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Abstract. The Live Sequence Charts (LSC) language is a formally rig-
orous variant of the well-known scenario language Message Sequence
Charts (MSC). LSCs yield expressive power by means to distinguish
mandatory and scenario behaviour, means to characterise by another
scenario the context in which a specification applies, and means to dis-
tinguish required from possible progress, i.e. to require liveness.

From the original proposal by Damm & Harel [1], two slightly different
dialects emerged, one in the context of LSC play-in and -out [2] and
one for the use of LSCs as formal requirements specification language in
formal, model-based approaches to software development [3].

In this paper, we investigate the expressive power of LLSCs in the sense
of [3]. That is, we first (constructively) show that for each LSC there
is an equivalent CTL* formula. Complementing existing work, we show
that the containment is strict, that is, not each CTL* formula has an
equivalent LSC. To complete the discussion, we present for the first time
a way back, from a syntactically characterised fragment of CTL* to the
subset of bonded LSC specifications, thereby establishing an equivalence.

1 Introduction

Scenario-based approaches are an adequate approach to the formal specification
of requirements on systems that are composed of different components [4, 5]. The
common idea of scenario-based specification is to formally yet comprehensibly
describe all interactions between system components, and their interaction with
the environment, that are necessary to accomplish a certain task. This is, for
example, in contrast to temporal logic patterns [6, 7], which also claim compre-
hensibility but only provide rather atomic templates for action/response pairs
of which many have to be used to cover more complex tasks.

The Live Sequence Charts (LSC) language is a particular formalism that sup-
ports the scenario-based approach. It has been introduced by Damm & Harel
in [1] as a conservative extension of the well-known ITU-standard Message Se-
quence Charts (MSC) [8] and in the meantime gained wide adoption [9-13].

In the following, we give a brief example to recall the scenario-based approach
and the LSC language. Although the LSC language is graphical and intuitive,
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there is no complete introduction possible within a page or two. For a more
thorough introduction, the reader is referred to [1, 3,2].

Consider the design of the software of a level-crossing system. There might
be a central controller ‘CrossingCtrl’ and separate controllers ‘LightsCtr]” and
‘BarrierCtrl’ for the traffic lights and the barriers. One requirement on the system
is clearly to secure the crossing on a request ‘secreq’ by the environment. Then
the central controller shall finally trigger the lights and barrier controller by
sending appropriate messages. If the lights controller is operational at that point
in time, it shall continue to switch on the red traffic lights and report back success
while the barrier controller simultaneously initiates lowering of the barrier and
finally reports back success. The barrier moving up in between the latter two
events would be an error. After both sub-controllers reported success, it would
be kind (but not necessary) if the central controller reported success back to the
environment,.
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Fig. 1. Live Sequence Chart for a system of level-crossing controllers.

This prosaic specification can be formalised using scenarios by the LSC shown
in Figure 1. There is one (vertical) instance line for each sub-controller labelled
accordingly and one for the environment, as indicated by the diagonal lines. The
large dashed hexagon is called pre-chart and characterises the activation of the
scenario, that is, the situations in which the remainder (or main chart) of the
chart is supposed to be observed. In the example, this is the single asynchronous
message, i.e. receipt occurs strictly after sending, ‘secreq’ from the environment,
which requests securing. To express that the central controller shall finally send
the following two instantaneous messages ‘lights_on’ and ‘barrier_down’, we can
use the LSC feature that instance line segments have a temperature. Tempera-
ture hot, graphically indicated by a solid line segment, enforces progress, while
cold, indicated by a dashed line segment, doesn’t. The segment of the ‘Cross-
ingCtrl’ instance line starting at the top of the main-chart is hence solid.
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Black circles on instance lines are simultaneous regions, which enforce si-
multaneity. Thus messages ‘lights_on’ and ‘barrier_down’ should be sent (and
received) simultaneously.

The smaller hexagon on the ‘LightsCtrl’ instance line is a condition, which
requires that the controller shall be operational at the point in time when
‘lights_on’ is received. Note that conditions in LSC are treated differently than
MSC conditions. First of all, they are semantically significant in LSCs, while in
MSCs they are merely comments. And secondly they may also have a tempera-
ture, either hot or cold, which is graphically indicated by solid or dashed outline.
The semantics of cold conditions is that if they hold when evaluated, then in
order to satisfy the LSC one has to adhere to the remainder of the scenario; and
if they don’t hold, the whole scenario is immediately considered to be satisfied.
Thus cold conditions can be used to provide legal exits to a scenario. In practice,
scenarios with legal exits are typically complemented by another scenario which
shares the same prefix and continues after the complementary condition with the
actions to take in the complementary case. Thus in our example, there should be
another chart which specifies the system behaviour in case the lights controller
is mot operational when receiving ‘lights_on’.

To indicate that a condition is supposed to hold for a span of time, we can
use the LSC feature local invariant. In Figure 1, there is a local invariant that
starts exclusively with the receipt of ‘barrier_down’ and ends inclusively with the
sending of ‘barrier_ok’ as denoted by the unfilled and filled circles. It requires
that the barrier shall not move up from (strictly after) the point in time where
‘barrier-down’ has been received up to (and including) the point in time where
‘barrier_ok’ is sent. The solid outline of the condition hexagon indicates that its
temperature is hot, that is, if the condition is violated during a system run that
matched the scenario up to this point, then the system violates the LSC.

As we don’t care in which order the subsidiary controllers reported back
to the central controller, the order on messages ‘lights_ok’ and ‘barrier_ok’ is
explicitly relaxed by enclosing them in a coregion, graphically indicated by the
dotted line in parallel to the ‘CrossingCtrl’ instance line. Both messages may be
observed in either order or even simultaneously.

Note that progress is enforced up to the configuration or cut (cf. 2.2) indi-
cated by the horizontal gray line, as there are hot instance line segments at the
participating instances. Below the gray line, all instance line segments are cold,
that is, progress is no longer enforced. In other words, the message ‘done’ may
be sent, but need not.

In addition to locations and conditions, the whole chart also has a tempera-
ture, either hot or cold, which is graphically indicated by the box enclosing the
main chart, which complements the pre-chart. In order to satisfy a hot (or uni-
versal) chart as in the example, a system has to satisfy the main chart whenever
the pre-chart is observed. In contrast, a cold (or existential) chart is already
satisfied if there exists a single system run that adheres to the concatenation of
pre- and main-chart.
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The last aspect of Figure 1 to discuss is the header, the small box on top
of the pre-chart. It assigns the chart a name, chooses an interpretation, and
may further restrict activation. Namely, the pre-chart is only considered, if the
activation condition (AC) holds. That is, if the activation holds at some point
in time and from there on the pre-chart is observed, than the main-chart has
to be considered. The activation mode (AM) denotes the candidates for eval-
uation of the activation condition. If it is invariant, then any point in time is
considered while if it is initial, only the initial states of the system are. A third
mode, iterative, is similar to invariant but excludes overlapping activation. If
the LSC is non-reactivating, that is, if the pre-chart is not a sub-sequence of
the main-chart, then the iterative mode is equivalent to the invariant mode. If
the LSC is reactivating, then the LSC has not even an equivalent in CTL* thus
we will exclude this mode from the discussion in the following sections. Finally,
the interpretation (I) determines the significance of additional occurrences of
messages. In the strict interpretation, additional occurrences are considered to
be violations, thus an implementation of ‘LightsCtrl’ that sends ‘red_on’ twice
before reporting back success violates Figure 1. In the weak (or tolerant [2])
interpretation, additional occurrences of messages are ignored.

Having introduced the most common features of the LSC language, we can
summarise that the most significant differences between LSCs and MSCs are

— modalities for
e the whole chart, distinguishing example scenarios from universal ones,
e locations, possibly indicating liveness,
e conditions, providing for legal exits and anti-scenarios, and
e messages (cf. [1,3,2]),
— precise characterisation of the activation time by pre-charts, activation con-
dition, and activation mode, and
— semantical significance of conditions.

These additions make LSCs significantly more powerful than MSCs in the sense
that more behaviour is distinguishable with LSCs than with MSCs (cf. [1] for
details) whereas the graphical appeal and intuitive comprehensibility of MSCs
is preserved by indicating the modalities graphically.

In order to understand the relation of this work to [14,15], note that after
the original introduction of LSCs by Damm & Harel [1], two slightly different
dialects, motivated by different application domains, emerged.

The LSC language of Harel & Marelly [2] is tailored for the so called play-out
approach. They employ a tool called play-engine to execute LSC specifications,
i.e. sets of LSCs. Thereby there needn’t be an implementation of the intra-object
behaviour of the system under design; the set of LSCs is the implementation.
To this end, they added elements like actions to modify the state of the system,
loops, and sub-charts to [1]. The semantics is given using the linearisation of
partial orders [2].
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The LSC language of Damm & Klose [3], which is the subject of this paper,
is tailored to complement the model-based development of the intra-object be-
haviour of a system using, e.g., Statemate state-charts or UML state-machines.
The model can then formally be checked for whether it adheres to the LSC spec-
ification, for example employing model-checking techniques as discussed in [16]
and demonstrated in [13] for Statemate and in [17] for Rhapsody/UML.! To this
end, they added local invariants and the activation mode [1]. The semantics is
given by a variant of Biichi Automata [18, 3].

The motivation of this work is also rooted in the latter application domain.
As MSCs and LSCs are, in contrast to other graphical formalisms, not simply
graphical representations of more fundamental and well-understood formalisms
like Temporal Logic but have been designed driven by the needs of the ap-
plication domain, with an intuition of the semantics in mind, which has then
been formalised. In order to understand the potentials and limitations of the
LSC language, it is necessary to compare its expressive power to more funda-
mental formalisms like temporal logic. Pragmatically, a translation from LSCs
to temporal logic makes it possible to employ any of the many temporal logic
model-checkers for formal verification of LSCs against given system models.

The first result of our paper is similar to [14, 15] where the relation of a small
subset of the LSCs of [2] to CTL* has already been established. We consider
the different LSC dialect of [3] and obtain the result in a different way. Using
the automaton based semantics of LSCs [3], we can employ older results for
the translation from particular automata to temporal logic by [19]. In addition,
we already convey a first comparison of both dialects on the common level of
temporal logic; a full comparison will be possible with the full version of [15]
that proposes to discuss a larger subset of the LSCs of [2]. Furthermore, we not
only provide an embedding of LSCs into temporal logic but can more precisely
characterise a fragment of first-order CTL* that comprises the subset of LSCs
we consider via an inductive syntactical definition (similar to the syntactical
characterisation of the common fragment of LTL and CTL* [20]).

As a second result, we obtain for the first time a description of an equivalent
fragment of first-order CTL* for the slightly smaller but most commonly used
subset of bonded LSCs, i.e. where conditions and local invariants only appear in
simultaneous regions with messages. The equivalence is shown constructively by
providing a translation back from formulae to LSCs.

A minor original contribution of this paper is the full version of a closed
formalisation of the syntax and the semantics of the LSCs of [3], including the
interpretations weak and strict. It turned out to be necessary to introduce an
alternative formalisation, since [3, 18] give the semantics of LSCs only in form
of an imperative unwinding algorithm that iteratively constructs the automaton
for a given LSC. Our formalisation allowed to establish the results presented here
and in [21,16]. We expect it to be useful in further research on both dialects of
LSCs since we are confident that it is extendable to the LSCs of [2].

! Statemate and Rhapsody are trademarks of i-Logix, Inc.
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2 Core Live Sequence Charts

For a (slightly clearer) presentation, in the following we introduce a subset of
the LSCs of [3] which we call core LSCs. Core LSCs are missing three features
that are out of the scope of this paper. Firstly, we discuss activation only by
an actiwation condition and not the general case of pre-charts. An activation
condition can be used if the activation only depends on properties of a single
system state and not on a whole scenario. For the translation to temporal logic,
pre-charts can be treated similar to [15] as an implication from the formula of
the pre-chart to the formula of concatenation of pre- and main-chart.

Secondly, we only consider un-timed LSCs, that is, we exclude timer-set and
-reset and timeout elements as well as timing intervals which LSCs inherit from
MSCs. General timed LSCs require a timed Temporal Logic. They can be treated
similar to the Real time Symbolic Timing Diagrams (RSTD) in [22] since they
use the same kind of automata that we use for LSCs [3].

And thirdly, we consider only hot asynchronous messages, i.e. sending and re-
ceipt has to be observed in contrast to cold asynchronous messages, which admit
that the message is lost. Cold asynchronous messages add irregular transitions
to the Symbolic Automaton, which are tedious to consider but effectively don’t
harm the automaton properties we use in the proofs. The translation to tempo-
ral logic extends directly to possible asynchronous messages, for the translation
back we might need to exclude them.

The new representation of the abstract syntax of LSCs we introduce in the
following Section 2.1 is equivalent to the one used in [3] in that it is closely
related to the actual graphical charts like the one shown in Figure 1, but it is
much more concise than [3]. Note that for our purpose, it is not sufficient to use
a more abstract notion of abstract syntax like, for instance, partial orders on
the set of LSC elements as demonstrated by [14]. The reason is that the proof of
equivalence between a fragment of first-order prenex CTL* (cf. Section 3) and
a subset of LSCs in Section 3.2 inductively constructs an LSC, and to this end
needs a rather detailed abstract syntax.

As mentioned in the introduction, our definition of the LSC semantics in
Section 2.2 is equivalent to the one of [3] but closed, instead of in terms of a
translation algorithm, and thus much more appropriate to our needs.

2.1 Syntax.

Formally, annotations of messages, conditions, and local invariants of an LSC are
boolean expressions, i.e. core LSCs are defined over a signature. A signature S =
(V, P, x) comprises a set of variables V, a set P of predicates, and — in addition to
the standard definition — a partial function x : P — P with dom (x)Nran (x) =0
that partitions P into the three sets of message send predicates P, ; := dom x,
message receive predicates P, := rany, and non-message predicates P, , =
P\ Ppsg» Where B, . =P, ;U P,.,. This separation of predicates is the key to
identify messages and conditions in the formula when considering the translation
back to LSCs. The boolean expressions over S, denoted by Exprg, are defined by
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the grammar ¢ ::= true | po | p(z1,...,2,) | 791 | Y1 V 2 where pg is a 0-ary
predicate and p of arity n > 0. We shall use the common abbreviations false,
A, —, and <. A tuple M = (U,Z) is called structure of S if U is a non-empty
set called universe and 7 is an interpretation of the predicates in P. A function
o :V — U is called valuation of V. The semantics of ¢ € Fzpryg is standard given
a structure (U,Z) and a valuation from Valy(S), the set of all valuations of V.

A central piece of information in the concrete syntax of an LSC as given in
Figure 1 is the order of elements along a single instance line as their order shall
be preserved unless relaxed by coregions. As coregions mustn’t be nested, the
order of elements is actually a scenario order as defined in the following. An LSC
instance line is then simply a set equipped with a scenario order and a function
that assigns each element a temperature from Temp := {hot, cold}.

Definition 1 (LSC Instance Line). Let A be a finite, non-empty set. The
tuple (A, <) is called instance line if and only if <C A X A is a scenario order
(or direct predecessor relation) on A, that is, if and only if

(i) Mat € AVacA:at <*a (Unique Minimum)
where <* denotes the reflezive transitive closure of <.
(i) Ya,a1,a20 € A:a<a1Na<ay = ar1%ag (Unordered Successors)

where a1%*as denotes that ay, as are unordered, i.e. a1 £* as and az £* a;.

(iii) Yai,aa € A: (Jap € A:apg < a1 Nag < ag)
= (Vaz € A:a1 < a3 = ag < a3). (Diamond Property)

A triple (A, <,9) with ¥ : A — Temp is called LSC instance line if and only
if (A, <) is an instance line. The elements a € A are then called (tempered)
atoms. When dealing with multiple instance lines, we use ay X ag to denote that
the atoms a1 and as belong to the same instance line. &

The following definition of core LSCs captures the essence of an LSC picture
like Figure 1, in particular the set of elements and their order on the instance
lines. Formally, a core LSC is structured into the body and the information found
in the head and given by the frame around the body, namely the activation
condition, the activation mode, the interpretation, and the quantification. The
body is further structured and comprises a set of LSC instance lines together
with three sets of the elements: messages, conditions, and local invariants (cf.
Figure 2). Messages in addition have a synchroneity from Sync := {inst, asyn},
conditions and local invariants are equipped with an obligation from Obl :=
{mand, poss} (the formal names for hot and cold), and a local invariant start-
and end-atom has a containedness from Cont =: {incl, excl}.

Definition 2. Let S = (V, P, x) be a signature. A core LSC over S is a tuple
L = (¢, ac, am, int, quant) with activation condition ac € Ezprg, activation mode
am € {initial, invariant, iterative}, interpretation int € {strict, weak}, quantifi-
cation quant € {existential, universal}, and body

L= ({(A1,<1,%),. .., (An, <n, %)}, Msg,,, Condy,, LocInug,),n > 1, where
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SC: sec_xing

(A4, <1,94) = ({az, a4,1, 04,2},
i fovaviont lsier | {a4 <4 Q4,1 <4 a4,2}7
N\ {af — cold, as,1 — hot,as,2 — cold})
\

l BarrierCtrl
T

Msg = {(az2,1, as,1, inst, mand, lights_on),

I
H
. (as,1, a4,1, inst, mand, barrier_down),
(a2,2, a1,1, inst, mand, red_on),
(a2,3, as,2, inst, mand, lights_ok),
(aa,2, as,3, inst, mand, barrier_ok),
(as,4,a1,2, inst, mand, done)}

Cond = {({az,1}, poss, Operational) }

LocInv = {((aa,1, excl), (a4,2, incl),

& barrier_downg (",

mand, ~MvUp)}

Fig. 2. Abstract syntax of the LSC from Figure 1. For brevity, we only consider the
LSC body, give the order and temperature only for the right-most instance line, and
in messages omit the receive expressions as they are equal to the send expressions.

— {(A1,=<1,%1), ..., (An, <n,Pn)} is a set of disjoint LSC instance lines.
We set Inst(L) :={1,...,n}, Ap = Uiemst(m A, <p:= Uielnst(m =i, and
Vr = Use st Vi- We denote by ait the minimum of <;, i € Inst(L), also
called instance head, and set At :={a} | i € Inst(L)}. By Al; := AN A; we
denote the projection of a set A C Ay, onto instance i € Inst(L).
If the LSC' L is clear by context we shall simply write, e.g., < instead of <r,.

— (m €) Msg;, is a set of messages,
m = (as, ar, S, Vs, ¥r) € A X A X Sync x Exprs x Exprg,

each comprising the message send and receive atoms a; and a,, the mes-
sage synchroneity ¢, and the message send and receive expressions s =
p(z1,..,2n) with p € P, and ¥, = x(p)(x1,..,2n), n > 0, ; € V. By
Msg;nst(L) = {m € Msg(L) | <(m) = inst} and Msg,,, (L) = {m €
Msg(L) | <(m) = asyn} we denote the sets of instantaneous and asyn-
chronous messages of L and set atoms(m) := {as, ar};

— (c €) Condy, is a set of conditions,
c=(Ac,k,9c) € 24\ {0}) x Obl x Ezprs,

each comprising the set of condition atoms A, with at most one atom per
instance line®, i.e. |(A.|;)] < 1 for i € Inst(L), the condition mode x, and
the condition expression ¥.. We set atoms(c) := A.(c);

— (I €) LocInvr, is a set of local invariants,
= ((as,7s), (@esYe)s Ky P) € (A x Cont) x (A x Cont) x Obl x Exprs,

2 in general, conditions are not limited to single instance lines as shown in Figure 1,
but may span multiple instance lines; a condition spanning multiple instance lines
synchronises the participating components
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each comprising the local invariant start and end atoms as and a. with
containedness s and 7., the local invariant mode «, and the local invariant
expression . We set atoms(l) := {as, a.}.

The set elems(L) := Msg; U Condy, U LocInvy, is called the set of elements of
L. To denote the components of a given element we use functional notations,
like as(m) for a message m, etc. These functions and ‘atoms’ are canonically
extended from single elements to subsets of elems(L) yielding sets of components
and atoms, respectively, and we set atoms(L) := atoms(elems(L)).

A core LSC is called closed if and only if atoms(elems(L)) U A1 = Ay, i.e.
if there are mo atoms not used by elements except for instance heads. In the
following we will only consider closed core LSCs. &

Note that all expressions in an LSC may use variables from V. Thereby we
cover dynamic binding of core LSCs as introduced in [23,24] as an extension of
the static binding core LSCs in [3]. The example in Figure 1 is statically bound.
To extend it, for example, to cover systems with four barriers, each having its
own barrier controller, we would write ‘barrier_down(b)’ where b is a free variable
ranging over the identities of barrier controllers in the system.

Definition 3 (LSC Specification). Let Lsc = {Ly,...,L,} # 0 be a set of
core LSCs over signature S. Lsc is then called core LSC specification over S. {

2.2 Semantics.

The central concept of the LSC semantics of [3] is the cut that represents how
far each instance line has been observed. If the LSC has been activated and no
element has been observed yet, then the cut is empty. Any other cut comprises
at least one atom per instance line. It may comprise multiple atoms from one
instance line if they all belong to the same coregion.

Definition 4 (Cut). Let S be a signature and L a core LSC over S. A set of
atoms o C atoms(L) is called cut if and only if

(1) a#D=Vie Inst(L): a; # 0 and (ii) Vai,a2 € a:a1Xazs = a1%*as.
We call ag := ) the initial cut, o) (L) := A7 the instance heads cut, and
afin(L), the mazimal cut o withVa € a Va' € atoms(L) : a <* a/ = d’ = aq,

the final cut. The temperature of a, denoted by ¥(«a), is ‘cold’ if & = agn(L) or
Va € a:9d(a) = cold and ‘hot’ otherwise. Cuts(L) is the set of all cuts of L. &

The unit by which a cut can be advanced is the simultaneous class (simclass
for short). Simultaneity is transitively induced by synchronous messages and by
conditions that span multiple instance lines. All atoms of these elements are
supposed to be observed at the same point in time.

Definition 5 (Simclass). Let S be a signature and L a core LSC over S. Two
atoms ay,as € atoms(L) are called simultaneous, denoted by ay ~ as, if and
only if
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(i) a1 = aq, or (i) Je € Cond(L)UMsg,,(L) : {a1,a2} C atoms(e), or
(i) {a1,a2} C AL, or (iv) Jaz € atoms(L) : a1 ~ az A az ~ az.

For each a € atoms(L), [a] := {a’ € atoms(L) | o' ~ a} denotes the equiv-
alence class of ‘a’ with respect to ~. The elements of the set Simclass(L) :=
atoms(L)/ ~ of all equivalence classes of atoms from atoms(L) are called sim-
classes.

By elems(scl) := {e € elems(L) | atoms(e) N scl # 0} we denote the set of
LSC elements that share an atom from the simclass scl € Simclass(L). &

A cut « can be advanced by observing a set of enabled simclasses. A simclass
scl is enabled by a cut « if each atom in scl has all of its direct predecessors in
« or belongs to a coregion and there is at least one other atom from the same
coregion in «. The intuition of asynchronous messages is explicitly added by
saying that a simclass is only enabled if for each asynchronous message receive
atom in scl the sending has been observed in « or earlier. The step function
formalises the advancement of a by a non-empty set of enabled simclasses. We
note without a proof that Step; yields a proper cut if applied to a cut and a
non-empty set of enabled simclasses, and that it strictly advances the cut.

Definition 6 (Ready-set and Step;). Let L be a core LSC over signature
S, a € Cuts(L), and scl € Simclass(L). We say « enables scl, denoted o > scl,
if and only if

(Va' € scl:prereg(a’) CaVIa € a:axa Aa%*a)
ANV m € Msg,g,,(L) N elems(scl) : ar(m) € scl = Ja € a:as(m) <* a)

where prereg(a) := {a’ € atoms(L) | @’ < a} is the prerequisite of a.

A non-empty set of simclasses Scl C Simclass(L) such that each simclass
scl € Scl is enabled by «, i.e. a > scl, is called fired-set of o. The set Ready; («)
of all fired-sets of « is called the ready-set of a.

For § # {scly,...,sclp} C Simclass(L), the step function of L is defined as
Stepy (o, {scly, ..., scly}) := Maz(a Uscly U---Uscl,) where Maz(A) == A\
{aeA|3d € A:a <" d'}. O

The semantics of an LSC L is defined in terms of Ar, the Symbolic Au-
tomaton of its body. Symbolic Automata are a variant of Biichi automata whose
transitions are labelled by expressions over a signature S instead of by elements
of an alphabet. They accept sequences of interpretations of the predicates in S
on a fixed universe and under a fixed valuation of the variables in S.

Definition 7 (Symbolic Automata). A Symbolic Automaton over signature
S is a tuple A = (Q, qs,~, F) comprising a finite set of states Q, the initial
state qs € Q, the transition relation ~~C Q X Ezprg X QQ, and the accepting states
F C Q. We write ¢; — ¢; if and only if (¢;,¢,q;) €~ for some ¢ and ¢;=q; if
and only if gi — q; and q; # q;.

A is called partially ordered, or POSA, if the reflexive transitive closure of —
is antisymmetric. It is called deterministic if (q,11,q1) €~ and (q,v2,q2) E~,
@1 # qa, implies M, o = = (1 A 2) for any M and o.
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(a) Outgoing transitions from state a. (b) Overall structure of Ar.

Fig. 3. Structure of the LSC body automaton. Double lined states are in F'.

N
For a universe U, Inty(S) is the set of all interpretation sequences, i.e.

sequences T = Loty L2 ... of interpretations v; of the predicates P in S. By T/k :=

Lilk+1 - - - we denotes the suffiz of T starting at position k and set 8=

An infinite sequence r = qo q1 g2 - .. of states q; € Q is called a run of A over
T under o if and only if go = qs and for i € Ny there is a (qi, ¥, gi+1) €~ such
that (U, 1;),0 = 1.

The set of runs of A over T under o is denoted by IT-(A). The language
accepted by A is L,(A) := {7 € mu(’P) | 3r € IIL(A) : inf(r) N F # 0} where
inf(r) is the set of states occurring infinitely often in r. &

The states of Ay, are the cuts of L and each state gets three kinds of outgoing

transitions, a self-loop, progress transitions to the following cuts, and a legal exit
transition if possible conditions have to be considered (cf. Figure 3).

To construct the transition annotations, we use a number of abbreviations.
The following five abbreviations select relevant elements from a simclass and,
point-wise extended, from sets of simclasses.

Cond(scl) := Cond(L) N elems(scl), Msg(scl) := Msg(L) N elems(scl),
Condpess(scl) := {c € Cond(scl) | k(c) = poss}, Msg,,q(scl) =
{m € Msg(scl) | as(m) € scl}, Msg,.,(scl) := {m € Msg(scl) | ar(m) € scl}.
A local invariant | € LocInv(L) affects the transition annotation of a cut « if it
is active beyond «, i.e. Ja,a’ € a: as(l) <* ana’ < a.(l) or if it is active at «,
i.e. it ends inclusively at « or it is active beyond « and not starting exclusively
at a. By ali; _(a) (alij, - (o)) we denote all local invariants active at (beyond)
o and by aliy’>(a) (alip’% (a)) those I € aliy () (aliy - (a)) with k(1) = poss.
The expression

A{Scl1,~~~,scln} = /\(¢S(M59snd(5011 U---Uscly)) U wT(Msgrcv(SCll U---Uscly)))

characterise the simultaneous occurrence of all messages of simclasses scly, .. ., scl,
and

MSCZ17~~~,SCZW,} = _'\/(wS(Msgsnd(sch U---u SCIn))Ud}T(Msgrcv(sch Uu---u SCIn)))
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the absence of these messages where \/{t1,...,¥n} := (¥1V- - Vb, ), /0 := false,
A1, 0} = (1 A+ Ady), and AD := true.

The first kind of transitions is labelled with a hold predicate

Holdp(cv, int) := Nggeintsg(inty N\ (alip, - ()

which allows the automaton to remain in a state « while none of the awaited
messages is observed and all local invariants active beyond « hold. The progress
transitions are labelled with transition predicates

Transg, (o, int, Scl) := Asei A Nggeinisg(int)\ Sel
A Nbe(Cond(Scl)) A \w(aliy, (Stepy (o, Scl)))

where ExclMsg(weak) = {scl € Simclass(L) | 3Scl € Readyy(a) : scl € Secl}
and EzclMsg(strict) = Simclass(L), and F = {a € Cuts(L) | ¥(a) = cold},
allows a transition from « to o/ = Step;, («, Scl) if all messages required by the
fired-set Scl and none of the messages from any other fired-set in the ready-set
are observed and if the conditions co-located with the relevant messages and the
local invariants active in o’ hold. And legal exit transitions with ezit predicates

Ezitr, (o, int) ::\/ [N{SCZ} A ﬂ\/ 1/J(ali’£‘?f(a)) V Ay
scle

Readyp () (—\/\ e(Condpess(scl)) V —\/\ w(ali’f?is(StepL(a, scl))))}

which allow to the take the legal exit from « if a possible local invariant is violated
while the awaited messages are not yet observed or if a possible condition or
local invariant at a target cut is violated when observing the relevant messages.
The disjunction over the complete ready-set avoids parallel exit edges in the
automaton.

Definition 8. Given a core LSC L over signature S with interpretation ‘int’,
the Symbolic Automaton of L is A, := (Q, gs, ~, F') with Q = Cuts(L), qs = ap,

~= {(«, Holdy («, int), ) | o € Cuts(L) \ {cwo}}
U {(e, Ezitr (o, int), ain(L)) | o € Cuts(L),
B Scl € Ready; () : Stepy (v, Scl) = agin(L)} \ {afin(L)}
U {(a, Transr (v, int, Scl), a’) | a € Cuts(L),
Scl € Ready; (o), o = Stepy (o, Sel) # afin(L)}
U {(«, Transr (o, int, Scl) V Exitr, (o, int), ') | a € Cuts(L),
Scl € Ready; (o), o’ = Stepy (av, Scl) = afin(L)}.

Figure 4 shows the automaton Ay of the body of the LSC from Figure 1
according to Definition 8, omitting the exit transitions annotated with false and
all states not reachable from the initial cut.
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l_on, b_dn,—~Op

Ton, .@

l_on, b_dn, Op
D b_ok, red, - Up

red, b_ok,~Up
b_ok, l_ok, -~ Up

(1) red, b_ok, ~Up
(2) b_ok, l_ok,—Up
(3) l_ok, b_ok,—~Up

l_ok, b_ok, ~Up

Fig. 4. For lack of space, message and condition names are abbreviated, negation of
message-observation predicates is expressed by over-lining, and a comma is used for
conjunction. E.g. go’s loop fires if neither ‘lights_on’ nor ‘barrier_-down’ are observed.

Note that the interpretation strict or weak (called tolerant in [2]) has no
effect on the structure of the automaton but only on the annotations. A strict
LSC restricts the occurrence of the messages used in the LSC to exactly those
points in time where they are supposed to occur according to the scenario.
For example, if a level-crossing system sends ‘red_on’ twice (to play safe) then
the system wouldn’t satisfy Figure 1 in the strict interpretation. In the weak
interpretation, the specification is satisfied if each necessary message occurs at
least once where it is supposed to.

By the following Lemma, the Symbolic Automaton of a (bonded) LSC is a
(deterministic) POSA. We provide the rather technical proof in the appendix.

Lemma 1 (POSA). Let L be a core LSC over signature S. Then Ar is a
POSA. If L is bonded, i.e. if all condition and local invariant atoms in L are
co-located with at least one message atom, then Ayp, is a deterministic POSA. {

In practice, LSCs are nearly always bonded. Non-bonded LSCs, i.e. those
with loose conditions, are highly counter-intuitive and it is significantly harder to
understand counter-examples obtained from model-checking because Ay, runs of
a given counter-example need not be unique. Already [3] explicitly recommends
to avoid loose conditions.

The semantics of a complete LSC L is obtained by quantifying the inter-
pretation sequences accepted by its Az according to the activation mode and
quantification.

Definition 9 (LSC Semantics). Let L = (¢, ac, am, int, quant) be a core LSC

- —>
over signature S andU a universe. A set of interpretation sequences I C Inty(S)
is said to satisfy L, denoted I =0 L, if and only if

— quant = existential and
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37el 30 € Valy(S) : am = initial A (U, 19,0k acAT e Lo(AL))
Vam = invariant A (3k € No : (U, Mok acnT/k e L,(AL))
— quant = universal and
VielVoe Vay(S): am= initial A (U, MokEa = TN0e Lo(AL))
Vam = invariant A (Vk € No : (U, MokEaw = ke Lo(AL)).

The language accepted by L is L(L) := {I C Inty(P) | I =5 L} O

A set I of interpretation sequences satisfies a core LSC specification Lsc if
and only if it satisfies all core LSCs in Lsc. The language of Lsc is the intersection
of the languages of the core LSCs in Lsc.

3 The Temporal Logics of Core LSCs

In order to cover symbolic LSCs with free variables, the temporal logic has to
provide first-order quantification over logical variables. And in order to cover
both, existential and universal LSCs, LTL is not sufficient but quantification
over paths is necessary. Consequently, we basically use first-order CTL* as the
destination temporal logic.

For convenience, the following definition already introduces a fragment of
CTL* which we call FOP-CTL* (first-order prenex CTL*). Its expressive power
is sufficient for our purposes since LSCs only need top-level path and logical
quantifiers and the semantics (which is standard) can be explained using a set
of (system) runs instead of a computation tree for general CTL*.

Definition 10 (FOP-CTL*). The set of first-order prenex CTL* (FOP-CTL*)
formulae over signature S is defined by the grammar

o=@ ooV 9?7 u=ePh | 3a. 7 | Va7
Pl =0 |E¢|Ag =1 |01V 2| pr1Udz|Xo

where ¥ € Exprs. We shall use the abbreviations A, —, <, F, G, and W. &

The formulae we construct for core LSCs in Section 3.1 are in FOP-CTL* but
we can identify further structure. We will find that general core LSCs translate to
formulae from the FOP-CTL* fragment CSCTL and the bonded ones translate
to DCSCTL. Formulae of the latter fragment even provide enough information
to establish a way back to LSCs (cf. Section 3.2).

Definition 11 (CSCTL, DCSCTL). The set of communication sequence
FOP-CTL* (CSCTL) formulae over signature S is

Cu=¢&p|alCAC p=E@W—m[EGW —m)[Jz.p
mo=nUa | W7 Ea=AW—->7)|AGW —7) |Va.&
nou=-pAn|yY Tu=m Ve | T AXT | false
Tu=—puAT|puAT| Y W= Prnsg(T15 -0+, ) (1)
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where ¢ € Exprg, x; €V, 1 <i <n, and pmsg € P4, is a message predicate.

Deterministic CSCTL (DCSCTL) comprises the formulae obtained from gram-
mar (1) with the & production changed to

Tu=T7VO| (TAXT)V @, ¢ = false | T | p1 V ¢a,
that satisfy

(i) occurrences of p € P,,, and x~'(p) in &g and £a are injectively related,
(i) if ~u1 and po occur on both sides of an U or W, then p1 = pe, and
(4i) in each 7, any p in T is disjoint to ¢, i.e. = (u A Q). &

3.1 From Core LSCs to Temporal Logic...

Lemma 2 (Schlor [19]). Let A = (Q,qs,~, F) be a POSA over signature S,
U a universe, and o € Valy(S) a valuation. Then there is an LTL formula ¢4
over S with T € Lo(A) < 7,0 = ¢a. O

The proof is by induction over the distance of states from the states whose
only outgoing transitions are self-loops, in case of Ay, this is only afy,(L). The
POSA property ensures that the sequence of the sets of states with distance
1,2,... is ascending with respect to C. The formula constructed in the course
of the proof is recursively defined as ¢4 := ¢4, with

bq =0(0,9) Uy \/ (¥(a,d") A Xoy)

q=q’

for ¢ € Q where ¥(q1,¢2) denotes the (well-defined) transition predicate of a
transition g1 — g2 between locations ¢1, g2 € Q. The temporal operator U, is W
(unless or weak until) if ¢ € F' and U (until or strong until) otherwise.

As an example consider the outgoing transitions of a typical automaton state
as shown in Figure 3(a). We may stay at state a as long as the hold condition
Holdp, («, int) holds and may leave « if any of the outgoing transitions can fire.
Then, recursively, we may stay at the destination state as long as the destination
state’s hold condition holds etc. The formula directly follows this structure (cf.
Figure 5).

Theorem 1. Let L be a core LSC over signature S. There is a CSCTL formula
o1, over S with L(L) = L(¢r,). If L is bonded, then there is an equivalent formula
in DCSCTL. ¢

¢a = Holdr(a, int) U ((TmnsL (o, Scli) A X @stepy, (a,sc)) V-V
(Transt (o, Scln) AN X Gsiep, (o, Setn)) V (Bxitr (o) A X¢aﬁn))

Fig. 5. Schlor formula of the location a shown in Figure 3(a).
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By Lemma 1, we can apply Lemma 2 to the automaton Ay of an LSC,
which represents the LSC body. Adding path and variable quantifiers according
to the LSC activation mode and quantification completes the proof of the first
claim. For example, an LSC L = (¢, ac, am, int, quant) with am = invariant and
quant = universal over a signature S = ({x1,...,2n}, P, x) becomes ¢ =
Vai...Va,.AG(ac — ¢4, ). The second claim is established by a result of [19]
that transforms the CSCTL formula to the desired DCSCTL form if the transi-
tion expressions, here ¥(q, ¢'), are mutually disjoint which is the case by Lemma 1.
The finer structure of DCSCTL formulae is obtained by close examination of the
construction of the translation relation ~» for Aj,. Theorem 1 extends to an LSC
specification Lsc by conjoining the formulae of all LSCs in Lsc.

As a first observation, the formula for bonded LSCs is actually in determin-
istic ACTL, and thus in LTL, as also observed in [15]. They also claim that
non-bonded LSCs in their interpretation are in LTL which is not the case for
ours as non-bonded LSCs introduce non-determinism via self-loops annotated
only with true. Restricted to messages, the core LSCs studied here and the ker-
nel LSCs studied in [15] coincide (as expected).

LSCs are strictly weaker than general first-order CTL* as they can’t ex-
press alternating path quantifiers [15]. The following lemma shows that there
are simpler patterns not expressible by core (and kernel) LSCs. Intuitively, core
(and kernel) LSCs only consider non-temporal properties as hold-conditions, i.e.
before the “until” operator. Thus they can in general not express that some
sub-scenario shall be repeated until the main-scenario continues. In contrast
to [3], the LSC dialect of [2] provides (bounded and unbounded) loops, so the
full version of [15] will show whether that extension is sufficient to make LSCs
equivalent to LTL.

Lemma 3. FOP-CTL* over S is strictly more expressive than core LSCs. <

Proof. Assume there were an equivalent LSC for the formula ¢ = (XXp)Ugq
from the LTL fragment of CTL*. The interpretation sequence ¢ = pgpgpqp-. - .
satisfies ¢. Then ¢, a formula equivalent to L, has by Theorem 1 a conjunctive
term of the form A (¢ — nU7) or A(yp — nW ) that is satisfied by 7. This
implies pg§ — 1 and pg — n since ¥ and 1 don’t comprise temporal operators.
Consequently 7' = L with 7 = pg pg pg pG... but 7’ = ¢ in contradiction to
the equivalence assumption. ad

3.2 ...and Back

Theorem 2. Let { be a DCSCTL formula over signature S. There exists a
bonded LSC specification Lsc over S such that L(Lsc) = L((). O

The constructive proof exploits that ¢ is a DCSCTL formula, i.e. has the
properties (i)—(iii) from Definition 11. Intuitively, a sub-formula of ¢ of the form

= —p AU ((p A2 AX1) V §)
- ——

n T
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‘ ih ‘ ‘ ‘ ‘ ’/1‘(;\‘ ‘

D ==~
{0y v T o
= Doy (I)'pmw (z) —~ ‘/ ‘ Ty {/) T P1 A AN ﬁO
T ¥ T
‘ Ty ¢ Adba A =
5 - = L D -

s ). fg, | ne

—= ~ Ay €
b b

(a) Inductive construction base. (b) Induction base.

‘ Z‘h ‘ ‘

Pmsg, ()

(¢) Inductive construction step. (d) Induction step.

Fig. 6. Construction of an LSC from a DCSCTL formula and its automaton structure.

says that n is supposed to hold until either 7 is observed and the (system) run
continues as required by 71, or ¢ holds which indicates that the current (system)
run exhibits a different message order than the one accepted by 7. If this different
message order is legal, then there is another sub-formula of ¢ that is satisfied by
the (system) run. Transferring this intuition to LSCs, we inductively construct a
core LSC specification of bonded core LSCs with (for convenience) two instance
lines 45, and i,. Each LSC accepts one particular message order, the atoms are
pairs of the instance line name and the sub-formula that is observed up to this
location. For example, the instance head atoms are (ip,7) and (i,, 7).

The expression ¥ in ™ becomes a mandatory local-invariant that is required
to hold until 7, one or more messages co-located with a condition s, is observed,
unless a parallel cold local-invariant with expression —¢ is violated, indicating
that this core LSC can not accept the (system) run (cf. Figure 6(a) and 6(c)).

We omit the (tedious) formal inductive construction, but focus on the proof
of language equivalence to the formula.

Proof. Part 2. Without loss of generality we assume that ¢ accepts exactly one
message order since the general case is a conjunction of such formulae. Let L be
the core LSC specification constructed for ¢ by the procedure described above.
By construction, all instantaneous messages and conditions in L either share all
atoms or none, so all simclasses and all consistent cuts (see below) are of the

form {(ip, ), (io,7)}.
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We define the nesting depth of a formula by dep(n U 7V ¢) = 0 and
dep(n U T ATV ¢) = n+1if dep(r) = n with U € {U, W}. There is at
most one consistent cut {(in, 7), (i, )} € Cuts(L) with dep(mw) = n. A cut is
called consistent if Va € a,a’ € [a] Fa”" € a1 d/ <* a”.

Let A = (Q, gs, ~, F') be the automaton of L. The sequence (T}, )nen, with
T, :={q € Q| dep(q) < n A q consistent} is monotone. We prove by induction

Yn €N Vay, €Ty Vo € Valy(S), 7 € Inty(P) : T € Lo(A") < 7,0 = pa,,

where A? := (Q,q,~, F) is the automaton that coincides with Az except for
the start location ¢ € @ and where ¢, =7 if ay, = {(ip, 7), (io, m)}.

Let N be the nesting depth of the largest m sub-formula of (. Then © =

Yay- Examining the quantifiers in ¢ and in the semantics of L according to
Definition 9, we obtain the desired equivalence between L and (.
Induction base. Ty comprises only the cut { (i, 7o), (%0, 7o)} With 7o = n W (7V
@) = (A1) W (uAha V@) (the until (‘U’) case follows analogously). The au-
tomaton A7° is depicted in Figure 6(b). Its corresponding formula ¢ A% obtained
by the construction of Lemma 2 is

G az0 = (mp A1 A=) W (A e A X (trueW false) V ¢ A X (trueW false))
= (wAPL AW (A2 V §) = (mp A1) W (A2 V ¢) = mo.
Induction step. Now let a1 = {(in, ), (i, 7)} € Thy1 with
m = qW(TAX(m)V @) = (p A1) W (n At AX(m1)V @)

(U’ case analogously). By construction of <r,, the only simclass that can possi-
bly be enabled by 41 is scl:= {(in, 71), (0, 71)}. It is actually enabled since all
its prerequisites are obviously part of a,,+1 and all the sendings of asynchronous
receptions lie strictly before a,11 by definition of DCSCTL (Definition 11.(i))
and construction of L. By definition of the Step; function, a,4+1 has a unique
successor cut, namely Step; (an+1, {scl}) = scl = o, with dep(pq,,) = n.

The automaton A" is shown in Figure 6(d). The 7 transition leads to the
state Stepy (aun+1, {scl}) which we just identified to lie in T, and the ¢ transition
leads to the final cut that lies in Tj by definition. Hence we can use the induction
hypothesis as follows, where (x) exploits the style of outgoing transitions of ay,41:

Z,U':(,Oan+1 > Z,U'ZUW(T/\X((pn)V¢)
« 1,0 = G(n) V(U (T AX(en) V)
wVjeENg: T/ EnV (3keNy: (V0<j<k:7,0kmn)

AT o EOVIMT o ET ATk 42,0 E ¢a,))
o (3r € HL(AT™) 17 = Qpt1 Qg1 Qg1 - - -
V(37 e ME(AY M) 3k > 0:r = ak 7 A inf(F) N F #0)
vV (3F € HL(AT") 3k > 0:r=ak 7 Ainf(F) N F # 0))

W 3r e H(AT) inflr) N F £ Bes T€ L(AS)
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Recall that intuitively the translation considers single paths through the
LSC specification, that is a translation back and forth yields as many LSCs
as there are paths through the original ones. Thus the back-translation makes
the possible paths and combinations of conditions and local invariants explicitly
visible and thus may help in the debugging of LSC specifications. But in presence
of concurrency introduced, for instance, by independent parts or coregions, a
single original LSC can be exponentially more succinct then the back and forth
translation.

4 Conclusion

Our new concise formalisation of the LSCs of [3] makes it possible to compare
these LSCs to temporal logic. General core LSCs are at most as powerful as the
fragment CSCTL of FOP-CTL* for which we provided a syntactical characteri-
sation. The practically relevant set of bonded core LSCs is exactly as powerful as
the smaller fragment DCSCTL because we can construct an LSC specification
for a given formula. The embedding into first-order prenex CTL* is strict even
without resorting to nesting of path quantifiers [15].

These results have a number of applications. Section 3.1 formally justifies
the practice of LSC model-checking using formulae [3] and allows to compare
both dialects of LSCs that emerged from the original proposal [1]. Section 3.2
provides for the first time an instrument to decide whether a given formula has
an equivalent LSC specification. This is useful since experts in formal meth-
ods sometimes easier come up with a formula for a given requirement while for
discussion within a more general audience it is highly desirable to present the
requirement in form of LSCs. Another aspect stems from the observation of [25]
that their distributed LTL model-checker performs extraordinarily well on for-
mulae that are a chain of right-nested “Until” operators without noticing that
this is exactly the structure of (D)CSCTL. Section 3 would justify a restriction of
their input language to (D)CSCTL, thus obtaining an LSC model-checker, and
raise the question whether this restriction could yield further speedup. Finally,
the fact that we use results from the theory of Symbolic Timing Diagrams [19,
22] (STD) raises the question whether STDs also qualify as a scenario language
and, for example, whether they can be played out [26].

Further work comprises the extension to the full LSC language of [3], that
is, pre-charts, real-time, and possible asynchronous messages, as outlined in the
introduction of Section 2.

Acknowledgements. The authors want to express their gratitude to Matthias Brill
and Hartmut Wittke for clarifying discussions on the intricacies of LSCs, sharing of
expertise, and valuable hints on related literature.

Note. An abridged version of this paper appeared at the SofSem’06 poster session [27].
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Appendix

Definition 12. Let L be a core LSC over signature S and a, o’ € Cuts(L). The
cut o' is said to be larger than «, denoted by o T o, if and only if

Vie Inst(L) Va € al; Ja’ € d|; :
a<*ad ANFi€Inst(L):al; Cd|;Vd #DAVa€al,d €dl;:a=<Td.

=

Note that  is a strict partial order (irreflexive, asymmetric, and transitive). <

Proof of Lemma 1.

Part 1. Let A, = (Q,qgs,~,F). We have to prove antisymmetry of —*, i.e.
(g —=*d)N (¢ —*q = q=¢ for q,¢ € Q. Consider the interesting case
where ¢ # afn(L) # ¢'. Then there is a minimal n € Ny such that

g — .- 7 qk—1 7 Gk =7 qk+1 — ... 7 Qn

with g9 = ¢, = ¢ and gz = ¢’ and none of the transitions is a self-loop, i.e.
ak # qe+1, 0 < k < n.

Also none of the transitions is an exit loop, i.e. a transition annotated by
Ezit, since then one of intermediate states were the final cut agp,(L), thus
q = afin(L) by (*) in contradiction to the assumption.

Thus all transitions are by regular transitions defined by Step;, i.e. there are
fired-sets Scli, € Ready; (qx) such that gx+1 = Stepy (qi, Scl), 0 < k < n. Since
Step;, strictly advances the cut, we have ¢x C gx+1, 0 < k < n and thus

= CqalC---Cgna1lCgn=¢q
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in contradiction to the fact that the cut order is a strict partial order.

Part 2. If L is bonded, i.e. Ve € CondU LocInv Va € atoms(e)Im € Msg :
k(m) = mand A [a] N atoms(m) # (), we have that every simclass Scl contains at
least one message send or message receive atom.

To prove determinism of Ay, we have to show for all a € @

—(Holdr (o, int) A Transg (e, , intf)),
=(Transy(a, int, f1) A Transy («, int, f2)),
—(Holdy, (v, int) A\ Exity (v, int)), and
—(Ezit (o, int) A Transy, (o, int, [))

for arbitrary f, f1, fo € Ready;(a) with f1 # fo. Most of the cases can be
proved by exploiting the observation that = —=(Aggen A Nysery) if Msg,,4(Scl) U
Msg,.,(Scl) # (. In the other cases, the condition and local invariant expressions
ensure the mutual disjointness of the transition predicates. a



