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Abstract. This paper develops novel bounded model check-executions and that the running time of the model checker us-
ing (BMC) techniques for asynchronous parallel systems. Théng process executions is smaller than using steps. Moreover,
aim is to increase the efficiency of BMC by exploiting the the performance compares favorably to a state-of-the-art in-
inherent concurrency in such systems. This added efficiencierleaving BMC implementation in the NuSMV system.

is gained by covering more reachable states within a given

bound using two techniques. Firstly, a non-standard execution
model, step executions, where multiple actions can take place
simultaneously is applied. Secondly, the number of execu-

tions the system can have is reduced by modeling the execd- Introduction
tion of the system components as if they were determinized.

Th|s_ determmlzat!qn technique also enables the remove_ll ofhe purpose of the paper is to develop efficient bounded model
the internal transitions of the components. Step exeCUt'O”Ehecking (BMC) techniques for asynchronous systems mod-
can be further restricted to a subclass called process execyieq as labeled transition systems (LTSs). BMC is a verifi-
tions without losing any reachable states. cation technique that considers only executions of bounded
The paper presents a translation scheme for bounded moggigth of the chosen formalism [1]. The general model check-
checking of reachability properties. The translation is from aning problem for properties specified in linear temporal logic
asynchronous system where the components are modeled asTL) is known to bePSPACE-complete w.r.t. the system
labeled transition systems (LTSs) to a propositional formula.description given, for instance, as an LTS system studied in
The models of the formula correspond to the step executionghis paper. However, the bounded case isNi® (assuming
of the original system where each component is replaced witlthe used bound is given in unary encoding). The very idea
its determinized counterpart. The formula for step executionss to compile the system under verification, the property to
can be easily extended in such a way that its models correpe verified and a boun# on the length of the execution to
spond to the process executions of the system. The translatiapropositional formula having a model iff the system has an
scheme has been implemented and some experimental corgxecution of lengthk that violates the property. The method-
parisons performed. The results show that the bound needeslogy has been successfully applied in industrial setting [2,
to detect a violation of a reachability property is for step and3).
process executions in most cases lower than in interleaving The aim of this work is to increase the efficiency of BMC
by exploiting the inherent concurrency in asynchronous sys-
* The financial support from Nokia Foundation, Helsinki Graduate Schooltems. The standard approach to such systems is to use in-
of Computer Science and Engineering and the Academy of Finland (Projecterleaving executions, where exactly one action is occurring
5*3*69T5h) isf_gra‘e,ful”y a‘"‘k”‘i"fv'edgzd' ey of Finfand (Prorect 53665, crant 2 2 time. For example, consider the system in Figure 1. It
for res:ar?:nwccfk Z%?ggcrj, rreosne]ar<(::f£1i f:l?:)?/lvoposltr)] anrété%ﬁ; acknoﬁlgéggdpresentgn LTSs foII.owmg the standard !’1.0tat|0n of present-
This work has also been financially supported by FET project ADVANCE INg the states as circles and the transitions from a state to
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Fig. 1. Example system
Fig. 2. On-the-fly determinization

where each component is in its initial state (marked in the

picture with a wedge and labeledor s, wherel < i < n). The execution is different from the interleaving model in that
The system can move from the global state the global ~ the actions.y, ... ., a,, are executed simultaneously. Secondly,

states’ with labela; (denoteds = s') iff every component  due to on-the-fly determinization componént for instance,

havinga; among its labels can execute a transition labeled reaches the set of statfls, u; }. Without compromising reach-

That means that before the transition each such component &ble states, step executions can be further restriciedtess

in a local state having an outgoing transition labededin executionsatisfying an extra condition on visible actions.

the next global state each of these components is in the target Based on these ideas, a bounded model checking proce-

state of that transition while each other component remains ilure of reachability properties of an LTS system is developed

its original state. However, the labelis an exception to the by devising a translation scheme from the LTSs to a proposi-

rule. It denotes an internal transition and thus a single comtional formula. The novelty point of the translation is that the

ponent can execute itstransitions in isolation. An interleav- models of the formula are the step executions of the system,

ing execution of the example system reaching the global statege., in the models (interpreted as executions):

/ / Nt / !
Uy, Uy, - - -, Up,u, ) from the initial statgs;, s7, ..., s,, s . . .
i<s ;’s f10’||OW’S'm n) €51, 81,5 Sn Sn) — several independent actions can be executed simultane-
' ously and
— in each execution state each component can beséiaf
a a . . .
(81,81, 8n,80) = (t1,t], ..., 8n, 8) — its local states, i.e., the formula models the executions of
an T T ini i .
It ) D () D the determinized version of the component
- . L
s (g, Ul U, ul) Yet, the size of the formula remains linear both w.r.t. the

. . . . . bound and the system description. In addition, the translation
Here the idea is to encode interleaving executions more

; : . - .. tan be done without constructing explicitly the determinized
compactly by allowing multiple occurrences of actions in dif-

. versions of the components, i.e., handling determinization
ferent components of the system simultaneously. For the ex- P 9

ample in Figure 1 with the interleaving model the number Ofon-the-fly. A simple addition to the formula modeling step
P 9 9 . executions results in a formula modeling process executions.
steps needed to reach every state of the syst@m i§ simul-

taneous executions of independent actions are allowed onl The approach has been applied to a set of deadlock check-
. P y %g problems and the data obtained justify the following points.
steps are needed (independent of the valué) of

o . Firstly, step and process executions need in most cases a lower
The approach of allowing independent actions to take place Y, Step P

simultaneously is further combined with an on-the-fly deter- ound to detect a deadlock than the traditional interleaving

S . {nodel. Secondly, the running times using process executions
minization construction where for each component a set o

. i . R .are often smaller than using steps. Finally, the result m-
states in which that component can be is maintained. The snaile oTten smarfer than using steps aty, the resutts co

SO A o are favorably to the running times of a state-of-the-art inter-
uation is illustrated in Figure 2. On the left hand side is a non—p : y ng
L . . . ._Jeaving BMC implementation [5].
deterministic LTS and on the right hand side its determinize . . : .
X o . The paper is organized as follows. Section 2 introduces
counterpart. The purpose of this construction is to (i) reduce[he

: - formalism the modeling lan n tion
the number of executions of the system, and (ii) shorten their ormalism used as the odeling language a d Section 3
length by removing internal transitions. presents the encoding schemes for both execution models.

; . . Section 4 gives test results comparing step and process ex-
In this work, the concurrent execution of independent ac- . . .
: : ; L ecutions to NuSMV [4, 5] and finally Section 5 concludes.
tions combined with on-the-fly determinization of compo-

nents is referred to astep executionsThe idea is illustrated
in the following example execution of the system from Fig- 2 System Modeling Formalism
ure 1:

{ar,an}
{sh {s1} o {sa ki {snh) T (1) This paper studies asynchronous concurrent systems speci-
{t1,un b, {t,ut by o {tnsun b, {t, ul }) fied as labeled transition systems (LTS). Three execution mod-
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els for a system of LTSs are introduced. The first is the stan-

Any LTS can be seen as a labeled graph. Thus, a labeled

dard interleaving semantics. Thereafter, the step and proceg&th in an LTS is just a labeled path in the LTS seen as a
models allowing independent actions to take place simultagraph.
neously are defined. The section ends with an analysis of the

relation between the different models.
Definition 1. An LTS is a 4-tupleL = (S,1,I, A) where

— S'is a non-empty set of (local) states,

— I C Sis anon-empty set dhitial states,

— I''is a non-empty set of visible actions, and

- ACSx(I'U{r}) xS, is thetransition relation the el-
ements of which are called (local) transitionsigfwhere
T¢I

The transitions whose middle component-iare called

internal or invisible to the environment. LTSs can interact

by forming a synchronizing system, denoted herelby-=
(Lq,...
mantics is defined in terms of interleaving executions.

Definition 2. LetL = (L4,..., L,) be a system of synchro-
nizing LTSs, wherel; = (S;,1;, I3, 4;),1 < i < n. An
interleavingexecution ofL is a sequence

SlgSQE"'%’Sk—Q—l (2)
such that eaclglobal states; is ann-tuple (s},...,s?) €

Sy x --- x Sy, ie.,s] is alocal state of LTS, and each
a; € It U---U I, U{r}. Furthermore, the following holds:

1. (st,...,s") €1 x -+ x I,.

2. Foralll < i < k, if a; # 7, then for the transition

(s,... (sti1,..., s ) it holds that for allL;,
if a; € I}, (s],a:,8],,) € A; otherwises/, | = s7.

3. Foralll < i < k, if aq; = 7, then for the transition
(sh,....sm) & (shy,...,sPy,) it holds that there is an

L; suchthai(s!,,sl,,) € A; ands¥, | = s for k # j.

a;

o

,L,). Its states arer-tuples of local states and se-

Definition 5. Let L = (S,I,I,A) and S’ C S. The 7-
closureof S’ is the maximal set of states’ C S such that
s € 58" iff s € S’ or there is a path from some stateghto s
labeled only withr transitions.

The following definition presents the step executions of
a system of LTSs. The model is such that while operating on
possibly non-deterministic LTSs it determinizes themthe-
fly. Therefore, in each position in the execution each compo-
nent may be in a set of states instead of just one.

Definition 6. LetL = (L4,..., L,) be a system of synchro-
nizing LTSs, wherd.; = (S;, I;, I, A;), 1 <i < n. Afinite
stepexecutionsg of L is a sequence

T i (3)
such that eacB;, called adeterminized global statés ann-
tuple (S},...,S"), S € S;,1 <j < mn,ie.,eachs isa
set of states of LTS.; and eacl) C A; C I U---U L. In
addition all of the following conditions hold:

Ay
- Sk+1

1. In'S; everyS’ is ther-closure of[;.

2. For each4; andL,, |A; N I}] < 1,i.e., in each step at
most one visible action is executed from each LTS.

3. For eachd;, if a € A;, then for eactL; such that € I
there is a transitior{s;, a,s;) € A; such thats; €
S7. FurthermoreS? 11 Is theT-closure of the set of states
formed by all states” such that(s’,a,s”) € A; and
s' e S

4. Foreachd; andL;, if A; N I; = 0 thenS’,, = 5.

Thelengthof og, denoted byog|, is k. Let lin(og) de-

When explicit presentation of intermediate states is nothote the set of all possible linearizations#f, i.e., the set

of great importance, the notatian gt sj+1 IS used to
denote a part of an interleaving execution fremto s,
such that the executed actions afe. . ., a; in that order.

The definition above is usually given by first defining the
synchronized product of the components constituting the sys-

of stringsa;as ... ax such that for each < i < k, o; €
lin(A;) wherelin(A;) is the set of strings obtained by con-
catenating the elements iy in all possible orders.

The above execution model based on on-the-fly deter-
minization could be alternatively defined by requiring the com-

tem and then presenting the executions using that construé)-o_nents of the LTS system to be deterministic or by deter-

tion. Definition 2 above is equivalent and better suited for
comparing the traditional model to the new contributions pre-
sented below (Definitions 6 and 8). These definitions mak

use of the following concepts.

minizing them using the standard subset construction [17].
However, the subset construction is potentially expensive since

ethe determinized version of a non-deterministic finite automa-

ton of n states can have as many2isstates. On-the-fly de-
terminization avoids this without substantially increasing the

Definition 3. The concatenation of the visible actions in the complexity of the BMC encoding.

interleaving executiow; in the order mandated hy; is de-
notedvis(oy).

Definition 4. A global states’ is reachablein the LTS sys-
temL = (Lq,...,L,) iff s’ is one of the global initial states
s’ € I, x --- x I, or there is an interleaving execution
from a global initial state to s’ . A global states’ is adead-
lock state iff it is reachable and no execution reachihgan
be extended with some transition.

Definition 7. Given an LTS systend. = (Ly,...,L,), its
global states = (s, ..., s,) and its determinized global state
S =(S1,...,5,), defines C S to mean that forall < j <
n,s; € Sj.

The following theorems characterize the relation between in-
terleaving and step executions. They assume a synchronizing
systemL = (Lq,...,Ly).
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Theorem 1. Letoy be an (interleaving) execution éfof the
form (2) and|o;| = k. Then there is a step executiog

g, @ g 1) fei g (e}

(4)

a; = vis(o1),l < kandsgy1 T Siyq.

— Sit1
of L such that)aj . ..

Proof. Any interleaving execution of length can be repre-
sented in the following form:

T* al T* a; "
51,0 = S1,ny 7 52,0 7 S2;ny " 7> S[4+1,0 7 Si+1,n4

The notatiornr* is a regular expression meaning zero or more
T-actions. Each global state in the interleaving execution is az-

represented in the form) ;. Index: is incremented every time
a visible action is executed. Indgxon the other hand, is in-

BMC via On-the-Fly Determinization

Theorem 2. Letog be a step execution of a systémeach-
ing Si+1. Then for any global state of the systeni. such
thats C Si.1 there is an interleaving executiofy of L
reachings such thatvis(oy) € lin(os).

Proof. Consider a step executiary of the form:
2584,

A
S, s, 2.,

where eactd; = {a; 1,...,a;m,}- Itis shown that fromg
it is possible to construct an interleaving executigrof the
form

* 1,11, mqy T
S — 81,0 —
a2, my T Ak, 1 Ak,my, T
52.0 - s - SkL+1,0

such thats,; 1, is the state the interleaving should reach.

cremented every time is executed and reset to zero every Similarly as in the proof of Theorem 1 the states of the inter-
time a visible action is executed. The idea is to match theeaving execution are represented in the ferm. However,

global statess; ; to the determinized global stafs (com-
pressing the transitions between the differesit;, 0 < j <
n; to S; containing ther-closure).

since the proof constructs the interleaving backwards, the in-
dexing has been set to better adhere to the construction. In
this case, the indekis incremented ang reset when the in-

The actions in the execution can be represented as therleaving execution is in a state that is immediately followed

string 7*a7*a . ..
is constructed by omitting all the transitions in the execu-

a;7*. The corresponding step execution by the execution of thérst action in the chosen linearization

of a particular step in the given step execution. Otherwise, the

tion and for each visible transition executing the step consistindex j is incremented.

ing of the singleton sefa’}, wherel < ¢ < [. Thus, the
execution is of the form (4) above.

It should be noted that compared to the proof of Theo-
rem 1 there may be several interleaving executions of the

The proof proceeds by induction over the determinizedform above (with the same actions). The construction pro-
global statesS; of the step execution establishing that the ceeds inductively from the end of; and proves that from
step execution can be constructed and proving the followinganys;  (the suffix of)o; can be constructed and the follow-

stronger invariant for all the visited statggs; of the interleav-
ing execution:

fOfa”Z,].g’LSZ-i—]., SiijSi,OSjS’ni.

1. Base Caseln any step executio$; is ther-closure of

the initial states of the system. For every interleaving ex-

ecutions; ; C S;, where0 < j < n4, becauss, g is

one of the system’s initial states and any subsequent stat%

is reached from it by executing ontytransitions.

2. Induction Hypothesis. Assumes; ; C S; for somei and
forall0 < j < n,.

3. Induction Step. Consider the casé+ 1. By induction

hypothesiss; ,,, C S;. Thus, ifs; ., — s;11,0 is a valid

transition inoy, thenS; {ﬂ} Si+1 is a valid step in the
sense that in every component havitjgn their alphabet

at least one transition labeled is enabled. By definition
of a step executiory; ;; contains the-closure of all the

states reachable from the stateS$jrby executing transi-
tions labeled:;. Thus,s;+1,0 T S;41. Every subsequent
si+1,; IS reached by executingtransitions. Thus, by def-
inition of ar-closures; 11 ; T S;41,0 < j < nyy.

It should be easy to see thais(or) = a ... a; and that

ing invariant holds:

foralli=%k+1,...,1, 8,0 CS;.

1. Base CaseTrivially, the interleaving execution from a
state to itself can be constructed. In addition, by definition
Sk41,0 C Sg41.

2. Induction Hypothesis. Assume that (the suffix ofj; can

be constructed from; o and thats; o T S;.

Induction Step. Consider the case— 1. Consider all the

states reachable by executing frefm, action sequences

of the form7*a; ., . . . a;,1 backwardsSince the step ex-

{(li,17~--7ai,m,;}
—

ecution has a step; _; S; and by induction
hypothesiss; o T S;, there is at least one state(back-
wards) reachable from; o with such an action sequence
such thats’ = S;_;. It follows naturally that the con-
struction proceeds by letting_; o = s’. The intermedi-
ate states;_; 1,...,s,_1,»,_, are assigned according to
the visited states during the backwards processing of the
sequence. This defines froms;_; o to s; o continuing
from there by the induction hypothesis. If there are sev-
eral possibilities for choosing/, an arbitrary one can be
picked.

Thus, o1 can be constructed fromy o ands; o C S;.

the length of the resulting step execution can only shrinkSinceS; is ther-closure of the initial states, it is possible to

compared te;. O

find ar-path from the initial state of the interleaving t® o
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Ly: ~ Lo: ~
and the construction is complete. It should be noted that the Yo X BRTRe
several visible actions in each stepadg can be interleaved Is.a
in any order since they are independent. Changing the order ’
obviously changes the intermediate states in the interleaving s5
execution. Howeveris(or) € lin(og) as stated in the theo-
rem. O le, b

s6 &

Corollary 1. A global states of L = (Ly, ..., L,) is reach-
. . . Aq Ao Fig. 3. Running Example
able iff for somek there is a step executiof; — Sy =

. Ag Sk+1 such thats — Sy ;.

The set of step executions for a system contains in mosgVery such component is in the same local state before and
cases different executions intuitively corresponding to the sarfilié” Ai—1. Thus, the execution obtained by moviagrom
concurrent behavior. The following addition to Definition 6 S€tA: to setd;_, and possibly removing; is a valid step

limits the number without compromising reachable states. €Xecution. _ . _
The procedure above is bound to terminate. This due to

Definition 8. A processexecution of systend is a step exe- the fact that the violating action is pushed one step ear-
cution of L where every action fulfills the following process lier. Thus, in the worst case it is pushed all the way back to

condition A,. However, inA; every action fulfills the process condi-
1ac A or tion. Secondly, there is only a finite number of actions to be
(s pushed.

2.1>1,a € A;andL has a componetit; such that, € I';

. . Finally, in both executions all the components execute the
and there is an actiony, € 4,_1 N I}. Y P

same transitions in the same order. Thus, they are bound to

A step execution that is not a process execution would®ach the same stat.
be characterlze_d by the f_ac_t that in some global_state eve%orollary 2. Aglobal states of L = (L1, ..., L) is reach-
component having actiomin its alphabet would be in a state . ] N A
wherea could take place. It would not, though, be chosen forable iff for somek there is a process executiéh — S, =
immediate execution but the components would remain idle - - Ay Sk+1 such thats C Sgy.
in the same states for some steps and only then execbt®

instance, the execution Intuitively, process executions are step executions which
are in a certain canonical normal form. In fact, this canoni-
s1h. {0} sk {501 {ar,an—1} cal normal form corresponds exactly to the so called Foata
{an} normal form [7] from the theory of Mazurkiewicz traces, and
({trunds oo At Hsn b {5 1) = also to a partial order semantics for 1-safe Petri nets called
{tr,un}, {E,ut ty oo {tn, un b, {E,, un }) processes. For more on this connection, see [8] and further

references there.
of the system in Figure 1 is not a process execution since  Figyre 3 gives two LTSs, both having the visible actions
nothing prevents,, from occurring in the first step. Theex- , — 1, = {a,b}. They will be used as a running example
ecution in (1), on the other hand, is both a step and a procesghen the elements of the encoding are presented. The en-
execution. coding assumes, without loss of generality, that each visible
transition is given a unique labgl In the figure, that label is

Theorem 3. Letos be a step execution reaching the deter- given together with the action associated with the transition.

minized global stat&. Then there is a process execution
reachingS such thafop| < |os].

Proof. The construction of the corresponding process execu® Encoding

tion is as follows:
.This section presents the structure of the Boolean formula en-

L :atthe € step execution is a process execution, then terml'coding the step and process executions of a system of LTSs.

2. Take the smallest such thatd, contains some actiom For re_presentatlonal purposes the literals that appear are given
. L . certain names collected in Table 1 for reference. An in-depth
for which the process condition is not fulfilled.

. : i .. description of them follows in subsequent sections.
3. Push actiom one step earlier and modify the determinized :
. - . The encoding assumes that the LTSs do not have loops
global state accordingly. If the remaining stépis empty,

. . containing onlyr transitions involving more than one state.
then remove it from the step execution. Goto step 1. L
To guarantee that this is the case, each component can be pre-

By definition of the process condition, if actiarviolates  processed in a way which ensures that the resulting LTS sim-
the process condition, then no component with its alpha-  ulates all the executions of the original. The preprocessing
bet executes a transition ith;_,. However, this implies that step computes the maximal strongly connected components



6 Toni Jussila et al.: BMC via On-the-Fly Determinization

Table 1. Translation Atoms The resulting scheme is a disjunction encoding the three
[ Atoms Description cases above, the disjuncts below appearing in the same order
ex(ac, t) Action ac is executed at time. as in the list above.
in(s,t) Execution is in state at timet.
se(L, t) Component. scheduled at time. ) )
ex(l,t) Transition! is executed at time. in(s,t+1) < (in(s,t) A —se(L,t)) V
en(ac, L,t) | Action acis enabled in componeit at timet. (Fsrin(sy,t + 1) A sc(L,t)) V
Jsa(in(s2,t) A Al ex(l,t)) (5)
where

C; of the LTS restricted ta- transitions and replaces each
suchr-component; with a single state’ having as incom-
ing and outgoing transitions the union of those in the set of
states inC;. Let repr() be a function from the set of local
states to the set of states representirapmponents such that
for eachs € C;, repr(s) = s}. Then, if the original system
has a global state= (sq, ..., s,), the modified system sim-
ulates this with the global staté = (repr(s1),. .., repr(s,)). o _
In addition, the presentation applies the foIIowmg subfor-  The definition makes use of the(L, t) andex(l, ?) liter-

mulas for reasons of compactness and readability. The for@ls- The former captures the fact that a comportieistsched-
mulas uled iff a visible action in its alphabet is executed. Formally:

e s varies over the states of the system,

e [ refers to the component whesés in,

e s; quantifies over each state from whighs reachable
via at transition,

e s, quantifies over all the states from which there is a tran-
sition with a visible action t@, and

e [ quantifies over the visible transitions fro to s.

[0,1{a1,...,an} se(L,t) « Jacrex(acy,t) (6)

(1, 1{a1,...,an} where
e [ varies over the components of the system and

evaluate to true iff exactly zero or one (the former) or pre- o 4, quantifies over the actions i
cisely one (the latter) of the literals in the det;,...,a,}
are true. Note that they can be simulated ugifjg) connec- L9 O e
tives and new variables with traditional propositional logic. follows. A transition is executed at tinteiff the action it is

The details of the encoding are presented in the rest OI,abeled with is executed and the control flow is in its source
the section. The formulas are given as propositional scheme %ate It should be noted that the definition is not circular but
that have free variables. Those variables have to be instari'® control flow in positiort together with the executed tran-
tiated for particular elements of the system model, a proces'tIons define the control fiow in positiant- 1. Formally:
dure described together with the formulas. However, due to
the fact that every scheme has to be instantiated for the same
time steps, from to &, the unrolling depth, that descriptionis where
omitted for the free variable The presentation also follows e [ varies over the visible transitions of the system,
the convention of abbreviating certain conjunctions and dis- e «c refers to the action with whichis labeled, and
junctions as universally and existentially quantified formulas, e sr refers to the source statesiof
respectively.

The reasoning behind the latter, the(l, ¢) literal, is as

ex(l,t) < ex(ac,t) Ain(sr,t) @)

Instantiating the schemes for the running examples yields
for instance the following formulas. Firstly, the formula en-
3.1 Control Flow coding that local state; in component.; is reached in global
state2 is the following:

For e?co;jing the control flow of the LTSs the idea is that  jp(s5,2) — (in(s3,1) A =sc(Ly, 1)) V
thein(s, t) literals serve to provide information regarding the .

’ 2 L
progress of the execution. For the (statically computed) ((Z'”(Sl’ ) Vin(sz,2)) A se(ln, 1))
closure of the initial states of an LTS the literiad(s, 1) is ((n(s0,1) Aex(l5, 1)) V
asserted true. This is in accordance with the fact that in the (in(s2,1) ANex(ly,1)))

outset the execution in each component is in thelosure
of its initial states. In general, the execution may be in some
state at time + 1 iff one of the following cases is true.

The formula encoding the fact that compong£nis sched-
uled in the first step is as follows:

— The state was reached already ahd not left in step. se(Ly,1) < ex(a, 1) Vex(b, 1)

— The state is reached due to it belonging to thelosure  Finally, the execution of transitioh translates to the follow-
of some state reached via actions in step ing instance:

— The state is reached by executing some of its incoming
visible transitions in step ex(l3, 1) < ex(a,1) Ain(so, 1)
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3.2 Executed Actions Taking instances from the running example, the fact that
actiona is enabled in component; in the initial state is

So far, the subformulas presented have been definitions of thencoded by the following instance:

elements used in the encoding. To achieve correspondence

with step and later process executions additional constraints

need to be imposed. A step execution has the property thaturthermore, executing actidncan only take place if it is

at most one single visible action is allowed to take place inenabled in both the components:

a single component in each step. The arrangement to handle

en(a, L1,1) < in(sp, 1)

this is to use a cardinality constraint as follows: ex(b,1) — en(b, L1,1) Aen(b, L2, 1)
Having thus presented all the propositional schemes, the
[0, 1 {ex(acy, 1), ..., ex(acn, t)} (8) next subsection gathers them to a complete translation algo-
of which rithm.
e aninstance is needed for all the components of the system _ ) _
and 3.4 Translation Algorithm for Step Executions
e acy,...,ac, referto actions in @articular component.

€ éncoding may be furthér enhanced with a proposty; ., g 5 given bound. Then the algorithm constructing

tional scheme that disables idling i.e., steps where no visibl%\éoOlean formula encoding step execution aff length’
action is executed. The formula is the following: is as follows:

Jac ex(ac, t) ©) 1. To capture the requirement that edgtis in ther-closure
of its initial states irS; add for eactL; the literalin(s, 1)
for all the statesS forming the r-closure ofI; and the
literal ~in(s’, 1) for the rest of the states.

2. For all time stepd < t < k, instantiate the following

d propositional schemes:

(a) For all stateg € S;U- - -U.S,, instantiate proposition
scheme (5), the progress of control flow.
(b) For all the components;, instantiate scheme (6) that

whereac quantifies over the visible actions of the system.

If the element above is not added, the resulting formula
encodes step executions upkiovhereas with it the execu-
tions are of precisely length. Thus, the formula limits the
search space. As a downside short deadlocks may be misse
if the verification process is started with too large a bound.

3.3 Synchronization encodes scheduling.
(c) For all transitions with visible actionse A; U --- U
The synchronization of LTSs mandates that a visible action A, instantiate scheme (7) encoding the execution of
may be executed iff every LTS whose alphabet contains the single transitions.
action participates. So far, this has not been reflected in the (d) For each LTSL;, limit the number of visible actions
subformulas containing the variables(ac, t). Therefore, ad- by instantiating scheme (8).
ditional constraints are needed. The condition isimplemented (e) (Optionally) instantiate the scheme (9) ruling out idle
by demanding that the executed action is enabled in each steps.
component having that label in its alphabet. An actiens (f) For all visible actions:c, instantiate the scheme (10)
enabled in a component iff it is in some state with an outgoing defining when an action is enabled.
transition labeledic. Formally: (9) For all the visible actions require synchronization by
instantiating scheme (11) .
en(ac, L, t) < sin(s,t) (10) )
Let ST(L, k) be the (step) formula obtained by the trans-
where lation algorithm. Given a satisfying truth valuatienfor the
o L vari_es over the co_mponen_ts of the system, formula ST(L, k) call S Ay A Si41 ana-execution,
e ac varies over the visible actions of componéntand whereS; = (SI,...S™), eachSﬁ = {s|s € S; anda(in(s,i)) =

e s quantifies over the states inhaving an outgoing tran- truel andA; = {ac € A; | a(ex(ac,i)) = true}. The fol-
. 1 T 1 b - .
sition labeleduc. lowing theorem establishes that anyexecution is indeed a

The variable denoting the execution of a single action isvalid step execution.

hen constrain follows: e
then constrained as follows Theorem 4. If the formulaST(L, k) has a satisfying truth

ex(ac,t) — VLen(ac, L,t) (11)  valuationa, then thea-executionS; 2% ... 2% Ski1is a
step execution.

where
e ac varies over the visible actions of the system, and Proof. The proof is by induction over the time steps. The goal
e [ quantifies over the components havingin their al-  is to show that a valid step execution can be constructed from

phabet. «a by mapping the elements as stated above.
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Theorem5. If S; = ---

A A . .
3 5 Sk, is a step execution of

the initial states and false for the other states. This adhereg, it is an a-execution for some satisfying valuation of

to condition (1) of the translation algorithm. Thi®, is
trivially correct.

ST(L, k).

. Induction Hypothesis. Assume that the step execution is Proof. The goal is to prove that given any step execution, a

valid up to the time step

. Induction Step. By induction hypothesisy is such that
forall t < i, A; = {ac | a(ex(ac,t)) = true} corre-
spond to executed actions and the result is a step execu-
tion. Consider; ;1 = {ac| a(ex(ac,i+1)) = true}. By ®
condition (2d) in the translation algorithm, the actions for
which ex(ac, i + 1) is true have to be limited to at most
one in each component.

Secondly, ifez(ac,i + 1) is true, then by condition (29)
the literalsen(ac, L,i + 1) have to be true for all the
components. havingac in their alphabet. Due to con-
dition (2f), this can only be the case if for all sudh
in(s, 1) is true for some state having an outgoing tran-
sition labeleduc.

Since at least onau(s, i) has to be true, then the instances
of the scheme (2c) have to enforce at least@r(@, i +1)
from all the componentg€ to be true for somé corre-
sponding to a transition labeled:. Indeed, the scheme
enforces that for all such transitions.

Thus, for the set of actiond; ; it holds that:

e At most one visible action can be executed from each
component.

e If actionac is executed, then every componénhav-
ing ac in its alphabet has to participate by executing a
non-empty set of transitions labeled.

e If actionac is executed, then each component having
it in its alphabet has to execute every enabled transi-
tion labeleduc.

Thus, the actions taken iA;; are of the correct form.

It remains to show that the progress of the control flow is
correct. Condition (2b) mandates that the litexdlL, 7 +

1) is true for components with executed actions and false
for all the rest. Therefore, the proposition scheme (2a)
reduces to

n(s,i+1) < in(s,i) (12)

for components remaining idle and

in(s,i+1) < Isyin(s1,i +1) vV
Jsa(in(sa, i) A lex(l,i+ 1)) (13)

for components for whiche(L, %) is true. By (12), the
in(s,i + 1) literals have to be true for the same states
for which they are true in stepfor the idle components.
The latter disjunct on the right-hand side of the equiva-
lence (13) requires theu(s, + 1) literal to be true for

all the successor states of the executed transitions. The

truth assignmentv satisfying ST(L, k) can be constructed
from it by starting from the reached states and executed ac-
tions i.e., taking the step execution to be thexecution.

The conditions for the initial states is satisfied siSgds
in any step execution the-closure of the system’s initial
states.

¢ In subsequent steps, to satisfy scheme (2f)ethec, L, 1)

literal has to be true whenever actionis executed i4;
for all the component& such thatic is in their alphabet.

e Scheme (2g), on the other hand, definesdhguc, L, t)

literal based on the reached states. This definition is not

violated by the step execution and the scheme above since
to be able to executec in A;, each component has to be

in a state where a transition labeledis possible.

The schemes (2d) and (2e) are satisfied by definition of a

step execution.

e By scheme (2c), the step execution requiresdhg, t)

literal be true for every transition leaving a reached state
when the actiori it is labeled with is executed. For every
other transition the literal is false. Thus;(l, t) is true iff

only transition/ is executed.

The instances of scheme (2b) are equivalences and the
step execution mandates thg L, t) literal to be true iff
componentL is scheduled, i.e., a visible action is exe-
cuted from its alphabet.

e By the schemes analyzed above, the step execution has

defined truth values for the literatsc(l,¢) and sc(L, t)
used in scheme (2a). It remains to be shown that these
truth values are not in conflict with the control flow scheme.
This is not the case since based on the step execution, the
sc(L,t) literal evaluates in such a way that the scheme
reduces to

in(s,t +1) < in(s,t)

for idle components and in any step execution idle com-
ponents remain in the same states. Furthermore, for non-
idle components the scheme reduces to

in(s,t+1) < Jsyin(sy,t+ 1)V
Jsa(in(sz,t) A Il ex(l,t))

The second disjunct mandates s, ¢+1) literal to be true

for successor states for transitidnghere theex (1, t) lit-

eral is true. The first one extends this to theiclosure.
Thus, the scheme and the step execution agree on the
reached state.O

first existentially quantified disjunct mandates the same3.5 Process Executions

for the 7-closure of the immediate successor. By the ar-

gument above (ne-loops), the literal can be true for only - As can be seen from Definitions 6 and 8 the difference be-
those states. Hence, the control flow is correctly updatedyween step and process executions is rather simple. Indeed,

which completes the proof]

the resulting formula needs only one additional propositional
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scheme. Namely, if an action is executed at 1, then some  predicate on the states of the original system, a new literal

participating component had to be scheduled in stép. fs(s,k + 1) is introduced for every local stateof the orig-
inal system. These literals capture reached final states. The
ex(ac,t + 1) — AL sc(L, t) (14)  ideais to augment the formukd’(L, k) (or PR(L, k)) with

constraints on the new litergh(s, k£ + 1) so that then the
global state predicates can be expressed in terms of the lo-
cal statess. These constraints guarantee that a global state
s = (s1,...,s,) Of the original system is reached by a step
(process) execution of lengthiff there is a model of the aug-

The encoding algorithm needs the following straightfor- mented formula whergs(s;, k + 1) is true for exactly those

where
e ac varies over the visible actions of the system, and
e [ quantifies over the components havingin their al-
phabet.

ward addition for alll < ¢t < k. s; which forms. The added constraints are as follows:
(h) For all the visible actions € X, U- - - UX, instantiate fs(s,k +1) — in(repr(s),k +1) (15)
the scheme (14). (1, 1{fs(s1, k+1),..., fs(sn, k+1)} (16)

The following theorem establish the soundness and comwhere
pleteness of the augmented encoding with respect to process s varies over the local states of the original system,

executions. e repr(s) is the representative state of theomponent the
Theorem 6. If the formulaPR(L, k) has a satisfying truth states belongs to, and .

_ _ " Ay ) s1,--.,8, are the local states offarticular component
valuationa, thea-executiorS; = --- = Sy, is a process from the original system. Thus, an instance of the formula
execution. is needed for all the components.

Proof. Every satisfying truth assignmeatof PR(L, k) sat- The former constraint requires that thecomponent that

isfies alsoST (L, k). Thus, by Theorem 4 every truth valu- s is an element of is reached. The latter, on the other hand, al-
ation corresponds to a step execution. Therefore, it remainpws exactly one state from each component. Any global state
to be proven that with the additional scheme the models argredicate can now be evaluated in the global state encoded by
limited to process executions. That is straightforward sincethe newfs(s, k + 1) literals.
the scheme (14) is a verbatim translation of the additional A deadlock state predicate which holds for exactly those
criterion given in Definition 81 global states from which no execution can be extended is a
N A . _ particularly interesting case among global state predicates.
Theorem 7. If S; = ... =% S, is a process execution A deadlock can be captured as a disjunction of conjunctions
of L, it is an a-execution for some satisfying valuatianof  where each conjunction is of the forffs(sy, k 4+ 1) A --- A
PR(L, k). fs(sn, k + 1)) such thatsy, . . ., s,, are local states, one from

each component, and the global state that they form enables

Proof. Similarly as in Theorem 6 above, process EXeCUtions,, yransition. However, the number of such global states is

a_dherg to condition (h). of the au_gmented ftranslat|on algo'potentially large and most of them are probably not even
rithm since the scheme is a verbatim translation of the Process,achable

criterionLJ A more compact approach is to use additional literals

en(ac, L;, k + 1) anden(ac, k + 1) evaluated based on the
3.6 Reachability Properties fs(s, k+1) literals. The former captures the fact that actien

is enabled in componertdt; in statek + 1. The latter encodes
In this work, checking a reachability property equals answerthe condition that the action is globally enabled. Thereafter,
ing the question whether an LTS system can reaglohal the deadlock state predicate is completed by requiring that in
state in which some global state predicate holds. It followsthe final state, no action is enabled. The formulas to encode
from Theorems 4 to 7 that the presented encodings for stephe deadlock state predicate are then:
and process executions preserve reachable global states. Any

global state predicate can therefore be studied with the pre- Vsifs(s1, b +1) (17
sented approach. en(acy, L1,k + 1) < 3s fs(s2, k + 1) (18)

However, some care is needed when expressing a global en(aca, k + 1) <> VLy en(aca, Lo, k + 1) (29)
state predicate when the non-triviaicomponents are elim- Vacs—en(acs, k + 1) (20)

inated as described in the beginning of Section 3. Given a

preprocessed LTS syste the reached determinized global where

state inferred from a model f7'(L, k) and PR(L, k) is a e s; quantifies over the local states of the system having
tuple of sets. Each set contains local states from a particu- outgoingr-transitions,

lar component of the preprocessed system. However, each loe ac; andacs vary over the visible actions of the system,
cal state of the preprocessed system represents a set of local L; and L, refer fo the components having:, resp.acs
states of the original system. For expressing a global state in their alphabet,
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e s, quantifies over the states ih; having an outgoing

transition labeled.c, and
. ’ : (L1t (V) UV(Lyt) () T
e acs quantifies over all the actions of the system. o '

The presented approach can be extended to reason about
reachability of sequences of global states. Even though step O © O
and process executions may lose some of the intermediate
states, sequences can be analyzed provided that all state changes _ _ _
of interest can be observed through the occurrences of visible 19 4 Elements lllustrating Encoding from Running Example
actions. The exact details of the following construction are

ex(a,t) ex(b, t) ex(a,t) ex(b,t)

left for further work, here just the main ideas are sketched. T ? di(k +1)

An additional component, called an observer automaton, can  pg ;. | ;) Fa( FSOK(k+ 1) T
be added to the system. It observes the visible actions taking , UFS(k+1)
place by having all of them in its alphabet. Now any stuttering ( % % % % V(k+1)

invariant safety property (which can be expressed as a regular ENOK (k)

language) can be reduced into the question of whether the ob-  ZX (@:k) 6+C %‘;((,f;
server automaton can reach a particular state. For a syntactic A; é ' % (; V(k)
safety subset of T'L_ x, the linear temporal logi& T'L with-
out the next-time operatoy, a finite automaton construction
tool is available [14].

SR

EX(a,1) B~C )@UV(U

NI(1)

é J;J; J;p V(1)

Fig. 5. Schematic Diagram of the Circuit

4 Test Results

4.1 Implementation

The approach has been implemented as a translator which

maps a given synchronizing system of LTSs into a CNF for-

mula in DIMACS format accepted by most propositional sat-sjge). Notice that equivalence subcircuits are not constrained
isfiability (SAT) solvers. The translation is based on the en-j rye.

cod_ing presen_ted in Section_ 3 butitis o_ptimized inthe fol-  The complete process of translating an LTS system to a
lowing way. First, the resulting formula is represented as agggjean circuit results in a circuit whose schematic diagram
Boolean circuit (explained below). Second, the circuit is re-can he seen in Figure 5. The circuit is a faithful representation
duced by simplification rules, substructure sharing and cong tne encoding as a propositional formula because the satis-
of influence reduction [12]. The reduced circuitistransformedfying truth valuations of the encoding formula and satisfy-
to CNF using a linear size translation introducing a new atomng yvaluations of the circuit coincide. A satisfying valuation
for each gate in the circuit [12]. The circuit reduction and f ihe circuit is a truth value assignment for the input gates

mapping to CNF are done using a tool called BCZChaff [11], (gates with no incoming edges) of the circuit such that the
which is integrated with the ZChaff SAT solver so that ZChaff yagyjting value of each constrained gate matches its specified

can be run directly on the generated CNF formula. value (true).

The Boolean circuit representation of an encoding for-
mula is straightforward: for each atom and connective in the
formula, a gate is introduced in the circuit. This is easy as théh2 Test Cases
tool used supports directly the extended set of Boolean func-
tions used in the translation including the cardinality con-To test the efficiency of the presented method it is compared
straints (see, e.g. (8)). For example, the subcircuit for an inagainst the following state-of-the-art implementations:
stance of scheme (8) is shown in Figure 4 (right hand side).
The letter 'T' marks a constraint (true) for the gat& (L1, t).

So each instance of the propositional schemes in the encoding
is represented by this kind of a simple subcircuit constrained
to true.

However, this straightforward representation is optimized
when translating equivalences such as (6), for which no gate
for the atom on the left nor for the equivalence connective
are introduced. Rather, the atom on the left is identified with
the gate for the main connective on the right hand side of the
equivalence. For example, the subcircuit for an instance of A set of test cases has been adopted from [6] taking those
the equivalence scheme (6) is shown in Figure 4 (left handcases known to deadlock. The examples are provided as LTS

— punroll [8], a BMC implementation translating 1-safe Petri

nets to Boolean circuits applying process semantics,

NuSMV (version 2.1.2) BMC [5], a bounded model checker

for SMV specifications using interleaving semantics,

— NuSMYV (version 2.1.2) BDD [4], a BDD-based symbolic
model checker for SMV specifications, and

— SPIN (version 4.0.7) [10], an explicit-state model checker
for PROMELA programs applying partial-order reduc-
tion methods.
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(fsa), Promela and SMV specifications and therefore the comeonstruct an infinite family of LTS systems for which the pre-
parison task is feasible. It should be noted that the Petri netsented encoding grows polynomially w.r.t. the size of the LTS
are created from scratch using the fsa specifications. The resystem whereas for the encoding using Petri nets the growth
sults of the tests are given in Table 2 with the following columris:exponential. Compared to the BDD-based model checking
and SPIN, the results reiterate the fact that BMC is at its best

— Problem instance, in finding short deadlocks.

— St.k, bound for step executions, i.e., the smallest number  The test results suggest the following guidelines. The ver-
of steps such that a deadlock is reached, ifier should start the task by using an explicit-state model
— St. s, running time for step executions as measured bychecker like SPIN. If the state space and the memory require-
lusr/bin/time , ments grow too large, the symbolic methods should be ap-

— Pr.k and Pr.s, similarly for process executions, plied. If completeness is not required, BMC procedures can
— punroll £ and punrolls, similarly for the encoding in [8] be used to detect short counterexamples. The presented ap-
using 1-safe Petri Nets with process semantics, proach is at its best when the system model contains a lot of

— SMV k and SMV s, the bound and the time in seconds non-determinism.
for NuSMV BMC [5],
— SMV bdd, running time for NuSMV BDD [4], and
— SPIN, the results for SPIN [10]. 5 Conclusions and Related Work

_ The tests were carried out using an AMD Athlon machine t\o haner studies bounded model checking of reachability
with & 1400 MHz CPU and 1 Gigabyte of memory running o nerties of an asynchronous system represented as synchro-
the Linux operating system. In the first three BMC methodsnizing LTSs. Two nonstandard execution models, step and

(the presented encodings and the punroll tool), the running, ,-ess executions, are proposed to capture sets of interleav-
time is the sum of the time needed to create the Boolean C|r|-ng executions in a compact form.

cuit and the time needed to obtain a satisfying truth assign- = v paper presents two translation schemes from LTSs to
ment for the bound given in the table using the SAT solver, ., qsitional formulas. In the first case, the resulting formula
zChaff version 2001.2.17 [16]. ~ encodes precisely the step executions of the system model

For NuSMV BMC, the running time is the execution time ang in the second the process executions. The encoding is
of NuSMV using the solver above. If the number is of the compact leading to a formula linear in the size of the system
form > n, no deadlock could be found andrefers to the description and the bound more preciselyO((>".(|S;]| +
greatest number of execution steps for which the unsatisfiamj| +|Iy])) - k), whereS;, A; andI’; are the State space,
bility could be established within a time limit of one hour.  tansition relation and visible actions of a componént

For NuSMV BDD, the running time is the sum of the respectively. The encoding uses Boolean functions outside
time needed to solve the problem and to create a countereXraditional propositional logic namely cardinality constraints.
ample. For SPIN, the running time is the execution time of However, for the presented instances the bound holds were
the verifier Compiled from the generated C-code. The t|me[he use Of them disa”owed_ The used functions W|mgu_
needed to create the verifier and to compile it are omittedments can namely be simulated usifigi) new v, A and—

The search is limited to invalid end states and in the attemppperations and variables. The approach is backed by a set
to find short deadlocks, breadth first search is used (using thgf test cases showing that the run times compare favorably
switch-DBFS in the compilation process). to a state-of-the-art interleaving BMC implementation in the

With the problem Dartes, no results could be obtainedNuSMV system.
within a reasonable time limit (1 hour) using either NuSMV The presented approach is considered only for models
BMC or NuSMV BDD. Therefore, the entries are of the form \where the LTSs are presented explicitly. Translations from
N/A. Similarly, SPIN ran out of memory with the examples symbolical representations, like SMV models, is an interest-
Dartes and DP(12). ing research problem for future work.

Experiments indicate that with these examples it some-  The idea for the paper arose as a comparison to the work
times takes zChaff far longer to prove a formula unsatisfiabledone in [8]. The paper presents a BMC procedure to reach-
than to find a satisfying truth assignment with instances ofability check 1-safe Petri nets with step and process seman-
comparable sizes. The phenomenon is most apparent in this. Apart from the different modeling formalism the main
example Key(4), where the time limit of one hour is exceededdifference to the current work is that Petri nets do not have a
with an unsatisfiable instance modeling process executionsomponent structure, which could be exploited in BMC en-
of length 29. The test cases and the tool translating LTSs tgodings. In fact, the on-the-fly determinization construction
Boolean circuits are available for download at [13]. presented in this work can not be efficiently employed in the

Even though the test cases contain relatively little non-Petri net context. Thus, the benefits of determinization, in-
determinism, it can be seen that the non-standard executiotiuding the more efficient handling eftransitions, is a new
models compare favorably in terms of the bound and runningechnique to this work. The paper [8] considers some of the
time to those of NuSMV BMC. With these examples, the re- same examples presented here. However, a direct comparison
sults are comparable to those using punroll. However, one causing the Petri nets from [8] is omitted since the nets there do
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Table 2. Test Results (BCZChaff)

Problem Stk | St.s | Prk | Prs | punrollk | punrolls | SMVk | SMVs | SMVBDD s | SPIN
Dartes 31 1.2 31 0.22 32 0.09 N/A N/A N/A N/A
DP(12) 1 0.008 1 0.02 1 0.004 > 8 830 0.12 N/A
Elev(3) 7 0.40 7 0.13 8 0.15 14 410 0.64 0.03
Elev(4) 9 1.8 9 0.40 10 2.2 17 120 2.7 0.04
Key(2) 35 370 35 230 36 230 > 30 2100 0.10 0.03
Key(3) 36 1100 | 36 > 1h 37 1900 > 21 2700 0.27 0.39
Key(4) 37 90 37 510 38 130 > 19 3200 0.73 5.79
Key(5) 38 | >1h | 38 10 39 180 > 18 1900 3.2 75
Mmagt(3) 7 0.16 7 0.10 7 0.09 10 14 0.13 0.11
Mmgt(4) 8 1.5 8 | 0.21 8 0.42 12 73 0.25 1.0
Q(1) 9 0.10 9 0.09 9 0.06 > 11 1500 2.0 36
Hart(75) 150 5.6 150 3.3 150 55 151 990 1.9 0.03
Hart(100) 200 11 200 6.4 200 14 201 4800 5.5 0.04
Sentest(75)| 83 2.1 83 2.4 83 3.1 88 220 15 0.06
Sentest(100) 108 3.6 108 4.1 108 6.0 113 980 4.6 0.07
Dac(15) 2 0.004 2 0.008 3 0.004 3 0.27 0.11 1.0
Speed(1) 4 0.014| 4 0.008 4 0.008 7 0.13 0.07 0.20

not correspond to the fsa specifications. The cause of this in-5.
consistency could be traced to the fsa to 1-safe Petri net con-
version performed in [15]. Instead, the Petri nets used in the
presented comparison are created from scratch using the fsa
specifications.

So far, only the verification of reachability properties has
been considered whereas model checking of more complex,
temporal properties is left for future work. Some initial work
in that direction can be found in [9], whefe&l'L. BMC is pre-
sented for Petri nets using a logic programming approach. g,
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