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Abstract

Temporal logics like LTL are frequently used for the specification and verification of reac-
tive systems. To this end, LTL formulas are typically translated tonondeterministicBüchi
automata so that the LTL verification problem is reduced to a nonemptiness problem of
ω-automata. While nondeterministic automata are sufficientfor this purpose, many other
applications requiredeterministicω-automata. Unfortunately, the known determinization
procedures for Büchi automata like Safra’s procedure are extremely difficult to implement,
and the currently available implementations are only able to handle very small examples.

In this paper, we present a new symbolic translation of a remarkably large fragment of
LTL formulas to equivalent deterministicω-automata. Our method is based on (1) a syn-
tactically defined fragment of the temporal logic LTL together with a linear-time translation
procedure to equivalent nondeterministic symbolicω-automata, and (2) a (semi)-symbolic
determinization procedure for this fragment. The fragmentthat we consider is complete in
the sense that every LTL formula is equivalent to a formula inthis fragment, and in prac-
tice, we found that most formulas occurring in real specifications already belong to this
fragment.

1 Introduction

Automata on finite and infinite words have been intensively studied in computer science. Au-
tomata on infinite words (calledω-automata) are used for the specification and verification ofall
kinds of reactive systems [20]. In particular, the model checking problem of the temporal logic
LTL [16] (that is the core of PSL) can be reduced to checking the nonemptiness ofω-automata:
To check whether a systemM satisfies a LTL propertyϕ, the negation¬ϕ is first translated
to an equivalent (nondeterministic)ω-automatonA¬ϕ so that the emptiness of the product au-
tomatonM×A¬ϕ can be checked in a second step. Algorithms that translate the LTL formulas
to symbolicallyrepresentedω-automata1 [9] have been developed to benefit from symbolic set
representations [7]. Thus, nondeterministic automata arealready well established and form the
backbones of many verification tools.

1For an LTL formulaϕ, these procedures compute in timeO(|ϕ|) a symbolic descriptionAϕ of a nondetermin-
istic ω-automaton, which is comparable, but not equivalent to an alternatingω-automaton [22]. The description of
Aϕ has sizeO(|ϕ|), makes use ofO(|ϕ|) state variables, and therefore encodes2O(|ϕ|) states.



In contrast, algorithms that require the determinization of ω-automata have not yet made
their way to industrial practice, although there are many applications where deterministic au-
tomata would be more convenient or even necessary, as e.g. the translation of branching time
temporal logics like CTL* to (nondeterministic) automata on infinite trees [11], the computation
of winning strategies for possibly infinite games [17] whosewinning conditions are LTL formu-
las, the quantitative analysis of Markov decision processes [23] and, of course, the construction
of monitors that run in parallel to a given implementation tocheck desired safety properties
at runtime. Hence, algorithms to compute deterministic automata for given LTL formulas have
already found many applications, and are therefore of high interest. However, most state-of-the-
art translations offull LTL to ω-automata yield nondeterministic Büchi automata. After this,
the well-known determinization procedure of Safra [19] is often employed to compute a de-
terministic (Rabin) automaton. Unfortunately, Safra’s algorithm is very difficult to implement
[14], and the underlying data structures do not lend themselves well for the use of symbolic set
representations. As a consequence, the related tools are limited to small LTL formulas which
restricts their application in practice.

In this paper, we therefore propose a new approach to the translation of LTL formulas to
equivalent deterministic automata. Our approach is based on the temporal logic hierarchy [8,
20]. Based on this hierarchy, it can be proved [8, 20] that every LTL formulaΦ can be written as
a boolean combination of LTL formulasϕ1, . . . , ϕn that can be translated to nondeterministic
co-Büchi2 automata. If we are given an LTL formulaΦ as such a boolean combination, we
can use the algorithms presented in [20] to first translate the subformulasϕi in linear time to
linear sized symbolic descriptions of equivalent co-BüchiautomataAi. After this step, we can
use the well-known breakpoint construction [15] to determinize these automata and finally, we
compute the boolean closure of the obtained deterministic automata, which is straightforward
due to the previous determinization steps. As a result, we finally obtain a deterministic Rabin
or Streett automaton.

Due to results of [8], every LTL formulaΦ can be written as a boolean combination of
‘Büchi/co-Büchi’ LTL formulasϕi. However, the currently known transformations from arbi-
trary LTL formulas into such that normal form require a determinization step, and therefore,
they are not useful for our purpose. Thus, we currently have the requirement that the given
LTL formulas must already be boolean combinations of ‘Büchi/co-Büchi’ LTL formulasϕi. In
practice, we found that this requirement is almost always given, and in some other cases, it was
not too difficult to manually rewrite the formulas (checkingthe equivalence of LTL formulas is
simple). Therefore, we believe that our procedure is a valuable tool in practice. We substantiate
this conjecture in Section 4 by experimental results.

It is known [1] that there are LTL formulasϕ such that the smallest equivalent deterministic
ω-automaton has doubly-exponential sizeO(22|ϕ|

). Hence, the complexity of determinization
algorithms is a critical issue. For this reason, we make use of symbolic set representations in
our translations as far as possible, namely, (1) by translating suitable subformulas of a given
LTL formula to symbolic descriptions of nondeterministic safety or co-Büchi automata, (2) by
employing new symbolic algorithms to determinize the obtained safety and co-Büchi automata,
(3) and, finally by computing the boolean combination of the obtained deterministic automata.

The added values of this paper are therefore (1) the development of new symbolic deter-
minization procedures for safety and co-Büchi automata, and (2) the use of these procedures to
determinize all formulas of all classes in the temporal logic hierarchy. Our implementation is

2While Büchi automata demand that a run of a word must infinitely often visit a set of designated states, co-
Büchi automata impose the dual requirement that, except forfinitely many points of time, only designated states
are visited.



remarkably efficient and can produce deterministic automata with hundreds of state variables.
There are already symbolic versions of variants of the subset and the breakpoint construction

[3, 4]. In [4], procedures are described to compute a symbolically represented nondeterminis-
tic automaton from an alternating automaton, i.e., a ‘nondeterminization’ procedure. Although
there are some similarities to our procedure, nondeterminization of alternating automata and
determinization of nondeterministic automata is different for ω-automata [22]. Closer to our
determinization procedure is [3] which generates a deterministic automaton for the safety frag-
ment and thus implements the subset construction. However,they also start with an alternating
automaton which is then translated to an explicitly represented nondeterministic automaton.
The nondeterministic automaton is generated on the fly, thusavoiding the construction of the
whole explicit automaton. However, this step crucially relies on a translation from alternating
automata to the corresponding nondeterministic automata while our procedure is independent
of the previous translation from temporal logic to nondeterministic automata. In particular, it
is not obvious how the work [3] could be generalized to more expressive classes like co-Büchi
automata.

The outline of the paper is as follows: In the next section, welist basic definitions onω-
automata and our use of symbolic representations of automata. Moreover, we briefly consider
the automata hierarchy presented in [8, 20]. The main part ofthe paper describes the semi-
symbolic determinization procedures in Section 3 that allowed us to implement highly efficient
tools to translate LTL formulas to deterministicω-automata. In Section 4, we present experi-
mental results we obtained with our tool and the implementation of Safra’s procedure of [14].

2 Basic Definitions

2.1 Symbolic Representations ofω-Automata

In this section, we briefly describe how we symbolically representω-automata. We assume
that the input alphabet is encoded using boolean variablesVΣ. To represent the state transition
relation of the automata, we introduce two state sets of propositional variables, one for the
current and an associated onev′ for the next point of time. Using these propositional variables,
we are able to encode the initial states, the transition relation and the acceptance condition using
simple propositional formulas:

Definition 1 Given a finite set of variablesQ with Q ∩ VΣ = {}, a propositional formulaI
overQ ∪ VΣ, a propositional formulaR overQ ∪ VΣ ∪ {v

′ | v ∈ Q}, and a LTL- formulaF
overQ ∪ VΣ, thenA∃ (Q, I,R,F) is an (existential) automaton formula.

It is easily seen [20] that for automaton formulasA∃ (Q, I,R,F), we can demand thatI and
F contain only state variablesQ (yielding state-based instead of edge-based automata). In
these cases, it is clear that an automaton formula describesa nondeterministicω-automaton in a
symbolic way:Q is the set of state variables, so the set of states corresponds with the powerset
of Q. We identify any setϑ ⊆ Q ∪ VΣ ∪ {v

′ | v ∈ Q ∪ VΣ} with a propositional interpretation
that exactly assigns the variables ofϑ to true, and the remaining ones to false. Having this view,
the formulaI describes the set of the initial states, which are the setsϑ ⊆ Q that satisfyI.
Similarly,R symbolically represents the set of transitions.



2.2 Acceptance Conditions

In addition to the states and state transitions, we have to define the acceptance condition that de-
termines whether a word is accepted by the automaton. Several kinds of acceptance conditions
F have been proposed [8, 20]:

• A run is accepted by a safety conditionGϕ with a state setϕ if the run exclusively runs
through the setϕ.
• A run is accepted by a liveness conditionFϕ with a state setϕ if the run visits at least one

state of the setϕ at least once.
• A run is accepted by a Büchi conditionGFϕ with a state setϕ if the run visits at least one

state of the setϕ infinitely often.
• A run is accepted by a co-Büchi conditionFGϕ with a state setϕ if the run visits only

states of the setϕ infinitely often, i.e., states outsideϕ are only finitely often visited.

A run π(w) = π0π1 . . . of an automaton over a wordw is an (infinite) sequence of truth assign-
ments to the variables inQ∪VΣ that coincides withw on the variables ofVΣ, i.e.π = π0π1 . . . is
a sequence such thatπ0 |= I, and for eachi > 0, we haveπi |= R andπi∩VΣ = wi∩VΣ. Thus,
a runπ(w) is a word in(2Q∪VΣ)ω. A run is accepted by the automaton, ifπ(w) |= F . Using the
notationw[i,∞) to denote the suffix ofw starting at positioni, we havew, i |= A∃ (Q, I,R,F)
iff π(w[i,∞)) |= F .

The considered automaton formulas are usually nondeterministic. As usual, we call an
automatonA deterministic, if every wordw ∈ (2VΣ)ω has exactly one runπ(w) throughA.

2.3 The Hierarchy ofω-Automata and the Temporal Logic Hierarchy

The above acceptance conditions define the corresponding automaton classes(N)DetG, (N)DetF,
(N)DetGF, and(N)DetFG, respectively. Moreover,(N)DetPrefix automata have acceptance condi-
tions of the form

∧f

j=0
Gϕj ∨Fψj , and(N)DetStreett automata have acceptance conditions of the

form
∧f

j=0
GFϕj ∨ FGψj . The expressiveness of these classes is illustrated in Figure 1, where

C1 w C2 means that for any automaton inC1, there is an equivalent one inC2. Moreover, we
defineC1 ≈ C2 := C1 w C2 ∧ C2 w C1 andC1 � C2 := C1 w C2 ∧ ¬(C1 ≈ C2). As can be seen,
the hierarchy consists of six different classes, and each class has a deterministic representative.

DetF DetGF
�

�
�

DetPrefix NDetGF ≈ NDetStreett ≈ DetStreett

�
�

�
DetG DetFG≈ ≈

NDetG NDetF ≈ NDetPrefix ≈ NDetFG

Figure 1: (Borel) Hierarchy ofω-Automata

In analogy, a temporal logic hierarchy has been defined [8, 20] that consists of six temporal
logicsTLκ for κ ∈ {G, F,Prefix,GF, FG,Rabin} that correspond with the six automaton classes
(N)Detκ. Translations ofΦ ∈ TLκ with κ ∈ {G, F,GF, FG} to symbolic representations of
automata inNDetκ require only timeO(|Φ|). Moreover, for every formulaΦ ∈ TLκ, we can
construct a symbolic descriptionA of a deterministicω-automaton of the classDetκ in time
O(2|Φ|) with |Q| ≤ 2|Φ| state variables. Note thatA may haveO(22|Φ|

) states.



3 Symbolic Determinization Procedures

As reported in the previous section, it is already known thatwe can compute for every formula
ϕ ∈ TLκ an equivalent deterministicω-automatonAϕ ∈ Detκ. Moreover, it is already known
that the subset and the breakpoint constructions are sufficient for this purpose [20], so that there
is no need for Safra’s considerably more difficult determinization procedure for these classes.

However, a critical issue of the known translations from theclassesTLκ to Detκ is still their
complexity: It is well-known [1] that there exists formulasΦ ∈ TLκ such that all equivalent
deterministic automata have at least22Ω|Φ|

states. Symbolic translation procedures fromTLκ to
NDetκ as shown in [20] elegantly circumvent a first bottleneck. However, all determinization
procedures including the subset and the breakpoint construction assume explicitly represented
automata, so that this advantage can no longer be exploited.Even worse, the resulting determin-
istic automata are also given in an explicit representation, so that naive implementations really
suffer from the double exponential complexity.

For this reason, a major improvement is obtained by the results of this section that show how
the subset and the breakpoint construction can be implemented in a semi-symbolic way: For
a given symbolically represented nondeterministic automatonA∃ (Q, I,R,F) with reachable
states{ϑ1, . . . , ϑn}, we directly construct symbolic descriptions of the deterministic automata
that are constructed by the subset and the breakpoint constructions. Although we can not avoid
one exponential step (namely the enumeration of the reachable states), we achieved that the
symbolic description of the deterministic automaton can beobtained without enumerating its
states. All steps except for the enumeration of the reachable states of the nondeterministic au-
tomaton are symbolically implemented. As a result, we obtained highly efficient determiniza-
tion procedures that allow us to translate large LTL formulas to equivalent deterministic au-
tomata. In the following subsections, we describe these algorithms in detail, but we assume that
the reader is familiar with the subset and the breakpoint construction.

3.1 Symbolic Implementation of the Subset Construction

As already explained, our algorithms expect asymbolicrepresentation of a nondeterministic
automaton, i.e. a formulaA∃ (Q, I,R,F ′), whereI is a propositional formula over the state
variablesQ, and where the acceptance conditionF ′ is based on a propositional formulaF over
the state variablesQ that is used to construct a safety, liveness, fairness or persistence property
F ′. In the following, we assume thatQ = {q1, . . . , qm} and thatVΣ = {x1, . . . , xk} holds.

The first step of our algorithms consists ofcomputing the reachable statesof the automa-
ton. To this end, we first eliminate all variables that are notstate variables, i.e., we define
R∃ :≡ ∃x1 . . . xk. R, and compute then the reachable states. The reachable states can be
computed as the fixpoint3 µx. I ∨

←−
♦x, but since we additionally eliminate deadend states, we

computeSreach :≡ (νy.♦y)∧ (µx. I ∨
←−
♦x) instead, i.e. the reachable states having at least one

infinite path. Using symbolic methods, the resultSreach is a propositional formula over the state
variablesQ.

Having computed the reachable statesSreach, we now perform a one-hot encoding of the
states of the original nondeterministic automaton. To thisend, we have to explicitly enumerate
the reachable states which are the models of the formulaSreach. Recall that we identify a variable
assignment with a setϑ ⊆ Q such that exactly the variables contained inϑ are true. Thus,
assume the reachable states are{ϑ1, . . . , ϑn}. We now introduce new state variablesQdet =

3For a set of statesx,
←−
♦x denotes the existential successor states ofx.



{p1, . . . , pn} to identify a reachable stateϑi with a state variablepi. Moreover, forϑ ⊆ Q, we
define the corresponding minterm as:

mtQ(ϑ) :≡

(
∧

x∈ϑ

x

)

∧




∧

x∈Q\ϑ

¬x





Based on these definitions, the symbolic subset construction is described as follows:

Definition 2 (Symbolic Subset Construction)GivenA = A∃ (Q, I,R,F) with the reachable
states{ϑ1, . . . , ϑn} and new state variablesQdet = {p1, . . . , pn}, we define the following au-
tomatonAdet = A∃ (Qdet, Idet,Rdet,Fdet):

• H :≡

n∨

j=1

pj ∧mtQdet
(ϑj)

• Idet :≡
n∧

i=1

(pi ↔ ∃q1 . . . qm. mtQdet
(ϑi) ∧ I)

• Fdet :≡ ∃q1 . . . qm. H ∧ F

• Rdet :≡
n∧

i=1

(p′i ↔ ηi), with ηi :≡ ∃q1 . . . qmq
′
1 . . . q

′
m. H ∧R∧ (mtQdet

(ϑi))
′

As can be seen, the initial condition and the transition relation of Adet are given as equation
systems, which is beneficial for many applications.

To see that our construction is correct, consider first the acceptance conditionFdet: Note that
Fdet can be rewritten as

∨n

j=1
pj ∧∃q1 . . . qm. mtQdet

(ϑj)∧F . The subformulamtQdet
(ϑi)∧F is

false in case thatϑi is a variable assignment that does not satisfyF . Otherwise,mtQdet
(ϑi) ∧F

is equivalent tomtQdet
(ϑi). Thus, the existential quantification used in the definitionof Fdet

yields true if ϑi belongs toF (since every mintermmtQdet
(ϑi) is satisfiable), and yieldsfalse

if ϑi does not belong toF . Consequently,Fdet is equivalent to the disjunction of thosepj that
correspond to statesϑj of F , i.e.Fdet ⇔

∨

ϑi∈F
pi.

The initial superstate of the subset construction is the setof initial statesI, i.e., the initial
condition is

∧n

i=1
pi ↔ αi, whereαi ∈ {1, 0}, so thatαi = 1 iff ϑi ∈ I. Now note that

∃q1 . . . qm. mtQdet
(ϑi) ∧ I evaluates to true iffϑi ∈ I.

Finally, consider the transition relationRdet: The successor states of a superstateΘ ⊆ Qdet

under the input conditionτj,i are given as the set of statespj that have a transition under the input
conditionτj,i to a statepj ∈ Θ. Our definition ofRdet directly implements this: in the next step,
all pi are true (thus belong to the superstateΘ) wheneverηi holds. Nowηi is equivalent to

n∨

j=1

pj ∧ ∃q1 . . . qmq
′
1 . . . q

′
m. mtQdet

(ϑj) ∧R ∧ (mtQdet
(ϑi))

′

︸ ︷︷ ︸

τj,i

,

whereτj,i is the condition on the input variablesVΣ = {x1, . . . , xk} that must hold to enable
the transition from statepj to statepi. Thus,ηi is equivalent to

∨n

j=1
pj ∧ τj,i, and thus,ηi lists

all possibilities to reach statepi from any other reachable state.
Therefore, the above definition implements the subset construction in a symbolic way. We

therefore can now state the following theorem:

Theorem 1 (Symbolic Subset Construction)For every automatonA, the automatonAdet as
constructed in Definition 2 is deterministic and is a symbolic description of the automaton
obtained by the well-known subset construction [18, 20].



Since the subset construction can not only be used to determinize automata on finite words, but
alsoω-automata that stem from the classesTLG, TLF, andTLPrefix, we can already handle these
classes4 with the construction given in Definition 2.

3.2 Symbolic Implementation of the Breakpoint Construction

In order to handle the remaining classes of the temporal logic hierarchy, we show in the next
definition how the breakpoint construction for the determinization of the classNDetFG can be
implemented in a symbolic manner. Again, by using dualitiesbetween the classes, we are then
able to determinize also the classesTLGF,TLFG andTLStreett.

Definition 3 (Symbolic Breakpoint Construction) GivenA = A∃ (Q, I,R,F) with the reach-
able states{ϑ1, . . . , ϑn} so thatF is the set{ϑn+1−ℓ, . . . , ϑn}. Using new state variables
Qbpt = {p1, . . . , pn, b1, . . . , bℓ} and the definitions ofIdet andRdet of Definition 2, we define
Abpt = A∃ (Qbpt, Idet ∧ Ibpt,Rdet ∧Rbpt,Fbpt) as follows:

• H :≡

n∨

j=1

pj ∧mtQdet
(ϑj)

• Ibpt :≡

ℓ∧

i=1

bi ↔ 0

• Fbpt :≡

ℓ∨

i=1

bi

• Rbpt :≡

ℓ∧

i=1

b′i ↔ ¬Fbpt ∧ ηi ∨ Fbpt ∧ [ηi]̺, with

ηi :≡ ∃q1 . . . qmq
′
1 . . . q

′
m. H ∧R ∧ (mtQdet

(ϑi))
′ and̺ is the substitution that maps each

p1, . . . , pn−ℓ to 0 andpn−ℓ, . . . , pn to b1, . . . , bℓ, respectively

The idea behind the breakpoint construction is to maintain pairs of sets of states, where the first
component is computed by the subset construction. The second component is the set of states
that have never left the set of designated states since the last breakpoint, where a breakpoint is
a state whose second component is empty.

States ofAbpt correspond with subsets ofQbpt which may be considered as pairs of subsets
of {p1, . . . , pn} and{b1, . . . , bℓ}. A breakpoint is a pair(S1, S2) whereS2 represents an empty
state set, i.e., all of the variablesbj are false andFbpt evaluates to false. Whenever a breakpoint
is reached, the second set is filled with the designated successors of the first set. In this case,
we evaluate the status of thebj according to the variablespi, thus all we have to do is to copy
the formula representing the transition relation of the subset construction. Otherwise, the usual
subset construction is performed on the second step in the explicit breakpoint construction. To
calculate the transition relation in our symbolic setting,it is sufficient to eliminate transitions
from non-accepting states (which is done by settingpi = 0) and then replacing each occurrence
of pi for ϑi ∈ F by the correspondingbi.

Hence, also the breakpoint construction can be implementedin a symbolic manner. It is
well-known thatAbpt may have at mostO(3n), reachable states, while the automatonAdet ob-
tained from the subset construction may have at mostO(2n) reachable states.

4Note, however, thatNDetF is not the dual class ofNDetG (see Figure 1).
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Figure 2: Nondeterministicω-automaton obtained fromϕ :≡ X [a U b] (left hand side), and
the corresponding deterministicω-automaton obtained from the subset construction with the
acceptance conditionG(p0 ∨ p1 ∨ p2 ∨ p3) andQdet := {p0, p1, p2, p3}.

Theorem 2 (Symbolic Breakpoint Construction) For every automatonA, the automatonAbpt

as constructed in Definition 3 is deterministic and is a symbolic description of the automaton
obtained by the well-known breakpoint construction [15, 20].

3.3 Illustrating Example

As an example, consider the LTL formulaϕ :≡ X [a U b]. Using the translation given in [20],
we obtain the following equivalent nondeterministic safety automaton

Aϕ = A∃ ({q0, q1}, q1, (q0 ↔ b ∨ a ∧ q′0) ∧ (q1 ↔ q′0), 1) .

Its state transition diagram is given on the left hand side ofFig. 2, and its acceptance condition
simply demands that there must be an infinite run. Using the above algorithm, we obtain the
following equation systems forAdet (where we encoded the reachable states as follows:p0 ∼
ϑ0 = {}, p1 ∼ ϑ1 = {q1}, p2 ∼ ϑ2 = {q0}, andp3 ∼ ϑ3 = {q0, q1}):

Idet =







p0 ↔ 0

p1 ↔ 1

p2 ↔ 0

p3 ↔ 1

Rdet =







p′0 ↔ p0 ∧ ¬b ∨ p2 ∧ b

p′1 ↔ p0 ∧ ¬b ∨ p2 ∧ b

p′2 ↔ p1 ∧ ¬(a ∨ b) ∨ p3 ∧ (a ∨ b)
p′3 ↔ p1 ∧ ¬(a ∨ b) ∨ p3 ∧ (a ∨ b)

The state transition diagram of this deterministic automaton is shown in Figure 2.

4 Experimental Results

We have implemented the presented algorithms in our Averestframework and made some ex-
periments that we compared with the tool ltl2dstar [14] thatis an implementation of Safra’s
construction. The output of our tool is a symbolic representation of the computed determinis-
tic automaton. The output of ltl2dstar is a textual representation of the explicit deterministic
automaton. All experiments have been performed on a dual Opteron workstation with 2Ghz
running SUSE Linux 9.3.

As a starting point, we examined the examples from [12, 21, 10]. From the 94 formulas
contained in the sample set, only 4 do not belong toTLStreett. However, after a manual rewriting



AMBA Protocol

n Time[sec] Mem[MB] #state variables
det. auto. ndet. auto.

2 0.18 14.4 401 54
4 0.27 14.9 758 88
8 0.53 15.7 1486 156
16 1.4 17.9 2942 292

GenBuf

n Time[sec] Mem[MB] #state variables
det. auto. ndet. auto.

2 0.14 13.6 233 58
4 0.16 13.6 341 89
8 0.22 13.6 581 163
16 0.41 15.3 1157 359
32 1.44 18.3 2693 943
64 10.00 104.0 7301 2879

Figure 3: Experimental results of our case studies

step, all of the formulas can be translated to deterministicautomata with our procedure5. All
example formulas of [12, 21, 10] where translated by both Averest and ltl2dstar in a couple of
seconds using at most30 MB memory. None of the algorithms typically outperformed the other
on these rather small examples, but we can already see thatalmost all LTL formulas used in
specifications already belong toTLStreett.

To evaluate the performance on real world examples, we first considered the AMBA bus
protocol [2] specification given in [5]. The specification consists of11 safety specifications,3
fairness constraints, and one constraint on the initial state. The entire specification, i.e., the con-
junction of these formulas, belongs toTLStreett. In the original formulation of the specification,
Averest required more than 4 hours and used more than 129 MB memory for 6 masters. We
quickly identified a problematic subformula and after manually rewriting this formula6, Averest
was able to generate deterministic automata for all possible instances of the AMBA protocol
with the runtime requirements shown in Figure 3. Averest would even be able to handle larger
instances, which are however not specified in the AMBA protocol (only up to 16 masters and
slaves are considered).

The tool ltl2dstar was not able to finish even the rewritten specification with2 masters:
After 1 minute, we terminated the process that already claimed an enormous amount of3.5
GB of main memory. Until that point of time, ltl2dstar was still busy with the translation to a
nondeterministic automaton using the translator ltl2ba [13].

As a second example, we considered the generalized buffer that has been developed by
IBM as a tutorial for the Rulebase verification tool7. GenBuf comes with a relatively complete
specification in PSL for a family of buffers parameterized bya numbern. Data is offered by
the senders in an arbitrary order, and is received by the receivers in round-robin order. We used
the modified specifications given in [6]. One problem that we encountered was that the rose
and fell operator of PSL is not an LTL operator. However, by using a deterministic monitor,
we were able to translate the specification to a LTL specification and finally to a deterministic
automaton using Averest. Unfortunately, ltl2dstar does not support past operators, so that we
can not give a comparison with ltl2dstar on this example.

5As an example for this rewriting process, consider the formula G (p→ [q U (Gr ∨ Gs)]) from [12] and the
equivalentTLStreett formulaG¬p ∨ G (p→ [q U (Gr ∨ Gs)]) ∧ F(Gr ∨ Gr)

6The problematic formula wasG(decide →
∧

i hgrant[i] ↔ Xhgrant[i]) which we rewrote to
∧

i G(decide→ hgrant[i]↔ Xhgrant[i]).
7http://www.haifa.ibm.com/projects/verification/RB_Homepage/tutorial3/GenBuf_english_spec.htm



5 Summary

We exploited the temporal logic hierarchy [8, 20] so that thesubset and the breakpoint construc-
tions suffice to translate a large fragment of LTL to equivalent deterministicω-automata. While
this already follows from results given in [20], it has not yet found the way into efficient tools so
far. The main added value of this paper is therefore to put those theoretical results into practice
by the development of new algorithms that directly compute asymbolic representation of the
deterministic automata. Although our translation to deterministic ω-automata can not handle
all LTL formulas, it seems to be sufficient in practice: Almost all specifications we found in our
experiments can be translated with our algorithm. The experimental results we have presented
show clearly that our tool outperforms existing tools in that area.
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