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ABSTRACT

Implied scenarios are unexpected behaviors that may be de-
rived by behavioral models when they are synthesized from
scenarios. These scenarios are “implied” since they are not
described in the scenario specification but each synthesized
model of them will present, allowing system executions that
are unacceptable (or at least unexpected) with respect to
the original specification.

The work we are going to propose builds over an existing
work and proposes an algorithm to identify implied scenarios
avoiding the construction of the Labelled Transition System
(LTS) model. The main advantage of this approach is that
we can discover implied scenarios without building the syn-
thesized model, and, much more important, we do not need
to put in parallel the synthesized components LTS, saving
time and preventing the possibility of state explosion prob-
lems. We will also show the ability of this algorithm in
discovering implied scenarios going through an example.

1. INTRODUCTION

Scenarios define a temporal ordered sequence of events
and, as shown in [22, 4] are used by researchers and industry
practitioners for a variety of purposes: they have been used
for requirements elicitation, validation and refinement [15,
13], to describe and clarify relevant properties uncovering
system requirements [4], in the Software Architecture (SA)
field to model architectural properties [7, 2, 5], at the design
level to identify objects interactions [16], and for system
analysis and testing [17].

A lot of interest has been paid on the realization of state-
based, behavioral models in order to refine and complement
scenarios; many algorithms [8, 10, 12, 23] and tools [3, 19,
9, 21] have been proposed in this direction. What may hap-
pen, however, is that the state-based model synthesized by
the system scenarios presents sets of behaviors that do not
appear in the scenarios themselves. This unexpected behav-
iors have been analyzed the first time in [1]. They are called
“implied scenarios” and “arises because specified MSCs can
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combine in unexpected ways when each process has only its
own local view of the scenarios” [1].

What the authors propose in [1] is a polynomial-time al-
gorithm to determine if a set of scenarios are “realizable”
through state machines (i.e., if exists a concurrent automata
which implement precisely those scenarios) and to synthesize
such a realization using a deadlock-free model. If scenarios
are not realizable, implied scenarios are detected. In the
proposed approach, scenarios are modeled using Message
Sequence Charts (MSCs) [14].

This initial work has been extended in [20] providing a
more expressive language, based on MSCs and High-level
MSCs (hMSCs). The authors propose an “algorithm” to
synthesize a behavioral model describing the closest possi-
ble implementation for a specification based on MSCs, then,
they describe a “technique” to detect, on the synthesized
model, implied scenarios. The algorithm analyzes the MSCs
and hMSC specifications and builds a LTS for each compo-
nent specified in the MSCs. The complete system is the
parallel composition of all synthesized components. The al-
gorithm has been implemented in the LTSA tool [11]. The
technique to detect implied scenarios builds a safety prop-
erty accepting traces that behave correctly according to the
MSC and hMSC specifications and check that the synthe-
sized LTS model satisfies such property using LTSA. In other
terms, the complete model is built and the property validity
is checked on it.

The work we are going to propose builds over [20] and
proposes an algorithm to identify implied scenarios avoiding
the construction of the LTS model. The main advantage
of this approach is that we can discover implied scenarios
without building the synthesized model, and, more impor-
tantly, we do not need to put in parallel the synthesized
components LTS, saving time and preventing the possibil-
ity of state explosion problems. In some ways, this work
follows the general themes of system (in)completeness and
(in)consistency that have received a lot of attention in the
last few years [6, 18].

The rest of the paper is structured as follows: Section 2
analyzes the technique proposed in [20] in order to identify
why and when implied scenarios are introduced. Section 3
proposes an algorithm to detect implied scenarios, avoiding
the construction of the synthesized model, and applies it to
an example. Finally, Section 4 presents some initial results
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The aim of this paper is to discover implied scenarios
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Figure 1: The Sensor-Actuator example

avoiding the construction of the synthesized model. To do
that, we are going to analyze if there is anything, in the
synthesis process proposed in [20], that can give rise to the
generation of an implied scenario. To perform this analysis,
we will summarize the synthesis algorithm proposed in [20]
and we will reuse the example they used in that paper.

Given a hMSC and the MSCs composing it (like those in
Figure 1), they proposed to build a process for each compo-
nent C'in the hMSC alphabet® and to specify them using the
Finite State Process algebra (FSP) [11]. This FSP process
describes all the events belonging to C. The order in which
events® are executed in C'is identified analyzing the hMSC
specification.

An important concept is that of continuation: let b;
MSCs in the hMSC specification and C a component, b2
is a continuation of bl if i) b2 may be reached from bl in
through one edge on the hMSC or if ii) there is a b3 such that
b3 is a continuation of b1, b2 is a continuation of b3 and b3
does not contain events for component C. Exemplifying, in
Figure 1, continuations of “Initialise” for component Control
are “Register” (for the first rule), “Analysis” (since Register
is a continuation of “Initialise”, “Analysis” is a continuation
of “Register” and “Register” does not contain events for
component Control) and “Terminate” (since “Register” is a
continuation of “Initialise”, “Terminate” is a continuation
of “Register” and “Register” does not contain events for
Control).

b2 is a maximal continuation of b1 if i) b2 is a contin-
uation of bl and ii) for all b3 continuations of bl, b2 is a
continuation of b3. Using the example, only “Analysis” and
“Terminate” are maximal continuations of “Initialise” for
component Control since i) they are continuations of “Ini-
tialise” and ii) “Analysis” and “Terminate” are continua-
tions of “Register”, continuation of “Initialiase”.

Following the described algorithm, the synthesized LTSs

L Control, Sensor, Dbase and Actuator in Figure 1.
2the terms “event” and “action” will be used to identify
messages exchanged in the MSCs.
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Figure 2: The synthesized LTSs

built for the hMSC in Figure 1 are depicted in Figure 2. The
implied scenario detected in [20] using their implied scenario
detection algorithm follows:

“Control sends On to Sensor, the Sensor sends Pressure to
the Dbase, the Control sends Off to the Sensor, the Control
sends On to the Sensor and the Control sends Query to the
Dbase”.

This behavior represents an implied scenario since the
Query message the Control sends to the Dbase component is
requested over an old value of Pressure, and this kind of be-
havior is not provided by the MSCs and hMSC specifications
in Figure 1.

We are now interested to understand why the synthesized
system contains this implied scenario. The only motivations
offered by the existent papers are that “components do not
have enough local information to prevent the implied execu-
tion” [20] or “MSCs can combine in unezpected ways when
each process has only its own local view of the scenarios”[1].

If we analyze the synthesized LTSs in order to understand
why the implied behavior happens, we have:

1. the Control sends the On message to the Sensor. They
both modify their initial state reaching state 1, i.e.,
(Sensor,1), (Control,1). This notation will be used in
the following to identify the actual state of compo-
nents;

2. the Sensor sends the Pressure msg to the Dbase, stor-
ing the actual pressure value. (Sensor,2) and (Dbase,1);

3. the Control sends Off to the Sensor. (Control,0), (Sen-
sor,0);

4. the Control sends On to the Sensor. (Sensor,1), (Con-
trol,1);

5. at this point, the unexpected behavior happens: even
if the Sensor does not send any Pressure value to the
Dbase (as required by the MSC “Register”), the Con-
trol is ready to send a Query msg to the Dbase. Look-
ing at Figure 1 what happen is that the system can
directly evolve from MSC “Initialise” to “Analysis”,
without running MSC “Register”.

What happened in this scenario is that the Dbase compo-
nent, once reached state 1 does not evolve, even if the system
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Figure 3: FSP synthesis of the Dbase component

evolves and even if the Sensor and the Control components
go back to their initial state. When Control is ready to send
the Query command to the Dbase (Query,l), the Dbase is
ready to reply to it (Dbase,1), even if the Sensor has not yet
registered a new pressure value on the Dbase.

What we learnt is that the unexpected behavior is due to
the Dbase component which did “not have enough local in-
formation” to understand it needs to change its state. Un-
derstanding why the Dbase component behaves in this way
will give us a key to discover implied scenarios.

If we analyze closer the synthesis algorithm, synthesizing
the Dbase component (Figure 3) we can see that the Dbase,
after receiving Pressure (in “Register”), is ready to receive
refreshed values for Pressure or a Query command (since its
state can evolve in “Register” and “Analysis”). The prob-
lem is that when the system evolves in “Terminate” the
Dbase state does not change, it is (potentially) already able
to receive queries. In other words, in the synthesized model
the Dbase behavior in “Terminate” has been augmented
by new actions, since it was not able to participate in “Ter-
minate” in the hMSC specification. In the following we will
say that “Terminate” is an augmented node® for the Dbase.
If another component is able to match the augmented be-
havior in “Terminate”, then they can synchronize producing
the unexpected behavior.

What we can conclude at this point is that if we can iden-
tify, for each component, its augmented nodes, we can dis-
cover implied scenarios without synthesizing the LTS model.
Naturally, the solution is a little bit more complicated, be-
cause we need to take many factors into a consideration.
Next section will be used to present an algorithm that han-
dles all such factors and detect implied scenarios.

3. AN ALGORITHM TO DISCOVER
IMPLIED SCENARIOS

Initially, we will identify the high-level activities to be per-
formed in order to discover implied scenarios then, we will
describe an algorithm to implement each activity. Finally,
the algorithm will be applied to the Sensor-Actuator exam-
ple in order to put in practice.

High-level activities:

Stepl: For each component C'in the hMSC alphabet, we have
to identify all its augmented nodes. In this way we can
identify possible causes of unexpected behaviors;

Step2: for each augmented node of each component, we have
to identify its value, i.e., we have to identify the events
the component can perform in the augmented node.

However, augmented nodes may generate unexpected
behaviors only when they contains events not previ-
ously allowed in the MSC model, then

3the term “node” will be used in the following to denote an

MSC.

Stepl.3:

Step3: for each augmented node, we have to compute the en-

richment, i.e., we have to identify those events the
components were not allowed to send in the original
MSC specification;

Step4: finally, we can detect the implied scenarios by just an-

alyzing the enriched nodes: if components A and B
in node “M” can communicate using enriched events
then, this communication generates an unexpected be-
havior (i.e., the implied scenario).

The Algorithm:

Stepl.1: for each component C' in the MSC alphabet, we cre-

ate a copy of the hMSC for that component (hMSCc¢)
(Figure 4);

Stepl.2: for each hMSC¢, for each node M in the hMSCc, we

check if component C has events in M. If yes, we anno-
tate M with “Y” otherwise with “N”. This step may
be performed by simply looking at the hMSC specifi-
cation;

a N node, is an augmented node (AN) for component
C. It happens because the synthesis algorithm pro-
posed in [20], computing the maximal continuation for
component C'in “Y”, assigns an augmented behavior
to component C'if it will not react (“N”) in the next
MSC. A way to catch augmented nodes is just apply-
ing the following rule: “Y” is an augmented node for
C if it is maximal continuation differs from its con-
tinuation. For example, the Dbase component has in
“Register” a maximal continuation that differs from its
continuation, then “Register” is an augmented state.

Moreover, this augmented behavior is propagated to
other nodes in

the hMSC¢ following these rules:

— if a node annotated by “Y” is followed by a “N”,
the “Y” AN is propagated to node “N”; it hap-
pens because node “N” is in the path among “Y”
and its maximal continuations and then it is al-
ready able to execute extra behaviors;

— if a “N” node (N1) is followed by another “N”
node (N2), the state the C' component has in N1
is propagated to N2. It happens because C in N2
is still in the maximal continuation of N1;

— if a “N” node is followed by a “Y” node, the “Y”
node is not augmented, since component C will
be able to act in “Y”.

Summarizing, all the “N” nodes in the path among
an “Y” annotated node and its maximal continuations
“Y17, ..., “Yn” will become ANs. Notice that they
will become augmented only after “Y” is reached once.
The notation “ANy” will indicate this dependence on
HY??.

Step2: For each augmented node AN, we have to identify what

events the C component is enabled to act (i.e., its
state). To do that it is sufficient to visit the hMSCc
assigning to component C'in AN the state C has in the
maximal continuation of AN (i.e., Augmented (C, AN)

Each Y-annotated node in a hMSCc¢ that directly reaches
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Figure 4: The hMSCcs

= State (C, maxCon(AN))). Notice that Augmented
(C, ANy ) = State (C, maxCon(ANy)) only after “Y”
is reached once.

Step3: To identify the enrichment we apply the following rule:
the enrichment of component C in an AN is given by
the actions C may perform in AN minus the actions
performed by the Y states directly reachable by AN
(i.e., Enrich (C, AN) = Augmented (C, AN) - State
(C, Y), forall Y directly reachable by AN).

Step4: For each enriched node EN, for each pairs of compo-
nents A and B in EN; if they can communicate using
enriched events, an unexpected behavior carries out.
The implied scenarios can be detected in this way: if
event a € Enrich (A, AN1) and a € Enrich (B, AN1)
then every path from the initial hMSC node to AN1

will represent an implied scenario.

In Practice:

Step1Pr: In Figure 4, hMSCcs are built for components Control,

Sensor, Dbase and Actuator. Each hMSCc¢ node is an-
notated with Y or N to point out the presence/absence
of process C'in that node. To understand the annota-
tion is sufficient to look at Figure 1.

Following the rules the algorithm dictates in Stepl.3,

ANs for component Control;
“Register” and “Analysis” register for the Sensor;

“Register”, “Terminate” register and
“Initialise” register for Dbase;

“Initialise”, “Register” rnitiatise and “Analysis” are

MSC MSC MSC MSC
hMSC L . . .
€ |Initialise  Register Analysis  Terminate
send Query > send Query send Query
Control rec. Data rec. Data rec. Data
send Off send Off send Off
send Pressure | send Pressure
Sensor rec. Off rec.Off
rec. Query D rec. Query rec. Query
Dbase send Data send Data send Data
rec.Pressure | rec. Pressure rec. Pressure
rec.
Actuator Command rec. Command | rec. Command | rec. Command

Step2Pr:

Figure 5: The enriched states

— “Analysis”, “Register” anaiysis, “Terminate” anaiysis
and “Initialise” Anaiysis for the Actuator.

Filled nodes in Figure 4 identify ANs;

Figure 5 shows the values of the augmented nodes for
each component in each node. In fact, following the
rules identified in Step2 we have that:

Control:
— Augmented (Control, In.gey.) = State (Control,
{An., Term.})*;

— Augmented (Control, Reg.)
{An., Term.});

— Augmented (Control, An.) = State (Control, {An.,
Term.}).

= State (Control,

Sensor:

— Augmented (Sensor, Reg.) = State (Sensor,{Reg.,An.});
— Augmented (Sensor, An.grey.) = State (Sensor,
{Reg.,An.}).
Dbase:
— Augmented (Dbase, In.rey.) = State (Dbase, {In.,
Reg., Ter.});

— Augmented (Dbase, Reg.) = State (Dbase, {In.,
Reg., Ter.});

— Augmented (Dbase, Ter.gey.) = State (Dbase, {In.,
Reg., Ter.}).
Actuator:
— Augmented (Actuator, In.4,.) = State (Actuator,
{In., Reg., An., Ter.});

— Augmented (Actuator, Reg.an.) = State (Actua-
tor, {In., Reg., An., Ter.});

— Augmented (Actuator, An.) = State (Actuator,
{In., Reg., An., Ter.});

— Augmented (Actuator, Ter.an.) = State (Actua-
tor, {In., Reg., An., Ter.}).

“State (C, {X,Y}) = State (C, X) + State (C, Y).



Step3Pr: Filled nodes in Figure 5 show the enriched nodes. In

fact, following the rules identified in Step3, we have
that:

Control:

— Enrich (Control, In. gey.) = Augmented (Control,
In. Reg.);

— Enrich (Control, Reg.) = ;

— Enrich (Control, An.)
An.).

= Augmented (Control,

Sensor:

— Enrich (Sensor, Reg.) = 0;
— Enrich (Sensor, An.rey.) = Augmented (Sensor,
An.gey.) State (Sensor, Reg.) = receive Off.
Dbase:

— Enrich (Dbase, In.geg.) = Augmented (Dbase, In. geg.)
- State (Dbase, Reg.) = (receive Query, send
Data);

— Enrich (Dbase, Reg.) = 0;
— Enrich (Dbase, Term.regy.) = Augmented (Dbase,
Term. geg.)-
Actuator:
— Enrich (Actuator, In.a,.) = Augmented (Actua-
tor, In. 4.);
— Enrich (Actuator, Reg.an.) = 0;

— Enrich (Actuator, An.) = Augmented (Actuator,
An.);

— Enrich (Actuator, Ter.a,.) = Augmented (Actu-
ator, Ter.a,.).

Step4Pr: Finally, we analyze if different components enriched

states may match in the same node, taking a look
at each column in Figure 5. We can see is that in
“Initialise”, Control and Dbase can match with Query,
in “Analysis”, Control and Sensor can match with
Off. But “Initialise” and “Analysis” are enriched after
“Register” is reached at least once; then, any system
execution from the initial node to the “Initialise” node
will generate an implied scenario, as long as “Register”
is reached once before “Initialise”. Any system execu-
tion from the initial node to the “Analysis” node will
generate an implied scenario, as long as “Register” is
reached once before “Analysis”.

To give an example, two different implied scenarios
that may be detected are:

i) “Control sends On to Sensor, the Sensor sends Pres-
sure to the Dbase, the Control sends Off to the Sensor,
the Control sends On to the Sensor and the Control
sends Query to the Dbase” that has been also detected
in [20];

ii) “Controlsends On to Sensor, the Sensor sends Pres-
sure to the Dbase, the Control sends Query to the
Dbase, the Dbase sends Data to the Control, the Con-
trol sends Command to the Actuator and the Control

is able to send Off to the Sensor even if the system
is not evolved in “Register” (as required in the hMSC
specification).

4. INITIAL RESULTS
AND CONCLUSIONS

We presented an approach to detect implied scenarios
avoiding the construction of the global LTS model synthe-
sized by the MSC and the hMSC specifications. We have
not yet performed a completeness and correctness analysis
of our algorithm, then, we cannot claim that the algorithm
discovers all (and only) scenarios that are implied. Anyway,
its application to some different systems (the algorithm has
been also applied to the ATM systems in [21]) gives us con-
fidence on its quality: our approach discovered in all the
examined examples more implied scenarios than the LTSA-
implied tool [21] and all the results we had represent scenar-
ios that are implied.

An actual limitation the approach presents is that implied
scenarios may be only detected analyzing both bMSC and
hMSC specifications, therefore, it does not work with sin-
gle bMSC specifications, hiding implied scenarios detectable
with the approach proposed in [1].

In future work we are planning to present a more for-
mal description of the described approach and a complexity
analysis. An initial analysis puts in evidence how it should
be easily automated using graph-based analysis techniques:
representing hMSC¢ using a graph whose nodes are MSCs
and are labelled by information on how components are be-
having inside the MSC, we can easily implement our four
steps approach. Steps from 1 to 3 are no more than visit
of this graph and analysis of the information stored in the
nodes. Moreover, the different hMSCc graphs may be con-
currently analyzed until the last step which requires results
analysis.
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