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tIn re
ent years, propositional satis�ability (SAT) has be
ome in
reasingly popularoutside its traditional AI and automated reasoning ni
he. Appli
ations from diverse�elds require eÆ
ient and sophisti
ated SAT solvers that 
an be easily integratedinto existing tools. In this paper we outline a path towards an eÆ
ient libraryfor SAT that should meet the rising standards of resear
h and appli
ations. Our�rst milestone is SIM, a library for 
lausal SAT based on the well known Davis-Logemann-Loveland (DLL) method. SIM provides a 
hoi
e of heuristi
s and opti-mizations that are found separately in most state-of-the-art DLL-based solvers, andextensive experimental evaluation 
on�rms that SIM's generality does not hinderits performan
e.
1 Introdu
tionThe issue of dealing e�e
tively with the propositional satis�ability problem,SAT, is be
oming more and more popular outside the traditional pra
ti
e ofAI and automated reasoning. Resear
hers and developers from diverse �eldsare attra
ted both by the existen
e of natural SAT en
odings for many rel-evant problems, and by the availability of powerful SAT solvers. Systemslike PROVER [St�a94℄, GRASP [SS96℄, SATZ [LA97℄, RELSAT [BS97℄ andSATO [ZS00℄, to mention only some, have been su

essfully used to build1 Partially supported by grants from MURST and Intel Corporation.2 Partially supported by NSF grants CCR-9700061 and CCR-9988322, BSF grant9800096, and a grant from the Intel Corporation.Preprint submitted to Elsevier S
ien
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tools for planning [KS92℄, knowledge representation [GGT00℄, automati
 the-orem proving [CSGG00℄, and formal veri�
ation [BCCZ99℄.In most appli
ations the fo
us is not on dealing with spe
i�
 SAT instan
esonly, but on representing, manipulating and reasoning with propositional for-mulas in the widest sense. Most of the times, SAT solvers end up in beingintegrated into existing systems or used as the basis of more 
omplex tools.It turns out that a pra
ti
al, and by far the most popular, solution to inte-grate SAT te
hnology into other systems is to use SAT solvers as \ora
les",i.e., supply them with a SAT instan
e and ask them to solve it. All the pre-and post-pro
essing routines are implemented and exe
uted independentlyfrom the SAT solver, whi
h is 
onsidered as a \bla
k-box" in the terminologyof [KS98℄. The su

ess of this approa
h is mainly due to the fa
t that state-of-the-art SAT solvers still la
k a 
omplete and well established interfa
e, andmost of them do not provide enough 
exibility, support, and primitives to ma-nipulate formulas. This is somehow frustrating, parti
ularly 
onsidering thatother families of propositional logi
 tools do not show these limitations. For in-stan
e, if we look at Ordered Binary De
ision Diagrams (OBDDs) [Bry92℄, wesee that pra
ti
ally all known implementations (see, e.g., CUDD [Som℄) sharethe same well established interfa
e to handle arbitrary propositional formulas.In addition, they provide a ri
h set of primitives in
luding sophisti
ated oneslike, e.g., formula substitution, restri
tion, and quanti�
ation.Given the in
reasing importan
e of SAT in appli
ations and the 
urrent stateof the art, we single out two essential requirements for the next generation ofSAT tools:(1) a standard interfa
e in the spirit of OBDD pa
kages, and(2) an open, modular and extensible design that does not sa
ri�
e eÆ
ien
y.Requirement (1) fosters inter
hangeability between SAT tools and enablesusers to qui
kly leverage improvements in the 
urrent state of the art; require-ment (2) ensures that future 
hanges in 
ore te
hnology 
an be in
orporatedinto SAT tools without extensive 
oding e�ort. We believe that SAT 
ommu-nity and users will bene�t more from reasonably e�e
tive appli
ation programinterfa
es (APIs) for SAT rather than super-eÆ
ient, but otherwise esoteri
,SAT solvers.In this regard, APIs 
an deliver a pra
ti
al perspe
tive to the issue of a

urateand fair experimentation with SAT algorithms raised in [Hoo96℄. Resear
hers
an exploit APIs as an implementation platform, and ben
hmark their al-gorithms without getting results biased by di�erent 
oding of basi
 servi
es.Arguments against APIs often 
ome from �eld users whose �rst 
on
ern is theability to �ne tune and adapt their systems for the appli
ation at hand. Wethink that su
h need 
an be a

ommodated by APIs, as long as we expose theirinternal interfa
es. By exploiting low-level primitives, users 
an build their ownhigh-level ones and 
ustom �t the API for spe
i�
 purposes. Of 
ourse, this2



exposes the users to the risk of misusing the API low-level primitives. Nev-ertheless, our experien
e with appli
ation domains where the fo
us is on thereuse of SAT te
hnology (e.g., de
ision pro
edures for modal logi
s [Ta
99℄)
learly indi
ates that the ability to a

ess the low-level me
hanisms of thesolver through a well established interfa
e is worthwhile, for it enables usersto implement better algorithms for existing high-level servi
es without know-ing the details of the internal data stru
tures but only the primitives thatmanipulate them. In this way, the range of servi
es available in the API 
anbe e�e
tively extended without extensive (re)
oding e�ort whi
h is requiredin systems that do not expose their internal interfa
e. We further noti
e thatthe distin
tion between high- and low-level primitives has an added value thatgoes beyond the ability to 
ustom �t the API. We believe that the availabil-ity of a low-level interfa
e will indeed open the path to integrations amongdi�erent approa
hes to SAT, like, for instan
e, the one proposed in [GYAG00℄.A �rst answer to the some of the aforementioned issues is SIM (Satis�abilityInternal Module). SIM was developed at the University of Genoa [GMTZ01℄,and designed as a library of heuristi
s and te
hniques for the satis�ability ofpropositional formulas in 
lausal normal form. SIM was aimed from the verybeginning at providing SAT servi
es to other appli
ations, thus over
omingone of the major limitations of most present and past SAT solvers. SIM is basedon the well known Davis-Logemann-Loveland (DLL) method [DLL62℄, whoseimplemented variants [SS96,LA97,BS97,ZS00℄ were shown to be among thebest 
omplete methods for ta
kling SAT. An extensive experimental evaluationdone with SIM, 
on�rmed that the integration of di�erent approa
hes availablein the literature is possible without signi�
ant performan
e loss. Indeed, SIMused as a solver performs as well as other state-of-the-art DLL-based SATengines, and it provides 
ombinations of heuristi
s and te
hniques that werenot available before.Many of our ideas on how to design an eÆ
ient API for SAT 
ome from ourexperien
e in (re)using SIM and other SAT solvers in several appli
ations:� SAT-based de
ision pro
edures in modal logi
s, as an alternative to tableauxmethods (see e.g. [GGT00,GT00℄);� evaluation of quanti�ed Boolean formulas (QBF) as in [GNT01a℄;� SAT-based planning with expressive a
tion languages, see e.g. [CGT01℄;� symboli
 model 
he
king, mainly as an alternative to OBDDs, as in [CFF+01℄;� SAT algorithms, heuristi
s and optimizations resear
h as in [GMTZ01℄;Currently, SIM's C++ prototype SIMO (SIM Obje
t-oriented) is integrated inThunder [CFF+01℄, a model 
he
ker developed at Intel, while SIM is integratedin NuSMV [CCGR00℄, a model 
he
ker developed at IRST/ITC in 
ollabo-ration with CMU. Both proje
ts aimed at enhan
ing existing OBDD-basedmodel 
he
kers with additional 
apabilities along the lines of [BCCZ99℄. SIMis also at the heart of the system QuBE [GNT01a℄, a solver for QBF whoseperforman
e quali�es it among the fastest state-of-the-art solvers 
urrently3
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Fig. 1. State-of-the-art SAT solvers on randomly generated (left) and real worldinstan
es (right).available (see [GNT01b℄ for an up-to-date 
omparison). Finally, SIM is also a
omponent in the C-plan system [CGT01℄, a planner for very expressive a
tionlanguages (see, e.g., [GL98℄). All these proje
ts provide us with a 
onsiderablesour
e of design ideas for our next generation SAT library, SIM-API.The paper is stru
tured as follows. In Se
tion 2 we give an overview of the stateof the art in SAT. In Se
tion 3 we dis
uss SIM's ar
hite
ture and experimentalresults. In Se
tion 4 we outline the design goals and the ar
hite
ture of SIM-API, and in Se
tion 5 we dis
uss about the expe
ted advantages of SIM-APIin SAT and SAT-related resear
h proje
ts. We end the paper in Se
tion 6 withsome 
on
luding remarks and our agenda for future work.2 State of the art in SATA preliminary step in the design of SIM was the assessment of the 
urrent stateof the art in SAT. This required the identi�
ation of a suitable set of ben
h-marks, and the testing of { some of the { 
urrently available SAT solvers onthese ben
hmarks. Here we present just a brief summary of this a
tivity. For amore detailed presentation of the topi
s in this Se
tion, we refer to [GMTZ01℄.SAT solvers are traditionally 
ompared on \real world" problems arising inSAT appli
ations and/or \random" problems generated a

ording to someprobability distribution. It is generally believed that instan
es belonging tothe two 
ategories have a di�erent degree of \stru
turedness" and thereforedi�erent 
hara
teristi
s. While resear
hers are still trying to 
ome up with ameasure of stru
turedness in sear
h problems (see e.g. [Wal99℄), we pragmati-
ally de
ided to get the pi
ture as 
omplete as possible by in
luding both realworld and randomly generated instan
es in our set of ben
hmarks. 3 In more3 SATLIB (http://www.satlib.org/) provides an extensive and up-to-date 
ol-le
tion of SAT ben
hmarks. 4



detail:� our test set of real world problems 
onsists of 200 instan
es 
oming from wellknown ben
hmark sets in the SAT literature: given an initial target of 100satis�able formulas and 100 unsatis�able ones, we in
luded representatives
oming from diverse domains that { if possible { have already been used for
omparing SAT solvers;� our test set of random formulas is generated with the �xed-
lause-lengthmodel introdu
ed in [FP83℄: we ran experiments with di�erent number ofvariables N and 
lauses L, and di�erent 
lause lengths K; here we show theresults for the setting N = 300 (0 < N=L < 10) and K = 3, whi
h providesa reasonably hard ben
hmark for the solvers at hand.In our experimental analysis, we restri
ted our attention to publi
ly avail-able SAT solvers. Among these, we 
onsidered some of the most e�e
tiveDLL-based ones. In parti
ular, we pi
ked POSIT ver 1.0 [Fre95℄, SATZ ver.213 [LA97℄, EqSATZ [Li00℄, RelSAT ver. 2.00 [BS97℄, SATO ver 3.2 [ZS00℄and GRASP ver. Feb. 2000 [SS96℄. We also evaluated HeerHugo [GW00℄, theonly publi
ly available implementation of the St�almar
k's method [St�a94℄. Al-though an essentially arbitrary sele
tion, these solvers are all state-of-the art,and they all have interesting features. For the purpose of this paper, the mostrelevant one is probably that every solver in our sele
tion features a unique
ombination of heuristi
s and optimization te
hniques that were shown toyield its optimal performan
e. 4 All the solvers in our sele
tion 
ome as stand-alone tools, their only \interfa
e" being 
ommand line swit
hes and an inputformat 
omplying with the DIMACS standard for 
lausal satis�ability [Dim℄.With su
h format, the SAT instan
e is arranged as a matrix of integers, lines
orresponding to 
lauses and numbers 
orresponding to literals, i.e, n (�n)stands for literal pn (:pn). Aside of this, we note that HeerHugo 
an read anextended propositional syntax, allowing for non-CNF formulas to be ta
kleddire
tly. For the sake of uniformity, in our experimental analysis all the solversare handed CNF instan
es only. We further note that none of the solvers 
anbe linked as an appli
ation library, and sin
e they provide only a limited in-terfa
e, integrating them into other systems is generally not an easy task (see,e.g., [GGT00℄).Figure 1 shows the performan
es of POSIT, SATZ, EqSATZ, RelSAT, SATO,GRASP and HeerHugo on our test sets. The plot for the random tests in Fig-ure 1 (left) is the usual one: the ratio N=L on the x-axis and the median CPUtime on 100 instan
es on the { logarithmi
 s
aled { y-axis ( noti
e the 
urve inthe ba
kground des
ribing the transition of the satis�ability per
entage from4 Experiments with the solvers run on several identi
al Pentium III, 600MHz,128MBRAM. The exe
ution of a system on a sample (be it random or real world)is stopped after 1200s of CPU times. All the solvers but SATO, whi
h required alittle tuning on random formulas, have been run in their default 
on�guration.5



100% to 0% for in
reasing values of N=L). The plot for the real-world testsin Figure 1 (right) shows on the y-axis the 
umulative sum of samples solvedby ea
h solver within the amount of time on the x-axis (30s sampling inter-vals). As it 
an be seen, POSIT and SATZ are very e�e
tive on random tests,while RelSAT (with 164 samples solved) and SATO (with 163) are very e�e
-tive on the real world ones. These data 
ould have been expe
ted given thatPOSIT and SATZ (resp. RelSAT and SATO) have been tuned to be e�e
tiveon random (resp. real world) problems.Looking at these results we immediately see that no SAT solver is outper-forming the others on both random and real world problems. In other words,none of the solvers seems to be a general tool, i.e., ea
h one was probablydeveloped and tested with parti
ular appli
ations in mind. While the natureof SAT is 
urrently 
hallenging our e�orts to 
ome up with general purposete
hniques, we believe that fo
using our tools on spe
i�
 instan
e 
lasses im-plies loosing the s
ienti�
 perspe
tive in the investigation on SAT. Besides, itbe
omes almost impossible to relate the e�e
tiveness of su
h tools { or theirpitfalls { to algorithmi
 or 
oding fa
tors. For instan
e, until we implementedSIM we were not able to asses whether the stunning performan
e of SATOand RelSAT on real world instan
es was due to their sear
h heuristi
s, or totheir optimizations, or to an ex
ellent 
oding, or to a 
ombination of all thefa
tors. As remarked in [Hoo96℄ there is no point in 
ompetitive testing if, atthe end of the day, we did not learn more about the nature of the underlyingproblem.3 SIM as a platform for SATWe now give a snapshot of SIM's internal ar
hite
ture and experimental re-sults: more details 
an be found in [GMTZ01℄. SIM di�ers from the solversmentioned in Se
tion 2 in two important aspe
ts. First, SIM is designed fromthe very beginning to be an appli
ation library that 
an be in
luded by othertools. Intera
tion with SIM is thus possible via software primitives, ratherthan 
ommand-line swit
hes and �les. Se
ond, SIM provides the user with avariety of heuristi
s and optimizations te
hniques that are found separately inmost state-of-the-art SAT solvers. On the other hand, SIM 
annot de
ide sat-is�ability of arbitrary propositional formulas, unless they are 
onverted into
lausal normal form. In this sense, SIM does not provide a more sophisti
atedservi
e than most state-of-the-art SAT solvers.SIM is built around the 
on
ept of state data obje
t, �rst introdu
ed by [Fre95℄and improved in SIM to obtain the 
opy-less updating primitives herewithdes
ribed. Intuitively, an instan
e of a state, i.e. a variable s of type state,en
odes both a set of propositional 
lauses (
onstraints) and a truth assign-ment asso
iated with the propositions o

urring in the set. In the following,6



we say that a state is in
onsistent if the truth assignment violates at leastone 
onstraint, and that it is 
onsistent otherwise. A state is satis�ed whenall the 
onstraints are satis�ed by the truth assignment. A state is satis�ableif the truth assignment 
an be extended to yield a satis�ed state. Clearly, anin
onsistent state 
annot be satis�able. By initial state we denote the inputSAT instan
e asso
iated with the empty truth assignment. In our setting, aSAT instan
e is thus satis�able if and only if the initial state is satis�able.Besides the primitives to initialize a state, add 
lauses to it, a

ess internalinformation, et
., SIM features two fundamental operations on a state s:� Extend-Prop(s, l), whi
h updates s by adding l to the truth assignmentand propagating it to the set of 
lauses, and� Retra
t-Prop(s, l), whi
h, intuitively, reverts the e�e
ts of Extend-Prop.Extend-Prop and Retra
t-Prop are still too �ne-grained for a SATsear
h algorithm like a DLL variant to be built on top of them. ThereforeSIM features a set of more 
oarse-grained a
tions on s des
ribed next.Look-Ahead(s) dedu
es new truth assignments from s and propagatesthem, all in low-order polynomial time; in other words, Look-Ahead(s)keeps simplifying the state until a �x point is rea
hed or an in
onsisten
yarises.Look-Ba
k(s) tries to \repair" an in
onsistent s and restore it to 
onsis-ten
y; in other words, Look-Ba
k keeps undoing truth assignments, untilit rea
hes a point from whi
h the sear
h 
an 
ontinue, or it 
on
ludes thatthe initial state 
annot be satis�ed.Heuristi
s(s) de
ides the next truth assignment and enfor
es it; the de
i-sion is taken by 
onsidering s and/or possibly some s' obtained from s bytentatively assigning truth values to literals.It is easy to see that several sear
h algorithms, in
luding DLL variants, 
anbe obtained from this basi
 template.Solve(s)1 next  la2 repeat3 
ase next of4 la : next  Look-Ahead(s)5 lb : next  Look-Ba
k(s)6 hr : next  Heuristi
s(s)7 until next 2 ft, fg8 return nextFollowing the 
onventions of [CLR98℄ we think of s as a pointer to a state(an instan
e of the state data type). This means that the a
tions Look-Ahead, Look-Ba
k, andHeuristi
s all update the input state of Solve invarious ways during the repeat . . .until loop (lines 2-7). Ea
h a
tion modi�es7



s and returns the next a
tion to be taken whi
h is stored in next (lines 4-6in the program). la, lb, la, t and f are the possible values taken by next,meaning that the next a
tion is to be, respe
tively, Look-Ahead, Look-Ba
k, Heuristi
s, or stop the loop. In the latter 
ase, \next=t" meansthat s is satis�ed, and \next=f" means that s 
annot be satis�ed. In the 
aseof DLL the behavior is:� start with Look-Ahead: if the state is satis�ed, the next a
tion is t; if thestate is in
onsistent, the next a
tion is lb; �nally, if the state is 
onsistent,the next a
tion is hr;� Look-ba
k returns la if the in
onsisten
y is su

essfully repaired and thesear
h 
an resume from a 
onsistent state; it returns f if this is not possible,i.e., the initial state 
annot be satis�ed� Heuristi
s always returns la, unless it 
an perform some look-ahead itself,in whi
h 
ase it might also return t or lb.SIM main algorithm is an implementation of the fun
tion Solve. SIM featuressome of the most popular kinds of look-ahead, look-ba
k and heuristi
s and weare 
urrently adding more. Currently, SIM's Look-Ahead 
an perform theall-time 
lassi
 unit 
lause dete
tion and propagation, plus some other te
h-niques like pure literal and failed literal dete
tions; Look-Ba
k 
an be either
hronologi
al or enhan
ed with 
on
i
t resolution, thus in
luding ba
kjump-ing, and size- or relevan
e-bounded learning. Finally, SIM is featuring eightdi�erent sear
h heuristi
s that 
an be variously 
ombined with the above te
h-niques to eÆ
iently ta
kle di�erent 
lasses of problems as we show in Figure 2.The experimental data presented in Figure 2 serves two purposes: show howSIM 
an be 
on�gured to �t the kind of input problem, and 
on�rm that SIM's
exibility does not hinder its performan
e. In Figure 2, SimSATO means SIMusing SATO's heuristi
s and optimizations, and similarly for SimRelSAT andSimSATZ. SIM numbers with these 
on�gurations are obtained on the verysame test sets des
ribed in Se
tion 2 and the plots are arranged in the sameway.Considering the top row of Figure 2, we noti
e that the plots on the randomproblems are similar to the ones in Se
tion 2: SimSATZ performs better thanSimReLSAT and SimSATO, these last two systems performing roughly in thesame way; on real world problems, SimRelSAT being still the top performer,the pi
ture 
hanges a little bit: SimSATO does not quite perform as well asSimRelSAT. By looking at the 
orrespondent state-of-the-art solvers in Fig-ure 1, we see that this 
ould not be expe
ted, given that SATO and RelSATon real world problems have roughly the same performan
e. Clearly, as weanti
ipated in Se
tion 2, the 
omparison between SATO's and RelSAT's algo-rithms is obfus
ated by other fa
tors, e.g., 
oding, prepro
essing and the like,whi
h are sorted out by SIM.Knowing that SIM is 
exible and that it enables us to run fair experimen-8
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Fig. 2. SIM on randomly generated (left 
olumn) and real world instan
es (right
olumn).tal 
omparisons would be of little use if it performed badly. Considering thebottom row of Figure 2, we see that indeed this is not the 
ase. Using 
ompa-rable 
on�gurations, SIM is able to 
losely parallel the performan
e of SATZon random problems and RelSAT on real world ones. We 
onsider this asa �rst eviden
e that 
exibility and thus generality 
an be obtained withoutsa
ri�
ing performan
es.4 Designing SIM-APIGiven the experien
e with SIM we now would like to build a software tool forSAT that mat
hes requirements (1) and (2) outlined in Se
tion 1. We re
allthat requirement (1) is about a standard and 
omplete interfa
e in the spiritof OBDD pa
kages and (2) is about an open and modular ar
hite
ture thatdoes not sa
ri�
e eÆ
ien
y. Meeting these requirements is everything but aneasy task, for (1) requires assessing { or even foreseeing { the needs in an ex-panding and diversifying users 
ommunity, and (2) requires a signi�
ant e�ortin software engineering, together with basi
 data stru
tures and algorithmi
expertise.The obvious question now is: how 
lose is SIM to meeting these requirements?9
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Fig. 3. An integration s
hema for SIMOur answer is: 
lose, but not 
lose enough. As far as (1) is 
on
erned, SIM'sinterfa
e is thoroughly de�ned, and SIM 
an be used as an internal module {hen
e its name { in other tools in
luding it as an appli
ation library. On theother hand, SIM 
omplies to the only well known interfa
e for 
lausal SAT,the DIMACS format for satis�ability. With the ex
eption of basi
 tasks like
hoosing heuristi
s, optimizations, 
olle
ting statisti
s and the like, SIM's ser-vi
es that are exposed to the user are (i) adding 
lauses to the initial state and(ii) solving it. SIM does not allow to 
all, say, Look-Ahead independentlyfrom (ii), nor does it allow to manipulate the elements of the state in any waysother than (i). This might be good enough for pure SAT, but it is de�nitelynot 
exible enough for appli
ations. For instan
e, in our experien
e with theintegration of SAT solvers into model 
he
king tools like Thunder [CFF+01℄and NuSMV [CCGR00℄, we soon realized that they needed the ability to ma-nipulate arbitrary propositional formulas, using sophisti
ated primitives likesubstitution, restri
tion and quanti�
ation. In these proje
ts, we ended upspending a lot of time in developing and optimizing pa
kages that providedthese servi
es and that 
onne
ted the model 
he
kers to SIMO's and SIM's
ore primitives (i) and (ii). Con
erning requirement (2), SIM still falls a littleshort as far as openness and modularity are 
on
erned, although it de�nitelymeets the requirement of e�e
tiveness as shown in Se
tion 3. We 
an say SIMis open, sin
e it is made available in sour
e 
ode, it is written with rigid 
oding
onventions, and it provides plenty of 
omment-generated do
umentation. Onthe other hand, SIM is still a single module and its basi
 data stru
tures andalgorithms are de�ned internally: there is no way to add a new heuristi
s orte
hnique without knowing the details of SIM's data stru
ture, and modifying{ more or less lo
ally { SIM's sour
e 
ode.Therefore, even if we believe that SIM is already �lling a gap in SAT resear
h,we think it is time to further push the envelope. This is why we started withthe design of a new tool that we named SIM-API. The purpose of SIM-APIis to evolve SIM into what we believe the next generation of SAT engines. Inthe following, we outline the working hypotheses and the design 
hoi
es that10




urrently driving the development of SIM-API.We wish to target SIM-API to the widest 
ommunity of users interested inSAT, not just SAT resear
hers and/or spe
ialists. Therefore, the external in-terfa
e should be:� 
apable of handling generi
 propositional syntax: this should satisfy theneeds of most appli
ations and should draw a sharp line between the high-level interfa
e and the internal engine(s);� 
apable of storing formulas e�e
tively, i.e. providing a fast and 
ompa
trepresentation: this essentially boils down to having a subformula sharingme
hanisms implemented with eÆ
ient hashing s
hemas and a garbage 
ol-le
tion;� 
apable of various synta
ti
 manipulations, e.g., substitutions, renaming,
omposition, as well as semanti
 ones, e.g., on-the-
y simpli�
ation, rewrit-ing, normal forms: this should provide the users with simple means of build-ing new formulas from existing ones and of (pre)pro
essing them;� 
apable of reasoning servi
es not ne
essarily limited to SAT, e.g. enumerat-ing assignments, �nding small impli
ants, de
omposing problems: all theseservi
es should be provided transparently from other internal me
hanismslike, for instan
e, 
onversion to 
lauses.SIM-API is also meant to be a resear
h and development tool that evolveswith time. As su
h, its implementation should be:� designed around 
lear
ut interfa
es between internal modules: this shouldenable developers to a

ess, repla
e or add internal 
omponents 
awlesslyand with minimal integration e�ort;� well ar
hite
ted without sa
ri�
ing performan
es: this will require to 
are-fully 
raft ea
h 
omponent's data stru
tures and algorithms;� in
luding the latest 
ontributions to SAT resear
h both in terms of engines,e.g. equivalen
e reasoning, sto
hasti
 methods, new heuristi
s, and in termsof additional servi
es, e.g. in
rementality, de
omposition, et
.� well do
umented, rigidly 
oded, and distributed in sour
e 
ode: this willspeed up the evolution of the tool and foster 
ollaboration on it.As a glimpse into the future of SIM-API we present in Figure 3 the ratio-nal re
onstru
tion of a 
ombination between SIM and an RBC (Redu
edBoolean Cir
uits [ABE00℄) pa
kage that we used re
ently to integrate SIMinto NuSMV [CCGR00℄. RBC provides a representation of Boolean 
ir
uits(i.e., propositional formulas) as dire
ted a
y
li
 graphs, with additional prop-erties that enfor
e unique representation of subformulas, simpli�
ation of thelogi
al 
onstants \true" and \false", and other normalization and rewritingrules (see [ABE00℄ for more details). The reason why RBC is relevant to thisintegration s
hema is that they provide a 
ompa
t non-
anoni
al representa-tion for propositional formulas. Thus, the main purpose of the RBC pa
kageis to help SIM to interfa
e with 
lient algorithms by providing a layer of addi-11



tional servi
es, in
luding, but not limited to, building propositional formulaswith non-
lausal syntax, substitution of subformulas, renaming of variablesand 
onversion to 
lauses.In Figure 3, RBC is providing 
lient appli
ations with a representation andmanipulation infrastru
ture, while SIM is providing the basi
 reasoning ser-vi
es. In the �gure, ea
h box 
orresponds to a data type, and arrows denote\using" relationships: for instan
e, there is an arrow from LIST to DAG be-
ause the latter is building on the former. The pi
ture is arranged in fourlayers (from bottom to top), 
orresponding to the basi
 modules LIST, HASHand VECTOR; to the intermediate support modules DAG, CNF; to the \se-manti
ally aware" modules Look-Ahead, Look-Ba
k, HeuRisti
s; and, �nally,to the interfa
e level, 
urrently RBC. Although still preliminary in many ways,the 
ombination of SIM and RBC outlined in Figure 3 is providing us withthe implementation groundwork and some ar
hite
tural solutions that we are
onsidering for the �nal outline of SIM-API.5 SIM, SIM-API and where you 
an put themIn this se
tion we review some appli
ations of SAT te
hnology spanning a
rossthe �elds of logi
, arti�
ial intelligen
e and formal veri�
ation. Our 
onsider-ations are based on our dire
t experien
es with the (re)use of SIM {as wellas other SAT solvers{ to 
arry out various propositional reasoning tasks. Thegoal of this dis
ussion is to show the potential bene�t to these appli
ations ofreengineering SIM to be
ome an API along the lines dis
ussed in Se
tion 4.For ea
h appli
ation, we give some 
ontext motivating the 
hoi
e of SAT asthe underlying te
hnology, as well as the 
urrent status of SAT-based tools.Then, we 
ontrast the 
ost e�e
tiveness of the \bla
k-box" approa
h to theintegration of SAT solvers with the expanded set of possibilities o�ered bySIM-API.5.1 SAT algorithms, heuristi
s and optimizationsIn [GMTZ01℄ an extensive experimental investigation is 
arried out, fo
usingon state-of-the-art sear
h heuristi
s and optimization te
hniques in SAT. Thekey feature of the investigation is to have all the heuristi
s and te
hniquesimplemented in SIM, i.e., on top of the same basi
 data stru
tures and servi
es.This eliminates, or at least strongly attenuates, the bias asso
iated with usingdi�erent implementations of the basi
 
omponents of the solver. Su
h biasis indeed unavoidable when 
omparing heuristi
s and optimizations a
rossdi�erent solvers from di�erent authors. Thanks to SIM, we are able to get a
lear pi
ture about the relative e�e
tiveness of di�erent sear
h strategies.12



The 
ontribution of an API to this line of resear
h 
an be manifold. First, andmost important of all, an API ar
hite
ture will allow resear
hers interested inSAT to have ideas implemented qui
kly into an eÆ
ient and tested framework.This will be possible, even with little or no knowledge of the \bla
k magi
"that is usually asso
iated with engineering eÆ
ient 
omponents in SAT solvers.Therefore we believe that SIM-API has the potential to address the issue raisedby Hooker in [Hoo96℄: \Competitive testing tells us whi
h algorithm is fasterbut not why. Be
ause it requires polished 
ode, it 
onsumes time and energythat 
ould be spent doing more experiments".Se
ond, although a substantial part of the ongoing resear
h in propositionallogi
 fo
uses on �nding 
lever ways to satisfy/refute formulas, there are manyother problems related to propositional reasoning that are amenable to algo-rithmi
 solutions and have pra
ti
al relevan
e, su
h as 
ounting the number ofmodels, �nding prime impli
ants, dealing with 
onstraints other than 
lauses.These are all 
ases in whi
h algorithms require implementations at least assophisti
ated as the ones found in SAT solvers. On the other hand, re
ast-ing existing SAT solvers to solve some of the above mentioned problems is ingeneral not feasible without rewriting at least part of the SAT engine, andthis in turn requires a deep knowledge of the engine's 
ode. Having an APIwill instead fa
ilitate using SAT te
hnology in a broader way, sin
e users 
annow 
hange the way the basi
 
omponent intera
t and 
ode (re)writing 
anbe limited to the main reasoning algorithms.Finally, problems are sometimes best solved with a hybrid approa
h, i.e., onethat uses a 
ombination of di�erent sear
h algorithms, heuristi
s and te
h-niques to atta
k the problem at hand. Examples are 
ombination betweensto
hasti
 and 
omplete sear
h algorithms as in [MSG98,GSCK00℄, depth �rstand breadth �rst [GYAG00℄, or di�erent heuristi
s and te
hniques on di�erentsubproblems [Li00℄. The availability of 
risply de�ned interfa
es between themodules and the ability to 
ombine and extend them, makes it possible to usethe API's 
omponents in di�erent and original ways.5.2 SAT-based symboli
 model 
he
kingSymboli
 model 
he
king [BCM92,M
M93℄ is a well established te
hnique forformal veri�
ation of rea
tive systems su
h as hardware 
ir
uits and proto
ols.In symboli
 model 
he
king the system is modeled as a �nite state ma
hine(FSM) and the spe
i�
ation is expressed in temporal logi
. The representationof the FSM is not expli
it, but is provided as a Boolean en
oding: this te
h-nique enables handling systems of industrial size. Ordered Binary De
isionDiagrams [Bry92℄ (OBDDs), a 
anoni
al form for Boolean expressions, havetraditionally been used as the underlying representation for symboli
 model
he
kers [M
M93℄. Re
ently it has been shown how SAT solvers 
an be usedinstead of OBDDs in some interesting domains related to formal veri�
ation,13



and SAT solvers are gaining more and more importan
e also in this �eld.In [BCCZ99℄ the notion of bounded symboli
 model 
he
king (BMC) is intro-du
ed, and SAT solvers are showed to be 
apable of �nding 
ounterexamplesfor safety properties mu
h faster than 
ompeting OBDD-based tools.As we mentioned in se
tion 1, the C++ prototype SIMO is integrated intoIntel's SAT-based model 
he
ker Thunder, whi
h performs BMC on top of SATsolvers (see [CFF+01℄). We note that SIMO also in
ludes new heuristi
s thatare spe
ially tuned for the BMC problem domain. As reported in [CFF+01℄Thunder/SIMO a
hieves impressive 
apa
ity and produ
tivity for BMC. Realdesigns, taken from Intels Pentium4, with over 1000 model variables werevalidated using the default tool settings and without manual tuning.There are two main issues that this proje
t presented to us. First, SIMO'sspe
ial purpose heuristi
s for BMC had to be hard-
oded into the solver andan author's expertise was required to do this and would be required to fur-ther update and modify the 
ode. Se
ond, SIMO's limited interfa
e (DIMACSformat) 
ompelled the developers of Thunder to build and optimize a setof routines to perform 
onversion to 
lauses, whi
h turned out to be an ex-tremely time-
onsuming e�ort, parti
ularly in the optimization phase. In the
ontinuing e�ort to meet market pressure, formal veri�
ation needs to man-age designs of ever in
reasing size and 
omplexity. This 
alls for instrumentsthat are easily tunable by the developers (or even the users) of the veri�
ationtools, rather than by the developers of the underlying SAT te
hnology only.Moreover, the developers of formal veri�
ation tools should be able to 
on
en-trate on algorithmi
 issues rather than the optimization of low-level servi
essu
h as 
onversion to 
lauses. The modularity and the de�nition of internal in-terfa
es among the 
omponents in SIM-API should allow power users to rea
hthe required level of 
ustomizability for SAT tools, with the additional bene�tof a 
ommon interfa
e towards 
lient appli
ations and a full set of servi
esbuilt-in the pa
kage.5.3 Quanti�ed Boolean formulas evaluationThe implementation of e�e
tive reasoning tools for de
iding the satis�abil-ity of Quanti�ed Boolean Formulas (QBFs) is an important resear
h issuein Arti�
ial Intelligen
e. Many reasoning tasks involving abdu
tion [EGL97℄,reasoning about knowledge [FHMV95℄, non monotoni
 reasoning [Cad95℄, arePSPACE-
omplete reasoning problems and are redu
ible in polynomial timeto the problem of determining the satisfa
tion of a QBF.It is along this line of resear
h, that in [GNT01a℄ the system QuBE waspresented. Like other QBF pro
edures (see, e.g., [CSGG00,Rin99,FMS00℄),QuBE's basi
 algorithm is a generalization of the DLL method for SAT. More-over, QuBE features several sear
h heuristi
s, simpli�
ation te
hniques and14



optimizations like trivial truth [CSGG00℄ and ba
kjumping [GNT01a℄. Thenatural 
hoi
e was to implement QuBE on top of SIM or, to be more pre
ise,extend and modify SIM's basi
 data stru
tures and primitives to deal withthe problem of QBF evaluation. This allowed leveraging the 
urrent stateof the art in SAT: for instan
e, the ba
kjumping pro
edure implemented inQuBE [GNT01a℄ is a generalization of the 
on
i
t-dire
t ba
kjumping pro
e-dure as implemented in SAT solvers.Although QuBE shares with SIM many 
ommon 
omponents it is hardly possi-ble to single out SIM's modules inside QUBE's implementation. This is 
learlya problem when it 
omes to integrate SIM improvements into QuBE. For ex-ample, SIM is 
urrently being extended to in
lude equivalen
e reasoning te
h-niques along the lines of [Li00℄. The amount of 
ode that is required to keeptra
k of equivalen
e 
lasses among variables and exploit them in the sear
hpro
ess is indeed 
onsiderable, as well as the e�ort to test and optimize su
hma
hinery. Nevertheless, if we were to implement the same te
hniques intoQuBE now, we 
ould hardly reuse any of the 
ode developed for SIM, andwe would have to rewrite or modify parts of QuBE's basi
 servi
es and datastru
tures. On the other hand, in an API ar
hite
ture, the modules that QuBErelies on 
ould be updated transparently and improvements to SIM 
ould bemade available into QuBE with little or no e�ort.5.4 Modal logi
sIn the seminal paper by Giun
higlia and Sebastiani [GS96℄, the authors de-s
ribed how to build a de
ision pro
edure for the modal logi
 K on top of theDLL method. Remarkably, it was the �rst time that a method di�erent fromthe ubiquitous tableaux was proposed and implemented in a modal de
isionpro
edure. The link between SAT te
hnology and the pra
ti
e of modal logi
shas been exploited later in [GGST98,GGT00℄, where implementations of de
i-sion pro
edures were obtained by reusing state-of-the-art 
lausal SAT solvers.BOEHM solver [BKB92℄ was used to get KsatC implementation in [GGST98℄,and SATO is at the heart of the system platform *SAT [GGT00,Ta
99℄.Despite the amount of resear
h 
arried over the years, the issue of whetherthe SAT-based approa
h is an e�e
tive way to build systems for modal rea-soning is still a 
ontroversial one. In [GGT00℄ it is pointed out that (re)usingexisting SAT solvers speeded up the implementation of systems for modalreasoning and leveraged the latest improvements in te
hnology. Nevertheless,su
h advantages 
ome at the high pri
e of \bla
k-box" interfa
ing with pie
esof software that are designed as stand-alone de
ision pro
edures and 
an rarelybe tuned outside their standard range of features. The SAT-based approa
hwas also 
hallenged on its own grounds by the availability of fast tableaux-based [Hor97,PS98℄ and resolution-based [HS97℄ modal de
ision pro
edures.In some of these 
ontributions, it was argued that SAT-based pro
edures had15



disadvantages that 
ould limit their appli
ability be
ause:� the separation between the propositional and modal 
omponents is arti�
ialand makes optimizations diÆ
ult,� there 
an be limits on the expressiveness of the logi
s that are dealt with,and� a fast propositional reasoner is not ne
essarily so in the 
ontext of modallogi
s.We believe that these arguments do not stem from an intrinsi
 
on
eptualweakness of the SAT-based approa
h, but rather from the weaknesses of state-of-the-art SAT solvers that we dis
ussed in previous se
tions. In parti
ular:� the separation between propositional and modal 
omponents is a 
onse-quen
e of the the \bla
k-box" approa
h to integration;� the modi�
ations to adapt SAT solvers to various kind of modal logi
sare 
on
eptually easy, but hard to get in pra
ti
e without massive 
oderewriting;� SAT solvers feature very powerful heuristi
s and sear
h te
hniques thatare highly tuned towards etiher �nding satisfying assignments or refutingformulas very qui
kly, but the very same heuristi
s and te
hniques may notbe so e�e
tive when the end goal is modal reasoning instead of pure SAT.In other words, with 
urrent state-of-the-art SAT solvers, we are limited inour ability to get SAT te
hnology o� the shelf, and this turns out to be themain limiting fa
tor for further development of the SAT-based approa
h inmodal logi
s.One of the main reasons behind SIM's development was to provide us withSAT te
hnology that we 
ould leverage in our modal de
ision pro
edures: sin
ewe developed SIM, we 
ould modify it with 
onsiderably less e�ort than anyother SAT solver. We are now pushing this further with the development ofSIM-API: the plan is to build the next version of *SAT by using exa
tly thosefeatures that are made available to users. In this sense, being the developersof the API should not give us any \unfair advantage". By keeping in mindFigure 3 and the design goals outlined in Se
tion 4, we remark the following:� we 
an use SIM-API interfa
e either by extending it to deal with modallogi
s, or by using the primitives that lie underneath the interfa
e to builda new one spe
ialized for modal logi
s: in both 
ases we save time for 
odingformula representations;� formulas 
an be 
onverted to CNF using API's primitives and stored usingits internal data stru
tures: this part had to be developed from s
rat
h bothin KsatC [GGST98℄ and in *SAT [Ta
99℄.� we 
an inherit various propositional fun
tionalities from the API, and extendthem to modal logi
s: for instan
e we 
an write a modal 
on
i
t-dire
tedba
ktra
king and use it to 
omplement the one provided by the API;� we 
an use the basi
 data stru
tures, i.e., LIST and HASH and the like,16



to build more 
omplex types in *SAT, e.g., a 
a
he module like the onedes
ribed in [GT00℄In the realm of modal reasoning, we expe
t SIM-API to remove the limitingfa
tors present in the 
urrent state-of-the-art SAT solvers and to enable us,as well as other developers, to fully exploit the advantages of the SAT-basedapproa
h.6 Con
lusionsIn this paper we presented an up-to-date pi
ture of the 
urrent state of the artin SAT te
hnology, fo
using on DLL-based solvers and on our dire
t experien
ein developing and (re)using them. In more details:� by building SIM and RBC, we progressed towards an eÆ
ient and easy-to-use framework and we investigated the e�e
tiveness of several heuristi
sand optimizations in the 
ontext of several appli
ations.� by (re)using state-of-the-art SAT solvers, we 
olle
ted eviden
e on the e�e
-tiveness of di�erent sear
h strategies in di�erent appli
ation domains, andwe spotted the problems that make SAT solvers hard to reuse as 
omponentsof more 
omplex systems;These experien
es are now leading us towards the development of SIM-API,an eÆ
ient, open and modular framework for SAT and SAT-based reasoning.Our agenda on SIM-API en
ompasses the following items:� give the �nal shape to the software ar
hite
ture using state-of-the art soft-ware design methodology;� 
esh out the modules by 
arefully 
rafting data stru
tures and 
omponentsa

ording to the experien
e with SIMO, SIM and RBC;� deploy the API in the areas 
ited in Se
tion 5 (and possibly other ones) totest and improve its appli
ability on the �eld.In the end, our e�ort should provide the resear
h 
ommunity with a tool that
an be used to leverage the latest improvements in SAT te
hnology and pursuenew resear
h dire
tions in propositional logi
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