A Hierarchy for
Accellera’s Property
Specification Language

Thomas Turk

May 1st, 2005

Diploma Thesis

University of Kaiserslautern

Supervisor:
Prof. Dr. Klaus Schneider



Vorliegende Diplomarbeit wurde von mir selbststandig verfasst. Es wurden keine
anderen als die angegebenen Quellen und Hilfsmittel benutzt.

Kaiserslautern, 1. Mai 2005

Thomas Turk



Contents

2 Basicd

hl_[jn_ea,r_”ﬂam_p_m;a]_[@gi(’ (LTLY o
hLBm_at_Lj_n_eaI_’Iam_pgmj_I@gic (RLTLY . . . o o,
B3 Accellera’s Property Specification Language (PSLY . . . . . . . ... ..

W1 A Hierarchy of LTU . . . . . o o

W2 A Hierarchy of RITU . . . . . . .. ... ... ..




5.4 __Translations of LTL to w-A

5.5 Translation of PSIL to RIT

16 Conclusion and Future Work

ii

5.3 Deen Emhedding_of_u;Au_tQmamd ......................



1 Introduction

1.1 Motivation

Model checking and equivalence checking are state-of-the-art in modern hardware cir-
cuit design. Moreover, standardised languages like the hardware description languages
VHDL M, 56] and Verilog [41] are widespread and allow one the convenient exchange
of modules, which can also be sold as IP blocks. However, specifications of tempo-
ral properties that are required for model checking cannot be easily described with
these languages [16, 45]. Hence, the research on model checking during the last two
decades considered mainly temporal logics like LTL [42], CTL [21] and CTL* [22]. More-
over, several other formalisms like w-automata [54] or monadic second order logics are
used [32].

The syntax, the semantics and also the expressiveness and complexity of these tem-
poral logics are very different. For example, while LTL model checking is PSPACE-
complete, CTL model checking can be done in polynomial time, which is a consequence
of the different expressive power of these logics. Moreover, temporal logics, w-automata
and monadic predicate logics form a hierarchy in terms of expressiveness [49].

The significant differences of the temporal logics used for specification prevent the
use of different tools, a situation that was similar in digital circuit design before the
standardisation of VHDL [4, 56] and Verilog [41]. For this reason, the increased im-
portance of verification leads to industrial interest in standardised specification logics.
Hence, great effort has been put on a standard of an industrial-strength property
specification language. Accellera’s Property Specification Language (PSL) [, 2] is its
result.

In this diploma thesis, a translation of a significant subset of PSL to classical tem-
poral logic LTL is presented. It is well known how LTL can be translated to equivalent
w-automata [20, 24, 25, |52, 61]. In particular, there is a hierarchy of w-automata
[35, BA, 49, B8] that distinguishes between safety, liveness and four other classes
of increasing expressiveness. Recently, the related subsets of LTL of this hierarchy
have been syntactically characterised [48, 49]. In particular, linear-time translations
have been presented [48, 49] that translate the temporal logic classes to correspond-
ing w-automata. The presented translation of a subset of PSL to LTL allows one to
lift these temporal logic classes to PSL, i.e. it allows one to syntactically characterise
subsets of PSL that can be translated to corresponding w-automata.

Especially, subsets of PSL that can be translated to safety or liveness automata
are interesting, since the classification into safety and liveness is important for many
applications. Since only finite paths can be examined with simulation, this approach
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is limited to safety and liveness properties. In particular, liveness properties can be
proved and safety properties can be disproved by means of simulation. The same holds
for most variants of bounded model checking [51], which are in some sense related to
symbolic simulation. Other properties like fairness properties stating that a condition
has to hold infinitely often, or persistence properties stating that a condition holds
from a certain unknown point of time on, cannot be easily examined by simulation.

1.2 Main Objective

The main objective of this diploma thesis is to syntactically identify subsets of PSL
that form a hierarchy similar to the well-known hierarchies of LTL and w-automata.
Furthermore, translations have to be developed that allow one to translate PSL classes
to the corresponding LTL and w-automata classes. Moreover, these translations and
the hierarchy of PSL should be formally validated using an automated proof system.
The translation of the subset of PSL to w-automata presented in this work consists
of three parts: the translation of a subset of PSL to RLTL, the translation of RLTL to
LTL and the translation of LTL to w-automata (see Figure [[Tl). RLTL is an extension
of LTL by a reset operator that allows one to abort the consideration of a property.
RLTL was introduced by Armoni, Bustan, Kupferman and Vardi in 2003 [H] to show
the impact of different reset operators. As a consequence of [3], the semantics of the
reset operator in PSL has been changed in version 1.1 to meet the semantics of the
reset operator in RLTL. The previous version leads to a non-elementary blow-up in the
translation to w-automata. Thus, it is not surprising that a significant subset of PSL
can be translated to RLTL. However, the actual translation of a subset of PSL to RLTL
originates to this work. For the translation of RLTL to LTL, an algorithm presented in
[9] is used. Finally, the translation of LTL to w-automata as given by [4&, 49] is used.

B fad, b

Figure 1.1: Translation of a subset of PSL to w-automata

Using these translations between a subset of PSL, RLTL, LTL and w-automata, the
hierarchy of LTL identified by Klaus Schneider [48, 49] is lifted to PSL and RLTL,
i.e. PSL and RLTL classes are identified that are translated to the corresponding LTL
class by the presented translations. Therefore, they can also be translated to the
corresponding class of w-automata [49]. Moreover, the identified PSL and RLTL classes
are complete in the sense, that they are as expressive as the corresponding LTL class.
Especially, PSL classes are identified that correspond to liveness and safety properties.

In 2004, Claessen and Martensson presented a subset of PSL, called weak PSL that
can express only liveness properties [1&]. The PSL class corresponding to liveness
properties defined in this work is different from weak PSL. In contrast to weak PSL,
negations are considered. On the other hand, in contrast to the classes defined in this
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work, weak PSL may contain certain regular expressions.

The example of the slightly different definitions of the reset operator in PSL version
1.01 and version 1.1 and the enormous impact of this small change shows that proving
the correctness of the translations is quite tricky. PSL is a complex language and
that includes many special cases. Therefore, all parts of the translation of PSL to
w-automata are formally validated in the interactive proof system for higher order
logic HOL [27, 29]. Moreover, the identified hierarchy of PSL is formally validated,
too. The resulting HOL library can be found on the included CD.

There is already a deep embedding of PSL in HOL [2€]. This embedding is not part
of the Accellera standard. However, some members of the Accellera Formal Property
Language Technical Committee reviewed this embedding. In addition to this PSL
library, some parts of an existing LTL library [50] are used. There are of course also
other embeddings of temporal logics in HOL like [34, I57], but these are not useful in
this context, since they provide no deep embeddings.

In the scope of this diploma thesis, RLTL, LTL and w-automata have been deeply
embedded in HOL. Using Mike Gordon’s deep embedding of PSL and these embeddings
of RLTL, LTL and w-automata, the correctness of the entire translation of PSL to
w-automata is formally proved. Moreover, it is proved in HOL that the presented
translation from PSL to LTL translates a PSL class to the corresponding LTL class.
Since this LTL class can be translated to the corresponding class of w-automata, the
translation of PSL to LTL allows one to translate the PSL class to the corresponding
w-automata class.

The usage of Mike Gordon’s PSL library is an additional value of this work, because
it is one of the first applications of this library. Translating PSL to another language
should find other bugs in the PSL library than sanity checking inside the PSL library
itself. Indeed, during this diploma thesis a small, until then unknown bug has been
discovered in the embedding, which will be mentioned later.

1.3 Document Structure

This diploma thesis is organised as follows: In Chapter B the used formalisms LTL,
RLTL, PSL and w-automata are introduced. Based on these introductions, the trans-
lations between these formalisms are presented in Chapter Bl Since there are formal
HOL-proofs of the presented translations, only the main ideas of the proofs are given in
the thesis, while machine-checked proofs are given on the included CD. In Chapter H,
the translations are used to define PSL classes that correspond to the temporal logic
hierarchy [3€, 48§, 49] and hence, to the w-automaton hierarchy [35, 49, 58]. Chapter
describes the work done in HOL. The embeddings of the used formalisms, the overall
structure of the theories and important lemmata are described. However, formal proofs
are not presented here either. Instead of this, this section is meant to give an overview
about HOL and the HOL theories created during this work. Finally, some conclusions
are drawn and directions for future work are discussed.
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In this chapter, the formalisms LTL, RLTL, PSL and w-automata that are essential
for this work are introduced. All these formalisms are used to describe the temporal
behaviour of a system. Therefore, they share some common elements. They all use
propositional logic to describe properties of the current point of time, and they all
describe properties of a sequence of points of time, a so-called path. Thus, the used
notations for propositional logic and paths are defined first:

Definition 2.0.1 (Propositional Logic)
Let V be a set of variables. Then, the set of propositional formulas over V (short
propy,) is recursively given as follows:

e cach variable v € V is a propositional formula
® —p € propy,, if ¢ € propy,
* p N1p € propy, if p,9 € propy,

An assignment over V is a subset of V. In our context, assignments are also called
states. The set of all states over V, which is the power set of V, is denoted by P(V).
The semantics of a propositional formula with respect to a state s is given by the
relation |=prop that is defined as follows:

® S |=prop v iff v E s
® S F=prop ¢ IS Fprop ¢
® S =prop ¢ AU I s =prop ¢ and s =prop ¥
If s =prop ¢ holds, then the assignment s is said to fulfil (or to model) the propositional

formula .

For reasons of simplicity, the operator A is often omitted. For example, x1z9 means
x1 A x2. Additionally, further propositional operators like V,—, « etc. are added as
syntactic sugar, i.e. they are added as shorthands for formulas not containing these
operators:

o pVihi=(—p )

* p— 1=V
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oY== Ap—
e true := v V —w for an arbitrary variable v € V

e false := —true

Definition 2.0.2 (Words)

A finite word v over a set ¥ of length |v| = n + 1 is a function v : {0,...n} — 3.
An infinite word v over ¥ is a function v : N — X. Its length is denoted by |v| = co.
The set ¥ is called alphabet. The elements of Y are called letters. The finite word
of length 0 is called the empty word (denoted by ¢). For reasons of simplicity, v(i) is
often denoted by v' for i € N. Using this notation, words are often given in the form
vOvlv? . o™ or w9l . ... The set of all finite words over ¥ is denoted by ¥*, and the
set of all infinite words over ¥ is denoted by X*.

Counting of letters starts with zero, i.e. v'~! refers to the i-th letter of v. Fur-
thermore, v' denotes the suffix of v starting at position i, i.e. vi* = viv'Tt ... for all
i < |v| . The finite word v'v**! ... v is denoted by v'J. Notice that in case j < i the
expression v'J evaluates to the empty word €. For two words vi,vs, we use vivy for
the concatenation of vy and vy. Finally, we use (¥ for the infinite word v with vJ =1
for all j.

Definition 2.0.3 (Paths)

Temporal logics are often used to reason about the behaviour of transition systems.
A path of a transition systems is a word, for which is possible to transition from
one letter of the word to the next letter. However, the terminology of PSL does not
distinguish between paths and words [2]. Therefore, the terms ‘path’ and ‘word’ are
used synonymously in this work.

2.1 Linear Temporal Logic (LTL)

Linear Temporal Logic (LTL) has been introduced by Pnueli in 1977 [42]. Essentially,
it consists of propositional logic enriched with the temporal operators X and U. The
formula X¢ means that the property ¢ holds at the next point of time, ¢ U w means
that ¢ holds until ¢ holds and that 1 eventually holds. The operators X and U
express the same properties for the past insteid of th(e_ future. Therefore, the operators
X and U are called future operators, while X and U are called past operators. LTL
without past operators is as expressive as LTL with past operators [23]. Hence, LTL
is often regarded as the presented logic without past operators. In this work, this
subset is called FutureLTL. This work mainly considers FutureLTL, past operators
are not needed. However, they are introduced and the presented translation of LTL to
w-automata considers these operators, because LTL with past operators is exponentially
more succinct than LTL without past operators [3&].
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Definition 2.1.1 (Syntax of Linear Temporal Logic (LTL))
The following mutually recursive definitions introduce the set Itly, of LTL formulas over
a given set of variables V:

e cach propositional formula p € propy, is a LTL formula

o —p, o AN E ltly, if p, ¢ € Itly
o Xp, p U € ltly, if p,9 € Itly
— «—
hd X@? ¥ U Y e Itly, 1fg0,¢ € Ity
Definition 2.1.2 (Future Fragment of LTL (FuturelLTL))
The following definitions formally introduce the future fragment of LTL. For a given

set of variables V, the set fltly, is the set of FutureLTL formulas over V. It is given by
the following mutually recursive definitions:

e cach propositional formula p € propy, is a FutureLTL formula

o —p, p AN € fltly, if o, € fltly,
o Xy, p U € ltly, if g, € fltly
Notice, that fltly, is a proper subset of Itly,.
Definition 2.1.3 (Semantics of Linear Temporal Logic (LTL))

For b € propy, and ¢, € ltly the semantics of LTL with respect to an infinite word
v € P(V)¥ and a point of time t € N is given by:

o vy biff o' Fprop b
v ):ftl — iff v ftl P
v ):ftl e AN iff v ):ftl ¢ and v ):ftl (0

v):fﬂX(piﬁv ftTlgp

vEL U iff Ik k>t A vEL Y AV t<j<k—vELe

L X ifft >0 o
vy Xeifft >0 A v ¢

v):ftlgoﬁz/)iﬁtﬂk:.kgt A v):ﬁ|¢ A Vj.k<j§t—>v):|jt|gp

Furthermore, a word v € P(V)¥ is said to satisfy (or to model) a LTL formula ¢ € Itly
(short v = @) iff v =) . A LTL formula ¢ is equivalent to a LTL formula 1) (denoted
by ¢ = ¢) if for all words v € P(V)* and all points of time t € N the relation v = ¢
holds iff v =}, 4 holds. If for all v the relation v ):Iotl @ holds iff v IOtI v holds, ¢ and
¢ are initially equivalent (denoted by ¢ =), ).
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LTL is usually enriched with syntactic sugar. In this work, the operators V, — and
«— are used with their usual definition. Additionally, the operators F, G, U and B are
important:

o pVihi=(—pA)
¢ o= Y=V

s peohi=p—oY A=

Fo:=truelU ¢
o Gp:=-F-p
e pUy:=pUy V Gp

e 9B :=(-pU)

Fy means that there is a point of time in the future where ¢ holds. Gy means that ¢
holds from now on. ¢ U 9 is a weak variant of ¢ U ¢: In contrast to ¢ U v, it does not
demand that ¢ eventually holds; in this case ¢ must always hold. ¢ B ¥ means that
either 1 never holds or that there is a point of time before 1 holds, where ¢ holds.

The operators F and G will become important for defining classes of w-automata.
The U operator is used to explain the translation of LTL to w-automata. Finally, B is
introduced, because it is the last needed operator to be able to transform FutureLTL
formulas into negation normal form [49]. However, this normal form is not discussed
here.

2.2 Reset Linear Temporal Logic (RLTL)

RLTL is an extension of FutureLTL by a reset operator, which allows one to abort the
consideration of a property. As mentioned above, RLTL has been introduced to show
the impact of different reset operators [].

Definition 2.2.1 (Syntax of Reset Linear Temporal Logic (RLTL))
The following mutually recursive definitions introduce the set rltly, of RLTL formulas
over a given set of variables V:

e each propositional formula p € propy, is a RLTL formula
e —p, p ANy Erltly, if o, € rltly,
o Xy, p Uy erltl, if p,¢ € rltly

o ACCEPT(p,b) € rltly, if ¢ € rltly, b € propy,
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Some operators like =, A or U are used by several formalisms discussed in this work.
In most cases, it is clear by the context or does not make any difference to which
formalism one of these operators belongs. If it is important, it is denoted by a subscript,
€. 8. Tprops Tltls Tritl OF Aprop are used. In the case of RLTL formulas, there are special
cases, where it matters, whether the propositional negation —pop or the negation of
RLTL =y is used. An example is presented below.

Definition 2.2.2 (Semantics of Reset Linear Temporal Logic (RLTL))
The semantics of LTL is given with respect to a word v and a point of time t. To
define the semantics of RLTL, an acceptance condition a € propy, and a rejection
condition 7 € propy, are additionally needed. These conditions are used to capture the
required information about ACCEPT operators in the context of the formula. Thus,
for b € propy, and ¢, € rltly, the semantics of RLTL with respect to an infinite word
v € P(V)¥, acceptance / rejection conditions a,r € propy, and a point of time t € N is
given by:
o (v,a,7) f=py b iff V' Fprop @ or (' Fprop b and v' [Eprop 1)
i <Uv CL,T’) ):rltl P iff <U,T‘, a> b&rltl ¥
o (v,a,7) Fpy ¢ N il (v.a,7) [y ¢ and (v,a,7) Epy
) ElLy X iff vf Fpop a or ((v,a,7) fl'tﬁl ¢ and v [epop 1)
)7)

e (v,a,r

(v, ):r|t|g0U¢1EHk k‘>t/\<var>):rlt|¢/\
Vj. Sﬂ<k—’<var>)=rm90

fiy ACCEPT (0,b) iff (v,a V (b A =r),r) =y @

A word v € P(V)¥ is said to satisfy a RLTL formula ¢ € rltly, (short v gy ) iff
(v, false, false) =8, ¢ holds. A RLTL formula ¢ is equivalent to a RLTL formula 1
(denoted by ¢ =y ) if for all words v € P(V)¥ the relation v =y ¢ holds iff

(% ):rltl Ib holds.

o (v,a,r)

ACCEPT (g, b) stops the evaluation of the formula ¢, when the condition b holds and
accepts formulas that have not been rejected before. For example, the word {a}{c}0¥
does not satisfy the RLTL formula a U b, but it satisfies ACCEPT(a U b,c). On the
other hand, the word 0{c}0“ does not satisfy ACCEPT (a U b, ¢), since a U b fails before
c occurs. To understand the impact of the acceptance and rejection conditions and
thus, to understand the semantics of the ACCEPT operator, the following lemma is
important:

Lemma 2.2.3 For all infinite words v € P(V)%, all formulas ¢ € rltly, all acceptance
/ rejection conditions a,r € propy, and all points of time ¢t € N, the following holds:

(vt Forop @ A ' Fprop 7“) = (v,a,r) |:f|t| ¢ and
(Ut Foprop @ A 0" Fprop T) = (v,a,7) FEhy @
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This lemma can be easily proved by structural induction. A proof is omitted here, but
can be found in the HOL theorieaﬁ on the included CD. Lemma states that if
the acceptance condition holds, every formula is accepted. On the other hand, if the
rejection condition holds, every formula is rejected. Neither the acceptance nor the
rejection condition is dominant, but: If for a word v € P(V)“, the acceptance condition
a € propy, and the rejection condition r € propy, hold both at time ¢t € N, i.e. in case
V" Eprop @ and v' Eprop 7, the truth of the expression (v,a,r) EL, ¢ depends on
the formula ¢ € rltly. With a,b,c € V for example, ({a,b}0*,a,b) 9, ¢ holds, but
({a,b}0, a,b) EY,, —nuc does not hold. Furthermore, this example shows that it may
be important whether the propositional negation —pop or the RLTL negation —yy is
used: <{a b}0¥, a,b) rm —propC holds. The example may lead to the conjecture that
in case v' Fprop @ and v' Epop 7, the relation (v,a,r) EL, ¢ holds iff (v,a,r |
¢ holds. However, this conjecture is wrong, as the following example ShOW&ﬁ
({a, b}{a}0%, a,b) =% ¢ U (~aue) and ({a,b}{a}0*,a,b) =% —qu(c U (~quc)) hold.

In general, the case that the acceptance and the rejection condition hold at the
same point of time causes a lot of problems. Luckily, all pairs of acceptance / rejec-
tion conditions (a,r) considered for evaluating expressions of the form v =y ¢ have
the property Vs.s =prop —(a A7), because the initial pair (false,false) possesses this
property, and because the pair of acceptance / rejection conditions is only changed by
the occurrence of a = or ACCEPT operator in ¢. The semantics of these operators
preserve the property Vs. s [=prop (@ A T).

Therefore, Vs. s =prop (@A) or weaker variants of this condition are often assumed
when talking about pairs of acceptance / rejection conditions (a,r). These assumptions
simplify some proofs, because special cases (as the ones mentioned above) can be
excluded. For example, it does not matter if —prop O iy is used, if Vs. s =prop (@ AT)
is assumedt. A assumption of this kind is also used by the following lemma:

Lemma 2.2.4 For all infinite words vi,ve € P(V)¥, all formulas ¢ € rltly, all accep-
tance / rejection conditions a,r € propy, and all points of time t € N, the following

holdd]
<3k:. k>t A vbhl = gkl g
<(U{C Fprop @ A Ulg Fprop @ A U’i Poprop 7 A\ Ué Pprop T ) \4
(Ul Fprop @ A U2 Fprop @ A Ul Fprop 7 A U2 Fprop T >> =
<(vl,a,r) Fhu © == (v2,0,7) Fpy ‘P>

Lemma 22241 states that the semantics of RLTL only considers the part of a word from
the current point of time to an occurrence of either the acceptance or the rejection

!theorem RLTL_ACCEPT_REJECT_THM in theory ResetLTL_Lemmata

2theorem RLTL_SEM_TIME___STRANGE_NEGATION_EXAMPLE in theory ResetLTL Lemmata
3theorem RLTL_SEM_PROP_RLTL_OPERATOR_EQUIV in theory ResetLTL

4theorem RLTL_EQUIV_PATH_STRONG_THM in theory ResetLTL_Lemmata

10



2.2 Reset Linear Temporal Logic (RLTL)

condition. Again, the occurrence of both conditions at the same point of time, may
cause trouble. It is important that the ‘or’ is exclusive as the following example shows:
({a,b}0%,a,b) =0 a U ~ge, but ({a,bHc}0*,a,b) 19, a U e

The other RLTL operators have the same semantics as the corresponding LTL op-
erators. As well, most of the used syntactic sugar is similar to the syntactic sugar of

LTL:
* pVip:=(np A)
e Y=V

s Y=Y =

Fo:=truelU @

o Gp:=-F-p
pUyp:=pUd Vv Gp
e pBY:==(-pUv)

e REJECT(y,b) = ~(ACCEPT(—¢, b))

In addition to the syntactic sugar of LTL, a dual operator for the ACCEPT operator
is defined. Using this REJECT operator and the other operators defined as syntactic
sugar, it is possible to transform every RLTL formula to a formula, that contains no
—t1 operators.

Lemma 2.2.5 For every RLTL formula ¢ € rltly, there is an equivalent RLTL formula
ONNF in negation normal form, i.e. pnnF contains no —yy operators. For an arbitrary
RLTL formula ¢, the formula N (p) is such an equivalent formula in negation normal
forndd. Thereby, the rewrite relation N is defined as follows:

o N(—nub) := —propb
o N(=(=p)) = N(e)
o N(=(pA9)) = N(=¢) VN ()
o N(=(X ) XV (%))
o N(=(pU)) =N(~p) BN ()
N (~(ACCEPT(p,b))) = REJECT(N (~p), b)

Stheorem RLTL_NEGATION_NORMAL_FORM in theory ResetLTL Lemmata

11
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All ¢ € rltly are equivalent to NV (), i.e. for all words v € P(V)“ the relation v Fpy ¢
holds iff v j=ny N (¢) holds. However, (v,a,r) EL, ¢ iff (v,a,7) EL, N(p) does not
hold in general. It has already been discussed that it may be important if - or
—prop 15 used. Thus, subformulas of the form —yb are problematic. However, also
subformulas of the form —(X¢) cause problems. For formulas of these forms, it is
required that the acceptance and rejection condition do not hold at the same time to
ensure that the semantic of a formula is not changed by N.

2.3 Accellera’s Property Specification Language (PSL)

As mentioned above, PSL is a standardised industrial-strength property specification
language. PSL was chartered by the Functional Verification Technical Committee of
Accellera. The Sugar language from IBM was chosen as the basis for PSL [, 6]. The
Language Reference Manual for PSL version 1.0 1] was released in April 2003. Finally,
in June 2004 version 1.1 [2] was released, where some anomalies were corrected.

PSL is designed as an input language for formal verification and simulation tools as
well as a language for documentation. Therefore, it has to be easy to read, and at
the same time, it must be precise and highly expressive. In particular, PSL contains
features for simulation like finite paths, features for hardware specification like clocked
statements and a lot of syntactic sugar.

PSL consists of four layers: The Boolean one, the temporal one, the verification
one and the modelling one. The Boolean layer is used to construct expressions that
can be evaluated in one state. The temporal layer is the heart of the language. It is
used to express properties concerning more than one state, i.e. temporal properties.
The temporal layer is divided into the Foundation Language (FL) and the Optional
Branching Extension (OBE). FL is, like LTL, a linear time temporal logic. Each point
of time is assumed to have only one successor. Therefore, the input is represented as
a word of points of time. In contrast, OBE is a branching time temporal logic. A
point of time may have more than one possible successor. Therefore, the input is a
tree of points of time, i.e. there may be more than one possible future. With OBE, it
is possible for example to express properties like For all points of time of each possible
future, there is a possible future such that there is a point of time in this future, when
some property holds. The verification layer is used to tell tools, what to do with the
properties expressed by the temporal layer. Finally, the modelling layer is used to
describe assumptions about the behaviour of inputs and to model auxiliary hardware
that is not part of the design.

Additionally, PSL comes in four flavours, corresponding to the hardware description
languages SystemVerilog, Verilog, VHDL and GDL. These flavours provide a syntax for
PSL that is similar to the syntax of the corresponding hardware description language.
This enables hardware designers to specify and document their hardware-designs in a
syntax that they are familiar with.

In this work, only the Boolean and temporal layers will be considered. Furthermore,

12
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mainly the formal syntax of PSL is used, which differs from the syntax of all four
layers. However, some operators are denoted differently from the formal syntax in this
work to avoid problems with LTL operators that have the same syntax but different
semantics.

The Boolean layer essentially consists of propositional logic. As mentioned above,
the temporal layer is divided into FL and OBE. FL is a linear temporal logic that
contains:

e propositional operators
e future temporal (LTL) operators

e a clocking operator for defining the granularity of time, which may differ from
one part of a formula to another

e Sequential Extended Regular Expressions (SEREs), for defining finite-length reg-
ular patterns, together with strong and weak promotions of SEREs to formulas

and an implication operator for predicating a formula on match of the pattern
specified by a SERE

e an operator for aborting a formula ‘asynchronously’ on satisfaction of a proposi-
tional condition

Additionally, FL contains a lot of syntactic sugar, which is omitted here. Clocked
statements may be seen as syntactic sugar, too, because formulas with clock statements
can be easily rewritten to unclocked formulas. The necessary rewrite rules are even
given in the official language standard [2].

OBE is essentially the temporal logic CTL [21], which is widely used and well un-
derstood. In this work, only FL is considered. Therefore, only this subset of PSL is
formally introduced here.

The formal semantics of PSL uses two special states T and L. The state T satisfies
every propositional formula, even the formula false. On the other hand, 1 satisfies no
propositional formula, even the formula true is not satisfied. Using these two special
states, the semantics of a propositional formula ¢ € propy, with respect to a state
s€P(V)U{T, L} is given by

o T Fxprop ¥
o | I?éxprop @

o ' Exprop ¢ Iff 8" FEprop ¢ for 8 € P(V), 1.e. for s’ ¢ {T, L}

For a given set of variables V, the set of extended states over V is denoted by XP (V) :=
P(V)U{T,L}. The definition of the formal syntax of PSL uses a special function for
words over these extended states. For finite or infinite words w € XP(V)* U XP(V)*,
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the word w denotes the word over states that is obtained from w by replacing every T
with | and vice versa, i.e. for all ¢ < |w|, the following holds:

A Loifw' =T
w=< T ifw=1
w'  otherwise

Using these extended states and words over these states, it is possible to define the
formal syntax and semantics of FL:

Definition 2.3.1 (Syntax of Sequential Extended Regular Expressions)
The following mutually recursive cases introduce the set of Sequential Extended Reg-
ular Expressions serey over a given set of variables V:

e cach propositional formula p € propy, is a SERE over V
o {r} € serey, if r € serey
o [x0] € serey
o r[x| € serey, if r € serey
e rQc € serey, if r € serey and c € propy,
® 11 ;1o € serey, if 71,79 € serey
e 11 :7r9 € serey, if r1,79 € serey
e 11| o € serey, if r1,ry € serey
o 11 && roy € serey, if r1,19 € serey
Definition 2.3.2 (Syntax of Foundation Language (FL))

The following mutually recursive definitions introduce the set of FL formulas fly, over
a given set of variables V:

o p,p! €fly, if p € propy,
o —pefly, if p €fly

e oA efly, if p,efly
o r,rl €fly, if r € serey

o XA o Ul efiy, if ¢ e fly

Swritten as X! ¢ in 2]
Twritten as ¢ U ¢ in [2], but this operator corresponds to the U operator of RLTL and LTL

14
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e © ABORT b € fly, if ¢ € fly, b € propy,
o r— o efly, if r € serey, v € fly

o pQc e fly, if ¢ € fly, c € propy,

Definition 2.3.3 (Important Subsets of FL)

The operator Q is called clock operator. Therefore, SEREs without this clock operator
are called unclocked SEREs. The set of all unclocked SEREs over a set of variables
V is denoted by userey. As well, FL formulas without the clock operator are called
unclocked FL formulas. The set of all unclocked FL formulas over V is denoted by ufly,.
The set of all SERE-free, unclocked FL formulas over V is denoted by sufly.

There are two equivalent ways to define the formal semantics of FL. The so-called
clocked semantics directly defines the semantics of SEREs and FL formulas. The so-
called unclocked semantics reduces clocked SEREs and clocked FL formulas to unclocked
ones, and then defines the semantics of unclocked SEREs and unclocked FL formulas.
Both semantics are defined in the official language standard [2]. A proof of their
equivalence can be found in Mike Gordon’s embedding of PSL in HOL [2€]. In this work,
the unclocked semantics are used. The rewrite rules used to define this semantics use
some syntactic sugar of FL formulas. Thus, some syntactic sugar has to be considered
before:

e PV Y= (e AY)

* p— 1= VY

c o= AY =
® Xy =X~

o Fp:=truelU ¢

Gy := —F—p
e pUll:i=p Uy v Gp
o pByfl = (o Uv)
Definition 2.3.4 (Semantics of unclocked SEREs)
The semantics of unclocked SEREs is defined over finite words over extended states.

For a finite word v € XP(V)* and an unclocked SERE r the notation v |=sere r means
that v models r tightly. For r,r1,72 € userey and b € propy,, it is defined by:

Swritten as [p W 1] in [2], but this operator corresponds to the U operator of RLTL and LTL
“written as [ BEFORE!_ ] in [d], but this operator corresponds to the B operator of RLTL and LTL
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® v lzusere {T} iff v ):usere r

v Eusere b iff |v| = 1 and v° Fxprop b

U Eusere [*0] iff v =¢

v Eusere 7[*] iff either v Fysere [*0] or Jvy, vy s.t. v1 # &, v = V1V2, V1 Fusere
and vy Fysere 7[*]

v ):usere r157T2 iff EIvlan2 S.t. v =v1v2, V1 ):usere 1 and V2 ):usere ]

® U ysere 71 ¢ T2 Iff Fuy,ve,l with |I| =1 s.t. v = v1lvg, V1] Fusere 71 and
vy ):usere T2

v lzusere r1 ‘ ro iff v ):usere rp orv lzusere [

v ):usere ™ && ] iffv ):usere 1 and v ):usere T2

SEREs are an extended variant of regular expressions as introduced by Kleene [33].
They are used to describe properties of finite words. The length of a word may be
considered. In particular, a SERE may model a prefix of a word tightly, while it does
not model the word itself tightly. To check whether a prefix of a word matches some
pattern described by a SERE, operators of FL can be used.

The most basic SEREs are of the form [*0] and b. The SERE [*0] models exactly
the empty word e tightly. b models all words of length one (i. e. all states) tightly that
model the propositional formula b. Two SEREs r; and r9 can be concatenated by the
operators ; and :. The SERE r; : 9 models all words v tightly that are concatenations
of two words v; and vy such that r; models v; and r9 models vy tightly. For example,
the SERE p; ; p2 with p1,ps € propy, models a word v tightly iff [v| = 2, v° Epop D1
and vl ):prop po hold. The semantics of 71 : ro is similar to the semantics of rq ; ro,
however it requires that vy and vy overlap by exactly one letter. r[] is used to describe
a concatenation of a finite list of words vy, ..., v, that are all modelled tightly by r.
Finally, | and && describe disjunction and conjunction for SEREs. However, notice
that there is no negation operator.

Definition 2.3.5 (Semantics of unclocked FL)
For propositional formulas b, ¢ € propy,, an unclocked SERE r € userey, and unlocked FL

formulas @, € ufly,, the semantics of unclocked FL with respect to a finite or infinite
word v € XP(V)* U XP(V)¥ is given by:

o v =y b iff [v] =0 or v0 Exprop b
e v =y bl iff [v] > 0 and v° Exprop b

o vyl iff 35.5 < |v] s t. V0 f=ysere T
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v iff 355 < |v] st 00T TY =g !
v FEun o iU [ @

v el ¢ AP v [ @ and v [=up P

v Eu X iff [v] > 1 and vl =g @

v o U iff Ik k < |v| s.t. vF =y ¥ and Vi < k.ol = @

v Eul o ABORT b iff either v |=yq ¢ or
35.5 < |v| s.t. vJ =y b and VI TITY =g

® v ):ufl r— ifij < ‘U‘-EO"J‘ lzusere r = v’ lzufl 2

A word v is said to model (or to satisfy) an unclocked FL formula ¢ iff v =5 ¢ holds.
An unclocked FL formula ¢ is equivalent to an unclocked FL formula 1 (denoted by
© =4 ) if for all words v, the relation v =g ¢ holds iff v =g ¢ holds.

There are two groups of unclocked FL operators: operators that correspond to RLTL
operators and operators that are related to SEREs. The operators related to SEREs
will be explained first: For a given SERE r, the FL formula r! checks whether a prefix
of a word v is modelled tightly by r. A weak variant of this formula is the formula r.
It means that there is an extension of v such that an prefix of this extension is tightly
modelled by the SERE r. The so-called suffiz implication operator — remains. For a
given word v the formula r — ¢ means that if some prefix of v models r tightly, then
the remaining suffix (included the last letter of the prefix) models .

All other FL operators correspond to RLTL operators. A difference to RLTL is, that
unclocked FL is able to consider finite paths. Thus, for a propositional formula b a
strong variant b! is introduced that does not accept the empty word £. Analogously,
X is introduced as a strong variant of X. The semantics of X requires that a next
state exists. In contrast, the weak variants X¢ and b accept € and words shorter than
two letters, respectively. For the remaining temporal operator U a weak variant U is
already present in RLTL. Apart from finite paths, the meaning of the FL operators is
the same as the meaning of the corresponding RLTL operators. The role of the two
special states T, L is played by the acceptance / rejection conditions of RLTL. The
proof of this connection between PSL and RLTL is one important part of the translation
presented in this work and will be explained in Section Bl

Using these semantics of unclocked SEREs and unclocked FL, the semantics of clocked
SEREs and clocked FL are defined as follows:

Definition 2.3.6 (Semantics of clocked SEREs)

The semantics of clocked SEREs is defined by reducing clocked SEREs to unclocked
SEREs. For a finite word v € XP(V)*, a clock ¢ € propy, and a SERE r, the notation
v ES 7 means that v models r tightly in context of clock c. This relation is defined
by v Eye 1 < U Fusere RE(1), in which the rewrite relation R€ is given by:
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o R°
o RE(ry && ra) := R(r1) && R¢(rs)
Definition 2.3.7 (Semantics of clocked FL)
The semantics of clocked FL is defined by reducing clocked FL formulas to unclocked
ones. For a finite or infinite word v € XP(V)* U XP(V)¥, a clock c € propy, and a FL
formula ¢, the notation v |=§ ¢ means that v models (or satisfies) ¢ in context of clock

c. This relation is defined by v |=§ ¢ & v |=un FC(¢), in which the rewrite relation
F¢ is given by:

o F¢(b) :==cUcAb
o Fe(b):=-cUcAb
o FC(r) :=R"(r)

@ A1) = F(p) NF(Y)

Xg) = =cU (e AX-c U (c A F(g)))
U) :=c— Fp) UchF ()
ABORT b) := R¢(¢) ABORT b

Clocks are used to express different granularities of time. Informally, all points of time
at which the clock does not hold, are ignored. The semantics of the ABORT operator
are an exception. Even if the clock is not present, an occurrence of the acceptance
condition is respected.
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2.4 w-Automata

2.4 w-Automata

w-automata have been introduced by J. R. Biichi in 1960 [14]. They are similar to finite
state automata as introduced by Kleene in 1956 [33]. While finite state automata decide
whether a finite word belongs to some language, w-automata decide this property for
infinite words.

2.4.1 Finite State Automata on Finite Words

Definition 2.4.1 (Semiautomata)

A semiautomaton 2 = (X,S,Z,R) is a tuple where S is the finite set of states, ¥ a
finite alphabet, T C S is the set of initial states and R C S x ¥ x § is the transition
relation of . If for every state s € S and every input i € X, at least one s’ € S with
(s,i,8") € R exists, the semiautomaton 2 is called total. If for every s,i at most one
state s’ with this property exists, 2 is called deterministic.

Definition 2.4.2 (Run of a Word)
Given a semiautomaton 20 = (X,S,Z,R) and a finite or infinite word o over X. Then,
each word (3 over § with

e (3 is infinite if « is infinite and || = |a| + 1 if «v is finite

e el

o (B,al, ) € R for all i < |af
is called a run of a through 2. The set of all runs of a word o through a semiautomaton
2 is denoted by RUNg(«).
Example 2.4.3 Let A = (X,S,Z,R) be a semiautomaton (see Figure [Z1]) with:

e ¥ =1{0,1,2,3,4,5,6,7,8,9}

o S ={sg,5s1,82}

o 7={so}

e R={(si,7,sK) |i+j =k mod 3}

Then, sygsgs1Sg is a run of the finite word a = 312 over ¥ through 2A. This is the only
run of « through 2, since 2 is total and deterministic and therefore has exactly one
run for every word.

Definition 2.4.4 (Finite Automata on Finite Words)

A finite automaton on finite words is a tuple 2 = (B, F) where B = (X,S5,Z,R) is
a semiautomaton and F C S a set of final states. 2 accepts a finite word o € X* iff
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0,3,6,9 0,3,6,9
Figure 2.1: Example

there is a run € RUNg(«) that ends in a final state, i.e. iff there is a run [ with
ﬂW\—l c F.

A finite automaton over finite words 2 is often denoted by (3,S8,Z,R,F). A finite
automaton is called total or deterministic if the corresponding semiautomaton has
these properties.

Example 2.4.5 Let 2 be the extension of the semiautomaton from Example to
a finite automaton on finite words with F = {so}. Then, 2 accepts exactly the empty
word € and every decimal number that is divisible by three.

2.4.2 w-Automata

w-automata are finite automata on infinite words. Similarly to the case of finite words,
a set of accepting states is often used to define the acceptance condition. However,
in the case of infinite words, there are several reasonable definitions of acceptance
conditions. For example, an infinite word « could be accepted by an automaton 2 iff
there exists a run of a through 2 that

e never leaves the set of accepting states

e visits the set of accepting states at least once

e from some point of time never leaves the set of accepting states
e visits the set of accepting states infinitely often.

The last acceptance condition is the one used by Biichi. Therefore, the resulting
w-automata are called Biichi automata. However, the other acceptance conditions
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and a lot of similar ones are used in practice, too. They lead to different classes of
w-automata with different expressive power. In this work, a symbolic representation
of w-automata is used, so-called automaton formulas. This symbolic representation is
able to express all presented acceptance conditions.

2.4.3 Symbolic Representation

Although good model checking procedures for CTL were known [[19], first implemen-
tations of these procedures were not able to verify large systems, because no efficient
data structures were used. Verification tools were only able to handle systems with
a thousand states. A breakthrough was achieved by representing the systems with
Boolean functions, which are stored as binary decision diagrams (BDDs) [9]. The re-
sulting symbolic model checking procedures [8, [L1, 112, 13] allow the checking of systems
with more than 102° states.

Symbolic representations of w-automata have many advantages: In general, the
symbolic representation of an w-automaton is exponentially more succinct than the
corresponding w-automaton. This allows linear translation procedures of LTL to sym-
bolically represented w-automata [48]. Moreover, the resulting w-automata can di-
rectly be used for symbolic model checking. Additionally, symbolically represented
w-automata can be handled like formulas of a logic [48].

To explain the symbolic representation of w-automata, semiautomata are considered
first: Let A = (X,5,Z,R) be a semiautomaton. As the set ¥ and the set of states
S are finite, they can be encoded by a finite set of propositional variables. So, let
Y =P(Vs) with Vg = {io,...,in} and S = P(Vs) with Vs = {qo, . .., ¢m} hold. With
these settings, a state of 2 is a subset of Vg, and a letter of the input alphabet X is
a subset of Vx.. Those subsets of a set of propositional variables can be interpreted as
assignments. Therefore, it is possible to encode a set of those subsets S, for example
the set of initial states Z, by a propositional formula ® g that has the following property:
seESes ):prop bg.

Notice, that with n propositional variables 2" states can be encoded. Moreover,
small propositional formulas can encode large sets. For example, if every state of the
semiautomaton is an initial state, the set of initial states Z can be encoded by the
propositional formula true.

Example 2.4.6 Let A = (X,S,Z,R) be the semiautomaton from Example [ZZ3, i. e.
the semiautomaton given by:

o ¥ =1{0,1,2,3,4,5,6,7,8,9}
o S ={s0,51,52}
[ ] IZ {80}

o R:{(Slaj7sk)‘2+jzk m0d3}
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Then, the ten letters of 3 can be encoded by four propositional variables iq, 1,12 and
i3. For this purpose, a kind of binary encoding is used: 0 is encoded by ) (short 0 = (),
1={io}, 2={i1}, 3= {i1,i0}, .... The set S can be encoded by two variables qo and
q1: so =0, s1 = {qo} and sy = {q1}. With these settings, the set of initial states can
be encoded by the formula —qy—q.

By encoding ¥ and S by propositional variables additional states and inputs are
introduced. For example, the state {qo,q1} has not existed before. However, these
additional states and inputs will not influence the semantics of an automaton, provided
that no additional accepted runs are introduced. This can be easily achieved by a
suitable transition relation.

The transition relation R can be encoded by a propositional formula, as well. R is a
subset of P(Vs) x P(Vx) x P(Vs). As on has to distinguish between the two subsets of
P(Vs), for every state variable ¢ € Vs, a new state variable is introduced. These new
state variables are used to describe the second subset of P(Vs). Thus, the new state
variable corresponding to a variable ¢ € Vg represents the value of the variable ¢ at the
next point of time. Therefore, it is denoted by Xq. Notice that Xg is a variable, while
Xq is a LTL formula. However, the meaning of the variable and the formula are similar.
Using this additional set of state variables, the transition relation can be encoded by a
propositional formula ®5 that fulfils the following property: for all states s1,s9 C Vs
and all inputs o C Vy, the relation (s1,0,s2) € R < (31 UoU{Xq|qe€e 32}) Fprop PR
holds.

Example 2.4.7 Let A = (3,S8,Z,R) be the semiautomaton from Example with
the encodings Vs, = {ig,i1,12,i3}, S = {qo,q1} and &7 = —qo—q1. To encode the
transition relation R by a formula ®p, the subsets of 3, which are used to label the
transitions (see Figure [Z2) are encoded first:

° {0, 3,6, 9} is encoded by g = —ig—i1—io—ig Vigty a3 V Tigi1ieTig V19Tt il
° {1, 4, 7} is encoded by w1 = tg—i1igi3 V Digi1ie i V igiito iy
. {2, 9, 8} is encoded by @9 = —igi1—io—is V ig—i1ia iz V —igTiy Diols

Using these encodings, the transition relation can be encoded by:

50 147, 51 —qo~q1 A e A XgoXqr Vv
50 258, 59: =qo—q1 N w2 A Kqo Xq1 V
5 2389, .. Qo-qr A o A XgomXqr V
s1 147, So: go—q1 N @1 A —Xqo Xq1 V
$1 258, S0: qo—q1 N w2 A —Xgo—Xq1 V
sq 2389, . o @ A po A Xgo Xqr v
S92 147, 50: 9 @1 AN 1 A —XgoXq1 V
8y 208, 4. 0 @1 N @2 A —Xgo Xq1

22



2.4 w-Automata

This formula has not been simplified to show the relation between the original trans-
lation relation and its encoding.

%0

%0 0o
Figure 2.2: Example and Example 227

2.4.4 Automaton Formulas

This symbolic representation of semiautomata directly leads to a symbolic represen-
tation of finite state automata over finite words, since the set of final states can be
encoded in the same way. For w-automata, this symbolic representation leads to au-
tomaton formulas [48, 49], that are defined as follows:

Definition 2.4.8 (Syntax of Flat Acceptance Conditions)
The following mutually recursive definitions introduce the set of flat acceptance con-
ditions acy over a set of variables V:

e every propositional formula p € propy, is an acceptance condition over V
e —p € acy, if p € acy
e WA E acy, if p,y € acy

e Gp € acy, if p € acy

Definition 2.4.9 (Syntax of Automaton Formulas)
The following mutually recursive definitions introduce the set of automaton formulas
L, (V) over a set of variables V:

e every flat acceptance condition ¢ € acy is an automaton formula over V
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LARRIZS Ew(V)a jf(P € ‘Cw(v)
e pNY € Ly(V), if o, € Lu(V)

o A5(Q, 07, PR, Px) € L, if Oy € L,(Q) and Q, Pz, P are the symbolic repre-
sentations of the set of states, the set of initial states and the transition relation
of a semiautomaton, i.e. Q is a set of variables with @ NV = (), 7 € propg, and

dr € ProPQuVU{xq|qeQ}

Flat acceptance conditions are used to distinguish between the parts of an automaton
formula that may contain automaton operators and the parts that may not contain
these operators. This could as well be achieved without explicitly introducing flat
acceptance conditions. However, the introduction of flat acceptance conditions is an
appropriate way to model automaton formulas in HOL.

The most interesting operator is A5, which is called existential automaton operator
in the following. A formula A5(Q, Pz, Pr,Pr) consists of an acceptance condition
&, and a symbolic representation (Vy, Q, P71, Pr) of a semiautomaton, whose input
alphabet Vy is implicitly given by V. The acceptance condition has to check whether
an infinite run is accepted or not. Flat acceptance conditions, which are a simple
subset of FutureLTL, may be used therefor. However, automaton formulas themselves
are a formalism to describe languages of infinite words. Thus, also nested occurrences
of automaton formulas are allowed. Notice, that is includes nested occurrences of au-
tomaton operators. This informal description of the semantics of automaton formulas
leads to the following formal definition:

Definition 2.4.10 (Semantics of Flat Acceptance Conditions)

Flat acceptance conditions are a subset of LTL. Therefore, the semantics of a flat
acceptance condition is given by the semantics of LTL. However, as the operator G is
defined as syntactic sugar in LTL, its semantics will be explain here: The semantics
of a flat automaton formula ¢ € acy is for an infinite word v € P(V)* and a point of
time t € N given by

o v L piff ' FEpop p

o v ~piffu L @

e vEL oA iffv EL p and v EL 1)
o v =l Gy iffVk > t.v ko

A word v € P(V)¥ is said to satisfy a flat acceptance condition ¢ (short v F=ac @) iff
v =9 ¢ holds.

Definition 2.4.11 (Semantics of Automaton Formulas)
The semantics of an automaton formula ¢ € L, (V) is for an infinite word v € P(V)¥
given by:
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U Fomega ®rF iff v |=ac ®F
® U Fomega 7@ iff U [Fomega ¥
U Fomega ¢ A Y if U Fomega ¢ and v Fomega ¥
U Fomega A3(Q, 7, Pr, ®r) iff an infinite word f € Q¥ exists with
— B Fprop Pz
— (BUv U{Xq|q € BY}) [Eprop Pr for alli €N
— B Eomega ®F
A word v € P(V)¥ is said to satisfy an automaton formula ¢ iff v Fomega ¢ holds. An

automaton formula ¢ is equivalent to an automaton formula v (denoted by ¢ =omega 1)
iff for all v the relation v Fomega ¢ holds iff v |=omega ¥ holds.

2.4.5 Syntactic Sugar

Automaton formulas are able to express all w-automata classes mentioned before. How-
ever, to be able to express these classes in a convenient way, some syntactic sugar for
automaton formulas and flat acceptance conditions is needed:

* pVii=(pA)

o p—oYi=pVY

c o= AY =

o Fyp:= -Gy

o Ay(Q,P1, PR, Pr) := ~A3(Q, P17, PR, ~PF)

In practice, another extension is useful, too. This extension is similar to syntactic
sugar, as far as it does not increase the expressiveness of automaton formulas. However,
it cannot be easily defined. Consider a formula of the form A5(Q, Pz, Pr,Pr) €
L,(V). In this formula, there is a distinction between the input variables V and the
state variables (). The formula ®7 € propy may only consider state variables. The
transition relation ®x may use the input variables, the state variables and the state
variables at the next point of time, but not the input variables at the next point of
time. Finally the acceptance condition ®  may only consider state variables.

Therefore, an useful extension is to weaken this distinction. This extension leads
to a new operator A3. This new operator is very similar to A3. However, only the
following constraints are required for A3(Q, @7, Pr, ) € L,(V):

e Ore L,(QUYV),
e QNYV =10,
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e &7 € propgy and

o O € ProPQuUVU{xq|qeQuT}-

The semantics is given by: v Fomega A3(Q, Pz, PR, P#) iff an infinite word 8 € Q¥
exists with

o (B°Uv") Fprop 1
. (ﬂi UvtU{Xq|qe B ttu v”l}) Fprop P for all i € N

e 0 U v =omega Pr, where § U v is the pointwise union of § and v, i.e.
(BUw)" := U for all : € N.

This extended operator A3 can be reduced to A3 by introducing new state variables
and fixing the values of these new variables by extending the transition relation. For
example, the formula A3(Q, ®7 A ig, Pr A —Xig, Px Vi1) € L,(V) with ig,i; € V can
be reduced to A3(Q U {jo,j1}, Pz A jo, Pr A =Xjo A (Jo < i0) A (j1 < 1), Pr V j1)
for jo,j1 ¢ VU Q. Therefore, this new operator A3 can be considered as syntactic
sugar. It does not increase the expressiveness of automaton formulas. In fact, symbolic
model checking algorithms can naturally handle these extended automaton formulas.
Moreover, using the A5 operator, automaton formulas may be written linearly more
succinct.

Similar to the syntactic sugar defined with the help of the A5 operator, some syn-
tactic sugar is introduced that uses the new operator As:

o Ay(Q, P, PR, Pr) = A3(Q, Pz, Pr,~PF)

o AH (Qaq).’[,q)'Ra]'-aq)p) = AH <Q7(I)Ia(1)7€, < /\ 5) Aq)p)

{eF

L4 AV (Qaq).’[, (I)'Ra]'-a q)p) = AV <Q,(I)Ia (I)R, < /\ 5) - (I)p>

{eF

The operator Ay is very similar to Ay. The operators A5 and Ay are used by the
translation of LTL to w-automata. They allow one to split the acceptance condition
®r € L,(QUYV) into a propositional part ®;, € propg ), and a finite set of constraints
F with £ € L,(QUYV) for all £ € F.

In addition to weakening the usage of input variables, it is useful to weaken the usage
of X. The expression Xq is used by the transition relation to denote a special variable
that corresponds to the value of the variable ¢ at the next point of time. Sometimes, it
is convenient to use a similar operator to consider the value of a propositional formula
© at the next point of time. Therefore, the operator X is introduced. It replaces every
occurrence of a variable ¢ in a propositional formula with Xq. Formally, the operator

X is defined by:
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2.4 w-Automata

e X(q) := Xq for all variables ¢
o X(=yp) :=-X(¢) and
o X(p A 9) = X() AX(¥)

2.4.6 Flat Automaton Formulas

Automaton formulas are a convenient way to represent w-automata. However, the
connection between automaton formulas and w-automata is not obvious in general,
because some automaton formulas like A3(Q1, @z, Pr,, 7 A3(Q2, P1,, Pr,, Pr)) or
A3(Q1, Pz, Pr,, Pr ) A A3(Q2, Pz,, Pr,, Pr,) contain more than one automaton op-
erator and other automaton formulas like Gg contain no automaton operators.

On the other hand, automaton formulas of the form A3(Q, ®7, P, Pr) where &£
is a flat acceptance condition are obviously related to w-automata. Those automaton
formulas are called flat. Notice that following this definition A3(Q, ®7, Pr, Px) and
Ag(@,@j, O, F,®,) are flat automaton formulas, too, if ® € ac and £ € ac for all
§ € F. Since a flat automaton formula ¢ directly corresponds to an w-automaton 2,
it is said that ¢ is total or deterministic iff 2, is total or deterministic.

For every automaton formula ¢, there is a flat automaton formula g, that is
equivalent to ¢ [49]. The translation of an automaton formula to an equivalent flat
one is called flattening. To flatten an automaton formula, formulas of the form given
above have to be eliminated by introduction or elimination of automaton operators.
It is quite easy to introduce an automaton operator, as the following lemma shows:

Lemma 2.4.12 For all automaton formulas ¢ € L,(V), the following holdd!:
A5({}, true, true, ©) =omega ¥

However, it is much harder to eliminate automaton operators. Thereby, the product
of automaton formulas is needed:

Definition 2.4.13 (Product of Automaton Formulas)
For two automaton formulas A3(Q1,®z,, Pr,,Pr ) and A3(Q2, Pz,, Pr,, Pr,) their
product is defined by:

AH(QL(I)IU(I)RM(I)fl) X AH(QQ,(I)IQ,(I)'RQa(I)fz) =
A3(Q1 U Q2, @7, A @1y, PRy A PRy, @7 A D gy)

For A5 and As, this definition becomes:

AH(Qla(I)IN(I)RU(I)}—l) X AH(QQ,(I)IQa(I)RQ,(I)fz) =
A3(Q1UQ2, @1, N @7, PRy A PRy, O1 A OF,)

A?(Qla(pzpq)Rlafla(p]n) X AH(Q27¢IQ7¢R27‘¢27¢]72) =
A3(Q1 U Qa, 1, A 1y, PRy A PRy, F1 U Fo, @py A Dy,)

10t heorem ID_AUTOMATON_SEM in theory Omega_Automata_Lemmata
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2 Basics

The product of automaton formulas can be used to flatten automaton formulas, because
the following lemmata hold:

Lemma 2.4.14 For all automaton formulas A3(Q1, ®7,, Pr,, A3(Q2, P1,, Pr,, Pr) €
L., (V), the following holdd:

AE(QI, (I)I1 ) (I)'Rl 3 AH(QQ, (I)Iza (I)R27 (I)]:)) Eomega
A3(Q1, @1, PRy, true) X A3(Q2, Py, Pr,, Pr)

Notice, that according to the definition of the syntax of automaton formulas, Q1, Q2
and V are pairwise disjoint.

Lemma 2.4.15 For all Ag(Ql, &7, 0r,,P5) € EW(V) and AH(Q27 &7, Pr,, @}‘2) S
L, (V) with Q, N Qs = 0, the following holdd!3:

AE(QI, (I)I1 ) (I)'Rl ) (I)]'—1) A AH(Q2; (I)Iza (I)R27 (I)]'—Q) Eomega
A3(Q1, @1,, PRy, P, ) X A3(Q2, 1y, PRy, Pr,y)

To flatten an arbitrary automaton formula, it remains to translate an automaton
formula ¢ of the form = A3(Q1, P7,, Pr,, Pr, ) to a flat automaton formula. In general,
this translation needs exponential time. It is usually done by determinising ¢. The
negation of a total, deterministic automaton formula pget toral can be easily computed
by simply negating the acceptance condition of cpdet,tom. Due to these exponen-
tial determinisation steps, the flattening of automaton formulas has nonelementary
complexity [49].

2.4.7 Classes of w-Automata

Flat automaton formulas of the form A3(Q, &7, Pr, GFy), where ¢ is a propositional
formula, correspond to Biichi automata. In fact, for every automaton formula, an
equivalent formula of this form exists, since Biichi automata are expressively complete
with respect to w-regular properties. However, there are also a lot of other classes of
w-automata. One reason why other classes of w-automata are interesting too is, that
in contrast to classical finite state automata, Blichi automata are not closed under de-
terminisation, i.e. not for every Biichi automaton 2, a deterministic Biichi automaton
B exists that is equivalent to 2. Examples of classes of w-automata defined for this
reason are Rabin [39,143] and Streett automata [53]. Rabin and Streett automata are as
expressive as Biichi automata, but they are closed under determinisation. Another rea-
son to consider additional classes of w-automata is, that the model-checking problem of

"theorem A_NDET_EX___FLATTENING in theory Omega_Automata Lemmata
2theorem A_AND___A_NDET_EX in theory Omega_Automata_Lemmata
13theorem TOTAL_DET_AUTOMATON_EX_ALL_EQUIV in theory Omega_Automata Lemmata
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2.4 w-Automata

some strictly less expressive classes of w-automata is in practice more efficiently solv-
able than the model-checking problem of Biichi automata. For example, deterministic
safety, liveness, prefic and persistence automata can be translated to alternation free
pu-calculus, while the translation of deterministic Biichi and Streett automata requires
an alternation-depth of two in the translation [49]. Since the alternation-depth mainly
determines the runtime of the verification of p-calculus formulas [49], the classes of
w-automata that can be translated to alternation free u-calculus can be handled much
more efficiently in practice. However, safety, liveness and persistence automata are still
expressive enough for a lot of practical applications. Hence, these automaton classes
are particularly interesting for specification and verification.

The classes of w-automata are defined by their acceptance condition. The most
important classes of acceptance conditions are:

Definition 2.4.16 (Classes of Acceptance Conditions)
Let ®;,¥; be propositional formulas for all i € {0,..., f}. Then, the following classes
of acceptance conditions are defined |317]:

Safety condition: G®

Liveness condition: F®g
Biichi condition [14, 15]: GF®q
Persistence condition [37]: FG®

f
Rabin condition [44]: \/ (GF®y A FGW¥)
7=0

Streett condition [53]: (FG®y v GFWy)

<

Prefix condition (1. kind) [37, 47]: (GPy Vv Fy)

<

<=T>=T>-

Prefix condition (2. kind) [37, 47]: (F®o v G¥y)

J

Il
o

Definition 2.4.17 (Classes of w-Automata)

The class of nondeterministic w-automata corresponding to a class of acceptance con-
ditions is given by the set of all flat automaton formulas A3(Q, Pz, Pr,Pr), where
®r belongs to the class of acceptance conditions. As well, A3(Q, Pz, Pr,Pr) can
be used to define the classes of w-automata. The class of (nondeterministic) safety,
liveness, Biichi, persistence, Prefix-1, Prefix-2, Rabin and Streett automata are de-
noted by NDETG, NDETF, NDETGF, NDETFG, NDETPrefixl; NDETpreﬁxg, NDETRabin
and NDET giyeett, respectively. The union of NDET pyefix; and NDET peixo is denoted by
NDETPrefix-

The corresponding deterministic classes are denoted by DET g, DETg, DETgF, DETkg,
DETPrefixl; DETpreﬁxz, DETPrefix; DETRabin and DETStreett; respectively. The corre-
sponding total classes are denoted by NDET®®! NDET®®! etc. and DET®®! DETPt!
etc., respectively.
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2 Basics

These classes of w-automata form a hierarchy in terms of expressiveness [35, 136,
49, 158]. For example, there is a NDETg automata such that no equivalent DETg
automata exists. Since DETF C NDETF holds, the class of deterministic liveness au-
tomata is strictly less expressive than the class of nondeterministic liveness automata
(short DETF Z NDETE). On the other hand, the class of deterministic safety au-
tomata is as expressive as the class of nondeterministic safety automata (denoted by
DETg =~ NDETg). An important part of the hierarchy of w-automata can be found in
Figure Notice that for every class of w-automata, there is a class of deterministic
w-automata that has the same expressive power.

NDET*! DETRabin
% &
DETF DETGF DETStreett
oy "% ) @
DETPrefixl %DETPrefix2 NDETGF
% R % S
DETG DETFG NDETRabin
Q % Q
NDET¢ NDETF NDETstreett
%
NDET prefix1
%
NDET prefix2
%
NDETEg

Figure 2.3: Hierarchy of w-Automata [49]
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3 Translation

In the previous chapter, all required formalisms are introduced. Based on this intro-
duction, the translation of PSL to w-automata can be explained in this chapter. This
translation consists of three steps: the translation of PSL to RLTL, the translation of
RLTL to LTL and finally, the translation of LTL to w-automata (Figure [LI).

3.1 From PSL to RLTL

As mentioned above, the temporal and Boolean layers of PSL consists of FL and OBE.
OBE is essentially the well known temporal logic CTL [21]. As it is well known how to
handle CTL [19, 49], this work only considers FL.

FL with SEREs is strictly more expressive than LTL. For example, it is well known
that there is no LTL formula expressing that a proposition ¢ holds at every even point
of time [59, 60]. However,

v Eufl <(ap;true) [%] ﬁ((p! A ﬁtrue!)) A ! A Xtrue!

holds for v € P(V)* and ¢ € propy, iff v Eprop holdd] for all even 4. Since RLTL
is as expressive as LTL [i], FL with SEREs cannot be translated to RLTL. Therefore,
only SERE-free FL formulas are considered. Moreover, clock-statements are omitted for
reasons of simplicity here, since they can be regarded as syntactic sugar as described
in Section Thus, only the translation of unclocked SERE-free FL (short SUFL) to
RLTL is considered.

The semantics of SUFL is quite similar to the semantics of RLTL. There are only two
important differences: SUFL is able to consider finite paths, and SUFL uses the special
states T and L, while RLTL uses acceptance and rejection conditions. The first differ-
ence is not important in the scope of this work, because the overall goal is to translate
SUFL to w-automata. Therefore, only infinite paths are of interest. To handle the sec-
ond difference, the special states T and L are simulated with the acceptance / rejection
conditions of RLTL. However, the special states and acceptance / rejection conditions
have slightly different semantics. The occurrence of T or L determines whether an
arbitrary proposition is fulfilled by the current state. However, the following states
are still important. In contrast, if either the acceptance or the rejection condition
occurs, the following states are not important according to Lemma EZZ4l An example
showing this difference is L{p}* =ua Xp, but ({r}{p}*,a,r) 9, Xp for a,r,p € V. To
overcome this slightly different semantics only special inputs are considered:

'theorem PSL_WITH.SERES___STRICTLY_MORE_EXPRESSIVE_THAN___LTL___EXAMPLE in theory PSLToRLTL
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3 Translation

Definition 3.1.1 (PSL-paths)

A finite PSL-path over a set of variables V is a finite word v € P(V)*, i.e. a finite
word not containing special states. An infinite PSL-path over V is an infinite word
v € XP(V)¥ with the following properties:

o Vj =T — oI T1=T
o Vi vi=1 — pitl=1

The set of all infinite PSL-paths over V is denoted by XP(V)“' . Notice that P(V)* C
XP(V)*'" holds.

In this work, only infinite PSL-paths are considered. At the first glance, this may seem
to be a restriction, however, this is not the case, because essentially only words not
containing any special states are of interest. Special states are just used to explain the
semantics. Thereby, only paths that fulfil the additional property of PSL-paths are
used. In [31], PSL-paths are called proper words.

Since paths containing the special states T and L are allowed as input of SUFL
formulas, but these special states are not allowed as input of RLTL formulas, both
paths and formulas have to be translated. To translate the paths, two new atomic
propositions ¢ and b are chosen, i.e. t and b do neither occur in the path nor in the
formula. Every occurrence of T on the path is replaced by the state {¢t}. In the same
way, every occurrence of | is replaced by {b}. For the formula itself, only minor changes
are required: Essentially, only the PSL operators are exchanged with the corresponding
RLTL operators. Additionally, ¢ and b are used as acceptance and rejection conditions,
respectively, while evaluating the translated formula on the translated path.

Lemma 3.1.2 With the definitions of Figure B, the relation
v = f <= (RemoveTopBottom(t,b,v),t,b) =9, PSL_.TO_RLTL f

holddd for all f € sufly, all infinite PSL-paths v € XP(V)*" " and all t,b ¢ V.
As t and b never occur at the same point of time on the translated path, this is
equivalentE to

v Eul f <= RemoveTopBottom(t,b,v) =y ACCEPT(REJECT(PSL_TO_RLTL f,b),t)

The proof of Lemma BT is based on a structural induction and requires some lemmata
about RLTL. In particular, Lemma and 2224 are important. To express other

2theorem PSL_TO_RLTL_THM in theory PSLToRLTL
3theorem PSL_TO_RLTL___ELIM_ACCEPT_REJECT_THM in theory PSLToRLTL
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3.1 From PSL to RLTL

{t} ifvi=T
RemoveTopBottom(t,b,v)7 := { {b} ifv/ = L
v/ otherwise

function PSL_TO_RLTL(®)

case ¢ of
b : return b;
b! :return b;
- :return -PSL_TO_RLTL(p);
©AY :return PSL_.TO_RLTL(¢) A PSL.TORLTL(%);
X : return X(PSL_.TO_RLTL(p));
U : return PSL_TO_RLTL(y) U PSL_TO_RLTL();
© ABORT b : return ACCEPT(PSL_.TO_RLTL(yp),b);

end

end

Figure 3.1: Translation of SUFL to RLTL

important properties in a convenient way, some definitions about the occurrence of
propositions on a path are needed:

NAND_ON_PATH(v, a,r
IS.ON_PATH(v,p
BEFORE_ON_PATH(v, a,b
BEFORE_ON_PATH_STRONG(v, a, b

= Vt. (v Epop @ A V' Fprop T)

= Jt.ot ):prop p

= V. (0" Fprop b) = 3to. (to <t A0 f=prop )
= V. (0" Fprop b) = 3to. (to < t A" f=prop )

)
)
)
)

NAND_ON_PATH(v, a,r) states that a and r never hold at the same point of time
on v. As discussed in Section that is an important property of pairs of accep-
tance / rejection conditions. IS_ON_PATH(v, p) means that there is some point of time,
where p holds. Therefore, ISCON_PATH(v, p) holds iff v =1y Fp holds. The expression
BEFORE_ON_PATH(v, a, b) means that either b never holds or that a occurs before or at
least at the same point of time as b. Finally, the predicate BEFORE_ON_PATH_STRONG
is a strong variant of BEFORE_ON_PATH. It demands that a holds strictly before b.
Using these definitions, the following lemmata can be easily formulated:

Lemma 3.1.3 For all v € P(V)¥, a1, az2,r € propy, all ¢ € rltly, and all points of time
t € N, the following holdd:

NAND_ON_PATH(v,ay,r) A BEFORE_ON_PATH(vt",al,a2)> s

<7}7 az, T) ):fh;l Y= <Uv at, T) lzr%ltl 80)

4theorem RLTL_SEM_TIME___ACCEPT_BEFORE_ON_PATH in theory ResetLTL Lemmata
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3 Translation

Informally, this lemma states that valid RLTL formulas do not become invalid if
the acceptance condition is strengthened. Since for all words v € P(V)“, and all
propositions a,b € propy, the expression ~BEFORE_.ON_PATH(v,a,b) is equivalent
to BEFORE_LON_PATH_STRONG(v,b,a) A IS.ON_PATH(v,b), the following lemma is
equivalent to Lemma

Lemma 3.1.4 For allv € P(V)%, a1,az2,7 € propy, all ¢ € rltly and all points of time
t € N, the following property ho]dsﬁ:

NAND_ON_PATH(v' a1,7) A (v,as,r) ):fltl © A (v,a1,T1) b&fltl go) =
BEFORE_ON_PATH.STRONG(v"", az,a1) A IS_ON_PATH(v", a2)>

Another important consequence of Lemma B3] is:

Lemma 3.1.5 For allv € P(V)¥, a1,as,r € propy, all ¢ € rltly and all points of time
t € N, the following property ho]dsﬁ:

NAND_ON_PATH(v,ay,r) A NAND_ON_PATH(vt",al,r)) —

(v,a1 Vag,r) Ely o <= ((v,a1,7) Eby ¢ V (v,a9,7) ELy <P)>

Using these lemmata about the acceptance / rejection conditions of RLTL, the proof
of Lemma by structural induction is mainly technical. The cases for b,b!, -y
and ¢ A 1 are obvious. The case for Xy uses the fact that only infinite PSL-paths
are considered. The rest it is technical, also the case for ¢ U 1 is mainly technical.
Therefore, the only interesting case is that for ¢ ABORT b. To prove this case, the
presented lemmata about RLTL and a case-analysis are used.

The usage of HOL to formally prove Lemma BT 21 has been shown valuable. The case
analysis used to prove the case for ABORT is quite tricky. During this case analysis,
a small, until then unknown bug in Mike Gordon’s deep-embedding of PSL has been
discovered: The unclocked semantic of ABORT is defined by v . ¢ ABORT b iff
either v =y @ or 35.5 < |v| s.t. v/ =ug b and 0?71 T =4 ¢ holds. This has been
literally implemented in HOL. In case of j = 0, the word v%°~1T¥ is evaluated to
T% by the formal semantics of PSL. However, because the datatype used to model j
in HOL represents natural numbers, v 01T evaluated to v*°T% and therefore, to
v9T% in the HOL representation. After reporting this bug to Mike Gordon, it has been
fixed.

S5theorems RLTL_SEM_TIME___ACCEPT_REJECT_BEFORE_ON_PATH_STRONG and
RLTL_SEM_TIME___ACCEPT_REJECT_IS_ON_PATH in theory ResetLTL Lemmata
Stheorem RLTL_SEM_TIME___ACCEPT_OR_THM in theory ResetLTL_Lemmata
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3.2 From RLTL to LTL

Lemma is the central result for the translation of PSL to RLTL. It considers
arbitrary infinite PSL-paths as inputs. However, one is usually interested only in paths
without special states. Restricting the allowed input paths, Lemma directly leads
to the following theorem:

Theorem 3.1.6 (Translation of SERE-free FL to RLTL)
For all infinite words v € P(V)¥ and all ¢ € sufhﬂ, the following holds:

v Eufl @ <= v =y PSL.TO_RLTL(y)

Furthermore, PSL_TO_RLTL combined with the rewrite relation F from Definition 231
is able to translate clocked formuladl. For all infinite words v € P(V)“, all SERE-free
¢ € fly and all clocks ¢ € propy,, the following holds:

v E=f ¢ <= v =g PSLLTO.RLTL(F(p))

3.2 From RLTL to LTL

An important property of RLTL is, that it is as expressive as LTL. Therefore, the
translation of RLTL to LTL that is used here has been given together with the orig-
inal definition of RLTL by Armoni, Bustan, Kupferman and Vardi in 2003 [H]. The
correctness of this translation can be easily proved by structural induction.

Theorem 3.2.1 (Translation of RLTL to LTL)

With the definition of Figure[33, the following holdd] for all infinite words v € PV)~,
all acceptance / rejection conditions a,r € propy, all RLTL formulas ¢ € rltly and all
points of time t € N:

<Ua a, 7’> ):Iiltl p =0 ):lttl RLTL_ TO_LTL(CL, T, SD)

At the initial point of time and with the initial pair of acceptance / rejection conditions,
this becomes:
v B ¢ <= v | RLTL_TO_LTL(false, false, )

3.3 From LTL to w-Automata

It is well known how LTL can be translated to equivalent w-automata [2(, 24, 25, 52,
61]. In this work, the translation introduced by Schneider [4&, 49] is used, because it
considers the w-automaton hierarchy (Figure EZ3). In fact, there are several translations
by Schneider: Here, a basic and an optimised version will be used.

“theorem PSL_TO_RLTL___NO_TOP_BOT_THM in theory PSLToRLTL

8theorems PSL_TO_RLTL___CLOCKED_THM and PSL_TO_RLTL___NO_TOP_BOT.__CLOCKED _THM
in theory PSLToRLTL

9theorem RLTL_TO_LTL_THM in theory ResetLTL_Lemmata
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3 Translation

3.3.1 Basic Translation

The idea of the basic translation is to translate a LTL formula ¢ to an w-automaton 2
by successively abbreviating subformulas of ¢ with new propositional variables. The
value of these new propositional variables is fixed by additional constraints, such that
they correspond to the values of the abbreviated LTL formulas. Thus, the translation
finally produces a propositional formula p, and a set of constraints C that specify the
behaviour of the variables used by p,. The set of constraints C can be expressed as an
automaton formula of the form A3(Q, ®z, PR, Pr) such that for all infinite inputs v,
there is exactly one run 3 through this automaton that fulfils ® £, i.e. there is exactly
one 3 with

o (82U0°) Fprop 01
. (Bi UvtU{Xq|qe B ttu v”l}) Fprop P for all i € N
b /6 U w lzomega (I)]:-

This run 3 is related to the LTL formula ¢ and propositional formula p,, by the following
relation: Vi.v =, ¢ <= (8" Uv") FEprop pp. Therefore, the automaton formula 2 :=
A3(Q, Pz, PR, Pr A p,) is a translation of ¢, i.e. for all words v, the relation v =y ¢
holds iff v Fomega & holds. Furthermore, 2 is equivalent to As(Q, Pz A p,, PR, PF),
because p,, is propositional.

This idea leads to the algorithm described in Figure In this work, it is not
motivated, how to find suitable constraints. A detailed description and motivation of
the algorithm can be found in [49].

Theorem 3.3.1 (Basic translation of LTL to w—automata)
For all LTL formulas ® € Itly and A (Q,Z,R,F,p) := Streett(P), where Streett is
defined as in Figure[33, the following ho]da@

* p € propyug
e cach { € F is of the form GF{' with & € propy, g

e for all v € P(V)“, the following holds:
viEy @ = ):omega A(Q7Ia R,F,p)
e for all v € P(V)“, the following holds:

v ):Itl ¢ <= ):omega AH(Q,IAP,R, /\ 5)
EeF

0several theorems in theory LTLToOmega

36



3.3 From LTL to w-Automata

function RLTL_-TO_LTL(a,r, ®)

case ¢ of
b
-
NP
X
pU

end

end

function Streett(®)
case ¢ of

end
end

sreturn a V (b A —r);
:return -RLTL_TO_LTL(r, a, ¢);
sreturn RLTL_.TO_LTL(a,r,¢) ARLTL.TOLTL(a,r,v);

sreturn a Vv <X(RLTL_TO_LTL(a, T, gp)) A —w");
:return RLTL_TO_LTL(a,r,¢) U RLTL_.TO_LTL(a,r,);

ACCEPT(¢,b): return RLTL_.TO_LTL(a V (b A —r), 7, ¢);

p

P

S

=T

Figure 3.2: Translation of RLTL to LTL

: return As({}, true, true, {}, p);
: Ag(Q@,I%,, Ry Fop,py) = Streett(p);

return A3(Qy,Zy, Ry, Fop, ~Dy);

: return Streett(p) x Streett(y));
2 AE(Q@I@’R@’}—@’F@ := Streett(y);

q := new_var;
return AS(Qcp U {Q}7I¢7Rs& A(q < XpSD)vj:SDa q);

: Ag(qu,I@, Ra, Fao,Dp A Dy) = Streett(yp) x Streett(1));

q 1= new._var;

Rq =q < (py V (pp N Xq));

Fq :=A{GF(qVpy)};

return A3(Qo U{q},Zo,Ro AR, Fp UFQ,q);

: flg(Q@,I@, Ry Fop,py) = Streett(p);

q := new_var;
return As(Q, U {q},Z, A ¢, Ry A (Xq < py), Fop, q);

: Ag(qu,I@, Ra, Fao, Dy A Dy) = Streett(yp) x Streett(1));

q 1= new._var;

Rq :=X%Xq < (py V (P NQ));

Ig:= g

return A3(Qo U {q},Zo NIg,Ra AN RQ, Fa,q);

Figure 3.3: The basic translation from LTL to w-automata [49]
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3 Translation

The basic translation is able to translate any LTL formula to a NDET gyeett automa-
ton formula in linear time. That is quite a good result, because in general, this most
expressive class of w-automata is needed. However, for every occurrence of a U op-
erator, a constraint of the form GFyp is added. This is not necessary. In some cases,
the constraint can be omitted, in other cases, it can be replaced by a simpler liveness
constraint. These improved translations are important to identify a hierarchy of LTL
similar to the hierarchy of w-automata.

In the following section, an improvement is presented that utilises the monotonicity
laws of LTL. It is able to omit some constraints. Furthermore, this improvement suffices
to identify classes of LTL corresponding to liveness and safety properties. However,
due to lack of time, further improvements are not considered in this work.

3.3.2 Improved Translation

Consider the case ¢ U 9 of the translation described in Figure For every input v,
there is exactly one run 3 through the automaton formula 2 := Streett(¢ U ). On
this run 3, the new variable g behaves like the LTL formula ¢ U 9, i.e. Vt. 8! Epop ¢ <
Ié] ):ftl ¢ U ¢ holds. If the additional constraint GF(q V py) is omitted, then there are
two possible runs through the resulting automato 1]: on one run q behaves like ¢ U 1,
on the other run ¢ behaves like p U ¢. Let ®(p U ¢), be an arbitrary LTL formula
that contains the subformula ¢ U 1 at a position z. Furthermore, let ®{p U ), be
the formula resulting from this formula by replacing ¢ U ¢ with ¢ U % at position z.
If ®(p U ), V P(p U ), is equivalent to ®(p U 1)),, the constraint may be omitted
when translating the occurrence of U at position .

For all v and all ¢, the property v |:ft| pUy = ):ftl @ U holds. All LTL opera-
tors except — are monotone and — is antimonotone. For example, v =}, —(¢ U ¢)) =
v =Ly —(¢ U ) holds. Therefore, =(¢ U 9) V =(¢ U 4) is equivalent to =(p U ). Ex-
ploiting this monotonicity, the constraint GF(q V py) can be omitted while translating
@ U 1, if this formula occurs under an odd number of negations in a larger formula.
This leads to the algorithm described in Figure B4l

Theorem 3.3.2 (Improved translation of LTL to w-automata)
For all LTL formulas ® € LTLy and A(Q,Z,R,F,p) := TopProp(®), where TopProp is
defined as in Figure[34, the following holdd:

* p € propy g
e cach { € F is of the form GF{' with & € propy g
e for o = true and all v € P(V)¥, the following holds:

v lzltl O = lzomega Ag(Q,I/\p,R, /\ 5)
EeF

"theorem LEMMA_5_35___4 in theory LTL_LEMMATA
12geveral theorems in theory LTLToOmegaOpt
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3.4 Overall Translation

e for o = false and all v € P(V)¥, the following holds:

v ):Itl P <= ):omega A}(Q,I/\ -p, R, /\ 5)
EEF

Like the basic translation, the improved translation is able to translate any LTL formula
to a NDET streett automaton formula in linear time. In contrast to the basic translation,
the acceptance condition may however be simpler. For a certain class of formulas, even

no fairness constraints are generated. This will be important when considering the
hierarchy of LTL.

function TopProp,(®)

case ¢ of R
D s return As({}, true, true, {},p);
% 3 AE(QtpaIpa R(pa ]:gaaptp) = TopPropﬁo(gp);
return A3(Qq,Z,, Ry, Fop, “Py);
AP : return TopProp, (@) x TopProp, ();
X ; AE(QWIW cha fcpapgo) = TopPropJ(cp);

q := new.var;
rFturn AS(Qcp U {Q}7I¢7Rs& A (g < XpSD)vj:SDa q);
eUy 1 A3(Qs,Ze, Rae, Fo,pyp/\py) = TopProp,, (@) x TopProp, (¢);
¢ := new_var;
Rq =q < (py V (pp NXq));
Fq = if o then {GF(qV py)} else {};
return 1213(@@ U{¢},Zs,Ra A Rg, F, U FQ.9);
X : AE(Q%I@’R%}-%P@ := TopProp,(¢);
q := new.var;
return AE(Q(P U {Q}v‘z—%@ A _'q7Rl,0 A (Xq - plp),]_—ip,Q);

«— o
e Uy 1 A3(Qs,Ze, Rae, Fo,pypA\py) := TopProp,, (¢) x TopProp, (¢);
¢ = new_var;
Rq :=Xq < (py V (Pp N Q));
Ig:= g
return A5(Qs U{¢},Zo NIg, Re ARQ, Fa,q);
end

end

Figure 3.4: Improved translation of LTL to w-automata [48, 49]

3.4 Overall Translation

In this chapter, the translation of SERE-free FL formulas to RLTL, the translation of
RLTL to LTL and two translations of LTL to automaton formulas have been presented.
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3 Translation

The combination of these translations leads to a translation of SERE-free FL formulas
to w-automata.

The translation of SERE-free FL formulas to RLTL and the translation of LTL to
automaton formulas require only linear time with respect to the size of the original
formula. In contrast, the elimination of the ACCEPT operator, i.e. the translation of
RLTL to LTL generates LTL formulas that are quadratic in the size of the original RLTL
formulas. For example, consider the following type of RLTL formulas:

ACCEPT(XXX...¢,b)

n

The translation to LTL introduces b for every occurrence of the X operator, i. e. n times.
Thus, the translation of RLTL to LTL in general needs quadratic time. Due to the
translation of RLTL to LTL, the overall translation needs quadratic time with respect
to the size of the original formula.

However, these estimations assume that the size of the representation of a LTL
formula is linear in the size of the LTL formula. The quadratic blowup of the translation
of RLTL to LTL is caused by inserting the acceptance condition b over and over again.
An implementation does not need to create multiple copies of b. Structure sharing is
able to reduce the required costs to linear time. The translations of LTL formulas to
w-automata can handle all occurrences of an arbitrary subformula at once. Therefore,
these translations benefit from structure sharing, too.

The translation of SERE-free FL formulas to RLTL originates to this work. The other
parts of the overall translation have already been known [5, 48, 49]. Especially, the
translation of LTL to w-automata is well-investigated. Due to reasons of simplicity,
this work only considers a quite simple translation of LTL to w-automata. There are
far more optimised translations [48, 49]. Since the translation of LTL to w-automata is
independent from the other parts of the overall translation, these optimised translations
can be easily used in practice when translating SERE-free FL formulas to w-automata.
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4 Temporal Logic Hierarchy for PSL

In Chapter Bl, a translation of SERE-free FL to NDETsieert automaton formulas is
presented. In general, NDET gyeett automata, the most expressive class of w-automata
is really needed. However, it is interesting to consider subsets of SERE-free FL that
can be translated to strictly less expressive classes of w-automata. Especially, classes
of SERE-free FL are interesting that correspond to the classes DET ¢, DETE, DETprefix
and DETEg, because the model checking problem of these classes of w-automata can
be solved very efficiently in practice. Additionally, DET¢ and DETF are interesting for
many applications like simulation or bounded model checking. As motivated in the
introduction, this work is therefore especially interested in deterministic liveness and
safety automata, i.e. in DETF and DET¢ automata.

Similar to the translation of SERE-free FL to RLTL-automata, only unclocked, SERE-
free FL (SUFL) is considered for reasons of simplicity. Clocked SERE-free FL formulas
can be easily reduced to unclocked ones by the rewrite rules given in Definition 2237
To identify classes of SUFL that correspond to classes of w-automata, corresponding
classes of LTL are considered, first. Then, these classes of LTL are lifted to RLTL and
further to SUFL.

4.1 A Hierarchy of LTL

In [49], Schneider identifies classes of LTL that form a hierarchy similar to the hier-
archy of w-automata (Figure E3). These classes are defined syntactically according
to Figure EETl Some elementary, but nevertheless important properties directly follow
from this definition:

Lemma 4.1.1 The following properties hold for the classes of LTL defined in Fig-
ure

e & clLTLg iff =® € LTLg and ® € LTLg iff ~® € LTLg

® €L TLgg iff ~® € LTLgr and ® € LTLgg iff ~® € LTLgg

LTLF C LTLer N LTLre
o L TLg C LTLgr NLTLEg
e LTLprefix € LTLgr NLTLEg

'theorem IS_LTL_RELATIONS in theory LTL

41



4 Temporal Logic Hierarchy for PSL

b€ LTLg b e LTLr
—p €LTLg = ¢ €LTLf —p €LTLy = ¢ €LTLg
PAPELTL; = @ €ELTlgA € LTLg WA ELTLE = ¢ €eLTLEA Y € LTLg
Xp €LTLg = ¢ €LTLg Xe € LTLg = ¢ €LTLg
pUyp elTlg = false pUp ELTLE = ¢ €LTLEA Y € LTLg
XpelTlg = pelTlg XeelTly = ¢elTle
e TelTlg = ¢elTlgAw e LTlg pUYeELTLr = @€ElTLe Ay € LTLe
b e LTlgr b € LTLgg
—p ELTLge = ¢ € LTLeg -0 €LTLgg = ¢ € LTLge
@AY ELTLGe = ¢ €LTLgr A9 € LTLgr OAY ELTLEg = @ €LTLgg A9 € LTLgg
Xp € LTLge = ¢ € LTLge Xp € LTLgg = ¢ € LTLgg
eU ELTLgg = @ €LTLge AW € LTLg eU®p eLTleg = @ €LTLgg A € LTLgg
- -
Xp €LTLge = ¢ € LTLgr Xe € LTLgg = ¢ € LTLgg
eUdelTlge = ¢elTlgeAd e lTlee eUvelTlyg = ¢elTlegAs € LTl
b € LTLpyefix b € LTLsreett
—p € LTlprefix = ¢ € LTLpyefix —¢ € LTLstreett = ¢ € LTLstreett
P A ELTlprefix = @ € LTLprefix A 9 € LTLprefix P AYp € LTlstreett = ¢ € LTLsreett N ¥ € LTLstreett
X € LTlpefix = Xe € LTLg ULTLg X € LTlgyeett = X € LTLgr U LTLpg
PpUp €LTLpefix = U € LTLgULTLE U € LTLspreerr = @ U1 € LTLgr U LTLgg
Xo €lTlpeiy, = X e lTlgULTLe X € LTlgpeers = X € LTLgr ULTLgg
— -
e U elTlpeiy, = U welTlgULTLe ¢ U4 €lTloyes = @ U € LTlge ULTLeg

Figure 4.1: Classes of LTL

Additionally, it is easy to see, that LTLpefix is the Boolean closure of LTL¢g and LTLg
and that LTLgteetrt is the Boolean closure of LTLgr and LTLgc.

These classes of LTL can be translated to the corresponding classes of deterministic
w-automata:

Lemma 4.1.2 For any ® € LTL,, with k € {G,F,Prefix, GF, FG, Streett}, there is an
equivalent w-automaton A¢ € Det,.

Proof The improved translation of LTL to w-automata presented in Section is
able to translate every LTLg formula to an equivalent NDET ¢ automator. Since DETg
is as expressive as NDET¢ (see Figure Z3)), every LTLg formula can be translated to
an equivalent DET g automaton.

According to Lemma LTIl —=® € LTLg holds for all ® € LTLg. Therefore, =® can be
translated to an equivalent DET ¢ automaton. The negation of this DET g automaton
leads to a DETg automaton. Thus, every ® € LTLg can be translated to an equivalent
DETEg automaton.

LTLpyefix i the Boolean closure of LTLg and LTLg. Analogously, DETpefix is the
Boolean closure of DETg and DETg [49]. Therefore, every ® € LTLp,efix can be trans-
lated to an equivalent DET p,efix automaton by translating all subformulas ®¢ € DETg,

2theorem LTL_TO_OMEGA_OPTIMIZED_THM___IS_LTL_G in theory LTLToOmegaOpt
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4.1 A Hierarchy of LTL

& € DETEg and applying the Boolean operations discussed in Section to the re-
sulting automaton formulas. Also the remaining classes LTLgr, LTLrg and LT Lsireett
can be translated to the corresponding classes of deterministic w-automata [49]. The
proof is omitted here.

w-automata are strictly more expressive than LTL. In general, automata are able to
count modulo a constant number by storing information in their states. This ability
to count is the difference between the expressiveness of w-automata and LTL. LTL is
as expressive as noncounting w-automata [40]. As for k € {G, F, Prefix, GF, FG, Streett}
each class DET, contains counting automata, LTL, is strictly less expressive than

DET,. However, LTL, is as expressive as noncounting DET, automata (denoted by
TDET,) M49].

Lemma 4.1.3 For any k € {G,F,Prefix, GF, FG, Streett}, the logic LTL, is complete
with respect to noncounting w-automata, i.e. LTL, is at least as expressive as TDET
(denoted by TDET, Z LTL.). Together with Lemma B2, this implies LTL, =~
TDET,.

Lemma 4.1.4 The classes of noncounting deterministic w-automata form a similar
hierarchy as the classes of deterministic w-automata [49]. This hierarchy is shown in

Figure

TDET¢ TDETGF
SNy % oy
TD ETPrefix TD ETStreett
5 SNy %
TDETE TDETke

Figure 4.2: Hierarchy of deterministic noncounting w automata [49]

Therefore, the classes of LTL form a hierarchy as well. Moreover, the same hierarchy is
formed by classes of LTL without past operators, i.e. by the classes of FutureLTL.
FutureLTL is as expressive as LTL [23], i.e. for each LTL formula ¢, there is an
FutureLTL formula pfture that is initially equivalent to ¢. However, there is in general
no FuturelLTL formula that is equivalent to ¢. This relation between LTL and FutureL TL
holds for the defined classes of LTL, as well [49]. For k € {G,F, Prefix, GF, FG, Streett},
let FuturelLTL, denote the future fragment of LTL, i. e. FutureLTL, := LTL,NFutureLTL.
Using these notations, the following lemma holds:

Lemma 4.1.5 For any k € {G, F, Prefix, GF, FG, Streett}, the logic LTL, is as expres-
sive as FuturelLTL, [49]. Therefore, FutureLTL, is as expressive as TDET .
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4 Temporal Logic Hierarchy for PSL

4.2 A Hierarchy of RLTL

The algorithm presented in Section B2 translates a RLTL formula to an equivalent LTL
formula by introducing additional propositional subformulas. However, no additional
temporal operators are introduced. Since propositional subformulas do not affect the
membership in a LTL class, it is easy to define classes of RLTL that can be translated
to the corresponding LTL class. To prove the completeness of these classes, it remains
to show that every LTL class is at most as expressive as the corresponding class of
RLTL.

b € RLTLg b € RLTLg
~¢ €RLTLg = ¢ €RLTLf ~¢ ERLTLE = ¢ €RLTLg
@AY ERLTLg = ¢ €RLTLg At € RLTLg @AY ERLTLE = o €RLTLg A4 € RLTLf
Xp €RLTLg = ¢ €RLTLg Xp €RLTLE = ¢ €RLTLg
oUt ERLTLg = false ©U €ERLTLE = ¢ €RLTLE A9 € RLTLf
ACCEPT(p,b) € RLTLg = ¢ € RLTLg ACCEPT(p,b) € RLTL = ¢ € RLTLg
b € RLTLgr b € RLTLgg
~¢ ERLTLge = ¢ € RLTLgg ~¢ ERLTLgg = o € RLTLgr
@A €RLTLge = o € RLTLgr A ¥ € RLTLgr @AY ERLTLEg = € RUTLgg A % € RLTLgg
Xp € RLTLge = ¢ € RLTLgr X¢ € RLTLgg = ¢ € RLTLgg
@Uy ERLTLGe = € RLTLge At € RLTLE ©U® €RLTLEg = @ € RLTLgg A4 € RLTLgg
ACCEPT(¢,b) € RLTLgg = ¢ € RLTLge ACCEPT(p,b) € RLTLgg = ¢ € RLTLgg
b € RLTLprefix b € RLTLsqreett
—¢ € RLTLprefix = ¢ € RLTLpyefix —¢ € RLTLgreett = ¢ € RLTLstreert
@AY € RLTLprefix = ¢ € RLTLprefix A % € RLTLprefix @ AN € RLTLgtreett = € RLTLgtreert A ¥ € RLTLgreett
Xp € RLTLpresxk = X € RLTLg U RLTLg Xp € RLTLgyeerr = X¢ € RLTLge U RLTLgg
U €RLTLprfix = ¢U4 €RLTLg URLTLg # U €RLTLstreert = U9 €RLTLGr URLTLEg
ACCEPT(p,b) € RLTLpresixk. = @ € RLTLpresic ACCEPT(p,b) € RLTLgyeer = @ € RLTLgyeett

Figure 4.3: Classes of RLTL

Lemma 4.2.1 Let RLTL_TO_LTL be the function defined in Figure B2 and let k €
{G, F, Prefix, GF, FG, Streett} hold. Then, with the definitions of the classes of RLTL
from Figure @3 for all RLTL formulas ® and all acceptance / rejection conditions a, r,
the following holddl:

& € RLTL, <= RLTL.TO_LTL(a,r,®) € LTL,

Thus, according to Theorem BZ1] for every ® € RLTL,,, there is an equivalent ®y, €
LTL,.

This lemma implies RLTL,, < LTL, for s € {G,F, Prefix, GF, FG, Streett}. In order to
prove RLTL, ~ LTL,, it remains to show, that RLTL, & LTL, holds. According to
Lemma EETH FuturelLTL, is as expressive as LTL,. Therefore, it is sufficient to show

3theorem IS_RLTL_LTL_THM in theory ResetLTL_Lemmata
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4.3 A Hierarchy of PSL

FutureLTL,, < RLTL,. This can be shown by translating every ® € FuturelLTL,, to an
equivalent ®, € RLTL,. Since FutureLTL is a subset of RLTL, it is straightforward to
find such a translation.

Lemma 4.2.2 With the definition of Figure €4, the following holds for all infinite
words v € P(V)* and all FutureLTL formulas ¢ € 1t H

v ):Itl Y <=7 ):rltl LTL_TO_RLTL(QD)

Furthermore, LTL_TO_RLTL translates a class of FutureLTL to the corresponding class
of RLTL, i.e. for each k € {G,F, Prefix, GF, FG, Streett} and all FutureLTL formulas ®,
the following holds:

® € FuturelTL, <= LTL_-TO-RLTL(p) € RLTL,

function LTL_TO_RLTL(®)

case ¢ of
b : return b;
- :return -LTL_.TO_RLTL(yp);
OAY sreturn LTL_.TO_RLTL(¢) A LTL.TORLTL(%);
X : return X(LTL_.TO_RLTL(y));
oUy sreturn LTL_.TO_RLTL(¢) U LTL_-TO_RLTL(%);
end
end

Figure 4.4: Translation of FutureLTL to RLTL

As motivated, this directly leads to the following theorem:

Theorem 4.2.3 (Hierarchy of RLTL)

For any k € {G,F,Prefix, GF, FG, Streett}, the logic RLTL, is as expressive as LTL,.
Therefore, RLTL,, is complete with respect to noncounting w-automata, i.e. RLTL is
as expressive as TDET .

4.3 A Hierarchy of PSL

The translation of SUFL to RLTL discussed in Section Bl essentially replaces every
PSL operator with its corresponding RLTL operator. Therefore, it is straightforward
to identify classes of SUFL that correspond to the classes of RLTL.

“theorem FUTURE_LTL_TO_RLTL_THM in theory ResetLTL_Lemmata
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b € SUFLg

b! € SUFLg

- € SUFLg

© A9 € SUFLg

X € SUFLg

© U € SUFLg

o ABORT b € SUFLg

b € SUFLgr

bl € SUFLge

—¢ € SUFLgp

© At € SUFLGe

X € SUFLge

@ U € SUFLge

© ABORT b € SUFLgr

b € SUFLprefic
bl € SUFLpefix

—¢p € SUFLpefix

@ NP € SUFLpyefix

X € SUFLpefix

© U ¢ € SUFLpyefix
 ABORT b € SUFLpyefix

@ € SUFLg
¢ € SUFLg A ¥ € SUFLg
¢ € SUFLg

false

¢ € SUFLg

¢ € SUFLgg
¢ € SUFLgr A 9 € SUFLge
¢ € SUFLgr

@ € SUFLgr A b € SUFLg
¢ € SUFLgr

¢ € SUFLpyefix

# € SUFLprefix A 1 € SUFLprefix

X € SUFLg U SUFLg
U1 € SUFLg U SUFLE
¢ € SUFLpyefix

b € SUFLf

b! € SUFLg

—p € SUFLf

© A € SUFLg

X € SUFLEg

© U € SUFLg

o ABORT b € SUFLg

b € SUFLgg

bl € SUFLgg

—¢ € SUFLgg

© A € SUFLgg

X € SUFLgg

@ U € SUFLgg

© ABORT b € SUFLgg

b € SUFLsyreett

b! € SUFLsyeett

—¢ € SUFLgtreett

@ A 1p € SUFLsyreett

X € SUFLgtreett

@ U 1) € SUFLgreett

@ ABORT b € SUFLgyreett

¢ € SUFLg
@ € SUFLg A 9 € SUFLE
¢ € SUFLg
@ € SUFLg A 9 € SUFLg
¢ € SUFLg

¢ € SUFLgr
¢ € SUFLgg A 9 € SUFLgg
¢ € SUFLkg
¢ € SUFLgg A 9 € SUFLgg
¢ € SUFLkg

¢ € SUFLstreett

¢ € SUFLggreett A % € SUFLsyreett

X € SUFLge U SUFLgg
© U € SUFLgr U SUFLgg
¢ € SUFLstreett

Figure 4.5: Classes of SUFL

Lemma 4.3.1 Let PSL_TO_RLTL be the function defined in Figure 31l and let k €
{G, F, Prefix, GF, FG, Streett} hold. Then, with the definitions of the classes of SUFL
from Figure for all SUFL formulas ®, the following holddl:

& € SUFL, <= PSL_TO_RLTL(®) € RLTL,

Thus, according to Theorem BLA for every ® € RLTL,, there is a @,y € RLTL, that
is equivalent on infinite paths without special states.

Therefore, for each k € {G,F, Prefix, GF, FG, Streett}, the class SUFL, is at most as
expressive as RLTL, if only infinite paths without special states are considered. This
condition that only infinite paths without special states are considered is always as-
sumed in the following.

It remains to show that SUFL, is at least as expressive as RLTL,. Since RLTL, is as
expressive as FuturelLTL,, it is sufficient to translate all ® € FutureLTL, to equivalent
Dy € SUFL,. As FutureLTL is a subset of SUFL, it is straightforward to find such a
translation:

Lemma 4.3.2 Let LTL_TO_PSL be the function defined in Figure Then, the
following holds for all infinite words v € P(V)* and all FutureLTL formulas ¢ € Itlvﬁ:

v ):Itl Y =" ):uﬂ LTL_TO_PSL(QD)

Stheorem IS_PSL_RLTL_THM in theory PSLToRLTL
Stheorem FUTURE_LTL_TO_PSL_THM in theory PSLToRLTL
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4.3 A Hierarchy of PSL

Furthermore, LTL_TO_PSL translates all classes of FutureLTL to the corresponding class

of SUFL, i.e. for each k € {G,F,Prefix, GF, FG, Streett} and all FutureLTL formulas ®,
the following holds:

® € FuturelTL,, < LTL_-TO_PSL(p) € SUFL,

function LTL_TO_PSL(®)

case ¢ of
b :return b!;
- :return —LTL_.TO_PSL(y);
O AP sreturn LTL_.TO_PSL(¢) A LTL_.TO_PSL(v);
X : return X(LTL_-TO_PSL(y));
Uy sreturn LTL_.TO_PSL(¢) U LTL_.TO_PSL(%);
end
end

Figure 4.6: Translation of FutureLTL to SUFL

Therefore, SUFL, is as expressive as RLTL,. The combination with the other results
of this chapter leads to the following theorem:

Theorem 4.3.3 (Hierarchy of PSL)

For any k € {G,F,Prefix, GF, FG, Streett}, the logics LTL,, FutureLTL,, RLTL, and
SUFL, are as expressive as TDET ;. Furthermore, LTL, FutureLTL, RLTL and SUFL are
as expressive as TDET gyeet. This leads to the hierarchy shown in Figure H 4

This theorem is the main result concerning the hierarchy of PSL. Since efficient transla-
tions between the classes of PSL and the classes deterministic noncounting w-automata
are given, it is of immediate practical relevance.

However, Theorem also shows the limits of the defined hierarchy. The classes
of LTL and PSL are as expressive as the corresponding classes of noncounting, deter-
ministic w-automata. For LTL, that is the best possible result, since LTL itself is not
able to count. Therefore, the classes of LTL are in some sense complete with respect to
the expressiveness of LTL. For example, every safety property that can be expressed by
LTL can also be expressed by LTLg. This situation is different for PSL. In Section B,
a property is presented that can be expressed by unclocked FL with SEREs, but not
by LTL. Since LTL is as expressive as unclocked, SERE-free FL, this example shows
that unclocked FL with SEREs is strictly more expressive than unclocked, SERE-free
FL. Moreover, the property is a safety property that is expressible by unclocked FL
with SEREs, but not by SUFLg. Therefore, even if only infinite paths without special
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4 Temporal Logic Hierarchy for PSL

states are considered, the defined classes of unclocked FL are not able to express all
properties that can be expressed as well by unclocked FL as by the corresponding class
of deterministic w-automata.

The hierarchy of PSL only considers unclocked formulas. Clocked SERE-free FL can
be rewritten to unclocked SERE-free FL by the rewrite relation F defined in Defini-
tion Z37 However, F introduces additional U and U operators. These additional
operators influence the membership of a formula in the defined classes of PSL. Es-
pecially, the operator U is problematic. For two formulas ¢,¢ € SUFL, the formula
¢ U 1 is defined as a shorthand for ¢ U 1 V —(true U ). For arbitrary ¢,, this
formula neither belongs to TDETg nor to TDETg. However, ¢ U ¢ is on infinite PSL-
paths equivalent to —|(—|1/1 U (mp A —np))ﬁ [31]. This formula belongs to SUFLg iff
@, € SUFLg. It can be used as an alternative definition of the semantics of U, if only
infinite PSL-paths are considered. However, a better solution is to use U like a basic
operator: The translation of PSL to RLTL, the translation of RLTL to LTL and the
translations of LTL to w-automata should be extended by cases for U. Additionally,
the definitions of the PSL, RLTL and LTL classes should be extended to consider U.
Using such extensions, U can be handled in the best possible way.

“theorem PSL_WEAK_UNTIL___ALTERNATIVE_DEF in theory PSLToRLTL
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TDET. TDETqr
% %
SUFL¢ SUFLcr
% %
RLTL¢ RLTLcr
% %
FutureLTL¢g FutureLTLge
Q Q
LTLc LTLgr

SN % Sy

TDETPrefix TDETStreett
% Q

SUF I—Prefix SUF LStreett ~ SUFL
% Q

RLTLPrefix RLT LStreett ~ RLTL
% Q

FutureLTLp efix FutureLTLsireett = FuturelTL

% &

LTLPrefix I—Tl-Streett ~ LTL

P

%3 %

@ R
TDETE TDETkg
Q Q
SUFLg SUFLgg
Q Q
RLTLE RLTLgg
Q Q
FuturelLTLg FutureLTLgg
Q Q
LTLg LTLgg

Figure 4.7: Hierarchy of PSL
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5 The HOL System

The HOL System [21, 29] is an interactive theorem prover for higher order logic. The
version of higher order logic used in HOL is predicate calculus with terms from the
typed lambda calculus [17]. The interactive frontend of HOL is formed by the functional
programming language ML, in which terms and theorems of the logic, proof strategies
and logical theories are implemented.

The first antecedent of HOL is LCF (logic for computable functions) [30]. The orig-
inal LCF was implemented at Edinburgh in the early 1970’s, and is now referred to
as Edinburgh LCF. Further developments at Cambridge led to a version of LCF called
Cambridge LCF. The HOL System is implemented on top of an early version of Cam-
bridge LCF, and consequently, many features of both Edinburgh and Cambridge LCF
were inherited by HOL. An enhanced and rationalised version, called HOL88 was re-
leased in 1988 after the original HOL System had been in use for several years. Other
important releases of HOL are HOL90 and HOL98. There is also a commercial version
of HOL, called ProofPower, which was developed by ICL Secure Systems. In this work,
HOL4 is used, which is a successor to the mentioned versions of HOL.

The HOL library created in this work is structured into several theories. The theory
TemporalModel contains embeddings of basic constructs like words or propositional
logic. Furthermore, it contains definitions of important functions and predicates re-
lated to these constructs. There are also some elementary lemmata. The theories
LTL, ResetLTL and Omega Automata contain the same for LTL, RLTL and automaton
formulas.

The definitions and lemmata of these theories are used by TemporalLib. This library
defines some simplification sets and specialised tactics. Temporallib also uses the
theory GeneralLemmata, which contains some simple lemmata for rewriting that are
not directly related with the central formalisms. Most of these lemmata are about
operations on sets.

TemporalLib is used to prove some more complicated lemmata about the basic
constructs, LTL, RLTL and automaton formulas. The resulting theories are Temporal-
Model Lemmata, LTL Lemmata, ResetLTL Lemmata and Omega_Automata Lemmata. The
basic translation of LTL to w-automata can be found in the theory LTLToOmega.
The correctness of the improved translation is proved in the theory LTLToOmegaOpt.
Since the translation of RLTL to LTL is comparable simple, it is part of the theory
ResetLTL Lemmata. Finally, definitions and lemmata about PSL and the translation
of SUFL to RLTL can be found in the theory PSLToRLTL.

In the following, the deep embeddings of the used formalisms and some important
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5 The HOL System

theorems are presented. Additionally, the used parts of Mike Gordon’s PSL library [26]
are discussed. However, these presentations are quite short, because the definitions and
theorems used in HOL are in general very similar to the ones presented in the previous
chapters.

5.1 Deep Embedding of PSL

Mike Gordon’s PSL theory [26, 2§] is intended to be as close to the formal semantics
of PSL as possible. Let >prop be an arbitrary HOL type. Then, the HOL type ’prop
letter is defined to be either one of the special states TOP, BOTTOM or a state STATE s,
where s is a set over ’prop. Propositional logic formulas over variables of type ’prop
are formalised by the HOL type ’prop bexp. The predicate B_SEM: ’prop letter —
’prop bexp — bool defines the semantics of these propositional formulas.

A path over an arbitrary HOL type ‘a is modelled by the HOL type *a path. Finite
paths are denoted by FINITE p, where p is a ’a list. Infinite paths are denoted by
INFINITE p, where p is a function of type num — ’a.

For an arbitrary HOL type ’prop, the HOL type ’prop f1 is a deep embedding of
FL over variables of type ’prop. The unclocked semantics of ’prop £f1 is defined by
the predicate UF_SEM: ’prop letter path — ’prop fl — bool.

Another part of the PSL embedding is the theorem f1_induct, which is used for
structural inductions over ’prop fl formulas. There are of course a lot of other defi-
nitions and theorems. Especially, SEREs have not been mentioned yet at all. However,
these are the most important definitions and theorems for this work.

5.2 Deep Embedding of LTL and RLTL

In contrast to PSL, the formalisms LTL and RLTL do not use special states and consider
only finite states. Therefore, the definitions of propositional logic and paths can be
simplified. For an arbitrary HOL type ’prop, a state is modelled by the HOL type
’prop temporal_state. It is defined as a set over ’prop. Propositional logic over
variables of type ’prop is modelled by the HOL type *prop prop_logic. Its semantics
is defined by the predicate P_SEM. An infinite path over an arbitrary HOL type ’a is
modelled by the HOL type ’a temporal path. It is defined as an abbreviation of the
HOL type num — ’prop temporal_state.

The syntax and semantics are defined exactly as described in Chapter Bl LTL and
RLTL over variables of type ’prop are modelled by the HOL types ’prop 1tl and ’prop
r1tl. Their semantics is assigned by the predicates LTL _SEM_TIME and RLTL_SEM _TIME.
The semantics at the initial point of time is referenced by the predicates LTL_SEM and
RLTL_SEM.
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5.3 Deep Embedding of w-Automata

5.3 Deep Embedding of w-Automata

The deep embedding of w-automata uses the same definitions of paths and proposi-
tional logic as the embeddings of LTL and RLTL. To define automaton formulas, a
deep embedding of a symbolic representation of semiautomata is used.

To define the transition relation of semiautomata, which may use the special vari-
ables Xq to refer to the value of the variable ¢ at the next point of time, extended propo-
sitional logic is introduced by the HOL type ’prop xprop_logic and the predicate
XP_SEM: ’prop temporal_state X ’prop temporal_state — ’prop xprop-logic —
bool. These extended propositional logic is used to define semiautomata. The HOL
type ’prop semi_automaton is defined as a tuple of a set of state variables, the set
of initial states modelled by a ’prop prop-logic formula and the translation relation
modelled by a ’prop xprop_logic formula. The semantics of semiautomata is mod-
elled by the predicate RUN that checks, whether a path is a run of some input through
a semiautomaton. Thereby, the extended syntax and semantics of automaton formulas
presented in Section are used, i. e. input variables are handled like state variables.
However, the definition of the syntax of automaton formulas demands that the sets of
input and state variables are disjoint. This is not guaranteed by the HOL-embedding.
Instead of this, state variables occurring as inputs are ignored by the definition of the
semantics.

This deep embedding of semiautomata is used to define automaton formulas. Flat
acceptance conditions are modelled by the HOL type automaton formula. Automaton
formulas are modelled by the HOL type automaton formula. Their semantics are
assigned by the predicates ACCEPT_COND_SEM_TIME, ACCEPT_COND _SEM and A_SEM.

In contrast to the formal definition, the syntax of the embedding of automaton for-
mulas in HOL does not guarantee that state and input variables are disjoint. Therefore,
the predicate VARDISJOINT _AUTOMATON FORMULA checks whether this condition is met.
Furthermore, there are some definitions and theorems that allow variable renamings.

5.4 Translations of LTL to w-Automata

The translations of LTL to w-automata are quite tricky. The correctness of both,
the basic and the improved translation, is proved by structural induction. Since the
proof becomes very large, the cases of this structural induction are proved as sepa-
rate theorems. Thereby, the induction hypothesis is abstracted by special predicates
BASIC_TRANSLATION_INVARIANTS and OPTIMIZED_TRANSLATION_INVARIANTS.

The proofs of the correctness of the cases is quite tricky. A lot of lemmata about
w-automata and LTL are used. Moreover, in many cases, it has to be assured that
some sets of variables are disjoint. For the same reason, the combination of the cases
of the structural induction becomes also complicated. The renaming of state variables
is used to ensure that all relevant sets of state variables are disjoint. This leads to
the theorems LTL_TO_OMEGA_BASIC_THM and LTL_TO_OMEGA_OPTIMIZED_THM. Addition-
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ally, the theorem LTL_TO_OMEGA_OPTIMIZED THM___ IS LTL G states that the improved
translation of LTL to w-automata translates a LTL¢ formula to a NDET¢ automaton
formula.

5.5 Translation of PSL to RLTL

To translate PSL to RLTL, some lemmata about PSL and a lot of lemmata about RLTL
have to be proved. The most important lemmata about RLTL are presented in Sec-
tion BIl The lemmata about PSL are mostly technical. Compared to the translation
presented in Section Bl propositional formulas have to be translated additionally,
because the propositional formulas of PSL and RLTL are modelled by different HOL
types. Apart from these differences, the correctness of the translation of PSL to RLTL is
proved as described in Section Bl The correctness of the translation of SUFL to RLTL
is shown in theorem PSL_TO_RLTL_THM. There are also other theorems that consider
clocked statements or paths without special states.
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6 Conclusion and Future Work

In this work, an efficient translation of SERE-free FL to LTL and further to w-automata
is presented. This translation is used to identify classes of unclocked SERE-free FL.
Furthermore, it has been shown that these classes are as expressive as the corresponding
classes of noncounting, deterministic w-automata. That is the best possible result
of an approach that uses a translation to LTL, since the identified classes of PSL
are as expressive as the corresponding LTL-classes. In particular, with SUFLg and
SUFLg, subsets of PSL are syntactically identified that are as expressive as noncounting
liveness and safety automata. Moreover, an efficient translation is presented. This is
of practical evidence, because these kinds of automata are very useful to handle finite
inputs. For example, they can be used for bounded model checking or on the fly
validation during simulation.

The translations and class hierarchies presented in this work can directly be used in
practice. However, they are not optimal with respect to syntactic sugar. In Section 3],
this is discussed for the example of the U operator. It is shown that a formula of the
form ¢ U 9 with ¢,9 € SUFLg does not belong to SUFLg. However, the formula

—|<—\w U (m¢ A ﬂi/})) € SUFLg is on infinite PSL-paths equivalent to ¢ U ¢ [31].
Furthermore, the algorithm presented in Section is not able to translate ¢ U ¥
to a NDET¢ automaton, however, ﬁ<—|1/) U (mp A —wj})) € SUFLg is translated to a

NDET¢ automaton. Therefore, the translations and the definitions of the classes should
be extended by cases for the U operator. For other operators defined as syntactic sugar,
the situation may be similar. Therefore, all operators defined as syntactic sugar of FL
should be investigated in further work. Then, the translations and the definitions of
the classes should be extended by cases for operators defined as syntactic sugar. As
shown by the example of the U operator, this is important for practice.

This work does not consider SEREs. In general, FL with SEREs cannot be translated
to LTL. Therefore, the approach to translate subsets of FL to LTL and further to w-
automata, cannot handle SEREs. However, it is well known how to translate regular
expressions to finite state automata [3, (1, [L0, B3, |55]. Therefore, a direction for future
work is to translate FL with SEREs directly to w-automata.

Another interesting question for future work is how to handle finite inputs. In [46], a
variant of LTL for finite words is introduced. This variant of LTL is translated to a kind
of finite automata on finite words. It should be investigated whether this approach
can be used to handle SUFL on finite PSL-paths.
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