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Abstract

Deadlock problem is often seen as one which consists of two parts: the detection, and the elimination of
them. A number of techniques for solving the deadlock problem exist. Some of these methods operate
directly on the STG level, but they restrict the class of the underlying Petri nets to only, marked graphs.
While this purely state-based approach is relatively simple and well-studied, the issue of computational
complexity for highly concurrent STGs is a serious one due to the state space explosion problem. To
alleviate this problem, we chose to use methods that do not explicitly enumerate the input sequences, thus
avoiding the state space explosion. Using a novel formulation of deadlock with some problem-specific
optimization rules on Petri net unfoldings, we proposed a hybrid approach to detecting deadlock in
asynchronous circuits. Experiment shows that the technique seems quite competitive on the example
benchmark models available to us.

Keywords: asynchronous circuits, signal transition graphs - STG - Petri nets- nets unfolding- deadlock detection-

SAT solver -partial order techniques.

1. Introduction

Digital circuits are usually classified into
synchronous and asynchronous[1].
An asynchronous circuits, are
a sequential digital logic circuits which are
not governed by a clock circuit . Instead they
often use signals that indicate completion of
instructions and operations, specified by
simple data transfer protocols as opposed to
synchronous circuits, where the operation of
the circuit is under the control of a global
clock signal. Asynchronous circuits have the
potential to be faster, and have advantages in
lower power  consumption, lower
electromagnetic interference, and better
modularity in large systems. Asynchronous
circuits have become an active area of
research in digital logic design[1,2].

Usually, the design of an asynchronous
circuit, takes three distinct stages:
specification, implementation and validation.
At the specification stage, the designer first
determines an unambiguous description of a
circuit expected behaviour. There are various
formalisms for specifying a circuit expected
behaviour of which Signal Transition Graphs
(STG) [3, 10] is one of the latest models [3].
After the desired specification is achieved,
the corresponding digital logic that
implements the circuit are obtained either
manually or by using computer aided
synthesis techniques or both, depending on
which is more realistic. STG models,are
supported by a well-developed public domain

tool called PETRIFY for synthesizing them
[1,5].

Finally, the obtained circuit implementation
needs tobe validated against its specification
to ensure its correctnessbefore it is passed to
later design stages. Designers choose
between techniques of circuit validation:
simulation or formal verification.
Simulationcan be used to shed light on the
correctfunctionality of the future behaviour
of a circuit, and determine what can be done
to influence that future behaviour. However,
simulation is not always feasible since it
requiresexamination of all allowable
sequencesof actions of the environment,
which quickly leads to state space explosion
problem.

The formal verification of an asynchronous
circuit appliesdifferent schemes to prove
correctness. In contrast to simulation, the
formal verification methods do not
explicitlyenumerate the input sequences, thus
avoiding the state spaceexplosion.It is
therefore imperative to considerformal
verification using models similar to those
used forspecification.

Defect in circuits are responsible for the
majority of problems found in the
semiconductor industry. It is therefore
imperative to detect and prevent them from
reproducing. To identify defects in circuits a
survey was conducted. This survey showed
that one of the most frequently detected
defects is deadlock. Deadlock problem is
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often seen as one which consists of two parts:
the detection, and the elimination of them.
There are a number of techniques published

recently on the subject of formal detection for
deadlock problem in asynchronous circuits
(see [3], [12], [13]) for detailed descriptions).
These detection approaches can be
categorised by (i) the wuse of timing
information  ((timed vs untimed); (ii)
representation of the circuit state space
(reachability vs graph vs Binary vs Decision
Diagram (BDD-based) vs unfolding prefix)
(i) circuit types, subdivided according to
their functionality (control vs data path) or
by size (small vs large controllers).

In [19, 22] we proposed an approach for one
of the subproblems central to the formal
verification of Object Petri Nets. There,
wedefined the fundamental rules for
transforming object nets into a 1-safe Petri
net such that employing affordable resources
can handle important questions regarding the
verification of various properties using model
checking. Also, we established the space
upper  bound  complexity for the
transformation. [21]. In essence, this
approach consists in development of a
software tool for automatic transformation of
Object Petri net to obtain an equivalent 1-safe
Petri net. We showed how deadlock detection
can be characterized in terms of satisfiability
formulae that can be given to a SAT solver.
It is also worth mentioning that the approach
allows one not only to find deadlocks, but
also to derive execution paths leading to them
without performing a reachability analysis.
In our experiments, we achieved significant
speedups on benchmark models available to
us using this method.

The exact nature of our detection approach in
this paper, isthat we tackle here asynchronous
control circuits modelled as STGs, and
represented as a Petri netunfolding prefix.
Hence, we proposed a hybrid technique for
checking deadlock in controllers synthesized
with STG using prefixes of unfoldingand
SAT solver.

Basically, hybrid model checking with SAT
via prefixes of unfolding of Petri nets,
requires severalsteps before the prefixes can
be fed to the external tools for verification.
First, the prefixes are generated. Secondly,
properties to be verified are translated and
encoded as a Booleansatisfiability formula.
Thirdly, these formulae, in Conjunctive
Normal Form (CNF), popularly known as
DIMACS format ([25]) are given as input to
a SAT solver, to either obtain a satisfying

assignment or to prove there is none. These
steps are detailedin Section 3 of this article.
To be able to generate prefixes of unfolding,
we chose to use an existing tool instead of
developing this functionality from scratch.
This tool is PUNF[6]it is a suite of tools
including MPSAT, PCOMP and MP2DOT
which is usedfor generating a finite and
complete prefix of a safe Petri nets
efficiently.

To obtain the DIMAC representation of these
formulae, A  software tool, called
PrefixtoCNF [19], which supports the
automatic translation of a property of STGs
formalism that can be exploited for
verification into SAT formulae has been
developed by us.

To summarize, the main contributions
described in this paper are: (i) the translations
into Boolean satisfiability formulae of the
problems of deadlock detection using finite
prefix of STGs, (ii) development of a
software workbench called PrefixtoCNF.
This software, when implementedcan parse
file containing the description of a finite
prefix of STG models in particular and any
bounded P/T net modelin general, (iii)
generates encoding for deadlock problems in
terms of satisfiability formulae , which can be
checked by a SAT solver, (iv) we present
experimental results that support the
feasibility of our approach for the deadlock
detection problem. The remaining of the
paper is structured as follows: Section 2
contains a review of fundamentals from
theories of Petri net, signal transition graph,
unfolding and propositional satisfiability
relevant for our use. Section 3 discusses how
we characterized the deadlock detection
problem as SAT formulae. Section 4 explains
how the detection is done; Section 5
compares our approach to a previous prefix-
based deadlock detection method. Section 6
summarizes our current contribution.

2.0 Fundamentals

The verification technique presented in this
work rely on the Petri nets-based
characterization of asynchronous systems.
Thus, this section introduces the relevant
background and basic definitions from
theories of Petri nets and STGs. We further
recall notions related to net unfolding and
existing tools for unfolding Petri nets.Also
presented here are notions related to Boolean
satisfiability,

2.1 Fundamental of Petri nets

Petri nets [23], first introduced by Carl Adam
Petri, are a simple yet quite powerful
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formalism,suited for describing
asynchronous systems. They allow tomodel,
and study major aspect of behaviour of such
systems, including concurrency, causality
and conflict [3].As a general and accepted
formal models of concurrency, they are
option for studying the principles underlying
different classes of systems. However, the
size of the net requiredto model a system with
complex behaviour can be very large. That is
even a relatively small system specification
can (and often does) yield a very large state
space. To alleviate this problem, a designer
can be presented with an implicit compact
representation of the system states using
finite prefixes of Petri net unfolding. [4].
Petri net, also called Place/Transition net
(P/T-net), consists of places represented by
circles, holding a varying number of
indistinguishable tokens, and transitions
represented by rectangles. Arcs are
represented by arrows pointing from places
to transitions or from transitions to places,
and referred to as input and output arcs.
Definition 2.1A place/transition net (P/T net
for short) is a tuple N = (P, T, F, W) where
P is a finite non empty setplaces, T is a finite
non empty set of transitions, disjoint from P,
F < (PXxT)U(T x P)is the flow relation,
between places and transition and W: F —
N\{0} is the arc weight function.The
pair(x,y) € Fis called an arc.

If W(x,y)=1 for all arcs (x,y) € F we
can omit W and simply write (P, T,F).A PIT
net marking is a functionm: P — Z_, where
m(p)is called the number of tokens in a place
p € P at a marking m.The set of places
y={x €P|(x,y) € F} is called presetof
transition t €T and te={x € P|(y,x) €
F}is called the postset oft,A transitiont € T
is enabled in a marking m iff m(p) =
W(p,t) for all p € «t .A transition t €
Tenabled at a marking m i.e. m[t >, may
fire. The successor marking m' is defined
as m'(p) = m(p) —Wp,t) +W(tp) .
We denote this by m[t > m'.

Definition 2.2:A P/T net system X=(N, m,)

is a net N=(P,T,F) together with an initial
marking m,. The zero marking with m(p) =
0 for all p € P is denoted byO.

Checking whether a Petri net satisfies a
certain property isvery important for the
analysis of the system the net models.
Inparticular, the notions of marking
reachability and deadlock freedomare used
throughout this paper.

Definition 2.3The set of reachable markings
of ¥ is the smallest (w.r.t.c) set RM(X)
containing my € RM(Z) and such that m €
RM(Z)andm[tym' , for some t € T then
m' € RM(Z). A marking m is reachable if
m € RM(Z).

P/T net is 1-safe if all arc weights are 1 and
there is at most one token in each place in
every reachable marking.

A marking m is deadlocked if at this marking
no transitions

are enabled. A Petri net is deadlock-free if
none of itsreachable markings is deadlocked.

2.2  Signal Transition Graphs

Here, we begin by giving an intuitive
knowledge of Signal Transition Graphs using
the features to a small example asynchronous
circuit. Furthermore, we recapitulate the
formal definition of them as presented in [5].
STGs are a form of labelled Petri nets, in
which transitions are labelled with the names
of rising and falling circuit signal of a timing
diagram.In an STG the transitions are
interpreted as signal transitions and the
places and arcs capture the causal relations
between the signal transitions. Figure
2.1,shows a C-element and a ‘well behaved’
dummy environment that maintains the input
signals until the C-element has changed its
outputs

Figure 2.1 A C-element and dummy
environment

The intended behaviour of the C-element
could be expressed in the form of a timing
diagram as shown in the Figure 2,2.

/ i / elc.

Figure 2.2 Timing diagram
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Figure 2.3 also shows the corresponding Petri
net specification. The Petri net is marked
with tokens on the input places to the a+, and
b+ transitions, corresponding to state (a, b, ¢)
=(0, 0, 0). The a+ and b+ transitions may fire
in any order, and when they have both fired
the c+ transition becomes enabledto fire, etc.
Often, STGs are drawn in a simpler form
where most places are omitted. Every arc that
connects two transitions is then thought of as
containing a place. Figure 2.4 shows the STG
specification of the C-element.

Definition 2.4: A Signal Transition Graph
(STG) (see [5]) is a triple I' & (3 ,Z,A)
suchthat ) = (N,M,) isanetsystem,Zisa
finite set of signals, generating a finite
alphabet Z* =7 x{+, -} of signal
transition labels, and A : T > Z% is a
labelling function. The signal transition
labels are of the form z* or z~, and denote a
transition of a signal z € Z from 0 to 1 (rising
edge), or from 1 to O (falling edge),
respectively.

Signal transitions are associated with the
actions whichchange the valueof a particular
signal.

The notation z* is use to denotea transition
of signal z if we are not particularly interested
in its direction.

Definition 2.5: A circuit ([24]) isatriple C =
(V,F,sg), whereV = {v, v, ..., v, } isa set of
signals. F is a mapping F: f,,,, v; € V where
fv, corresponds to the function of logic gate

that drives v; and s, is the initial state of the
circuit.
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Figure 2.3: A Petri net

Figure 2.4 STG formalization of the timing
diagram

Definition 2.6: A circuit Petri net I
associated with a circuit C is a type of STG
that satisfies the following properties:

1. For each signal zeZ, a pair of
complementary places, p,? and p},
Each z*—labelled transition has p,?
in its preset and p,! in its postset, and
each z~—labelled transition has p,} in
its preset and p, in its postset.
Exactly one of the two places is
marked at the initial state,
accordingly to the initial state sy € ¢
signal z.

2. at any reachable state of an STG
augmented with such places, p
(respectively, p,}t) is marked iff the
value of z is O (respectively,1). Thus,
if a transition labelled by =z*
(respectively, z7) isenabled then the
value of z is O (respectively, 1), which
in turn guarantees the consistency

3. T is consistent if, for every reachable
marking M, all firing sequences o
from M, to M have the same
encoding vector Code(M) equal
to v° + v and this vector is binary,
i.e., Code(M) €{0,1}l . Such a
property guarantees that, for every
signal z € Z, the STG satisfies the
following two conditions: (i) the first
occurrence of z in the labelling of any
firing sequence of I" starting from M,
has the same sign (either rising or
falling); and (ii) the transitions
corresponding to the rising and falling
edges of z alternate in any firing
sequence of I'. In this work it is
assumed that all the STGs considered
are consistent. We will denote by
Code,(M) the component of
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Code(M) corresponding to a signal z
€Z..

Circuit synthesis with STG involves
checking the necessary and sufficient
condition for the STGs to be implementable
as logic circuit. Thus, satisfying key
properties:

* Normalcy: normalcy is a necessary
condition for an STG to be
implementable as a logic circuit built
of gates whose characteristic
functions are monotonic.

» positive normalcy (or p -normalcy)
condition w.r. t. an output signal z €
Z,if for every pair of reachable states
M’ and M"’, Code(M’) Code(M") <
Code(M') implies Nxtz(M') <
Nxtz(M'").

* Negative normalcy (or n-normalcy)
condition w.r. t. an output signal z €
Z, if for every pair of reachable states
M'and M",< Implies Nxtz(M’) =
Nxtz(M”’)

« Finally, I" is normal if it either p-
normal or n -normal w.r.t. each
output signals. It turns out that
normalcy implies freedom from flaws
([9D).

STGs satisfying these properties can be
implementable as a logic circuit.

2.3 Unfolding Petri net system

Reachability analysis is fundamental for
checking whether a P/T net satisfies a certain
dynamic property of the system the net
models. To Determine if there exist a
reachable  marking satisfying certain
properties the set of reachable markings
RM () must be computed. This, however,
often  suffers from state space explosion
problem, and requires state  space
compression technique to be employed.
Interestingly, such techniques exist in the
form P/T net unfolding [4]. the finite prefix
of a P/T net unfolding is usually able to
represent all of the possible behaviour of the
net in a very compact way.

Since its introduction [10], the unfolding-
based approach has been extensively
improved to be able to deal with more
complex, and diverse applications, and there
are existing tools for unfolding nets available
online.  Therefore, Petri net verification

techniques, particularly of the tools based on
unfolding theory cannot be ignored: recent
research has shown that many verification
problems for unfoldings can be formulated in
terms of Boolean satisfiability and very
efficiently dealt with by existing SAT solvers
[9], [15].

In what follows, we give summaries to basic
notions, definitions, and properties related to
net unfoldings which we require for use in
Section 3. More details can be found in [4],
[8].

Definition 2.7 Occurrence net: An
occurrence net is a net ON ¥ (B,E,G) where
B is the set of conditions (places), E is the
set of events (transitions) and G is a flow
relation. Two nodes of ON, y and y', are in
structural conflict, denoted y #y',, if there
are distinct events e, e'€ ,E such that seNe¢’
#@and (e, y) and (e', y’) are in the reflexive
transitive closure of the flow relation G,
denoted by <. A node y is in structural self-
conflict ify#y. It is assumed that: ON is
acyclic (i.e., < is a partial order); for
everyb € B,|+b| < 1;foreveryb € B U
E,—( y#y) and there are finitely many y’,
such that y' <y, where < denotes the
irreflexive transitive closure of G. Min(ON)
will denote the minimal w.r.t. < elements of
B UE . The relation < is the causality
relation. Two nodes are concurrent,
denoted y co y’, if neither y #y’ nory < y’
nory' < y.

A homomorphism from an ON to a net system
Y is a mapping h:BUE - PUT such
that: h(B) € P and h(E) < T (conditions
are mapped to places, and events to
transitions); for all e € E, the restriction of h
to e¢ is a bijection between *e and ¢ h(e) and
the restriction of htoee is a bijection
between ee and h(e) » (transition
environments are preserved); the restriction
of h to Min(ON) is a bijection between
Min(ON) and M, and for all e, f € E,if »
e =efand h(e) = h(f)thene = f
(there is no redundancy).

Definition 2.8 A branching process of X is a
quadruple n ¥ (B,E,G,h) such
that(B, E, G) is an occurrence net and h is a
homomorphism from it to £. A branching
process ' = (B',E',G',h") of ¥ is a prefix of
a branching process m = (B,E,G,h) of Y,
denoted 7' =, if (B, E',G") is a subnet of
(B, E, G) such that: B’ contains the minimal
(w.r.t. <) conditions of r; if e € E' and
(b,e) € G or (e,b) € Gthenb € B’; if
b € B'"and (e,b) € Gthene € E'; and h’
is the restrictionof h to B" U E'.

Definition 2.9 A configuration of an
occurrence net is a set of events C < E such
that for all e, f C, "(e#f) and, for
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everye € C,f < e implies f €
C .Intuitively, a configuration is a partial-
order execution, where the order of firing of
some of its transitions is not important.
Definition 2.10 A cut is a maximal (w.r.t.c)
set of conditions B’ such that b co b’, for all
distinct b, b’ € B'. Every marking reachable
from Min(ON) is a cut. Let C be a finite
configuration of a branching process . Then
Cut(C) € (Min(ON) U C )\ C is a cut;
moreover, the multiset Mark(C) <
h(Cut(C)) of places is a reachable marking
of £. Amarking M of X isrepresented in r if
the latter contains a finite configuration C
such that M = Mark(C). Every marking
represented in m is reachable, and every
reachable marking is represented in the
unfolding of Z.
So, for a given a Petri netX the unfolding of
¥ aims at
building a labelled acyclic net & satisfying
two key properties:
« For every reachable marking M of Y,
there exists a finite configuration
Cof msuchthatC n E,; =
@and M = Mark(C), and for each
such C and every transition t enabled
by M, there isanevente ¢ C in .
 Finiteness The prefix is finite.
An unfolding satisfying these two properties
can be used for model checking as a
condensed representation of the state space of
a system.

2.4  Boolean Satisfiability

Propositional Satisfiability (SAT) is one of
the classical problems in computer science.
Its popularity started when it was proven to
be an NP-complete problem in 1971 [11] and
since that time, many algorithms were
designed to solve this problem efficiently.
Being an NP-complete problem, other well-
known problems such as graph coloring,
vertex cover, Hamiltonian path, and traveling
salesman problem, of this class, can be
encoded into a SAT instance giving them
simpler representation. That makes SAT
problem have a wide range of practical real-
world applications. This include but not
limited to Scheduling [13], VLSI design [14]
testing problems [16], automated formal
verification of hardware/software design
[17]) and a number of reasoning problems in
artificial intelligence like planning [18].

The Boolean Satisfiability problem (SAT)
consists in finding a satisfying assignment,
that is, a mapping A:Var, -
{false; true} , defined on the set of
variables Var , occurring in ¢ , a given
Boolean formula ¢, such that ¢ evaluates to

true. This formula is often assumed to be
given in the conjunctive normal form
(CNF) Niz1 Vier, L, ie., itis represented as a
conjunction of clauses, which are
disjunctions of literals, each literal | being
either a Boolean variable or the negation of a
Boolean variable. It is assumed that no two
literals in the same clause correspond to the
same variable. The size of a formula in CNF
is defined as the total number of literals in all
its clauses, i.e., 2o |Li |-

The following corresponds to an instance of

SAT:

(/’:(X1VX2)/\(X71VX3VX4V;s)A(X1VI3VX4)- @

A formula is said to be satisfiable if there is a
truth assignment to its variables that makes it
true. One possible assignment to the variables
that will make the above formula satisfied is:
X1 = true, x, = false,x3 = tru, x4 = falsexs = false. (2)
There are several algorithms, for SAT
problems. Each of these algorithms has
different strategy for reaching a solution and
each, has two possible outcomes; either it
gives answers for both satisfiable and
unsatisfiable instances respectively, or it can
give answer only for satisfiable instances.
Consequently, ~ SAT  algorithms  are
categorized as complete and incomplete
algorithms. Some of the leading SAT solvers,
e.g., Minisat ([15]), can be used in the
incremental mode, i.e., after the algorithm
solves a particular SAT instance the user can
modify it (e.g., by adding and/or removing a
small number of clauses) and execute the
solver again. Accordingly, we chose to use
the MiniSAT for our experiments.

3 Deadlock detection using SAT

In this section we describe how the finite
prefix can be used as an input to model
checking algorithms, e.g., those searching for
deadlocks.At first, we repeat results from
[19], [20] regarding the translation of
prefixes to SAT. Then we explained how the
detection was done.
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The translations for dead-lock freedom into
SAT formulae ¢, is built using the prefix,
such that:

e ¢ will be unsatisfiable iff the
system deadlock

e every satisfiable assignment of o
gives a violating configuration

e @ has the form CONFAVIOL

e Some of the variable of ¢ are
associated with events of the prefix

The principle of the translation is to construct
a propositional formula of each configuration
wherein there is an event in (direct or
otherwise) conflict for any cut — of f event
in the complete finite prefixes generated it
then means that some dead markings are
reachable from the reachable marking
corresponding to the cut of such a
configuration.

The procedure is illustrated using the
branching process of the Dining Philosophers
system Figure 3.1. The configurations are
partially ordered traces: the order of
execution of concurrent events does not
matter and so should not be enforced hence
we have to explore fewer runscompared to
the interleaving semantics but only one
configuration is used see Figure 3.3.

Figure 3.2 shows the net system unfolding
respectively. At the initial state, the
configuration is set to the minimal
configuration of an event in conflict with a
given cut-off event. In our example, the
configuration is set to the minimal
configuration [e] of e4 (in conflict with the
cut-off eg ) as shown in Figure 3.4. To
complete the procedure, an event in conflict
with the cut-off e;, must be introduced into
the configuration. Since e, satisfies these
properties and because the union of its
minimal configuration with the already
formed configuration also vyields to a
configuration (there is no event in conflict),
the procedure leads to the construction of the
final marking of the configuration {e;.e4}.
This is shown in Figure 3.5. From the
corresponding reachable marking p; + p; +
pg + po the dead marking pio+ p11 IS
reachable.

)
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Figure 3.1 Dinning Philosopher PN
Configuration constraint

At the level of a branching process, a
deadlock  configuration  constraint  is
represented for each event e € E\E.y;, €
and its immediate predecessors are in the
configuration. Therefore, the role of
configuration constraints, which we represent
as CONF, is to ensure that for each event in
the set of all events in the prefix excluding
cut-off events, and its immediate
predecessors are in the configuration. If the
event is executed, then
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Figure 3.2 the unfolding

cee = k! traces reaching a deadlock,
butonly one configuration
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Figure 3.3: K! traces reaching a deadlock

Figure 3.5: Final marking of the
configuration
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all its direct causal predecessors are also
executed, else if the event is executed then no
event in direct choice relationship with it can
be executed. This is to ensure that it
corresponds to the configurations C of the
prefix (not just arbitrary sets of events).
CONF is formally defined as the conjunction
of the formulae.

Conf = A, /\fe"e(e =N A /\fE('e)'{e](_‘eV_‘f) ©)

The above equation ensures that:
« if e € C then its immediate
predecessors are also in C, i.e., C is
downward closed w.r.t.<. Figure
3.6(a) illustrates this notion.

« If e is executed then all its [direct]
causal predecessors are also executed
and if e is executedthen no events in
[direct] choice relationship with e can
be executed (Figure 3.3(b)).
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Figure 3.6 Configuration constraint
Deadlock violation constrain

The deadlock violation formula illustrated in
Figure 3.7 below ensures that no event is
enabled to fire, i.e. for every e. Figure 3.7 (a)
presents this notion.

« Some [direct] predecessor of e has
not fired: see Figure 3.7 (b) or
« Aneventin [direct] conflict with e or
e itself has fired: see Figure 3.7 (c).
The violation constraint is defined formally

as follows:

VOIL = Ae(Vrere f VVieeeyf)
(4)
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Figure 3.7 Violation constraint

Finally, the problem at hand can be
formulated as the SAT problem
Deadlock < CONF AVOIL

()

4. Deadlock Detection using SAT

We experimented the hybrid approach with
our tool by implementing it along with
Minisat solver to test out the ideas set forth in
this manuscript. By doing so, we check for
deadlock in each of thesame benchmarks
used in [15, 20].

Tables 1, presents the running times in
seconds for the some STGs benchmark used
for the test. The running times have been
measured using a Pentium® 2.30 GHz, 4.00
GB RAM.

The rows of the tables correspond to different
classes of problems. The columns represent:
problem statistics, net statistics, unfolding
statistics, times in seconds and the marking -
deadlock. The other fields of the figures are
as follows: |P|: number of places, [T|: number
of transitions, |B|: number of conditions, |E|
numbers of events, |E ;| : number of cut-off
events, Var: number of variables, Lit:
number of literals, Cl: number of clauses
CPU: CPU time, SAT: time it takes the
solver to parse the input file, DL: YES - the
net system has deadlock. NO - net system
hasn’t deadlock

The marking vm(n) notes that our tool ran
out of virtual memory after n seconds when
computing the number of literals for the
problems, KEY (4) and MMGT (4)
respectively.
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Using our tool along Minisat was able to
produce answers for all the examples
presented here. An observation that should
be made is that the tool shows that classes of
problems DAC, DP, ELEVETOR,
HARTSTONE and MMGT have deadlock.
And classes of problems DME, DPD, DPMF,
DPH6, and OVER are without deadlocks.

5. A comparative analysis

We put this work in context with a previous
prefix-based deadlock detection method [26].
That method, can translates the problems of
deadlock and reachability checking into the
problem of finding a stable model of a logic
program using finite complete prefixes, in a
tool called mcsmodels-toolset.

The comparative analysis technique applied
common factors: benchmark models, time it
takes each  tool mcsmodel  (resp.
PrefixtoCNF) to perform the translation, and
the propertyverified. The result shows how
efficient the PrefictoCNF performed with
respect to accuracy and speed.

Table 2 below, presents the running time in

seconds for our approach and that in [26].
The rows of the table correspond to different
problems. The columns represent: problem
statistics, and tool statistics. The other fields
of the table are as follows: DL: YES - means
the net system has a deadlock while NO -
means not deadlock, DCsmo: time for
mcsmodels, average of five runs (The
DCsmo columns also includes the logic
program translation time, which was always
under 10 seconds) DCSAT : time it takes for
SAT solver to check if a problem deadlock or
doesn’t with average of five runs. Both
approaches were able to produce answers for
all the example models presented.Our
approach was most times much faster, see for
example some models that are deadlock-free
like BDS, DME,DPH(5), DPH(6),
FURNACE(1), FURNACE(2), GASQ(3),
GAS(4), and for the once that deadlock:
ELEVATOR(2, 3, 4), HART(50,75, 100),
KEY(2, 3, 4), Q(1), RING(7), RING(9), and
RW(12). An important observation is that our
approach produces exact answer to whether a
problem deadlock or not similar to the
mcsmodels approach. This experiment shows
that, on these problems set, the functionality
of the tool PrefixtoCNF is accurate, speedy ,
quite robust and competitive.

6 Conclusion

A software tool which supports the automatic
translation into Boolean satisfiability
formulae of the problems of deadlock
detection using finite prefix of unfolding has
been developed by us and we proposed a
hybrid technique for checking deadlock in
controllers synthesized with STGs using the
combination of unfolding and SAT solver.
Experimental results and comparison with
previously existing tool are demonstrated
which support the feasibility of our approach
for the deadlock detection problem.
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Table 1 running time in seconds for some STGs:

Problem Net Prefix Formula Time [s] DL
|P| T | 18] IE|  |Eol | Var cl Lit CPU  SAT

DAGLE) a2 33 30 52 0 53 1€0 337 0031 | 003 | vEs
DFLE) ES 24 132 84 24 56 335 1038 000 | 0.00 | YES
ELEVATORZ | 327 | 783 4200 | 3860 | 1629 | 2266 | 36357 | 149973 | 1.076 | 0.05 | YES
ELEVATOR4 | 736 | 1535 | 17920 | 16845 | 7337 | 9598 | 342665 | 1498034 | 1444 | 035 | VES
KEYLZ) 125 | 133 8105 | 6561 | 2511 | 2057 | 55547 | 213433 | 5023 | 006 | VES
KEY(3) 164 | 174 17786 | 67935 | 32045 | O 0 vm(13.0)| 0.015 | 0.00 | vEs
MMGTIZ) | 122 | 172 5613 | 5223 | 2520 | 3312 | 118383 | 462063 | 250 | 0.05 | VES
MMGTIS) | 158 | 232 51882 | 46886 | 20345 | O 0 vm(13.0)| 0.00 | 0.00 | YES
DME(Z) 135 | 38 265 120 4 118 253 1628 000 | 000 | NO
DFDIE) 54 54 2780 | 2884 | 485 1353 | 12080 | 4e18% 0053 | 0.01 | NO
DFMFLS) 87 321 38 153 154 47 e 1720 000 | 000 | NO
QVER(Z) 52 53 270 185 52 134 532 1853 0015 | 001 | NO

Table 2 Deadlock detection running time in seconds

Problem(size) | Mcsmodel | PrefixtoCNF

DL DL DCsyr

DCsmo
BDS(1) NO 1.4 |[NO 0,01
DME(4) NO 1.4 |NO 0.03
DME(5) NO 48 |NO 0.07
DME(6) NO 136 |NO 0.18
ELEVATOR(2) | YES 0.2 |YES 0.01
ELEVATOR(3) | YES 43 | YES 1.8
ELEVATOR(4) | YES 85.1 | YES 171.10
FTP(1) NO 702.9 | NO

2586.55

FURNACE(1) | NO 0.09 | NO 0.01
FURNACE(2) | NO 0.20 | NO 0.06
GAS(3) NO 0.80 | NO 0.08
GAS(4) NO 515 | NO 46.10
HART(50) YES YES 0.00
HART(75) 0.10 YES 0.01
HART(100) YES YES 0.02

0.10

10




KASU JOURNAL OF MATHEMATICAL SCIENCES (KJMS) VOL. 1, ISSUE 2, December 2020

ISSN 2734-3839 (Print), ISSN 2735-962X (E-Copy)

http:/www.journal.kasu.edu.ng/index.php/kjms

YES

0.20
KEY(2) YES YES  0.03
KEY(3) 0.20 YES 7.7
KEY(4) YES YES 5150

17.80

YES

1287.20
MMGT(3) YES 6.1|YES 5887
MMGT(4) YES YES

523.4 3440.05
Q(1) YES 77| YES 473
RING(7) YES O0.1|YES 003
RING(9) YES 00|YES 0.6
RW(9) YES O01|YES 010
RW(12) YES 20|YES 001
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