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ABSTRACT

We deal with the problem of property specification in Lo\er a subset of states of a
system under test while ignoring the valuation of tlegprties in the rest of the states. We
introduce specialized operators that facilitate specifyingpgnties over propositional
scopes, where each scope constitutes a subset «f 8tatesatisfy a propositional logic
formula. We also present the syntax and semanticheaset operators and prove their

correctness. Using the proposed operators, the user cafy gpeperties more concisely
and intuitively.

CRIM 24 May 2005
Tous droits réservés [0 2005 CRIM Page 5



Adding Propositional Scopes to Linear Temporal Logic

1. INTRODUCTION

Software and hardware systems are becoming more and coonglex yet crucial and
indispensable. Therefore, errors in such critical systeare very costly, thus, not
permissible. A promising technique that, in theory, could guaeaabsence of errors, is
model checking. It allows the user to automaticallyckhevhether a model of a given
system satisfies a set of required properties. Howewer, the years it has been realized
that the main hurdles in applying model checking for softwsystems include the
following. First, the complexity of modern programminghdaages and thus software
systems is high. Second, it is cumbersome even toxfierte and virtually impossible [1]
for the novice, to specify meaningful (often complex)pamies using the usual temporal
logic formalisms of model checking. This difficulty otgressing properties of the system
grows even bigger when it comes to specifying propertiestefeist on part of a given
system while ignoring the rest of it.

In this paper, we address the problem of property spectficati LTL assuming that the
user is interested in verifying properties over a subsstadés while ignoring the valuation
of those properties in the remaining states. We argueafipdying abstraction techniques
on the system model, where “uninteresting states'da@arded from the system model,
and specifying the properties on the resulting model, mdycaopstitute an adequate
solution to the problem.

This work proposes a solution to the stated problem theg dot require any changes in
the system model. The idea is to define specialized tmperéor the specification of
properties in a subset of states of interest. The opeerators do not change the
expressiveness of LTL, but rather help specifying the priegest interest more intuitively
and succinctly.

The rest of this paper is organized as follows. In 8e@j we present an overview of the
LTL variant, used in the paper, and explain the problem adedein this paper as well as
motives, related to known difficulties in the specifioa of properties in LTL formalism.
Section 3 describes our solution, namely the syntax emaustics of the new operators and
the proof of their correctness. In Section 4, we ilatgtrthe usefulness of our approach
with an example. In Section 5, we show how our restdis be used in the existing
specification patterns. In Section 6, we review thateel work and conclude in Section 7.

CRIM 24 May 2005
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2.

2.1

LINEAR TEMPORAL LOGIC

LTL Formalism

LTL (or sometimes called PLTL) extends traditional gsitional logic with temporal
operators. Thus, LTL allows assertions about the terhpetavior of a system [13,14,19].
An LTL formula ¢ has the following syntax:

p:=plCPI@UAI@UI(GHI(FP) (X

wherep is an atomic proposition, U is thmtil operator, G (or]) is thealwaysoperator, F
(or 0) is theeventuallyoperator, and X (oo) is thenextoperator.

LTL semantics is originally defined by Pnueli [19] over mite sequences of states that
correspond to infinite or non-terminating sequences of caatipns. However, over the
years, there has been more and more interest inmentiL verification that overcomes
several inherent problems of model checking of full-scadelets. Finite traces could be
tackled by looping the last state. Here, we follow @ave of LTL semantics that applies to
both finite and infinite traces, which is recently depeld [27] in the context of LTL
monitoring. Our choice is partially motivated by effidi@pplication of scopes in our web
application analysis tool [11]. While this variant maffeti from the classical in boundary
cases, we believe that our ideas apply to classicaldsiwell.

Given a set of atomic propositioA®, letM = (S T, &, L) be a Kripke structure, whef
is a set of stateg, [1 Sx Sis a transition relatiorfy [0 Sis a set of initial states, ahdis a
labeling function fronSto the power set AAP. A state sequenage=(%, S, ...) is called a
path ofM if 5 0 &, (S, S+1) U T for alli, i = 0. We denote byt the length of a given state

sequencart;, if TTis an infinite sequence of states, thn=o, assuming thato is greater
than any integer. An empty sequence of states is deapjgd= 0. A path is called finite if
it is a finite sequence of the forw, s, ..., S¢, such that 0 S, (s, s+1) O T, and for alls
0S(s. s OT. 1 =(s, S+, ...) denotes the suffix of a sequerte (s, sy, ...) starting at
s. We assume that = ¢ for ] < i. Also, note that® =Tt

The semantics of LTL formulae is defined as follows:
1. m=Ep e >0, and 0 L(sy),
2. TIE @ = T @,

. MEPLOY = 1= ¢gandni= ¢,

CRIM
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Adding Propositional Scopes to Linear Temporal Logic

2.2

4. TEX @ = T E @,
5. = G¢ < foralli, 0<i <, E 4,
6. = F¢ - for some, 0<i <, = ¢,

7. IE ¢ U ¢ < there exists ah 0<i < ] such thatt = ¢, and for allj, 0<j <i, T =
@.

Unlike the classical definition of LTL [19], our definitp inspired by [27], takes into
account both infinite and finite cases. Note that ferdhse ofti=¢, = F¢, andri= X ¢
do not hold. Iff] = 1, thent= X ¢ does not hold.

A Kripke structure satisfies a given formutgM = ¢) if and only if for every pathmt of M,
mE @

Let False be an abbreviation fgr [0 - ¢, and True an abbreviation forFalse. The
following are also abbreviationg. D ¢ == (@) U(-¢), ¢ - ¢=- @O Y, ¢+ = (¢

O O-(@0¢), R yY=- ((-¢) U (-¢)), where R denotes theleaseoperator which is

the dual of until (U) operatop W ¢ = F ¢ - ¢ U ¢, where W denotes theeakuntil
operator. Two LTL formulag and ¢ are said to beemantically equivalentritten ¢ = ¢,

if any state in one model, which satisfies one of thedsg satisfies the other. Based on this
definition, the following holds for any two LTL formwag and ¢z ¢ D¢ = ((~¢) U

-~ y), Gp=-F-¢, Fp = True U¢@. These equivalences suggest that, in general, any LTL
formula is expressible in terms 6f [J, U, and X.

LTL Limitations

Although LTL has been widely considered a natural cha@ca@itomata based verification
of reactive systems, it suffers from few limitatiomken it comes to the expressiveness of
the language [14]. Over the last two decades, there hesme dhscussions [9,16,23] on
comparing LTL to other formalisms such as CTji;calculus, automata, etc. Each
formalism has its own pros and cons in terms of expresssgeand complexity (when it
comes to executing the verification algorithm). Theseaathges and disadvantages could
vary to different research and industrial communities déipgron the specific needs.

Expressive power of LTL is sufficient for many practisplecification tasks, however,
specifying non-trivial properties in LTL, as well as in ethtemporal logics, is often
considered difficult even for experts and virtually impblss for novices [1]. One of
particularly difficult problems is the expression ofnrivial properties which are related
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Adding Propositional Scopes to Linear Temporal Logic

only to a subset of the states of a system under \Mdsile the problem was partially
resolved with templates [7,8], syntax sugar [1], visualstdai property specification such
as the Timeline editor [20], and even designated graploigald for intervals of states [6],
it is not yet resolved for more arbitrary state stdyse.g., defined by a propositional
formula. A suitable approach might be to add so-calfetbx sugar operators, which allow
succinct property specification, while known LTL model atirg tools and algorithms
still apply. The challenge is to specify properties owertain states that are of interest
while ignoring the validity of the property in the remamp states. In other words, one
needs to define a scope as an arbitrary set of statgsaosingle path and verify the
property over that scope. Distinction between the stafea system may, for example,
depend on the type of actions enabled at each statehdhractical significance since the
resulting partition of states could be used to expvassus levels of granularity at which
the behavior of the system is described. Exampleabé giartitioning istable (Quiescent
vs. unstablestates (sometimes call&@nsien), orfinal vs. intermediate]18,22,24,11]. As
an example, in [11] a framework for modeling and verifmatof web applications uses
communicating automata to model various entities ofvergiweb application, namely,
frames and multiple windows. Each entity is modeled byaatomaton where states
represent the pages displayed in the entity and ti@amsrepresent HTTP requests of these
pages. In case of frames, we consider a display of =gk, when the pages displayed
in frames are all loaded and shown to the user. Thus,awe $table and transient global
states in the communicating automata composition. Tihenuser may wish to verify a
property in stable (unstable) states only. A simple e¥amghe property Fwhich is valid
on a path, but is invalid in designated stable statesecafdime path.

The property “eventuallp on stable states of path” could be reformulated psistable,
where stableis a predicate that identifies stable statdswever, for more complicated
properties, even for other operators, the solution is saatiraple as a conjunction of a
predicate with the formula, as we show in Sectiont3s problem was mentioned in [8],
where the authors stated that Boolean variables coulsdxt in the property specification
to distinguish between states and concluded that singoigirection and disjunction of
Booleans with the original property do not serve the p@pos

A straightforward solution to this problem is to remake “uninteresting” states from the
model leaving only the subset of states in which the pregenged to be verified. This
solution would rely on a projection of a given Kripkeusture onto a subset of states that
are of interest.

Definition 1. LetM =(S, T, § L) and M' =(S', T', §, L") be two Kripke structures such
that S'0 S. We say that M' is a projection of M onto S', iff

T'={(s, 9 |s, %« 0S, and eithe(s, s) O T or there exists a path suffik= (s, S:1, ...,
Sc1, S .-, SUCh thatisy, ..., §1 O S},

CRIM 24 May 2005
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S ={s|sldSn S orthere exists a patr= (s, s, ..., $1, S, .., Of M, such thatsl]
S\S'and g ..., 31 0 S}, and

L' (s =L(s) foralls0S"
Note that ifS = S thenM' = M.

Then, a standard model checking algorithm [5] could be useetify the properties on the
projection of the model. However, with such a solutmme faces two main problems:

1. If there exists a number of properties each of whichceors a different subset of
states, then for each property one has to project tiielnseparately. So the number of
models may reach the number of properties.

2. The proposed solution may be not applicable for modelkehnsgclike Spin [13], which
use Kripke representation internally, and where the yemifees a modular system in a
high level language, such as Promela.

Our solution is to introduce new LTL operators so thaipprties are verified over an
arbitrary subset of states, and at the same timedat@i. TL model checking algorithms
and tools can still be used. Such a solution does not reaqurehange in the model of the
system; it rather helps in expressing properties in questare succinctly and intuitively.

As we prove in the next section, the semantics ofritve operators follow from the

semantics of existing LTL operators.

EXTENDING LTL WITH PROPOSITIONAL SCOPES

In this section, we discuss how to specify LTL propsrtieat should be verified over
arbitrary subsets of the state space of the systaiaruest. However, we first give a
definition of a scope. In first order logic [25], a scapadefined as follows. Given the
formulae [OxB, and [XB, whereB is a formula,B is called thescopeof the respective
qguantifier, and any occurrence of variaklén the scope of a quantifier is bound by the
closestlx or [x. Similarly, we define a scope of a linear temporaiddgrmula over a
given path as the subset of states on the path wheeferthula is checked.

Based on this definition, we consider the partition efstate space into in-scope and out-
of-scope states. In-scope states are the stateseodsty where a given property has to be
checked, while ignoring the valuation of the property in rdmaining states, which we
designate out-of-scope states. For this purpose, waludeonew LTL operators that can
be used to formulate properties in the in-scope statesseToperators do not extend the
LTL formalism; they rather help formulating propertiesra succinctly. We denoté&’ a
propositional logic expression that valuates to Truevery state where a given property
should be verified. The set of states in whigholds constitutes what we cdlFscope

CRIM
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Adding Propositional Scopes to Linear Temporal Logic

Since any LTL property is expressible with the[J, U, and X operators, we generalize
them as the operators; (not in scopg [y (and in scopg Uy (until in scopg, and Xy
(next in scope and use the obtained operators to derive(€ventually in scopeand G;
(always in scope If /£scope is the full set of states of the system,elugerators coincide
with their corresponding LTL counterparts, namely[], U, X, F, and G.

In the following, we formally define théfscope operators. However, we first explain their
intended semantics informally to clarify the intuitibehind each of them. For exampte;

@ implies thatg does not hold in the first in-scope state encountefédi, ¢/ means thap
holds in all the in-scope states preceding the one in whitblds. X-¢ means thap holds

in the next in-scope state after the first such stat®untered, and if no in-scope states
exist along the path, the property will not holdgFmeans thap eventually holds in an in-
scope state irrespective of its validity in out-of{sestates. Similarly, & means thap
holds in all the in-scope states on the path. Figur@ewskexamples of properties using
scope operators.

0 o a0 o
v @—O—@—O—@— » O—O—0O—@—0O—
¢ ¢ ¢ y ¢ ¢ ¢
o o 0 o o o
¥ O—0—0—@—0— « @—0—0—0—0—
¢ ¢ ¢ ¢ ¢ ¢ ¢

Figure 1. Examples of properties using /fscope operators.

Definition 2. Let //be a propositional logic expression, the operaters Uy Uy X Fr
andGp are as follows:

1 =g == OU (400
2. ¢ Doy =~0U (4 ) O0)
3. pUsy = (O- ¢ UWODN

def

4. Xp¢ =-0U[O0X (-0U (00 ¢)]

5. Fug =F (400)

6. G =G (0 &)

CRIM 24 May 2005
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Based on these auxiliary definitions, we introduce /fhscope operator denotéah, with
the following recursive definition.

Definition 3. Let [I be a propositional logic expression, thescope operatdrn is defined
as follows:

1. plnJ==-0U (OO

2. (=) Inb==5(pInL)

3. (pO0YInO=(pIn)Os(¢wln D)
4. (U YInO=(@In ) Us(wln D)
5 (G@)InO=GCGy(glnl)

6. (FPInJ=Fy(gln L)

7. X @) InO=Xs(¢1n 0

The following lemmas and theorems describe the semanitibe introduced operators.

Lemmal. 7= pl n [J < there exists an i, 8i < |74, such thatt = p andt = [, and for
allj,0<j<i, tw [

Proof. = pl n 7= (According to the definition gb I n ), t= - JU (p O L).

- (By semantics of U), there exists afd < i < |74 such thatt = (p O ) and for allj,
0<j<i, ME(=7), and (by semantics &) T = p and™ = 7, (by semantics of)
e [

- There exists ah 1 <i < |71 such thatt = p andr &= /7 and for allj, 0<j <i, T &
7 QED

LemmaZ2. 7= - ;¢ - there exists an i, 8 < |74, such thatt # ¢ and7t = /7 and for
allj,0<j<i, 7w [

Proof. Lemma 2 directly follows from Lemma 1. QED

Lemma3. 7= ¢ Uy ¢ < there exists an i, 8 i < |71, such thavt = ¢ and 7t = [ and
forallj, 0<j<i 7tw Jor it = @.

CRIM 24 May 2005
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Proof. m= ¢ Us ¢ = (According to definition of Y), = (7 - ¢) U (¢ O [).

- (By semantics of U), there existsia® < i < || such thatt = (¢ 0 /) and for allj,
0<j<i, e (J- ¢); and (by semantics df), = ¢ andT = 7 and (by
definition of ), 7 - ¢ == [J0 ¢, and (by semantics of andl) T¢ ¥ Jor T =
@.

~ There exists ah 0<i < i such thatt = @ and7f = [, and for all, 0<j <i, ¢ &
[JorT &= ¢. QED

Lemmad. m= X, ¢ - there exist i, k, & i < k< |74, such thavt = [, 7 = Jand 7t =
¢, and forallj, I, 0<j<i<l|<k, 7t Jandrt e [

Proof. e Xp¢ = = = U [D0X (= 0U (O0 ¢))].

- (According to semantics of U), there existsia@ <i < |rj such thatt = [0 X
(-JU (D0 ¢)] and for allj, 0<j <i, ¥ = = /7 and (by semantics &), T = 7
andt = X (=7U (70 ¢)), and (by semantics of X){*™ = (= /7U (70 ¢)); and
(by semantics of U), there exids i + 1< k< |71 such that =(70 ¢) and for all
Li<l<kmE -1

- There exist, k 0<i < k< |7, such thatt = [ = Jandm* = ¢, and for alj, I,
O<j<i<l<k, ¥ Jandm # [ QED

Lemmabs. 7= F; ¢ < for somei, &i<|#, 7t = gandrt = [

Proof. Directly follows from the semantics of F. QED

Lemma6. 7= Gy ¢ = foralli,0<i < |4, wherert = [ 1t = ¢.
Proof. Directly follows from the semantics of G. QED

To demonstrate the correctness of the definitions amésigcs of/fscopeoperators and
formulae, we state two theorems in which we claim tha formula @ | n ) holds in a
given path (model) including in-scope and out-of-scope st#escorresponding LTL
formula ¢ must hold in the projection of the path (model) includingyahle in-scope
states. To this end, we first define a projection refabiased on Definition 1 that removes
the out-of-scope states from a path and keeps oniytbeope states.

CRIM 24 May 2005
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Definition 4. Let /7 be a propositional logic formula, M £S, T, § L) be a Kripke
structure, & ={s 0O S| [is true in $, and letrr= (%, S, .., be a path of M. The
projection of ronto S, denotedrz 1, is the(possibly finit¢ subsequence of derived by
discarding all states; $rom 7szsuch that <1 S,

Proposition 1. et /7be a propositional logic formula, and ¥(S, T, § L) and My = (S
T S L) be two Kripke structures, where & the projection of M ontos5and 7zbe a
path of M, thern 5# € is a path of M:

Theorem 1. For any LTL formulag and its corresponding formuld In 77, 1= ¢ 1 n [7if
and only ifrg ;&= @.

Proof. The proof is by induction on the number of operatorspf a formulag. For
simplicity, we assume thd?is an atomic proposition. The proof could easily bercséed
onto any propositional/l. To make the proof more intuitive, we index the foramewvith the
number of operators that constitute each formula.

Base case. Forn = 0, where the formula is simply an atomic predicatdg, | n Z/=pln
[J, we prove thatt= p | n Jif and only ifTy, 7 = p.

nm=plnlJes nE- JU (pOL).

= (According to Lemma 1) there existsa® < i < |ri, such thatt = p andr =
and for allj, 0<j <i, T ¥ [J

= There exists an 0<i < i, such thap U L(s) and /U L(s), and for allj, 0<j <i,
70 L(s); and (by Definition 4) is the first state im', 7and for allj, 0<j<i, g is
not inTe, 5.

- There exists ah 0<i < i, such thatt=¢(..., s, ...), T, o= pandm, s =T, 7 = (s,
)

= (According to the semantics pf 11, 7 = p.

Inductive step. Assumett = @ | n /7if and only if I, 7 = @y, for all formulae ¢y, that
consist ofm operatorsm,0 < m < n, holds. We must show that the equivalence holds as
well for n + 1. Due to lack of space, we present here the proofs fonlghe most
complicated cases where the formga; is of the formy, U (%, wherey, and ¢ are
formulae withu andv operators respectively, such thak Q< n, 0sv<n, andu +v=n,
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and of the form X¢,. The proofs for the remaining LTL operators could be peréadl in a
similar manner.

(1) Here we prove that for all formulag ¢ which together contain or less operatorsy
E (U @) I nJifand only ift, 5= yu U .

mE (U Inle tE (uln ) Uz( ! n D).

= (According to Lemma 3) there existsia < i < [, such thatt & (¢ | n £) and
n = [ and for alfj, 0<j<iT # Jorm = (| n L.

- There exists an 0<i < ], such that (by Definition 43 is the first state int,

and (according to the induction hypothesis) forall<i < fr, = Y, and for
allj, 0<j <i, either (by Definition 4} is not inTY, 5 ors is a state int, ;and (by

induction hypothesisi¥, ;= ..

= There exists ah 0<i < |, such thatt=¢..., s, ...), (0, /& U, andm, s =10, 7=
(s, ...)) or (', 7= w, and for alj, 0<j <i, ¥, s & y).

= (By semantics of UJt, /= yu U .

(2) Here we prove that for each formwyathat contaim or less operatorst= (X ¢,) I n
it and only if 1, o = X ¢

mE X)) Inle Xg(@h!n D).

= (According to Lemma 4) there existk, 0 < i < k< |, such thatt = [, 1= [
andt® = (¢n | n £), and for alf, |, 0<j<i<l<k 1 Jandm & [

- There exisi, k, 0<i < k< [r], such that70 L(s), 70 L(s), andT = (¢ | n ),
and for allj, 0<j <i, /O L(s), and for all, i+1<| <k, 7O L(S).

= There exisi, k 0<i < k< [, such that (by Definition 4 is the first state int, ,

s is the first state imt, 5, such that (by induction hypothesis) ;= ¢, and for all
j, 0<j <i,sis notint, ; and for all, i+1<1 <k, 5 is not inTt, -

= There exist, k,0<i<k< |, such thatt=<..., s, ..., S, ..., L. 7=(S, S ...), and
T[kiﬂ': [//n.
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= (By semantics of XJt, 7= X ¢h.
The base case and the induction step imply that tleeeitreholds for all cases of QED

Given Proposition 1 and Theorem 1, we have the followhegrem.

Theorem 2. |_et [7be a propositional logic formula, and let 84(S, T, § L) and My = (S
T S L) be two Kripke structures, Ms the projection of M onto,31 S such that7/is

true in all s S For any LTL formulag, M = ¢ | n 7if and only if My = ¢.

4. EXAMPLE

We illustrate our approach with an example commonlyl useautomated planning [28],

where model checking is being increasingly used. The sy®etine so-called Dock-

Worker Robots or DWR domain, which represents a harboh wéveral locations

corresponding to docks, docked ships, storage areas, et¢r{28¢ harbor, robot carts are
used in the loading and unloading of docked ships. In this examgleonsider a property
that expresses a desired robot behavior.

Robotl visits Room1 then Room2 then returns to Room1 and does this exaetly tw

In this property,Robotlis assumed to start iRoomlwhile the rooms are adjacent. We
generalize the property to express a more realistiat®in, assuming that the robot can
start in any location and the two rooms are not adjagbay are interleaved with other
locations where the robot is allowed to pass). Theeefgiven the stated property, we are
not interested in the robot movement in any otheatioos other thaRoomlandRoom?2
Using standard LTL, the generalized property is non traumal tricky to specify:

(~Room1J-Room2 U (Room1J-Room2J X (-Room2U (Room2] -Room1[]
X(=Room1U (Room1J -Room2] X (-Room2U (Room2]-Room1] X (-Room1U
(Room1J-Room21 X (G (-Room2)))))))))
1)
If we use now thé n operator, the scope of the property includes states whermbot
can be inrRoomlor in Room2 Therefore, the scope can be written &dm1+ Room2.
Note that exclusive disjunction is used to account feit@ation when the robot cart or
train did not completely leave one location, whileegimg in another one. In the case when

both locations are adjacent, the robot could be stuckeesiviwo locations instead of
performing a repetitive movement.

Now, the property can be written, in a more intuitamed succinct way, with thén
operator as follows:
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Room1] X(Room2J X(Room1J X(Room2] X(Room1J G(-Room3))))
| n (Room1+ Room3

(2)
We leave the task of unfolding the formula in (2) andhparing the result to (1) as an
exercise for the reader.

5. USING [£SCOPE IN PROPERTY PATTERNS

Using scopes to limit the domain over which a propertyesfied was only recently
addressed in [7,8] by Dwyer et al. The authors identifeisdwscopes which are used to
define the part of a system execution, where a property mols. A scope is determined
by specifying starting and ending state/event for the prop€hiy defined scopes are then
used within a system of property specification patternsatatuseful for non-experts to
read and write formal specifications of systems. Waebel that the/fscope, when
combined with the existing scope definitions, provides a piisgito further enrich the
expressiveness of patterns and make them more usefutticera

5.1 System of Property Patterns

In [7,8], patterns are classified into two categoriesléDand Occurrence, and they
include:

Absence A state/event does not occur within a scope;

Existence A state/event must occur within a scope;

Universality- A state/event occurs throughout a scope;

Response A state/evenP must be always followed by a state/ev@nwithin a scope;
Precedence A state/evenP must be always preceded by a state/e@ewithin a scope.

cioval -

Before Q - I
prerR - |————
Between Q and R -__—|
After Q until R -___-

Figure 2. Pattern Scopes
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5.2

In addition, there are five scopes (Figure 2) that caasbeciated to patterns:

Global - The entire execution path;

Before- The execution path up to a given state/event;

After - The execution path after a given state/event;

Between Any part of the execution path from one given stagxeto another given
state/event;

After-until - Similar to scope Between, except that the designzdet of the execution path
continues even if the second state/event does not occur.

Combining [£Scope with Pattern Scopes

In this section, we show how the definekscope can be combined with the pattern scopes
introduced in [7,8] to provide the user of the pattern systéh more flexibility to specify
real world properties. For example, given the existgrattern in the global scope, we can
verify it also in some states of interest defined lgyvan propositional logic expressidn
Thus the pattern becomes "Exist Globally/ikscope states" and the corresponding LTL
formula is: F P O [).

Global |, [T
o

0 [T
00

o

o=

2]
=i
Q-

Q

Before Q | 5

o
AfterR| , |—]

[
7]

Q

o

SN
Q

|

Between QandR | ;

Q

0ooo 0o o o
R

After QuntilR |

ooo 0 O O 0 0

Figure 3. New Scopes

Figure 3 shows the combination of the original scopesédsepted in light gray) and the
[*scope. The resulting scopes are shown using dark grapgeesa

Consequently, we introduce LTL templates for the speatifin patterns with the modified
scopes. These templates can be loaded into the LTL Brdyganager of Spin where the
propositional expression of the scope can be instadtiat the macro definition of the
scope within the templates as needed by the user.

Figures 4 and 5 are examples of the new scopes applibd patterns Absence, Existence,
and Precedence, they also show the resulting temphés that new patterns are obtained
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by rewriting the old patterns using the operdtarand the propositiori/, and unfolding
and simplifying the resulting formulae.

Absence pattern: P is false

Globally in +scope: G- -P

BeforeR in [Fscope: FROO - (U--P)URDODO)

After Qin [~scope: GW-Q -G~ -P)

Between Q and R infscope: G - QU-ROFROL) - (U~ -P) U (J OR)
After Q until R in[~Fscope: G- QO-R - (- ~P)W (JOR)

Existence pattern: P becomes true

Globally in +scope: FROL)

BeforeR in [Fscope: U--RU(ZOPx R | (@ -~R)

After Qin [~scope: GU--Q|FE@OQUF (vOP))

Between Q and R infscope: G (- QU-R) - (- =R W (JOPO-R))
After Q until R in[~Fscope: GW-QU-R - (U--RUPO-ROL)
Precedence pattern: Sprecede®

Globally in +scope: - -PWE@o9y

BeforeR in [Fscope: FUOR - (- P)U(DJO(S|IR)

After Qin [~scope: GU--Q|FE@OQULJ-~ -P)W (LOY)
Between Q and R infscope: G - QU-ROFROL) - (U~ =P) U(ZJO(S|R))
After Q until R in[fscope: GU-QU-R - (- -PW(OSI|R))

Figure 4. Examples of Patterns with new Combined Scopes

#define p ? #define p ?
#define i ? #define i ?
#define r ?
* *
* Fornula As Typed: <> (p & i) * Fornula As Typed: (i -> ! r) U((i & p
* The Never O ai m Bel ow Corresponds *&& L r) || (i -> 1))
* To The Negated Formula !(<> (p && i)) * The Never Clai mBel ow Corresponds
* (formalizing violations of the * To The Negated Formula !((i -> ! r) U((i
* original) *&&p & ' r) || (i -> 1))
*/ * (formalizing viol ations of the original)
*|
never { [* (<> (p &&i)) */ never { /* I((i -> ! r) U((i & p & ! r)
accept _init: 1@ -> 1)) =
TO_init: accept _init:
if TO_init:
(M) 1 M((p)))) -> goto TO_init it o
fi; tr((i) & (r)) -> goto TO_init
} tr o ((i) & (r)) -> goto accept_all
fi;
accept _al | :
skip
}

Figure 5. Templates for Existence pattern Globally in [fscope, and Before R in [fscope

In the future, we may consider temporal extension ofptioposed scope operator, which
will allows the application of not only propositiondyt also above mentioned temporal
scopes, to arbitrary formulae, possibly in an iteratnanner.
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6. RELATED WORK

There exist several works on introducing and/or extendiegication logics based on
existing ones, such as LTL and CTL, to ease the expresdiproperties of systems or
allow a wider range of specifications to be expressatjusiese logics. Examples of such
logics are QCTL [15], an extension of CTL with quantifica over propositional
formulae, XCTL [3], an extension of CTL to De Morgan Atgas, and DLTL [12], a logic
that extends LTL by indexing the until operator with regyleograms. The most recent
work we know about is the one of Chaki et al [2]. Théhars introduce a framework for
modeling and verification of concurrent software systemigere both states and events are
incorporated. For this purpose, they introduce SE-LTL, a Bpet@dn logic based on LTL
that allows both state and event requirements to llg eapressed.

Beer et al [1] propose the so-called Temporal Logic Subaey extend CTL with regular

expressions and introduce new operators to formulate piegper CTL. These operators
do not add expressive power to CTL, but make it easiehénbn-expert user of CTL to

specify properties of interest. The operator "next" defiimeSugar is close to the "next in
scope" operator we provide, but our definition is more gén€he Sugar next is defined

as the next state in which a Boolean expression ig.v@lur definition states that the
property has to be true in the next state, in whichoggsitional logic expression is valid,
relatively to the first state in which the propositiblogic expression is valid and not to the
first state of the execution path.

Dwyer et al [7,8] present and analyze over 500 temporal pgregeclassified in the
proposed specification pattern system [26]. The pattetnsduced constitute abstractions
of specifications formulated for different formalisnms which such abstractions are not
supported. The patterns are defined on five scopes thatespnetervals/regions in which
properties should be validated. These scopes have atstatand an end state. However,
the authors did not address the problem of specifying thessmain a scope of arbitrary
set of states. Although the authors mention a clapsopierties that could be defined based
on Boolean variables true in a state, but they staietlle specification of these properties
is not trivial and offer no solution to this problem. Mover, there is no methodology to
impose those scopes on a given pattern/formula. Sheespecification pattern system
does not use automatic combinations of scopes and bagmgagome attempts are made
to translate the system to lower-level automata fipation languages. Such translations
make pattern visualization, fiddling, and elucidation [10,2 Esjiue.

Chechik et al [4,17] extend the pattern system of [7,8] atddace edge based LTL
property formulations in the same scopes introduced by Dwyke notion of an
edge/event is represented by the "next" operator.

Dillon et al [6] introduce in the Graphical Intervalglo (GIL) which is similar to the
pattern system. GIL provides a mechanism to identifyrdggon/interval of the system
execution over which the property should be validated. dperators that identify the

CRIM 24 May 2005
Tous droits réservés 0 2005 CRIM Page 20



Adding Propositional Scopes to Linear Temporal Logic

intervals introduce a wider and more general range opescdhan the five scopes
introduced by Dwyer. However, the operators are used tnedsigments of the execution
path that must have a start and an end. There is nosroéfared to identify an arbitrary set
of states in which properties should be verified.

CONCLUSION AND FUTURE WORK

In this paper, we presented new specialized LTL oper&iospecifying properties within

a scope of arbitrary set of states of interest. Thetsees are characterized by a
propositional logic formula’and constitute what we cadlFscope. These operators do not
extend the LTL formalism; they rather help formulatemplex specifications more
intuitively and succinctly. Thus, these operators do npaire designated model checking
algorithms. The new operators could be used to easilyfgpeoperties of the systems, in
particular in the case when some states of a sysewf &echnical character and should be
skipped. We also demonstrated that the semantics o th@srators follow from LTL
semantics and proved their correctness. We believeéhtgroposed operators can be used
in models that exhibit both infinite and finite behaviors.

Our future work will focus on the generalization of thessults on temporal scopes, and
mixed state/event properties, that could contribute tanipeovement and elucidation of
specification patterns. Generalizing our approach todoire temporal scopes provides a
richer and more flexible framework and methodology tmaike it is easier and more
realizable to compose any two given LTL formulae and nbt existing patterns. We also
plan to develop a tool that integrates with the Spih PFoperty Manager. This tool will
translate any given LTL property that includes scope opeyahto standard LTL and
apply optimization and simplification rules on theulking LTL formula.
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