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Abstract. We give a detailed construction of a finite-state transition
system for a com-connected Message Sequence Graph. Though this re-
sult is well-known in the literature and forms the basis for the solution
to several analysis and verification problems concerning MSG specifica-
tions, the constructions given in the literature are either not amenable
to implementation, or imprecise, or simply incorrect. In contrast we
give a detailed construction along with a proof of its correctness. Our
transition system is amenable to implementation, and can also be used
for a bounded analysis of general (not necessarily com-connected) MSG
specifications.

1 Introduction

Message Sequence Chart (MSC) based specifications are a popular model of
early system design, whose use is particularly widespread in the telecom and
software industry. A message sequence chart describes a finite sequence, or more
accurately a partially ordered sequence, of message exchanges between agents
in the system. These are typically “scenarios” that a system user and developer
alike can use to communicate and validate system requirements. Messages may
be exchanged “synchronously” as in a handshake protocol, or “asynchronously”
with separate send and receive events and a message channel to buffer undeliv-
ered messages. Message Sequence Graphs (MSG’s), also sometimes referred to
as “high-level” MSC’s, are an activity diagram-like notation that is often used
to describe infinite collections of system behaviour. They are finite graphs whose
vertices are labeled by MSC’s, each of which represents a single logical unit of
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interaction. The behaviours specified by an MSG are obtained by taking a path
in the MSG beginning at the initial node, and collecting the behaviours given
by the “concatenation” of the MSC’s associated with the nodes along the path.

Given that MSC-based specifications provide an early encapsulation of system
design, from an analysis and verification point of view there are some natural
problems that one would like to address. Several of these have been considered
in the literature, including detecting race conditions (differences in the “visual”
ordering and “execution” ordering), timing conflicts, and confluence or “com-
pletability.” We would like to focus on the following two problems:

1. The model-checking problem [2]: Here we are given a system description in
terms of an MSG, and a property in the form of a finite-state automaton de-
scribing say undesirable behaviours. We would like to check that the system
does not exhibit any of the undesirable behaviours.

2. Detecting implied scenarios [13,1]: Given a description of system behaviour
in terms of an MSG, there is a natural, distributed, system model induced
by the MSG. This system model is “minimal” in that any distributed im-
plementation of the system that exhibits all the behaviours specified by the
given MSG, must necessarily exhibit all the behaviours in this model. How-
ever, the minimal system model may exhibit behaviours that are outside the
ones specified by the MSG: these behaviours are called implied scenarios.
We are interested in identifying such behaviours so that the system designer
can be alerted (for example to the fact that the exact behaviour specified by
the MSG is not realizable by a distributed implementation).

Message Sequence Chart based specifications have received a fair amount of at-
tention from the Computer Science theory community (see [5,6] for surveys). In
particular the analysis problems mentioned above have been addressed in the fol-
lowing works. Alur and Yannakakis [2] show that the model-checking problem for
asynchronous MSG’s is undecidable in general. They propose a condition on the
MSG, called “com-connectedness” (essentially that all processes that take part
in any loop of the MSG must communicate directly or indirectly with each other
in the loop), which is sufficient to ensure that the model-checking problem is de-
cidable. The main task is to show that in such a case the language of behaviours
defined by the MSG is regular, i.e. acceptable by a finite-state transition system.
However the details of the construction are not spelt out precisely, and there
is no proof of correctness given. Independently in [8], Muscholl and Peled also
give a construction of a finite-state automaton for a com-connected MSG (called
“loop-connected” there), in order to give decision procedures for the problems of
confluence and race conditions they consider. While their construction is fairly
detailed, there is no accompanying proof of correctness. Furthermore both con-
structions in [2,8] are not amenable to an “on-the-fly” analysis as they generate
behaviours that are not part of the MSG’s behaviour (these behaviours would
not reach a final state in the constructed automaton). Muscholl and Peled also
point to the formal language theoretic result of Clerbout and Latteux [4] which
shows that the “trace-closure” of the Kleene of a regular expression R is regular
provided that the dependency graph of words in R is strongly-connected, from
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which the result follows. Once again this construction is not conducive to imple-
menation as it is done in terms of regular grammars and is aimed at a general
class of semi-commutative grammar systems.

The software engineering community have parallely developed several tools
and methodologies for analysing MSC-based specifications. However some of
these works are based on an incorrect understanding of the result concerning
regularity of com-connected MSG’s. We point out some of these cases, without
detracting from the several other contributions made in these papers.

– In [13], Uchitel, Kramer, and Magee claim to solve the problem of detecting
implied scenarios for general (not necessarily com-connected) MSG’s with
synchronous messaging. This is done without explicitly building a transition
system for the given MSG. No complete proofs are given in the paper or
the cited technical report. This claim is incorrect as the problem is in fact
undecidable (i.e for general synchronous MSG’s) [3].

– In [7] Muccini gives a technique for detecting implied scenarios based on
identifying “augmented” behaviours in the components of the system model
for a given general synchronous MSG. The technique is validated on a few
examples, but the paper gives no proofs and admits that the “correctness
and completeness are still under analysis.”

– The thesis of Uchitel [11] gives the construction of a finite-state transition
system, called there the “trace model,” for a given com-connected syn-
chronous MSG. This construction is implemented in a tool called LTSA-
MSC [10], and used as a basis for analysis in [14]. However, as we show
in Sec. 6, the trace-model constructed is incomplete: it does not accept all
behaviours specified by the MSG. As a result the tool also incorrectly flags
certain behaviours of the induced system model as implied scenarios.

Our aim in this paper is to give a precise and complete description of a finite-state
transition system accepting exactly the behaviours specified by a given com-
connected MSG G. We give a precise description of a “reduced” transition system
called T ′

G in Sec. 4 which is guaranteed to be finite-state when the given MSG is
com-connected. We give a detailed proof of correctness of our construction. Once
we have such a transition system, the analysis problems we mentioned earlier
can be solved easily for com-connected MSG’s with synchronous messages.

It is also worth pointing out that the transition system T ′
G we describe is sound

and complete for general MSG’s (i.e. not necessarily com-connected) as well –
though of course, it may not be finite-state in this case. Our construction also
handles both synchronous and asynchronous messaging in the MSG’s. Further, it
has no ε-transitions (i.e. hidden or silent transitions), and has a bounded number
of transitions applicable in any state. Thus, this transition system can be used to
perform a bounded analysis or model-checking to check properties like “there are
no property violations by behaviours of length ≤ 15” in the given MSG model.

We thus hope that the construction we give will be a basis on which the
software engineering community can build more accurate tools for analysing
MSC-based specifications. Due to lack of space, we give only sketches of some
of the proofs. The complete proofs are available in the technical report [3].
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2 Message Sequence Charts

We begin with some preliminary notions. For a finite alphabet A, we denote the
set of finite words over A by A∗. The empty word is denoted ε. For words u and
v over A, we denote the concatenation of u followed by v by u · v or simply uv.
We write u � v to denote the fact that u is a prefix of v.

A transition system is a tuple T = (Q, A, q0,→), Q is a set of states, A is
the set of labels or alphabet of the transition system, q0 is the initial state,
→⊆ Q × A × Q is the labeled transition relation. A run of T from q1 to q2

on a word w ∈ A∗ is denoted by q1
w−→* q2 and defined in the standard way.

The language generated by T , denoted L(T ), is defined to be {w ∈ A∗ | q0
w−→

* q for some q ∈ Q}. For a state q ∈ Q, we denote the language generated by T
starting at q by Lq(T ) and define it to be {w ∈ A∗ | q

w−→* r for some r ∈ Q}.
A message sequence chart (MSC ) is a tuple M = 〈P, E, C, λ, B, {<p}p∈P 〉

where:

– P is a finite set of processes, E is a finite set of events, and C is a finite set
of message labels.

The set of actions of M is defined to be ΣM = P × {!, ?} × P × C where
(p, !, q, m) signifies process p sending message m to q, while action (p, ?, q, m)
signifies p receiving message m from q. All actions of the form (p, !, q, m) are
called send actions, while actions of the form (p, ?, q, m) are called receive
actions.

For a process p ∈ P , the set Σp = {a ∈ ΣM | a = (p, !, q, m) or a =
(p, ?, q, m)} where q ∈ P and m ∈ C, is the set of all actions in which p
participates.

– λ : E → ΣM is the labeling function which maps events to actions. For a
process p ∈ P , the set Ep = {e | λ(e) ∈ Σp} are the events in which p
participates.

E is further partitioned into send events S = {e |λ(e) = (p, !, q, m), p, q ∈
P, m ∈ C} and receive events R = {e |λ(e) = (p, ?, q, m), p, q ∈ P, m ∈ C}
respectively.

– B : S → R is a bijective map which maps each send event to its corre-
sponding receive event. We require that if λ(e) = (p, !, q, m) then λ(B(e)) =
(q, ?, p, m). We refer to B as the “matching receive” map.

– For each p ∈ P , <p is a strict total order on Ep. In addition, the matching
receive map B induces a strict partial order <B on E, which says that a
receive event has to be preceded by the corresponding send event, defined
by e <B e′ iff B(e) = e′.

We define <M as the transitive closure, and ≤M as the reflexive transitive
closure, of (

⋃
p∈P <p)∪ <B respectively. It is required that the relation ≤M

must be a partial-order.

A linearization of the events in an MSC M as defined above is a sequence of
events w = e1e2 · · · en ∈ E∗ containing all the events of E without repetitions,
and respecting the partial order ≤M in the sense that for no i < j ≤ n do we
have ej ≤M ei. We denote the set of linearizations of M by lin(M). We define the
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event language of M , written Le(M), to be the set of all prefixes of linearizations
of M . Thus, Le(M) = {x | x � y, y ∈ lin(M)}.

Following [2], we define a cut in an MSC M to be a subset c of the events
E of M which is closed with respect to the partial order ≤M : i.e. if e ∈ c and
e′ ≤M e, then e′ ∈ c. Each prefix of a linearization of an MSC corresponds to a
sequence of “incremental” cuts as described below:

Lemma 1. Let M be an MSC with event set E. Then w ∈ E∗ is a prefix of
some linearization of M if and only if there exists a sequence of cuts 〈cx〉x�w in
M such that cε = ∅, and for each x · e � w, we have cx·e − cx = {e}. �

We now define the notion of a message sequence graph. A Message Sequence
Graph (MSG) is a vertex-labeled graph G of the form 〈V, v0, Δ,M, μ〉, where V
is the set of vertices of the MSG, v0 ∈ V is the initial vertex, Δ ⊆ (V × V ) is
the set of directed arcs, M is the set of MSC’s associated with the MSG, and
μ : V → M maps each vertex of G to one of the MSCs in M. We assume that
the MSC’s in M are all over a common set of processes and labels, and also that
the events across the MSC’s in M are distinct. The set of events of G is denoted
EG, and is defined to be

⋃
v∈V Eμ(v). We denote the set of events where process

p participates by EG
p , defined in a similar way as for a single MSC. The set of

action labels for G is defined to be ΣG =
⋃

v∈V Σμ(v). Fig. 1 shows an example
MSG.

A path in G is a sequence of vertices v1, . . . , vk (k ≥ 0) of G such that
(vi, vi+1) ∈ Δ for each i ∈ {1, . . . , k − 1}. An initial path in G is a path be-
ginning at v0. We will use the convention that α, β, etc. denote paths in G, and
u, v etc. denote vertices in G.

Let π be a non-empty path in an MSG G over a common set of processes P and
labels C. For each vertex v in G, let each MSC μ(v) be 〈Pv, Ev, C, λv, Bv, {<v

p

}p∈P 〉. We define the (weak) concatenation of the MSCs in the path π to be the
MSC Mπ = 〈P, Eπ , C, λπ , Bπ, {<π

p}p∈P 〉 where:

– Eπ =
⋃

ρv�π(Ev × {ρv}).
– For each ρv � π, we define λπ(e, ρv) = λv(e).
– For each ρv � π, and for all send events e ∈ Ev, we define Bπ(e, ρv) =

(Bv(e), ρv).
– For each p ∈ P , <π

p is given as follows: Let ρv � π and ρ′v′ � π and e ∈ Ev

and e′ ∈ Ev′ . Then (e, ρv) <π
p (e′, ρ′v′) iff e and e′ are p-events and either

ρv ≺ ρ′v′ or ρv = ρ′v′ and e <v
p e′.

The set of linearizations of G, denoted by lin(G), is defined to be

{e1 · · · en | π initial path in G, (e1, ρ1) · · · (en, ρn) ∈ lin(Mπ)}.

The event language of G, denoted Le(G), is defined to be {u | u � v and v ∈
lin(G)}. The action language of G is denoted La(G), and defined to be

{λv1(e1) · · ·λvn(en) | e1 · · · en ∈ Le(G), each ei ∈ Evi}.
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e4 e3

e1 e2

e6 e5

v0

v1 v2

Fig. 1. An example MSG G1

Finally, for an MSC M = 〈P, E, C, λ, B, {<p}p∈P 〉, the communication graph
of M is the directed graph on the set of processes P of M , where we have an edge
(p, q) iff process p sends a message to process q in M (i.e. there exists an event
e ∈ Ep and an event e′ in Eq, with B(e) = e′). The MSC M is said to be com-
connected [2] if the communication graph of M contains at most one non-trivial
strongly connected component and isolated nodes corresponding to processes
not reacting in M . We say an MSG G is com-connected if for every loop, i.e. a
path of the form uαu, in G, the communication graph of Muα is com-connected.
We illustrate this using the MSG G1 in Fig. 1. The communication graph for
the loop v0v1v0 is com-connected, whereas the loop v0v2v0 is not com-connected.
Thus the MSG G1 is not com-connected.

Our aim in this paper is to provide a constructive proof of the following claim:

Theorem 1 ([2,8]). Let G be a com-connected MSG. Then Le(G) is regular
(i.e. it can be generated by a finite-state transition system).

We will prove this claim in Sec. 5. In Sec 3 we first show that for a general (not
necessarily com-connected) MSG G we can associate a (possibly infinite state)
transition system TG which generates precisely the language Le(G). In Sec 4
we give a couple of rules by which we can reduce the state space of TG, while
preserving its language, to obtain a transition system T ′

G. Finally in Sec. 5 we
show that when the given MSG is com-connected, this reduced transition system
T ′

G will indeed have a finite number of states.

3 Transition System for an MSG

In this section we show how we can associate a transition system TG with a given
general MSG G, which generates exactly the same event language as G. This
transition system will, in general, have an infinite number of states. For the rest
of this section we fix an MSG G = 〈V, v0, Δ,M, μ〉.
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We begin with some preliminary notions. We define a configuration of G to
be a pair of the form (π, c) where π is a path in G and c is a cut in Mπ.
Configurations will play the role of states in TG. We can view a configuration
(π, c) as a snapshot of the events each process has completed in its process line
in the MSC Mπ. Each process p can be viewed to be positioned at last event it
has performed.

Next we introduce some notation regarding insertion and deletion in paths
and cuts in G. For a path π = αβ in G, by π + α/γ we denote the sequence of
nodes αγβ in G. We note that π + α/γ may not be a path in G. Similarly, if
π = αβγ is a path in G, then we define π − α/β to mean the sequence of nodes
αγ in G.

Let (π, c) be a configuration of G, and let π = αβ. Then we define the set of
events corresponding to c in π + α/γ, denoted c + α/γ, to be

{(e, ρ) ∈ c | ρ � α} ∪ {(e, αγρ) | (e, αρ) ∈ c and ρ = ε}.

Once again, it is not necessary that c + α/γ is a cut in Mαγβ.
Similarly, if (π, c) is a configuration of G, and π = αβγ, we define the set of

events corresponding to c in π − α/β, denoted c − α/β to be

{(e, ρ) ∈ c | ρ � α} ∪ {(e, αρ) | (e, αβρ) ∈ c, ρ = ε}.

Let (π, c) be a configuration of G, with π = αβγ. We say that β is completely
traversed in c if all the events in β are included in c, and all processes which
react in β have their maximal event in c located in γ. Formally, we represent
this as a predicate Ex (π, α, β, c) which is true iff the conditions below are true:

– Eαβ − Eα ⊆ c, and
– For each p ∈ P , if (e, αρv) ∈ c with e ∈ Ep and ρv � β, then there exists

e′ ∈ Ep and ρ′v′ � γ such that (e′, αβρ′v′) ∈ c.

Similarly, we say β is completely unexecuted in c if none of the events in β are
included in c: i.e. (Eαβ − Eα) ∩ c = ∅.

Consider a configuration (π, c) of G. We now want to define a way of cutting
out loops in π which are completely unexecuted in c. We say that α1u1β1u1 · · ·
αnunβnunγ with n ≥ 0 is an unexecuted loop decomposition of π wrt c, if the
following holds: π = α1u1β1u1 · · ·αnunβnunγ; each αiui has no completely un-
executed loops; each βiui is completely unexecuted; and γ does not have any
completely unexecuted loops. It is not difficult to see that if we remove an un-
executed loop from a configuration, we get another valid configuration. The
unexecuted loop-free configuration of (π, c) corresponding to the decomposition
α1u1β1u1 · · ·αnunβnunγ is obtained by cutting out each of the βiui’s, and is
defined to be:

(α1u1 · · ·αnunγ, (· · · (c − α1u1/β1u1) · · ·) − α1u1 · · ·αnun/βnun).

There can be several unexecuted loop decompositions for a given configura-
tion, and hence also several unexecuted loop-free configurations. We denote by
�(π, c)�ue the set of all unexecuted loop-free configurations of (π, c).
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We also define a (unique) left-most maximal unexecuted loop decomposition of
a configuration (π, c). We define this to be α1u1β1u1 · · ·αnunβnunγ with n ≥ 0
where:

– π = α1u1β1u1 · · ·αnunβnunγ
– Each βiui is the left-most unexecuted loop in the segment αiuiβiui · · ·βnunγ.

That is, for each τ1vτ2 such that τ1vτ2 = αi, there is no τ3v � uiβiui · · ·αnun

βnunγ such that τ2τ3v is completely unexecuted.
– Each βiui is maximal: That is, no prefix τui of

αi+1ui+1βi+1ui+1 · · ·αnunβnunγ is completely unexecuted.
– γ does not have any completely unexecuted loops.

Each αiui marks the beginning of the i-th maximal loop which is completely
unexecuted in c, starting from the left of π. It is easy to see that this decom-
position is unique. We define the (unique) left-most maximal unexecuted loop
configuration induced by (π, c), denoted �(π, c)�lue , to be:

(α1u1 · · ·αnunγ, (· · · (c − α1u1/β1u1) · · ·) − α1u1 · · ·αnun/βnun).

We are now in a position to describe a transition system corresponding to the
given MSG G. We define TG = (Q, EG, q0,→) where: Q is the set of configura-
tions of G; EG is the set of events of G as defined in the last section; the initial
state is q0 = (ε, ∅); and the transition relation → is given by the following rules:

(T1) (π, c) e→ (π, c′) provided c′ = c ∪ {(e, ρ)} for some ρ � π and (e, ρ) ∈ c.
(T2) (π, c) e→ (πρv, c′) provided c′ = c ∪ {(e, πρv)} and ρv is loop-free. Also, if

π = ε then ρv has to be an initial path in G.
(T3) (π1uπ3, c)

e→ �(π1uπ2uπ3, c
′)�lue provided there exists a non-empty and

loop-free α and a loop-free β such that π2u = αβ and c+π1u/π2u is a cut
in Mπ1uπ2uπ3 and c′ is (c + π1u/π2u) ∪ {(e, π1uα)}.

We illustrate these transition rules in Fig. 2. We note that all configurations (π, c)
of TG reachable from the initial state, satisfy that properties that they always
have a process in the last node of π, and also that they are always unexecuted
loop free.

T2 T3T1

T2

e1 e2

e6

e1 e2

e5

e1 e2

e6 e5

e1 e2

e4 e3

e1 e2

e5 e3e2

(ε, ∅)

e1

Fig. 2. Initial transitions in TG for MSG G1.
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We now sketch a proof of the correctness of our construction of TG, by showing
that it accepts exactly the language Le(G). We first show that TG is “complete”
in the sense that it accepts all event sequences in Le(G). Let w ∈ Le(G) with w =
e1e2 · · · en. Then we know by Lemma 1 that there is a sequence of incremental
cuts c0, c1, · · · , cn in Mπ for some initial path π in G, such that c0 = ∅ and for
each i ∈ {0, . . . , n − 1}, ci+1 − ci = {(ei+1, ρi+1)} for some ρi+1 � π. For each
i ∈ {0, . . . , n}, let θi be max{ρj | j ≤ i}. We claim that w has a run

(π0, d0)
e1→ (π1, d1)

e2→ · · · en→ (πn, dn)

in TG, where π0 = ε, d0 = ∅, and for all j ∈ {0, . . . , n}, (πj , dj) ∈ �(θj , cj)�ue .
We do this by showing, using induction on i, that for each i ∈ {0, . . . , n} we

can produce a run

(π0, d0)
e1→ (π1, d1)

e2→ · · · ei→ (πi, di)

in TG such that (π0, d0) = (ε, ∅), and for each j ∈ {1, . . . , i}, (πj , dj) ∈ �(θj , cj)�ue .
The proof is fairly routine and the complete details can be found in [3].

We now argue the “soundness” of TG, by showing that if w ∈ L(TG) then w ∈
Le(G). Let w ∈ L(TG) with w = e1e2 · · · en such that (π0, c0)

e1→ (π1, c1) · · ·
en→

(πn, cn) is a run in TG. We note that each πi must be an initial path in G. We
claim that w will produce a sequence of incremental cuts c′0, c

′
1, . . . , c

′
n in Mπn

where c′0 = ∅, c′n = cn, and for each i ∈ {0, . . . , n− 1}, c′i+1 − c′i = {(ei+1, ρi+1)}
for some ρi+1 � πn. We prove this by induction on length of w, and again the
details can be found in [3].

4 Reducing TG

In this section our aim is to show that the state-space of the transition system
TG can be reduced, by observing that we can remove fully traversed prefixes
and loops from configurations without affecting the language generated by the
transition system. To do this it will be convenient to make use of the notion of
bisimilarity and some simple results concerning it.

Let T = (Q, A, q0,→) be a transition system and let R be a bisimulation
relation on T . We represent the reflexive transitive closure of R as R∗ and
clearly, it is also a bisimilar relation.

The lemma below shows how we can reduce the state space of a transition
system using a bisimulation relation on it.

Lemma 2. Let T = (Q, A, q0,→) be a transition system, and let R be bisim-
ulation relation on T . Consider a transition system T ′ = (Q′, A, q0,⇒) where
Q′ ⊆ Q, and ⇒ satisfies the following conditions for any q′ ∈ Q:

– whenever q′ a→ r in T , there exists a state r′ ∈ Q′ such that q′ a⇒ r′ in T ′,
and (r, r′) ∈ R.

– whenever q′ a⇒ r′ in T ′, there exists r ∈ Q such that q′ a→ r in T and
(r, r′) ∈ R.

Then L(T ) = L(T ′). �
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We return now to our transition system TG corresponding to the given MSG
G. Consider the relation �1 on the states of TG defined below, which relates a
configuration with the one obtained from it by deleting a fully traversed prefix.
We define �1 as follows: (αβ, c) �1 (β, c′) provided

– α is non-empty,
– Ex (αβ, ε, α, c) holds, and
– c′ = c − ε/α.

The relation �2 relates configurations of TG based on deleting completely tra-
versed loops. We have (αuβuγ, c) �2 (αuγ, c′) provided

– Ex (αuβuγ, α, uβ, c) holds, and
– c′ = c − α/uβ.

Lemma 3. The relations �1 and �2 are bimulation relations on the transition
system TG. �

We will now reduce the state space of TG using the bisimulation relations defined
above.

For a configuration (π, c) of G, we define its maximal reducible decomposition
to be αα1u1β1u1 · · · αnunβnunγ with n ≥ 0, where

– π = αα1u1β1u1 · · ·αnunβnunγ.
– α is the maximal prefix of π which is completely traversed.
– Each uiβi is the leftmost completely traversed loop in the segment

αiuiβiui · · ·αnunβnunγ.
– Each uiβi is maximal.
– γ does not have any completely traversed loop.

The maximal reducible decomposition of (π, c) can be seen to be unique.
Let αα1u1β1u1 · · ·αnunβnunγ be the maximal reducible decomposition of

(π, c). Then we define the reduced form of (π, c), denoted �(π, c)�, to be the
configuration

(α1u1 · · ·αnunγ,
(· · · ((c − ε/α) − α1u1β1) − · · ·) − α1u1 · · ·αnun/unβn).

Clearly, the reduced form of a configuration does not contain any completely
traversed prefix or loops.

We now define the reduced transition system corresponding to the MSG G,
denoted T ′

G, as follows: T ′
G = (Q′, EG, q0,⇒) where

– Q′ = {�(π, c)� | (π, c) a configuration of G}.
– EG is the set of events of G.
– q0 = (ε, ∅).
– Let q′, r′ ∈ Q′. Then, q′ e⇒ r′ iff there exists r ∈ Q such that q′ e→ r in TG,

and r′ = �r�.

We note that the reduced form of the initial configuration (ε, ∅) is itself.
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We now want to argue that T ′
G generates the same language as TG. We have

already shown that �1 and �2 are bisimulation relations on TG. Hence so is
the relation (�1 ∪ �2)∗. Further, for any configuration (π, c), it is clear that
((π, c), �(π, c)�) ∈ (�1 ∪ �2)∗. Finally, it is immediate to check that T ′

G satisfies
the conditions of Lemma 2 with respect to TG and the bisimulation relation
R = (�1 ∪ �2)∗. Hence by Lemma 2 we can conclude that L(T ′

G) = L(TG).
We summarise the result of this section in the following theorem:

Theorem 2. For any MSG G, the reduced transition system T ′
G generates pre-

cisely the language Le(G).

We note that though T ′
G has fewer states than TG in general, it may still have

an infinite number of states. Consider the MSG G2 in Fig. 3. The configurations
of the form (vn

0 , {(e1, v0), (e1, v
2
0), · · · , (e1, v

n
0 )}) where n > 0 do not have any

unexecuted loops or completely traversed loops. So, for each n, these are distinct
states in T ′

G2
, and thus T ′

G2
has an infinite number of states. In the next section

we show that this is not possible for a com-connected MSG.

e1 e2
m

v0

Fig. 3. MSG G2 with an infinite-state T ′
G2

5 Regularity of Com-Connected MSG’s

In this section our aim is to supply a proof of Theorem 1. We begin with an
observation from [2].

Lemma 4 ([2]). Let G be a com-connected MSG. Consider a configuration of
the form (αuβuγ, c). Then, either uβ is completely unexecuted, or uβ is com-
pletely traversed, or there is a process whose last executed event and next unex-
ecuted event are both in uβ.

Proof. Let us assume the contrary. Then among the processes that take part in
an event in the nodes in uβ, there must be processes p and q such that none of
the p events in uβ are executed, and all of the q events in uβ are executed. As
G is com-connected, we must have a path in the communication graph of Muβ

from p to q. Let this path be p = r0 → r1 → · · · → rn = q with n ≥ 1. Then,
since q has completed all its events in uβ, it must have also received a message
from rn−1. Thus rn−1 has taken part in uβ, since it must have sent the message
received by q. Now either rn−1 has another event to take part in uβ, and we
are done; or, it has completed all its events in uβ and in particular has received
a message from rn−2. We repeat this argument till we either find a process ri
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which has participated in uβ and has an unexecuted event in uβ, or reach a
contradiction that process p has participated in an event in uβ. This completes
the proof of the lemma. ��

Let us now consider the reduced transition system T ′
G for a com-connected MSG

G. The states in T ′
G are all in reduced form, and hence have no completely

unexecuted loops or completely traversed loops. It follows that in any loop in a
state (π, c) of T ′

G, there must be at least one process positioned in a node in that
loop. Thus no node can occur more than k+1 times in π, where k is the number
of processes. In fact, because of the property of the reachable configurations of
TG that there is always a process positioned in the last node of the path, the
bound of k + 1 can be reduced to k. This bounds the length of π by mk, where
m is the number of nodes in G. We also get an upper bound of mmk(mnk)k on
the number of states in T ′

G, where n is the maximum number of events in any
MSC associated with a node in G.

This completes the proof of Theorem 1.

6 Synchronous MSG’s

In this section we consider MSC’s with synchronous (or “handshake”) messages.
These synchronous MSC’s are defined in a similar manner to the (asynchronous)
MSC’s of Sec. 2, except that sends and receives are no longer distinct events, but
are represented as a single message exchange event. We call MSG’s whose nodes
are labelled by synchronous MSC’s synchronous MSG’s. The language of event
sequences generated by a synchronous MSG is defined in a similar manner to
that of (asynchronous) MSG’s in Sec. 2. Finally, we say a synchronous MSG G
is com-connected iff for every loop uβu in G, the communication graph of Muβ

has at most one non-trivial connected component. Fig. 4 shows a com-connected
synchronous MSG G4.

The construction of the transition systems TG and T ′
G for an asynchronous

MSG G, is based purely on the partial order induced by a path in the MSG.
Hence it readily applies to synchronous MSG’s as well. Further, the proof of

e4

e1

e2e3

e5

v1 v3v2

a b c d
v0

m1

m3 m2 m4

m5

Fig. 4. MSG G4 with synchronous messages
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correctness of TG and T ′
G also makes use of certain properties of this partial

order, and these properties are easily seen to be satisfied by synchronous MSG’s
as well. Hence we can conclude:

Theorem 3. Let G be a synchronous MSG, and let TG and T ′
G be the transi-

tion systems defined in Sec. 3 and 4 respectively. Then both transition systems
generate exactly the language Le(G).

Further, Lemma 4 can also be seen to apply for synchronous MSG’s, and hence
we have:

Theorem 4. Let G be a com-connected synchronous MSG. Then Le(G) is regular.

The state transition diagram of the transition system T ′
G4

for the MSG G4 of
Fig. 4 can be found in [3].

The MSG of Fig. 4 is useful for pointing out the incompleteness of the tran-
sition system constructed by Uchitel in [11]. He constructs a transition system,
called the “trace model,” which is meant to generate the language of event se-
quences for a given com-connected synchronous MSG. The construction uses a
“coordinator” component which keeps track of the current path in the MSG
traced out by processes, and ensures that other processes follow this path con-
sistently. The transition rules are similar to ours, except that there is no rule for
inserting a path within the current node list. This ommission essentially leads
to the trace model being incomplete.

The trace model generated by the LTSA-MSC tool [10,12] on the MSG G4

as input is shown in Fig. 5. The labels of the trace model basically corresponds

Fig. 5. Transition system generated by LTSA-MSC tool for MSG G4



562 J. Chakraborty, D. D’Souza, and K.N. Kumar

to the events of the MSG. For example, the transition from state 0 to state 2
happens with the synchronous exchange of m1 between process a and b, which
is the event e1 in the MSG G4. The event sequence e1e4e2e3e2e3 is not allowed
by the trace model, while it is clearly a legal behaviour of the MSG G4, being a
prefix of a linearisation of Mπ, where π is the path v0v1v2v1v2v1v3.

7 Detecting Implied Scenarios

We now sketch how our construction of T ′
G can be used to detect “implied

scenarios” in a com-connected synchronous MSG.
A synchronous MSG G induces a natural “minimal” distributed finite-state

system model (called the “architecture model” in [11]). Each process has a com-
ponent obtained by keeping track of which events it can participate in next. The
system model induced by the components, can be viewed as the “synchronised
product” of the components for each process, where a pair of components are re-
quired to simultaneously execute events that are common to their process lines.
The system model, which we denote SG, can be seen to include all the behaviours
in Le(G) for a given synchronous MSG G. The problem is that it may sometimes
generate a strict superset of the behaviours in Le(G), and these behaviours are
what are refered to as “implied scenarios.” Thus an event sequence w ∈ E∗

G is
called an implied scenario if w ∈ L(SG) − Le(G). We refer the reader to [13,11]
for some illustrative examples of implied scenarios.

For a com-connected synchronous MSG G implied scenarios can be easily de-
tected from T ′

G and SG using standard automata-theoretic techniques. The MSG
G4 can be seen to have no implied scenarios [3]. But, since the trace model gen-
erated by the LTSA-MSC tool [10,11,12] is incomplete, it reports e1e4e2e3e2e3

as one of the several implied scenarios for this MSG.

8 Conclusion

In this paper we have given a precise construction of a transition system for a
given MSG specification, which accepts exactly the set of behaviours specified
by the MSG. When the given MSG specification is com-connected, the transition
system we give is guaranteed to be finite-state and can thus be used a basis for
building sound and complete tools for analysing properties of these specifications.
Our transition system is also suitable for analysing MSG specifications in a
bounded fashion, even when the given MSG is not com-connected.
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