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Abstract. A dynamic pushdown network (DPN) is a set of pushdown
systems (PDSs) where each process can dynamically create new instances
of PDSs. DPNs are a natural model of multi-threaded programs with
(possibly recursive) procedure calls and thread creation. A PL-DPN is
an extension of DPNs that allows threads to synchronize using locks
and priorities. Transitions in a PL-DPN can have different priorities and
acquire/release locks. We consider in this work model checking PL-DPNs
against single-indexed LTL and CTL properties of the form A f; such
that f; is a LTL/CTL formula over the PDS i. We show that these model
checking problems are decidable. We propose automata-based approaches
for computing the set of configurations of a PL-DPN that satisfy the
corresponding single-indexed LTL/CTL formula.

1 Introduction

Writing multi-threaded programs is notoriously difficult, as concurrency related
bugs are hard to find and reproduce. This difficulty is increased if we consider
that several software systems consist of different components that react to the
environment and use resources like CPU or memory according to a real time need.
For instance, in systems that control automobiles we can have a component in
charge of the music sub-system and another component in charge of the braking
sub-system. Obviously, the braking sub-system should have a higher priority
access to the resources needed, since a delay in the action of the brakes can cost
lives.

The programming model used in the vast majority of these software systems,
used from automobiles to spacecrafts, defines a set of threads that perform
computation monitoring or respond to events. Each thread is typically assigned
a priority and are scheduled by a priority round-robin preemptive scheduler: if a
thread with a higher static priority becomes ready to run, the currently running
thread will be preempted and returned to the wait list for its priority level. The
round-robin scheduling policy allows each thread to run only for a fixed amount
of time before it must yield its processing slot to another thread of the same
priority.



Fig. 1. Control-flow graph of a main thread starting at mo that creates two child
threads starting at ap and bg. The child threads execute a loop and use a lock .

The use of threads with different priorities and other synchronization prim-
itives, like locks, can easily lead to a large number of undesirable behaviors.
Consider for example the control flow graph of Figure 1. It consists of three
threads: a main thread M starting at control location mg that creates two threads
A and B. The thread A takes and releases (uses) a lock [ inside a loop, and the
thread B loops while holding the lock I (between b; and bs). Suppose that A
and B should act like daemon threads, continuously running in the background
reacting to events. This means that the LTL formula G F a; A G F by, saying
that ay is executed frequently often and by is executed frequently often, should be
valid for all executions.

But this is not the case in the program of Figure 1: once thread B starts
executing its loop and holding lock [, thread A is going to starve since it cannot
take the lock until it is released. A similar problem occurs if threads A and B
have different priority of execution, the thread with lower priority will starve. The
program of Figure 1 shows that there is a real need for formal methods to find
automatic verification techniques for checking liveness properties in multi-threaded
programs with locks and priorities. Indeed, starvation or absence of livelocks are
among the most crucial properties that need to be checked for multi-threaded
programs.

Dynamic pushdown networks (DPNs) [13] are a natural model for multi-
threaded programs with (possibly recursive) procedure calls and thread creation.
A DPN consists of a finite set of pushdown systems (PDSs), each of them models
a sequential program that can dynamically create new instances of PDSs. The
model-checking problems of DPNs against Linear Temporal Logic (LTL), Com-
putation Tree Logic (CTL) and reachability properties are well studied in the
literature [6-10,13].

However, DPNs cannot model communication between processes. Previous
works [5,16, 24, 25] extended DPNs with locks and priorities (called PL-DPN),



where PDSs can communicate using locks and priorities. This allows to model
multithreaded programs where threads communicate via locks and where each
thread can have a different priority. Indeed, locks and priorities are frequently
used in multithreaded programs as synchronisation primitives. However, only
reachability properties are studied for PL-DPNs [25] with some restricted lock
and priority usages.

In general, the model checking problem of DPNs against unrestricted LTL or
CTL formulas (where atomic propositions can be interpreted over the control
states of two or more threads) is undecidable. In [6] it is shown that this problem
becomes decidable if we consider single-indexed LTL/CTL properties (formulas
of the form A f; s.t. f; is a LTL/CTL formula interpreted over the PDS 7). On
the other hand, pairwise reachability of PL-DPNs without thread creation is
undecidable in the general case [4,25]. It becomes decidable if locks are accessed
in a well-nested style [4], where each thread can only releases the latest acquired
lock, and a thread does not change its priority while holding a lock [25].

In this work, we combine these ideas and show that model-checking single
indexed LTL/CTL properties is decidable for PL-DPNs under these restrictions.
It is non-trivial to do LTL/CTL model checking for PL-DPNs, since the number
of instances of PDSs can be unbounded. Checking independently whether all the
different PDSs satisfy the corresponding subformula f; is not correct. Indeed, we
do not need to check whether an instance of a PDS j satisfies f; if this instance
is not created during a run. The approach of [6] cannot be directly applied to
perform single-indexed LTL/CTL model-checking for PL-DPNs due to locks and
priorities. Indeed, we have to consider communication between each instance
of PDSs running in parallel in the network. To overcome this problem, we will
reduce single-indexed LTL/CTL model-checking for PL-DPNs to the membership
problem of PL-DPNs with Biichi acceptance condition (PL-BDPNs). This latter
problem is reduced to the membership problem of DPNs with Biichi acceptance
condition (BDPNSs).

In [25] we presented an approach for checking pairwise reachability of PL-DPNs
using priority-lock structures, an extension of acquisition structures introduced
in [16]. This structure is used to get rid of locks and priorities in PL-DPNs such
that pairwise reachability of PL-DPNs can be reduced to constrained pairwise
reachability on DPNs. It works by keeping track of the locks and priorities used
in a run. For pairwise reachability, we only need to consider finite runs, as a
configuration of a PL-DPN reaches another configuration only using finite steps.
However, we have to consider infinite runs of PL-DPNs when we study LTL/CTL
model checking.

In this work, we adapted the priority-lock structures to keep track also of
the infinitely used locks and priorities. Indeed, we need to assure that a finally
acquired lock cannot be infinitely used and that an infinitely used priority does
not block other threads. Also, in the case of CTL model checking, we modified
the priority-lock structure to keep track of the locks and priorities of differents
branched runs.



After getting rid of locks and priorities using the modified priority-lock
structure, we construct Biichi dynamic PDSs (resp. alternating Biichi dynamic
PDSs) which are a synchronization of a PDS ¢ and the LTL (resp. CTL) formula f;.
The language accepted by a Biichi dynamic PDS corresponds to the configurations
that satisfy the formula f;. This language is computed by the automata-based
approach for standard LTL/CTL model checking for PDSs [6].

Thus, the contributions of this paper are:

— An algorithm for single-indexed LTL Model Checking for PL-DPNs, developed
in section 4.

— An algorithm for single-indexed CTL Model Checking for PL-DPNs, devel-
oped in section 5.

For lack of space proofs can be found in the extended version of this paper at [1].

2 Model Definition

Let L be the set of all locks and I be the set of all priorities. A PL-DPN can be
seen as a collection of threads running in parallel, each of them having a set of
acquired locks and a priority. They are able to:

1. Perform pushdown operations. This can be used to model calls and returns
from (possible recursive) functions.

2. Change its priority if its set of acquired locks is empty. Removing this con-
straint leads to undecidability [25].

3. Acquire a lock that does not belong to any set of acquired locks (of the
running threads).

4. Release a lock belonging to its set of acquired locks.

5. Create a new thread with any (initial) priority and an empty set of acquired
locks.

Definition 1. Dynamic Pushdown System with Locks and Priorities (PL-DPDS)
is a tuple P = (P, I,0,m,,m), where P is a finite set of control states, I' is a
finite stack alphabet, n, is a function from control states to priorities from I,
m s a function from control states to set of locks from L, § is a finite set of
transition rules of the following forms:

1. py < qu, with n,(q) = np(p) and m(q) = m(p);

2. py < qu, with np(q) =z and ni(q) = m(p) = 0;

3. vy "% qu, with 1,(q) = 1 (p). mla) = m(p) U {1} and I & m(p);

4. vy %@ qu, with 1p(q) = np(p), m(q) = m(p) \ {I} and l € m(p);

5. py = quwi > gaws, with ny(q1) = 1p(p), m(q1) = m(p) and m(gz) = 0.

where p,q1,q2 € Pye ', wy,wy,wy € I'* 1€ Lxel.



A local configuration pw € PI'* of a PL-DPDS P = (P, I, 4,1, M), represents
the state of a thread. The state of a thread consists of a priority, a set of acquired
locks and a stack. The priority of a thread and the set of acquired locks are
represented by its control state p and can be retrieved from it by using the
functions 7, and 7, respectively. The stack of a thread is represented by the
sequence of stack letters w € I'*.

The function 7, assigns a priority to each control state. Intuitively, this means
that a thread can be in configurations with different priorities. The function 7;
assigns a set of locks to each control state. This set of locks represents the locks
held (acquired but not yet released) by the thread at such configuration.

Definition 2. A Dynamic Pushdown Network with Priorities and Locks (PL-
DPN) is a tuple (Act,L,I,P1,...,Py) such that L is a set of locks, I is set
of priorities (natural numbers), Act is a finite set of actions {acq(l),rel()|l €
LYU{ch(z)|x € T} U {7}, where the action acq(l) (resp. rel(l)) for everyl € L
denotes the acquisition (resp. release) of the lock I, the action ch(x) denotes the

change to priority = and the action T denotes a pushdown action. For every
ie{l,...,n}, P; is a PL-DPDS.

A global configuration of a PL-DPN M is a sequence of local configurations,
each of them corresponding to the configuration of one of the threads running in
parallel on the system. Let Confy; be the set of all global configurations of a
PL-DPN M.

Following previous works we assume that locks are used in a well-nested
fashion, i.e. a process has to release locks in the opposite order of acquisition, an
assumption that is often satisfied in practice. Note that for non-well-nested locks
even simple reachability problems are undecidable [23].

2.1 Example

The PL-DPN modeling the program of Figure 1 is defined as follows M =
({acq l,rel l,ch I, 7}, {l}, {1}, P1, P2, P3) where:

— P1 = ({p1}, {mo, m1,my}, {p1mo < pymi>prag, prmy < pim>pibo}t, p, M)

such that n,(p1) =1 and n;(p1) = 0.
acq l

— Py = ({p1,p1,l}7{ao,a1,a2,af}7 {Plao — P1,101,P1,101 ‘; DP1,1a2,P1,102 ‘l>
piaf,pray < piaog},np,m) such that n,(p1) = ny(p11) = 1 and m(p1) =
(Z)a Ul(pl,l) = {l}

l
— Ps = ({p1, 11,1}, {bo, b1, b2, b5}, {p1bo i p1,1b1, 01,101 < D1,1b2, 01,102 AL

pibs,priba < pribi},mp,m) such that n,(p1) = n,(p1y) = 1 and m(p1) =
@,771(171,1) = {l}'

The initial configuration of this PL-DPN M is pymy.



3 Semantics of the Model

The semantics of PL-DPNs is defined such that:

— Transitions of threads with highest priority should be executed first.
— Transitions that manipulate locks should follow the locking rules:
e A transition attempting to acquire a lock can only be executed if the
lock is free, i.e. does not belong to any set of acquired locks.
e A transition attempting to release a lock can only be executed if the lock
is in possession of the corresponding thread, i.e. in its set of acquired
locks.

We overload the functions 1, and 7; to global configurations as follows: for all
¢ =prwir...ppwn € Confar, Np(prws - .. prwy) = maz(ny(p1), ..., Mp(pn)) and
Mm(p1w1 - . prwn) == m(p1) U+ - Uni(pn).

Definition 3. The transition relation — s is defined as the smallest relation
in Confayr x Confpr such that Vey,co € Confy:

. act
1. ¢y pyr ca —rm c1 qwr 2, if np(p) = Mp(c1 pyr c2) and py — qw € A,
s.t. act € {r,rel 1} U{ch(z) |z € I};

2. c1 pyr ca — €1 qwr c2, if np(p) = np(cr pyr c2), 1€ m(er pyr c2) and
l
Py s qu € A;

3. ¢c1 pyr @ — M €1 Qawa T ¢, if np(p) = np(er pyr c2) and py <
Qw1 D> owa € A;

where p,q,q1,q2 € P,y € I'Nw, w1, wo,r € I'*, 1 € L.
The semantics above says that:

1. A thread in a local configuration with control state p and top of stack  can
move to a local configuration with control state g, replacing the top of its stack

~ by w, if there is a 7, ch(z) or release rule py & qw € A and its priority
(np(p)) is equal to the highest priority among all the threads (n,(c1 pyr c2));
2. A thread in a local configuration with control state p and top of stack v can
move to a local configuration with control state ¢, replacing the top of its

stack v by w, if there is an acquire rule py La:g qw € A, the lock that the
rule attempts to take is free (I € mi(c1 pyr c2)), and its priority (n,(p)) is
equal to the highest priority among all the threads (n,(c1 pyr c2));

3. A thread in a local configuration with control state p and top of stack v can
move to a local configuration with control state g1, replacing the top of its
stack 7 by w; and create another thread in control state go with stack ws, if
there is a rule py 5 qrwr > gows € A and its priority (n,(p)) is equal to the
highest priority among all the threads (n,(c1 pyr c2)).



Note that the semantics of locks corresponds to the one of spin-locks, found
in most of the libraries for threads (like Pthreads). Spin-locks are similar to
mutexes, but they might have lower overhead for very short-term blocking. When
the calling thread requests a spin-lock that is already held by another thread,
the calling thread spins in a loop to test if the lock has become available. This
means that if a thread with lower priority, holding a lock 1, is interrupted by
a thread with higher priority, attempting to acquire the same lock, then the
program becomes blocked (assuming there is only one CPU). In this paper we
assume that programs are free of deadlocks since they can be detected using the
technique of our previous work [25].

Given a configuration ¢, the set of immediate predecessors of ¢ in a PL-DPN
M is defined as prep(c) = {¢’ € Confa : ¢ —>p c}. This notation can be
generalized straightforwardly to sets of configurations. Let prej, denote the
reflexive-transitive closure of prejs. For the rest of this paper, we assume that
we have fixed a PL-DPN M = (Act, L,1,Py,...,Pp).

4 Single-Indexed LTL Model Checking for PL-DPNs

4.1 Linear Temporal Logic (LTL) and Biichi Automata

From now on, we fix a finite set of atomic propositions AP.

Definition 4. The set of LTL formulas is given by (where ¢ € AP):
pi=qloiNpa | 0| Xo | FolGoleiUps

Given an w-word o = agav; . .. over 247 let o denote the suffix of a starting
from ay. The notation o = ¢ indicates that « satisfies o, where |= is inductively
defined as follows: a = qif g€ ap; a = pifarE @, alE 1 Ap if a = ¢
and a = po; a = X if ol = ¢; a = p1Ups if there exists k > 0 such that
a® = ¢y and for every j: 1 < j <k, a;j = ¢1. The temporal operators F and G
can be defined using the following equivalences: F' ¢ = true Uy, G ¢ = —F —p.

Definition 5. A Biichi automaton (BA) B is a tuple (G, X,0,¢°, F), where G
is a finite set of states, X' is the input alphabet, 0 C G x X' x G is a finite set
of transitions, ¢° € G is the initial state and F C G is a finite set of accepting
states.

A run of B over an w-word aga; . .. is a sequence of states gogy . .. s.t. go = ¢°
and (g;, s, qi+1) € 0 for every ¢ > 0. A run is accepting iff it infinitely often visits
some states in F.

Theorem 1. (From [3]) Given a LTL formula f we can construct a BA By (s.t.
X = 24%) recognizing all the w-words that satisfy f .



4.2 The Model Checking Problem

The model checking problem of PL-DPNs against doble-indexed LTL formulas
where the validity of atomic propositions depends on two or more PL-DPNs is
undecidable [4].

In this work, in order to obtain decidability results, we consider the model-
checking problem of PL-DPNs against single-indexed LTL properties of the form
f = A, fi, where f; is interpreted over the PL-DPDS P;.

Let A be a labeling function A : |J; P; — 247, that assigns to each control
location of the PL-DPN M a set of atomic propositions.

Definition 6. Given a labeling function A, a local run r = powopiws ... of the
PL-DPDS P; satisfies f;, denoted by r = f;, iff the w-word A(po)A(p1) - .. satisfies
fi-

Definition 7. A global run R satisfies f = \, fi, denoted by R |= f, iff all local
runs of each instance of P; running in parallel in R satisfy f;.

Definition 8. A PL-DPN M, with initial configuration poyo, satisfies f = \; fi,
denoted by M = f, iff all global runs starting with poyo satisfy f.

From now on, we fix a single-indexed LTL formula f = A, fi.

4.3 Priority-Lock Structures

Definition 9. (From [25]) A priority-lock structure of a global run R of a PL-
DPN under DPN semantics, is defined as either a tuple [x,y, gr, ga,la] or the
symbol 1.

In [25] is given an algorithm to compute a priority-lock structure from a global
run R such that we get L if the run is not a valid under PL-DPN semantics,
or we get the tuple [z,y, gr, ga, la] if the run is valid under PL-DPN semantics,
where:

— x is the lowest transition priority, from the control states visited during the
run,

— g is the highest final priority, from the control states of the final configuration,

— gr is a set of dependencies between lock usages (acquire and release of a lock)
and final releases of a lock (release without acquisition),

— g, is a set of dependencies between lock usages and initial acquisitions of a
lock (acquisition of a lock without the corresponding release),

— la set of lock actions and their corresponding priorities.

In this work we just need to know that given a PL-DPN M and a regular set
of configurations S, we can construct a DPN M’, with priority-lock structures
embedded in the control states, such that the predecessor configurations of S over
M are the predecessor configurations of S over M’ with a priority-lock structure
not equal to L. Formally, from [25]:



Theorem 2. pre}, (S) = {pw | (p, s)w € pre}, (S x [00,0,0,0,0]) As # L}.

Using the previous theorem we can reduce LTL/CTL model checking on the
PL-DPN M to a series of pre* queries over the DPN M’. In order to keep the
queries consistent with each other, taking in account the priorities and locks, we
will need to inspect the priority-lock structure stored in the configurations. For
that, given a control state p in the DPN M’, let X (p),U(p), R(p) and A(p) be
the lowest transition priority, set of lock usages, set of initial releases and set of
final acquisitions, respectively, embedded in the control state p.

Example The PL-DPN M of Example 2.1 can be reduced to the DPN M’ =
({7}, P, Ph, Ps) where:

- ,P{ = ({p6 = (Pb [17 ]-7 ®7 03 m])apll = (pla [[]-a 1; mv Q)a {(la usg, 17 1)}]])7
pl2 = (plv [[]-7 ]-7 (Z)a (07 {(lv acq, ]-v 1)}]])7
pi") = (pla [[17 1) ®>@7 {(la acq, 17 1)7 (l7usg7 13 1)}]])71721 = (p17 J—)a }7 {mOamla mf}>
T T T
{pimo = pim1 > plag, Psmo — pymi > phag, pymo — phmy > phag,
T T T
Py <= pymy > phag, pamo — pomy B> pybo, pimo — pomy > pibo, })
— P} and P} are defined similar. In particular, they have the same set of control
states.

4.4 The Model-Checking Approach
The next step is to define a DPN with Biichi acceptance condition.

Definition 10. A Bichi DPDS (BDPDS) is a tuple BP = (P, I, A, F'), where
(P, I'yA) is a DPDS and F C P is a finite set of accepting control locations.

For i € {1,...,n} , let B; = (G;, X;,0;,9?, F;) be the Biichi automaton
recognizing the w-words that satisfy the LTL formula f;.

Definition 11. We define BDPDSs BP; = ((Pi x G;) x (2% x I), I}, AL, F!)
where F] = {((p,9),(A(p), X(p))) | (p,g9) € P; x F;)}. AL is computed such
that for every (g1, \(p),g2) € 0, a € Act, x,21,29 € I, u,uy,uy € 2% and
(p2, 82)wa € Pj % I’y we have:

1. ((pv 91)7 (uax))’y i> ((p1a92)7 (uvx))wl € A;: 7;fp')/ i> p1w1 € Ai}
2. If py = prwy B> paws € A4,
2.1. ((p, 1), (w1 Vuz, )y < ((p1,92), (Ul,xl))MD((PzagJQ)’ (u2, z2))w2 € Aj,
if A(p1) Nuy = A(p2) Nug =0 and x1 = 29,
2.2. ((p.g1). L)y = ((p1.92), (w1, 31))wi & ((p2, 99), (ua, 72))wa € Aj, other-
wise.

Sometimes we write a configuration ((p',¢), (u,z)) of a BP; as (p,s), where
p=(p,g) is called control state and s = (u, ) is called “priority-lock structure”.

Let L(BP;) be the set of all the tuples ((p, ¢?), (u, x))y, D) such that BP; has
an accepting run starting from the configuration ((p, g?), (u, x))y, using infinitely
the lowest priority x, the set of locks u and spawning the set of configurations D.
We can compute the language of BP; using the algorithm from [6]:



Theorem 3. (From [6]) For every BDPDS BP; = (P;, I;, A;, F;) we can con-
struct a finite automaton A; such that L(A;) = L(BP;).

4.5 Main Algorithm

Given a PL-DPN M = (Act,P1,...,P,) and a single-indexed LTL formula
f =\, fi, in order to check if M |= f, we proceed as follows:

1. Create the DPN M’ = (P{,...,P}), as in Section 5.1.

2. Create Buchi automatons B;" satisfying the formulas —f;.

3. Construct BDPDSs B; P! from the DPN M’ and the Buchi automatons 5~
of (2), as in Definition 11.

4. If an initial configuration ((py, go), (u,x))yo is in X, the set of configurations

that satisfy the formula —f, with some set of locks u and priority x then

M W f. Otherwise we continue to the next step, to be sure there are no

livelocks.

Create Buchi automatons B; satisfying the formulas f;.

6. Construct BDPDSs B;P; from them the DPN M’ and the Buchi automatons
B; of (5), as in Definition 11.

7. If an initial configuration ((pf,go), L)vo is in Y, the set of of configurations
that satisfy the formula f, then there is a livelock and M [~ f, otherwise

M |~ f.
We can construct the set X in the following iterative way:
1. X' =, L(B;P)).
2. X ={py|(py.D)e ZADNX" #0}.
3. If X # X', set X’ = X and go to 2. Otherwise return X.

o

where Z is the language of initial configurations of all infinite paths in each
DPDS P;. We can construct the set Y in the following iterative way:

1. Y' =, L(BP)).
2. Y =A{(py,D) €Y' |Vp'y € D3ID' C Confy: st. (pv,D') €Y'}
3. IfY #Y’, set Y/ =Y and go to 2. Otherwise return Y.

Theorem 4. A PL-DPN M satisfies a single-indexed LTL formula f (M = f)
iff there is not initial configuration in X with non-bottom priority-lock structure
and there is not initial configuration in'Y with bottom priority-lock structure.

4.6 Example

We want to check if the single-indexed LTL formula f = f; A fo A f3, where
fi = true, fo = GF a; and f3 = GF by, is satisfied by the PL-DPN M =
(Act, P1, P2, Py) of Example 2.1.

The first step was to create the DPN M’ = (P1, P4, P}) as in Example 4.3.
The second step is to create Buchi automatons By, B3 and B3 recognizing the
w-words that satisfy the formulas = f; = false, ~fy = FFG —a; and —f3 = FG —by,
respectively. Then we create the BDPDSs By Py, B3 P4 and B3 P4 using Definition
11. The next step is to construct the set of configurations X, we get:



1. X' = L(Bﬁlpl) U L(BﬁPQ) U L(Bﬁlpg,) udui=0.

0
2. X={py|(p1,D) € Z)ADND#0} =0.
We have that X = (), this means that the negation of f is not satisfied, but
still can be the case that we have some livelock. Thus we continue calculating Y.
The algorithm proceeds as follows:

{(((r5,90), L)mo, {((p1, 90), {1}, 1))ao, (P2, 90), (0, 1))bo}), - - - }-
{((p1, 90), ({1}, 1))ao, 0)} with A(p}) = 0.

{((P2, 90), (0, 1))bo, )} with A(ph) = {i}.

L(BP;{) U L(BP;) U L(BP;).

= {(((P3, 90), LYmo, {((P1, 90), ({1}, 1))ao, (3, 90), (9,1))bo }) }-

We can observe that Y has the initial configuration ((pj,go),L)mgo. This
configuration has a | priority-lock structure, since the child corresponding to
thread A infinitely uses lock [ and the child corresponding to thread B acquire
lock [ without releasing it (see the rules of Definition 11). This means that there
is a livelock and then the formula f is not always satisfied int the PL-DPN M.

L(BP1)
L(BP;)
(B_ 3)

/

k<

.C“'FPO!\DE—‘
o]

5 Single-Indexed CTL model checking of PL-DPNs

In this section we consider single-indexed CTL model checking for PL-DPNs. For
technical reasons we suppose that CTL formulas are given in positive normal
form, i.e. only atomic propositions are negated.

Definition 12. The set of CTL formulas is given by (where a € AP):

pi=q|q|prp | Ve | AXp | EXp | A(pUyp) | E(eUp) | A(pRyp) | E(pRy)

The other standard CTL operators can be expressed by the above operators.
For instance EFp = E(true Uy), AFp = A(true Uyp), EGyp = E(false Ry) and
AGp = A(false Ry). The closure cl(¢p) is the set of all the sub-formulas of ¢
(including ). Let At(p) ={a € AP |a € cl(p)} and clr(p) ={0 € cl(p) | 6 =

E(p1Rpg) VO = (solsz)}

Let A : AP — 2UP:iXIT g valuation assigning to each atomic proposition a
finite set of local configurations. A local configuration ¢ satisfies a CTL formula
fi (denoted by ¢ |= f;) iff there exists D C D; such that ¢ =p f; holds, where
Ep is inductively defined as follows:

— ckEpaifce Aa).

— c kg —aif ¢ € Ma).

— ckEp w1 ANy if 3Dy, Dy C |JD; such that D = Dy U Do, ¢ Ep, ¢1 and
¢ E=p, ¥2;

—cEp 1V ifclEp g1 orcEp g

— ¢ Ep AXpif for every ci, ..., ¢y € Confr such that ¢ = ¢; > Dj, ¢ ):D]_ %)
and D = {J; Dj;



— ¢ Ep EX if there exist ¢’ € Confy such that ¢ =; ¢ > D', ¢ Epr ¢ and
D=D'UD";

— ¢ Ep A(p1Ugps) if for every path cocy ... with ¢ = ¢ for every m >
1,3D!, C D, such that ¢,,—1 = ¢, > D), and 3k such that ¢; Ep, @2,
Vi <k Cj }:Dj ©1.

— ¢ Ep E(p1Uys) if exists a path coey ... with ¢g = ¢, for every m > 1,
D), such that ¢;,—1 = ¢ > D), and 3k such that ¢, Ep, w2, Vk,j < k
Gy ':Dj P1-

— ¢ Ep A(p1Ry2) if for every path coeq ... with ¢ = ¢, for every m > 13D,
such that ¢,,—1 = ¢, > D), and either for all j, cj |:Dj g or Jk such that
Cr ):DL/ 1 and Vj <k, ¢j Fp; po.

— ¢ Ep E(p1Rys) if exists a path coeq ... with ¢g = ¢, for every m > 1 3D},
such that ¢;,,—1 = ¢, > Dj, and either for all j, ¢; |:Dj 9 or Jk such that
¢k Epy 1 and Vj <k, ¢; Ep; p2.

Intuitively, ¢ =p f; means that c satisfies f; and the executions that made ¢ satisfy
fi spawn the configurations in D, i.e. when a transition rule ¢y — pyw; > pows
is used to make f; satisfied, pows is in D.

5.1 Priority-Lock Alternating BDPDSs

Definition 13. A priority-lock alternating BDPDS (PL-ABDPDS) is a tuple
BP; = (P;, I;, A;, F;), where P; is a finite set of control locations, I is the stack
alphabet, F; C P; is a set of accepting control locations, A; is a finite set of
transition rules in the form of py < {p1w1,...,prwn} > {qru1, ..., qpur}-

An PL-ABDPDS BP induces a relation — defined as follows: for every
w e I'if py = {pwi,....onwn} > {q1ur,...,qeur} € A, then pyw —
{prwiw, ..., ppwnw} > {qrus, ..., qrug }. Intuitively, if BP is at the configuration
pyw, it can fork into A copies in the configurations pjwiw, ..., prwpw and creates
k new instances. We write py < {p1wi,...,prwn} if py <= {p1wi, ..., prwn} > 0.

A run is accepting if each branch of this run infinitely often visits some control
locations in F. Let L(BP) be the set of all the pairs (¢, D) such that BP has an
accepting run from ¢ and that creates the set of configurations D.

5.2 Computing an Alternating BDPDS

To perform single-indexed CTL model checking for PL-DPNs we follow the
approach for LTL model checking, but in this case we need alternating BDPDSs,
since CTL formulas can be translated to alternating Biichi automata.

On [6] it is shown how to model check DPNs against CTL formulas using
alternating BDPDS. Here we reduce CTL model checking in a PL-DPN to CTL
model checking in a DPN by using priority-lock structures and applying the
result of [6].

Let BP; = (P!, I}, AL, F;) be the PL-ABDPDS such that P/ = P; x cl(f;),
F; = {(pva) | a € Cl(fz) ﬂAP,p € f(a)} U {(pv_'a) | —a € Cl(fi)aa € APvp ¢



f(a)} U P; x clr(fi), where clg(f;) is the set of formulas of cl(f;) of the form
E(p1Rp2) or A(p1Rp2); and Al is the smallest set of transitions rules such that
for every control location p € P;, every subformula ¢ € cl(f;) and every v € I;

we have:

1. If p=a,a € AP and p € f(a) then (p, )y <= (p,p)y € 4A;

2. f o =-a,a € AP and p ¢ f(a) then (p,p)y <= (p,p)y € 4%

3. If o =1 Apa then (p, 9)y = {(p,01)7, (P, 02)7} € A

4. If o = o1V @ then (p, )y = {(p,1)7} € A} and (p, p2)y = {(p, p2)7} €
Al

5. If ¢ = EFp; then: if py — pw > p"w’ € A; then (p,p)y < {(V/, p1)w} >
{p"w'} € A], similar for non-spawning rules;

6. If o = AX ¢y then (p, p)y = {(p/,p1)w [ py = pwip'w’ € Aj} > {p"w’ |
py = pwp’uw € AL},

7. If o = E(p1U¢p2) then: (p, )y = {(,1)7, (p,p2)7} € A}, and if py —
pwp’w € A then (p, o)y = {(p,v1)7, (0, p)w} > {p"w'} € A], similar
for non-spawning rules;

8. If o = A(p1Usps2) then: (p, )y = {(p, p2)7} € A}, if py = pwip'w' € A;
then (p, )y = {(p,1)7, (P, @)w | py = pwip'w’ € A} > {p"w'} € A},
similar for non-spawning rules;

9. If ¢ = E(p1Ryps) then: if py < p'w > p’w’ € A; then (p, p)y —

{(P.02)7, (P p1)7} € A and (p o)y = {(p,02)7, (0, @)w} B {p'w'} € A5
10. If ¢ = A(p1Rps) then (p, )y = {(p, 2)7, (p,1)7} € 4] and (p, )y =

{(p,02)7, (0, p)w | py = Pw>p'w’ € A} > {p"w' | py = pwip'uw €
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