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Abstract. The Live Sequence Charts (LSC) language is an extension
of the well-known Message Sequence Charts by means to specify live-
ness and to distinguish possible runs of a system from protocols that
all runs should adhere to. This paper studies the expressive power of
the automaton-based LSC semantics [11] in terms of temporal logic. The
main result is that bonded core LSCs have an exact characterisation in
terms of DCSCTL, a proper sublanguage of first-order prenex CTL∗.
That is, for each bonded core LSC specification there is an equivalent
DCSCTL formula and vice versa. Both directions of the proof are con-
structive.

1 Introduction and Related Work

The well-known Message Sequence Charts (MSC) language [10] is a visual for-
malism used to specify scenarios, i.e. sequences of communication between mod-
ules of a distributed system. Live Sequence Charts (LSCs) have been introduced
in [6] in order to overcome the serious lack of expressive power of MSCs. To
require liveness in a scenario, to provide so-called legal exits, and to distinguish
exemplary from necessary behaviour, LSCs introduce the distinction between
possible and mandatory locations, elements, and whole charts. In addition, there
are means to specify the activation, i.e. the point in time from which on the sce-
nario should be observed. Scenario-based approaches in general [18, 1] and LSCs
in particular [13, 5, 4, 3, 2] have shown adequate for the intended purpose.

From the original proposal of Damm and Harel [6], two different dialects
emerged that are specifically tailored for the usage of a given LSC specification.
On the one hand, the PlayIn/PlayOut [9] approach employs LSCs for specifying
and executing behavioural requirements of reactive systems. Given a prototypi-
cal GUI of a system and a set of LSCs, the engine is able to “play out” the LSCs,
i.e. when the GUI is operated the play-engine reacts according to the specifica-
tion. On the other hand, Klose [11] introduces an LSC dialect that is adopted to
the more classical usage of specification languages, namely to complement the
model-based development of the intra-object behaviour of a system using, e.g.,
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Statemate state-charts or UML state-machines. Whether the intra-object de-
scription adheres to the LSC specification can then automatically be established
by model-checking as demonstrated in [2, 15]. In the following, we only refer to
the LSCs of [11] if not otherwise specified. To recall the intuition of LSCs, we
briefly discuss the LSC given in Fig. 1(a). Due to space restrictions the reader
is referred to [6, 11, 9] for a more thorough introduction.

LSCs are all about communication between modules of a distributed system.
Each module is represented by an instance line on which arrows representing
communication can begin or end, possibly restricted by conditions. In Fig. 1(a),
we have the four modules Inst1, . . . , Inst4 The places where LSC elements like
messages and conditions are connected to the instance line are called locations
and partition the instance lines into segments. A solid segment of an instance
line indicates that the element(s) at the end of the segment must finally be
observed in order to satisfy the LSC, i.e. progress is enforced. The location
at the beginning of the segment is called hot. For example, Fig. 1(a) requires
that the instantaneous messages msg1 and msg2 are finally observed in order
to satisfy L since the topmost segment of Inst2 is solid. A dashed segment in
contrast doesn’t enforce progress, the location at the beginning of it is called
cold. For example, a system that behaves according to L up to message msg5

but never sends msg5 satisfies L. In contrast to MSCs are conditions semantically
relevant in LSCs. They can be possible or mandatory, the former indicated by a
dashed and the latter by a solid outline. A possible condition like c1 in Fig. 1(a)
is a so-called legal exit, that is, if c1 doesn’t hold at the point in time when
(the co-located) message msg5 is observed, then L is immediately satisfied. If
c1 holds, then L is only satisfied by runs where msg6 is finally observed. If
a mandatory condition doesn’t hold, the LSC is violated. Local invariants [11]
extend conditions from single points in time to the span between a beginning and
end point, both inclusive or exclusive. In Fig. 1(a), the local invariant c2 begins
inclusively, i.e. c2 is required to hold already in the snapshot where the LSC is
activated, and ends exclusively, i.e. has to hold up to but not including the point
in time where message msg4 occurs. Elements of the LSC have to be observed as
ordered on the instance lines from top to bottom unless this order is explicitly
released using a coregion. In Fig. 1(a), the sending of msg3 and the reception of
msg4 are in a coregion on Inst1 as indicated by the dotted line in parallel to the
instance line, thus they may occur in any order and even simultaneously.

In addition to the main-chart discussed up to now, an LSC comprises a
header and a (possibly empty) pre-chart. The header of an LSC gives the name,
an activation condition that determines the set of snapshots within a system
run to which the LSC applies, and an activation mode that further restricts the
activations. An invariant LSC is considered in all snapshots where the activation
condition holds, an initial LSC only in the first one. A solid frame around the
LSC body as in Fig. 1(a) indicates the LSC to be universal, i.e. it is satisfied by
a system iff each suffix of any system run starting with a snapshot satisfying the
activation prerequisites adheres to the scenario. With a dashed frame, the LSC
is existential and satisfied iff there is a suffix of a system run satisfying the acti-
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vation prerequisites and adhering to the scenario. Note that we actually restrict
the discussion of LSCs to core LSCs. They differ from general LSCs [11] in that
they don’t have a pre-chart, don’t specify quantitative timing restrictions, and
only use mandatory messages. Furthermore we focus on the weak interpretation
of LSCs that doesn’t exclude duplicate occurrences of messages in contrast to
the strict interpretation.

The expressive power of LSCs in terms of temporal logic, i.e. a translation
from LSCs to temporal logic, has independently been studied in [14]. We study
the LSC dialect of [11] and for the first time consider the opposite direction for
the sublanguage of bonded LSCs, i.e. discuss the translation of temporal logic for-
mulae back to LSCs. Thereby we establish the equivalence between bonded LSC
specifications and a fragment of first-order CTL∗. Given our work, both dialects
of LSCs can be formally compared once the full version of [14] appears. There
is a vast amount of literature on the general relation between automata and
temporal logic [17]. The particular relation between deterministic partial-order
Symbolic Automata has been studied by [16] in the context of another visual
formalism, Symbolic Timing Diagrams, but without considering the translation
back, from logic to the visual formalism. This result is a building block of our
embedding of LSCs into temporal logic as Symbolic Automata are the basis of
the LSC semantics [11].

The paper is structured as follows. In Sec. 2 and 3 we provide a new closed
and concise formalisation of the syntax and semantics of LSCs that is equivalent
to the algorithmic formalisation of [11]. The algorithmic description of the un-
derlying Symbolic Automaton significantly hinders formal reasoning about LSCs
as in this article. Section 4 presents the main contributions, the translation from
general core LSCs to first-order prenex CTL∗ and the translation from a proper
sublanguage thereof back to bonded LSCs specifications. Section 5 concludes.

2 Core Life Sequence Charts

Annotations of messages, conditions, and local invariants in an LSC are boolean
expressions, so we define core LSCs over a signature S = (V ,P , χ) comprising
a set V of variables, a set P of predicates, and – in addition to the standard
definition – a partial function χ : P ⇀ P with domχ∩ ranχ = ∅ that partitions
P into three sets

– message send predicates Psnd := domχ,
– message receive predicates Prcv := ranχ, and
– non-message predicates Pcnd := P \ Pmsg,

where Pmsg := Psnd ∪̇ Prcv. This separation of predicates is the key to identify
elements in the formula when considering the translation back to LSCs. The
boolean expressions over S, denoted by ExprS , are defined by the grammar

ψ ::= true | p(x1, . . . , xn) | ¬ψ1 | ψ1 ∧ ψ2
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I |=LSC L⇔ ∀ ι ∈ I ∀σ ∈ ValU(S) ∀ k ∈ N0 : (U , ιk), σ |= ac ⇒ ι/k ∈ Lσ(AL)

(c) Full Semantics of L (cf. Sec. 3).

Fig. 1.

with p ∈ P . In Exprmsg
S only predicates p ∈ Pmsg occur. A tuple M = (U , I)

is called structure of S if U is a non-empty set called universe and I is an
interpretation of the predicates in P . A function σ : V → U is called valuation
of V . The semantics of ψ ∈ ExprS is standard given a structure and a valuation
from ValU (S), the set of all valuations of V .

A central information in the concrete syntax of an LSC, e.g. as given in
Fig. 1(a), is the order of elements along a single instance line. To capture this
information, we introduce the LSC instance line as a triple (A,≺, ϑ) where A
is a finite non-empty set, ϑ : A → Temp := {hot, cold}, and ≺ ⊆ A × A is a
scenario order. That is,

1. ∃1 a⊥ ∈ A ∀ a ∈ A : a⊥ ≺∗ a (Unique Minimum)
where ≺∗ denotes the reflexive transitive closure of ≺,

2. ∀ a, a1, a2 ∈ A : a ≺ a1 ∧ a ≺ a2 =⇒ a1≻6≺∗a2 (Direct Successors
where a1≻6≺∗a2 iff a1 6≺∗ a2 and a2 6≺∗ a1, and are Unordered),

3. ∀ a1, a2 ∈ A : (Diamond Property)
(∃ a0 ∈ A : a0 ≺ a1 ∧ a0 ≺ a2) =⇒ (∀ a3 ∈ A : a1 ≺ a3 =⇒ a2 ≺ a3).

Acyclicity of ≺ is implied by (1)–(3). Two atoms a1, a2 ∈ A are called instance
co-located, denoted by a1 ⋊⋉a2.

A core LSC over a signature S is a tuple L = (ℓ, ac, am, quant) comprising
the information from the head, activation condition ac ∈ ExprS , activation mode
am ∈ {initial, invariant}, and quantification quant ∈ {existential, universal}
and the body ℓ = ({(A1,≺1, ϑ1), . . . , (An,≺n, ϑn)},Msg,Cond,LocInv), n ≥ 1. It
comprises a set of pairwise disjoint LSC instance lines, {(A1,≺1, ϑ1), . . . , (An,≺n

, ϑn)}, and the elements distributed over the sets of messages, (m ∈) Msg =:
Msg(L), conditions, (c ∈) Cond =: Cond(L), and local invariants, (l ∈) LocInv =:
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LocInv(L) with

m = (as, ar, ς, κ, ψs, ψr) ∈ AL ×AL × Sync × Obl × Exprmsg
S × Exprmsg

S

c = (Ac, κ, ψc) ∈ P(AL) × Obl × ExprS

l = ((as, γs), (ae, γe), κ, ψ) ∈ (AL) × (AL) × Obl × ExprS .

where AL :=
⋃

i∈Inst(L)Ai, ≺L:=
⋃

i∈Inst(L) ≺i, and Inst(L) := {1, . . . , n}.

Each element has an obligation mode from {mand, poss} =: Obl, messages have
a synchronity from {inst, asyn} =: Sync, and each local invariant start- and
end-atom has a containedness from {incl, excl} =: Cont. The instantaneous and
asynchronous messages in L are denoted by Msginst(L) and Msgasyn(L). Note
that all expressions in an LSC may use variables from V thus dynamic binding
of LSCs [12, 7] is covered.

For i ∈ Inst(L) we use a⊥i to denote the minimum of (Ai,≺i, ϑi) and A|i :=
A ∩ Ai to denote the projection of A ⊆ AL onto instance i. The elements ofA⊥

L := {a⊥i | i ∈ Inst(L)} are also called instance heads. The set elems(L) :=
Msg∪Cond∪LocInv is the set of elements of L. For any e ∈ elems(L) let atoms(e)
yield the set of atoms of e. We set atoms(L) := atoms(elems(L)). A finite non-
empty set of core LSCs Lsc = {L1, . . . , Ln} is called core LSC specification.

3 The Semantics of Core LSCs

The central concept of the LSC semantics [11] is the cut, a set of atoms used
to express how far the individual instance lines, and hence the whole LSC, have
been observed. Formally, a set of atoms is a cut iff (i) it is empty or comprises at
least one atom for each instance, i.e. α 6= ∅ =⇒ ∀ i ∈ Inst(L) : α|i 6= ∅ and (ii)
all instance co-located atoms in α are pairwise unordered, i.e. ∀ a1, a2 ∈ α : a1 ⋊⋉

a2 =⇒ a1≻6≺∗a2. Effectively, (ii) requires that all atoms on a single instance line
belong to the same coregion. The empty cut α0 is called initial cut of L and the
maximal cut α with ∀ a ∈ α ∀ a′ ∈ atoms(L) : a ≺∗ a′ =⇒ a′ = a is called final
cut of L and denoted by αfin(L). The set of all cuts of L is denoted by Cuts(L).
The temperature of α, denoted by ϑ(α), is ‘cold’ if α = αfin(L) or ϑ(a) = cold
for all a ∈ α, and ‘hot’ otherwise.

The unit by which a cut can be advanced is the simultaneous class (simclass
for short). Two atoms of a synchronous message are supposed to be observed
simultaneously as well as all atoms of a condition. Formally, two atoms a1, a2 ∈
atoms(L) are called simultaneous, denoted by a1 ∼ a2, iff (i) a1 = a2, or (ii)
{a1, a2} ⊆ A⊥

L , or (iii) ∃ e ∈ Cond(L) ∪ Msginst(L) : {a1, a2} ⊆ atoms(e), or
(iv) ∃ a3 ∈ atoms(L) : a1 ∼ a3 ∧ a3 ∼ a2. For each a ∈ atoms(L) we use [a] to
denote the equivalence class of a wrt. ∼, i.e. the set {a′ ∈ atoms(L) | a′ ∼ a}.
The set atoms(L)/ ∼ of all equivalence classes of atoms from atoms(L) is also
denoted by Simclass(L), its elements are called simclass. The set elems(scl) :=
{e ∈ elems(L) | atoms(e) ∩ scl 6= ∅} comprises all LSC elements sharing an
atom from the simclass scl ∈ Simclass(L). From the intuition of the meaning
of an LSC there are two cases justifying advancement of a cut by a simclass.



6 Tobe Toben and Bernd Westphal

Firstly, if a coregion on an instance line has partially been observed, i.e. if the
current cut does not comprise all atoms of the coregion, then the cut may be
advanced by adding any non-empty subset of the remaining atoms from the
coregion. Secondly, if a whole coregion or a single atom not belonging to a
coregion are in the cut, then the cut may be advanced by all atoms that are direct
successors of this instance line’s atoms in the cut. Additionally, the reception of
an asynchronous message has to be observed strictly after its sending.

Putting it together, a cut α is said to enable a simclass ‘scl ’, denoted by
α ⊲ scl , iff

(∀ a′ ∈ scl : prereq(a′) ⊆ α ∨ ∃ a ∈ α : a⋊⋉a′ ∧ a≻6≺
∗a′)

∧ (∀m ∈ Msgasyn(L) ∩ elems(scl) : ar(m) ∈ scl =⇒ ∃ a ∈ α : as(m) ≺∗ a)

where prereq(a) := {a′ ∈ atoms(L) | a′ ≺ a} is the prerequisite of a. The
set of non-empty sets of simclasses ReadyL(α) := {∅ 6= Scl ⊆ Simclass(L) |
∀ scl ∈ Scl : α ⊲ scl} is called the readyset of α. A set Scl ∈ ReadyL(α) is
called firedset. The step function formalises the advancement of a cut by a set
of simclasses as StepL(α, {scl1, . . . , scln}) := Max(α ∪ scl1 ∪ · · · ∪ scln) where
Max(A) := A \ {a ∈ A | ∃ a′ ∈ A : a ≺+ a′}.

In [11], the semantics of LSCs is defined in terms of a variant of Büchi au-
tomata with transitions labelled by expressions over a signature instead of by
an alphabet’s elements. Each cut becomes a state of the automaton and each
state has as many outgoing transitions as there are firedsets in the readyset.
The destination of these transitions is given by the step function. In addition,
each state gets a self-loop that characterises the conditions under which a cut is
not advanced and a so-called exit transition to the final node triggered by the
violation of cold conditions or local invariants.

A Symbolic Automaton (SA) 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
 ⊆ Q × ExprS × Q, and the set of accepting states F ⊆ Q. We write qi → qj
iff (qi, ψ, qj) ∈ for some ψ ∈ ExprS and qi→̂qj iff qi → qj and qi 6= qj .
An SA is called partially ordered, or POSA, if the reflexive transitive closure
of → is antisymmetric. It is called deterministic if for all (q, ψ1, q1) ∈ and
(q, ψ2, q2) ∈ , q1 6= q2 are disjoint, i.e. M, σ |= ¬(ψ1 ∧ ψ2) for any M and
σ. Given a universe U , a sequence ι = ι0 ι1 ι2 . . . of interpretations ιi of the
predicates in S is called interpretation sequence. By ι/k := ιkιk+1 . . . we denote
its suffix starting at position k. The set of all interpretation sequences is denoted

by
−→
IntU (S). An infinite sequence π = q0 q1 q2 . . . of states qi ∈ Q is called a run

of the SA A over ι under σ iff q0 = qs and (qi, ψ, qi+1) ∈ for some ψ ∈ ExprS
s.t. (U , ιi), σ |= ψ, i ∈ N0, i.e. the transition predicate holds in the structure
(U , ιi). The set of runs of A over ι under σ is denoted by Πι

σ(A). The language

accepted by A is Lσ(A) := { ι ∈
−→
IntU(P ) | ∃π ∈ Πι

σ(A) : inf(π) ∩ F 6= ∅} where
inf(π) denotes the set of states occurring infinitely often in π.
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The Symbolic Automaton of L, denoted by AL, is the tuple (Q, qs, , F ) with
Q = Cuts(L), qs = α0, F = {α ∈ Cuts(L) | ϑ(α) = cold}, and transitions

 := {(α,HoldL(α), α) | α ∈ Cuts(L) \ {α0}}

∪ {(α,ExitL(α), αfin(L)) | α ∈ Cuts(L) \ {αfin(L)}}

∪ {(α,TransL(α,Scl),StepL(α,Scl)) | α ∈ Cuts(L),Scl ∈ ReadyL(α)}.

In the definition of the transition predicates for the self-loop, the exit tran-
sition, and the regular transitions we use the helper functions Cond(scl) :=
Cond(L) ∩ elems(scl) and Msgsnd(scl) := {m ∈ Msg(L) ∩ elems(scl) | as(m) ∈
scl}; analogously for Condposs(scl) and Msgrcv(scl). Furthermore, we must be
able to identify the subset of local invariants to be considered in the transi-
tion expressions. A local invariant l ∈ LocInv(L) is called active beyond α if
there are a, a′ ∈ α s.t. as(l) ≺∗ a ∧ a′ ≺+ ae(l) and active at α if it is active
beyond α but not starting exclusively at α or if it ends inclusively at α. By
aliL,=(α) (aliL,>(α)) we denote all local invariants active at (beyond) α and by
alipossL,= (α) (alipossL,>(α)) those l ∈ aliL,=(α) (aliL,>(α)) with κ(l) = poss. We define
∨

{ψ1, . . . , ψn} := (ψ1 ∨ · · · ∨ ψn) and
∨

∅ := false; analogously for conjunction
with

∧

∅ := true. For a firedset S we set

AS :=
∧

(ψs(Msgsnd(S)) ∪ ψr(Msgrcv(S))) “all messages of S”

NS := ¬
∨

(ψs(Msgsnd(S)) ∪ ψr(Msgrcv(S))) “no message of S”

The hold predicate HoldL(α) for a cut α isNReady
L
(α)∧

∧

ψ
(

aliL,>(α)
)

. It captures
the intuition that the automaton remains in the state α as long as none of the
awaited messages are observed while the local invariants that are active beyond
the cut are not violated. The transition predicate TransL(α,Scl) for a cut α and
firedset Scl is

AScl ∧NReady
L
(α)\{Scl} ∧

∧

ψc(Cond(Scl)) ∧
∧

ψ
(

aliL,=(StepL(α,Scl))
)

and observes the messages required by Scl while excluding the messages from
all the other firedsets in the readyset. Furthermore, the conditions bound to the
“fired messages” must hold, as well as the local invariants that are active in the
follow-up cut. The exit predicate ExitL(α) for a cut α is

∨

scl∈
Ready

L
(α)

[

Nscl ∧ ¬
∨

ψ
(

alipossL,>(α)
)

∨Ascl

∧
(

¬
∧

ψc(Condposs(scl)) ∨ ¬
∧

ψ
(

alipossL,= (StepL(α, scl))
))]

and allows to take the exit transition if either a possible local invariant is violated
while the awaited messages are not yet observed or if a possible condition or local
invariant at the target cut is violated when observing the desired messages. For
example, the SA of the LSC in Fig. 1(a) is depicted in Fig. 1(b).

The complete semantics of a core LSC is defined using the SA of its body. The
LSC quantification quant determines the quantification over a set of interpreta-
tion sequences and the activation mode am the quantification over snapshots in
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the interpretation sequence. Figure 1(c) exemplarily gives the complete seman-
tics of a universal, invariant core LSC. For an initial, universal core LSC, only
the case k = 0 is considered. For existential LSCs, the two quantifiers become
existential. A set I of interpretation sequences satisfies a core LSC specification
Lsc if it satisfies all core LSCs in Lsc.

Klose [11] already observed that conditions not synchronised with a message
have undesirable semantical effects. Intuitively, they lead to non-determinism in
the automaton as the point in time for evaluating the condition is unclear. He
gives the advice that “each condition should be bound to at least one message”.
We call LSC following this advice bonded, formally characterised by

∀ e ∈ Cond ∪ LocInv ∀ a ∈ atoms(e) ∃m ∈ Msg :

κ(m) = mand ∧ [a] ∩ atoms(m) 6= ∅.

Note that most practically used LSCs are bonded since authors want to avoid
the effects named above [8, 11].

Our following observation is central to the translation from LSCs to temporal
logic as discussed in the Sect 4.

Lemma 1. Let L be a core LSC over signature S and AL its Symbolic Automa-
ton. Then AL is a POSA. If L is bonded, then AL is deterministic.

4 From LSCs to Temporal Logic and Back

LSC specifications can be characterised in terms of first-order prenex CTL∗

(FOP-CTL∗) formulae, defined for signature S by the grammar

φ ::= ψ | ¬φ | φ1 ∨ φ2 | φ1 Uφ2 | Xφ ϕEA ::= φ | Eφ | Aφ

ϕ∃ ∀ ::= ϕEA | ∃x . ϕ∃ ∀ | ∀x . ϕ∃ ∀ ϕ ::= ϕ∃ ∀ | ¬ϕ | ϕ1 ∨ ϕ2 | ϕ1 ∧ ϕ2

where ψ ∈ ExprS . We shall use the abbreviations ∧, →, ↔, F , G , and W . The
expressive power of FOP-CTL∗ is sufficient for our purposes since LSCs only
need top-level path quantifiers. It is convenient since the (standard) semantics
can be explained using a set of (system) runs, instead of a tree needed for general
CTL∗.

Lemma 2 (Schlör [16]). Let A be a POSA over signature S, U a universe,
and σ ∈ ValU (S) a valuation. Then there is a CTL∗ formula φA over S with
ι ∈ Lσ(A) ⇐⇒ ι, σ |= φA.

The formula constructed in the course of the proof of Lemma 2 is recursively
defined as φA := φqs

with φq := ψ(q, q) Uq

∨

q→̂q′

(

ψ(q, q′) ∧ Xφq′

)

for q ∈ Q
where ψ(q, q′) denotes the (well-defined) transition predicate of q → q′. The
temporal operator Uq is W if q ∈ F and U otherwise. Thereby we obtain a
formula for each LSC body; the formula for the whole LSC expresses the path
and variable quantification by the corresponding operators in FOP-CTL∗. The
formula for an LSC specification is the conjunction of the formulae for its LSCs.
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In the constructed formulae, further structure can be identified. They are
actually communication sequence CTL∗ (CSCTL) formulae over S defined as

ζ ::= ξE | ξA | ζ ∧ ζ ξE ::= E (ψ → π) | EG (ψ → π) | ∃x . ξE

π ::= η U π̂ | ηW π̂ ξA ::= A (ψ → π) | A G (ψ → π) | ∀x . ξA

η ::= ¬pmsg(x1, . . . , xn) ∧ η | ψ π̂ ::= π̂1 ∨ π̂2 | τ ∧ X π | false

τ ::= ¬pmsg(x1, . . . , xn) ∧ τ | pmsg(x1, . . . , xn) ∧ τ | ψ

where ψ ∈ ExprS , xi ∈ V for 1 ≤ i ≤ n, and pmsg ∈ Pmsg. Deterministic
CSCTL (DCSCTL) formulae are obtained by replacing the production for π̂ by
π̂ ::= τ ∨ φ | (τ ∧ π) ∨ φ, adding the production φ ::= false | τ | φ1 ∨ φ2, and
requiring that (i) there is an injection between the occurrences of p ∈ Psnd and
χ−1(p) in ξE and ξA, (ii) if ¬pmsg and p′msg occur on both sides of an U or W ,
then pmsg = p′msg , and (iii) τ and φ are disjoint in all occurrences of τ ∨ φ.

Theorem 1. Given a core LSC L over signature S, there is a CSCTL formula
φL over S with L(L) = L(φL). If L is bonded, then there is an equivalent DC-
SCTL formula.

The proof is based on the addition of path- and variable quantifiers to the formula
obtained by Lemma 2, depending on the LSC activation mode and quantification,
e.g. φL ::= ∀x1 . . . ∀xn .AG (ac → φAL

) for an LSC L = (ℓ, ac, invariant, universal)
over a signature S = ({x1, . . . , xn},P , χ).

The second claim is established by a result of [16] that allows to transform
the CSCTL formula to the desired DCSCTL form if the transition expressions,
here ψ(q, q′), are mutually disjoint which is the case if the LSC is bonded (cf.
Lemma 1). The finer structure (i)–(iii) of DCSCTL formulae is obtained by close
examination of the construction of the translation relation  for AL. We note,
omitting the proof, that the containment is proper, i.e. there are formulae not
expressible by any LSC, e.g. (X X p)U q, where the formula before the ‘U ’ uses
temporal modalities in addition to predicate logic.

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

The proof is constructive and exploits that ζ is a DCSCTL formula with the
properties as defined in Sec. 4. The formula ζ is basically a conjunction π1 ∧
· · · ∧ πn of formulae of the form πi = ηU ((τ ∧ Xπ1) ∨ φ) = (¬µ ∧ ψ1)U (((µ ∧
ψ2) ∧ Xπ1) ∨ φ) that describe a particular one of the orderings of messages
allowed by the LSC and is satisfied by each run with this order. For runs with a
different but valid message order, φ holds as soon as the difference in orders is
visible and another sub-formula is satisfied. Invalid runs don’t satisfy any sub-
formula πi. This intuition can be transferred to LSCs. We inductively construct
an LSC specification that comprises only bonded LSCs that accept a particular
message order each. To this end, the expression ψ1 in π becomes a mandatory
local-invariant that is required to hold until τ , one or more messages co-located
with a condition ψ2, is observed, unless a cold local-invariant with expression
¬φ is violated, indicating that this LSC can not accept the run (cf. Fig. 2).
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ǫ

(a) Induction base.

[π1]

ih io
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pmsg1(x), pmsg2(x)

p
msg (x), falsefals

e, p
msg

(x)

pmsg (x), pmsg (x)

ψ2

ψ1 ¬φ
π

π1

(b) Induction step.

Fig. 2. Inductive construction of an LSC for a DCSCTL formula.

5 Conclusion and Further Work

The main contribution of this paper is the characterisation of the expressive
power of LSCs in the automaton-based semantics [11] in terms of the temporal
logic FOP-CTL∗. For bonded core LSCs we syntactically describe an equiva-
lent sublogic, called DCSCTL. General core LSC specifications are strictly less
expressive than FOP-CTL∗.

The overall embedding of LSCs into CTL∗ provides for a deeper understand-
ing of LSCs that is not straightforward since LSCs are not simply a graphical
form of a temporal logic but the design has been driven by the intended appli-
cation, borrowing from different domains, e.g. they basically refer to paths like
LTL but provide a limited form of branching as found in CTL and CTL∗. The
established equivalence allows, for the first time, to apply results from temporal
logics theory when reasoning about bonded core LSCs. Furthermore, our results
allow to automatically compare different bonded LSC specifications based on
the normal-form obtained by the translation to a formula and back.

Further work comprises the exact characterisation of LSCs with pre-charts
and to compare it to the results of [14] and to transfer the results of [19] to
the domain of LSCs to treat LSCs with timing constraints. Furthermore, we
conjecture that there is at least a subclass between CSCTL and DCSCTL that
translates back to non-bonded LSCs.
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