-1 is defined analogously. We say a node s is winning for player-0 ( or player-1) iff there
is a strategy function that is winning for player-0 (or player-1) from that position.

A strategy function f of player-i is said to be a memoryless strategy or positional strategy
ifitis of the form f : V; — 2"\, i.e. it only depends on single node. Any given play 7 = vy v, - --
is said to be confirming to the memoryless strategy function f of player-i, if for all nodes
vj € V; (j€N), we have vj,1 € f(v;). We can now define the memoryless winning strategy
function analogous to the previous case.

A natural question in this setting is whether for any position s, one of the two players has a
winning strategy from that position (determinacy) and if so whether the strategy is memory-
less (memoryless determinacy). The determinacy of parity games follows from a very general
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result due to Martin’s determinacy theorem which establishes the determinacy for a much
wider class of games.

Memoryless determinacy theorem for parity games [59] establishes that we not only have
determinacy, we also have that the winning player has a memoryless winning strategy.

Theorem 28. [59] Given a parity game G = (V,E,1,0), there is a partition of nodes V, V =
Wo w Wy and memoryless strategy functions 0g,0 such that o; is winning for player-i from
each positions in W;.

This still leaves the interesting question of how to determine the winning sets and the
winning strategies in specific games. While this is easy for finite graphs, extensions to infi-
nite graphs is difficult. We refer the readers to [73] for a detailed survey on infinite games in
general.

9.2.1 Some useful results on parity games

In this section, we prove a couple of facts about parity games in general, that will be useful
later in the chapter. The following Lemma states that if there is a mapping from one game
graph to another such that any move in the former can be simulated in the latter, and if such
a simulation preserves the player and the rank at each position of the play, then the winning
positions are also preserved by the mapping.

Lemma 66. Let G = (Vg,Eg,76,06) and H = (Vy,Eq,TH,0 1) be games graphs and let F :
Vi — Vi be any function such that for any position x € Vg

1. og(x) =0y (F(x)), the function is rank preserving.

2. 16(x) =1H(F(x)) i.e. x and F(x) belongs to the same playeri.
3. Ifx — x' then F(x) — F(x').

4. If F(x) — y then there exists x' such that x — x" and F(x') = y.

Then, any position x is winning for player 0 (player-1) in G if and only if F(x) is winning for
player 0 (resp player-1) in H.

Proof. (<) Firstly we will assume that player-0 is winning from the node F(x) in H (and
hence has a strategy function £ that is winning from node F(x)) and show how to construct
a strategy function g for player-0 in G, which is winning from x. For any node v € Vg, we
let g(v) = {v' | F(v') € h(F(v))}. Using item we can conclude that g(v) # @. Consider any
infinite play m = xv; v, .-+ that is confirming to strategy function g, we will show that such a
play is winning for player-0. For this, we will consider the play F(x) = F(x) F(v1) F(v2)--- and
show that such a play is confirming to the strategy function s. Consider any node from the
play F(v;) € Vg, we need to show that F(v;,1) € h(F(v;)). But notice that v; 41 € g(v;) since 7
is conforming to g. By definition g(v;) = {v' | F(v) € h(F(v;))} and hence F(vi;)) € h(F(v;)).
Hence we have that for every infinitely play in G such that it is conforming to strategy func-
tion g, there is an infinite play in H that is confirming to /# with an identical sequence of
ranks. Since h is a winning strategy, Parity(F(r)) = 0 and so Parity(n) = 0. Thus, we have
that g is winning for player-0. For the other direction, since parity games are determined via
memoryless strategies, it is enough to prove that if player-1 is winning from a node F(x) in H,
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then player-1 is winning from x in G. But this follows from similar argument as above. Hence
we have the result.
O

Given a game graph ¢ = (V,E,7,0), U< Vissaidtobeatrapof ¥ iff ENnU x (V\U) = ¢.
i.e. once the game enters U, there is no way for it to exit. The following Lemma states that
given any parity game graph, the game graph obtained by fusing all the winning positions of
player-0 (and that of player-1), into one node, preserves the winning positions.

Lemma 67. Let G = (Vg,Eg,TG,06) be a parity game and let Vi < Vi be a trap of G. Suppose
Vi and Vi, are the winning positions for player 0 and 1 in the subgame V. Then, consider
the game graph G' = (Vg Eg, T/, 0 ¢') constructed as follows:

Delete the subgame Vi

Add two new positions q,, and q;.

Ifs— tisanedgein E with s ¢ Vg and t € Vi then add an edge from s to q,,.
Ifs— tisanedgein E with s ¢ Vi and t € Vi, then add an edge from s to q;.
Add edges from q,, to q,, and q; to q.

Forallve Vg\ Vg, welettg(v)=16(1), 7¢'(quw) =0, Tc (q1) = 1.

Forallve Vg\Vy,o¢(v)=0(v) andog(qy) =0,06(q)) =1.

N O RN W~

Then, any position in Vg that is not in Vy is winning for any player in G if and only if it is
winning for that player in the game G'.

Proof. To prove the above Lemma , we will first prove Lemma 68| which states that given any
game G = (V,E, 1,0) and set of vertices Vg < V which is a trap, any position x in game G is
winning for player-0 iff it is winning in a modified game G’ = (V, E, 7,0’) where the ranking
function for vertices in the trap that is winning for player-i is replaced by i (i € {0,1}) and
remains unchanged for rest of the vertices.

Lemma 68. Let G = (V,E,1,0) be a parity game. Let Vg be set of positions that is a trap, let
Vo € Vi be set of positions that are winning for player-0 and Vi, be set of positions that are
winning for player-1 in the subgame on Vi, then any position x € V, is winning for player-
0 in G iff it is winning in a game G' = (V,E,1),0') where ¢’ is given by, for all v € V \ Vg,
o'(v)=a ), forallve Vyy, d'(v) =0 and forall ve Vi, o' (v) = 1.

Proof. (=)

Let g be any strategy funtion of G which is winning for player-0 from node x. We will
show that the same strategy function is also winning in G'. Assume any play 7, starting at x
and which confirms to strategy function g. Note that r is also a valid play in G’, confirming to
g. Supposing 7 is play that does not involve vertices from Vj; then there is nothing to prove,
since the ranking function is the same for nodes not in V. So we will assume that 7 involves
nodes from Vy.

Since 7 is winning for player-0 and by assumption involves vertices from V, note that
Vg is a trap, hence there is a finite prefix of 7 after which all the vertices visited are from Vy,
in-fact Vp, (since 7 is winning for player-0 and nodes in Vg, are winning for player-1 in the
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subgame on Vy). Hence the minimum parity of nodes visited infinitely often for the play =
in G’ is 0 and hence winning for player-0.

(<)

For this direction, from determinacy of parity games, we only need to prove that for any
node x, if player-1 is winning from it in G, he is also winning from the same node in G'. But
such a proof is very similar to the case above.

O

Next we will prove Lemma[69 which states that any position x in a game G is winning for
player-0 iff it is winning in a modified game G’ where the vertices that are winning for player-
0 in any trap are reassigned as player-0 positions and vertices that are winning for player-1
are reassigned as player-1 positions.

Lemma69. LetG = (V, E,1,0) be any parity game, let Viy = VoW Vi be a trap, where Vi are
winning positions of player-0 and Vy, are winning positions of player-1 in V. Any position
x is winning in G iff if it is winning in a similar game G' = (V,E,t',0) where t'(u) = 1(u) if
ueV\Vy, v'(u)=0ifue Vygandt'(u) =1 ifue Vi,

Proof. (=) Let g be any strategy funtion of G which is winning for player-0 from node x. We
will show how to construct a strategy function g’ for player-0 in G’ such that he can win any
play starting at node x.

e Forany v e V\ Vg such that 7(v) =0, we let g'(v) = g(v).
* For any v € Vp, such that 7(v) =0, we let g'(wv)=g).
* Forany v € Vy, such that 7(v) = 1, we let g'(v) = v’ for some v' € E(v).

It is easy to see that such a strategy function is winning for player-0 from node x. If the
play never enters Vg, it is winning since g was originally winning. If it ever enters Vp,, notice
that g was winning for any arbitrary choice of player-1, from this we can conclude that g’ is
winning.

(<) The other direction is obtained via the determinacy and the symmetric argument for
strategies for player-1. O

With these two Lemmas in place, the proof becomes simpler. Now let G; = (Vg, Eg, Tg,,
o) be the game obtained from G, by applying Lemma and let G, = (Vg,Eg,7g,,0¢,) be
a game obtained from G, by applying Lemma[69] Now it is easy to see that we can define
a mapping F: Vg, — Vi which has the properties required by Lemma{66| The mapping
F: Vg, — Vi is given by

e Forany ve Vg, \ Vg, welet F(v) =v
e Forany v e Vg, welet F(v) = gy
e Forany ve Vg, welet F(v) =q

From this it is easy to see that for any x € Vi \ Vy is winning in G iff it is winning in G'.
O
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9.2.2 Parity games on pushdown system

Parity games on finite state system have been well studied, from the time they were first intro-
duced in [116]. Extensions of parity games to finitely described infinite structures have also
been studied in past. The key step in this direction has been the result of I. Walukiewicz [143],
showing how winners can be determined in pushdown games, i.e. games played on config-
uration graphs generated by a pushdown system. Since parity games has close connections
with model checking mu-calculus, such a result also provides an algorithm to model check
mu-calculus formulas over pushdown systems. We define parity game on pushdown systems
below.

Definition 12 (Parity game on PDS). Given a pushdown system P = (Q,T', A, qo) and mappings
7:Q+—[0,1] and o : Q — [1..m], parity game on PDS is simply a parity game played on the
game graph 4 = (€ (P),—,1,0), where 1 and o are extended to configurations as follows. For
any configuration of the form c = (q,7y), T(c) = 1(q) and o (c) = 0(q).

In [47,[132], T. Cachat and O. Serre independently proved that the set of all winning po-
sitions of a particular player in a parity game played on a pushdown system is effectively
regular. This can also be obtained using tree automata techniques as shown in [93].

Theorem 29. [47,[132] The set of all winning positions for player 0 (or player 1) in a pushdown
game can be described by an effectively constructible, exponential sized finite state automaton
over the alphabet T U Q which accepts a word wq € T'* Q if and only if the configuration (q, w)
is winning for player 0 (or player1).

We will use this finite representation in our construction for bounded-phase games.

9.3 Bounded phase parity games on MPDS

For purpose of defining the bounded-phase parity games, we will first enhance the configura-
tions of a multi-pushdown system with the information about number of phases remaining
and the identity of current stack.

Definition 13 ( Bounded-phase parity games). Given a multi-pushdown system M = (n, Q,
I,A, qo) and a constant k, we define the set of enhanced configurations of M as &X(M) as
€ % [0..n] x [1..k]. Such an enhanced configuration, apart from containing configuration of
the multi-pushdown system, also records the currently active stack and number of remaining
phases. We will omit the k and simply refer to it as § (M) when ever k is clear from the context.
At beginning of any computation, we let the (penultimate) current stack component of & (M)
to be 0, indicating that none of the stacks are active. From such a position, the stack gets active
on the very first pop or zero test. We define the transition relation ~» as follows. Given any
two configurations (c, i, j), (c',i', j') € &(M), we say (¢, i, j) ~ (¢, i',j') iff c = ¢' and one of the
following holds.

» Ift=(q,Pop;,q') ort = (q,Zero;,q') forsomel € [1l..n] andi=0 then j=j =k andi =1.

* ift = (q,Pushy(a),q) or v = (q,Inty, q') for some k € [1...n] or v = (q,Pop;,q") or v = (q,

Zero;,q') theni' =i,j' = j



9.4. DECIDABILITY OF BOUNDED PHASE PARITY GAMES 155

* ift =(q,Pop;(a),q") ort =(q,Zero;, q') forsomel#iand j>1theni' =1,j' =j-1

Let T : Q— [0,1] be a map that designates each state to a player, o : Q — [1..m] be a map
that assigns rank to each state and k be any natural number, then a k-bounded-phase parity
game is a parity game played on the game graph 4 = (§(M),~»,7,0), where 1,0 are extended
to configurations as follows. For any (c, i, j) € £(M), we let 1((c, i, j)) = T(State(c)) and o ((c, i,
J)) = o(State(c)). We will denote such a game as§ = (k, M, t,0)

Given a bounded-phase parity game ¢ = (k, M,7,0) and a node s € §(M), we would like
to determine whether there is a strategy function g that is winning for player-0 from the node
s.

9.4 Decidability of bounded phase parity games

Our construction for solving the k bounded-phase parity game proceeds inductively on the
value of k. The intuitive idea is to first show that if the game is a single phase game, then the
game graph of such a game actually corresponds to just the positions of a pushdown game
and by Theorem 29|we know the set of winning positions are recognisable.

Secondly observe that that the positions in the game graph are stratified in the following
sense - if (¢, i’, k') is reachable from (c, i, k) then k' < k. From this, we know that if the game
were to enter the last phase, it will continue to remain in that phase. Hence any position in the
last phase corresponds to a position of a pushdown game, which is known to be recognisable.
Using this information, we will go onto show how to reduce the k bounded-phase game to a
k —1 bounded-phase game.

9.4.1 Decidability of 1-phase game

In an 1-phase game, the configurations can be of the form (c, i,1) with i # 0 or of the form
(c,0,1). We will show in each of the cases that the set of positions winning for player-0 is
a recognisable set (i.e. it can be effectively determined). For the sub-game involving only
configurations of the form (c, i, 1), we will show that such positions correspond to positions
of a pushdown game. Now using the fact that set of all positions winning for player-0 in
pushdown game is a recognisable set, we will show that nodes that are winning for player-0
in sub-game involving configurations of the form (c,,1) is also a recognisable set. For the
case involving configurations of the form (c, 0, 1), we will reduce such a sub-game to a parity
game involving only finitely many states.We formalise the details below.

Lemma 70. Consider any bounded-phase parity game ¥ = (1, M,1,0), where M = (n,Q,T, A,
qo). We can effectively determine the set of all positions of the form & L M), i €10..n], that are
winning for player 0.

Proof. The nodes in &1(M) are either of the form (c, 0, 1) or of the form (c, i, 1) for some i # 0.
We will first consider the nodes of the form (c,7,1) and show that the winner can be de-
termined. The general idea of the proof is to first construct a pushdown system for each
i € [1..n], from the given multi-pushdown system M. Such a pushdown system will simu-
late the moves of stack-i by using its own stack for any operations on stack i, and ignoring
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the pushes on other stacks. The pushdown system (corresponding to stack-i) is defined as,
P; =(Q,T,6;, qo), where §; is defined as follows.

* Forevery 7 = (q,Pop;(a),q") € A,we add v’ = (q,Pop(a), q') € §;. We add similar transitions
for 7 = (q,Zero;(a),q') € A, 7 = (q,Push;(b),q') e Aand 7 = (g,Int;, q') € A
* For j # i and for every 7 = (q,Push;(b),q") € Aand 7 = (q,Int},q') € A, we add 7’ = (g,Int,
q’) €90;.
The winning positions of each player of the sub-game with configurations of the form
(c,i,1) with i # 0, can be captured using the pushdown game # = (€ (P;),—,1,0). Let the
function F: &' (M) — € (P;) be given by

F(((L]»Yl,'}’z,"';Yn),i, 1)) = ((q)Yl))

The function F simply disregards content of stacks other than i and keeps stack i intact.
Following set of claims shows that such a mapping will preserve the properties required by
Lemmal66l

Claim 11. Forany v e &'(M), we havet(v) = T(F(v)) and o (v) = o (F(v)).
Proof. Straight forward from the fact that F preserves the state. O
Claim 12. Foranyu = (c,i,1),v=(c,i,1) € (M), if (u~ v) then we have F(u)— F(v)

Proof. Since we have assumed i # 0, by definition the allowed operations does not include
the transitions of the form Q x (Uger Pop j (a) UZero;) x Q for some j # i. Let us assume that
c=(q,y1,"-,yn)and ¢' = (q',y}, -, v}), then F(c) = (g,7;) and F(c) = (4',Y})

* Suppose the transition used was of the form (g,Push;(a), q") € A, for some j # i, then we
have that y’j = ayjand forall [ # j, we have y} = y; (more specifically y; = y}). Further by
construction, we also have the transition (q,Int, g') € §;. From this we get (¢,7;) —(q’,Y})

* Suppose the transition used was of the form (g, Push; (a), q') € A, then we have that y = ay;
and for all j # i, we have )/’j = v;. Further by construction, we also have the transition (g,
Push(a), q') € §;. From this we get (¢,7;) —»(q’,y’l.)

* Suppose the transition used was of the form (q,Pop;(a), q') € A, then clearly for all j # i,
y’j =y; and y; = ay}. By definition we have a transition (g,Pop(a), q') € §; and so we have
(@, v =)

* We will omit the other cases, since they are similar to one of the cases mentioned above.

O

Claim 13. Suppose for some v € &(M), we have F(v)— d, then there is an u € &(M) such that
F(u)=d andv~ u

Proof. Letus assume that v=(q,y1,"--,Yn) then clearly F(v) = (q,y;). Letd = (¢',7}).

* Suppose 7 = (q,Pop(a), q') € §; was the transition used in F(v)—d. Clearly y; = ay’. By
construction, T was added in first place due to existence of some transition 7’ = (¢, Pop; (a),
g eA Wewilllet u=((q',y1,-**,Yi-1,Y}»***»¥n),1,1). Clearly v ~» uand F(u) = d.
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 The case where 7 = (g,Zero,q’) € §; or T = (q,Push(a), q') € §; was the transition used in
F(v) — d is similar to case mentioned above.

 Suppose T = (g,Int, g') € §; was the transition used in F(v)— d. Note that we have such a
transition in §; due to presence of a transition of the form 7’ € (U i#i Qx ({Pushj(a) | a €
It u{Int;}) x Q) U (Q x {Int;} x Q). We will assume that the transition 7 was added due to
existence of 7’ = (¢, Push j(a), q’) € A, rest of the cases are straight forward. In this case, we
will let y;. = ayjand forall [ # j, we will let y; = y}. It is easy to see that v ~» u and F(u) = d.

O

Thus using Lemmal66} the position (c, i,1) in our subgame is winning for a player-i if and
only if F((c,i,1)) is winning for player-i in the pushdown game (¢ (P;),—,1,0). Thus, the set
of all winning positions of a 1-phase game involving stack-i is given by ¥ = {(c,i,1) | F((c, i,
1)) € Zp,} where Zp, is the set of winning positions in the game (€ (P;), —,7,0). Itis easy to
see that . is recognisable set since Zp, is recognisable by Theorem[29]

Finally we consider positions of the form (c,0, 1). Any configuration (¢/, i, k') reached from
configuration (c,0, 1) must necessarily have k' = 1. Further, if the game ever enters a position
with i # 0, from the above, we may immediately determine the winner of the game from
thereon (Since we already know how to compute set of all winning positions of a 1-phase
game involving stack-i). This allows us to formulate a finite state game whose solution deter-
mines the winning positions of the form (c, 0, 1). Note that the game can remain in a position
of the form (¢, 0, 1) iff the transitions involve only push moves or internal moves. The moment
a pop move is made, the stack is fixed and the game enters a configuration of the form (c, i,
1), for some i € [1..n].

Let B; = (Qp,,T U Q,s;,6%, F;) be the deterministic finite state automaton that accepts
a word of the form Lw?®q (where (g, wL) is a configuration of P;) iff it belongs to winning
positions of game (€ (P;), —,7,0). Such an automata is guaranteed by Theorem 29} we note
that the size of such an automata is exponential in the size of the pushdown system. The finite
state game we have in mind is one which instead of keeping track of the contents of each
stack 7, only keeps track of the top of stack symbol and the state reached by B; on reading the
contents of that stack. We plan to do this only for the push and internal moves and hence it
is indeed feasible. Any pop or zero test moves would commit to a stack (in other words move
to a configuration of the form (c, i, 1) for i # 0), in which case we may immediately determine
the winner using the state of B;. The details are formalised below.

The state space of the finite state game H is (Q xI'" x Qp, x Qp, **-Q,) U {qw, g1}, we will
refer to this as V(H). The state g, is entered on determining that the game will be won by
player 0 and g if it is determined that the game will be lost by player 0 (or equivalently won
by player 1). The edges — y of the game graph are given as follows:

1. quw— qu

2. q1—qi

3. Forall i € [1..n], we have if (g, Push; (b), ¢') € A, then we have (q, a1, , an, p1,--- Pn) — (¢,
al,---,b,---,an,pl,---,5Bi(pi,ai),---,pn),forall ay, az,--+,ap €I and p; € Qp,.

4. Forall i € [1..n], we have if (¢,Int;, g") € A then (q, a1, , an, p1, - Pn) — (', a1, , an, p1,
.-+, pn). This handles the case of internal moves.



158 CHAPTER9. PARITY GAMES ON MPDS

5. If (q,Pop;(a;), q') € A then if 65 (p;, q') € F;, we have (q, a1, , an, p1,-++, Pn) — Gu else if
681 (pi,q") € Fi, we have (q,ay, -+, an, p1,"**, Pn) = qi

6. If (g,Zero;, q") € A then, if 55 (s;, L.q") € F;, we have (g,a1,--,a;-1, L, @js1++,an, P1,"*»
Pi-1,Si, Pi+1, Pn) — qu else if 8% (s;, L.q") ¢ Fi, we have (q,a1,---,a;-1, 1, ais1--+, an, p1,
i1, 8 Pivl, Pa) =4I

Now consider the ranking function ¢’ that assigns 0 to g, 1 to ¢g;, i.e. o(qy) =1 and
o(q;) = 0 and for all other positions of the form ¢ = (¢, ay, -, an, p1,-*+, pn), we have a’(c) =
o (c). Similarly, consider 7’ that assigns 7’(g,,) = 0 and 1'(¢;) = 1. Further 7'(c) = 7(c) for any
c=(q,a1,"--,an, p1,  *,Pn), as in above case. We claim that nodes in the subgame involving
configurations of the form (c,0,1) can be reduced to the finite state parity game given by
H=(V(H),—y,0d,1).

The idea now is to provide a mapping from positions of the form (c,0, 1) in G to positions
in H. For this purpose, we wish to first eliminate from G, using Lemma|67} any positions of
the form (c, i,1) for i # 0. Note that, the set of all position S = {(c,i,1) | (¢,i,1) € &(M),i # 0}
is a trap in G. Further let W < S be the set of winning positions for player-0 and let L< S
be the set of winning positions for player-1. Now consider the game graph G’ obtained by
deleting S from G, adding two new vertices pyin, Piose replacing all edges to W by edges to
pwin and edges to L by edges to p;,s.. Then by application of Lemmal67]a position in & (M)\ S
is winning for any player iff it is winning in G'. Observe that the set &(M) \ S is exactly {(c,0,
Dlce € (M)}

Our aim is now to use Lemma[66|to determine the winning position of players in G’ using
the finite game graph H. Towards this, we will now provide a mapping F from positions of G’
to positions in H as follows.

d F((q) aryi, azyz,--- ,anYn),O; 1)) = ((q) ay, - ,al,5f(x1,Yf),5§(x2,Y§),“‘ )65()61’1’}/5))
* F(pwin) = gw and F(piese) = ;.

Lemma 71. A position (c,0,1) is winning for player-i in G' if and only if F((c,0,1)) is winning
for player-i in H.

Proof. Proof follows directly from the following set of simple to see claims and Lemma-{66]

Claim 14. Forany (c,0,1),(c’,0,1) € &(M). if (c,0,1) > ¢ (c',0,1), then F(c,0,1) —y F(c',0,1).
Further l:f(cvoy 1) - pwm ((Cr Ov ]-) - plose)x we have F(C) 0} 1) _>H CIw (F(Cr 0, ]-) _)H ql))

Proof. We fixc=(q,aiy1,  ,anyn) forsome ge Q,a1y1, - ,anyn€ ™ L.

Suppose (c,0,1) =g (c,0,1), where ¢’ is of the form ¢’ = (¢',y},+,v,,) for some g’ € Q, 7",
-,y € T* L. From definition of F we have F(c,0,1) = (g, a1, an, p1,-*+, Pn), Where p; =
6f(x,-,yf). Clearly 7 cannot be a transition of type Q x Uje(1.,{Pop;(a) | a € T} U {Zero;} x Q
(i.e. it cannot be any transition that commits the phase to a stack).

Let us suppose that 7 = (q,Push;(a), q') € A. Then clearly y; = aa;y; and for j # i y;. =
Y; . By construction, we have 1/ = (g, a1, - ,an, p1, -+, Pn), (@', a1, ,ai-1,a, -+ ,an, p1,
-+,0;(pi,a;), -+, pn) € —g. From this we have F(c,0,1) —y F(c,0,1) = (¢',a1,---, a, aj41,
A, P1, ,p;»PHl;“' , Pn)-

The case for T being of type Int; is similar to the above case.
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Now suppose (c,0,1) =g pwin, then clearly (c,0, 1) —T»G (c',i,1), for some (c’,i,1) € W. Let
c'=(q',y},-,yy) forsome g’ € Q,y},---,y, €'* L. Suppose T was a pop operation Pop; (a;),
then y’, = y;, since (c',i,1) € W, we have §;(p;, 4') = qw, hence we have F(c,0,1) — g q,. The
case where 7 is a zero test or (¢/,i,1) € L are similar. O

Claim 15. Forany(c,0,1) € &(M), if F(c,0,1) — g d for somed € V(H)\{qu, q;} , then we have
some (c/,0,1) € &(M) such that F(c',0,1) = d and (c,0,1) — (c,0,1). Further ifd = q,, (d = q;)
then we hal/e (C, 0; 1) -G pwm ((Cr Ov ]-) ged plOS@ )

Proof. We will first fix ¢ = (q,y1, - ,Yn) then F(c,0,1) = (g, a1, ,an, p1,- Pn) — (¢, a1,
b,---,an, p1,-++,67 (pi»ai),--, pn), where a; = Top(y;), pi = 8% (x;,vH).

Suppose that the transition used for the move F(c,0,1) — 7 d be any transition added in
3 (other case of transition being one added in 4 is similar ). We know that this was added due
to existence of a transition (g,Push;(b),q") € A;. Let ¢’ = (q',y}, -, by},--y},), clearly (c,0,
1)—(c’,0,1) and F(c,0,1) =d.

If F(c,0,1) — i qu, then clearly the corresponding transition used to add such a transition
was either a pop Pop; or a zero Zero; move. Let us suppose that the transition was (g, Zero;,
q') € A; (the other pop case is similar). Clearly such a move fixes a stack i, let ¢’ = (¢, y1,---,
y;_l,J_, -++,¥n). Clearly we have (c,0,1) ~» (¢/,i,1). But such a position is a trap, further it is
clear that (¢’,i,1) € W(i) (since F((c,0,1) ~ q,). By definition of G', we have (c,0,1) ~'; pwin.

O

Claim 16. The function F preserves player position and rank.

Proof. Notice that functions 7 and o depend only on states, the proof is immediate from this
fact.
O

From this, proof of[71|follows.
O

In addition note that the set of positions of the form (c,0, 1) that are winning for player 0
are precisely those in Swin = {w | f(w) is winning for player-0} and this clearly is a recogniz-
able set. This completes the proof of Lemma

O

9.4.2 Decidability of k phase game

Next, using similar ideas to the ones elaborated above, we show that we can reduce the
problem of determining the winning positions of a k bounded-phase MPDS game to deter-
mining winning positions of a different k — 1 bounded-phase MPDS game .

The idea is to use the fact that 1-phase sub-game of a k-phase game is determined and
reduce the k-phase bounded-phase MPDS game to a k — 1 phase MPDS game. Notice that
after execution of k — 1 phases, what remains is a 1-phase sub-game. In this 1-phase sub-
game, the stack contents of all other stacks (exclusing the currently active stack) are irrelevant
and hence it can easily be simulated by a pushdown automata. Let % = {(c,i,1) | (c,i,1) €



160 CHAPTER9. PARITY GAMES ON MPDS

&% A i€ [1..n]}. Recall the pushdown automata P; constructed in Lemma As in the case
of Lemma|70} we can provide a mapping F from the sub-game involving positions from %
to positions in the game # = (€ (P;),—,1,0), such that F satisfies the properties of Lemma
(as a matter of fact, the game graph K is isomorphic to the trap consisting of positions
of the form (c, ,1),i # 0 in the game graph of a 1-phase parity game). From this, we get the
following Lemma which states that the set of winning positions of a 1 phase sub-game can be
effectively determined using the set of winning positions of the pushdown system P;.

Lemma 72. s € £ is winning for player-0 iff F(s) is winning for player-0 in the pushdown
game J€ = (€ (P;),—,7,0)

Now to handle the case of k-phase game, we first invoke Theorem[29|to obtain B; = (Qg;,
T'uQ,s;, 65, F;) that recognises the winning positions of the pushdown system P;. Suppose
at the end of k — 1 phase, we know the state that the automata B; reaches on reading stack
i, then we can at the beginning of phase k determine whether player-0 is winning from that
position or not. The case for 1 phase game was easy since we had only pushes to contend with
(and hence it was possible to simulate B; using only the state space). However, in case of a
k—1 phase game, we need to also handle pop operations. Hence it is not possible to simulate
B; automata by just keeping it in state space. The informal idea is to keep the B; automata as
part of state space and simulate it on each push onto the stack-i. In addition, on each push,
along with the stack symbol, we also store in the stack, the state of B; that was reached before
the current push. Now each time a pop operation is performed, we can retrieve the correct
state of the B; automata. The details are formalised below.

Let (k,M,7,0) be a bounded-phase game with M = (n,Q,T’, A, go) with k > 1. We define
the new MPDS as M (k) = (1, Q1) vy, A qémk)), where

* QM =QxQp, x++xQp, xT"x[0.n] x [2..k] U{qw, g1}
* Iniik) =Uien..m (' x Qp) U{L}
d q(])W(k) = (qo»sly"' )Sn’J—n)O’ k)

The transition relation A’ is defined as follows

1. if (q,Push;(b), q’) € A then we have forall i € [1..n], p; € Qp,me(0..n],l€[2..kland a; €T,
(G, p1 > P @y, an, m, 1), Push;(a;, pi), (¢, pr,---, pi-1,6% (piy @)y, pu, a1, G-,
b,ai.1, -, an, m,1)) € A'. We always store the top of stack in the state space. Every time
we push (say b), the previous top of stack in the state (a;) is pushed into the actual stack
and the top of stack in the state is replaced with the current push. Further the component
corresponding to B; automata in the state is also updated.

2. if (g,Int;, q") € A then we have for all i € [1..n], p; € Qp, and a; €T, (¢, p1,-**, P, Q1,** , A,
m, ), Int;, (q', p1,-++, pp, @1, -+, an,m, D) €A

3. Foreach (g,Pop;(a;), q') € A we add the following transitions.

. ((q,pl,--npn,ab“-,an,O,k),P0p]-(b,-,p}),(q’,pl,---,pj_l,p},pm,---,pn,ab---,a,-_l,
bj,ajs1, -+, an, j, k)) € A', for all b; € T'. This transition corresponds to the case where
no pop or zero test operation were performed previously (currently active stack remains
zero), in this case the currently active stack is updated with j and the phase component
is left unchanged.
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. ((q,p1,~--,pn,a1,---,an,j,l),POPj(bj,P}),(CI’,PL“'er—bP},Pjﬂ,'“»Pn,al»“',dj—b
bj,ajs1, -+, an, j,1)) € A'. The pop happens in the currently active stack and hence there
is no change in phase.

e Forany [ > 2,i # j, ((q,p1,*,Pn, a1, "+, an, 1, l),Popj(bj,p}), @, p1, ,Pj—l»P},PjH,

Py a1, aj-1,bj, A, an, j,1 - 1)) € A’. This transition corresponding to pop
from stack- j when the currently active stack is i. The phase number and the stack num-
ber are adjusted accordingly.

e Foranyi # jand 5(19}, qHe Fj, (g, p1,*,Pn, @1, ,an,1,2),Int, q,)) € A’. During the last
phase, instead of entering the phase, we goto g, if the entered configuration is winning
for player-0

e Forany i # j and 6(p},q’) ¢ Fj, ((q,p1, - Pn Gy, -+, Ay, 1,2),Int, q;) € A'. During the last
phase, instead of entering the phase, we goto ¢; if the entered configuration is winning
for player-1

. For each (q,Zero}, q") € A we add the following transitions.

. ((q,pl,---,pn,al,---,aj-l,L,---,an,O,k),Zeroj,(q’,pl,---,pj-l,---,pn,al,---,aj-l,i,
--~,an,j,k))€A'.

« (Gp1 Pm@,,@jo1, Lo an, j,1),Zero), (g, pr,--- Dj-1, ) Pro @1, @jo, L,
o, ap, j,D) e N, forall l € [2..k].

e Foralll>2andi#j, (q,p1, " pn. a1, L,aj-1,--+,an,i,1), Zeroj,(q',p1,--, pj-1,""~,
Pn @i, aj-1, L, an, j,1-1) €A

e Foranyi# jandd(sj,q") € Fj, ((q,p1, -+, Pn G, Gj—1, L, -+, ap, i,2), Int, q,)) € A'.

e Foranyi# jandd(s;,q") € Fj, (¢, p1, -, pn a1, -+, a1, L, ,ap,5,2), Int, q,)) € A,

. We further add (g;,Int, g;) and (q,,,Int, g,,) to the transitions

Observe that any run of this system may involve at most k — 1 phases, as every change of
phase results in a reduction in the last component (of the state) and after k — 1 reductions,
leads to one of the states q,, or q; (where only skip moves are enabled).

For correctness of the construction, we first define a ranking function ¢’ as follows.
0'(qw) =0, 0'(q;) = 1 and for all other states s = (¢, p1,"**, Pn, @1, , an) € Qpr(iy, We let
o' (s) =g (q) . Similarly we define 7" as 7'(g,) =0, 7'(q;) = 1 and for all other states s = (g, p1,
P, A1, An) € Qupy, wWe let 7'(s) = 7(g) and we show that we may associate positions of
the form (c, i, k) in the bounded-phase game on (k, M, 7,0) with positions of the form (d, i,
k—1) in the bounded-phase game on (k— 1, M(k),’,0’) that preserves the winner.

For a sequence w = apan-1...a1a9 € (C\{LH*L and 1 < j < [, let pjw) = (ap-1,
Pn-1)...(az, p2)(ay, p1)(aog, po) L (welet p;(L) = 1) where pg = s; and p; = 68i(p;i_1,a;_1) for
all i € [1..n]. Further, let § j (w) = 5Bi (Pn-1,an-1) (weletd;(L) = pg). We now define the map
F from the k-bounded-phase parity game on (k, A, 7,0) to the k — 1-bounded-phase parity
game on the game (k -1, A(k), 7,0) as follows:

- Fl(g,v1,-,yn) 6, ) = (((,61(y1),-++,6n(yn), Top(y1), -, Top(y), i, j), p1(y1), -+, 1Y),
i,]),if j > 1. Where Top is a function that returns top of the stack.

- Fl(g,71,,Yn) 1, 1) = quwif(g,y1, -+ ,yn) is winning for player 0.

- Fl(g, 71, yn) i, 1) = qif (q,71,++,Yn) is losing for player 0.
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Lemma 73. The following holds

1. The map F preserves ownership and rank of all positions (c, i, j) with j > 1.

2. For any configuration (c, i, j) if (¢, i, j) — (¢, i, j") with j' > 1 then F((c, i, j)) — F((c, i, j")
3. For any configuration (c, i, j) if F(c, i, j) — d for any d € {qy, q;} then thereis (c',i', j') with
(c,i,j)—(c,i',j), j >1and F(,i,j) =d.

if(c,i,2) — (c,i’,1), then F(c,i,2) — qy iff (c',i’,1) is a winning position.

5. if(c,i,2) — (c',i',1), then F(c,i,2) — q; iff (c',i’,1) is a losing position.

b

Hence we can effectively determine the set of all positions that are winning for player 0, in
the bounded-phase parity game (k, M,1,0) .

Proof. This proof is very similar to proof of Lemma(70} hence we will omit it.
O

Note that we have successfully reduced a k-bounded-phase game to a k — 1-bounded-
phase game. However note that each such reduction is exponential in the size of previous
system. Since we do as many such reductions as the number of phases, the overall complexity
will be a tower of exponents ( size of tower being the number of phases). Hence the overall
reduction is a NON-ELEMENTARY. The question now is whether such a NON-ELEMENTARY
construction can be avoided. We will in sequel show a lower bound that suggests that such a
complexity cannot be avoided.

9.5 Lower bounds for bounded phase parity games

We show that the satisfiability of a first order formula with ordering relation over natural num-
bers, can be reformulated as a bounded-phase parity game over MPDS. We first briefly recall
the first order theory of natural numbers with ordering relation (FO(<)).

Let 7 be countably infinite set of variables, we will use x, y, z, X1, x» - - to refer to the vari-
ables in 7. The set of terms in FO(<) is defined as t:= x| t < ¢ | t = t. The set of formulas is
definedtobe W=t |7t | YVY |V AV |VxVY|3IxVY. The notion of free, bound (quantified)
variable are defined as usual. We write FreeVar(¥) < 7 to denote the set of all free variables
(unquantified variables) of W.

Given any formula ¥ over variables 7/, we define a valuation function as p: 7 — N. The
notion of a valuation function satisfying a formula is inductively defined below.

° plE (x<y)iff p(x) < p(y)

o plE (x=y)iff p(x) = uy)

o pi= (W), iff p v

b \P=\P1V“I]2iffﬂ|=\yl 0ru|=‘I’2

s V=Y AV,iffu=¥,and u =¥,

e ¥ =13x.¥, iff thereis a m € N such that u[x — m] = ¥, , where u[x — m] is a new valuation
function y’, such that for y # x, ¢/ (y) = u(y) and ' (x) = m.

e ¥ =Vx.Y¥, iff for all m e N, we have p[x — m] =¥,
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Given any formula ¥ and a valuation function yu, we call ¢ a model of V¥, iff u |= W. A
formula with no free variables is called a sentence. A sentence is said to satisfied iff there is
some valuation function that satisfies it.

Note that negation is defined only on the atomic formulas. However, given any formula
¥, we inductively define Dual () as follows.

e Duallx=y)=-(x=y)

e Duallx<y)=-(x<y)

. DU&'(‘Pl ANY)y) = DU8|(‘P1) \% DU&'(“Pz)
° DuaI(‘I’1 \Y ‘Pg) = DuaI(‘I’l) N DuaI(‘I’g)
¢ Dual(@x.¥) = Vx.Dual(¥)

e Dual(Vx.W) =3x.Dual(¥)

It is easy to see that for any given formula ¥ and a model y, y |= V¥ iff y [~ Dual(\W).

Given a formula ¥ and its model u we define a linearisation of y w.r.t. ¥ to be a word
of the form x; al xgaj2 .- xnaf"J_, where {x1,-:-,x,} = FreeVar(¥) and for each k € [1..n], ji +
Je=1+""Jn = p(xi,).

Similarly, for any set of variables 7, we say a string (@ = x,a"" x,_1a""' ---x;a™") € (V¥ Ua)*
isavaluation stringiffor all /, k € [1..n], we have [ # k = x; # xi (i.e. each x; appears at most
once ). Firstly, given any valuation string a = x,a’ x,,_1a’'---x,a" and a set of variable 7,
we define y, as, for any j € [1..n], ), (xj) = a'i +a’i- +---+a", i.e. it maps the variables xj,
to a value equal to number of a’s appearing before it in a. For any x € 7 such that x does not
appear in o, we let uy(x) = 0.

Given any formula ¥, we use CI(¥) to indicate the set of all formulas obtained by closing
the formula ¥ over subformulas. Note that even if ¥ is a sentence, elements of C/(¥) can
have free variables. We now show that satisfiability of first order formula over (N, <) (known
to have non-elementary complexity [136]) can be reduced to parity games over bounded-
phase MPDS. With out loss of generality, we will also assume that each variable in the formula
occurs at most once.

Let ¥ be the given formula and let u be an initial valuation. We are interested in knowing
if = V. The informal idea is to construct an MPDS, in which the state space contains the
subformulas of the given formula ¥ (i.e. CI(¥)), along with some intermediary states. The
MPDS starts with the linearisation of the initial valuation in its stack and the formula ¥. At
any point in the game, the MPDS maintains the unprocessed part of the formula ¢p € CI(¥) as
part of its state space and the linear encoding (linearisation) of the current valuation p (w.r.t.
¢) in its stack.

There are two parts to the game depending on whether the unprocessed part begins with
a quantifier or not. If the unprocessed part of formula begins with a quantifier V, then player-
1 strips off the quantifier and assigns a valuation to the corresponding variable by modifying
the stack. If it begins with a 3 quantifier then the valuation is provided by player-0. For this, if
the valuation that the player wishes to provide is less than the some variables already in the
stack, the elements are moved to stack-2 till the appropriate position is found, the variable
is placed in this position and the elements from stack-2 are moved back onto stack-1. If the
valuation that the player wishes to provide is greater than all the variables present in the stack,
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extra a’s are appended and the variable is placed.

If the outer most operator is A, then the player-1 chooses a subformula and the game
proceeds. If the outer most operator is v, then the player-0 selects a subformula. The game
proceeds till the unprocessed part is an atomic formula, in which case it can easily be verified
based on the valuations in the stack.

We will formally describe the construction of the required MPDS My = (2,Q,T ={a, L} U
FreeVar(¥), A, qo). We will describe the construction in two parts. The first part describes the
moves till we reach an atomic formula. It contains the following set of states CI(¥) u CI(¥) x
{lt, gt, my 2, mp 1 }UCI(Y) x {m1 2, m2 1} x ({a} x FreeVar(¥)). The transition relation A is defined
as follows. We will used ?x to denote either of 3x or Vx.

a.l Forall vy Ay € ClL(®D), the transitions (@) Ay, Int, v1), (W1 Ao, Int, o) €A

a.2 For all ¢ vy, € ClI(D), the transitions (¢ V v, Int,¥1) and (v vy, Int, ,) € A

a.3 For all ?2x.w € Cl(®), we add (?x.y,Int, ?x.vw,1t)) and (?x.v,Int, (2x.1,gt)) € A, this transi-
tion enables guessing whether the current variable x needs to be inserted in between the
existing variable (valuation falls below the current maximum) or needs to be inserted on
top (is greater than the current maximum).

a.4 We also add ((?x.v, gt), Push; (a), (?x.y, gt)) € A (pushes a into stack-1 to increase possible
valuation for x)

a.5 Wealso add ((?x.y, gt), Push, (x),¥) € A (Marks position of x and shift to the sub-formula).

a.6 We add (?x.w,1t),Int, (?x.y, m; 2)) € A (Begin moving from stack-1 to 2).

a.7 We add ((?x.y, my ), Pop,(a), x.y,m12,a) € A and ((2x.y, my 2, a),Pushy(a), Cx.y,
my2)) €A, VaeT \ {1} (moves values from stack-1 to 2)

a.8 Similarly we add ((?x.w, my,1), Pop,(a), ?x.w,m21,a)) € A and ((?x.y, m2,1, a), Push;(a),
(x.y,mp1)) €A, Vael'\ {1} (moves values from stack-2 to 1)

a.9 We add ((?x.y, my 2),Push; (x), (?x.y, m2,1)) € A (Begin moving from stack-2 back to 2)

a.10 We add ((?x.y, my,1),Zeroy, ) € A (Move to the next sub-formula) .

In the second part, we describe the state space starting at a state of the form (x = y) or
(x < y) that determines winner of the game. It contains the following set of states {x = y,
x<y,ay|x,y€VIU{T, F}. The transitions are described below.

b.1 (x=y,Pop,(2),x=y) €A, forallze V\{x, y} u{a}, pop all elements other than x, y.

b.2 (x = y,Pop,(2),z) € A, for z € {x,y}, 2z’ € {x,y}\{z}, as soon as one of {x, y} is seen (say x)
goto a state expecting to see the other variable (y if we saw x previously).

b.3 For x € V, we add (x,Pop, (a), F) € A, if we see an a when we are expecting a variable in
x € V, we goto the losing state F.

b.4 For x,yeV, y# x we add (x,Pop, (y), x) € A, if we see a variable other than x, we skip.

b.5 For x € V, we add (x,Pop, (x), T) € A, if we see a variable x, we goto winning state.

b.6 The set transitions needed for —(x = y) are similar

b.7 (x<y,Pop,(2),x<y)eAforall ze V\{x, y} U{a}, pop all elements other than x, y.

b.8 (x < y,Pop;(x),F) € A, if you find x before y, clearly x > y in the valuation, goto losing
state.

b.9 (x < y,Pop,(y),ay) € A, if you find y before x, we need to verify if both values are not
equal.



9.5. LOWER BOUNDS FOR BOUNDED PHASE PARITY GAMES 165

b.10 (ay,Pop,(a),T) € A, if you find a before x, we goto state T.

b.11 (ay,Pop,(x), F) € A, if you find x before a, we goto state F.

b.12 Forall ze V,z # x, we add (ay, Pop, (2), ay) € A to skip rest of the variables.
b.13 The set transitions needed for —(x < y) are similar.

b.14 We also add (7,Int, T) and (F, Int, F) to A.

We will now consider the bounded-phase parity game given by (|¥|, € (M), 7,0) where
0:Q~{0,1} and 7: Q — {0, 1} are defined as:

— Weleto(T)=0and o(F) =1.

— Welet o((Fx.W',gt) =1and o((Vx.W’, g1)) = 0. This will ensure that either of the player
cannot simply win by just pushing elements onto the stack, for all other g € Q, we let
a(q) =0.

— For any state s such that its subformula component is of the form, Vx.¥’ or ¥; A ¥5, we
let 7(s) = 1 (player-1 position). Otherwise, 7(s) = 0 i.e. we let all other states to be player-0
position.

Notice that along any positions in the game, where the state is only a subformula from CI(V),
the stack content of the first stack « is a valuation string. This is easy to see since by nature
of the formula we have assumed that along any path, we can never encounter the same vari-
able twice. Clearly such a u/, function is a valuation function. We show in Lemma |74} that
along positions in game graph where the state is only a subformula from CI(¥), the valuation
function constructed out of the content of stack 1 is actually a model of the subformula iff
player-0 has a winning strategy from that position.

Lemma 74. Give any configuration ¢ € 6 (M) which is of the form (¥,al,l) where a@ =
Xpa'nxpy_1a'nt---x1a" € (VI'*)* is a valuation string containing all the free variables of P,
then u!, =¥ iff player-0 has a bounded-phase winning strategy from c.

Proof. (<) We will assume that player-0 has a winning strategy from (¥,a.l, 1) and show
ur =¥, we will prove this by induction on structure of the formula. We let f to be any
winning strategy function for player-0.

 case when V¥ is of the form x = y is easy to see. Since the play is winning for player-0, it is
clear that the play eventually reaches the node T. By construction, reaching winning state
T is possible from (x = y,al, 1) if only if x, y are seen adjacently, which implies y, (x) =
,uZ (). Case where the atomic formula is of the form —1(x = y) is similar.

* case when ¥ is of the form x < y is also easy to see. By construction, reaching winning
state T is possible in this case only if x are seen first and is separated from y by an a, which
implies u/, (x) < p” (). Case where the atomic formula is of the form = (x < ) is similar.

* In case where ¥ = ¥, v ¥,, the configuration ¢ = (¥, a L, 1) belongs to player-0. There are
two possible ways for player 0 to continue his gamei.e. (¥1,al, 1) or (¥,,al,l). Let f(¥,
al,l)=(¥;,al,l) (strategy corresponding to player-0 for this node). Clearly by induction
we have u), = '¥; . Hence we also have u/, =¥ .

* In case where ¥ = W A V5, the configuration ¢ = (¥,al, 1) belongs to player-1, further
since node (¥, l, 1) is winning for player-0, from induction we can deduce that u), = ¥;
and p, = ¥, are satisfiable. Hence we also have y’, |= .



166 CHAPTER9. PARITY GAMES ON MPDS

In case where ¥ = 3x.¥’. We know that ¢ = (¥, a L, 1) is winning for player-0. It is easy to
see that there is by construction, a node ¢’ = (¥/,a’ L, 1) such that c—*¢" and by induction
HZ, I= ¥’. From this and the definition of satisfiability of a valuation function, it is easy to
see that u! = .

In case where ¥ = Vx.W'. We know that ¢ = (¥, @ L, 1) is winning for player-0. From nature
of construction, for every value m, possible for x, player-1 can reach a configuration ¢’ from
c¢ such that ¢/ = (¢/,a’ L, 1) such that pZ,(x) = m. Futher by induction, for each of these ¢/,
uZ, = W'. From this it is easy to see that u/, = ¥

(<)

For this direction, if player-0 is not winning from any position ¢ = (¥, a L, 1), then by deter-
minacy, player-1 is winning from it. Using arguments similar to that above, we now show
that if player 1 is winning from any node ¢ = (¢/,a’ L, 1) then, ,uZ, |= Dual (W).

Lemma 75. Given any configuration c € 6 (M) which is of the form (V,al, 1) where a =
Xpa'"x,_1a1---x1ah € (VI*)* is a valuation string containing all the free variables of ¥,
then if player-1 has a bounded-phase winning strategy from c, then u!, |= Dual(¥).

Proof. We will assume that player-1 has a winning strategy from (¥, @ L, 1) and show u’ |=
Dual(¥) , we will prove this by induction on structure of the formula. We let f to be any
winning strategy function for player-1.

- case when V¥ is of the form (x = y) is easy to see. Dual((x = y)) = —(x = y). Since the
play is winning for player-1, it is clear that the play eventually reaches the node F. By
construction, reaching winning state F is possible from (x = y,a L, 1) if only if x, y are not
seen adjacently, which implies u/, (x) # u’ (y). Case where the atomic formula is of the
form —1(x = y) is similar.

— case when W is of the form x < y is also easy to see. Firstly Dual((x < 3)) = ~(x < y).
By construction, reaching winning state F is possible in this case only if y are seen first
and then x, which implies y, (y) < u” (x). Case where the atomic formula is of the form
—1(x < y) is similar.

— Incase where ¥ = ¥, v ¥, the configuration ¢ = (¥, @_L, 1) belongs to player-0. There are
two possible ways for player 0 to continue his gamei.e. (¥1,al,1) or (¥,,al,1l). Since
the node is winning for player-1, by induction we have u/, = Dual(¥;) and y; = Dual(¥>).
Notice that Dual (W) = Dual(¥;) A Dual(¥,). Hence HZ = Dual(¥).

- In case where ¥ = ¥ AWy, c = (W,al,l) is a player-1 position. Since it is winning for
player-1. Without loss of generality, let ¢’ = (¥;,aL, 1) be the node reachable from ¢
using the strategy function, by induction ,uZ = Dual(¥;). Since Dual(¥) = Dual(¥;) v
Dual(¥»), it follows that i, = Dual(¥).

- In case where ¥ = 3x.¥’. We know that ¢ = (¥, a L, 1) is winning for player-1. From na-
ture of construction, for every value m, possible for x, player-0 can reach a configuration
¢’ from c such that ¢/ = (¥/,a’ L, 1) such that ”Z' (x) = m. Futher by induction, for each of
these ¢/, ,uz, = Dual(¥’). From this it is easy to see that u’, |= Dual(¥)

- In case where ¥ = Vx.¥/, the position ¢ = (¥, @ L, 1) is a player-1 position. Since it it win-
ning for player-1, using the strategy function, we can find a ¢’ such that c—*¢’ = (¥/,
a'1,1) from where player-1 is winning. By induction we have u’ |= Dual(¥'). Since
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Dual(¥) = 3Dual(¥"), the result follows.

Now, using Lemma and the fact that u”, [= Dual(¥) iff 4’ |~ W this we get u), [~ .

Now the following corollary is easy to see.

Corollary 4. For any setence ¥V, ¥ is satisfiable iff (¥, L1, 1) is winning for player 0 in the
game (|V|, € (My),t,0). Thus deciding bounded-phase games has a NON-ELEMENTARY lower
bound.

9.6 Conclusion

In this chapter, we considered the problem of parity games over multi-pushdown systems
with bounded-phase restriction. We showed an inductive NON-ELEMENTARY procedure to
solve this problem. We also showed hardness for this problem by reducing the satisfiability
of FO(<) over natural numbers to a bounded-phase parity game.
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Chapter 10

Discussion

In this thesis we have studied a number problems related to automata theoretic models of
concurrent recursive programs. We conclude with a short discussion on some directions to
extend the work reported here.

In chapter 3} we introduced a model called shared-memory concurrent pushdown sys-
tem. We showed that even when only two 1 counter systems are communicating via 1-bit
shared memory, the reachability problem is undecidable. We then introduced a new restric-
tion called the bounded-stage restriction. We showed that when there are two pushdowns
and one counter, the reachability under bounded stage restriction is undecidable. We then
showed that when at most one pushdown system is involved, the problem is decidable. In this
setting the case where there are only 2 pushdown systems involved is still open. This seems to
be a hard problem. Another possible direction to extend this work would be to reason about
omega regular properties of such systems under the bounded-stage restriction, or check for
the existence of a bounded-stage non-terminating ultimately periodic computation.

In chapter[4} we showed how to obtain a polynomial sized finite representation for down-
ward and upward closure of the language of a counter automata. We also showed how to
obtain a sub-exponential sized finite representation for the Parikh image abstraction of the
language of a counter automata. The question of whether such a sub-exponential sized rep-
resentation is optimal is still open. Also, language theoretic problems on 1 counter automata
seems to be not as well studied as CFLs or regular languages and a lot of work remains to be
done there.

In chapter[6] we showed how to solve the problem of model checking LTL formulas over
scope-bounded computations of an MPDS. The current lower bound for this problem de-
pends only on the size of the LTL formula. One possible extension to this work would be
to reason about exact complexity for the decision procedure when the LTL formula is fixed.
The global model checking on multi-pushdown systems with bounded-scope restriction also
remains to be investigated..

In chapter[7jwe described the AOMPDS model and its applications. It remains to be seen
if there is a simple argument that shows the decidability of reachability for OMPDS via a re-
duction to AOMPDSs.

In chapter[9] we gave a NON-ELEMENTARY procedure to solve the parity game on multi-
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pushdown system with bounded-phase restriction. We also showed a matching lower bound
for the same. One question that arises is what happens if you consider a weaker restriction or
a weaker logic. In [19], we showed that even if we consider the bounded-context restriction
and an EF fragment of CTL, the model checking problem is still NON-ELEMENTARY HARD .
One can then ask if there is any weaker branching time fragment (for e.g. the EG fragment)
for which the problem is tractable.
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