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Abstract. In automata-theoretic model checking we compose the designunder
verification with a Büchi automaton that accepts traces violating the specifica-
tion. We then use graph algorithms to search for a counterexample trace. The
basic theory of this approach was worked out in the 1980s, andthe basic algo-
rithms were developed during the 1990s. Both explicit and symbolic implemen-
tations, such as SPIN and and SMV, are widely used. It turns out, however, that
there are still many gaps in our understanding of the algorithmic issues involved
in automata-theoretic model checking. This paper covers the fundamentals of
automata-theoretic model checking, reviews recent progress, and outlines areas
that require further research.

1 Introduction

Formal verificationis a process in which mathematical techniques are used to guar-
antee the correctness of a design with respect to some specified behavior. Automated
formal-verification tools, such as COSPAN [48], SPIN [50] and SMV [17, 63], based on
model-checking technology[21, 67], have enjoyed a substantial and growing use over
the last few years, showing an ability to discover subtle flaws that result from extremely
improbable events [23]. While until recently these tools were viewed as of academic in-
terest only, they are now routinely used in industrial applications, resulting in decreased
time to market and increased product integrity [24, 25, 58].It is fair to say that auto-
mated verification is one of the most successful applications of automated reasoning in
computer science.

As model-checking technology matured, the demand for specification language of
increased expressiveness increased interest in linear-time formalisms [3]. The automata-
theoretic approach offers a uniform algorithmic frameworkfor model checking linear-
time properties [57, 81, 83] It turns out, however, that there are still many gaps in our
understanding of the algorithmic issues involved in automata-theoretic model check-
ing. This paper covers the fundamentals of automata-theoretic model checking, reviews
recent progress, and outlines areas that require further research.
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2 Basic Theory

The first step in formal verification is to come up with aformal specificationof the de-
sign, consisting of a description of the desired behavior. One of the more widely used
specification languages for designs istemporal logic[65]. In linear temporal logics,
time is treated as if each moment in time has a unique possiblefuture. Thus, linear tem-
poral formulas are interpreted over linear sequences, and we regard them as describing
the behavior of a single computation of a system. (An alternative approach is to use
branchingtime. For a discussion of linear vs. branching time, see [82].)

In the linear temporal logic LTL, formulas are constructed from a setProp of
atomic propositions using the usual Boolean connectives aswell as the unary temporal
connectivesX (“next”), F (“eventually”),G (“always”), and the binary temporal con-
nectiveU (“until”). For example, the LTL formulaG(request→ F grant), which refers
to the atomic propositionsrequestandgrant, is true in a computation precisely when
every state in the computation in whichrequestholds is followed by some state in the
future in whichgrantholds. The LTL formulaG(request→ (requestU grant)) is true
in a computation precisely if, wheneverrequestholds in a state of the computation, it
holds until a state in whichgrantholds is reached. In LTL model checking we assume
that the specification is given in terms of properties expressed by LTL formulas.

LTL is interpreted overcomputations, which can be viewed as infinite sequences of
truth assignments to the atomic propositions; i.e., a computation is a functionπ : IN →
2Prop that assigns truth values to the elements ofProp at each time instant (natural
number). For a computationπ and a pointi ∈ IN , the notationπ, i |= ϕ indicates
that a formulaϕ holds at the pointi of the computationπ. In particular,π, i |= Xϕ if
π, i + 1 |= ϕ, andπ, i |= ϕUψ if for somej ≥ i, we haveπ, j |= ψ and for all k,
i ≤ k < j, we haveπ, k |= ϕ. The connectivesF andG can be defined in terms of the
connectiveU : Fϕ is defined astrue Uϕ, andGϕ is defined as¬F¬ϕ. We say thatπ
satisfiesa formulaϕ, denotedπ |= ϕ, iff π, 0 |= ϕ. We denote by models(ϕ) the set of
computations satisfyingϕ.

Designs can be described using a variety of formalisms. Regardless of the formalism
used, afinite-state designcan be abstractly viewed as alabeled transition system, i.e.,
as a structure of the formM = (W,W0, R, V ), whereW is the finite set of states that
the system can be in,W0 ⊆ W is the set of initial states of the system,R ⊆ W 2

is a transition relation that indicates the allowable statetransitions of the system, and
V : W → 2Prop assigns truth values to the atomic propositions in each state of the
system. (A labeled transition system is essentially a Kripke structure.) ApathinM that
starts atu is a possible infinite behavior of the system starting atu, i.e., it is an infinite
sequenceu0, u1 . . . of states inW such thatu0 = u, and(ui, ui+1) ∈ R for all i ≥ 0.
The sequenceV (u0), V (u1) . . . is acomputationofM thatstarts atu. It is the sequence
of truth assignments visited by the path, and can be viewed asa function fromIN to
2Prop. ThelanguageofM , denotedL(M), consists of all computations ofM that start
at a state inW0. Note thatL(M) can be viewed as a language of infinite words over
the alphabet2Prop. The languageL(M) can be viewed as an abstract description of the
systemM , describing all possible “traces”. We say thatM satisfiesan LTL formulaϕ
if all computations inL(M) satisfyϕ, that is, ifL(M) ⊆ models(ϕ). WhenM satisfies



ϕ we also say thatM is a model ofϕ, which explains why the technique is known as
model checking[23].

One of the major approaches to automated verification is theautomata-theoretic
approach, which underlies model checkers that can handle linear-time specifications
(for a precursor, see [61]). The key idea underlying the automata-theoretic approach is
that, given an LTL formulaϕ, it is possible to construct a finite-state automatonAϕ

on infinite words that accepts precisely all computations that satisfyϕ. The type of
finite automata on infinite words we consider is the one definedby Büchi [13]. ABüchi
automatonis a tupleA = (Σ,S, S0, ρ, F ), whereΣ is a finite alphabet,S is a finite
set of states,S0 ⊆ S is a set of initial states,ρ : S × Σ → 2S is a nondeterministic
transition function, andF ⊆ S is a set of accepting states. Arun of A over an infinite
word w = a1a2 · · ·, is a sequences0s1 · · ·, wheres0 ∈ S0 andsi ∈ ρ(si−1, ai) for
all i ≥ 1. A run s0, s1, . . . is acceptingif there is some accepting state that repeats
infinitely often, i.e., for somes ∈ F there are infinitely manyi’s such thatsi = s. The
infinite wordw is acceptedbyA if there is an accepting run ofA overw. Thelanguage
of infinite words accepted byA is denotedL(A). The following fact establishes the
correspondence between LTL and Büchi automata [84] (for a tutorial introduction to
this correspondence, see [81]):

Theorem 1. Given an LTL formulaϕ, one can build a B̈uchi automatonAϕ = (Σ,S, S0, ρ, F ),
whereΣ = 2Prop and|S| ≤ 2O(|ϕ|), such thatL(Aϕ) = models(ϕ).

This correspondence reduces the verification problem to an automata-theoretic prob-
lem as follows [83]. Suppose that we are given a systemM and an LTL formulaϕ. We
check whetherL(M) ⊆ models(ϕ) as follows: (1) construct the automatonA¬ϕ that
corresponds to thenegationof the formulaϕ (this automaton is called thecomplemen-
tary automaton), (2) take thecross productof the systemM and the automatonA¬ϕ

to obtain an automatonAM,ϕ, such thatL(AM,ϕ) = L(M) ∩ L(A¬ϕ), and (3) check
whether the languageL(AM,ϕ) is empty, i.e.,AM,ϕ acceptsno input.

Theorem 2. LetM be a labeled transition system andϕ be an LTL formula. ThenM
satisfiesϕ iff L(AM,ϕ) = ∅.

If L(AM,ϕ) is empty, then the design is correct. Otherwise, the design is incorrect and
the word accepted byL(AM,ϕ) is an incorrect computation.

Theemptinessproblem for an automaton is to decide, given an automatonA, whether
L(A) = ∅, i.e., if the automaton accepts no word. Algorithms for emptiness are based
on testingfair reachability in graphs: an automaton isnonemptyif starting from some
initial state we can reach an accepting state from where there is a cycle back to it-
self [16]. An algorithm for nonemptiness is the following: (i) decompose the transition
graph of the automaton intomaximal strongly connected components (MSCCs) (linear
cost depth-first search [27]); (ii) verify that one of theMSCCs intersects withF (lin-
ear cost). More sophisticated Büchi nonemptiness algorithms have been studied, e.g.,
[28, 34]. When the automaton is nonempty, nonemptiness algorithms return a witness
in the shape of a “lasso”: an initial finite prefix followed by afinite cycle. (If the ac-
cepting states are “sink” states, then the finite cycle following the initial prefix can be
ignored.) Thus, once the automatonA¬ϕ is constructed, the verification task is reduced
to automata-theoretic problems, namely, intersecting automata and testing emptiness of



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

The linear-time framework is not limited to using LTL as a specification language.
ForSpec and PSL are recent extensions of LTL, designed to address the need of the
semiconductor industry [1, 3]. There are also those who prefer to use automata on infi-
nite words as a specification formalism [84]; in fact, this isthe approach of COSPAN
[48, 57]. In this approach, we are given a design representedas a finite transition sys-
temM and a property represented by a Büchi (or a related variant)automatonP . The
design is correct if all computations inL(M) are accepted byP , i.e.,L(M) ⊆ L(P ).
This approach is called thelanguage-containmentapproach. To verifyM with respect
to P , we: (1) construct the automatonP c thatcomplementsP , (2) take the product of
the systemM and the automatonP c to obtain an automatonAM,P , and (3) check that
the automatonAM,P is nonempty. As before, the design is correct iffAM,P is empty.
Thus, the verification task is again reduced to automata-theoretic problems, namely
complementing and intersecting automata and testing emptiness of automata.

3 Automata-Theoretic Model Checking Revisited

By the late 1990s, the automata-theoretic approach to modelchecking seems to have
stabilized. The algorithms developed can be classified as asexplicit, based on explicit
state enumeration, e.g., [28, 43], orimplicit/symbolic, based on a symbolic encoding of
the state space, using binary decision diagrams (BDDs) [14]or satisfiability solving [8].
These algorithms have been implemented in various model-checking tools [17, 50, 63].

In the last few years, further progress has been been on several aspects of automata-
theoretic model checking. As a result of this progress, we know both more and less. We
now know that the simple picture that prevailed by the late 1990s is too simplistic, but
we do not have a clear understanding of the space of relevant algorithms. In the rest
of this section, we survey the progress made over the last fewyears and highlight the
questions that have been opened by this progress.

3.1 Translating LTL Formulas to Büchi Automata

Translating LTL formulas to automata is a key building blockin linear-time model
checking. While the focus of the original translation [87, 84] was on mathematical
simplicity, it was not appropriate for explicit model checking, since the automata con-
structed were always exponential in the size of the formula.Already in [86] it was
shown that instead of starting with an exponentially large state pace, the translation can
create states on a demand-driven basis. The optimized translation of [43] avoided the
exponential blow-up in many cases of practical interest andwas was used in the ex-
plicit model checker SPIN [50]. The original translation of[84], was appropriate for
symbolic model checking and, after appropriate optimization [22], is used in symbolic
model checkers such as NuSMV [17]. An approach to LTL translation via alternating
automata was described in [80], again motivated by mathematical simplicity.



Two papers published in 1999 [29, 31] showed that [43] is not the last word on
explicit LTL translation, which opened the door to many morepapers [32, 35, 38, 39,
46, 44, 40, 76, 73, 79]. In fact, so many papers have been published over the last few
years on this topic that it is difficult to say what is the best approach to translating LTL
to automata. This is compounded by several issues:

– All the cited papers focus on optimizing automata generation (with respect to time
and/or space), rather than optimizing model checking. It isnot clear, however,that
improving automata-generationperformance yields an improvement in model-checking
performance. One exception is [73], which aims at optimizing model checking by
generating “more deterministic” automata, but again does not offer any evidence of
improvement in model checking.

– There are reasons to believe that none of the existing LTL translators perform well
on nontrivial formulas. For example, [74] reports not beingable to translate the
following formula, expressing a conjunction of fairness conditions, by any of the
available tools.

((GFp0 → GFp1)&(GFp2 → GFp0)&
(GFp3 → GFp2)&(GFp4 → GFp2)&
(GFp5 → GFp3)&(GFp6 → GF (p5 ∨ p4))&
(GFp7 → GFp6)&(GFp1 → GFp7)) → GFp8

A specialized tool generated an automaton with 1281 states from this formula. Note
that symbolic model checkers routinely handle BDDs with millions of nodes. It is
not clear why LTL translators cannot handle automata with only thousands of states.

– A generalizedBüchi automaton is a tupleA = (Σ,S, S0, ρ,F), whereF is a set
{F1, . . . , Fk} of subsets ofS, calledacceptingsets. A run ofA is accepting if each
accepting set is visited infinitely often. It is known that a generalized Büchi automa-
ton with k accepting sets can bedegeneralized, that is, converted to an equivalent
Büchi automaton, at the cost of multiplying the number of states byk [16]. As is
shown in [43], it is natural to translate LTL to generalized Büchi automata. While
symbolic model checkers support generalized Büchi automata, SPIN does not sup-
port them and requires degeneralization. There are, however, some who argue that
it may be advantageous to avoid degeneralization [78]; see discussion of nonempti-
ness algorithms below.

– Industrial experience has shown that LTL is too weak expressively for industrial
applications (see [85] for theoretical justification), resulting in more expressive in-
dustrial language such as ForSpec and PSL [1, 3]. So far therehe been no report
of an effort to develop an explicit translator for ForSpec orPSL. Some industrial
symbolic implementations of ForSpec and PSL are known to exists; for example,
Intel has a symbolic translator for ForSpec [4], but little is known about them. See
[15, 18, 66] for recent descriptions of symbolic translations for 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 temporal assertions tononde-
terministicBüchi automata should be re-visited. The majority of the properties being



verified aresafetyproperties, whose violation can be witnessed by a finite counterex-
ample. It is known that in such cases the complemented properties can be translated
into automata on finite words [53] (see also [52]).1 Such automata can be determinized,
though at a possibly exponential cost [68]. It may seem that such blow-up should be
avoided, but symbolic model checking can be viewed as onlinedeterminization of the
assertion automaton [53]. Thus, determinization is in somesense inherent to symbolic
model checking.

Recent results point to the advantage of translation to deterministic automata in the
context of SAT-based model checking [2]. Unlike the standard propositional encoding
of LTL formulas [8, 19, 59], which is polynomial in the size ofthe formula, the encod-
ing in [2] is exponential. It is shown in [2] that such encoding can nevertheless lead to
improved model-checking performance. When the automaton is nondeterministic, the
model checker has to find a bad behavior of the design under verification as well as an
accepting run of the automaton on that behavior. When the automaton is deterministic,
the search for an accepting run is avoided. This result raises the possibility that trans-
lation to deterministic automata would also be advantageous in the context of explicit
and BDD-based model checking. (A theoretical advantage of translating to determin-
istic automata is described in [56], but it is not clear if this leads also to a practical
advantage.)

3.3 Nonemptiness Algorithms

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

Explicit Algorithms As mentioned earlier, an obvious algorithm for nonemptiness
of Büchi automata is the following: (i) decompose the transition graph of the input
automaton intoMSCCs using depth-first search, and (ii) verify that one of theMSCCs
intersects with the accepting setF (or with all members ofF for generalized automata).

For large state spaces, maintaining the required data structures in main memory
might be infeasible. An alternative algorithm, NDFS, was proposed in [28]. NDFS
conducts two depth-first searches, but does not require a decomposition into maximal
strongly connected components. This algorithm, with some modifications [45, 51], is
the algorithm implemented in SPIN. NDFS was improved further in [71].

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

1 Interestingly, only few model-checking tools, e.g., VIS [11], take advantage of this obser-
vation, even though nonemptiness algorithms for automata on finite words are significantly
simpler than those for automata on infinite words [81].



NDFS was extended to generalized Büchi automata in [78]; instead of conducting
two depth-first searches, we may need to conductk + 1 depth-first searches, wherek
is the number of accepting sets of the automaton. Thus, the blow-up in the size of the
state space is replaced by a blow-up in the number of depth-first searches. It is not clear
that this yields an improvement in performance.

A thorough discussion and experiments involving nonemptiness algorithms can be
found in [30], which also introduces optimized versions of the MSCC-based algorithm
of [29] and the NDFS-based algorithm of [78]. At this point these two algorithms seem
to be the best of their types. These algorithms are implemented in the model-checking
library SPOT[32], which is publicly available atspot.lip6.fr. For a survey of
distributed algorithms for explicit model checking, see [6].

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

A set-based algorithm for fair reachability was described in [34], based on a fixpoint
characterization of fair reachability [33]. The algorithmperforms a nested fixpoint com-
putation, which implies that it uses, in the worst case, a quadratic number of symbolic
operations (with respect to the number of nodes in the state graph). This should be
contrasted with explicit nonemptiness algorithms, which run in linear time.

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

Both CTY and OWCTY retain the structure of a nested fixpoint computation with
a quadratic number of symbolic operations. In contrast, thealgorithm presented in [9]
uses onlyn logn symbolic operations. Disappointingly, this algorithm does not perform
better in practice than EL and its variants [69]. Further improvement was provided in
[42], which described an algorithm with alinear number of symbolic steps. Unfortu-
nately, there is no experimental information on the performance of that algorithm in
practice.

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



mance of this algorithm has been disappointing [7]. On the other hand, it was shown
in [10] that for a certain class of LTL formulas the nested fixpoint algorithms can be
replaced by a simple fixpoint algorithm with no increase in the number of variables,
resulting in significant performance improvement. (A general characterization of LTL
formulas for which model checking can be performed without nested fixpoints is pro-
vided in [56]. That characterization, however, does not yield a practical algorithm.)

A hybrid approach to LTL symbolic model checking, that is, an approach that uses
an explicit representation of the property automaton, whose state space is often quite
manageable, and a symbolic representation of the system, whose state space is typically
exceedingly large, was studied in [74] (following initial study in [72]): They compared
the effects of using: (i) a purely symbolic representation of the property automaton, (ii)
a symbolic representation, using binary encoding2, of an explicitly compiled property
automaton, and (iii) a partitioning of the symbolic state space according to an explicitly
translated property automaton. This comparison was applied to three model-checking
algorithms: the nested fixpoint algorithm of [34], the reduction of fair reachability to
reachability of [7], and the simple fixpoint algorithm of [10]. The emerging picture
from this comparison is quite clear; the hybrid approach outperforms pure symbolic
model checking, while partitioning outperforms binary encoding. The conclusion is that
the hybrid approaches benefits from state-of-the-art techniques in explicit compilation
of LTL formulas. Also, partitioning gains from the fact thatsymbolic 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 the prefix and the cycles have to
be of bounded size). As is shown [8], this can be expressed as apropositional formula
whose satisfiability implies the existence of a counterexample. While propositional sat-
isfiability is NP-complete, today’s satisfiability-solving tools, known asSAT solvers,
can solve instances with up to hundreds of thousands of variables [89]. It turned out that
SAT-based bounded model checkers can handle designs that are order-of-magnitude
larger than those handled by BDD-based model checkers, making this technology quite
popular in the industry, cf. [26].

In spite of several papers on symbolic translation of LTL in the context of SAT-
based model checking [8, 19, 59], we are far from having reached a solid understanding
on the relative merits of the different approaches. These papers study various propo-
sitional encodings of LTL extended with past temporal connectives. These encodings
compare favorably with what is referred to as “automata-theoretic encoding”. The latter
refers to a binary encoding of automata generated by some LTLtranslator. This encod-
ing ignores the inner structure of automata states. In automata generated from LTL
formulas, the states are sets of subformulas; a reasonable automata-theoretic encoding
should then take the inner structure of states into account,rather than use an arbitrary
binary encoding of states. Also, the reduction of fair reachability to reachability [7] has
yet to be evaluated in the context of SAT-based model checking.

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



3.4 Büchi Properties

As mentioned earlier, in some cases it is desirable to specify properties directly in
terms of Büchi automata, rather in terms of a temporal logic. In this case the automata-
theoretic approach requires complementation of the property automaton. Note that while
it is easy to complement properties given in terms of formulas in temporal logic, com-
plementation of properties given in terms of nondeterministic automata is not simple.
Indeed, a wordw is rejected by a nondeterministic automatonA if all the runs ofA
onw rejects the word. Thus, the complementary automaton has to consider all possible
runs, and complementation has the flavor of determinization.

For Büchi automata on infinite words, which are required forthe modeling of live-
ness properties, optimal complementation constructions are quite complicated, as the
subset construction is not sufficient. Due to the lack of a simple complementation con-
struction, the user is typically required to specify the property by a deterministic Büchi
automaton [57] (it is easy to complement a deterministic Büchi automaton), or to sup-
ply the automaton for the negation of the property [50]. Thus, an effective algorithm for
the complementation of Büchi automata would be of significant practical value.

Efforts to develop simple complementation constructions for nondeterministic au-
tomata started early in the 1960s, motivated by decision problems for second-order
logics. Büchi suggested a complementation construction for nondeterministic Büchi au-
tomata that involved a complicated combinatorial argumentand a doubly-exponential
blow-up in the state space [13]. Thus, complementing an automaton withn states re-
sulted in an automaton with22O(n)

states. In [75], Sistla et al. suggested an improved
implementation of Büchi’s construction, with only2O(n2) states, which is still, however,
not optimal. Only in [70], Safra introduced a determinization construction, which also
enabled a2O(n log n) complementation construction, matching a lower bound described
by Michel [64] (cf. [62]). Thus, from a theoretical point of view, some considered the
problem solved since 1988.

A careful analysis, however, of the exact blow-up in Safra’sand Michel’s bounds
reveals an exponential gap in the constants hiding in theO() notations: while the upper
bound on the number of states in the complementary automatonconstructed by Safra
is n2n, Michel’s lower bound involves only ann! blow up, which is roughly(n/e)n.
Recent efforts focused on narrowing the gap between the upper and lower bounds. A
new complementation construction, which avoids determinization, was introduced in
[54], and then tightened in [37] to yield an upper bound of(0.97n)n. On the other hand,
Michel’s bound was improved in [88] to yield a lower bound to(0.76n)n. Thus, the gap
between the lower and upper bound has narrowed, but it is still exponentially wide. (For
a study of the relationship between complementation and theOWCTY fair-reachability
algorithm, see [55].)

The construction of [54] has been implemented with many added optimizations
[47]. This optimized construction proved to be highly effective on Büchi automata ob-
tained from LTL formulas. It is shown in [47] that the automaton obtained by comple-
mentingAϕ, for a random LTL formulaϕ, is not much larger than the automatonA¬ϕ.
This, however, does not imply that the construction is equally effective when applied to
generic Büchi properties. So far no tool supports model checking Büchi properties.



4 Concluding Remarks

Since its introduction in 1981, model checking has proved tobe a highly successful
technology. The automata-theoretic approach offers a uniform algorithmic framework
for model checking linear-time properties. As we saw, recent progress has increased our
knowledge, but also opened many questions, regarding the translation of temporal prop-
erties to automata, algorithms for fair reachability, and complementation of Büchi prop-
erties. We hope to see many of these questions answered in thecoming years. Equally
important, we hope to see software tools implementing new algorithmic developments
in this area.

It should be noted, however, that for many of the computational tasks involved in
model checking there are several possible algorithms. Often, we do not have a solid
understanding of the relative merits of these algorithms. Furthermore, it is not clear
than we can alsways select a “best” algorithm from the pallette of possible algorithms.
Perhaps it is time to abandon the “winner-takes-all” mentality that seem to pervade
algorithmic research. In this, we can be inspired by recent research in Artificial Intel-
ligence, which advocates a portfolio approach to algorithmselection [60]. In this ap-
proach, one matches algorithms to problem instances. Thus,rather then try to identify a
“best-overall” algorithm, the focus shifts to attempting to identify a good algorithm to
the problem instance at hand. As an example along these lines, we can mention the work
reported at [10], which adapts the nonemptiness algorithm used to the LTL property at
hand.
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