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Abstract

This research provides a set of methodologies for detecting hidden behaviours of scenario-
based specifications based on Message Sequence Charts (MSCs).

The main issue that the thesis is centered around is the emergent behaviours that
can arise when the behaviour model of a system with multiple components is synthesized
from its scenario-based specification. These unexpected behaviours can arise due to two
separate effects. On one hand, due to the scenario-based specification and regardless of
how behaviour models are developed, the synthesized behaviour model might introduce
unexpected behaviours for the system. These unexpected behaviours are called emergent
scenarios. On the other hand, depending on the assumptions and the technique used in
the synthesis process, emergent behaviours might arise in the behaviour models of the
components.

In detecting emergent scenarios, we deal with a problem where any component-wise
distributed implementation of a system presents such behaviours for the system that do
not appear in its scenario-based specification while the behaviours of components are in
accordance to the specification. The thesis has some contributions in this part. First,
the concept of stuck states is introduced, which not only covers the system deadlocks,
but also addresses deadlocks for the system components. As a result, a new notion of
realizability called strong safe realizability will be introduced for scenario-based specifi-
cations, which captures more hidden behaviours for them than the previously reported
realizability notions. Second, we have developed an algorithm for checking realizability
problems of MSC specifications in asynchronous setting. Third, it will be shown that
two seemingly separate phenomena, namely, emergent scenarios as a system level artifact
and emergent behaviours for the system components are both caused by the same local

property developed in the behaviour of system’s components.
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While the main tendency in the thesis is to detect emergent behaviours, a new ap-
proach will also be presented for synthesizing behaviour models from scenarios whose
advantage is in reducing the intervention of the domain expert in the synthesis process
and also in producing consistent outputs when it is applied by different domain experts

to the same application domain.
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Chapter 1

INTRODUCTION

1.1 Motiviation

One frequent problem that requirements engineers are faced during system development is
that stakeholders may have difficulties in expressing goals, properties, and requirements in
abstract [1, 2]. This is particularly a problem in software development where uncertainties
about software goals, functionalities, and properties increase significantly due to a wide
range of different factors such as human interaction, compatible platforms and hardware,
market competition, and so on.

One of the effective approaches for software and system development is to let the
stakeholders start with describing system dynamics using scenarios. Typical scenarios of
using the hypothetical system are sometimes easier to be grasped in the first place than
some goals that can be made explicit only after deeper understanding of the system has
been gained.

A scenario is a temporal sequence of interaction events among different processes,
agents, or components. Scenarios describe how system components, the environment
and users work concurrently and interact in order to provide system level functionality.
Their simplicity and intuitive graphical representation facilitates stakeholder involvement
and makes them popular for conveying and documenting requirements. Each scenario is
only a partial description of system requirements, which, when combined with all other
scenarios contributes to the overall system description.

Scenarios can be used for a wide variety of purposes in the requirements engineering

life cycle such as eliciting requirements and generating acceptance test cases. They also



can be used easily by multiple stakeholders with different background to build a shared
view. However, while scenarios are widely used, their use is mostly without a precise
and formal semantics [3, 4, 5|. Consequently, tools such as Rational Rose ([6]) are often
used for syntactic consistency checks. Nevertheless, recently there also has been work on
providing precise semantics to scenario-based specifications([7, 8, 9, 10]) and developing
semantic analysis tools [11, 12, 13].

Although very expressive, scenario-based specifications are prone to subtle errors
centered around two main drawbacks with respect to analysis and validation i.e. in-
completeness and partial description. In order to mitigate these problems, reliable de-
velopment techniques and support for system behaviour analysis seems to be essential
for scenario-based software development. This is particularly true for distributed sys-
tems comprising of multiple autonomous components or processes such as PCs, ATM
machines, network applications, operating systems, and more importantly where subtle
errors in the specification might cause life threatening errors in the final product [14].
Consequently, complementary techniques such as behaviour modeling as well as syntax
and semantics analysis tools that mitigate those weaknesses brings more reliability to
the scenario-based development paradigm. Specifically, our main concerns for the work

in this thesis are the following.

1. Similar to test cases, scenarios are also partial descriptions of system’s behaviour.
This results in completeness and coverage problem, which makes it difficult to
verify the absence of errors such as incompleteness with respect to the system

requirements [15] or conflicts among requirements[16].

2. Scenarios are only instances of system’s behaviour and so, they need to be properly

combined in order to have a full description of system’s behaviour.

3. As safety and liveness properties are implicit in a program trace, scenarios are



not an expressive language for the required properties about the intended system.
These properties finally need to be made explicit in order to support analysis and

implementation.

Issue 1 implies that it is not realistic if we assume that in the first draft stakeholders
come up with a set of scenarios that cover all possible system behaviours. In fact, exist-
ing analysis techniques developed under the assumption of complete (or even relatively
complete) specifications cannot tackle the partial nature of scenario-based specifications.
In particular, overlooked functionalities and emergent behaviours are inherent to the par-
tial nature of scenarios, which if not detected, can result in unexpected behaviours and
costly errors later on in the run time. In this regard, this thesis includes methodologies
for detecting emergent behaviours resulted from scenario-based specifications.

Issues 2 and 3 are respectively concerned with the instance-based nature of scenarios
and that high-level requirements are not explicitly represented. For instance, for an ATM
a requirement such as “every card inserted shall be returned unless the password entered
remains invalid after three attempts” cannot be explicitly expressed using system traces
expressed in scenarios. In this sense, scenarios will not be requirements, even though
they frequently appear in preliminary material for requirements elicitation - much the
same way as examples of input-output pairs are not specifications of a program and
program traces do not describe an algorithm. To address issue 2, this thesis includes
a new approach for synthesizing system’s behaviour models from instance scenarios.
The approach benefits from generalizing instance behaviours in scenarios and timing
abstraction. In addition to addressing issue 2, generalization and timing abstraction help
in mitigating issue 3 because they serve as an inference mechanism by which high level

requirements and system properties will be highlighted in behaviour models.



1.2 Scenario Language

One of the most widespread approaches for documenting scenarios is using Message Se-
quence Charts (MSCs) [8] (or UML sequence diagrams [17]). In sequence charts, vertical
lines called components, instances, or processes are used to describe the entities that
participate in the scenario (see Figure 2.2 in Chapter 2). Components can be used to
represent various kinds of entities such as actors, agents or objects. Interactions between
components are shown by horizontal arrows called messages. The source of a message
indicates which component initiates the interaction. Messages labels are normally con-
sidered to define the type of interaction, thus having the same sending and receiving
components throughout all scenarios. The points on components where an arrow starts
from and finishes are called send and receive events. An event can be considered the
phenomenon observed by a component because of an interaction. A sequence chart is
interpreted time-wise in a top-down fashion; an event on a component occurs before all
other events of the same component that appear below it. In addition, the direction of
messages also provides information on the order in which events occur; a receive-event
must never occur before its corresponding send- event. For this reason, as a convention,
messages are required to be drawn horizontally or with a downward slope. These as-
sumptions on how time is represented in sequence charts determine a partial ordering of

events [8].

1.3 Behaviour Models

A scenario language such as MSC notation describes both system executions and system
components. It describes the system components that are involved in providing the
intended system behaviour and the messages they are capable of sending and receiving.

However, each scenario is like a window where only a part of interaction between system



components is visible. Consequently, in order to have the behaviour of each component
separately from other components, we need a mechanism to represent the behaviour of
each component as a single entity. This is where behaviour models help by providing
a single model for each component. The joint behaviour of all components in terms of
concurrent execution of their behaviour models represents the system model.

State machines are one of the popular behaviour modeling languages that is also
adopted by the UML framework for software development [17]. State machines with
various syntax, semantics, and extensions such as Statecharts [18], and RSML [19], have
been extensively used for rigorous analysis and mechanical verification of systems prop-
erties. However, in this thesis we restrict ourselves to basic state machines defined by a
set of states, initial and final states, and the transition relation [20]. We also use Labeled
Transitions Systems (LTSs) to model systems with infinite executions. For our purpose,
state machines and LTSs are similar except that having accepting states in LTSs is op-
tional. This relaxation in having accepting states makes it possible to have infinite runs
in L'TSs in order to model reactive systems with infinite executions. We use a state ma-
chine or LTS to model each component and use transitions labels to model the messages
components send or receive. We also use concurrent execution of multiple state machines
(LTSs) as the system model and call it a distributed implementation for the system.

Chapter 3 presents our approach for synthesizing component’s behaviour models from

scenario-based specifications.

1.4 Emergent Scenarios

The term implied scenarios is initially coined in [21] to name any behaviour that is exe-
cuted by every distributed implementation of an MSC specification while that behaviour

is not explicitly specified in the specification. However, for two reasons, we decided to use



emergent behaviours instead of implied scenarios. First, as it will be shown in Chapter
6, due to our extended definition of deadlocks for scenario specifications, a new class
of unspecified behaviours might happen for MSC specifications where the underlaying
definition of implied scenarios does not cover them. Second, in this thesis we will be
dealing with both the system and the component behaviours. As a result, possible new
behaviours for the components that are not specified by scenarios would be important
as they can provide useful feedbacks for correcting the specifications. This unspecified
behaviours for components are not also covered by the definition of implied scenarios.

Two types of emergent behaviours will be studied in this thesis: i) emergent be-
haviours for components; ii) emergent behaviours for the system, which are also called
emergent scenarios. In the component level, emergent behaviours happen because of the
generalization mechanism by which state machine models are inferred from example sce-
narios. These extra behaviours are not inherent to the specification and depend solely on
the assumptions and the generalization technique used in the synthesis approach. This
is the reason that they have been referred to in the literature as a side effect of gen-
eralization called overgeneralization [22]. It should be noted that emergent behaviours
for components are not necessary unwanted behaviours. Sometimes they may be just
considered as unexpected situations due to specification incompleteness.

In Chapter 4, we present a set of criteria for detecting emergent behaviours for com-
ponents.

On the other hand, system level emergent behaviours (or emergent scenarios) are
inherent to the specification and regardless of the synthesis approach, they exist in any
distributed implementation of the specification. Such emergent scenarios arise because
the intended behaviours in different scenarios can combine in unexpected ways when
each component has only its own local view in the scenarios. Analogous to emergent

behaviours for components, emergent scenarios are not always considered unwanted be-



haviours. Instead, they might represent an underspecification that need to be detected
and fixed.

Chapters 5 and 6 present our approach for detecting emergent scenarios. While some
works (e.g. [23]) detect emergent scenarios (in fact, all previous works only detect im-
plied scenarios because they assume a different definition of deadlocks for scenario-based
specifications) by building and then comparing behaviour models with the specification,
one of the advantages of our work is in the use of a set of criteria defined directly on
scenarios for detecting emergent scenarios. By so doing, we can refrain from the burden
and the complexity of building system behaviour models. Furthermore, by checking the
criteria on the specification, our approach is more effective when it comes to track the
cause of emergent scenarios back to the specification and effectively correct the problem.

A closely related concept to emergent scenarios that will be addressed in Chapters 5
and 6 is realizability of MSC specifications [21, 24, 25, 26, 27|. A realization or a distrib-
uted implementation of an MSC specification for a system with multiple components is
defined as the concurrent execution of the behaviour models of the components. If there
exists such a realization whatsoever that is deadlock free and shows exactly the behav-
iours specified by the specification, it is said that the specification is safely realizable. If
on the other hand, there is no such a realization, there would be some emergent scenarios
that are not part of the specification but part of the behaviour of any distributed imple-
mentation covering the specification. Thus, safe realizability and emergent scenarios are

so defined that existence of one is an indication for the absence of the other.

1.5 A General Overview of Work

The main objective of this research is to develop methodologies for ameliorating some of

the shortcomings of scenario-based specifications. The thesis is presented in two main



parts. Part I includes Chapters 3 and 4 and studies scenario-based specifications in
the component level where a set of techniques will be presented for inferring emergent
behaviours for the components of a system from its scenarios-based specification. This
part includes a domain theory for the purpose of synthesizing behaviour models from
scenarios given in MSC notation; a new approach for synthesizing behaviour models from
scenarios; and a set of criteria to be checked for emergent behaviours of the components.
Part II includes Chapters 5, 6, and 7 and studies scenario-based specifications in the
system level where with no emergent behaviour allowed for the components, scenario-
based specification are analyzed for detecting possible emergent scenarios for the system.
This part involves a new notion of realizability for MSC specifications and an algorithm
for detecting emergent scenarios.

The benefits of our work can be better envisaged in a traditional software development
framework. Figure 1.1 sketches such a framework in which the results of this thesis can
be applied. The gray parts show the contributions of the thesis. The framework begins
with synthesizing behaviour models of components from a preliminary set of scenarios
given as the initial approximation of the system behaviour. This is indicated by lines 1
to 5 in the figure. Then, the result of behaviour modeling (e.g. feedbacks from emergent
behaviours for components) can be used to correct the set of scenarios (lines 6 to 8).

Also, we can have an analysis phase in the system level in which any mismatch between
the specification and its component-wise distributed implementation will be found and
possible emergent scenarios are detected (lines 10 to 13). After being detected, these
emergent scenarios also provide another feedback for correcting the set of scenarios (line
8). The process of behaviour modeling and analysis can continue until a satisfiable

specification is obtained.
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Figure 1.1: A framework for scenario-based software development in which the results of
the thesis can be applied.

1.6 Application in Software Engineering

Let’s demonstrate the contributions of the thesis using Figure 1.1. We start with the
construction in the figure where for each component i of system, a domain theory D, is
built from a preliminary set of scenarios M (lines 1, 2, and 3). A domain theory direc-
tor guides the domain expert to effectively build the domain theory. The domain theory
D; and the set of scenarios M provide the required inputs for behaviour modeling
(lines 4 and 5). Then, component’s behaviour in the behaviour model can be analyzed
for any deviation (emergent behaviours) from the scenario set M (line 6), and then, the
set of scenarios M will be modified based on the result of this comparison (lines 7 and 8).

Furthermore, at the same time a scenario-based specification S (explained in Sections



1.6.1 and 1.6.3) will be constructed by the domain expert (line 9).

Then, the specification S can be checked for realizability (line 10) to see whether
there exists a distributed implementation that shows exactly the behaviours specified in
S. If there exists such a realization, we can stop and S could be the final specification. If
on the other hand, there is no such a realization, there would be some emergent scenarios
that are not part of S but part of all implementations of S. These emergent scenarios
are validated against system’s properties and goals to provide the required feedback for
correcting the specification (lines 11, 12, and 13).

The construction-realization-validation process can be applied to all components of
the system until either there is no change in the specification when we switch from one

component to another or the domain expert decides to stop the process.

1.6.1 The set of Scenarios M

The first approximation of system specification is given by a preliminary set of scenarios
M (which for our purpose, it is given as Message Sequence Charts (MSCs). Later, by the
feedbacks received from the construction and the realization phases, M will be corrected
by the domain expert and a scenario-based specification will be constructed.

We distinguish between the set of scenarios M and the scenario-based specification
S, since the latter can include high-level Message Sequence Charts - a graph that allows
for the combination of MSCs in sequential, alternative, and iteration forms [8] (high-level

Message Sequence Charts are formally defined in Chapter 5).

1.6.2 The Domain Theory

The domain theory is a set that its members are selected pairs of messages that a com-
ponent sends or receives in M. These pairs of messages have a special relation to each

other called semantical causality (see Chapter 3). A message b is a semantical cause

10



for message c, if the component keeps the result of the operation of message b in order to
perform message c. As an example, for an ATM, the insert card is a semantical cause for
the eject card because the ATM must keep the card inserted in order to eject the card.
Since semantical causality captures dependency of one message on other messages, it
will be an invariant property for a system. Having the domain theory based on system’s
invariants makes it reusable and consistent among different domain experts since system’s
invariants are inherent system properties and independent of the system expert.
Contribution of the thesis: A domain theory in the form of a set of selected pairs of

messages with semantical causality relation (Chapter 3).

1.6.3 Construction

The construction is where behaviour models and scenario-based specifications are con-
structed from the set of scenarios M. It consists of the domain theory director and

the behaviour modeling.

Domain Theory Director

The purpose of the domain theory director (see Chapter 3) is to make the construction
of the domain theory easier for the domain expert. For a given component, the domain
theory director guides the domain expert to focus on selected pairs of messages from all
the messages in M and find the semantical causality relation between them. These pairs
of messages are selected based on the requirements of behaviour modeling.
Contribution of the thesis: A method that from a pool of messages exchanged between
system’s components in scenarios, selects only pairs that are effective for behaviour mod-

eling and queries the domain expert about the semantical causality relation between them

(Chapter 3).

11



Behaviour Modeling

Generally, synthesis of behaviour models from scenarios needs a proper generalization
technique while avoiding overgeneralization. Like related works [22, 28, 29], for general-
ization we detect identical states of components in different scenarios (though with our
own technique that would be explained in Chapter 3). However, unlike other approaches,
after detection, identical states are conditionally merged in order to avoid overgeneral-
ization.

The condition for merging identical states will be defined in Chapter 4, which is a
local property developed by the behaviour of system’s components. Then, in Chapter 5
we will show that this is the same local property that explains realizability problems for
scenario-based specifications. This result is notable in that it bridges between Part I and
Part II of the thesis as two research areas that so far have been studied separately i.e. the
problem of emergent behaviours for the system components (Part I) and the realizability
problem that studies implied scenarios in the system level (Part IT).

For identical states detection, based on the domain theory that is already constructed
from the set of scenarios M, we use some of the messages that a component has already
sent or received in a scenario to assign a state value to the current state of the component.
Then, identical states of the component in different scenarios will be defined as the states
with the same state values. The exact definition of state value will be given in Chapter
3. However, roughly speaking, for a given scenario the state value of a component is the
ordered sequence of those messages that have occurred before its current state and are
semantical causes of some messages that will happen after its current state.

Having states labeled with state values resembles guarded transitions in state machine
requirements specification languages [19]. This fact can be utilized to infer declarative
requirements [30] from scenarios in a state machine representation, which is shown in

Fig. 1.1 as behaviour models encompassing high-level requirements (line 14). While in
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the current practice, synthesizing behaviour models from scenarios results in unguarded
transitions in the state machines, our behaviour modeling technique is able to abstract
the timing between messages away and infer guarded transitions in the output state ma-
chines. The difference between state machines with unguarded transitions with those that
have guarded transitions is that while the former can only show instances of the system
behaviour, the latter also encompasses system’s requirements in terms of if [condition]
then [action].

Contributions of the thesis: A new approach for synthesizing state machine behaviour

models from scenarios (see Chapters 3 and 4).

Scenario-Based Specification

This is where the set of scenarios M (represented by Message Sequence Charts) has
undergone the necessary changes and corrections and possibly structured into a high-
level Message Sequence Chart (see Chapter 5). HMSCs break the preliminary scenarios
into smaller and manageable parts such that their sequential, alternative, and iterative
composition covers the system behaviour. While it is not covered by our current work,
one direction for future work is to use the result of behaviour modeling (since behaviour
models are derived from MSCs and are augmented with the domain knowledge) for

developing automated techniques for refactoring MSCs into hMSCs.

1.6.4 Realization

After the scenario-based specification S will be ready, it can be checked to see whether
or not it is realizable. Specifically, strong safe realizability can be checked for the speci-
fication. Strong safe realizability is a new realizability concept introduced in this thesis
in Chapter 6, which when holds, it implies safe realizability (the previous concept of
realizability that is initially coined in [21]). Succinctly, strong safe realizability checks

for possible emergent scenarios that are not explicitly specified in the specification but
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can be inferred from it (see Chapters 5 and 6).

Possible emergent scenarios that are detected as the result of realizability analysis
are used to enrich the original set of scenarios or otherwise provide the required feedback
for correcting the specification. Although, this is not shown in Fig. 1.1, one of the
advantages of our realizability analysis is in providing precise information regarding the
location of the cause of emergent scenarios in terms of the scenario, the component, and
the place in the communication history of the component where an emergent scenario is
developed (see Chapter 7 for details).

Contributions of the thesis: A new notion of realizability for MSC specifications called
strong safe realizability, and an algorithm that given an MSC specification checks whether

it is safely realizable or not (see Chapters 5 and 6).

1.6.5 Validation

The validation phase can be performed by the domain expert who looks at an emergent
scenario and decides whether to accept it and enrich the set of scenarios, or reject it and
correct the set of scenarios such that the unwanted behaviour does not happen anymore.
By localizing the cause of emergent scenarios in realizability analysis, the domain expert
can specify the exact place in the scenario set where a correction is needed (see Chapter

7).

1.7 Contributions

This thesis is based on and extends several publications including [31, 32, 33, 34, 35, 36,

37], whose contributions can be summarized as:

e Domain knowledge is formalized in terms of a light domain theory that is based

on invariant properties of software and systems. This contributes to the reusability
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and the consistency of the domain theory (human factors are reduced)
e A new approach for synthesizing state machines behaviour models from scenarios

e A realizability model that extends safe realizability and captures more emergent

behaviours and pitfalls for MSC specifications

e An algorithm is developed for checking safe realizability of MSC specifications in
the presence of hMSCs and in asynchronous setting (we are not aware of another

method for this problem)

e A question regarding the criteria under which MSC specifications can be imple-

mented without deadlocks and emergent scenarios is answered

e Emergent scenarios (including implied scenarios) and overgeneralization (emergent
behaviours of components) have been both localized in the behaviour of individual

components

1.8 Thesis Outline

In this thesis, we present a set of methodologies for inferring emergent behaviours of
scenario-based specifications. In Chapter 2, we discuss some background work on scenario-
based specifications in general and sequence chart notations in particular. Part I of the
thesis involves Chapters 3 and 4 and presents our method for inferring emergent behav-
iours of components through behaviour modeling. It consists of our approach for building
the domain theory and inference of identical states (Chapter 3), as well as the criteria
for merging identical states (Chapter 4).

Part II of the thesis involves Chapters 5, 6, and 7, and it is concerned with a problem
different than Part I, that is, while no emergent behaviour is assumed for individual com-

ponents of a system, we will see how emergent behaviours are possible for the system.
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Chapter 5 discusses safe realizability and implied scenarios and also involves our method
for verifying safe realizability and detecting implied scenarios. Moreover, the question
regarding the criteria under which MSC specifications can be implemented without dead-
locks and implied scenarios will be answered in this chapter.

Chapter 6 involves our extension of safe realizability and implied scenarios, namely,
strong safe realizability and emergent scenarios. Also, Chapter 7 includes an intuitive
example to illustrate the results of Chapter 5. Finally, Chapter 8 provides conclusions

and possible extensions for the thesis.
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Chapter 2

RELATED WORK

In this chapter, we give an account of the related work on scenario-based specifications
in general and focus in more detail on issues that are related to sequence chart notations

as these are extensively used in this thesis.

2.1 Scenarios

Scenarios are becoming an increasingly popular means for describing system behaviour. A
scenario is a narrative description of how users, system components and the environment
interact for the completion of a certain goal. Scenarios are stories, and as such, they
are an effective means of facilitating communication among people. They are used in
a variety of different settings that range from requirements engineering (e.g. [12]) and
formal specifications (e.g. [10]) to code synthesis (e.g. [38]) and test case specification
and generation (e.g. [39]). Within the literature, many different definitions of scenarios
can be found (e.g. [3, 5, 40, 41]). There are significant differences in terms of the
syntax, features, semantics and more significantly, in terms of their intent. Most of these
differences are motivated by the setting in which scenarios are being described. However,

there are some main aspects on which authors seem to coincide:
e Scenarios describe a sequence of events or activities [3].

e Scenarios refer to interactions between independent entities. Entities can be users,
the system [3] (or possibly parts of it such as hardware, software, subsystems,

objects [5]) and the environment [8].
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The need to document scenarios has motivated the development of many scenario-based
notations. Many authors have proposed using mixture of textual and pictorial techniques.
These go from structured and narrative text [42], to storyboards of annotated cartoon
panels, video recordings, and scripted prototypes [3, 43]. An example of a narrative

text scenario is Figure 2.1. An important issue with scenarios is the level of abstraction

An emplovee swipes his card through the card reader that is attached to the
company's entrance gate, the door contraller sends the card information to the
secUrity system, which starts recording through the entrance security camera
and unlocks the gate Once the Lser has gone through the gate, the doar
controller signals the security system, which orders the camera to stop
recarding.

Figure 2.1: Example for a scenario using narrative text.

of their content. Scenarios can be concrete [3] or instance [44] scenarios that refer to
specific entity names and argument values. Scenarios can also be more abstract, which
are called type or abstract scenarios [45, 46]. However, we could make the scenario
concrete by including for example the role of the employee, employee identifier, and
security codes. The level of detail of the scenario can also be incremented by including
more entities such as sensors or the network, or more interactions such as detailed aspects
of the communication protocol between door controller and security system, or details of
how the door controller detects that the user has gone through the gate. Furthermore,
the scenario could be extended with alternative outcomes, for instance that the card is
unreadable (as in scenario families in [44] or scenario trees in [47]). In addition, scenario
pre- and post-conditions, such as that the scenario occurs in working hours and the status
of the employee in the security database can be included (as in [48]).

Textual notations for documenting scenarios have been widespread in industry for
some time [42]. However, these notations tend to be rather informal and, although useful

for documentation and informal analysis, make automated processing of scenarios and
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rigorous or semi-rigorous analysis very difficult. Thus, textual scenario specifications
do not serve well our purpose of using rigorous and automated techniques for detecting
emergent behaviours. There has been significant research on controlled English (e.g. [49])
and grammars for English (e.g. [50]), which constrain the structure of English sentences in
order to make texts more amenable to automated processing. However, these techniques
have yet to produce impact in industry in general. Furthermore, if controlled languages
are to be used in requirements (or scenario) specifications the prospect is even more
complex and further syntactic and semantics constraints for controlled languages must
be introduced.

One of the most widespread approaches to documenting scenarios is using sequence
charts. Sequence charts have been used to describe system behaviour for some time,
and examples of their use can be traced back to the late 80’s. They have been used, to
exemplify service conventions in the International Standard Organisation’s (ISO) Open
Systems Interconnection (OSI) [51] and in several ISDN service recommendations of
the International Telephone and Telegraph Consultative Committee (CCITT) [52, 53].
The latter, reconverted into the International Telecommunications Union (ITU), has
undertaken a standardisation process resulting in a language called Message Sequence
Charts (MSCs), which has undergone several revisions since its first version in 1992
[54, 55, 8, 56]. For an account on the standardisation of MSCs by the telecommunication
industry, refer to [57].

In addition to being the starting point for MSCs, sequence charts constitute the core
of a plethora of existing graphical scenario-based languages. The most famous one is the
UML [17] notation for scenarios, sequence diagrams, which strongly resembles sequence
charts. There are countless variations of sequence charts in the literature; in particular
in research literature where a variety of different features and interpretations are being

explored. As we show next, sequence charts have the advantage of being very intuitive
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and simple, facilitating sequence chart elaboration and automated processing. For more

on scenarios in general, refer to [3, 46].

2.2 Sequence Charts

In the remainder of this section we discuss sequence charts in order to introduce the
main concepts related to scenario descriptions and address some of the existing syntactic
and semantic variations that appear in other sequence chart-based languages. We present
these variations by discussing different aspects of scenario-based specifications rather that
describing each specific language separately. For a detailed survey on sequence charts

refer to [58].

2.2.1 Basics

Sequence charts are a widespread graphical notation for documenting scenarios (see Fig-
ure 2.2 and Figure 2.3). Sequence charts consist of components, events, and messages

which will be explained further down.

Employee enters building

Door Security

Camera
Controller System

User

swip card

userid

start recording

unlocked

open door

cloge door

closed

stop recording

Figure 2.2: Example of a sequence chart.

Components
As mentioned in Chapter 1, in sequence charts vertical lines or components represent

the entities participating in the scenario. By component, we mean a part or element
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equence Example

chart
name component
name
A B C
message
send label
event
~ X
) »
Y e
\— -
receive
component event

message

Figure 2.3: Elements of a sequence chart.

of a larger whole, which in our case is a system. In other words, by component we re-
fer generically to software and hardware systems and subsystems, users, processes, and
software components (as in [59] for example) among others. According to the context
for which a particular scenario-based language has been designed, components can be
given a more restricted interpretation. For example in a high-level approach to scenarios
that focuses on the distinction between system and environment, scenarios might use one
vertical line to represent the system to be developed and other lines only for external
actors such as existing systems and people or organisations. On the other hand, in the
context of UML, a lower level of abstraction can be used and components can model
objects [40, 41]. Whatever the level of abstraction in which components are interpreted,
the common assumption is that they represent independent entities that have capabilities

for interacting with their environment.

Messages

Messages in sequence charts represent interactions between components. However, as
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in the case of components, they are also given a range of interpretations according to the
context in which sequence charts are used. In particular, the interpretation of a message
relies heavily on the interpretation of the components that are involved in the interaction.
For example, when at least one of the components involved is a person, messages model
physical interactions. This includes examples such as typing data into a console, swiping
a security card or delivering a package. In cases where people are not involved, a message
can model a remote procedure call, message passing, method invocation, or an exception
being raised and caught. Messages usually involve only two components, a sender and a
receiver. However, messages can be used to model broadcast and multicast interactions.

Despite the different semantics that can be given to messages, three characteristics
apply to all interpretations. Firstly, a message explicitly identifies the components in-
volved in an interaction. Secondly, a message identifies, by means of the arrows source,
the component that initiates the interaction. Thirdly, a message determines the point

(an ev