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Abstract. This paper describes hoterm-if-then-els€term-ITE) is handled in
Satisfiability Modulo Theories (SMT) and to decidi@ear Arithmetic Logi¢LA)

in particular. Term-ITEs allow one to conveniently express verificatiomdco
tions; hence, they are very common in practice. However, the theowem of
SMT solvers are usually designed to work on conjunctions of literals; fibvexe
the input formulae are rewritten so as to eliminate term-ITEs. The chalienge
rewriting is to avoid introducing too many new variables, while avoiding asofte
as possible the exponential explosion that is frequent when a naiveaappis
applied. We propose a solution that is based on cofactoring and thexpsga-
tion, which often produces orders-of-magnitude speedups in $&Msolvers
for LA problems.

1 Introduction

Satisfiability Modulo Theories (SMT) solvers find increasempplications in areas like
formal verification in which one needs to reason about corpltmlean combinations
of numerical constraints. The most common approach to ttublpm leverages the
efficiency of modern propositional satisfiability solvehat work on a propositional
abstraction of the given formula. At the same time, theyratewith theory solvers,
which check conjunctions of literals for consistency arateconsequences (new lem-
mas) from them. This approach has come to be known as DPLLET) [

Among the logics for which theory solvers have been develapeaecent times,
linear arithmetic is one of the most useful and well-reseadc Many current solvers
adopt some variant of the simplex algorithm. In particulag, backtrackable version of
[3] fits well in the DPLL(T) scheme and has shown good resultpractice for both
integer and real-valued variables.

The Boolean dimension of many SMT instances, however, coes to pose a chal-
lenge to solvers. In this paper we address this problem.iicpér, we focus on those
instances that make extensive use oftdren-if-then-els€ITE) operator. This operator
facilitates the analysis of problems in which paths throoghtrol-flow graphs must be
translated into SMT formulae. It is not surprising, therefahat many of the available
benchmark instances for linear arithmetic are rich in téFilgs. Given a code fragment

* This work was supported in part by SRC contract 1859-TJ-2008.



that containgf statements, a verification condition can be naturally fdated with
ITEs as shown in Fig. 1.

main(void){ 5
i = 0){ (")
y=1
Yelseif(x =1){ e y>3
y=2
Yelseif(x =2){ Yy @

}elie:{?); g z=0 1
}?/:4; r=1 2\

assert(y < 2);

Fig. 1. Verification condition with term-ITEs

Two major approaches can be envisioned to deal with terns.IT® the one hand,
one can modify the theory solver to deal with conditionalresgions. Without ITEs,
every assignment to an atom of the SMT formula adds to a cotipmof literals that is
analyzed by the theory solver. With ITEs, this is no longer¢hse. In order to analyze
the atom, the conditional expressions of the ITEs need tasiged. On the other hand,
one can eliminate all the ITEs from the formula by rewritifitpe problem here is that
the rewritten formula may retain a lot of redundancies ddp®non how one rewrites it.
We address this problem by a procedure based on cofactarthtpaory simplification.
Although our approach may cause a blow-up, it often simgilife formula in practice.
Our approach is applied to linear arithmetic logic in thip@a however, it can be easily
applied to other logics like the logic of equality and unipreted function symbols
(EUF), the logic of bit-vector, or the logic of arrays. Onhetterminal cases are different
in each logic. Our experiments show that our approach is {giomand often speeds
up a solver by orders of magnitude. The experiments also dsirade the effectiveness
of theory simplification.

The rest of this paper is organized as follows. Section 2 dgfirotation and sum-
marizes the main concepts. Section 3 discusses motivatidroatlines our approach
to the problem. Section 4 presents the simplifications aggiefore invoking the term-
ITE conversion. Section 5 presents an algorithm for terf-€bnversion with theory
reasoning. After a survey of related work in Sect. 6, experita are presented in Sect. 7,
and conclusions are offered in Sect. 8.



2 Preliminaries

We consider the satisfiability problem for linear arithrodtigic, which is the quantifier-
free fragment of first-order logic that deals with lineartfametic constraints. Lets

be a set of propositional variables avig be a set of real-valued variables. The formu-
lae in linear arithmetic logic are inductively defined as ldngest set that satisfies the
following rules.

— A propositional variable € Vp is a formula.

— Areal number € R is a (constant) term.

— The productz of a real numbet € R and a real-valued variablec Vy is a term.

— If t; andt, are terms, thety + t, is a term.

— If t; andt, are terms, and is a formula, therterm-itg( f, ¢, t2) is a term.

— If t; andt, are terms, and- is a relational operator ifi=, #, <, <,>, >}, then
t1 ~ tg is a formula.

— If f1, f2, and f3 are formulae, themfi, f1 A f2, f1 V fo andite(f1, f2, f3) are
formulae.

The semantics are defined in the usual way; in particit&lf;, /-, f3) is equivalent to
(f1 A f2) vV (=f1 A f3). An atomic formulas one of the fornt; ~ t,. A positive literal
is an atomic formula or a propositional variablenegative literalis the negation of a
positive literal.

A model for a formulaf is an assignment of values to the variables in the formula
that is consistent with the type of each variable and thatemdke formula true. A
formula that has at least one modekatisfiable In recent years, decision procedure
for LA, and other fragments of quantifier-free first-order logayénbeen based on the
DPLL procedure. formul&, a propositional abstractidfy, of J is built by substituting
each atomic formula with a new propositional variable. As BPLL procedure pro-
vides a model foff;,, atheory solverfor LA is invoked with the set of atomic formulae
that are assigned. The theory solver checks the feasibflitye set. If the set is feasible,
then the model is also a model in theory. If the set is infdasien the explanation
of the infeasibility is returned to the DPLL procedure. Thegedure continues until it
finds a complete model, or decides tHais unsatisfiablen the given theory.

3 Term-ITE Conversion

An LAformula can often be expressed more concisely by using t&€Ea- For example,
Fig. 2 shows that the formulAin (a) is equivalent to the more verbose formytain
(b). Despite the conciseness afforded by term-ITEEAgormula with term-ITEs is
often converted into a formula without them, so that the fadammay be solved by an
SMT solver based on the propositional abstraction.

3.1 Two Methods for Term-ITE Conversion

A common way to eliminate these term-ITEs is to introduceeslirconstant that re-
places the term-ITE. In particular, &\ formula f (term-itg(g, ¢1, t2)) is converted to
the equisatisfiable

fle) nNite(g,t1 = ¢, ta =¢) , Q)



wherec is a constant that does not appear in the given formula. Thendage of this
conversion is that it does not blow up; however, it oftenirestaedundancies in the
converted formula. For example, the formwéam-itg(g, 1,2) = term-itgh, 3,4) can
be reduced taL, whereas the conversion generatesg,c = 1,¢ = 2) Aite(h,c =
3,c = 4) that contains a redundancy. To remove the redundancy,i@ualittheory
reasoning is required. A naive approach to the term-ITE emion will be to combine
every term in the left-hand side of the relational operati@hhe terms in the right-
hand side depending on the conditional terms of term-ITiegatticular, ai.A formula
f(term-itg(g, t1,t2)) is converted according to following conversion rule [7].

fterm-ite(g, t1,t2)) <= ite(g, f(t1), f(t2)) - (2

This approach removes the redundancy in the above exampleedty; however, as
Fig. 2 illustrates, the converted formula may grow expoiadigtiarge in the worst case.

Fig. 2. Term-ITE conversion

3.2 Term-ITE Conversion with Cofactors

As an alternative to the approaches described in Sect.e3ri;ITE conversion can be
done by computing cofactors.

Definition 1. Let f(x1,...,x,) be an LA formula, where eack is a positive literal.
Then,

fwi = f(xla "'7xi717T7xi+17 7mn)
f—\a:i = f(x17 vy Li—1, J—vxi+1: axn)

are the positive and negative cofactorsfolvith respect tar;.



Theorem 1 (Boole).Let f(z1,...,z,) be an LA formula. Therf(z1,...,x,,) = (z; A
fwb) \ (ﬁxi A fﬂmz) = ite(ZEi, fwia f—'a:l)
According to Theorem 1, the following rule can be used to itesanLA formula:
f(term-ite(g, t1,t2)) <= ite(x, f.(term-iteg, t1,t2)), f-. (term-it(g, t1,t2)))
3)
By computing the cofactors of, the conversion may greatly simplify the converted
formula. In Fig. 3,f is simplified to_L using (3). In particular, the cofactofs, <

(term-iteB,3,5) = 4) andf.4 < (5 =4) < L arefirst computed. Thefiis
simplified to(A A f4), and finally reduced td_ by cofactoringf 4 with respect taB.

fa f-a

| |
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|
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3 4

Fig. 3. Term-ITE conversion with cofactor

B
fa-p
f=1 <

5 4

This kind of simplification can often be applied to th& problems in SMT-LIB
[14]. As the previous example shows, the simplification fquality is easily done
by comparing two constants. On the other hand, if fresh emtstare introduced, re-
dundancy may remain in the converted formula: a fresh cahsteeplaces the term
term-itgite(4, B, L), term-itg— A, x, 3),5) in f. Thenf is rewritten in two steps: first
as

(c =4) Nite(ite(A4, B, L), c = term-itg -4, z,3),c = 5) ,



and then as
(c=4) A (' =c) Nite(ite(A, B, L),ite(-A, =z, =3),c=5) ,

wherec’ is another fresh constant. Removing the redundancy fronedheerted for-
mula requires theory reasoning. While such reasoning israpticated in this exam-
ple, in general the new constants may make it cumbersomieoddh the cofactoring
method may give a huge reduction, it may blow up if there ilgimplification. Com-
pared to the approach that introduces a fresh constantnibie aggressive.

Definition 2. Leta be a literal andh be a formula. We write: =1 h if h is a conse-
guence ofr in theoryT', and we callh a theory consequenas x.

The cofactoring method can be further extended with thesagoning. Using the theory
propagation method [12], an assignment to an atomic predinay entail assignments
to other atomic predicates. For example Lify, if we make an assignment {@ <
0) = T, then(z < 3) = T and(x > 1) = L. The following rules show how theory
propagation may help in the simplification of the converteaifula:

X ':T h
fo(term-itgh, t1,t2)) <= fo(t1)

x 1 —h
fo(term-itgh, t1,t2)) <= fo(t2)

As we compute the cofactors in the term-ITE conversion, wkeven assignment to
the cofactoring literal. If the cofactoring literal is aroatic formula and the computed
cofactor is also an atomic formula, then theory reasonimgb&ainvoked to check the
relation between these two atoms. The following conseqriendheorem 1 gives an
idea of how this simplification can be done; it will be used et&5.

(4)

()

Theorem 2. Given a formulaf of theoryT" and a literalz;, if x; =1 f.,, thenf <
x; V f“Ii' If Z; ':T _‘fmi, thenf < —x; N f—\az,

4  Simple Preprocessing

Before we execute term-ITE conversion for laA formula f, terminal cases for term-
ITE are detected and basic simplification is carried outa.etVp; letty, t2, andts be
terms and lety, ¢, andes be constants. In thieA formula, we detect special cases like
term-itg( T, ¢1,t0) <= t1,term-itg L, t1,t2) < to, term-itga,t1,t1) < t;.
We also simplify nested term-ITEs such &sm-itga, term-ite(a, t1,t3),t2) <=
term-itg(a, t1, t2), term-itga, term-itg —a, t3,t2),t1) <= term-itga,ts,t1). For
arithmeticterms(0 4+ ¢;) <= ¢1,(0-t1) < 0,(1-t1) <= t1,(—(—t1)) <=
t1,(c1 + c2) <= c3, wherecs is the sum of; ande,.

Furthermore, if a formulg has a root node that is a relational operator applied to
term-ITEs and has leaves that are all constants, then iteamiplified. For simplicity,
we only check the case where either of the children of the nooke is a constant.
Example 1 shows such a case.
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Fig. 4. Term-ITE conversion with simple check

Example 1.Let f be a formula shown in Fig. 4. The formufds an equality with term-
ITEs. As Fig. 4 shows, the terms on the left-hand side of tkémode are all constants
and the one on the right-hand side is also a constant. In scabea we compare all the
constants in the left hand side for equality with the consteinthe right,204. Clearly,
(202 = 204) <= 1, (201 = 204) < L and(201 = 203) <= L, hence
=41

5 Algorithm

We assume that an SMT solver adopts the rewriting proce@iven anLA formulad
with term-ITEs, an SMT solver conver#into 3’ by removing all term-ITEs it¥. The
SMT solver then decides the satisfiability ®f. In this section, we describe hdiivis
converted intd”.

As the pseudocode of Fig. 5 shows, the main function of térE-¢onversion is
called with anLA formulad. The formulad is represented as a directed acyclic graph
(DAG), where each node is a Boolean operator, a relationadadpr, an arithmetic op-
erator, a term-ITE, or an atom. The conversion is appliedattheelational operator
in the DAG, and the procedure ends whHEmo longer contains term-ITEs. The main
function starts by selecting the candidates for the coiwers the DAG. Each can-
didate is a relational operator that has a term-ITE as a ddsc#, and the candidates
are gathered i. As Line 4 in Fig. 5 shows, the term-ITE conversion is invoketh
f € F, and all the term-ITEs are removed frofnAfter the conversion of, the con-
verted formulaf’ is either a Boolean ITE or an atom. The procedure ends when all
f € F have been considered. At that poifithas been converted int§f, which does
not contain any term-ITEs.

As TermlteConversion is invoked with € F', a cofactoring variable is searched
for in f at Line 10. We select an atom as a cofactoring variable trsdles in the
conditional term of the term-ITE. With, we recursively compute the cofactor 6f
In general, the cofactors are computed for the childrerf afith respect tov, and a



TermlteConversionMairt) {
F = GatherCandidateForTermlteConversi6);(
for (eachf € F in topological order)
£’ := TermlteConversionf);
JF' = UpdateFormulaZ, f');
}

returng”’;

O~NO O WN PR

}

9 TermlteConversionf{) {
10 while (v := GetCofactorVariablef) ) {

11 fv 1= CofactorRecur f, v);

12 f-v = CofactorRecur f, —v);
13 f=lte @, fo, f-0);

14 }

15 returnf;

16 }

17 CofactorRecurf, v) {

18 if(f=v){

19 foi=T;

20 telseif (f=-w){

21 for=1;

22 } else if (isrelation(f) ) {

23 fv 1= CofactorRelRecurf, v);
24 } else if (istermite(f) ) {

25 fv 1= CofactorTiteRecurf, v);
26 telse{ I* +,—, x*

27 C := children(f);

28 For each € C {

29 d := CofactorRecurd, v);
30 Add(D, d);

31 }

32 fv = NewFormula (typef), D); I* type(f) is either+, —, x. */
33 SimplifyArithFormula(.);

34 }

35 returnf,;

36 }

Fig. 5. Term-ITE conversion algorithm

new formulaf, is created with new children. As shown in Line 38 of Fig. 6fifs
a relational operator, we compute the cofactgrandr, for the children off. After
computing the cofactors, we check for simple cases Witandr,. The simple check
detects terminal cases for the termsandr, with respect to the typé=, <, <, >,>)



37 CofactorRelRecurf( v) {

38 l, := CofactorRelRecunéft(f), v);

39 r, = CofactorRelRecurr{ght(f), v);

40 fv = SimpleCheckWithTerms (typé}, lv, 7v);
41 if ( f» = NoSimplification ){

42 fv = NewFormula (type(), lv, rv);

43 if (is_term.ite(l,) or is_termiite(r,) ) {
44 fv = TermlteConversionf(,);

45 }

46 }

47 if (is_.atom(fy,) ) {

48 if (v =1 fo) { /* theory reasoning */
49 foi=T

50 }else if (v [=r = fy ) { I* theory reasoning */
51 foi=L

52 }

53 }

54 returnf,;

55 }

56 CofactorTiteRecurf{, v) {
57 fe :=CondTerm(); f::=ThenTermf); f. := ElseTerm();
58 if(fo=T){

59 return CofactorRecurf{, v);

60 telseif (fe=1){

61 return CofactorRecurf(, v);

62 } else if (ispred(f.)) {

63 if (v =7 fe) {/*theory reasoning */
64 return CofactorRecurf{, v);

65 }elseif (v =1 —fc) ) { /* theory reasoning */
66 return CofactorRecurf(, v);

67 }

68 }

69 ¢, = CofactorRecur ., v);

70 t, := CofactorRecur f:, v);

71 e, = CofactorRecur ¢, v);

72 Jo = lte (o, t, €u);
73 returnf,;
74 }

Fig. 6. Term-ITE conversion algorithm

of f. Figure 4 shows an example of simplification. If a terminadecés not found, a
new formulaf, is generated withype(f), I, andr,. The newly generated formula,
fo is either an atom or a relation operator with term-ITEs. la thtter case, term-
ITE conversion is called witlf,,, again. In Line 47 of Fig. 6, iff, is an atom, theory
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reasoning is done with. As Theorem 2 shows, #f =1 f,, thenf in Line 13 of Fig. 5

is simplified tov V f-,. Likewise, ifv =1 —f,, thenf is simplified to—v A f-,,. When

f is either a term-ITE or a Boolean ITE, the cofactor for eachtef f is computed as
shown in Line 58 of Fig. 6. As in the cofactoring on the relatiboperator, a terminal
case is checked for the conditional tefmlIf f. is an atomic predicate, theory reasoning
is done withv and f.. using Rules 4-5 of Sect. 3.2. If a terminal case is not foumeh t
the cofactors for the terms gfare computed to obtaif,.

B T y
36 l
f foap=T f-ap=1
(ic) A ﬂ A
A T B x 55 y 55

A = (£>50),B < (y<58)

Fig. 7. Term-ITE conversion

Example 2.If f is a relational operator such th&{ f) contains term-ITEs, we convert
f into f’ such that there is no term-ITE iR(f’). In Fig. 7, letA < (z > 50) and

B < (y < 58). We first traversé)( f) to find a cofactoring variable. We pick an atomic
formula A as cofactoring variable and compute the cofactorf wfth respect tod. As
we proceedfs = (36 < 55) = T and f_ 4 is constructed with a new term-ITE. Since
there still exists aterm-ITE il (-4 ), we look for another cofactoring variable fn 4.
We selectB and compute the cofactors fgr 4. As a result, we gef_ 45 = (z < 55)
andf-4-p = (y < 55). SinceA =7 f-ap and—-B =7 ~f-4-p, f-ap = T and
f-a-p = L. Finally, the converted formul@’ gets reduced téte(A, T, B) as shown
in Fig. 7.
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6 Related Work

Early references on the treatment of ITEs are [8], [2] andf6f SMT preprocessing,
HTP [13] introduces several preprocessing techniquesasiahate predicate detection,
variable substitution and symmetry breaking. Yices [3lsus&aussian elimination to
reduce the size of initial tableau of equality constraiis[17], Yu et al. describes
a static learning technique that analyzes the relationshipe linear constraints. In
Karplus’s technical report [8], a new canonical form FO6E DAGs is introduced using
two-cuts, andTE normalization using recursive transformation is showrilit][

7 Experimental Results

We have implemented the algorithm presented in Sect. 5 ge8410, 9, 15], atheorem
prover for quantifier-free first-order logic that combinks propositional reasoning en-
gine of [5, 6] with theory-specific procedures. Experimaresdone with the full set of
QF_LIA (Quantifier free linear integer arithmetic logic) bemoharks from SMT-COMP
(Satisfiability Modulo Theories Competition) [14]. The @jpments were performed
on an Intel 2.4 GHz Quad Core with 4 GB of RAM running Linux. Erout was set
at 1000 seconds. Sateen was compared with Z3.2 [14], MatdSAT, 14] and Yices-
1.0.16 [16]. Z3.2 and MathSAT-4.2 are the ones that were #itdmirto SMT-COMP in
2008. We used most recent version of Yices that is available.

In QF_LIA benchmarks, there are two benchmark sats;-smtandrings, that are
rich in term-ITE operators. More than 90 percent of the Q& benchmarks belong to
those two sets. The instances in tiec-smiset are generated by the SMT-based BMC
engine of F-Soft [4]; the instances iimgs encode associativity properties on modular
arithmetic.

Figures 8-10 show scatterplots comparing Z3, MathSAT andsrio Sateen. Points
below the diagonal represent wins for Sateen. Each schttesipows two lines: The
main diagonal, and = « - 2", wherex andn are obtained by least-square fitting.
Figure 8 shows that Sateen is often an order of magnituderfésin Z3. In Fig. 9
and 10, Sateen is often a few orders of magnitude faster treth3AT and Yices.

We further evaluated our preprocessor by generating siegbliormulae from the
nec-smbenchmarks and running Z3, MathSAT, and Yices on them. Aliess took less
than a second on each simplified problem. Figures 11-13 stakiesplots comparing
Z3, MathSAT and Yices with preprocessor and without prepssor. The times for
the solvers with preprocessor include preprocessing thad-igures 11-13 show, our
preprocessor is also effective for other solvers.

Table 1 shows the number of term-ITE reductions with the &rmppeprocessing on
randomly selected benchmarks. The first column gives thesrwdnihe benchmarks, the
second one is the initial number of term-ITEs, and the third is the number of term-
ITEs after the simple preprocessing. The last column gikesrate of the reduction.
On average, we achieved 15% term-ITE reduction with the lempeprocessing of
Section 4.

Finally, we compared our approach to the naive approach d Eg Fig. 15 shows,
our approach is significantly better. In addition, we disaltheory simplification in the



12
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Scatter plot for SMT QF-LIA benchmark Scatter plot for SMT QF-LIA benchmark
10° 10°
B0 G0
() [} X
£ £
210t c10t
[ [}
Q Q
5 3
10° 1c°
X X
10_1 / 10_1 % X X X x
10t 1® 10t 1?2 10® 10t 1® 10t 1?2 10°
Sateen without Theory-Simp: time (s) Sateen with naive approach: time (s)

Fig. 14. SATEEN vs. Sateen without Theoryrig. 15. SATEEN vs. Sateen with naive ap-
Simp on QELIA proach on QHLIA

Table 1. Number of term-ITE reduction with simple preprocessing

Benchmark Before S.P. After S.P. rate(%)
bftpd_login/prp-74-50.smt 38773 34085 12
checkpass/prp-10-46.smt 17240 14949 13
checkpass/prp-63-50.smt 25376 21893 14
checkpaspwd/prp-38-42.smt 12196 10354 15
getoption/prp-2-200.smt 11269 9791 13
getoptiondirectories/prp-0-110.smt 72892 62457 14
getoptiongroup/prp-72-49.smt 15021 12094 20
handlersigchld/prp-20-46.smt 7800 6824 13
int_from_list/prp-34-41.smt 7184 5888 18
useris_in_group/prp-23-48.smt 22549 17939 20

algorithm and ran the experiment on the problems where tigldications play a
significant role. Figure 14 shows that Sateen with theoryp8fivation is consistently
better than the one without simplification.

8 Conclusions

We have presented an algorithm for the term-ITE conversiditst-order theories like
the theory of linear arithmetic. The approach is based omdneputation of cofactors
and theory simplification. The simplification is done by a¢itey special cases in the
formula or using theory propagation on the atomic predgdixperiments show that
this approach is very effective in most QFFA benchmarks and often speeds up SMT
solvers. On the other hand, since our approach may still blpvin general, we are
working on combining it with a less aggressive approachetham (1), that does not
blow up.



14

Acknowledgment. The authors thank the reviewers for their detailed suggesti

References

[1] M. Bozzano, R. Bruttomesso, A. Cimatti, T. Junttila, P. van Rossur8cBulz, and R. Se-
bastiani. An incremental and layered procedure for the satisfiability oddingthmetic
logic. InInternational Conference on Tools and Algorithms for Construction aralysis
of Systems (TACAS’QF)ages 317-333, Edinburgh, UK, Apr. 2005. LNCS 3440.

[2] K.S.Brace, R. L. Rudell, and R. E. Bryant. Efficient implementattba BDD package. In
Proceedings of the 27th Design Automation Conferepages 40-45, Orlando, FL, June
1990.

[3] B. Duterte and L. de Moura. A fast linear-arithmetic solver for DPT)L. In Eighteenth
Conference on Computer Aided Verification (CAV,08dges 81-94, Seattle, WA, Aug.
2006. LNCS 4144.

[4] F. Ivancic, Z. Yang, M. K. Ganai, A. Gupta, |. Shlyakhter, andABhar. F-soft: Soft-
ware verification platform. 117th International Conference on Computer-Aided Verifica-
tion(CAV) pages 301-306, 2005.

[5] H. Jin, H. Han, and F. Somenzi. Efficient conflict analysis for ifirgdall satisfying as-
signments of a Boolean circuit. International Conference on Tools and Algorithms for
Construction and Analysis of Systems (TACAS P&yes 287—300, Apr. 2005. LNCS 3440.

[6] H. Jin and F. Somenzi. Prime clauses for fast enumeration of watjisdssignments to
Boolean circuits. IrProceedings of the Design Automation Conferemages 750—-753,
Anaheim, CA, June 2005.

[7] R. B. Jones, D. L. Dill, and J. R. Burch. Efficient validity checkiray processor verifi-
cation. InProceedings of the International Conference on Computer-Aided Dgsigies
2—6, San Jose, CA, Nov. 1995.

[8] K. Karplus. Representing Boolean functions with if-then-else DABsTechnical Report
UCSC-CRL-88-28, Board of Studies in Computer Engineering, UniyersCalifornia at
Santa Cruz, Santa Cruz, CA 950@%ec. 1988.

[9] H. Kim, H. Jin, K. Ravi, P. Spacek, J. Pierce, B. Kurshan, an8dtnenzi. Application
of formal word-level analysis to constrained random simulation.20th International
Conference on Computer Aided Verification (CAV;QR)ly 2008.

[10] H. Kim, H. Jin, and F. Somenzi. Disequality management in integéereifice logic via
finite instantiations.Journal on Satisfiability, Boolean Modeling and Computatidm7—
66, 2007.

[11] G. Nelson and D. Oppen. Simplification by cooperating decisionguoes. InACM
Transactions on Programming Languages and Systems, 1(2)245%32t. 2008.

[12] R. Nieuwenhuis and A. Oliveras. DPLL(T) with exhaustive theprgpagation and its
application to difference logic. 1B8eventeenth Conference on Computer Aided Verification
(CAV'05), pages 321-334. Springer-Verlag, Berlin, July 2005. LNCS 3576.

[13] K. Roe. The heuristic theorem prover: Yet another SMT moduloréra prover. InCom-
puter Aided Verification, 18th International Conference, CAV 2006iteesVA, USA, Au-
gust 17-20, 2006, Proceedingsages 467—470, 2006.

[14] URL: http://smtcomp.org/.

[15] URL: http://visi.colorado.eduvis.

[16] URL: http:/lyices.csl.sri.com.

[17] Y. Yu and S. Malik. Lemma learning in SMT on linear constraints. IrBfere and C. P.
Gomes, editorsProceedings of Theory and Applications of Satisfiability Testing — SAT
2006 pages 142-155, Aug. 2006.



