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Abstract. When model-checkingreportsthat a property holdde vacuous if it has a subformula which is not relevant to
on a modelyvacuity detectiorincreases user confidence in its satisfaction, or if the property itself is a tautologyré
this result by checking that the property is satisfied in the i versely, a property is satisfied non-vacuously if every pért
tended way. While vacuity detection is effective, it is aarel the formulais important —even a slight change to the formula
tively expensive technique requiring many additional meode affects its satisfaction.
checking runs. We address the problem of efficient vacuity In this article, we focus on vacuity detection for SAT-
detection for Bounded Model Checking (BMC) of LTL prop- based Bounded Model Checking (BMC). Given a BMC prob-
erties, presenting three partial vacuity detection medti@ded |em with a particular bound, we wish to determine if the
on the efficient analysis of the resolution proof produced byproperty holds vacuously on the model up to this bound. In
a successful BMC run. In particular, we define a characterthis context, a naive method for detecting vacuity is to re-
istic of resolution proofs -peripherality— and prove that if  place subformulas of the temporal logic property with un-
a variable is a source of vacuity, then there exists a resolueonstrained boolean variables and run BMC for each such
tion proof in which this variable is peripheral. Our vacuity substitution. If the property with some substitution dtitllds
detection toolVaqTree, uses these methods to detect vacu-on the model, the property is vacuous. This naive approach is
ous variables, decreasing the total number of model-chgcki expensive, since in the worst case it requires as many model-
runs required to detect all sources of vacuity. checking runs as there are subformulas in the property. Our
goal is to reduce the number of model-checking runs required
to detect vacuity. We do this by detecting some vacuity tghou
novel and inexpensive techniques reported in this artid,
) complete the method by running the naive algorithm on the
1 Introduction remaining atomic subformulas. The key to our technique is
that SAT-based BMC can automatically provide useful infor-

Model-checking [7] is a widely-used automated techniquemation (a resolution proof) beyond a decision whether the
for verification of both hardware and software artifactst tha Property holds on the model; we exploit such proofs for par-
checks whether a temporal logic property is satisfied by dial vacuity detection.
finite-state model of the artifact. If the model does nots$ati In SAT-based BMC, the property and the behavior of the
the property, a counterexample, which can aid in debuggingmnodel are encoded in a propositional theory, such that the
is produced. If the modeloessatisfy the property, no infor- theory is satisfiable if and only if the formula does not hold.
mation about why it does so is provided by the model-checkeiWhen the property does hold, a DPLL-based SAT solver can
alone. A positive answer without any additional informatio produce a resolution proof that deriviase from a subset of
can be misleading, since a property may be satisfied in a wathe clauses in the theory called the UNSAT core. Intuitively
that was not intended. For instance, a property “every rsiqque the resolution proof provides an explanation of why the prop
is eventually acknowledged” is satisfied in an environmenterty is not falsified by the model, and the UNSAT core deter-
that never generates requests. mines the relevant parts of the model and the property [19].
Vacuity detectiof2, 18,21, 1] is an automatic sanity check In this article, we develop three methods of increasing
that can be applied after a positive model-checking run-in or precision {trelevance local irrelevance and peripherality)
der to gain confidence that the model and the property capto analyze the resolution proof to achieve partial vacuéy d
ture the desired behaviours. Informally, a property is $aid tection. These algorithms are used by our vacuity detection
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tool, VaqTree, in order to reduce the number of model-checking | A

runs required to find all sources of vacuity, thus reducires ex @ e

cution times. Irrelevance and local irrelevance detectiigc

based on which variables appear in the UNSAT core, and in {r} {a}

which locations. However, as these methods only examine

the UNSAT core, their precision is limited. The periphera- Fig. 1: A Kripke structure.

lity algorithm examines thetructureof the resolution proof,
identifying as vacuous those variables that are not negessa

or central to the derivation dhise. This method is as pre- hat th isfiesthe LTL f | E |
cise as can be achieved through analyzing a single resolutionat the tracer satisfiesthe ormufayp. For example,

proof, and its running time is linear in the size of the resolu = Fy if and only if there exists somesuch thatp holds

tion proof and the number of variables in the property. ouro" ,7Ti', The satisfaction relation= is defineq.inductivgly in
experience shows that local irrelevance is the ideal canelid a similar way for all operators and propositional variabies
for speeding up naive vacuity detection LTL. We refer the reader to [7] for a detailed description of

. S . the semantics of LTL.
The remainder of the article is organized as follows. Sec- . - .
g A Kripke structureK satisfiesan LTL formulay if and

tion 2 presents some required background, followed, in Sec- .
tion 3 by our definition of vacuity, the naive algorithm for OnW if ™ = ¢ for all tracesr of K. The BMC problem
LTL vacuity detection using BMC, and an overview of work BMC’“(K’_ ¥) s to determine whethel Sat'Sf'?S(’D fo_r up to
in the vacuity detection field. Section 4 presents the thkee a k steps,_|.e., v_vhetheﬁ( ':{“ e Thek-depth sat|sfact|qn rela-
gorithms that detect vacuity by analyzing a resolution firoo tion '_:k 'Z.S defined |nduct.|vely, for example, =, G if and
Tool support for our approach is described in Section 5. ouP™Y If ™ Fr—1 ¢ foralli < k. .
experimental results are presented in Section 6. We coeclud To determine whethek |=, , the problem is converted

with a summary, additional related work, and suggestions folo & _proposﬂmngl formula? (see [4,6,5]) which is satisfi-
future work in Section 7. able if and only if there exists a lengtheounterexample to

K Ei . @ is then given to a SAT solver which decides its
satisfiability. The propositional encoding representstibe
havior of K up tok steps with goath constraintC' L, and
encodes all counterexamplesd®f lengthk in anerror con-
straint C'L.. Therefore, if the theory’' L U CL, is satis-

In this section, we review bounded model-checking and resfiable, there is a path throughi which obeys the transition

2 Background

olution proofs. relation and falsifies. The value of each variableof K at
each time step is represented using new boolean variaples
2.1 Bounded Model-Checking (0 < i < k), calledtimed variables

The transition relation of a Kripke structure can be repre-
sented symbolically by a propositional formula over tha-var
ablesV and primed variable®” (which represent the vari-
ables in the next state). For example, in the model in Fig-
ure 1, the transition relation is represented by the formula
€r = (PA=gNAN=p Ng)V (=pAqgA-p Aq). The path
constraint is obtained by substituting the timed varialigs
for V in R, and replacing’’ by the timed variables for the
next stepV;1. This is repeated for each< i < k, and the
resulting propositional formulas are conjoined along véth
formula representing the initial state [4]. In Figure 1k i 1,

Bounded model-checkil®MC) [4] is a method for deter-
mining whether a linear temporal logic (LTL) formu}eholds
on a finite state system represented by a Kripke strudiire
up to a finite number of steps. To solve an instance of th
BMC problem, denoted bBMCy (K, (), it is required to de-
termine whethef =, ¢, wherel=, is thek-depth satisfac-
tion relation Below, we give an informal overview of Kripke
structures, LTL formulas and BMC. More detailed definitions
can be found in [7,4].

A Kripke structureK has a finite set of states, one of

which is considered to be the initial statg A transition re- CLk = (po A —qo) A ((po A =go A —p1 A q1)
lation R C S x S relates states to states. Each state is labeled
by the set of propositional formulas (or variables) thattiol V(=po A go A =pr A ).

that state. Aun of K is a sequence of states starting with  The error constraint'L. is encoded according to a recursive
that obeysRk. Each run has an associatidce =, wherer; procedure which removes the temporal and logical operators
is simply the set of propositional formulas that label tHe  from the property [4], e.g., the algorithm encodes= Gp,
state in the run. We write’ to denote the suffix of the trace wherep is a propositional variable, expanded upgite 2, by
beginning at. the formula—pg V —p1 V —pa.

LTL formulas are built from propositional variables, the After the boolean formulas for the path and error con-
usual boolean operators/( A, —), and the temporal op- straints are calculated, they are converteddajunctive Nor-
eratorsG (“always”), F (“eventually”), U (“until”), and X mal Form (CNF) before being passed to a SAT solver. If
(“next”). Their semantics are defined on linear traces, sasch the solver reports thaf' L x U C L, is unsatisfiable, it means
those produced by runs of a Kripke structure= ¢ means  that there is no lengtk-counterexample te; otherwise, a



(=70) (10 V po) (=po V qo) (—po V =qo0) (po) 3 Defining Vacuity

(Y
(po) ~ / This article uses the following definition of vacuity.
(q0)
\( ) Definition 1. Let K be a Kripke structurep be a formula
po s.t. K £, ¢, andp be a variabley is k-stepp-vacuousff
0 K Er ¢[p < x|, wherez is a variable not occurring i or
in .

Fig. 2: A resolution proof for KAMPLE 2. ] .
If © is k-stepp-vacuous, we calb a k-step vacuous vari-

able A propertyyp is k-step vacuous and only if ¢ contains

a k-step vacuous variable. Therefore, our techniques aim to
satisfying assignment is returned. When a DPLL-based SATind thek-step vacuous variables gf The qualifier %-step”
solver processes an unsatisfiable theory, a resolutiowaderi is omitted in the remainder of the article but should be under
tion offalse (or the empty clause) is implicitly constructed [10, stood implicitly in the BMC context.
27]. This resolution proof is used to verify thiatse can in- Definition 1 can be generalized to vacuity in arbitrary (not
deed be derived fror@'L x U C'L. [28]. necessarily atomic) subformulas. This follows from thet fac
that a subformulais vacuous iff it mutually vacuoug all of
its atomic propositions [13, Th. 9], and that the definitioan
be easily extended to mutual vacuity. A set of atomic propo-
sitions {p1, ..., p,} IS mutually vacuous itk | p[p1 <
X1y .oy P — Zyn|, Where{zq, ..., 2, } are new variables. For
example, ify contains subformuld = p A ¢, andp andq
are mutually vacuous, then we can deduce ¢hiatvacuous
as well.
Naive Vacuity Detection.Definition 1 suggests a sound and
complete algorithm for vacuity detection: for each proposi
tional variablep in ¢, run BMC ong[p < z|, wherez is a
variable that does not appeariando. If K = ¢[p < «]
Sor somep, theny is k-step vacuous. We refer to this algo-
rithm asnaive Its drawback is that it may require as many
model-checking runs as there are propositional varialsles i

2.2 Resolution Proofs

Resolution is an inference rule that is applied to proposil
clauses to produce logical consequenceslauseis a dis-
junction of literals (boolean variables or their negatiofer
example(v; V —w2 V v5) is a clause stating that at least one
of vy, —wy or vs must be true. The resolution rule takes two
clauses, where one contains a literaind the other —its nega-
tion —v, and produces a clause containing the union of th
two clauses’ literals minus and —v. For example, resolv-
ing (v1 V —wy V vs) and (ve V vg) produces theesolvent
(1)1 V Vs V 1)6).

®.

A resolution proofi! is a directed acyclic graph whose ~ \we now review some of the alternative definitions of vacu-
nodes are labeled by propositional clausEsrepresents a ity and their algorithms. The first attempt to formulate and
tree of resolutions between the clauses labeling its nodegytomate vacuity detection is due to Beer et al. [2]. They
Its roots are the nodes with no parents; otherwise, all nodesgnsider a property to be vacuous ify contains a sub-
have exactly two parents. The nodes with no children argormula+ such that replacing by any other formula does
called theleaves For example, the roots of resolution proof ot affect the satisfaction ab. Applying this definition di-

IT in Figure 2 areRoots(II) = {(-r0),(ro V po);(=po V' rectly would require an infinite number of subformula re-
q0), (=poV=q0), (po) }, and the leaf of I is the empty clause, placements, precluding a practical implementation. Hasev
i.e., Leaf(II) = false. Given a non-root node labeled by the Beer et al. show that to detect vacuity w.r.tsiagle occur-
clausec, and the labels of its parents, andc;, cis the re-  rence of a subformula in w-ACTL, it is sufficient to replace
solvent since it has been produced by resolvingndc; on 4, with only true andfalse. This was later extended to CTL*
some variabley. A resolution proofil is a proof of unsat- by Kupferman and Vardi [18], and to the modatcalculus
isfiability of a set of clausegl if and only if all roots of IT by Dong et al. [9]. Purandare and Somenzi [21] showed how

belong toA, and one of the leaves df is the empty clause.  to speed up subformula vacuity by analyzing the parse tree of
For example, Figure 2 shows a resolution proof of the unsaty cTL property.

isfiability of Roots(II). If a propositional theory in CNF is Armoni et al. [1] generalized the above syntactic defini-
unsatisfiable, aUNSAT cords an unsatisfiable subset of its tjon of vacuity by introducing universal quantificatiore..i.
clauses. Va - @[t « x]. Based on the domain of, three notions of

Given two disjoint sets of clausesandB, a variablev is vacuity are obtained, the most robust of which beirege
said to bdocal to A if and only if v appears iMd but does not  vacuity. Gurfinkel and Chechik [12] extended Armoni’s defi-
appear inB, andv is said to beglobal if it appears in both  nition of vacuity to CTL*, thus uniformly capturing CTL and
A andB. In Figure 2, if Roots(II) = AU B, whereA = LTL. Armoni et al. also analyzed the syntactic structure of
{(=70), (ro Vo), (=poV qo)} andB = {(—poV —qo), (po)},  the property in order to avoid checking the operands of sub-
thenrg is local to A, and the rest of the variables are global. formulas that are known to be vacuous. Such optimizations



complement our techniques, which focus on detecting vacuef vacuity, since another resolution proof, showing theppro
ousatomicsubformulas. erty to be vacuous, might exist.

In [20], Namjoshi has introduced a proof-based variant  In this section, we introduce three algorithms of increas-
of vacuity. Although it is callegproof vacuityin the original  ing precision for partial vacuity detection, based on exami
paper, we refer to it afrall-proof vacuity This definitionis  ing the UNSAT core (irrelevance and local irrelevance) and
based on the semantic proofsif= ¢ for a Kripke structure  the resolution proof produced by BMC (peripherality).

K and a formulap. Informally, a formulay is forall-proof

vacuous in a subformula if > is not used irany proof of 41 Examining UNSAT cores

K = . Of course, a formal definition depends on the exact

interpretation of the notion of “proof”. In comparison, weeu
an “existential” definition of vacuity: a formula is vacuous
if there existsa proof that does not use a subformula. Inter-
estingly, we rely on syntactic (and not semantic) resofutio
proofs that may include “semantically-useless” resohgio
As a result, it is possible that a formufais vacuous in) in

a modelkK, yet there is noesolution proofof bounded satis-
faction of K |= ¢ that does not us¢. More importantly, our
goal is to develop a method to efficiently detect vacuity for
LTL as it was defined by [2,3,1,12], whereas Namjoshi was
looking for an alternative definition of vacuity for branoli
time logic.

Our definition of vacuity is syntactic, and in this respect,
it is similar to the original definition of Beer et al. [2]. Hew Definition 2. Let K be a model, ang an LTL formula. As-
ever, Definition 1 is stronger, and is equivalent to the semansume that/7 is an UNSAT core of BMG(K, ¢) witnessing
tic definition of Armoni et al. [1], as shown by Gurfinkel and that K =, . Then, p is irrelevant with respect to
Chechik [12]. BMC(K, ) andII iff p; does not appear ifY for any time

instance.

Given a resolution proof thaBMCy (K, ) is unsatisfiable,

we can sometimes cheaply determine that the similar theory
BMCy (K, ¢[p < z]) is also unsatisfiable, and therefore, that
the property igp-vacuous. In this section, we consider how
to determine thaBMCy (K, ¢[p < z]) is unsatisfiable given
thatBMC; (K, () is unsatisfiable, using only an UNSAT core.

4.1.1 Irrelevance

Intuitively, any variable that does not appear in the UNSAT
core does not contribute to the reason whiolds onK, so
it can be considereidrelevant

N ) If a variable is irrelevant, it is also vacuous, as shown by
4 Exploiting Resolution Proofs the following theorem.

Theorem 1. If p is irrelevant with respect to BMZK, )
In Section 3, we discussed the existence of a sound and conand 17, theny is k-stepp-vacuous.
plete vacuity detection algorithm for BMC, which requires
as many model-checking runs as there are propositional varf 700f: Let BMC.(K, ) = CLx U CLc and U be the UNSAT
ables in the property being checked. We propose a new vac(FOre returned by the SAT solver for BMC (K, ). Assume that
ity detection strategy: first detect partial vacuity usingsi- P 'S irelevantin BMC,.(K, ¢). So U does not contain any p; by
pensive techniques and then complete the analysis using efefinition 2. Therefore, U € CLx U C'Le implies U € CLx U
tra model-checking runs. Since we are interested in remgaci CLelPi < @i | 0 < @ < k]. U is also an UNSAT core of
expensive model-checking runs by inexpensive partial vacuBMC (K, ¢[p < z]) s0 ¢[p «— z] holds on K. Thus, ¢ is p-
ity detection methods, we limit ourselves to considering th Vacuous. =

output of the original model-checking run &MC; (K, ¢) Definition 2 provides an algorithm to detect some vacu-
i.e., CLx U CL,. This run provides us with a singlé réso- ous variables. However, a variable can appear in the UNSAT

lution proof to analyze. Of course, in general, there may pecore and still be vacuous, as demonstrated by the following

many ways to derive the empty clause from different sub-example.

sets ofBMCy (K, ). Any method that only examines one of EXAMPLE 1. Consider a Kripke structu& with variablesp
these derivations is inherently incomplete, in the senaé th andq given by the constrainténit = pAgq, R = p= ¢/,

a property may be-vacuous but there is no way of deter- which mean that the initial state is labeled by, ¢}, and
mining this based on a given resolution proof. For examplethe transition relation is expressed by the propositioosl f
consider a model that is composed of two completely disjointmulap = ¢’ over unprimed and primed variables. Let=
sub-models, running in parallel, i.é5, = K; || Ko. Suppose X (pV q) be the property to check: is p-vacuous since it is
that K, satisfiesGp, K> satisfiesGgq, and that both do so satisfied simply becausggis true in any successor of the ini-
non-vacuously. Then the property= Gp vV Gq holds onk tial state. The CNF encoding of the one-step BMC problem
p-vacuously and-vacuously. However, one of the possible is CLx = {(po A qo), (ro = ¢1)} = {(po), (¢0), (—=po, q1)},
resolution proofs showing that holds proves tha@Gp holds ~ CL. = {(-p1), (p1, —¢1)}. In this case, theniqgueminimal
non-vacuously oti(; . Thus, it is impossible to determine that UNSAT core contains all of the clauses of the problem except
¢ is vacuous irp from this proof. Any method based on ex- for (¢o). Thus, allp; appear in the UNSAT core, apdcannot
amining only one resolution proof cannot prove the absencée determined vacuous using irrelevance. O



(po) (=po,q1) (z1,—q1) (—z1) Theorem 2. If p is locally irrelevant with respect to
|/ \| BMCy (K, ¢) andII, theny is k-stepp-vacuous.

fh\()/

o Proof: Let BMCx(K, ¢) = CLx U CL. and U be the UN-

SAT core returned by the SAT solver for BMC (K, ). Assume
that p is locally irrelevant in BMC (K, ). So for all p;, either
Fig. 3: A resolution proof for KAMPLE 1. p; does not appear in U, or p; is local to CL. " U = U, or
to CLxk NU = Uk by Definition 3. Let U,/ be U. with each
occurence of p; replaced by x;. Since each p; that has been
replaced is local to U., and Ux UU. = U is unsatisfiable, then
Uk UU, is also unsatisfiable. Since U, C CLe[pi < z; |0 <
i < k], the set of clauses CLx U CLc[p; «— z; | 0 < i < k] is
unsatisfiable as well. Therefore, K =1 ¢[p « ] holds, so ¢
is p-vacuous. a
Unfortunately, if a variable is not locally irrelevant in
an UNSAT core, the formula can still evacuous, as shown

This example shows that even if we are to look at every
UNSAT core of a BMC problem, irrelevance is still unable to
detect existing vacuity.

4.1.2 Local Irrelevance

Variables which do not appear in the UNSAT core are vac- X
uous. The converse is not true: vacuous variables may aIsBy the following example.

appear in the UNSAT core. Intuitively, these variables areExaMPLE 2. Consider a Kripke structure with atomic propo-
not the central reason why holds onK. For example, the sitionsr, p andqg whose initial state is given by the constraint:
clauses of”'L ¢ may resolve against each other, representinginit = —r ApAq. The formulay = —pV ¢ is p-vacuous in
some simplification and unification of parts of the model, be-the initial state. Let us assume that the zero-step BMC prob-
fore resolutions with L. clauses are performed. If a variable lem is encoded in CNF as follows:

is resolved upon using only tliéL i clauses or only thé'L,

clauses, it is potentially vacuous. By looking at the UNSAT CLk = (—=r9)(ro V po)(—po V qo)
core, it is possible to anticipate whether a variable wilt no
be involved in resolutions betwe@hL x andC L. using the CLe = (po)(=po V o)

following definition. There are several resolution proofs that can establish un-

Definition 3. Let K be a model, angh an LTL formula. As-  satisfiability ofC'L x U CL.; one such proofis shown in Fig-
sume thatll is an UNSAT core of BMG(K, ¢) witness-  ure 2.In none of the proofs jslocally irrelevant with respect
ing K =, ¢. Then,p is locally irrelevantwith respect to 10 C'Le andC' L.

BMC,, (K, ) andIT iff for each time instance eitherp; does The problem with local irrelevance is that it is impossible

not appear if or p; is local to eithelCL. NI or CLyx NII. to tell if a variable is going to be used in a resolution jomin

. i . CLk andCL, clauses based on the UNSAT core alongl
In EXAMPLE 1, p is locally irrelevant sincey; only oc-

curs in the clauses df taken fromC L., while py only ap-

pears inU/ within CLx clauses. Moreover, the UNSAT core 4.2 Peripherality

of the original problem can be converted to an UNSAT core of

the new theory, thus proving thatis vacuous. Specifically, In Section 4.1, two vacuity detection methods based on ex-
U ={(po), (—po,q1), (—p1), (p1,~q1)} is the UNSAT core  amining the variables in the UNSAT core were found to falll
of the original problem, so substitutingfor p in the clauses  short of completeness. It was seen that even if every passibl

of U that came fronC' L. gives resolution proof could be analyzed, irrelevance and laeal i
, relevance still might fail to detect existing vacuity. Henee
U" = {(po), (=po, 1), (~1), (21, 2q1) }- extend the analysis to the resolution proof’s structuree Th
This is a subset of resulting peripherality algorithm is superior, since itgan-
tees vacuity will be found if all possible resolution proafe
BMCi (K, ¢[p < z]) = {(po), (90), (=po, q1), (—z1), considered.
The limitations of detecting vacuity based only on the
(21, a1}, UNSAT core were demonstrated irxEMPLE 2. By exam-

so itis a candidate for the new UNSAT core. The substitutionining the resolution proof in Figure 2, we see that although
may have prevented the resolutions necessary to derive thg appears both iU L clauses and irC' L. clauses, it is
empty clause. However, Figure 3 shows a proof tHatis always resolved “locally”. That is, if we resolve two clagse
also unsatisfiable. In this case, it was possible to substitu ~ ¢; = (..., p;, ...) andez = (..., —p;, ...), p; and—p; must have
for p; in the clauses coming frodi L. in the original UNSAT  been preserved from their original source in some set of root
core and create an UNSAT core BMC, (K, ¢[p < z]). In clauses. If all the originating root clauses belongtby or

fact, this observation applies to all cases of local irrefme  all belong toC' L., thenp; is being resolved on locally. In this
by Theorem 2. Therefore, Definition 3 specifies an algorithmcase, we can replage in either set of clauses without af-
to detect some vacuous variables. fecting their unsatisfiability. For example, in Figurepd,can



L(c) : clausec, variable p — {‘0’,'A",'B’ ,‘AB’ }

— if ¢ € Roots(IT) then

‘o ifpdc

Lc)=qA if pechce A

‘B if pecAhceB

— else ifcis a clause resulting from resolving andc; on variablev, i.e.,c = Jv - ¢1 A ¢2, then
— if v # p, then

‘P if L(c1) = L(c2) =0
‘A if 34,5 L(ci) ="A ANL(c;) C{A 0}
‘B if 3i,5- L(ci) ='B" A L(cj) C{B",'0}
‘AB’ otherwise
— else ifv = p, then

L(e) = {‘(2)' if L(c1) = L(ca)

‘AB’ otherwise

Fig. 4: Labeling function for the peripherality algorithm.

BMCy (K, ). p is peripheralin ¢ iff for each time instance

iflge i, p; is peripheral in/T with respectta”’ L, andC' L.
S0, 0) c if c € Roots(IT) ANl € ¢ . ) . L
c) =
) S(Le1)US(, ) if e andes are parents If a variable is peripheral, it is vacuous by Theorem 3.
ofc ANlec Theorem 3. Let II be a proof of unsatisfiability of

BMCi (K, ¢). If a variablep of ¢ is peripheral inII, theny
is k-stepp-vacuous.

Fig. 5: Definition ofS(I, ¢).
Proof: Let BMC(K, ¢) = CLx U CL. and U be the UN-
SAT core returned by the SAT solver for BMC (K, ¢). Assume

) ) ) ] that p is peripheral in BMCy (K, ). Let U,/ be the result of re-
be replaced it L. by a new unconstrained variahtg. This placing each p; with z; in CL. N U. Then (CLx N U) U U,/ is

intuition is formalized below. _ still unsatisfiable, since every resolution on z; must be local to

Given a resolution proof/, a variable/, and a clause, CL.NU, and every resolution on p; must be local to CLx NU
we denote bys(l, c) the set of all root clauses that have con- py the peripherality of p;. Since U, C CLe[pi «— z: | 0 < i <
tributed the variablé to c. S(I,c) is defined recursively as ;1 o7, U CL.[p, — ;| 0 < i < k] is unsatisfiable as well.

shown in Figure 5. A root clause is an element ob (I, ¢) if  therefore, i =, ¢[p — ], and ¢ is p-vacuous. O
it contains a variabléand there exists a path frotp to ¢ that In Figure 2, althouglp is not locally irrelevant inp, it
does not contain a resolution énWe can now defin@eri-  ig peripheral, and thereforeis p-vacuous. This also demon-

pherality of variables, which captures the conditions when agyrates that peripherality is a strictly stronger noticarttocal
global variable may not be central to the reason wHyolds  jyrelevance. Theorem 4 shows that under our constrairgs thi
on K. is the strongest result that we can hope to establish.

Definition 4. Let A and B be disjoint sets of clauses such Theorem 4. Assumey is k-stepp-vacuous ink". Then, there

thatC = A U B is unsatisfiable, andl be a resolution proof  exists a resolution prod of unsatisfiability oBMCy, (K, )
establishing unsatisfiability . Then a variabléis periph-  sych that is peripheral inI7.

eral with respect toA and B iff for every resolution on

between clauses, andcs, Proof: Assume that ¢ is p-vacuous. Then, the BMC problem

BMCk(K, (p[p — CC]) =CLgU CLe[pL — x; | 0<i1< k] isun-

S(l,e1)US(l,ec0) C A satisfiable, and there exists a resolution proof II establishing

this. We show that such a proof can be transformed to a proof

or of unsatisfiability of BMC (K, ¢) = CLx U CL. in which each
S(l,e1) US(1,¢2) C B. p; is peripheral with respectto CLx and CLe.

Let II be a resolution proof of BMC(K, p[p < z]).

Within the BMC setting, we have the following definition: We transform II into a resolution proof II’ such that
o (@) Roots(IT') C CLxk UCLe[p; < x; | 0 < ¢ < k], and (b) IT’
Definition 5. Let K be a model,o be an LTL for-  hasno clauses that contain both p; and z; for some 0 < i < k.
mula, BMG; (K, ¢) be a CNF encoding of a BMC problem Let Ux = Roots(II) N CLk, and CLy = CL.[p;i «— =i |
for K = ¢, and IT be a proof of unsatisfiability of 0 < < k]. Note thatif p; occurs in any clause of U, itis local



to Uk. Let L be the set of all local variables of Ux, C = 3L-Uk
be a formula resulting from existentially eliminating these local
variables, and CNF (C') be the CNF encoding of C'. Clearly, for
any 0 < i < k, p; does not appear in C. The set of clauses
CNF (C)UCL,, is unsatisfiable. Thus, there exists a resolution
proof IT" establishing this such that Roots(II"") € CL. U
CNF (C). Since Ux = C, for each clause c € C there exists a
resolution proof II. such that Leaf (1I.) = ¢ and Roots(II.) C
Uk . By combining the proofs {II. | c € CNF(C)} and II"”, we
obtain a proof 11’ of unsatisfiability of Ux UC L., that does not
contain a clause with variables z; and p;.

Let IT"" be a proof obtained from IT’ by replacing each z;
with p;, for 0 < i < k. Then, II"” is a proof of unsatisfiability
of BMC (K, ) in which all p; are peripheral. O

This is one of the main contributions of this article: if a

As L(cg) # ‘AB’, pg is peripheral, s@ is peripheral.

It is also possible to simultaneously keep track of the la-
bels for all CNF variables so that only a single pass through
1T is needed. The time complexity of the peripherality algo-
rithm is linear in the size of the resolution proof.

Theorem 5. For a resolution proofll that BMG; (K, ¢) is
unsatisfiable, determining which variables pfare periph-
eral can be done in time linear in the sizeléf

Proof: To determine which variables of ¢ are peripheral, the
labeling algorithm defined in Figure 4 must be run once on I
for each variable p in . The labeling algorithm passes through
the resolution proof, visiting each node once in breadth-first
order. A constant amount of work must be done at each node
in order to determine the current node’s label based on the

variable appears in all proofs, but is detected as peri'bher"’}abels of its two parents. Therefore, one run of the labeling

in at least one of these proofs, it is vacuous. Conversety, if
variable appears in all proofs but is not peripheral in any of

them, it is definitively not vacuous.

algorithm takes O(m) time, where m is the number of nodes in
I1. To run the labeling algorithm on all variables in ¢ requires
O(m x n) time, where n is the number of variables in II. In

Peripherality of a variable can be detected by traversing,c; the size of 17 is O(m x n), because each of the m nodes

the resolution proof from the roots to the leaf, keepingkrac

of the source of the variable in each clauselllfis a reso-

can have a clause of length at most n. a
In this section, we defined three methods of detecting

lution proof whose root clauses are divided into two digjoin vacuity based on examining the UNSAT core and the reso-

sets,AU B, then the labeling functioh is defined recursively

lution proof produced by BMC. Our evaluation of these al-

as shown in Figure 4, whereis used to represent a clause. gorithms w.r.t. precision and execution times can be foand i
This labeling function defines an algorithm for detecting pe ggction 6.

ripherality.

The effectiveness of our algorithms depends on the struc-

A CNF variableu is peripheral iff the label of the empty e of the resolution proof found by the SAT solver. It might

clause is not ‘AB’. Thus, to detect whether a formulas
p-vacuous, we need to check that all CNF variablesorre-

be possible to make them more effective by modifying the
SAT solver to guide it to a particular kind of a proof (e.g., by

sponding tg (see Section 2) are peripheral. This can be donghanging the decision order heuristic), or to output mietip
by applying the labeling function described in Figure 4 with proofs (if possible). Both of these are likely to signifidgnt

A=CLg,andB = CL, for eachp;.

By applying this labeling function to the proof shown in

Figure 2, we can determine that variapl&dom EXAMPLE 2
is peripheral. Since there is only one time stejs, peripheral
iff po is peripheral.

— First, we name the root clauses, for later reference:

c1 = (—ro) Po € C1 cp€A
c2 = (10 V po) Po € 2 €A
c3 = (=po V qo) Po € ¢3 c3€A
ca = (=po V —qo) Po € ¢4 cu€B
cs = (po) Po € ¢ cs €B

— Second, we identify the derived clauses:

e =C1NcC2, V=g
cr =Cg N €3,V =Po

g =cCrNcg, V=qo
c9g =g N\ C5, UV =Do

— Third, we apply the labeling function, as shown in Fig-

ure 4:
L(Cl) =0 L(Cﬁ) =R v#po
L(cz) ="~ L(cr) = 0 v =po
L(cs) = A L(cg) =B v #po
L(cs) ='B’ L(cg) ="0" v=po
L(cs) ='B

change performance characteristics of a fine-tuned SAEsolv
For these reason, we have concentrated on using the original
resolution proof as is.

5 The Tool: VaqTree

We have implemented the algorithms presented in Section 4
in a vacuity detection tool calledaqTree. To our knowledge,
this is the first vacuity detection tool for BMC.

The inputs toVaqTree are a model (encoded using the
specification language of NuSMV [5]) and an LTL property.
The tool generates the vacuity results for each variablegorte
in the property. Vacuity detection MagTree proceeds in two
phases: a “partial pass” that applies one of our methods, and
a “model-checking pass” that completes the analysis using
additional model-checking runs. The component diagram for
VaqTreeis shown in Fig. 6. The four components interact se-
quentially:

SMV — CNF Translator receives as input a SMV file
containing a model and a property, which are translated into
two separate CNF files, one containi@d.x and the other
CL., respectively. This translation is done using NuSMV,
where we modified its BMC package so as to get the transla-
tion as two files £ 40 lines added to themcBmcNonlinc.c
file).
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Fig. 6: VaqTree components.

Proof-outputting SAT solver generates the resolution Currently,VagTree is limited to proofs with up to 2.5 mil-
proof (I1) for CLx U CL.. We use MiniSat [10] as it can lion resolutions. InS 4, this corresponds to a test case from
explicitly generate resolution proofs when checking §atis the asynchronousbp4 model (roughly 30 boolean variables,
bility. Instead of using MiniSat’s binary proof format, we-d  with £ = 19). Our full results are available in Table 1. Below,
veloped our own XML format which allows easier proof pre- we discuss results obtained with each benchmark individu-
processing and facilitates future incorporation of oth&f S  ally.
solvers.

Proof Pruner receives’ Lk, C L. andII and applies dif-
ferent preprocessing techniquedIoproducing a prooffrom 6.1 Results obtained withi 4
which extraneous chains of resolution have been removed and

root clauses are annotated to include their origitl. ¢ or ) ) ) ]
CL.). This is a new component, written in Java (around 7001 NiS benchmark suite consists of 5 modalsp4, msi.wtrans,
lines of code). pci, andprod-cell from the NUSMV distribution (107 prop-

Proof Analyzer receives proofs that have been prepro- €rti€s) andoyFGS04from [15] (14 properties). On average,

cessed using theroof Pruner componentand produces a list the properties in the suit_e have 2.temp0ral operators (from
of variables found to be vacuous, and a list of variables thaf’® Sét G, F, U and X), with @ maximum of 4 operators, and
need to be tested using the naive method. This is a new conficlude both liveness and safety. 99 of the properties éxhib
ponent, written in Java (around 1.3k lines of code). The Proo Vacuity, and 22 d_o not. o
Analyzer outputs the vacuity results for each timed vagabl ~ Scatter plots in Figure 7 compare the execution times of
p;. This information gives aexplanation of non-vacuifyn- VaqTree (parametrized with irrelevance, local irrelevance, and
dicating which time steps have been important for decidingP€ripherality), with naive detection for this benchmarkek

whether a given variable was vacuous, thus facilitating de-cution times for naive detection include CNF theory genera-
bugging. tion and satisfiability testing for each variable of the prap.

Execution times foMaqTree include the time for the partial
pass and the subsequent model-checking pass. Each point in
6 Practical Experience the plot represents a single test case. The X-axis repgesent
the time (in seconds) taken by naive detection. The Y-axis
We have runVagTree on two benchmark suites. To evalu- represents the time (in seconds) takerMagTree when pa-
ate the overall performance of the tool and the effectivenesrameterized by each of our methods. Points below the diag-
of our partial vacuity detection methods, we have createdPnal indicate wher®aqTree was faster than naive detection;
a benchmark suité 4 using various models and properties points near the diagonal indicate cases where the parsal pa
from the NUSMV distribution. To evaluate the scalability of found a small percentage of the vacuous variables.
the tool to industrial models, we have created a benchmark Figure 8 shows that afi 4, VaqTreewith irrelevance finds
suite Sp from the models in the IBM Formal Verification the fewest vacuous variables among our partial methods, as
Benchmarks Library [14]. These models came with ratherexpected from the discussion in Section 4. Although Fig-
simple properties (one temporal operator), and (as exgecteure 7(b) and (c) look similar, the numbers (see Table 1) show
from an industrial benchmark) did not exhibit a high degreethat local irrelevance is faster than peripherality in 9&%he
of vacuity. Thus, we used this suite to measure the “worstcases. This is consistent with the additional work peripher
case” behavior of the tool, i.e., the amount of overhead indity must perform to analyze the proof tree. A detailed com-
curred by our methods when no vacuity is found. parison of local irrelevance and naive detection shows that
In the benchmarks, each test case consists of a middel VaqTree with local irrelevance was faster or comparable to
a propertyp, and a bound: such thatM =, ¢. Note that  naive detection in 95% of the test cas¥aqTree with local
finding an appropriate bouridis orthogonal td:-vacuity de- irrelevance was faster than naive detection in 70 (58%)ef th
tection, which explains why our evaluation does not conrside test cases, out of which 30 cases were twice as fast, and 20
the time needed to finfl. The experiments were performed cases were faster by an order of magnitude. In the remaining
on a Linux machine with a 2.8GHz P4 CPU, and 1GB of 51 cases, local irrelevance was at most 3% slower in 86% of
RAM, with up to 700MB of RAM available to each process. these cases.
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There are 10 cases wheraqTreewith peripherality took  cantly lower than any other test case with large proofs and
much longer than naive detection. All of these cases are fromvithout vacuity.
the abp4 model, and while th_ey have the largest resolution  \ye now turn to measuring the effectiveness of our meth-
proofs of the benchmark suite (between 300,000 and 2M,ys ysing the number of vacuous variables found during the
clauses), other 300,000-clause test cases did not yield poyaria| pass as a metric (see the scatter plots in Figuren@). T
performance. We conjecture that the poor performance is dug, mper indicates how many additional model-checking runs
to a low clause/variable ratio [22] which favours naive @ete  4re needed to complete vacuity detection. Since our partial
tion in cases where vacuity is not present. Intuitively, & 10 6thods can be ordered by increasing precision, Figure 8(a)
ratio indicates that the SAT instance is underconstraiaed,  compares irrelevance and local irrelevance, Figure 8(b) — |
so a solution (if it exists) can be found quickly. On the other .| irrelevance and peripherality, and Figure 8(c) — pesiph
hand, finding a proof ofinsatisfiabilityin a model with few iy, and naive detection. Each pointin the plot represeseta
constraints can be more difficult. Naive detection on & non+y et cases — a larger point means a larger set. The axes show
vacuous property requires solving satisfiable SAT inst8Nnce \he number of vacuous variables detected by each method.
since replacing variables falsifies the property. Howeper,  pgints below the diagonal indicate where the X-axis method
ripherality on & non-vacuous property requires time linearyetects more vacuous variables than the Y-axis method. The
in the size of the resolution proof obtained from the origi- plots show that local irelevance is clearly more effecthan
nal model-checking run. If all of these SAT instances have 3, g|evance. Contrary to our expectations, peripheraéty-
low clause/variable ratio, naive detection can be muctefast ¢, med exactly as local irrelevance in all but 5 cases. Tlos,
than peripherality. This situation was only observed on the.,) jrrelevance appears to be more cost-effective. Fig(ae 8
abp4 model, with clause/variable ratio of 1.5-1.8 — signifi- ghows that our techniques are effective when compared with

naive detection: peripherality reduced the number of extra



model-checking runs by 40% in 54 out of 99 cases that exsame vacuous variable as irrelevance, plus an additional va
hibited vacuity. uous variable. It takes 88.41 seconds to run the completing
pass, so the total time required by local irrelevance is@®8.7
seconds. Finally, peripherality took 0.74 seconds to ebeecu
the partial pass and found the same two vacuous variables; it
also required 88.41 seconds to run the completing pass, tak-
This benchmark suite consists of 13 models from the IBMing a total of 89.15 seconds to produce complete results for
Formal Verification Benchmarks Library [26] (18 properjies test cas&y 16.

The properties have a single temporal operator (G or F), and  Our results clearly show that proof sizes for $ebench-
include both safety and liveness. 12 of the properties éxhib mark can be handled byaqTree. Interestingly, these are in
vacuity, and 6 do not. To evaluate the scalabilityaTree to  the same range as proof sizes&oy. This could be explained
industrial models, we must first determine a reasonabledbounby the fact that even though these models are more complex,
such thatM = ¢. For this benchmark, we picked depth the properties are simpler.

k = 20, which is in line with the bounds used for analyzing  gcatter plots in Figure 9 compare the execution times of
these models in [26, Sec. 2]. At this some of the models \aqTree parametrized with local irrelevance and periphera-
where too large to analyze using VaqTree, and some of thgty with naive detection for this benchmark. Executiongis
properties did not hold. This is why we only report data for 5re measured as described in Section 6.1, and the graphs are
13 models from this benchmark. interpreted in the same way as those in Figure 7. Sige

Table 1 shows detailed results of our experiments. In thishad low vacuity, we did not expect our techniques to find it
table, column “Benchmark” indicates the benchmark the tesithout the help of naive detection. However, graphs in Fig-
case belongs to; “Test case” is the case’s unique identifiefre 9 show that our techniques do in fact detect vacuity, as
inside the benchmark, “Model" is the SMV model tested; indicated by the points that appear below the diagonal. Both
“# var. in M” is the number of variables in the modek™ |ocal irrelevance and peripherality detect the same amafunt

is the number of steps used to run BMC; “op.4h shows  yacuity inSg, but local irrelevance is slightly faster than pe-
the property operators (e.@G means that two G operators ripherality.

appear in the property); “# var. ip” is the number of atomic
variables present in the property; “# vac. vars.” is the num-

ber of vacuous variables; and *# resol I is the number 4t e see in Figure 7. To explain this behavior, we hypoth-
of resolutions in the resolution proof. The nextthree Cal8M ¢ 0 that in non-vacuous cases with low clause/variable r
report the time needed for model-checking: “Gen. ,CNF 'S tios and large proofs, peripherality is much slower than@ai
the time NuSMV took to generate the corresponding CNFdetection. InSz, we found that 15 of the test cases have a

theory; “Te_st_SA_'I_'“ and "Genl[” are the time Minngt took clause/variable ratio between 2.62-3.66, much higherttian
tp test sat|sf|ab|I|Fy and generate _the corresponding me_sol ratios encountered i§ 4. The remaining three cases had ra-
tion proof respectively; and “Total"is the sum of the prasso i, iy the same range as tabp04model. However, two of

three columns. _ these produce trivial proofs, and the last one exhibits igcu
For the naive method, we report the total times for theTpese results empirically support our hypothesis.
CNF theory generation (“Gen. CNF”) and for satisfiability

testing (“Test SAT”). One CNF theory is produced per atomic
variable. For irrelevance, local irrelevance and peripli®t g 3 conclusions
we report how many vacuous variables were found by the
partial pass (“# vac. vars. found”), how logqTree took to
do the corresponding analysis (“Anal.”) and how much time In summary, we observed that local irrelevance performs bes
was needed to do the completing pass (“Extra runs”). out of our proposed partial methods, finding most vacuity in
For example, test cas®s 16 analyzes an eight-variable, the least amount of time. In 95% of both benchmark suites,
one temporal operator (G) property of tfieM _FV_200223  we foundVaqTree with local irrelevance to be at most 3%
model (which has 103 variables). All eight of these variable slower, and usually much faster, than the naive detection. |
are vacuous. The resolution proof generated when20 has  several tests of th§ 4 benchmark, peripherality was notice-
7,618 resolutions. This property was checked in 11.29 secably slower than naive detection. On the industrial benckma
onds. Naive vacuity detection required eight model-chegki Si, the overhead produced by peripherality was negligible.
runs, taking 115.68 seconds to generate the correspondirigterestingly, this suggests that peripherality may beable
CNF theories and 2.36 seconds to test their satisfiabibty, r alternative to local irrelevance on industrial models. Wenp
quiring a total of 118.04 seconds. Irrelevance took 0.36 secto investigate this further in the future. Thus, we beligvatt
onds to find one of the vacuous variables during the partiaboth local irrelevance and peripherality can be used todspee
pass. It then took 103.01 seconds to carry out the completup naive detection. We plan to enhance our methods by devel-
ing pass, so the total time required by irrelevance to find alloping a heuristic based on the clause/variable ratio anof pro
eight vacuous variables is 103.37 seconds. Local irrelmvan size that indicates when naive detection should be appiied i
took 0.35 seconds to analyze the resolution proof, findieg th stead.

6.2 Results obtained witfiz

Surprisingly, peripherality introduces a low overhead in
his benchmark — points over the diagonal are near it, unlike



7 Summary and Related Work fiable, an interpolant is a set of clauses whose variables
appear in botd and B, such thatB U C' is unsatisfiable and

In this article, we showed how to exploit the UNSAT core 4 = C'[16]. Intuitively, if C'is minimal, thenC' is the reason
and resolution proof produced by a successful run of BMcWhy A U B is unsatisfiable. This intuition suggests that if an
for vacuity detection. We introduced three vacuity detecti  interpolant ofC'Lx andC'L. could be found, then all vari-
methods that can be applied with little overhead after onedbles not appearing in it could be considered vacuous. How-
model-checking run in order to quickly identify vacuousivar €Vver, we did notinclude this technique in our empirical eval
ables and reduce the number of additional model-checkingtion, as our interpolant generator was comparativelyestow
runs required. Two of these methods, irrelevance and local Another means of speeding vacuity detection for BMC is
irrelevance, exploit the UNSAT core, and the third, periphe t0 iteratively check thé-step vacuity of each variable starting
rality, is based on analyzing the resolution proof. We kailt With & = 0. SinceK ¥y, o[p < z] impliesK ¥, ¢[p — 1]
tool VaqTree, which is based on these methods, and showedor all k2 > k1, if a variable is proven non-vacuous at some
that it is effective for speeding up vacuity detection. stepk, then it can be omitted from subsequent checks of
Related work on vacuity detection has been described idligherk. This method is orthogonal to our techniques, and
Section 3. Additionally, our work is related to research in the vacuity detection at each step could be carried out by
declarative modeling. In particular, our use of the UNSAT VaqTree.
core to detect vacuity was inspired by [23], which addresses
the problem of identifying overconstraintin declarativedn  AcknowledgementsA preliminary version of this article has ap-
els. While similar in spirit to vacuity detection in modelestk-  peared in [24]. We are grateful to anonymous referees fquitg!
ing, declarative models have no explicit transition relafi  improve the presentation and technical clarity of thiscéeti This
instead, transitions are expressed with constraints B]l7zA2 ~ work was supported in part by NSERC, OGS, and IBM.
overconstraint occurs when the model satisfies a safety prop
erty because all violations of the formula have been aceiden
tally ruled out by the declared constraints. In order to clete
S.UCh overcon_straints, [23] introduces the idee_mnia extrac- 1. R. Armoni, L. Fix, A. Flaisher, O. Grumberg, N. Piterman,
t|or_1: declarative models are reduced to_SAT instances, from 5 Tiemeyer, and M. Vardi. “Enhanced Vacuity Detection in
which an UNSAT core can be extracted if the property holds.  |inear Temporal Logic”. InProceedings of the 15th Interna-
If a constraint’s clauses do not appear in the UNSAT core,  tional Conference on Computer Aided Verification (CAV:03)
the constraint is callenirelevant and is a source of overcon- volume 2725 of_ecture Notes in Computer Scienpages 368—
straint (similar to Definition 2). The cone-of-influenceltec 380, 2003.
nique [7] is also similar to Definition 2. However, as both of 2. |. Beer, S. Ben-David, C. Eisner, and Y. Rodeh. “Efficieet D

these techniques are model-based, neither can be used to de- tection of Vacuity in ACTL Formulas”. IrProceedings of the
tect vacuity. 9th International Conference on Computer Aided Verifiqatio

Our experiments show that local irrelevance and pe- (CAV'97), volume 1254 ot ecture Notes in Computer Science

. . : . pages 279-290, 1997.
ripherality can detect more vacuous variables than ir- 5 |\ "Beer S Ben-David. C. Eisner. and Y. Rodeh. “Efficiert D

relevance. Therefore, detecting overconstraint in detisr " tection of Vacuity in Temporal Model CheckingFormal Meth-
models may also benefit from methods that analyze the struc-  ods in System Design (FMS8(2):141-163, March 2001.
ture of the resolution proof. In the future, we propose t@sw 4. A. Biere, A. Cimatti, E. M. Clarke, and Y. Zhu. “Symbolic
tigate how a notion equivalent to peripherality can be define Model Checking without BDDs". IrProceedings of the 5th
in the declarative setting. Another goal of future work is to ~ International Conference on Tools and Algorithms for thex€o
increase the power of resolution proof-based vacuity detec ~ Struction and Analysis of Systems (TACAS'¢8)ume 1579 of
tion methods. In this article, we restricted ourselves iagis Lecture Notes in Computer Sciend899.
- . 5. A. Cimatti, E. M. Clarke, E. Giunchiglia, F. Giunchigli&l. Pi-

results of only one BMC run, and to methods with linear time . - ‘ .

o . . store, M. Roveri, R. Sebastiani, and A. TacchellauSMV 2:
complexity in the size of the resolution proof or better. How

e . . An OpenSource Tool for Symbolic Model Checking”. Mmo-
ever, it is possible that the most optimal trade-off between  ceedings of the 14th International Conference on Computer

speed and effectiveness of vacuity detection algorithess |i Aided Verification (CAV'02)volume 2404 ofecture Notes in
in the domain of multiple resolution proofs, where we can  Computer Sciengpages 359-364, 2002.
find the minimal UNSAT core [11] or reduce the resolution 6. A. Cimatti, M. Pistore, M. Roveri, and R. Sebastiani. “Im-
proof using interpolation [8]. proving the Encoding of LTL Model Checking into SAT”. In
McMillan [19] uses interpolation to prove that a particular ~ Proceedings of the 3rd International Workshop on Verifuwayi
bound is sufficient to imply the unbounded satisfaction of a ~ Model Checking, and Abstract Interpretation (VMCAI'02)l-
BMC problem. We intend to combine our techniques with ~ Ume 2294 ofl.ecture Notes in Computer Sciengges 196-
this algorithm in order to prove that bounded vacuity for the 7 207, 2002.

. . . . E. Clarke, O. Grumberg, and D. Pelddodel Checking MIT
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Table 1: Statistics for vacuity detection experiments oMY distribution and other examples.

BenchiTes! Model (M)  # var]k| op. {# var# vac| # resol Model Checking Naive Irrelevance Local Irrelevance (LI) Peripherality (P)
mark [case¢ in M| |inelinglvars.| inIIl| Gen] Tes{fGen] Total Gen] Tes{ Total[| # [Anal] Extra] Totall[ # [Anal] Extra] Totall| # Anal] Extra] Total
vac. vac. vac.
ICNF (SJSAT (s)II (s (s) [CNF (s)SAT (s (s)| vars. (s)runs (s, (s)| vars. (s)runs (s, (s)| vars. (s)runs (s (s
found found found
Sa |1 pci 40 I3 GU| 4 1 19793 469 0.23 591082 20.66 2.7723.43] 0 0.34 23.4323.77 0 0.34 23.4323.77] 0 0.81 23.43 24.24
Sa |2 pci 40 13GU| 4 | 3 1644 5.13 0.14 5.64 10.91| 11.7% 1.30 13.0% 3 0.26 0 0.26| 3 0.26 g 0.26| 3 0.37 a 0.37
Sa |3 pci 40 13GU| 4 | 3 1644 5.09 0.13 5.32 10.54 12.03 2.14 14.17| 3 0.26 0 0.26| 3 0.2 g 0.23/ 3 0.37 g 0.37
Sa | 4 pci 40 13 GU| 3 1 7724 480 0.18 5.69 10.63 12.63 1.73 14.41| 0 0.29 14.41 147 O 0.29 14.4114.70( 0 0.5Q 14.41 14.91
Sa |5 pci 40 13 GU| 3 1 7554 4.7 0.18 5.59 10.49| 12.3¢ 1.5 13.92| 0 0.28 13.9214.20| 0 0.28 13.9214.20( 0
Sa | 6 pci 40 13GU| 4 | 3 1704 4.66 0.12 5.64 10.4¢| 11.66 1.19 12.8% 3 0.2 g 0.23 3 0.26 g 0.26| 3
Sa |7 pci 40 13GU| 4 | 3 1704 4.69 0.14 542 10.23 11.68 1.40 13.08| 3 0.2 g 0.23 3 0.26 g 0.26| 3
Sa | 8 pci 40 13 GU| 5 3 4283 4.93 0.22 5.59 10.7¢| 25.8% 2.89 28.74| 2 0.27 17.60 17.87| 2 0.28 17.60 17.88| 2
Sa |9 pci 4013 FU| 4 | 3 158 492 0.13 5.73 10.74| 20.30 0.74 21.04| 3 0.1 g 0.18| 3 0.1 g 0.18 3
Sa |10 pci 40 13 FU | 3 2 163 4.78 0.13 5.49 10.4 15.3 0.85 16.1% 2 0.19 g 019 2 0.1 g 0.18 2
Sa |11 pci 40 13FUX 4 | 3 165 4.4 0.13 5410.23 20.78 0.79 21.57| 3 0.1 g 0.18| 3 0.1 0 0.18| 3
Sa |12 pci 4013 FU| 4| 3 162 4.83 0.14 5.41 10.40| 20.2% 1.01 21.26| 3 0.1 g 0.18| 3 0.19 g 0.19( 3
Sa |13 pci 4013 FU| 4| 3 160 5.04 0.13 5.44 10.61| 20.39 0.73 21.12| 3 0.19 g 0.19( 3 0.17 g 0.17| 3
Sa |14 pci 40 13FUX 5 | 4 164 479 0.14 5.34 10.27| 25.81 2.3428.1%| 4 0.19 g 0.19f 4 0.19 g 0.19f 4
Sa |15 pci 40 13FUX 5 | 4 162 4.70 0.13 5.40 10.23| 25.46 1.54 27.00| 4 0.19 g 0.19f 4 0.19 g 0.19f 4
Sa |16 pci 40 13 G, X | 26 | 19 | 17741 4.96 0.88 6.7 12.62| 137.47 35.14172.61| 8 0.41 115.1115.57| 8 0.47 115.1(1115.5$ 8
Sa |17 pci 40 13 G, X | 26 | 19 | 26814 4.8 1.11 6.87 12.84| 134.29 36.13170.42| 8 0.46 114.6 n15.0$ 8 0.47 114.6815.10| 8
Sa |18 pci 40 13 G, X | 26 | 19 | 6688 5.01 1.24 7.87 14.18| 147.93 42.23190.1¢| 8 0.60Q 130.62131.22| 8 0.6Q 130.67131.22 8
Sa |19 pci 40 13 G,X | 26 | 19 | 96761 4.871 2.7210.48 18.07| 133.67 41.05174.72| 8 0.74 118.51119.2% 8 0.73 118.5]119.24{ 8
Sa |20 pci 40 |7|GU| 5 3 1526 1.56 0.08 3.26 4.9(¢ 8.73 0.64 9.37| 2 0.24 599 6.23| 2 0.24 599 6.23| 2
Sa |21 pci 40 |4|GX| 26 | 24 2044 0.61 0.058 2.09 2.73| 16.66 1.4 18.12| 19 0.23 4.8 5.11| 19 0.23 4.8 5.11| 19
Sa |22 pci 40 |4|GX| 26 | 24 2121 0.59 0.05% 21 2.64| 16.61 1.5 18.17| 19 0.26 5.17 5.43| 19 0.2§ 5.17 5.43| 19
Sa |23 prod-cell 39BYGF| 4| 4 1394¢| 11.06 0.61 6.59 18.2¢| 40.37 0.94 41.31| 4 0.39 g 0.39 4 0.39 g 0.38 4
Sa |24 prod-cell 39 BqQ GF| 6 6 67307 10.53 0.38 5.20 16.11| 77.67 1.80 79.47| O 0.63 79.4780.12( 0 0.64 79.47180.11| 1
Sa |25 prod-cell 39 BQ GF| 7 7 2414 11.3 0.32 4.871 16.49| 85.3¢ 1.7987.11| 1 0.55 74.66 75.21f 1 0.54 74.66 75.20( 1
Sa |26 prod-cell 39 BQ G,F| 6 6 1589 9.98 0.19 4.12 14.29| 75.39 1.87 77.26| 0 0.44 77.26 77.70| 0 0.44 77.2677.70 0
Sa |27 prod-cell 39 Bd GF| 5 5 15734 9.50 0.28 4.64 14.42| 62.8% 1.24 64.09| 0 0.42 64.09 64.51f 0 0.41 64.0964.50( 1
Sa |28 prod-cell 39BYGF| 4| 4 24611 9.2 0.1 4.18 13.59| 40.61 1.29 41.90| 0 0.41 41904231 0 0.4Q 41.9042.30( 0
Sa |29 prod-cell 39 BqQ GF| 8 8 24747 10.34 0.23 4.54 15.11| 100.24 1.99102.23| O 0.52 102.2802.7% 0 0.53 102.28.02.76[ 0
Sa |30 prod-cell 39 Bd GF| 5 5 15171 9.27 0.33 4.31 13.93| 55.87 3.6159.48 0O 0.41 59.4859.89 0 0.4Q 59.4859.88 0
Sa |31 prod-cell 39BAGF| 4| 4 35954 8.89 1.01 6.47 16.37| 43.87 2.5246.39| 0 0.51 46.39 46.90| 0 0.49 46.39 46.88 1
Sa |32 prod-cell 39 BAGF| 4 | 4 |10147 9.24 0.69 6.27 16.1%| 43.3% 3.18 46.53| 0 0.71 46.5347.24| 0 0.71 46.5347.24| 0
Sa |33 prod-cell 39 BqQ GF| 6 6 3271 9.91 0.8 6.93 17.70| 74.37 2.4Q76.77| 0 0.58 76.77177.3% 0 0.57 76.7177.34| 0
Sa |34 prod-cell 39 BQ GF| 5 5 1485 9.39 0.30 4.98 14.67 54.8 6.69 61.49| 5 0.41 g 041 5 0.4( g 0.40( 5
Sa |35 prod-cell 39 Bd GF| 5 5 8010 9.10 0.99 6.81 16.90| 52.6% 4.40 57.0%| O 0.73 57.0§57.78/ 0 0.74 57.0§57.79| 0
Sa |36 prod-cell 39 Bd G,F| 8 8 21654| 11.43 0.39 4.64 16.42| 118.41 2.97121.33 O 0.52 121.3821.8% 0 0.52 121.3821.8% 1
Sa |37 prod-cell 39 BQ GF| 9 9 59079 10.31 0.40 5.91 16.62| 108.1% 5.90114.0% O 0.67 114.0%114.72| 0 0.66 114.0%114.71f 0
Sa |38 prod-cell 39 BqQ GF| 5 5 2707 9.2 0.371 5.04 14.66| 54.8% 2.24 57.09| 0 0.53 57.0957.62( 0 0.54 57.0957.63| 0
Sa |39 prod-cell 39 BqQ GF| 5 5 3266 8.98 0.48 5.29 14.7%| 53.81 1.9 55.76| 0 0.5 55.7¢ 56.31f 0 0.5 55.7¢ 56.31| 0
Sa |40 prod-cell 39BAGF| 4| 4 3931 9.18 0.44 5.18 14.77| 41.74 1.5Q 43.24| 0 0.54 43.24 43.78| 0 0.54 43.2443.78| 0
Sa |41 prod-cell 39 [302G,2F 10 | 10 | 20771 11.78 0.20 4.71 16.69| 148.20 3.00151.20| O 0.53 151.2(151.73f 0 0.53 151.2Q151.73f 0
Sa |42 prod-cell 39 BqQ GF| 8 8 22039 11.42 0.72 6.03 18.1%| 123.54 3.03126.57| O 0.54 126.57127.11f 0 0.53 126.57127.10| 0
Sa |43 prod-cell 39RQGF| 4| 4 17564 4 011281 693 17.37 0.3317.72| O 0.3 17.7218.10| 0 0.3 17.7218.10( 1
Sa |44 prod-cell 39 2 GF| 6 6 2383 3.97 0.13 2.70 6.8Q| 29.01 0.69 29.76| 0 0.42 29.7¢ 30.18/ O 0.42 29.7¢ 30.18| O
Sa |45 prod-cell 39 2Q GF| 7 7 1102 3.84 0.12 2.69 6.6 31.11 0.6631.77| 1 0.3 27.3527.73| 1 0.37 27.3527.72| 1
Sa |46 prod-cell 39 2 G,F| 6 6 9364 3.84 0.14 3.31 7.29| 25.84 0.46 26.30| 4 0.36 8.63 8.99( 4 0.33 8.99 9.34( 4
Sa |47 prod-cell 39 2Q GF| 5 5 838 4.01 0.13 291 7.03] 23.12 0.74 23.86| 1 0.34 19.60 19.94| 2 0.33 13.69 14.02| 2
Sa |48 prod-cell 39RQGF| 4| 4 1082} 3.92 0.08 2.49 6.49| 15.16 0.5 15.72| 0 0.33 15.72 16.0%( 0 0.34 15.72 16.06| 0
Sa |49 prod-cell 39 2Q GF| 8 8 2592 420 0.1 2.99 7.31] 32.73 0.87 33.60| 0 0.48 33.60 34.08/ 0 0.48 33.60 34.08/ 0
Sa |50 prod-cell 39 2 GF| 5 5 59884 3.8 0.42 4.48 8.76| 19.3% 0.50 19.83| 0 0.53 19.85% 20.40| 0 0.53 19.8%20.40( 0
Sa |51 prod-cell 39RAGF| 4| 4 1079 3.84 0.1 3.23 7.23| 15.01 0.6 15.73| 2 0.36 8.14 8.50| 4 0.36 0 0.36| 4
Sa |52 prod-cell 39RQGF| 4| 4 25764/ 4.01 0.16 2.84 7.01| 16.81 0.5217.33] 0 0.4Q 17.3317.73{ 0 0.39 17.3317.72( 0
Sa |53 prod-cell 39 2 GF| 6 6 812 413 0.1 3.33 7.63| 27.20 0.52 27.72| 6 0.34 g 0.34| 6 0.39 g 0.33 6
Sa |54 prod-cell 39 2 GF| 5 5 884( 3.4 0.10 2.76 6.66 19.72 1.24 20.96| 3 0.33 8.8Q0 9.13| 4 0.34 4.21 4.58| 4
Sa |55 prod-cell 39 2Q GF| 5 5 25424 3.9 0.22381 7.93 21.18 1.0322.21] 0 0.43 22.2122.64 0 0.432 22.2122.63] 0
Continued on Next Page. . .



Table 1 — Continued

BenchiTes! Model (M)  # var]k| op. {# var# vac| # resol Model Checking Naive Irrelevance Local Irrelevance (LI) Peripherality (P)
mark |case in M| |ing|ing|vars.| inIIl| Gen] TesfGen] Total]| Gen] Tesf Total|l| # [Anal] Extra] Totall| # [Anal] Extra] Totall| # Anal| Extra] Total
vac. vac. vac.
ICNF (SJSAT (s)II (s (s) [CNF (s)SAT (s (s)| vars. (s)runs (s, (s)| vars. (s)runs (s, (s)| vars. (s)runs (s (s
found found found

Sa |56 prod-cell 39 2d G,F| 8 8 2060% 444 0.21 3.73 8.446| 41.14 1.204234( O 0.4 42.34 4279 2 0.4 31.1331.58% 2 1.50 31.13 32.63
Sa |57 prod-cell 39 20 G,F| 9 9 1092 3.9 0.09 268 6.64] 41.01 0.73 41.74| 2 0.39 32.22 32.61f 3 0.39 27.71 28.1 3
Sa4 |58 prod-cell 39 20 G,F| 5 5 1121% 383 0.10 2.4 6.53] 21.29 0.3621.6% 1 0.3 17.4417.79| 2 0.3 13.1313.48| 2
Sa |59 prod-cell 39RQGF| 5| 5 9257 4.03 0.08 2.69 6.83| 21.12 0.34 21.46| 1 0.34 17.2917.63| 2 0.34 12.8913.23| 2
Sa |60 prod-cell 39RQGF| 4| 4 16124 3.83 0.15 3.03 7.01] 16.43 0.40 16.83 1 0.4Q 12.7¢ 13.16| 2 041 852 893 2
Sa |61 prod-cell 39 [202G,2F 10 | 10 | 14761 489 0.11 3.54 854 51.7 1.09 52.79| 3 0.41 36.89 37.30[ 4 0.41 31.2¢ 31.67| 4
Sa |62 prod-cell 39 2d G,F| 8 8 15334 458 0.14 2.97 7.69| 39.2% 0.8940.14( O 0.47 40.14 40.56| O 0.47 40.14 40.5¢| O
Sa |63 prod-cell 39 1d G,F| 4 4 2254 0.89 0.03 1.26 2.1 3.72 0.10 3.83| 3 0.2¢ 1.01 1.2¢1( 3 0.2 1.01 1.26( 3
Sa |64 prod-cell 391GF| 6 | 6 2304 0.92 0.03 1.2 2.21 7.6 014 7.79| 0 0.29 7.79 8.06| 0 0.29 7.79 8.08| 0
Sa |65 prod-cell 39NQGF| 7| 7 5344 1 0.04 1.32 2.3 6.71 0.23 6.94| 1 0.29 594 6.23 1 0.29 594 6.23 1
Sa |66 prod-cell 39 1d G,F| 6 6 5275 0.8§ 0.04 1.2 2.17 554 0.1§ 5.73| 6 0.2§ 0 0.28| 6 0.2§ 0 0.28( 6
Sa |67 prod-cell 39 1d G,F| 5 5 532( 1.02 0.04 1.41 2.47 481 0.1 4.97| 5 0.2§ 0 0.28| 5 0.29 0 0.29( 5
Sa |68 prod-cell 391 GF| 4 | 4 379§ 0.91 0.03 1.27 2.21 3,57 0.12 3.69| 2 0.27 1.8 2.13| 2 0.27 1.8 2.13| 2
Sa |69 prod-cell 391GF| 8 | 8 2764 0.99 0.03 1.26 2.28 752 023 7.79| 1 0.26 6.74 7.04| 1 0.26 6.74 7.04| 1
Sa |70 prod-cell 391GF| 5| 5 5237 1.20 0.04 1.33 2.57 463 0.15 4.78| 1 0.28 3.83 4.10| 2 0.28 2.8 3.14( 2
Sa |71 prod-cell 39 1d G,F| 4 4 4068 1.33 0.03 1.27 2.6§ 3.87 0.10 3.971| 2 0.27 214 243 3 0.27 093 1.22( 3
Sa |72 prod-cell 39 1d G,F| 4 4 275 0.9 0.03 1.27 2.26 3.64 013 3.71| 1 0.2 282 3.08 1 0.2 282 3.08 1
Sa |73 prod-cell 391GF| 6 | 6 4425 0.84 0.04 1.30 2.18 547 0.19 5.66| 2 0.28 3.74 4.03| 2 0.28 3.74 4.02| 2
Sa |74 prod-cell 391GF| 5| 5 3807 0.92 0.04 1.28 2.24 4538 0171 473 4 0.29 1.01 1.28 4 0.28 1.01 1.29| 4
Sa |75 prod-cell 391GF| 5| 5 2807 0.91 0.03 1.44 2.38 453 0.14 467 2 0.26 2.80 3.06| 2 0.26 2.80 3.06| 2
Sa |76 prod-cell 39 1d G,F| 8 8 3737 1.16 0.03 1.3 2.5§ 7.72 021 793 5 0.28 296 3.24| 6 0.27 198 2.2 6
Sa |77 prod-cell 39 1d G,F| 9 9 301( 1.50 0.03 1.2§ 2.81 893 0.22 9.13| 6 0.27 312 339 7 027 194 221 7
Sa |78 prod-cell 391GF| 5| 5 2584 0.86 0.03 1.2 2.14 498 014 512| 2 0.26 2.93 3.19 2 0.26 2.93 3.19( 2
Sa |79 prod-cell 391GF| 5| 5 2556 1.0§ 0.03 1.30 2.39 470 0.12 4832 2 0.26 2.98 3.24 2 0.26 2.98 3.24| 2
Sa |80 prod-cell 39 1d G,F| 4 4 5317 1.26 0.04 1.27 2.5 353 0.12 3.63| 4 0.29 0 0.29 4 0.29 o 0.29( 4
Sa |81 prod-cell 39 (102G,2F 10 | 10 2497 3.1 0.06 1.29 475 9.6 0.27 9.93| 3 0.2 6.97 7.23| 4 0.2 4.94 520 4
Sa |82 prod-cell 39 1d G,F| 8 8 2344 0.8 0.033 1.2 2.14 752 023 7.74| 3 0.27 484 511 3 0.2 4.84 510 3
Sa |83 abp4 1319 GF| 1 | 0 [1289374 2.79 10.7334.14 47.66| 293 1.79 4.73| 0O 5,51 4.7210.23 0 572 4.7210.44| 0
Sa |84 abp4 13 19 G,F| 3 | 2 [1050234 3.14 6.4529.43 39.02 8.43 20.7¢ 29.19| 0 5.01 29.19 34.26| 0 5.232 29.1934.41f 0
Sa |85 abp4 13119 GF| 3 2 2246095 2.99 19.0349.63 71.64 8.81 26.4335.24| 0 8.23 33.78 42.01f O 8.22 33.7§ 421 0
Sa |86 abp4 13 [19G,2F| 2 0 | 79570% 3.07 5.0421.2% 29.3 554 6.2911.83| 0 2.69 25.6428.33 0 2.71 25.64 28.3% O
Sa |87 abp4 13117 GF| 1 0 |37931) 2.39 2.5811.5% 16.4 293 179 4.723| 0 1.42 472 6.14| O 1.41 472 6.13| O
Sa |88 abp4 13 17G,2F| 2 | 0 |33530f, 2.271 2.119.23 13.6 5.66 12.4418.10| O 1.30 18.119.40| 0 1.31 18.1019.41| O
Sa |89 abp4 1317 GF| 3 | 2 36294£ 239 1.7 9.41 135 8.43 20.7¢ 29.19| 0 1.37 29.19 30.56| 0 1.39 29.1930.58| 0
Sa |90 abp4 13 |17 GF| 4 2 | 92968 242 5.6121.74 29.8 12.32 18.24 30.5¢| O 2.98 30.5¢ 33.54| 0 2.94 30.56 33.3( 0
Sa |91 abp4 13 17 GF| 3 2 [2342558 3.17 22.5%49.16 74.8 8.68 25.1(0 33.78| O 6.8 33.78 40.66| O 6.92 33.78 40.70( O
Sa |92 abp4 13 171G,2F| 2 | 0 | 647422 2571 3.1316.04 21.7 5.4 20.04 25.64| 0 2.19 20.04 22.23( 0 2.1 20.04 22.20( 0
Sa |93 toyFGS04 151114 F | 6 | 6 2971| 18.88 0.26 5.27 24.41| 114.78 0.76115.54 3 0.23 57.3957.62( 3 0.23 57.3957.61f 3
Sa |9 toyFGS04 151119 F | 12| 12 304| 19.13 0.1 5.28 24.57| 224.79 1.40226.19| 6 0.26 132.4%32.69| 6 0.26 132.4832.69| 6
Sa |95 toyFGS04 15114 F 6 0 31§| 18.3% 0.1% 5.17 23.67| 126.28 32.03158.31{ O 0.27 158.31158.53 0 0.27 158.31158.58( 0
Sa |96 toyFGS04 15114 F 4 0 308| 18.57 0.14 5.45 24.1 75.18 22.26 97.44| O 0.22 97.44 97.66| O 0.22 97.4497.66| O
Sa |97 toyFGS04 15114 G | 4 | O 8072 14.14 0.21 3.3 17.6% 57.91 10.60 68.51 0 0.33 68.5168.84/ 0 0.33 68.5168.84| 0
Sa |98 toyFGS04 15114 G | 6 | O 7985 14.47 0.21 3.63 18.3]| 88.94 11.48§100.42] 0 0.34 100.4200.76[ 0 0.34 100.42100.76[ 0
Sa |99 toyFGS04 151114 F | 6 | 6 293| 19.80 0.1§ 5.61 25.5¢| 111.91 0.66112.57| 2 0.21 75.08 75.29| 2 0.23 75.08 75.30[ 2
S |100 toyFGS04 151(9| F 6 6 297 11.8 0.07 2.6 14.5 68.3 0.30 68.68| 3 0.21 34.33 3454 3 0.22 34.3334.5% 3
Sa |10] toyFGS04 151(9| F 12 | 12 308| 11.9¢ 0.068 2.65 14.68| 141.4 0.70142.11 6 0.22 70.9271.14| 6 0.22 70.9271.14 6
Sa |102 toyFGS04 151|9| F | 6 | O 314| 11.89 0.071 2.52 14.48| 67.9% 6.33 74.28| 0O 0.21 74.2874.49| 0 0.21 74287449 0
Sa |103 toyFGS04 15119 F | 4 | O 304| 11.8¢ 0.071 2.57 14.50| 50.1% 3.909 54.0%| 0O 0.21 54.0%54.26( 0 0.23 54.0%54.27| 0
S |104 toyFGS04 151(9| G 4 0 407%( 10.7 0.07 1.57 12.4 54.1 1.62 55.73| O 0.29 55.7356.02( O 0.28 55.7356.01f O
S |105 toyFGS04 151(9| G 6 0 411%f 10.74 0.07 1.59 12.4 81.5 2.4384.02( O 0.29 84.0284.31 O 0.29 84.0284.31 O
S |106 toyFGS04 151(9| G 6 6 293| 13.13 0.07 2.57 15.7 74.4 0.31 74.80| 2 0.21 50.14 50.3% 2 0.21 50.14 50.3% 2
Sa |107 msiwtrans 3040 G | 5| 3 66| 21.8% 0.20 8.39 30.44| 120.1% 65.7(185.8% 3 0.21 112.5¢112.80| 3 0.29 112.5¢112.79| 3
S |108 msiwtrans 3040 F | 5| 4 66| 23.53 0.20 9.15 32.88| 120.16 73.28193.44( 3 0.4 120.30120.5¢| 3 0.21 120.3(120.51 3
Sa |109 msLwtrans 3040 F 6 4 6q| 215 0.21 8.46 30.23| 156.61 93.2349.84| 4 0.21 o 0.21 4 0.21 0 0.21f 4
Sa |110 msLwtrans 30 2 F 2 0 63 528 0.20 4.01 9.4 12.91 20.6333.54 0O 0.14 33.54 33.69| 0 0.1 33.5433.70[ O
Sa |11 msLwtrans 30 2 F 2 0 67 513 0.09 3.79 9.0 11.58 19.82 31.40( O 0.1 31.40 31.5% O 0.1 31.40 31.5¢| O
Continued on Next Page. . .



Table 1 — Continued

BenchiTes! Model (M)  # var]k| op. {# var# vac| # resol Model Checking Naive Irrelevance Local Irrelevance (LI) Peripherality (P)
mark |cas in M| |ing|ing|vars.| inIIl| Gen] TesfGen] Total]| Gen] Tesf Total|l| # [Anal] Extra] Totall| # [Anal] Extra] Totall| # Anal| Extra] Total
vac. vac. vac.
ICNF (SJSAT (s)II (s (s) [CNF (s)SAT (s (s)| vars. (s)runs (s, (s)| vars. (s)runs (s, (s)| vars. (s)runs (s (s
found found found
Sa |112 msLwtrans 30 2 G 6 0 | 374744 4.68 10.2121.20 36.09] 32.04 26.1358.17f O 1.78 58.17 59.95 O 1.8Q0 58.1759.97| O 16.42 58.17 74.5
Sa |113 msLwtrans 30 2 G 6 0 | 274539 4.72 9.7619.6% 34.13| 28.92 28.2757.19| O 1.48 57.19 58.67| O 1.51 57.1958.70| O 11.99 57.1969.1
Sa |114 msLwtrans 30 2 G 5 3 64 527 0.10 3.8 9.22| 27.92 15.6% 43.57| 3 0.1 26.7% 26.91f 3 0.1 26.7%26.91| 3 0.19 26.7% 26.94
Sa |115 msiwtrans 3020 F | 5| 4 64 5.17 0.11 3.94 9.22 27.5 16.6244.12| 3 0.16 27.2%27.41f 3 0.13 27.2%27.40[ 3 0.19 27.2% 27.44
Sa |116 msiwtrans 3020 F | 6 | 4 64 5.31 0.1¢ 3.91 9.32 33.3 18.6(51.90| 4 0.19 g 0.19f 4 0.19 g 0.19f 4
Sa |117 msLwtrans 30 2 G 2 0 1604 462 0.11 3.6 8.41 9.29 11.8421.13| O 0.24 21.1321.3% O 0.24 21.1321.37 O
Sa |118 msLwtrans 302 GF| 1 0 1001 541 0.10 3.94 9.45 573 8201393 0 0.22 13.9314.1% O 0.23 13.93 14.16| O
Sa |119 msLwtrans 302 GF| 1 0 937 539 0.21 3.94 9.54 5.79 12.0917.88 0 0.22 17.88 18.10[ O 0.22 17.8818.10( O
Sa |120 msiwtrans 30RQGF| 2| O 921 5,58 0.10 0.47 6.13| 12.39 18.96¢ 31.3%| 0 0.232 31.3531.57 0 0.232 31.3%31.57 0
Sa (121 msiwtrans 30 20 GF| 8 | O |37165 4.76 12.4924.41 41.66| 41.9¢ 30.22 72.18| 0O 1.79 72.1873.97 0 1.80 72.1873.98 0
S | 1 ||IBM_FV_200203 (11120 G 8 8 748( 454 0.09 3.4 843 36.21 0.67 36.88 7 0.3 4.61 5.03( 7 0.3 4.6 5.0% 7
S | 2 || IBM_FV_200204 | 22320 G 4 3 4506% 7.62 0.92 5.71 14.25%| 29.6 3.83 3349 0 0.59 33.4934.08 0O 0.59 33.4934.08 0O
S | 3 || IBM_FV_200205|310{20 G | 2 1 3277¢| 11.82 0.6210.02 22.46| 22.97 1.3124.28| 1 0.44 12.2112.65 1 0.44 12.2112.6% 1
Sp | 4 || IBM_FV_200209 (23320 F [ 9 | 9 2 8.96 0.17 0 9.13| 81.02 1.2282.24| 9 0.17 g 0.17 9 0.17 0.17| 9
Sp | 5 || IBM_FV_200210| 22420 G | 3 | 2 78523 54.23 8.4946.09108.77| 165.8¢ 93.22 259.1| 0 0.1 259.1259.8] 0 0.1 259.1259.3| 0
S | 6 || IBM_FV_200210 | 22420 G 4 3 | 177536 53.3 30.2156.61140.12| 219.74199.2%18.99| O 1.12 418.9 )420.11 0 1.12 418.9%20.11] O
S | 7 || IBM_FV_200210 | 22420 G 4 4 9119| 53.97 0.9740.84 95.74| 218.4%211.21429.66| 3 0.37 112.58 112.9( 3 0.37 112.58 112.9( 3
Sp | 8 || IBM_FV_200210| 22420 G | 2 | O | 15577% 54.99 9.2246.7%110.9¢| 108.7¢ 165.]273.8¢ O 0.99 273.8¢274.8% 0 0.99 273.8(274.8% 0
Sp | 9 || IBM_FV_200210| 22420 G | 2 1 | 197058 54.9¢ 65.4379.32199.7]) 110.2103.8%214.02] 0 1.09 214.02215.1)] 0 1.12 214.0215.141 0
Sp | 10||IBM_FV_200217.11158420 G | 2 | O 9608% 38.58 1.1914.23 53.96| 75.78 2.3 78.13| O 1.07 78.13 79.3| O 1.08 78.1379.21] O
S | 11||IBM_FV_200217-2158320 G 1 0 7755 38.9 0.8613.6% 53.04| 38.82 1.35 40.17( O 0.8 40.17 41.0% O 0.8 40.17 41.0% O
S | 12||IBM_FV_200217-2158320 G 2 1 7379 38.41 0.423.94 63.2%| 77.01 1.77 78.78 O 0.89 78.78 79.67| O 0.89 78.78 79.67| O
Sp | 13|| IBM_FV_200219 {12120 G [ 1 | O 3576 9.56 6.4913.31 29.3 9.6 5.5215.17| 0 0.39 15.1715.56( 0 0.4 15.1715.57 O
Sp |14||IBM_FV_200221| 7920 G | 1 | O 2550 8.4 5.6111.98 26.3 8.68 7.6116.29| 0 0.37 16.29 16.66| 0 0.37 16.29 16.66| 0
S | 15|| IBM_FV_200222 | 10420 G 1 0 5330 1458 7.7417.84 40.1 14.78 24.42 39.2( O 053 39.239.73 O 053 39.239.73 O
S | 16|| IBM_FV_200223 | 103120 G 8 8 761 1452 0.6911.29 26.3| 115.6 2.36118.04( 1 0.3 103.01103.3%1| 2 0.3 88.4188.76| 2
S | 17| IBM_FV_200227 | 43 20 G 8 6 | 43122 3.09 4.5415.9% 23.6 24.43 25.0149.44| 0 1.71 49.4451.21 O 1.78 49.4451.22| O
Sp | 18||IBM_FV_2002312 22720 G | 17 | 17 981 019 0O 1 168.2 2.57170.77| 17 0.19 g 0.19 17 0.19 0.19| 17




