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I ntroduction

Model checking is the process of verifying the behaviour
of a dynamic system, where a model of the implementa-
tion of a system is compared with a mathematical speci-
fication of an intended behaviour of the system. A typi-
cal application is hardware verification: a model checking
tool may be able to find bugs in a hardware design long
before the product enters construction and testing.

Bounded model checking (BMC) (Biere et al., 1999)
was proposed as a solution to some of the problems of
conventional BDD-based symbolic model checking such
as space explosion by introducing a temporal bound. The
problem is then encoded as a Boolean formula: a con-
junction of state transition functions and verification con-
straints which can be solved with a Boolean satisfiability
(SAT) solver such as Chaff (Moskewicz et al., 2001). In-
finite temporal operators can be handled by including a
check for loops in the state transitions.

Although BMC has found acceptance, it can produce

an exponential number of clauses in the specification depth.

The present work is concerned with reducing this size ex-
plosion, so making BMC more accessible.

Model Checking

A model checking problem is a pair (M, f) of a model
and a temporal logic specification.

A model M is defined as a Kripke structure (S, R, L, I')
where S is a set of states; R : S — S is the transition rela-
tion; L : S — P(AP) is the labelling function, marking
each state with the set of atomic propositions (AP) that
hold in that state; and I is the set of initial states, which
may be equal to S. A path # € M is a sequence of states
80,81,--- € M such that Vi.(s;,s;41) € R. We write
w(¢) to refer to the 4th state in the path, and say that a path
m is a k-loop if the w(k) = = (1), forsome [,0 < I < k.

The model checking problem for LTL is to verify that
for an LTL formula f, for all paths m; € M such that

7:(0) € I, (M, ;) = f.

Bounded Model Checking

The bounded semantics of LTL depends on whether a path
is a loop; for example the global operator G cannot hold

on a bounded, non-looping path, because the behaviour
after the bound is unknown.

The bounded model checking encoding represents a
single bounded path ,,,., and checks that it violates the
bounded semantics of the specification f either with or
without loops. That is, that (M, wpme )k f-

Fixpoint Characterisationsfor LTL

Emerson and Clarke (1980) give fixpoint characterisations
for CTL; these are easily adapted for LTL. They are given
for unbounded temporal logic, however the fixpoint char-
acterisations are preserved for most of bounded LTL since
we have bounded semantics for X. We note that the char-
acterisation of G is valid if and only if the path is a k-loop.
This constraint may be captured with a new temporal op-
erator; X, f holds when f holds in the next state, and the
current path is a loop.

Each bounded LTL formula f is identified with a set
of paths in which it holds. This allows us to give the fol-
lowing characterisations as the least and greatest fixpoints
of functions on sets of paths:
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The Separated Normal Form

Fisher (1991) defined a normal form for temporal logic
based on the Separation Theorem (Gabbay, 1989) and gave
a series of transformations for reaching it. We have adapted
the Separated Normal Form (SNF) for bounded LTL.

The general form of SNF is G (A;(P; = F;)) where
P; are (strict) past time formula and F; are (non-strict)
future time formulee. For the bounded semantics, we in-
troduce a new path operator to capture the semantics of all
reachable states. The expression Gy f holds iff f holds
in all states before the bound. Since LTL (and CTL) have
no explicit past-time operators, Bolotov and Fisher (Bolo-
tov and Fisher, 1997) introduce the start operator, which
holds only at the beginning of time.



The rules P; = F; are of the following form:

start = \/lj An initial rule
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where I; and [; are literals. By applying transformations
(adapted from Bolotov and Fisher (1997)), any temporal
logic formula may be converted to SNF, hence to a for-
mula of depth 2 with only the X and F temporal opera-
tors. This means that the encoding to SAT can be opti-
mised for the limited number of cases, yielding a smaller
and better performing encoding.

A global X;-rule
A global X-rule

A global F-rule

The Fixpoint Normal Form

SNF is treats F as a fundamental operation. Since we
do not have the same restrictions as the original applica-
tion domain of SNF, we introduce a transformation which
uses the fixpoint characterisation of F' to reduce the set of
possible rules even further.

To make the satisfiability meaningful in the context of
this transformation when using bounded temporal logic,
we introduce a new past-time operator bound, which
holds only at the temporal bound set on the system. This
is used as a statement that the event we are looking for
does not occur in the otherwise unconstrained future.

This additional transformation may occasionally be
undesirable: it generates a larger number of short clauses,
where a direct encoding of the F operator may generate a
single long clause if its argument is a literal.

Results

Figure 1 shows the number of decisions made by zChaff
for a simple shift register, comparing the new encodings
with the original encoding from Biere et al. (1999). The
depth of the specifications increases from top to bottom.

There is a general improvement in most cases, and as
the problem size increases, the advantage of the new en-
codings also increases. The performance increases with
nesting depth for most of the specifications, and the re-
sults for Fixpoint are consistently better than the original
encoding, and are more uniform; it also outperforms Snf
in almost all cases.

Conclusion

We have demonstrated that performing SNF style trans-
formations on the specification of a BMC problem can re-
sult in an improvement in performance in the SAT checker;
extending the SNF transformations with a transformation
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Figure 1: zChaff decisions

for the F operator results in further advantages over SNF
in most cases.
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