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Abstract. In automata-theoretic model checking we compose the desiger
verification with a Biichi automaton that accepts tracesatiing the specifica-
tion. We then use graph algorithms to search for a counterplkatrace. The
basic theory of this approach was worked out in the 1980s tlamdbasic algo-
rithms were developed during the 1990s. Both explicit andisylic implemen-
tations, such as SPIN and and SMV, are widely used. It turbhshowever, that
there are still many gaps in our understanding of the allyari¢ issues involved
in automata-theoretic model checking. This paper covessftindamentals of
automata-theoretic model checking, reviews recent pssgrand outlines areas
that require further research.

1 Introduction

Formal verificationis a process in which mathematical techniques are used te gua
antee the correctness of a design with respect to some sgkb#havior. Automated
formal-verification tools, such as COSPAN [48], SPIN [50§il&8MV [17, 63], based on
model-checking technologg1, 67], have enjoyed a substantial and growing use over
the last few years, showing an ability to discover subtle $lttvat result from extremely
improbable events [23]. While until recently these toolsewdewed as of academic in-
terest only, they are now routinely used in industrial aggtiions, resulting in decreased
time to market and increased product integrity [24, 25, %3 fair to say that auto-
mated verification is one of the most successful applicatafrautomated reasoning in
computer science.

As model-checking technology matured, the demand for fipation language of
increased expressiveness increased interest in linearftirmalisms [3]. The automata-
theoretic approach offers a uniform algorithmic framewfrkmodel checking linear-
time properties [57, 81, 83] It turns out, however, that ¢hare still many gaps in our
understanding of the algorithmic issues involved in autiaatheoretic model check-
ing. This paper covers the fundamentals of automata-ttiean@del checking, reviews
recent progress, and outlines areas that require furtiseareh.
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2 Basic Theory

The first step in formal verification is to come up witlicamal specificatiorof the de-
sign, consisting of a description of the desired behavioe Of the more widely used
specification languages for designstémporal logic[65]. In linear temporal logics,
time is treated as if each moment in time has a unique podsitolee. Thus, linear tem-
poral formulas are interpreted over linear sequences, akgard them as describing
the behavior of a single computation of a system. (An alt@&reapproach is to use
branchingtime. For a discussion of linear vs. branching time, see.)82]

In the linear temporal logic LTL, formulas are constructednii a setProp of
atomic propositions using the usual Boolean connectivegdisas the unary temporal
connectivesX (“next”), F' (“eventually”), G (*always”), and the binary temporal con-
nectiveU (“until”). For example, the LTL formulaZ(request— F granj, which refers
to the atomic propositionsequestind grant is true in a computation precisely when
every state in the computation in whicbquesholds is followed by some state in the
future in whichgrantholds. The LTL formulaG(request— (requestJ grany) is true
in a computation precisely if, wheneverquesholds in a state of the computation, it
holds until a state in whiclgrantholds is reached. In LTL model checking we assume
that the specification is given in terms of properties exggdsy LTL formulas.

LTL is interpreted ovecomputationswhich can be viewed as infinite sequences of
truth assignments to the atomic propositions; i.e., a cdatfmn is a functionr : IN —
2Prop that assigns truth values to the elementsPebp at each time instant (natural
number). For a computatiom and a point; € IN, the notationr,i = ¢ indicates
that a formulay holds at the point of the computationr. In particular,r,i = X ¢ if
w1+ 1 E ¢, andr,i = Uy if for somej > i, we haver,j = « and for all k,

i < k < j, we haver, k = ¢. The connective$” andG can be defined in terms of the
connectivel: Fig is defined asrue Uyp, andGy is defined as-F—¢. We say thair
satisfiesa formulap, denotedr |= o, iff 7,0 = ¢. We denote by mode(g) the set of
computations satisfying.

Designs can be described using a variety of formalisms. Riégss of the formalism
used, dinite-state desigiean be abstractly viewed adabeled transition systen.e.,
as a structure of the forf/ = (W, Wy, R, V), whereW is the finite set of states that
the system can be i}, C W is the set of initial states of the systel®, C W?
is a transition relation that indicates the allowable stedasitions of the system, and
V : W — 2F7or assigns truth values to the atomic propositions in eacle stithe
system. (A labeled transition system is essentially a Kaigtkucture.) Apathin M that
starts atu is a possible infinite behavior of the system starting,ate., it is an infinite
sequence, u; . . . of states inV such thatug = u, and(u;,u;+1) € R forall i > 0.
The sequencE (ug), V(uq) ... is acomputatiorof M thatstarts atu. Itis the sequence
of truth assignments visited by the path, and can be viewedfaaction fromIV to
2Pror Thelanguageof M, denoted. (M), consists of all computations af that start
at a state in¥,. Note thatL (M) can be viewed as a language of infinite words over
the alphabe2?”°r. The languagé (M) can be viewed as an abstract description of the
systemM, describing all possible “traces”. We say thdt satisfiesan LTL formulay
if all computations inL (M) satisfyp, that is, if L(M) C modelgy). WhenM satisfies



© we also say thad/ is a model ofp, which explains why the technique is known as
model checkingR3].

One of the major approaches to automated verification isatiiemata-theoretic
approach which underlies model checkers that can handle lineag-tipecifications
(for a precursor, see [61]). The key idea underlying the matia-theoretic approach is
that, given an LTL formulap, it is possible to construct a finite-state automatbn
on infinite words that accepts precisely all computatiorat #atisfy. The type of
finite automata on infinite words we consider is the one defineBiichi [13]. ABichi
automatonis a tupleA = (X, S, So, p, F'), whereX is a finite alphabetS is a finite
set of statesS, C S is a set of initial statesy : S x ¥ — 2° is a nondeterministic
transition function, and” C S is a set of accepting states.rAn of A over an infinite
word w = ajas - -+, IS @ sequenceyss - - -, wheresy € Sy ands; € p(s;—1,a;) for
all i > 1. Arun sg, s1, ... is acceptingif there is some accepting state that repeats
infinitely often, i.e., for some € F' there are infinitely many’s such thats; = s. The
infinite wordw is acceptedy A if there is an accepting run of overw. Thelanguage
of infinite words accepted byl is denotedL(A). The following fact establishes the
correspondence between LTL and Buchi automata [84] (fart@riel introduction to
this correspondence, see [81]):

Theorem 1. Given an LTL formulg, one can build a Bchiautomatom, = (X, S, So, p, F'),
whereX = 2P79P and|S| < 29041, such thatZ.(4,) = modelgy).

This correspondence reduces the verification problem taitomzata-theoretic prob-
lem as follows [83]. Suppose that we are given a systérand an LTL formulap. We
check whethefZ (M) C modelgy) as follows: (1) construct the automatei,, that
corresponds to theegationof the formulay (this automaton is called themplemen-
tary automaton), (2) take theross producbf the systemV and the automatod.-,
to obtain an automaton ., such thatL(Axs,,) = L(M) N L(A-,), and (3) check
whether the languagk(A,y,,) is empty, i.e. Ay, acceptioinput.

Theorem 2. Let M be a labeled transition system andbe an LTL formula. Thed/
satisfiesp iff L(Ans,,) = 0.

If L(Ar,,) is empty, then the design is correct. Otherwise, the desigmcorrect and
the word accepted b¥(Axs,,) is an incorrect computation.

Theemptinesproblem for an automaton is to decide, given an automatavhether
L(A) = 0, i.e., if the automaton accepts no word. Algorithms for eimgxts are based
on testingfair reachabilityin graphs: an automaton monemptyf starting from some
initial state we can reach an accepting state from whereettsea cycle back to it-
self [16]. An algorithm for nonemptiness is the following: §ecompose the transition
graph of the automaton intmaximal strongly connected componemts¢cs) (linear
cost depth-first search [27]); (ii) verify that one of tlesccs intersects with? (lin-
ear cost). More sophisticated Biichi nonemptiness algosthave been studied, e.g.,
[28, 34]. When the automaton is nonempty, nonemptinessigigus return a witness
in the shape of a “lasso”; an initial finite prefix followed byfiaite cycle. (If the ac-
cepting states are “sink” states, then the finite cycle failhg the initial prefix can be
ignored.) Thus, once the automatdn,, is constructed, the verification task is reduced
to automata-theoretic problems, namely, intersectingraata and testing emptiness of



automata, which have highly efficient solutions [81]. Ferthore, using data structures
that enable compact representation of very large stateespaakes it possible to verify
designs of significant complexity [8, 14].

The linear-time framework is not limited to using LTL as a effieation language.
ForSpec and PSL are recent extensions of LTL, designed tressldhe need of the
semiconductor industry [1, 3]. There are also those whoepttefuse automata on infi-
nite words as a specification formalism [84]; in fact, thishe approach of COSPAN
[48,57]. In this approach, we are given a design represeageafinite transition sys-
tem M and a property represented by a Biichi (or a related vareanmatonP. The
design is correct if all computations (M) are accepted by, i.e., L(M) C L(P).
This approach is called tHanguage-containmemtpproach. To verifyM/ with respect
to P, we: (1) construct the automatd?f thatcomplement$, (2) take the product of
the system\/ and the automatoR* to obtain an automatoA,,, p, and (3) check that
the automatom ,, p is nonempty. As before, the design is correctdff; » is empty.
Thus, the verification task is again reduced to automatarétie problems, namely
complementing and intersecting automata and testing esggiof automata.

3 Automata-Theoretic Model Checking Revisited

By the late 1990s, the automata-theoretic approach to nmadrlking seems to have
stabilized. The algorithms developed can be classified ax@git, based on explicit
state enumeration, e.g., [28, 43],ioplicit/symboli¢ based on a symbolic encoding of
the state space, using binary decision diagrams (BDDs)Ji<@tisfiability solving [8].
These algorithms have been implemented in various modsdighg tools [17, 50, 63].

In the last few years, further progress has been been onsd@sprects of automata-
theoretic model checking. As a result of this progress, wankhboth more and less. We
now know that the simple picture that prevailed by the lat@(kdis too simplistic, but
we do not have a clear understanding of the space of relelgmtitams. In the rest
of this section, we survey the progress made over the lasy/é&ans and highlight the
questions that have been opened by this progress.

3.1 Translating LTL Formulas to Biichi Automata

Translating LTL formulas to automata is a key building bldoklinear-time model
checking. While the focus of the original translation [84] &as on mathematical
simplicity, it was not appropriate for explicit model chémg, since the automata con-
structed were always exponential in the size of the formAleeady in [86] it was
shown that instead of starting with an exponentially laitg¢espace, the translation can
create states on a demand-driven basis. The optimizeddtamsof [43] avoided the
exponential blow-up in many cases of practical interestwad was used in the ex-
plicit model checker SPIN [50]. The original translation[8#], was appropriate for
symbolic model checking and, after appropriate optim@af2], is used in symbolic
model checkers such as NuSMV [17]. An approach to LTL traimstavia alternating
automata was described in [80], again motivated by mathieaiaimplicity.



Two papers published in 1999 [29, 31] showed that [43] is hetlast word on
explicit LTL translation, which opened the door to many mpepers [32, 35, 38, 39,
46,44,40,76,73,79]. In fact, so many papers have beenghddiover the last few
years on this topic that it is difficult to say what is the bggb@ach to translating LTL
to automata. This is compounded by several issues:

— All the cited papers focus on optimizing automata genenatigth respect to time
and/or space), rather than optimizing model checking. hioisclear, however,that
improving automata-generation performance yields anawgmentin model-checking
performance. One exception is [73], which aims at optingzimodel checking by
generating “more deterministic” automata, but again dag¢®ffer any evidence of
improvement in model checking.

— There are reasons to believe that none of the existing LTistetors perform well
on nontrivial formulas. For example, [74] reports not beatge to translate the
following formula, expressing a conjunction of fairnessdiions, by any of the
available tools.

((GFpo — GFp1)&(GFp2 — GFpo)&

(GFps — GFp2)&(GFpy — GFp2)&

(GFp5 — GFp3)&(GFp6 — GF(pg, V p4))&
(GFp7 — GFpG)&(GFpl — GFp7)) — GFpg

A specialized tool generated an automaton with 1281 stedesthis formula. Note
that symbolic model checkers routinely handle BDDs withliorils of nodes. It is
not clear why LTL translators cannot handle automata witly throusands of states.

— A generalizedichi automaton is a tupld = (X, S, So, p, F), whereF is a set
{F,..., Fy} of subsets of, calledacceptingsets. A run ofd is accepting if each
accepting set is visited infinitely often. It is known thatemgralized Biichi automa-
ton with k accepting sets can lseegeneralizedthat is, converted to an equivalent
Buchi automaton, at the cost of multiplying the number ates byk [16]. As is
shown in [43], it is natural to translate LTL to generalizeddhi automata. While
symbolic model checkers support generalized Biichi autan®PIN does not sup-
port them and requires degeneralization. There are, hawsyame who argue that
it may be advantageous to avoid degeneralization [78]; seasision of nonempti-
ness algorithms below.

— Industrial experience has shown that LTL is too weak exjiebsfor industrial
applications (see [85] for theoretical justification),uktgg in more expressive in-
dustrial language such as ForSpec and PSL [1, 3]. So far tleeleeen no report
of an effort to develop an explicit translator for ForSped8L. Some industrial
symbolic implementations of ForSpec and PSL are known tstexior example,
Intel has a symbolic translator for ForSpec [4], but litdeknown about them. See
[15, 18, 66] for recent descriptions of symbolic translatidor certain fragments of
PSL. None of these translations handle all features of PSL.

3.2 Deterministic vs. Nondeterministic Automata

For certain formulas, the very approach of translating terapassertions tmonde-
terministic Buchi automata should be re-visited. The majority of theperties being



verified aresafetyproperties, whose violation can be witnessed by a finite tayer-
ample. It is known that in such cases the complemented pieperan be translated
into automata on finite words [53] (see also [52Buch automata can be determinized,
though at a possibly exponential cost [68]. It may seem thal dlow-up should be
avoided, but symbolic model checking can be viewed as onl@ierminization of the
assertion automaton [53]. Thus, determinization is in searese inherent to symbolic
model checking.

Recent results point to the advantage of translation taahééstic automata in the
context of SAT-based model checking [2]. Unlike the stadganpositional encoding
of LTL formulas [8, 19, 59], which is polynomial in the size thfe formula, the encod-
ing in [2] is exponential. It is shown in [2] that such encaglitan nevertheless lead to
improved model-checking performance. When the automat@ondeterministic, the
model checker has to find a bad behavior of the design und#icedion as well as an
accepting run of the automaton on that behavior. When thensaton is deterministic,
the search for an accepting run is avoided. This result saise possibility that trans-
lation to deterministic automata would also be advantag@othe context of explicit
and BDD-based model checking. (A theoretical advantageaoftating to determin-
istic automata is described in [56], but it is not clear ifstitéads also to a practical
advantage.)

3.3 Nonemptiness Algorithms

There are three types of nonemptiness algorithms for Baagtomata: explicit, BDD-
based, and SAT-based.

Explicit Algorithms As mentioned earlier, an obvious algorithm for nonemptines
of Blichi automata is the following: (i) decompose the tiams graph of the input
automaton intausccs using depth-first search, and (ii) verify that one of th&ccs
intersects with the accepting s€t(or with all members of" for generalized automata).

For large state spaces, maintaining the required datatgtagcin main memory
might be infeasible. An alternative algorithm, NDFS, waspwsed in [28]. NDFS
conducts two depth-first searches, but does not require @ntlasition into maximal
strongly connected components. This algorithm, with sonoglifitations [45,51], is
the algorithm implemented in SPIN. NDFS was improved furthg71].

Other works [29, 41] developed optimized versions of th&cc-based algorithm
and argued that it performs better than NDFS and its varidrite experimental evi-
dence is limited, however, to automata with state spacesodfnate size, while NDFS
was designed for very large state spaces, whisec decomposition cannot be carried
out in main memory. (NDFS can use state hashing, which upgesaimates the set
visited by the search [28].) The emerging picture is tiagicc-based algorithms are
appropriate for main-memory implementations, whereas 8Rkgorithms are appro-
priate when the state space is too large for a main-memorieimgntation.

! Interestingly, only few model-checking tools, e.g., VISI[1take advantage of this obser-
vation, even though nonemptiness algorithms for automatéinite words are significantly
simpler than those for automata on infinite words [81].



NDFS was extended to generalized Buchi automata in [78fead of conducting
two depth-first searches, we may need to condu¢tl depth-first searches, wheke
is the number of accepting sets of the automaton. Thus, tive-bp in the size of the
state space is replaced by a blow-up in the number of demtséarches. It is not clear
that this yields an improvement in performance.

A thorough discussion and experiments involving nonengssralgorithms can be
found in [30], which also introduces optimized versionsig t1scc-based algorithm
of [29] and the NDFS-based algorithm of [78]. At this poine¢gle two algorithms seem
to be the best of their types. These algorithms are implegaeintthe model-checking
library SPOT[32], which is publicly available aspot . | i p6. fr. For a survey of
distributed algorithms for explicit model checking, seg [6

BDD-Based Algorithms In the symbolic approach, we do not construct the state
graphs of the system and property automata explicitly. &atfhese graphs are de-
scribed in a logical language, cf. [5]. The model-checkifgpdathms can then work
directly on the symbolic representation. BDD-based motieckers such as SMV use
propositional formulas as the user-level representattomélism. The tool then trans-
lates these formulas into Reduced Ordered Binary Decisiagrams (BDDs) [12] and
the nonemptiness algorithm works directly on these BDD$ BB D-based algorithms
are set based (the algorithms manipulate sets of states)aammbt directly implement
depth-first search. In the symbolic approach, the propertyraaton also has to be rep-
resented symbolically [20, 14]; in fact, that represeptatiaptures directly the structure
of the automaton described in [84]. While the explicit regenetation of the automaton
can be exponentially large with respect to the LTL formuleejtresents, the symbolic
representation is linear in the size of the formula.

A set-based algorithm for fair reachability was describef8#], based on a fixpoint
characterization of fair reachability [33]. The algorithp@arforms a nested fixpoint com-
putation, which implies that it uses, in the worst case, algata&c number of symbolic
operations (with respect to the number of nodes in the statphy. This should be
contrasted with explicit nonemptiness algorithms, whigh in linear time.

The algorithm of [34], referred to as theL algorithm is the one implemented on
available symbolic model checkers [17, 63]. A heuristicimjation of the EL algo-
rithm calledCTY, was proposed in [49]. An improvement of CTY, calledvVCTY was
proposed in [36], where it was argued that it is preferrecheogdtandard EL algorithm,
but this conclusion was disputed in [77].

Both CTY and OWCTY retain the structure of a nested fixpoimhpatation with
a quadratic number of symbolic operations. In contrastatgerithm presented in [9]
uses only: log n symbolic operations. Disappointingly, this algorithm doet perform
better in practice than EL and its variants [69]. Furtheriayement was provided in
[42], which described an algorithm withleear number of symbolic steps. Unfortu-
nately, there is no experimental information on the perfamge of that algorithm in
practice.

Another approach to the fair-reachability problem is toueelit to a simple reach-
ability problem [7]. This replaces the nested fixpoint coitapion by a simple fixpoint
computation, at the cost of doubling the number of BDD vddabPractical perfor-



mance of this algorithm has been disappointing [7]. On tleeohand, it was shown
in [10] that for a certain class of LTL formulas the nested fixg algorithms can be
replaced by a simple fixpoint algorithm with no increase ia ttumber of variables,
resulting in significant performance improvement. (A geheharacterization of LTL
formulas for which model checking can be performed withocegted fixpoints is pro-
vided in [56]. That characterization, however, does noldygpractical algorithm.)

A hybrid approach to LTL symbolic model checking, that is, an appndhat uses
an explicit representation of the property automaton, wehgiate space is often quite
manageable, and a symbolic representation of the systeasemtate space is typically
exceedingly large, was studied in [74] (following initialgy in [72]): They compared
the effects of using: (i) a purely symbolic representatibthe property automaton, (ii)
a symbolic representation, using binary encodjrad an explicitly compiled property
automaton, and (iii) a partitioning of the symbolic statagpaccording to an explicitly
translated property automaton. This comparison was appdiehree model-checking
algorithms: the nested fixpoint algorithm of [34], the retloic of fair reachability to
reachability of [7], and the simple fixpoint algorithm of [LO'rhe emerging picture
from this comparison is quite clear; the hybrid approactpetforms pure symbolic
model checking, while partitioning outperforms binary eding. The conclusion is that
the hybrid approaches benefits from state-of-the-art tgctes in explicit compilation
of LTL formulas. Also, partitioning gains from the fact thegymbolic operations are
applied to smaller sets of states.

SAT-Based Algorithms In boundedmodel checking we check whether there exists a
counterexample trace of bounded size (that is, both thexpaefil the cycles have to
be of bounded size). As is shown [8], this can be expressegespasitional formula
whose satisfiability implies the existence of a countergXanWhile propositional sat-
isfiability is NP-complete, today’s satisfiability-solgrtools, known asSAT solvers
can solve instances with up to hundreds of thousands oftleg89]. It turned out that
SAT-based bounded model checkers can handle designs thatder-of-magnitude
larger than those handled by BDD-based model checkers nmékis technology quite
popular in the industry, cf. [26].

In spite of several papers on symbolic translation of LTL he tontext of SAT-
based model checking [8, 19, 59], we are far from having redehsolid understanding
on the relative merits of the different approaches. Theg®zastudy various propo-
sitional encodings of LTL extended with past temporal canines. These encodings
compare favorably with what is referred to as “automatasthic encoding”. The latter
refers to a binary encoding of automata generated by somdtaRislator. This encod-
ing ignores the inner structure of automata states. In aatargenerated from LTL
formulas, the states are sets of subformulas; a reasonatolmata-theoretic encoding
should then take the inner structure of states into accoatiter than use an arbitrary
binary encoding of states. Also, the reduction of fair resdiility to reachability [7] has
yet to be evaluated in the context of SAT-based model chgckin

2 That is, we encode states bylog n Boolean variables.



3.4 Biuchi Properties

As mentioned earlier, in some cases it is desirable to speeiperties directly in
terms of Blichi automata, rather in terms of a temporal lolgi¢his case the automata-
theoretic approach requires complementation of the ptgpetomaton. Note that while
it is easy to complement properties given in terms of formuiatemporal logic, com-
plementation of properties given in terms of nondeterntimsutomata is not simple.
Indeed, a wordv is rejected by a nondeterministic automatdrif all the runs of A
onw rejects the word. Thus, the complementary automaton hassider all possible
runs, and complementation has the flavor of determinization

For Bluchi automata on infinite words, which are requiredtfa modeling of live-
ness properties, optimal complementation constructioegjaite complicated, as the
subset construction is not sufficient. Due to the lack of go#ncomplementation con-
struction, the user is typically required to specify thegedy by a deterministic Biichi
automaton [57] (it is easy to complement a deterministiclBi@&utomaton), or to sup-
ply the automaton for the negation of the property [50]. T,lauseffective algorithm for
the complementation of Biichi automata would be of signifigaiactical value.

Efforts to develop simple complementation constructimrsifondeterministic au-
tomata started early in the 1960s, motivated by decisiomlpros for second-order
logics. Buichi suggested a complementation constructiondndeterministic Biichi au-
tomata that involved a complicated combinatorial argunaent a doubly-exponential
blow-up in the state space [13]. Thus, complementing annaatton withn states re-
sulted in an automaton witt?”""’ states. In [75], Sistla et al. suggested an improved
implementation of Biichi’s construction, with orﬂ?<”2> states, which is still, however,
not optimal. Only in [70], Safra introduced a determinipaticonstruction, which also
enabled 2°("1°g") complementation construction, matching a lower bound riteesd
by Michel [64] (cf. [62]). Thus, from a theoretical point ofew, some considered the
problem solved since 1988.

A careful analysis, however, of the exact blow-up in Safeaisl Michel’'s bounds
reveals an exponential gap in the constants hiding iftfienotations: while the upper
bound on the number of states in the complementary autontatestructed by Safra
is n2", Michel’s lower bound involves only an! blow up, which is roughly(n/e)".
Recent efforts focused on narrowing the gap between therwgppklower bounds. A
new complementation construction, which avoids determaition, was introduced in
[54], and then tightened in [37] to yield an upper bound®97)". On the other hand,
Michel's bound was improved in [88] to yield a lower bound @76n)". Thus, the gap
between the lower and upper bound has narrowed, but itigsgibnentially wide. (For
a study of the relationship between complementation anOWETY fair-reachability
algorithm, see [55].)

The construction of [54] has been implemented with many ddujgtimizations
[47]. This optimized construction proved to be highly effee on Biichi automata ob-
tained from LTL formulas. It is shown in [47] that the automabbtained by comple-
mentingA,,, for a random LTL formulap, is not much larger than the automatdn,,.
This, however, does not imply that the construction is dgedfective when applied to
generic Buchi properties. So far no tool supports modetkimg Biichi properties.



4 Concluding Remarks

Since its introduction in 1981, model checking has provetiéa highly successful
technology. The automata-theoretic approach offers atmitalgorithmic framework
for model checking linear-time properties. As we saw, répeogress has increased our
knowledge, but also opened many questions, regardingahslétion of temporal prop-
erties to automata, algorithms for fair reachability, anchplementation of Buichi prop-
erties. We hope to see many of these questions answered éorhiag years. Equally
important, we hope to see software tools implementing newrghmic developments
in this area.

It should be noted, however, that for many of the computatitesks involved in
model checking there are several possible algorithms.nQfte do not have a solid
understanding of the relative merits of these algorithmsthermore, it is not clear
than we can alsways select a “best” algorithm from the pallet possible algorithms.
Perhaps it is time to abandon the “winner-takes-all” metytdhat seem to pervade
algorithmic research. In this, we can be inspired by reces¢arch in Atrtificial Intel-
ligence, which advocates a portfolio approach to algorig@tection [60]. In this ap-
proach, one matches algorithms to problem instances. Tathgr then try to identify a
“best-overall” algorithm, the focus shifts to attemptimgidentify a good algorithm to
the problem instance at hand. As an example along thesewessan mention the work
reported at [10], which adapts the nonemptiness algoriteed tio the LTL property at
hand.
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