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Abstract. We consider the problem of bounded model checking for linear tem-
poral logic with past operators (PLTL). PLTL is more attractive as a specifica-
tion language than linear temporal logic without past operators (LTL) since many
specifications are easier to express in PLTL. Although PLTL is not more expres-
sive than LTL, it is exponentially more succinct. Our contribution is a new more
efficient encoding of the bounded model checking problem for PLTL based on
our previously presented encoding for LTL. The new encodingésar in the
bound. We have implemented the encoding in the NuSMV 2.1 model checking
tool and compare it against the encoding in NuSMV by Benedetti and Cimatti.
The experimental results show that our encoding performs significantly better
than this previously used encoding.
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1 Introduction

Bounded model checkin@[1] is an efficient method of implemensipgbolic model
checking a way of automatically verifying system designs w.r.t. properties given in a
temporal logic. Symbolic model checking allows verification of designs with large state
spaces by representing the state space implicitly. In bounded model checking (BMC)
the system is represented as a propositional logic formula, and only the bounded paths
of the system are considered. Given a system model, a temporal logic specification and
a boundk, a formula in propositional logic is generated which is satisfiable if and only if
the system has a counterexample of lerigth the specification. A satisfiability (SAT)
solver is used to check if the generated formula is satisfiable. By letting the bound
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grow incrementally we can prove that the system has no counterexample for the given
property. Although basic BMC is an incomplete method in practice (it is difficult to

a priori determine a reasonably small boundhich guarantees completeness) it has
been very successful in industrial context [2,3,4]. The success of BMC is mostly based
on that propositional logic is a compact representation for Boolean functions and that
BMC allows leveraging the vastimprovements in SAT solver technology made in recent
years.

Linear temporal logic (LTL) is one of the most popular specification languages used
in model checking tools and many model checking tools support some variant of it.
However, in most of its incarnations only the so called future fragment of the language
(which we will denote by LTL) is considered. This fragment includes only temporal op-
erator which refer to future states. Recently, several papeisi[5,6,7] have also considered
supporting LTL with past operators (PLTL). The main argument for adding support for
past operators is motivated by practice: PLTL allows more succinct and natural specifi-
cations than LTL. For instance, the specification “if the discharge valve is open, then the
pressure alarm must have gone off in the past” can easily be expressed in PLTL while
expressing it in LTL is not as straightforward. We believe that an intuitive specifica-
tion language reduces the probability of a model checking effort failing because of an
erroneous specification. The usefulness of PLTL has already been argued edrlier in [8].

PLTL also has theoretical advantages compared to LTL. Although PLTL and LTL
are equally expressivel[9,/10], PLTL is exponentially more succinct than(LTIL [11]. This
succinctness comes for free in the sense that model checking for LTL and PLTL are
both PSPACE-complete in the length of the formulal [12]. In practice, however, PLTL
model checking algorithms are more difficult and complex to implement.

The first to present a reasonable solution for doing BMC with PLTL were Benedetti
and Cimatti [7]. They showed how the standard BMC encoding [1] can be extended
to handle PLTL. Our main contribution is a new encoding for BMC with PLTL based
on our LTL encoding[[13]. Unlike the encoding inl [7], the size of our new encoding is
linear in the bound. The new encoding is quadratic in the size of the formula. When the
number of nested past operators is fixed, the encoding becomes linear in the size of the
formula. The new encoding has been implemented in the NuSMV 2 model checker [14]
and we have experimentally evaluated our encoding. The results clearly show that the
new encoding has better running times and that it generates smaller SAT instances than
the current encoding in NuSMV. Since the new encoding is also very simple, it allows
a straightforward implementation.

2 Bounded Model Checking

The main idea of bounded model checking [1] is to searctvfemded witnessder a
temporal property. A bounded witness is an infinite path on which the property holds,
and which can be represented by a finite path of lekgth finite path can represent
infinite behaviour, in the following sense. Either it represents all its infinite extensions
or it forms aloop. More formally, an infinite patht = 551S,... of states contains a
(k,I)-loop, or just ark-loop, if 1= ($S1...5-1)(S ... %)®. The two cases we consider
are depicted in Fig.|1.
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Fig. 1. The two possible cases for a bounded path

In BMC all possiblek-length bounded witnesses of thegationof the specification
are encoded as a SAT problem. The bolnslincreased until either a witness is found
(the instance is satisfiable) or a sufficiently high valud ¢d guarantee completeness
is reached.

Note that as in[[7.18.15] the shape of the loop and accordingly the meaning of
the boundk is slightly different from [1]. In this paper, a finite path of lendttfor
representing an infinite path with a loop contains lihaping statetwice, at position
| — 1 and at positiork.

2.1 LTL

LTL is a commonly used specification logic. The syntax is defined over a set of atomic
propositionsAP. Boolean operators we use are negation, disjunction and conjunction.
Regarding temporal connectives, we concentrate on the next ¥mehe until (U) ,

and the releaseR) operators. The semantics of an LTL formula is defined along infinite
pathsii= ss; ... of statess. The states are part of a modélwith transition relation”

and initial state constrairt Further, letrt denote the suffix oft starting from the:th

state. The semantics can then be defined recursively as follows:

Ty & Y holds ins; for € AP.

nE-Y enEY

TMEW VY T EQLorm = g

T EPiAY2 & T = Qg andmt = Yo

mTEXY ontlEy.

T = Y1 UP2 < 3n>i such thatt = Y, andTd =y foralli < j <n.
T = PiRY2 < Vn> i, " =y, or o = Yy for somei < j < n.

Commonly used abbreviations are the standard Boolean shortiardg v —p for
somepe AP, L =-T,p=q9g=-pVaq, p&g=(p=9) A(q= p), and the derived
temporal operators = T U Y (finally’), Gy = —-F—y ('globally’).

Itis always possible to rewrite any formulagositive normal formwhere all nega-
tions only appear in front of atomic proposition. This can be accomplished by using
the dualities— (W1 UW2) = Y1 R—W2, = (W1 RW2) = ~Y1U Y and =X P = X .

In the following we assume all formulas are in positive normal form.



2.2 Bounded Model Checking for LTL

We briefly review our simple and compact encoding for bounded model checking LTL
given in [13]. This encoding has been shown to outperform previous encodings and in
addition is much simpler to implement. Moreover, it forms the basis for our new encod-
ing of PLTL in this paper. It consists of three types of constrailtsdel constraints
encode legal initialised finite paths of the mobiebf lengthk:

k

)ANAT(s-1.5),
i=1

M]l:=1(s0

wherel (s) is the initial state predicate anfl(s,s) is a total transition relation. The

loop constraintsare used to detect loops. We introducieshloop selector variables
l1,...,lk that have the following constraint: fif is true thens_1 = s. In this case the

LTL encoding treats the bounded path a&a)-loop. If no loop selector variable is

true the LTL encoding treats the path as a simple path without a loop. At most one loop
selector variable is allowed to be true. Thus, the loop selector variables show where the
bounded path loops. This is accomplished with the following constraints:

|[LoopConstraintd, < Loop, A AtMostOne,
Loop < Al (i = (S-1=%)),
AtMostOng < AK_; (SmallerExists= ;)
SmallerExists < 1, and
SmallerExists 1 < SmallerExistsv l;, where 0< i <k.

The constraints select(&,1)-loop (also calledasso-shapegath) from the model, when
aloop is needed to find a counterexample. Fin&llyl, constraintgestrict the bounded

path defined by the model constraints and loop constraints to witnesses of the LTL
formula. The encoding utilises the fact that for lasso-shaped Kripke structures the se-
mantics of CTL and LTL coincide [166,17]. Essentially, the encoding can be seen as
a CTL model checker for lasso-shaped Kripke structures based on using the least and
greatest fixpoint characterisationsldfand R. The computation of the fixpoints fdy

andR is done in two parts. An auxiliary translatidkr)) computes an approximation

of the fixpoints that is refined to exact values|p}j. The presentation of the constraints
differs slightly from [13] to allow easier generalisation to the PLTL case.

) 0<i<k i=k
I[Pll; pi pi
IS -p -p
W1 AWl [l Al [l Al
W1Vl [[Wall v (W] ; [[Walli V[ [well;
X Wl Vi (1A 1wl )
WaUwalli | el v (sl A2 UWlln) | el v (sl A (Vi (14 (e Uw2)), )))
WaRWell | Iwell A (sl v 2Rl ) | Iwall A (sl v (Vies (14 (s Rw2)), ) ))
(W1UW2)); [[Wa]l v (|[Walli A ((W1UW2));4) [[we]l;
(@R | Il A (Wl v (s R W), ) 2l




The conjunction of these three sets of constraints forms the full encoding of the boun-
ded model checking problem into SAT:

M, ¢, K| = [[M]| A |[LoopConstraintg, A [[¢]]o-

The LTL formulag has a witness iM that can represented by a finite path of lerigth
iff the encoding is satisfiable. For more details on the encoding and how it can be used
for model checking please refer io [13].

3 Bounded Model Checking with Past Operators

Benedetti and Cimatti [7] were the first to consider bounded model checking for PLTL.
Their approach is based on the original encoding of Biere etlal. [1]. The approach is
such that it generates constraints separately for each possible bounded path with a loop
(for all values of 0< | < k). This makes sharing structure in the formula difficult. Our
encoding is based on a different solution where the concerns of evaluating the formula
and forming the bounded path have been separated. As we shall see, this allows for a
simple and compact encoding for PLTL.

3.1 PLTL

Extending LTL with past operators results in a logic which is more succinct than LTL
and arguably more intuitive for some specifications. The simplest past operators are the
two previous state operato¥sy andZ (). Both are true ify was true in the previous
time step. The semantics of the operators differ at the origin of tigeis always false
while Z s is always true. Similar to the derived future operatérg andG ) areO Y
('once”) andH Y (historically’) that hold if y holds once in the past dr holds always
in the past, respectively. The binary operapaiSy., ('since’) holds ify, was true once
in the past andy; has been true ever since. Note tigatmust have been true at some
point in the past in order fo; Sy, to hold. The other past binary operatpr T Y,
('trigger’) holds wheny, holds up until the present starting from the time step where
Wy was true. Ifi); never was trug, must have been true always in the past.

We define the semantics of PLTL by extending the formal semantics of LTL. Only
semantics for the new operators are given.

=Yy si>0anditgy.

nEZy <i=0orntEy.

nEOY & 1 =yforsome0< j<i.

nEHY <emkE=yforalo<j<i

T = W1SW, & 10 = Y, for some O< j <iandm” =gy forall j < n<i.
TEWTY, < forall0< j<i:m =y, orm = Yy for somej < n<i.

Useful dualities which hold for past operators ar@ps SY,) = W1 T -2, " HY =
OﬁLIJ, ﬁ(LIJlT Lle) = ﬁl_lJl SﬁLle, ﬁOLIJ =H ﬁllJ, -Z lIJ =Y ﬁLIJ, and—Y lIJ = ZﬁlIJ Ex-
amples of simple PLTL formulas at@(p=- Oq) ('all poccurrences are preceded by an



occurrence off) and F G (pS—q) (‘eventually p will stay true afterg becomes false’).
Recall that we assume that all formulas are in positive normal form.

The maximum number of nested past operators in PLTL formula is calleplatste
operator depth

Definition 1. The past operator depth for a PLTL formulais denoted by(W) and is
inductively defined as:

(W) =0 for g € AP,

d(o ) = () foroe {-,X,F,G},
3(P10P2) =max(d(P1),8(yz))  foroe{V,A,U,R},

S(o W) =1+3(y) foroe{Y,Z,0,H}, and
(W1 o Y2) =1+ max(d(P1),d(Ye)) foroe {S,T}.

PLTL has features which impact the way model checking can be done. We illustrate
these features through examples. As a running example we use an examplelfrom [7]
adapted to better suit our setting. In this example the system to be model checked is a
counter which uses a variabtdo store the counter value. The counter is initialised to
0 and the system adds one to the counter varigblieeach time step until the highest
value 5 is reached. After this the counter is reset to the value 2 in the next time step and
the system starts looping as illustrated in Fig. 2. Thus the system is deterministic and
the counter values can be seen as an infinite sequéteg3452® corresponding to a
(6, 3)-loop of the system.
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Fig. 2. Execution of the counter system

Consider the6, 3)-loop of the counter system. The formula
(x=3)AYYY (x=0))

holds only at time point 3 but not at any later time point. This demonstrates the (quite
obvious) fact that unlike pure future LTL formulas, the PLTL past formulas can distin-
guish states which belong to different unrollings of the loop. We introduce the notion
of a time point belonging to d-unrolling of the loop to distinguish between different
copies of each state in the unrolling of the loop part.

Definition 2. For a (k,|)-loop twe say that th@eriodp(m) of rtis (k—1) + 1, i.e., the
number of states the loop consists of. We define that a time poidin rtbelongs to the
d-unrolling of the loopiff d > 0is the smallest integer such thatil + ((d+ 1) - p(17)).

At the time point 3, which belongs to the 0-unrolling of the loop, the formaYy (x=
0) holds. However, at the time point 7 belonging to the 1-unrolling of the loop the



formulaY Y'Y (x = 0) does not hold even though they both correspond to the first state
in the unrolling of the loop.

Benedetti and Cimatti[7] observed that encoding the BMC problem for PLTL when
the bounded path has no loop was fairly straightforward. It is simple to generalise the
no loop case of Biere et al.l[1] to include past operators, as they have simple semantics.
In the no loop case our encoding reduces to essentially the saime as [7]. This case is an
optimisation that can sometimes result in shorter counterexamples but is not needed for
correctness. When loops are allowed the matter is more complicated and therefore we
will focus on this part in the rest of the paper. The fact which enables us to do bounded
model checking of PLTL formulas (containing past operators in the loop case) is the
following property first observed by [11] and later independently by [7]{kol)-loops
the ability to distinguish between time points in differehtinrollings in the past is
limited by the past operator depd¢) of a formulad.

Proposition 1. Let ¢ be a PLTL formula andtbe a(k,|)-loop. For all i > I it holds
that if the time point i belongs to a d-unrolling of the loop withdB(¢) then: 1t = ¢

iff 70 |= 9, where j=i — ((d— 5(¢)) - p(TD).
Proof. The proposition directly follows from Theorem 1 and Lemma 2_6f [7].

The proposition above can be interpreted saying that after unrolling the{¢gpimes
the formula cannot distinguish different unrollings of the loop from each other. There-
fore if we want to evaluate a formula at an indekelonging to ad-unrolling with
d > 3(¢), itis equivalent to evaluate the formula at the corresponding state &f¢he
unrolling.

Consider again the running example where we next want to evaluate whether the
formula

F(x=3)A0((x=4)A0 (x=05))) 1)

holds in the counter system. The formula expresses that it is possible to reach a point
at which the counter has had the value4,3 in decreasing order in the past. By using

the semantics of PLTL it is easy to check that this indeed is the case. The earliest time
where the subformulgx=3) AO((x=4) AO(x=05))) holds is time 11 and thus the
top-level formula holds at time 0. In fact the mentioned subformula holds for all time
points of the form 13i -4, where > 0 and 4= p(m) is the period of the loop 3452. The

time point 11 corresponds to a time step which is in the 2-unrolling of the loop 3452.
This stabilisation at the second unrolling is guaranteed by the past operator depth of
two of the formula in question. The subformyl = 4) A O (x=5)) has past operator
depthd(¢) = 1 and it holds for the first time at time step 8 which is in the 1-unrolling of
the loop. Again the stabilisation of the formula value is guaranteed by the past operator
depth of one of the formula in question. It will also hold for all time steps of the form
8+i-4, wherei > 0. Thus, if we need to evaluate any subformula at a time step which
belongs to a deeper unrolling than its past operator depth, e.g. if we want to evaluate
((x=4)ANO((x=D5))) attime step 16 in 3-unrolling, we can just take a look at the truth
value of that formula at the time step corresponding to the unrolling of the formula to
its past operator depth, in this case at time stepl®— (3—1) - 4.



3.2 Translation

At this point we are ready to present the propositional encoding of the BMC problem
for PLTL. From the previous discussion it is fairly obvious that an efficient encoding
requires that we encode the unrolling of the loop in a sensible manner and encode the
semantics of the operators succinctly.

The basic idea of the encoding is to virtually unroll the path by making copies of the
original k step path. A copy of the original path corresponds to a cedainrolling.
If all loop selector variable$ are false the encoding collapses to the original path
without a loop. The number of copies of the path for a PLTL formjuia dictated by
the past operator dep®(¢). Since different subformulas have different past depths,
the encoding is such that subformulas with different past depths see different Kripke
structures. Fid.|3 shows the running example unwound to deptl2, for evaluating
formula [1).

—||1 —||2 |3 —||4 —||5 _‘IG
x 01 2 3 4 5 2

90— 0—>- 06— 0—>- 06— 0—>- 0 d=0
[ 01 2 3 4 6
X 1 2 3,4 5 2
o—>o—>o—o d=1
[ 1 2 3 4 6
X 1 2 3,4 5 2
o—>o—>o—o d=2
[ 1 2 4 5

Fig. 3. Black arcs show the Kripke structure induced by virtual unrolling of the loop for
k=6 up to depth 2 (i.ed(¢) = 2) whenls holds

The PLTL encoding[q)]ﬁ| has two parameterslis the currentd-unrolling andi is
the index in the currerd-unrolling. The case wherg = 0 corresponds to the original
k-step path. Subformulas at virtual unrolling depth beyond their past operator depth can
by Prop[1 be projected to the depth corresponding to the past operator depth. From this
we get our first rule:

I10]1* = [[0]1*), whend > 8(9).

The rest of the encoding is split into cases based on the valuesdfl. Encoding
atomic propositions and their negation is simple. We simply project the atomic propo-



sitions onto the original path. The Boolean operatorsnd A are also easy to encode
since they are part of standard propositional logic.

¢ 0<d<3(y),0<i<k
(o) pi
=plff -p
W1 A W] |? [[Walf A wa] [
W1V ][ ) v w2

The translation of the future operators is a fairly straightforward generalisation of
our pure future encoding of Selct. .2 published in [13]. The path is copied as many times
as required by the past depth. Whetr: &() the translation is essentially identical to
the pure future encoding with the exception of the dasek. As only the loop part of
the copy of the path is relevant (see Fip. 3), the successo=drmust be encoded to
select the correct state in the nekunrolling. This is accomplished by using the loop
selector variablek.

o | 0<d<3(0),0<i<k | 0<d<d),i=k |
Xl AL Vi (1A )
W20l | ellf v (1l A2 Ulif) | el (1l A (Ve (14 102U ) )
WeRwal | (A (Wl v IR | 1wl A (1wl £V (Ve (14 s R w2 7)) )

Whend = 6(¢) we have reached theunrolling where the Kripke structure loops
back. At this depth we can guarantee that the satisfaction of the subformulas has sta-
bilised (see Pro;ﬁ 1). Therefore we call the auxiliary transle{t{q)r)l)?, which is needed
to correctly evaluate until- and release-formulas along the loop((sée [13]), at this depth.

o d=3(¢),0<i<k d=5(¢),i =k
X Wl vJ 1(Imuwm?)
WUl | el (Jwallf A 2Ol ) | el (Jwslff A (Vi (14 (s w2 ) ))
WaRll |1l A (v IR W) | el A (1l v (Vi (14 (aR)) ) ))
(WeUw2)? | lwell? v (A (Ui ) e
(WiRw2D! | Jiwell? A (Il v (R ) ™5

The starting point for the encoding for the past operators is using their one-step
fixpoint characterisation. This enables the encoding of the past operators to fit in with
the future encoding. Since past operators look backwards, we must encode the move
from one copy of the path to the previous copy efficiently. To save space we do not give
the encodings for the derived operatbtg) = L T andO Y = T Sy since they are
easily derived from the encodings of the binary operadars Y, andy; Ss.

The simplest case of the encoding for past operators occdrs-d. At this depth,
the past is unique in the sense that the path cannot jump to a lower depth. We do need
to take into account the loop edge, so the encoding follows from the recursive charac-
terisationi; SY2 andy; T Y. EncodingY Y andZ i is trivial.



Iy d=0,i=0 d=0,1<i<k
Wiswall! | wallf | el (1l Al Swall? )
Tl |l | Il A (1l Tl )
Y wal L W]l
Izl T W)l

Whend > 0 the key ingredient of the encoding is to decide whether the past opera-
tor should consider the path to continue in the current unrolling of the path or in the last
state of the previous unrolling. The decision is taken based on the loop selector vari-
ables, which indicate whether we are in the loop state. In terms of our running example,
we need to traverse the straight black arrows of [Hig. 3 in the reverse direction. We im-
plement the choice with an if-then-else constriict Y1) V (—l; A W2). The expression
encodes the choice lif is true then the truth value of the expression is decidedfy
otherwisey, decides the truth value of the expression.

¢ \ 1<d<3(¢),2<i<k
syl | Iwallf v (Iwalif A ((ATBIRT) v (S A l91) ) )
WiTwall? | w2l A (1l (a0l v (Sin o)LL) ))
Y w2 )l (A w2l ) v (S i)

The only case left, which actually can be seen as an optimisation w.r.t. the above
case, occurs at= 1. The encoding has the general property thaf i true all con-
straints generated by the encoding ifet j will not affect the encoding fod > 0. At
i = 1 we can thus ignore the choice of continuing backwards on the path and always
proceed to the previowsunrolling.

¢ | 1<d<3(9),i=1
Wiswalld | Iwal?v (1ali? A v sl )
WaTwall | el (1)l VI TwaliE )
Y I, 2w Wl

Combining the tables above we get the full encocl[tbyid. Given a Kripke structure
M, a PLTL formulad, and a bound, the complete encoding as a propositional formula
is given by:

M, ,K]| = |[M]|, A |[LoopConstraints, A |[][S.

The correctness of our encoding is established by the following theorem.

Theorem 1. Given a PLTL formulap, a bound k and a patht= 5551, ... which is a
(k,1)-loop, tE= ¢ iff |[M, d,K]| is satisfiable.



Proof. (sketch) The proof proceeds as an induction on the structure of the formula. All
future cases follow a similar pattern. As an example, consider thedcase; U 5.

By appealing to the induction hypothesis we can assume|[n|:ﬂljid and |[lp2]|id are
correct. The future encoding replicates the pa) times, which ensures that dt=

o(¢) all subformulas have stabilised (see P@p. 1).Wet k+ p(m) - d(¢) denote the
index of twhich corresponds to the final index of the unrolled model. We first prove
that the encoding is correct & corresponding tq>[¢]|§<¢). We will make use of the
equivalencert |= YUy, iff Tt =2 or (T =gy and it = g Uyy).

First assume thdl{¢]|s(¢) holds. The encoding has the following property: for a
(k,1)-loop 1, whenever[M, ¢,k]| has a satisfying truth assignment where no loop se-
lector variabld; is true another satisfying truth assignment exists whasgtrue. Thus

we only need to consider the case whirs true. From| [q:]\ﬁ(“’) it follows that either

[[Wwa] |i<¢) holds, or that[qjl]|i<¢) and<<¢>>|6(¢) hold. In the former case we can appeal to

the induction hypothesis and we are done. In latter case we can argue by the definition
of ((W1UW2)) that|[Lp2}|j6(¢> must hold for somé < j <k. Let j be the smallest such

index. Since! (1 U ))® holds and the definition of(y; U ) forces|[y][*® to

hold until j, we can conclude thatwl]\?(q)) holds for alll <i < j. By the induction
hypothesis and the semantics dfwe can then concludeX +1 E ¢. Combining this

with T = gy, we getr® = ¢.

Now assume thatt E ¢. By the equivalence above and the semantics of until
we can split the proof into two cases. In the cae= ), we can by the induction
hypothesis conclude thdi{lbz]\i@) and thus| [¢]|eks<¢)_ In the other case we have that
1 E Wy and thaty, is satisfied at some later index. Lgtbe the smallest such index
and denotg = | + j' — (kK 4+ 1). Then we know that[w2]|?(¢) must hold (Propﬂl and

induction hypothesis) and therefore a{$¢)>?(¢) holds. By the semantics &f we have
thatmt =y for all K' < i < j'. This fact together with{y,] 1> implies that{(¢))}®
holds for alll <i < j. Consequently(,[qJHE(q’) holds since we know thdl{ﬂlJlHﬁ((b) holds.

Once the correctness of the caise 8(¢),i = k has been established, the correctness
of the remaining cases are easily established. Since the enqc[ertquZH? directly
follows the recursive semantic definition of to compute all the other casesiafndd,
and these cases ultimately depend on the proven case we can conclude the encoding is
correct for these as well.

Proving correctness for the past operators follows a similar pattern. Comjsider
Y1 SYy. By the induction hypothesis we can assume thﬂﬂﬁj and|[L|.|2]|§j are dealt
with correctly. For the past operators the case0,d = 0 initialises the encoding while
the other cases are computed using the recursive semantic definit®nTdfe cor-
rectness of the initialisation can be argued using the semantiSsaoid the induction
hypothesis. Again by Prop] 1 we do not need to go deeperitkakd = 5(¢). With
these ingredients we can establish the correctness of the translatifjtyf&us)|°.
Performing a case analysis for the rest of the past operators completes the&iproof.



The following result can be proved as a straightforward generalisation of the no loop
case of([1] to PLTL.

Theorem 2. If |[M, ¢,K]| has a satisfying truth assignment where all loop selector vari-
ables | are false then no matter how the corresponding finite path is extended to an
infinite pathr, it holds thatrt|= ¢.

The new encoding is very compact. |gtand|T| denote the size of the initial state
predicate and the size of the transition relation seen as Boolean circuits.

Theorem 3. Given a model M, a PLTL formuly, a bound k, the size ¢fM, ¢, k]| seen
as a Boolean circuit is of the orde? (||| + k- |T|+ k- |¢|-&(d)).

Proof. The unrolling of the transition relation and the loop constraints contribute the
termO(|l| +k-|T|). For each subformula @f we add a constant number of constraints
at each time point ankiconstraints at time points= k. Althoughk constraints that refer

to other linear sized constraint§-[] and((-))) are added at= k, the circuit remains
linear becausg:]| and({-)) can easily be shared among the constraints. As the loop is
virtually unrolled there are (k- 8(¢)) time points for a subformula in the worst case.
Combining these two we g& (|| + k- |T|+Kk-[¢|-5(¢)). O

The translation is linear in all components but sidg) can beO(|$|), it can be seen as
worst case quadratic in the formula length. Usually, however, linearity w.r.t. the bound
k is the most critical as finding deeper bugs is considered more important than handling
very large formulas. When dealing with formulas of fix&d), e.g. pure LTL formulas,

the encoding is linear ifp|.

4 Experiments

We have implemented the new encoding in version 2.1.2 of the NuSMV 2 model
checkerl[14]. This facilitates easy comparison against NUSMV, currently the only pub-
lished PLTL bounded model checker, which is based on the encoding given in [7]. For
our implementation of the new PLTL encoding we have adapted the optimisations for
the future LTL encoding presented [n [13].

We have performed two different sets of experiments. In order to asses how the
encodings scale in general, we model checked randomly generated formulas on small
randomly generated models. This lets us evaluate how the encodings scale when the
size of the formulas is increased or the length of the bound is increased. We also tested
the encodings on a few real-life examples to corroborate our findings from the random
experiments. In both experiments we measured the size of the generated conjunctive
normal form (CNF) expressions. Specifically, we measured the number of variables,
clauses and literals (the sum of the lengths of the CNF-clauses) in the generated CNF,
and the time to solve the CNF instance. All experiments were run on a computer with an
AMD Athlon XP 2000+ processor and 1 GiB of RAM using the SAT solver zChalif [18],
version 2003.12.04. Our implementation and files related to the experiments are avail-
able athttp://www.tcs.hut.fi/ timo/vmcai2005/


http://www.tcs.hut.fi/~timo/vmcai2005/
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Fig. 4. Random formulae benchmarks.

4.1 Random Formulae

The experiments with random formulae were performed in the following way. Random
formulae were generated with the tool described_ in [17]. We generated 40 formulas for
each formula size between three and seven. For each formula we generated a BMC
problem for all bounds up t = 30. The BMC problem is constructed using a ran-
dom Kripke model with 35 states that was generated with techniques described in [17].
The Kripke models have a fairness requirement that requires that at least one of two
randomly selected states should appear infinitely often in a counterexample path. This
eliminates many short counterexamples and makes the measurement more meaningful
for larger values ok.

Figureg 4 has twelve plots depicting the results of the benchmarks. In the first row, all
results are averaged over the bound and show how the procedures scale with increasing
formula size. In the second row, all results are averages over the formula size and show



how the procedures scale in the bodm#&or the third row the size of the formula is fixed
at 5 and the plots show the average over the 40 formulas. The plots in the first column
show the number of variables in the generated CNF. Plots in the second column show
the number of clauses and plots in the third column the number of literals in the CNF.
The last column has plots which show the time to solve the CNF instances.

From the plots it is clear that the new encoding scales much better than the encoding
implemented in NuSMV. This is the case both when considering scaling w.r.t. the size
of the formula and the length of the bound.

4.2 Real-life Examples

The second set of experiment were performed on a few real-life examples. We used five
models of which four are included in the NuSMV 2 distribution. The models were an
alternating bit protocolgbp), a bounded resource protocbir)g), a distributed mutual
exclusion algorithmdmeé, a pci bus pci) and a 5-bit shift-registeisfg5). Forabpand

pciwe checked a property with a counterexample while the propertigsipdmeand
srg5were true properties. The template formulae are collected in [Table 1.

Table 1. Properties used in real-life benchmarks

ModellProperty

abp |[G(p=YHQq)

brp |[FG(p=0(g= 0r))

dme |G (p= pT (—=pTa))

pci |Gp=G (gAY (-qAO (rAO (sAOt))) = O (UAO (VAGW)))
srg5 [FGpAGFQAGFr=F (sS(tS(uS(vSw))))

We measured the number of variables, clauses, and literals in the generated CNF,
and the time used to solve an instance at a specific bku also report the cumu-
lative time gtime) used to solve all instances up to the gike he results of the runs
can be found in Tablgl 2.

The new encoding was always the fastest. In all cases the new encoding produced
the smallest instances w.r.t. all size measuressfgs NuSMV was not able to proceed
further thank = 18 because the computer ran out of memory. The reason for this can
be found in the apparently at leagtbic growth w.r.t. the bound of the encoding for
nested binary past operators.

5 Discussion and Conclusions

We have presented an encoding of the BMC problem for PLTL. The encoding is linear
in the boundk unlike the encoding by Benedetti and Cimeéitti [7]. In the general case the
encoding is quadratic in the size of the formula but if we fix the past operator depth,
the encoding is also linear in the size of the formula. Experiments confirm that the



Table 2. Real-life benchmarks.

Model| k NuSMV New

vars clauses| literals time | Xtime | vars [clauseq literals | time| Ztime

abp [16| 25,175 74,208 174,644 104 342 | 22,827 67,116158,096 52.5 269

10| 14,118 41,228 98,304 0.9 2.5/ 8,961 25,73 62,156 0.7 2.2
brp |15 30,225 89,218 211,334 4.6 15.9 13,344 38,53 93,07 1.5 7.5
20| 56,935 169,008 398,564 19.2 75.6) 17,731 51,336123,996 3.2 19.7
10| 49,776 139,740 338,757 10.3 15.1 28,855 76,947192,235 6.3 17.5
dme |15] 139,071 404,485 962,837 98.9 171 | 42,685115,282288,030 15.5 70.2
20| 346,1661,022,6302,411,522 1,017 | 1,812 | 56,519153,617383,825 41.2] 214

10| 81,289 242,133 567,029 96.7 188 | 60,456179,616421,156 69.8) 151

pci |15 159,883 477,3581,116,914 2,441 | 5,408 | 90,611269,491631,891888 | 2,422

18| 227,357 679,4291,589,029 2,557 |19,119 [108,704323,416758,332867 (11,992

10 137,710 412,952 963,900 53.6 90.7] 1,655 4,757 11,445 0.0 0.1
srgs |18 l,264,982?3,794,698{8,854,91& 14,914 |33,708 2,999 8,677 20,869 0.2 0.9

30| NaA| nal Nal NA | NA | 5019 14557 35004 0.7 6.6

encoding is more compact and efficient than the original encoding. In the experiments
our encoding scales better both in the bourahd in the size of the formula.

After having independently discovered our new encoding we very recently became
aware of a manuscrigt [19] discussing an alternative approach to bounded model check-
ing of PLTL. Our approach differs in many ways from that(of|[19], the main differences
being that their approach does not perform any virtual unrolling at all and that their
starting point is the so called SNF encoding for BMCI[15]. It is easy to modify our
encoding not to virtually unrolk, | )-loops by defining the past operator depth function
8(¢) to return the constant O for all formulas irregardless of their past operator depth.
However, in this case the encoding woulot remain sound for formulas with looping
counterexamples. For example, verifying the formufaFYYY (x = 0) on our run-
ning example would result in a counterexampl& at6 even though the formula holds.

We do not see how soundness for full PLTL could be achieved without performing
virtual unrolling.

If we restrict ourselves to searching for non-looping counterexamples (not all PLTL
formulas have non-looping counterexamples) or to specifications in some subset of full
PLTL, the virtual unrolling could be discarded while maintaining soundness. However,
although virtual unrolling has a small overhead it also has benefits. For example, model
checking formula[([l) on our running example requires the transition relation to be un-
rolled 6 times with our encoding but the encoding ofi[19] requires the transition relation
to be unrolled 11 times before the first witness is found. Due to the efficiency of our en-
coding the overhead of virtual unrolling is small and the potential gain in using smaller
bounds can be significant. We argue that our approach can be more efficient than [19],
at least in the cases where the encoding is dominated by the system transition relation
size (T| > |¢|) and the counterexample can be detected earlier by virtual unrolling.
In our opinion the new encoding is also easier to understand and implement than that
of [19].

There are still possibilities for improving the performance of our encoding and ex-
tending it to other uses. The bounded satisfiability problem asks if themgyisiodel
represented as a bounded path of lerigfar a given PLTL formulap. The new en-
coding can easily be extended to solve this problem by removing all constraints set by
the transition relation on the state variables. If the encoding is viewed as a Boolean



circuit, the loop selector variablésand the atomic propositions (and their negations)
are viewed as input gates, then the encoding generates a monotonic Boolean circuit.
This could be exploited in specific SAT solver optimisations. Another possible topic for
future research is considering incremental encodings for BMC in the spirit of [20].
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