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Abstract

A model-driven approach to scenario-based requirements engineering is proposed. The ap-
proach, which is based on Computer Automated Multi-Paradigm Modeling (CAMPaM), aims
to improve the software process. A framework is given and implemented to reason about models
of systems at multiple levels of abstraction, to transform between models in different forma-

lisms, and to provide and evolve modeling formalisms.

The model-driven approach starts with modeling requirements of a system in scenario models
and the subsequent automatic transformation to state-based behavior models. Then, either
code can be synthesized or models can be further transformed into models with additional
information such as explicit timing information or interactions between components. These
models, together with the inputs (e.g., queries, performance metrics, test cases, etc.) generated
directly from the scenario models, can be used for a variety of purposes, such as verification,
analysis, simulation, animation and so on.

A visual modeling environment is built in AToM? using Meta-Modeling and Model Transfor-
mation. It supports modeling in Sequence Diagrams, automatic transformation to Statecharts,

and automatic generation of requirements text from Sequence Diagrams.

An application of the model-driven approach to the assessment of use cases for dependable

systems is shown.



Résumé

Nous proposons ici une approche dirigée par des modeles et basée sur des scénarios. Cette
approche, basée sur les CAMPaM (Computer Automated Multi-Paradigm Modeling), a pour
but d’améliorer les processus systémes. Un espace de travail est alloué et implementé pour
définir les modeles de systémes ayant plusieurs niveaux d’abstraction. Il est aussi possible de
transformer un modéle en un autre a 1'aide de différents formalisnes, de les concevoir, ou de les

faire évoluer.

L’approche dirigée par des modéles commence par la modélisation des conditions du systéme
en différents scénario suivant une transformation automatique des comportements des modeéles
de base. Ensuite, le code et les modéles peuvent étre réciproquement synthetisé et tranformé en
modele contenant plus d’informations (temps, interactions entre les objets etc.). Ces modéles,
couples avec les informations d’entrée générées par les modéles de scénario(e.g., requétes),
peuvent étre utilisés pour de multiples objectifs, tel que ’analyse, ’'animation, la simulation ou
encore la vérification ...

AToM? (logiciel de Meta-Modeling, et de Model Transformation) utilise une interface graphique
pour la modélisation. il est possible de modéliser des Sequence Diagrams, de transformer auto-
matiquement ces modeéles en Statecharts (diagrammes d’états), et de génération automatique

de texte de conditions des Sequence Diagrams.

Une application des approches dirigées par des modeles évaluant des cas d'utilisations pour

systémes est ici detaillée.
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Introduction

Requirements engineering is concerned with the acquisition, analysis, specification, validation,

and management of requirements of the software system under construction.

Scenarios provide an excellent means of communication between software project stakeholders
and are an intuitive way of guiding them through the process of requirements engineering.

They can play different roles [Sut03] in the following activities [NE0O] of the process:

o Representing the real world to produce models during requirements analysis;
o Inspiring system designs and generating testing material;

o Transforming models and requirements specifications into designs and eventually imple-

mentations;
¢ Reasoning and validating designs;
¢ Communicating requirements among different stakeholders;

e Maintaining agreement with all stakeholders during the elicitation and modeling of re-

quirements;

e Managing requirements changing.

Some benefits [RC95] can be gained by using scenarios, such as, minimizing the gap between
specification and implementation, avoiding mismatches between user/engineer view, providing
a rich view of goals, actions and experiences of users and getting good concepts for extending

and redesigning existing systems.

While scenarios have become an established technique in the requirements engineering process,

many questions still remain for further research. Some of them are listed here:

e Keeping consistency among the models used at different phases (or levels) of the process;
o Keeping consistency of the models when they evolve with requirements;
¢ Reusing requirements models;

o Deciding when the scenario specification is complete;

Capturing and analyzing non-functional requirements.

Computer Automated Multi-Paradigm Modeling (CAMPaM) [VdLO03] aims to simplify the
modeling of complex systems by establishing a framework to reason about models of systems
at multiple levels of abstraction, transforming between models in different formalisms, and

providing and evolving modeling formalisms. Based on the aspects that it addresses, CAMPaM



can be naturally applied to the problem of improving scenario-based requirements engineering.
For example, modeling, analysis and validation at multiple levels and in different views, can be
achieved by model abstraction and multi-formalism modeling in an automatic and consistent
way. As another example, rich methods for verification, analysis, simulation and execution
of the target system provided by CAMPaM, can maintain the agreement with customers and

increase their acceptability and satisfaction.

In this thesis, we propose a model-driven approach to scenario-based requirements engineering

based on CAMPaM, and we present the current implementation of the overall approach.

In Chapter 1, we introduce our model-driven approach to scenario-based requirements engi-
neering. In Chapter 2, the implementation of the first step of our approach, which is the
meta-modeling of Sequence Diagrams (one of the key scenario-based languages for capturing
requirements) is presented. In Chapter 3, a full description of the explicit modeling of model
transformations from Sequence Diagrams to Statecharts (one of the state machine-based mod-
eling languages, which can be easily used for requirements simulation, validation and analysis)
is given. The automatic generation of requirements text from Sequence Diagrams is also ex-
plained. Finally, in Chapter 4, a case study is given in detail demonstrating how our approach

can be applied on requirements elicitation.



A Model-Driven Approach to Scenario-Based
Requirements Engineering

1.1 Scenario-Based Requirements Engineering

A requirement is a feature that the system must have or a constraint that it must satisfy
to be accepted by the client [BD03]. Requirements engineering is concerned with the acquisi-
tion, analysis, specification, validation, and management of requirements of the software system
under construction. Among all activities of requirements engineering, there are two main activ-
ities: requirements elicitation, which results in specifications of the system that the customer
understands, is to systematically extract and describe the requirements of the system; and
requirements analysis, which results in analysis models, aims to formalize the requirements
specifications produced during requirements elicitation. The resulting analysis models can be
used to validate, correct and clarify the requirements with clients and users for requirements
refinement. Then, the complete and unambiguous analysis models become the input of the
following system development activities, such as high-level system design, validation, testing
and so on. For requirements analysis, two types of models are used to give a formal description
of the system: static models, which represent knowledge about relationships, such as Class
Diagrams and Entity-Relationship Diagrams; and dynamic models, which represent knowledge
about behavior, such as Sequence Diagrams and State Diagrams.

Scenarios and use cases are the most important tools used in requirements elicitation. A
scenario describes an example of system use in terms of a series of interactions between the
user and the system. A use case is an abstraction that describes a class of scenarios. Scenarios
are the starting point for all modelling and design, and contribute to several parts of the design

process.

Since scenario-based requirements engineering has been advocated as an effective means of
improving the process of requirements engineering, many methodologies and tools [SMMM98,
Li00, Dav03, HKP05, WJ06, Whi05] are developed to try to formalize and automate some stages
of this process. Sutcliffe et. al. [SMMM98] proposed a method and a tool for specification of use

cases, automatic generation of scenarios from use cases and semi-automatic validation based-
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on generated scenarios. Harel et. al. [Dav03, HKP05] proposed a play-in/play-out approach
to capture behavioral requirements. The Play-Engine automatically constructs corresponding
requirements in the scenario-based language of Live Sequence Charts (LSCs) [DHO1], and finally
semi-automatically synthesizing a collection of finite state machines. Whittle et. al. [WJ06,
Whi05] developed a scenario-based language called Use Case Charts (UCCs) to capture scenario-
based requirements and presented algorithms for automatic generation of hierarchical state

machines from scenario-based models.

Two key activities are apparent in the Harel’s and Whittle’s approaches: to find a proper
scenario-based language, e.g., LSCs or UCCs, to capture and formalize requirements; to trans-
form scenarios into an executable form, i.e., state machines, which can be easily used for
requirements simulation, validation and analysis. Both of these are clearly model-driven ap-

proaches.

1.2 Scenario-Based Modeling Languages

1.2.1 Sequence Diagrams

Sequence Diagrams are a visual modeling language. They are the UML variant of Message
Sequence Charts, used primarily to show the interactions between objects in the sequential
order that those interactions occur. One of the primary uses of sequence diagrams is in the
transition from requirements expressed as scenarios to the next level of refinement. Scenarios

are often refined into one or more sequence diagrams.

The main purpose of a sequence diagram is to define event sequences that result in some
desired outcome. The focus is less on the messages themselves and more on the order in which
messages occur. Nevertheless, most Sequence Diagrams will communicate what messages are
sent between a systems objects as well as the order in which they occur. The diagram conveys
this information along the horizontal and vertical dimensions: the vertical dimension shows,
top down, the time sequence of messages/calls as they occur, and the horizontal dimension

shows, left to right, the object instances that the messages are sent to/from.
1.2.2 Use Case Charts

Use Case Charts, a 3-level notation based on extended activity diagrams, was proposed by Jon
Whittle [Whi05], as a way of specifying use cases in detail, in a way that combines the formality

of precise modeling with the ease of use of existing notations.

A use case chart, illustrated in Figure 1.1 [Whi05], specifies the scenarios for a system as a
3-level, use case-based description: level-1 is an extended activity diagram where the nodes are
use cases; level-2 is a set of extended activity diagrams where the nodes are scenarios; level-3 is
a set of UML2.0 interaction diagrams. Each level-1 use case node is defined by a level-2 activity
diagram (i.e., a set of connected scenario nodes). This diagram is called a scenario chart. Each
level-2 scenario node is defined by a UML2.0 interaction diagram.
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use case node

Level 1: use case flow
{(use case chart)

N
~s TN
| *| v
Level 2: scenario flow l l’-rD — _
(scenario chart) : : scenario node
VoY,

Level 3: scenarios ‘ 4 L —
(interaction diagram) Ir |

Figure 1.1: Use Case Charts

By using these three levels of abstraction to model system requirements, Use Case Charts im-
proves requirements modeling and analysis by providing a precise way for relating and grouping

scenarios (usually modeled in a set of interaction diagrams).

Whittle and Jayaraman [WJ06] presented algorithms that transform use case charts into a
set of hierarchical state machines which then can be used for simulation, test generation and
validation. The algorithm starts with the conversion to hierarchical state machines for a level-3
sequence diagram, then proceeds with the combination of a set of hierarchical state machines
generated for each scenario node at level-2, and finally completes the synthesis of the final
hierarchical state machine for the level-1 Use Case Chart by further combining generated hi-
erarchical state machines. The core of the algorithm is how to synthesize hierarchical state

machines from a sequence diagram.
1.2.3 Statecharts

Statecharts, introduced by David Harel [Har87], are a visual and executable formalism for
modeling complex reactive systems. It has roots in the Finite State Automata (FSA) formalism
and adds new concepts to it. Those new concepts make the formalism suitable for specifying
discrete event systems.

Defining statecharts requires first describing the finite state automata (FSA) formalism it ex-
tends. A finite state automaton consists of states and transitions between states. One state is

the initial state and this is the first “active” state. Each transition has a trigger, which is a
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symbol (or event). If a symbol is provided to the FSA and the active state has a transition that
has that symbol as a trigger, the target state of the transition then becomes the active state.
If no such transition exists, then the FSA halts, since it does not recognize the language, the
set of input symbols, that were fed to it. The FSA also includes at least one “final” state. If
a transition sets the active state to be one of the final states and the input is at an end, then

the FSA has accepted the input sequence of symbols.

Although the FSA formalism is powerful enough to define regular expressions, it is inadequate to
express conditional transitions, actions, hierarchy, and concurrency. Fortunately, David Harel
extended FSA to deal with these in [Har87]. Conditional transitions are simply transitions
that will fire on an event only if both the trigger is matched and the conditional statement
evaluates to true. Actions are events or code that is executed whenever a transition fires, a
state is entered, or a state is exited. Hierarchy is achieved by adding composite states that
can contain other states, including more composite states. The inside of a composite state
is a FSA in its own right, with its own default state (the equivalent of an initial FSA state).
Since transitions can exit and return to a given hierarchical level, it becomes necessary to add
history states as well. These history states restore the active state within the composite state
when a transition returns to the composite state. Hence history allows overriding the default
state. Finally, concurrency is added using orthogonal partitions of a composite state. Each
orthogonal partition is a simultaneously executing FSA, each with an active state.

1.2.4 DCharts

DCharts, a formalism created by Thomas Feng [Hui04], is a combination of some features of
the DEVS formalism (Discrete EVent Systems specification) and Statecharts. Both DEVS and
Statecharts can be mapped to DCharts, so in terms of expressive power DCharts is at least as
powerful as these two. Denis Dubé has rebuilt a visual modeling environment for the DCharts

formalism by applying his formalism-specific user-interface and layout techniques [Den06].

1.3 Model-Driven Approaches

1.3.1 Modeling

Models are an abstraction of reality. The structure and behavior of systems we wish to analyze
or design can be represented by models. These models, at various levels of abstraction, are
always described in some formalism or modeling language. In addition to the syntaz of a model

(how it is represented), one needs to also specify its meaning (i.e., assign semantics).

One can for example specify on the one hand how a system dynamically evolves over time.
On the other hand, it is possible to concentrate purely on the static structure of the system,
without specifying its dynamic transitions between states. This demonstrates how, depending

on the circumstances, one has to choose the right modeling abstraction.

As another example, during the analysis phase of a software project, models are typically
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Modelling Lanquages
{Formalisms)

Semantic Mapping
Function

Graphical

Figure 1.2: Modeling Language Breakdown

very informal and at a high level of abstraction (“back of the envelope sketches”). During
detailed design on the other hand, models are meticulously specified to enable, for example,

code generation for embedded systems.

In many cases, a combination of multiple models representing different views, at various levels
of abstraction, and using a plethora of formalisms, is required to fully describe the system
under study.

1.3.2 Dissecting a Modeling Language

To “model” modeling languages and ultimately synthesize visual modeling environments for
those languages, we will break down a modeling language into its basic constituents. This is
illustrated in Figure 1.2. It is inspired by the description by Harel and Rumpe [HR00].

As mentioned previously, the two main aspects of a model are its syntax (how it is represented)

on the one hand and its semantics (what it means) on the other hand.

The syntax of modeling languages is traditionally partitioned into concrete syntax and abstract
syntaz. In textual languages for example, the concrete syntax is made up of sequences of
characters taken from an alphabet. These characters are typically grouped into words or tokens.
Certain sequences of words or sentences are considered valid (:.e., belong to the language). The
(possibly infinite) set of all valid sentences is said to make up the language. Costagliola et.
al. [CLOPO02] present a framework of visual language classes in which the analogy between
textual and visual characters, words, and sentences becomes apparent. Visual languages are
those languages whose concrete syntax is visual (graphical, geometrical, topological, ...) as

opposed to textual.

For practical reasons, models are often stripped of irrelevant concrete syntax information during
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syntax checking. This results in an “abstract” representation which captures the “essence” of
the model. This is called the abstract syntar. Obviously, a single abstract syntax may be
represented using multiple concrete syntaxes. In programming language compilers, abstract
syntax of models (due to the nature of programs) is typically represented in Abstract Syntax
Trees (ASTs). In the context of general modeling, where models are often graph-like, this

representation can be generalized to Abstract Syntaz Graphs (ASGs).

Once the syntactic correctness of a model has been established, its meaning must be specified.
This meaning must be unique and precise. Meaning can be expressed by specifying a semantic
mapping function which maps every model in a language onto an element in a semantic domain.
For example, the meaning of a Causal Block Diagram is given by mapping it onto an Ordinary
Differential Equation. For practical reasons, semantic mapping is usually applied to the abstract
rather than to the concrete syntax of a model. Note that the semantic domain is a modeling
language in its own right which needs to be properly modeled (and so on, recursively). In

practice, the semantic mapping function maps abstract syntax onto abstract syntax.

To continue the introduction of meta-modeling and model transformation concepts, languages
will explicitly be represented as (possibly infinite) sets as shown in Figure 1.3. In the figure,

insideness denotes the sub-set relationship.
The dots represent model which are elements of the encompassing set(s).

As one can always, at some level of abstraction, represent a model as a graph structure, all
models are shown as elements of the set of all graphs Graph. Though this restriction is not
necessary, it is commonly used as it allows for the design, implementation and bootstrapping of
(meta-)modeling environments. As such, any modeling language becomes a (possibly infinite)
set of graphs. In the bottom center of Figure 1.3 is the abstract syntax set A. It is a set of

models stripped of their concrete syntax.

Meta-modeling is a heavily over-used term. Here, we will use it to denote the explicit description
(in the form of a model in an appropriate meta-modeling language) of the abstract syntax set
A. Often, meta-modeling also covers a model of the concrete syntax. Semantics is however not
covered. In the figure, the set A is described by means of the model meta-model of A. On the one
hand, a meta-model can be used to check whether a general model (a graph) belongs to the set
A. On the other hand, one could, at least in principle, use a meta-model to generate all elements

of A. This explains why the term meta-model and grammar are often used inter-changeably.

Several languages are suitable to describe meta-models in. Two approaches are in common use:

1. A meta-model is a type-graph. Elements of the language described by the meta-model
are instance graphs. There must be a morphism between an instance-graph (model)
and a type-graph (meta-model) for the model to be in the language. Commonly used
meta-modeling languages are Entity Relationship Diagrams (ERDs) and Class Diagrams
(adding inheritance to ERDs). The expressive power of this approach is often not suffi-
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Meta-Models

model of [[.]1)

Semantic Domain

Figure 1.3: Modeling Languages as Sets

cient and an extra constraint language (such as the Object Constraint Language in the
UML) specifying constraints over instances is used to further specify the set of models in
a language. This is the approach used by the OMG to specify the abstract syntax of the
Unified Modeling Language (UML).

2. A more general approach specifies a meta-model as a transformation (in an appropriate
formalism such as Graph Grammars) which, when applied to a model, verifies its mem-
bership of a formalism by reduction. This is similar to the syntax checking based on
(context-free) grammars used in programming language compiler compilers. Note how

this approach can be used to model type inferencing and other more sophisticated checks.

Both types of meta-models (type-graph or grammar) can be interpreted (for flexibility and
dynamic modification) or compiled (for performance).

Note that when meta-modeling is used to synthesize interactive, possibly visual modeling envi-
ronments, we need to model when to check whether a model belongs to a language. In free-hand
modeling, checking is only done when explicitly requested. This means that it is possible to
create, during modeling, syntactically incorrect models. In syntaz-directed modeling, syntactic

constraints are enforced at all times during editing to prevent a user from creating syntacti-
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cally incorrect models. Note how the latter approach, though possibly more efficient, due to
its incremental nature —of construction and consequently of checking— may render certain valid
models in in the modeling language unreachable through incremental construction. Typically,
syntax-directed modeling environments will be able to give suggestions to modelers whenever

choices with a finite number of options present themselves.

The advantages of meta-modeling are numerous. Firstly, an explicit model of a modeling lan-
guage can serve as documentation and as specification. Such a specification can be the basis for
the analysis of properties of models in the language. From the meta-model, a modeling envi-
ronment may be automatically generated. The flexibility of the approach is tremendous: new
languages can be designed by simply modifying parts of a meta-model. As this modification is
explicitly applied to models, the relationship between different variants of a modeling language
is apparent. Above all, with an appropriate meta-modeling tool, modifying a meta-model and
subsequently generating a possibly visual modeling tool is orders of magnitude faster than
developing such a tool by hand. The tool synthesis is repeatable and less error-prone than
hand-crafting.

As a meta-model is a model in an appropriate modeling language in its own right, one should
be able to meta-model that language’s abstract syntax too. Such a model of a meta-modeling
language is called a meta-meta-model. This is depicted in Figure 1.3. It is noted that the
notion of “meta-" is relative. In principle, one could continue the meta- hierarchy ad infinitum.
Luckily, some modeling languages can be meta-modeled by means of a model in the language
itself. This is called meta-circularity and it allows modeling tool and language compiler builders

to bootstrap their systems.

A model m in the Abstract Syntax set (see Figure 1:3) needs at least one concrete syntax. This
implies that a concrete syntax mapping function & is needed. & maps an abstract syntax graph
onto a concrete syntax model. Such a model could be textual (e.g., an element of the set of
all Strings), or visual (e.g., an element of the set of all the 2D vector drawings). Note that
the set of concrete models can be modeled in its own right. It is noted that grammars may
be used to model a visual concrete syntax. Also, concrete syntax sets will typically be re-used
for different languages. Often, multiple concrete syntaxes will be defined for a single abstract
syntax, depending on the user. If exchange between modeling tools is intended, an XML-based
textual syntax is often used. If in such an exchange, space and performance is an issue, an
binary format may be used instead. When the formalism is graph-like as in the case of a circuit
diagram, a visual concrete syntax is often used for human consumption. The concrete syntax
of complex languages is however rarely entirely visual. When for example equations need to be

represented, a textual concrete syntax is more appropriate.
Finally, a model m in the Abstract Syntax set (see Figure 1.3) needs a unique and precise mean-
ing. As previously discussed, this is achieved by providing a Semantic Domain and a semantic

mapping function [[.]]. This mapping can be given informally in English, pragmatically with



1.3 Model-Driven Approaches 12

code or formally with model transformations. Natural languages are very ambiguous and not
very useful since they cannot be executed. Code is executable, but it is often hard to under-
stand, analyze and maintain. It can be very hard to understand, manage and derive properties
from code. This is why formalisms such as Graph Grammars are often used to specify semantic
mapping functions in particular and model transformations in general. Graph Grammars are a
visual formalism for specifying transformations. Graph Grammars are formally defined and at
a higher level than code. Complex behavior can be expressed very intuitively with a few graph-
ical rules. Furthermore, Graph Grammar models can be analyzed and executed. As efficient
execution may be an issue, Graph Grammars can often be seen as an executable specification
for manual coding. As such, they can be used to automatically generate transformation unit

tests.
1.3.3 Computer Automated Multi-Paradigm Modeling
Computer Automated Multi-Paradigm Modeling (CAMPaM) [VdL03] aims to simplify the

modeling of complex systems by supporting

o Multi-Formalism modeling, concerned with the coupling of and transformation between

models described in different formalisms; and

o Model Abstraction, concerned with the relationship between models at different levels of

abstraction;

This is achieved through Meta-Modeling as well as the explicit modeling of Model Transforma-

tion.

Meta-modeling can help in defining high abstraction level notations. With meta-modeling, we
can describe, using a high-level, visual notation, the (possibly graphical) syntax of languages
for particular needs: domain-specific visual languages. Such languages have the potential to
greatly increase system quality and reduce development costs, as they are notations tailored to

specific needs.

Some languages such as the UML are rigorously defined through meta-modeling. But meta-
modeling the syntax of a language is only one side of the coin. One needs to formally specify the
semantics of a language as was mentioned before. We may be interested in defining a language’s
operational semantics (i.e., how models described in the language are simulated or executed),
or its denotational or transformational semantics (i.e., defining a mapping onto another well-
defined language; this may include code generation when mapping onto a virtual machine).
We may also wish to optimize the models (i.e., reduce the complexity without removing salient
features). As models, meta-models and meta-metamodels can all be described as attributed,
typed graphs, Graph Grammars can be used as a formal, graphical and high-level notation to

specify the model transformations.
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AToM?, A Tool for Multi-formalism and Meta-Modeling, developed in the Modeling, Design and
Simulation Lab (MSDL) of McGill University by Juan de Lara and Hans Vangheluwe [dLV02a],
implemented these meta-modeling and graph transformation concepts. The tool was proven
to be very powerful, allowing the meta-modeling of known formalisms such as DEVS [PB03],
Statecharts [BV03, Fen03], UML Class Diagrams and Activity Diagrams [dLV05], Finite State
Automata [VdLO02], Petri Nets [dLV02b], GPSS [dLV02d], Process Interaction Networks [dLV04],
Hybrid Systems [LJVdLMO04, dLGV04, dLVAMO3], Causal Block Diagrams [PdLV02, dLVA04b),
Dataflow Diagrams [dLV02c| (a subset of Simulink) and many others. More importantly, many

new formalisms were constructed using the tool, such as the Traffic formalism [JdLMny].

The philosophy of AToM? is to model everything explicitly. That is, not only formalisms and
transformations are modeled explicitly, but also composite types and the user interfaces of the
generated tools. In fact, the entire AToM® tool was bootstrapped from a small kernel with

code-generating capabilities.

1.4 A Model-Driven Approach to Scenario-Based Requirements En-
gineering

We propose a model-driven approach to scenario-based requirements engineering, as shown in

Figure 1.4.

The approach starts at the top level of the figure which models requirements of a system in sce-
narios by means of formalisms such as Use Cases, Sequence Diagrams, or Use Case Charts [Whi05].
Then, state-based behavior models (e.g., Statecharts [Har87] or DCharts [Hui04] models) can
be generated automatically by model transformation. At this point, we can already use gen-
erated hierarchical state machines (HSMs) to do some automatic simulation by tools such as
SCASP [Whi05], RHAPSODY [HKPO5], and SVM [Fen03], and even synthesize code for ex-
ecution by tools such as the Statechart compiler SCC [Hui04]. However, HSMs are limited
to the cases where explicit timing information or interactions between components are impor-
tant for simulation, analysis and verification. So we further transform these HSMs to models
in formalisms such as DEVS, Communicating Sequential Processes (CSP), or Timed Petri Nets
(TPN). Some examples can be found in [dLV02b, BVOQ]. We can now map HSMs into models
of one single formalism, kiltera [Ern07], which allows mapping onto other formalisms as shown
in Figure 1.4. Since the mapping from HSMs to kiltera is not trivial, we will still need human

intervention to aid in refinement.

Kiltera aims to provide the means to model complex, dynamic, possibly large, interacting
systems which have a structure that changes over time. As kiltera combines the ability to
observe the passage of time and describe a system’s behavior in a time-dependent manner, with
the ability to describe changes in the network of communications between components, it is easy

to derive models for simulation, analysis or verification from Kiltera by model transformation.

Then we can do model checking, analysis, simulation or animation with those derived models.
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TRUE / FALSE TRUE /FALSE  YES/NO PASS / FAIL

Figure 1.4: A Model-Driven Approach to Scenario-Based Requirements Engineering

Another advantage of our approach is that the inputs of these tasks, such as queries, perfor-
mance metrics and test cases, can be automatically generated from the scenario models done
at the beginning. Furthermore, as illustrated at the top of Figure 1.4, the scenario models
can be used to generate textual or graphical representation of requirements in a language the

customers are familiar with for their evaluation and immediate feedback.

As shown at the top of Figure 1.4, there is a transformation which leads to a dependability
analysis model. This shows that it is easy to transform scenario models to some formalism such
as DA-Charts for some specific analysis (e.g., dependability analysis) [MSKV06]. A detailed
example will be given in a case study in Section 4.

The key to the success of our approach is the application of meta-modeling and model trans-

formation as introduced in previous sections.

This thesis implements some key parts of the approach, in particular for those steps enclosed
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in the dashed rectangle on the top of Figure 1.4. Specifically, the main contribution of this
thesis is the implementation of a visual modeling environment for building scenario models, for
automatic transformation to behavior models for further analysis, and for automatic generation

of requirements text from scenario models.



Sequence Diagrams Meta-Modeling in AToM?

The following sections illustrate how to build a visual modeling environment for Sequence
Diagrams with AToM3.

First, we give a brief introduction to Sequence Diagrams formalism. Then we define the meta-
model using Class Diagrams which provides the abstract syntax (denoting entities of the for-
malism, their attributes, relationships and constraints) as well as the concrete visual syntax
(how the entities and relationships should be rendered in a visual interactive tool, as well as
the possible layout constraints). Finally, we model the reactive behavior of formalism-specific
user-interfaces be means of the new framework developed in Denis Dubé’s M.Sc. thesis [Den06].

This new framework greatly simplifies the building of a visual modeling environment for a
domain-specific formalism. Rather than purely hard-coding the environment, the reactive
behavior of the visual modeling environment, including formalism-specific behaviors and layout

considerations are explicitly modeled. Subsequently, the interactive environment is synthesized.

2.1 Sequence Diagrams Basics

Sequence Diagrams are a visual modeling language, which is the UML variant of Message
Sequence Charts, used primarily to show the interactions between objects in the sequential
order that those interactions occur. One of the primary uses of sequence diagrams is in the
transition from requirements expressed as scenarios to the next and more detailed level of

refinement. Scenarios are often refined into one or more sequence diagrams.

The main purpose of a Sequence Diagram is to define event sequences that result in some
desired outcome. The focus is less on the messages themselves and more on the order in which
messages occur. Nevertheless, most sequence diagrams will communicate what messages are
sent between a systems objects as well as the order in which they occur. The diagram conveys
this information along the horizontal and vertical dimensions: the vertical dimension shows,
top down, the time sequence of messages/calls as they occur, and the horizontal dimension

shows, left to right, the object instances that the messages are sent to/from.

o Lifeline. When drawing a sequence diagram, lifeline notation elements are placed across

the top of the diagram. Lifelines represent either roles or object instances that participate
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in the sequence being modeled. Lifelines are drawn as a box with a dashed line descending

from the center of the bottom edge. The lifelines name is placed inside the box.

The UML standard for naming a lifeline follows the format:

InstanceName : ClassName

o Messages. The first message of a sequence diagram always starts at the top and is
typically located on the left side of the diagram for readability. Subsequent messages are
then added to the diagram slightly lower than the previous message.

To show an object (i.e., lifeline) sending a message to another object, one draws a line
to the receiving object with a solid arrowhead (if a synchronous call operation) or with
a harpoon arrowhead (if an asynchronous signal). The message/method name is placed
above the arrowed line. The message that is being sent to the receiving object represents

an operation/method that the receiving objects class implements.

o Combined Fragments. In most sequence diagrams, the UML1.x “in-line” guard is not
sufficient to handle the logic required for a sequence being modeled. This lack of func-
tionality was a problem in UML1.x. UML2.0 has addressed this problem by removing the
“in-line” guard and adding a notation element called a Combined Fragment. A combined
fragment is used to group sets of messages together to show conditional flow in a sequence
diagram. The UML2.0 specification identifies eleven interaction types for combined frag-
ments. In this thesis we model four of them which are mostly used: alternatives, option,

parallel and loop.

o Alternatives. Alternatives are used to designate a mutually exclusive choice between
two or more message sequences. Alternatives allow the modeling of the classic “if
then else” logic. The word “alt” is placed inside the frames namebox. The larger
rectangle is then divided into Interaction Operands. In UML, Operands are sep-
arated by a dashed line. Each operand is given a guard to test against, and this
guard is placed towards the top left section of the operand on top of a lifeline. If an
operand’s guard equates to “true”, then that operand is the operand to follow. Al-
ternative combination fragments are not limited to simple “if then else” tests. There
can be as many alternative paths as are needed. Note that according to UML2.0,
if more than one alternative is true, one of them is selected nondeterministically for

execution.

e Option. The option combination fragment is used to model a sequence that, given
a certain condition, will occur; otherwise, the sequence does not occur. An option
is used to model a simple “if then” statement. The option combination fragment

notation is similar to the alternation combination fragment, except that it only has
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one operand and there never can be an “else” guard. To draw an option combination
one draws a frame. The text “opt” is placed inside the frame’s namebox, and in the
frame’s content area the option’s guard is placed towards the top left corner on top
of a lifeline. Then the options sequence of messages is placed in the remainder of

the frame’s content area.

e Loop. Occasionally one will need to model a repetitive sequence. In UML2.0, model-
ing a repeating sequence has been improved with the addition of the loop combina-
tion fragment. The loop combination fragment is very similar in appearance to the
option combination fragment. One draws a frame, and in the frame’s namebox the
text “loop” is placed. Inside the frame’s content area the loop’s guard is placed to-
wards the top left corner, on top of a lifeline. Then, the loop’s sequence of messages

is placed in the remainder of the frame’s content area.

o Parallel. The parallel combination fragment element needs to be used when creating
a sequence diagram that shows parallel processing activities. The parallel combina-
tion fragment is drawn using a frame, and one places the text “par” in the frame’s
namebox. The frame’s content section is broken up into horizontal operands sepa-
rated by a dashed line. Each operand in the frame represents a thread of execution

done in parallel.

o Interaction Uses. An interaction use refers to an interaction. The interaction use is a
shorthand for copying the contents of the referred interaction to where the interaction
use is. An interaction use is drawn using a frame. The text “ref” is placed inside the
frame’s namebox, and the name of the sequence diagram being referenced is placed inside

the frame’s content area.

A constraint for interaction use is that the interaction use must cover all lifelines of the

enclosing interaction that appear within the referred interaction.

2.2 Sequence Diagrams Meta-Model

The Sequence Diagrams formalism, shown in Figure 2.1, was modeled in the Class Diagrams for-
malism within AToM3. The latter formalism is similar to UML Class Diagrams, in that it has
classes with attributes, associations with multiplicities, and inheritance. The main difference
lies in the fact that the AToM? version allows one to immediately generate a formalism-specific
editor, with a generic visual modeling environment, from the Class Diagram and extra informa-
tion. The rectangular boxes in the class diagram become the nodes/vertices in the generated
formalism. Each of them gets a name attribute that appears on or near the visual icon in the

generated formalism. The nodes and the meaning of their attributes are as follows:

o Interaction is a representation of the entire model. All other entities will be contained

by this entity, since it is responsible for providing basic Ul handling. The notation for
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an Interaction in a Sequence Diagram is a solid-outline black rectangle. The Interaction

name is in a pentagon in the upper left corner of the rectangle.

e Lifeline represents an individual participant in the Interaction. A Lifeline is shown using
a symbol that consists of a black rectangle forming its “head” followed by a vertical
line that represents the lifetime of the participant. A Lifeline has two attributes which
represent the name of the participant class (instance Name) and the name of an instance
of that class (className) respectively. These attributes are displayed inside the head

rectangle in the following format:
instanceName : className

There is no significance to the horizontal ordering of the lifelines.

o ActionFragment is used to hold syntactic points (called OccurrenceSpecifications in UML)
at the ends of Messages. An ActionFragment is represented as a green thin rectangle that
covers the Lifeline line. In our meta-model, we restrict an ActionFragment to have at most
one OccurrenceSpecification on each side. Since the order of these points along a Lifeline
is significant denoting the order in which these OccurrenceSpecifications will occur, we
strongly recommend to use only one OccurrenceSpecification for each ActionFragment
unless there is a case where the order is insignificant. The absolute distances between the

OccurrenceSpecifications on the Lifeline are, however, irrelevant for the semantics.

The ActionFragment is actually the combination of an atomic ExecutionSpecification
and an OccurrenceSpecification of UML2.0. The main reason for the combination is to
simplify the definition of the Graph Grammar rules for transforming Sequence Diagrams

to Statecharts which is described in Section 3.

o CombinedFragment is defined by an interaction operator and corresponding interaction
operands. A CombinedFragment is represented as a solid-outline black rectangle with
the operator shown in the upper left corner of the rectangle. Depending on what kind
of operator is defined, specific constraints can be imposed on the number of operands
a CombinedFragment can contain. For example, “option (opt)” or “loop” must have

exactly one operand.

o InteractionOperand is contained in a CombinedFragment. An InteractionOperand, with
an optional guard expression, represents one operand of the expression given by the
enclosing CombinedFragment. An InteractionOperand is depicted as a solid-outline gray
rectangle with the optional guard shown in the upper left corner of the rectangle. This
visual representation is not adhere to the UML standard but makes both the graphical
component layout and model transformation easier to be implemented. For example, the
implementation of the Ul scoping mechanism is much easier by using a rectangle than by

a line.
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o InteractionUse refers to another Interaction. The InteractionUse is a shorthand for copy-
ing the contents of the referred Interaction where the InteractionUse is. It is common to
want to share portions of an interaction between several other interactions. An Interac-
tionUse allows multiple interactions to reference an interaction that represents a common
portion of their specification. An InteractionUse is represented as a solid-outline black
rectangle with the name of the referred Interaction shown in the upper left corner of the

rectangle.

The entities whose icons have a hexagonal shape at the top are generated as relationships/edges.
They come in two types, which are set via edit dialogs. The first type is the invisible hierarchical
relationship. The following entities are of this type: InteractionContains, CombinedFragment-
Contains, InteractionOperandContains, and InteractionUseCovers. AToM?® was extended to
internally keep track of such hierarchical relationships, so finding parents and children is easy.
The second type of relationship is the visible arrows, which possess attributes just like the

nodes did. The visual relationships and the meaning of their attributes are as follows:

o ActionConnection represents a connection between a Lifeline and an ActionFragment, or

between two ActionFragments which cover the same Lifeline.

o Message defines a particular communication between Lifelines of an Interaction. A Mes-
sage associates two OccurrenceSpecifications - one sending OccurrenceSpecification and
one receiving OccurrenceSpecification. The “message” attribute defines the signature of
the Message. A message is shown as a line from the sender to the receiver with a filled ar-
row head. The “isSynchronous” attribute determines whether the message is synchronous
of asynchronous. The “description” attribute is used when one wants to give some cus-
tomized description about the message. This customized description will be used when

requirements text is generated from this Sequence Diagram (see details in Section 3.6).

In AToM3 meta-modeling environment, one can specify visual representations (concrete visual
syntax) for all visible entities of the generated formalism in its meta-model. Figure 2.2 lists

these icons attached to each entity of the meta-model shown in Figure 2.1

2.3 Formalism-Specific Ul Modeling

Although the class diagram in Figure 2.1 is sufficient to generate a working modeling environ-
ment for Sequence Diagrams formalism, more formalism-specific Ul modeling is needed for two

main reasons.

The first reason is that the general purpose layout methods can not be directly applied to
Sequence Diagrams due to the following special layout requirements. First, because the vertical
dimension of a sequence diagram is the time axis. This requires proper ordering of elements
along it denoting causality. Second, all entities of a sequence diagram should be aligned in both
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Figure 2.2: Visual representations of the meta-model of the Sequence Diagrams formalism

dimensions (i.e., horizontally and vertically) in aesthetic ways. Third, due to the introduction
of combined fragments, a sequence diagram will have a hierarchical structure. In other words,
unless a layout method is constructed for the purpose of dealing with compound graphs, graphs
with hierarchical containment, the layout method will be of no use. Without automatic layout
support there is a significant risk that modelers will avoid adding to an existing Sequence

Diagrams model simply because the task of doing the layout manually is so time consuming.

The second reason for doing formalism-specific Ul modeling is to maximally constrains users,
allowing them, to only build syntactically and semantically correct models (i.e., to prevent
users from constructing sequence diagrams that are illegal at the abstract syntax level). This
is particularly devastating for novice modelers. For example, one could have an interaction
operand directly enclosed in any other containment entities but combined fragments; or one
could connect an interaction use to some lifelines which do not even exist inside the interaction
that that interaction use refers to.

In general, the goal is to make the visual modeling environment as user-friendly as possible.
Thanks to Denis Dubé’s thesis work [Den06], we can now use his new framework to explicitly -
model the behavior of Sequence Diagrams-specific user interfaces to achieve the above goals. The
framework has greatly shortened the time for building such a formalism-specific user interface.
The framework works as follows. First, a model of generic user-interface reactive behavior is

constructed. The code generated from this model is generally applicable to most formalisms

(i.e., it is formalism independent). Thereafter, each formalism provides additional models that
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refine the generic Ul behaviors with more specific behaviors. Using visual cues (bounding
boxes), the correct formalism-specific or generic behavior is chosen even in the presence of
multiple simultaneous formalisms. Finally, the formalism-specific behaviors themselves include

automatic graph layout method invocations in specific sequences and appropriate times.

We follow the approach proposed in [Den06}, by altering the buttons model of the generated
formalism, observing events with the use of pre and post statecharts, acting on events with
Sequence Diagrams formalism and entity-specific statecharts, and handling layout for each hi-

erarchical Sequence Diagrams entity (again with a statechart).

Furthermore, statecharts models built in [Den06] were our excellent starting point for building

statecharts models for our new formalism.

Also, we follow the conventions used in [Den06] to describe these statecharts. That is, in the
following subsections, the labels on the states and transitions of the Ul behavior statecharts
use a custom notation to make them more expressive. A star, x*, indicates that action code
is present. A plus, x+, indicates that a different statechart handles the action. Parenthesis,
<x>, indicate that the trigger event is generated by another statechart, such as the pre/post
UI observers or another Ul behavior statechart. Regular brackets, (x), indicate the event
was generated by the initialization routine for the entity when it is first instantiated. Square
brackets [x] indicate that the event was generated by the statechart itself, usually within the

action code of a state.
2.3.1 Buttons Model

The buttons model is a trivial model, in the aptly named Buttons formalism. The buttons in this
model correspond directly to the buttons that appear in the AToM? application’s formalism
toolbar. Buttons models are automatically generated from a meta-model, such as a class

diagram, to allow a user to create the entities specified in the meta-model.

A more exotic change to the buttons model is also needed. The Interaction entity creation
button is modified to instantiate 5 different statecharts. A statechart for controlling buttons
behavior, a pre and a post statechart, an Interaction specific behavior statechart, and finally
an Interaction specific layout statechart. These will be discussed further in the following sub-
sections. The number of different statecharts may seem excessive, but Interaction is not an
ordinary entity. Its purpose is to provide a formalism-specific override to the generic Ul be-

havior.

The other entity-creating buttons, such as for creating a Lifeline, are also modified. Instead of
the buttons creating the entity in question on the canvas, they directly send an event to the
Interaction’s button statechart. Thus, the Interaction is made fully responsible for the creation
of all other entities. Due to this approach, it is impossible to create a new entity outside of the

visual container formed by the Interaction.
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2.3.2 Button Behavior Model

The button behavior model is quite simple and is shown in Figure 2.3. When the button to
create entity X is pushed, the events “<Reset>" and “<X Button>" are sent to this statechart.
If not already there, the statechart moves to an Idle state upon receipt of the first event. The
second event then moves it to a state whereby entity X can get instantiated. It then waits
for an event requesting the creation of that entity. The “<Create>" event is generated by
the Interaction specific behavior statechart when it intercepts and handles the “Model Action”

event. See Section 2.3.4 for more details.

Button Behaviour

InteractionActions e
Lifeline Mode

T: <Create>*

T: <Lifeline Button>
ActionFragment Mode

T: <Resol J: <Create>*
: <Reset>
¢ <ActionFragment Butt

CombinedFragment Mode

: <CombinedFragment Button>

Idle N

T: <Create>

T: <InteractionOperand Button>
InteractionOperand Mode
()
T: (crpate)” . <InteractionUse Button>
T: <Create>*
T: Bl

Detault <Gate Button>

interactionUse

Gate Mode T: <Create>

: <Create>*

Figure 2.3: Button Behavior Statechart

2.3.3 Pre/Post Observer Statechart Models

A pre Ul statechart observes events before the generic Ul behavior statechart acts on them.
The pre Ul statechart is shown in Figure 2.4. Likewise, the post Ul statechart observes events
just after the generic Ul behavior statechart acts on them and is shown in Figure 2.5. For
the Sequence Diagrams formalism, these observers prove useful mainly for the following four

events: deletion, selection, the drop after dragging selected entities, edit, and save.

The deletion event is useful for two reasons. The first of these is rather trivial. It removes
the pre/post statecharts from the main event loop if the Interaction instance has been deleted.
The second is a layout consideration. If an action fragment is deleted, then its parent, an

interaction operand or the interaction, may require less area. Thus it makes sense to send the
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Pre Ul observer
Initial

T: Start
A: atom3i = eventhandler.get_event_params()
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Figure 2.4: Pre Ul Observer Statechart
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Figure 2.5: Post UI Observer Statechart
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behavior statechart of the parent a layout request event. The parent’s behavior chart will in
turn send a layout request event to the parent’s layout statechart, where the layout will finally
be handled. At the very least, this layout will result in the parent container shrinking itself to
occupy less space. Ultimately, the parent may also completely redraw itself and its contents in

a new configuration that takes advantage of the state’s removal.

The selection event makes it possible to detect what entities are selected. If an entity with
hierarchical children, via containment relationships, is selected, then the children should also
be selected. This makes it impossible for a user to delete or drag a container entity without

doing the same to the contained children entities.

The drop event at the end of a drag and drop operation allows for dragging multiple entities
outside the Interaction scoped UI environment. This is very useful for temporary editing
by a modeler. For example, one could drag a combined fragment out of the Interaction,
which triggers a containment disconnect (as the next section will show), and then drag the
combined fragment back into another interaction operand inside the Interaction, triggering a

new containment relation inside an interaction operand.

The save event triggers a procedure to generate an XML file which stores some basic information
about the current Interaction model (e.g., in which file the model is stored, what lifelines it
contains, and etc.). This information is used for validation when the model is referred to by
an interaction use in another model. For example, an interaction use is valid if the lifelines it

covers exist in the referred interaction model (see Section 2.3.4).

Finally, the edit event simply triggers an edit dialog. It could have been handled with entity-
specific behavior statecharts. However, if edit were only handled by the Interaction behavior
statechart, then an entity outside the containment of Interaction could not be edited.

2.3.4 Formalism Entity-Specific Behavior Models

All visual entities of the Sequence Diagrams formalism require their own behavior models. The
most important of these are those associated with the artificial entity that contains all oth-
ers of the Sequence Diagrams formalism and those of the combined fragments and interaction
operands. Referring to the class diagram in Figure 2.1, these are Interaction, CombinedFrag-
ment and InteractionOperand respectively. At the other extreme, the behavior statechart for
Message, is trivial. All the remaining entities, excluding the non-visual containment relation-

ships, use behavior statecharts that are subsets of that of the interaction operand.
interaction Behavior Statechart

The behavior of the Interaction (see Figure 2.6) entity begins with initialization when the entity
is first created. This initialization includes a “(create)*” trigger that sets the active state to

“Idle”. From then on, the following four events trigger interesting behavior:

1. The “<InteractionSelect>*" event is generated by the post Ul observer statechart. The
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Interaction Behaviour Modet
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Figure 2.6: Interaction Behavior Statechart

event indicates that Interaction has been selected by the user. It is then necessary to
ensure that all the hierarchical children of Interaction are also selected so that delete and

drag operations work as expected.

2. The “<Control-Button-Press-3>" event is directly captured from the main event loop
and explicitly handled, thus halting its propagation. This event indicates that a Sequence
Diagrams formalism entity should be added to the canvas. Note that the same event is
generated if one uses the AToM? menu system or a keyboard/mouse shortcut. The actual
creation of an entity is of course handled by the button behavior statechart previously

seen in Section 2.3.2.

3. The “<Control-Button-Press-1>*" event is also directly captured from the main event
loop. Moreover, this event triggers a lock, forcing all events in the main event loop to
only this statechart. The lock is only released when either an arrow is finally created or
the process is aborted, via the “<Arrow Created>*" and “Reset*” events reépectively.
It is necessary to refine the behavior found in the generic Ul behavior statechart for two
reasons. The first is merely for the convenience of the user. Instead of allowing the user to
draw arrows to indicate containment relationships, only transitions may be drawn. This
saves time, and a perfectly good drag-and-drop method exists for creating and destroying
containment relationships as shall be shown later in this section. The second reason is

simply to know when transitions are actually created so that their Ul behavior statecharts
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may be initialized.

The “<Arrow Created>*" event also invokes a procedure which aligns a lifeline and all
action fragments along it, if the created arrow is an ActionConnection (a link between a
lifeline and an action fragment or between two action fragments), or aligns an interaction

use and a lifeline it covers if the created arrow is of type InteractionUseCovers.

4. The “<layoutRequest>" event is generated exclusively by the Ul behavior statecharts of
the children entities of Interaction. This event occurs when a new entity is created since
the new entity will be contained by the Interaction and thus upsets the old layout. The
event can also occur when Interaction is idle, such as when an entity is manually dragged
by the user. The layout request is forwarded to the layout statechart of the Interaction,
described in Section 2.3.4.

Before the layout request is forwarded, two formalism-specific layout procedures are done.
First, each lifeline and all action fragments along it are aligned vertically. Second, all

visual links (i.e., links of types of ActionConnection and Message) are straightened out.

CombinedFragment Behavior Statechart

The behavior of the CombinedFragment (see Figure 2.7), is the most complex of all. Fortu-
nately, it is also re-usable by many other entities as shall be shown further on in this section.
The initialization phase is rather involved, with two main possibilities. The first is that an
interactive session with the user is in effect, in which case the “(create)” trigger signals the
creation of a new Interaction. Immediately, the user is presented with a dialog asking him in
which of the entities in the region of the newly created CombinedFragment they would like to
contain the new fragment. If the fragment is successfully connected to either an Interaction
or another InteractionOperand, then the “[didConnect]” trigger is generated, followed by a
“<layoutRequest>" event to the container, and finally a “[Done]” event to set the state to
“HasParent”. If the fragment is not successfully connected, then a “[didNotConnect]” event is

generated and the active state is set to “NoParent”.

Finally, the second of the two possibilities is that the model was being loaded rather than
interactively edited. In this case, a “(loadModelCreate)” event is first sent when the Com-
binedFragment is first instantiated, setting the active state to “NoParent”. Then a second
“(loadModelCreate)” event is sent if a containing relationship is instantiated with this Com-
binedFragment as its parent, thus setting the active state to “HasParent”. The following is
a list of all the events that occur after the initialization phase. Unless stated otherwise, the

events are generated by the post Ul observer statechart.

1. The “<InteractionSelect>*" event is dealt with in the same manner as the Interaction

UI behavior statechart. All hierarchical children are selected.

2. The “<InteractionDrop>” event indicates that this fragment, among potentially many
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CombinedFragment Behaviour Model
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Figure 2.7: CombinedFragment Behavior Statechart

other entities, has just been dragged and then dropped. The transition with this trigger
promptly generates two events: “[Done|”, which restores the active state to either “No-
Parent” or “HasParent”, followed by “[drop]”, which causes hierarchical connection or
hierarchical disconnection, respectively, to be attempted. A disconnection occurs only if
the entity has been dropped outside of its parent container and the user has explicitly
agreed to disconnect it. This triggers a “<layoutRequest>” followed by an attempt to

hierarchically connect the disconnected fragment in its new location.

. The “<InteractionDelete>" event indicates that this fragment is to be deleted. Before
being erased, it warns its hierarchical container parent with a “<layoutRequest>". In
this fashion the parent can find a new layout that takes advantage of the extra space
afforded by the deleted entity.

. The “<layoutRequest>" event is generated exclusively by the Ul behavior statecharts of
the children entities of CombinedFragment, just as it was in Interaction. This event occurs
whenever the children of this entity are modified by the user, such as by add/removing
them from the CombinedFragment or by simply moving them. The layout request is
forwarded to the layout statechart of the CombinedFragment, described in Section 2.3.4.
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Message Behavior Statechart

The behavior of the Message is trivially simple, as Figure 2.8 shows. As noted earlier, the
message is a hyper-edge only in the meta-model, in the generated Sequence Diagrams formalism
itself it is a simple directed edge with one source and one target. The transition is first initialized
with a “(create)” event. Afterwards, it simply awaits “<Edit>*" events from the post Ul
behavior chart in order to apply changes made in its edit dialog. These changes affect the

information content of the label associated with the message.

essage Behaviour Model

T: (create
Default*

T: <Edit>*

Figure 2.8: Message Behavior Statechart

Other Behavior Statecharts

The Ul behavior statecharts of the remaining Sequence Diagrams formalism entities are subsets
of the one previously shown for CombinedFragment. The behavior statechart of Interaction-
Operand entity which is also a hierarchical container entity, has the same structure of that of
CombinedFragment.

The remaining entities are not hierarchical container entities, but rather primitive children.
They include Lifeline, ActionFragment, and InteractionUse. The main structural difference
between their UI behavior statecharts and that of the one for CombinedFragment is that they -
do not accept the “<layoutRequest>" event. Naturally, no entity exists that would generate

and send it to them.

Another difference the InteractionUse Ul behavior statechart has is it accepts “<Edit>" event.
The event indicates that the user has opened an edit dialog on the InteractionUse attributes.
In particular, the user may give or change the name of the referred interaction. Thus the
transition with this trigger event will execute action code to load the XML file of the referred
interaction. The XML file stores basic information about the Interaction model it represents
(e.g., in which file the model is stored, what lifelines it contains, and etc.) and is generated
when the model is saved (see Section 2.3.3). Then, the information retrieved from the XML
file is used for validation. First, an interaction use is valid if the lifelines it covers exist.in the
referred interaction model. Second, an interaction can not contain an interaction use which

refers to the interaction itself to avoid infinite looping.

In all other aspects, the Ul behavior statecharts are identical to that of the CombinedFragment.
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Layout Behavior

We reuse one of the layout behavior statechart models in [Den06], the one using the built-in
Force-transfer layout algorithm, as the basic layout behavior model of the Sequence Diagrams
formalism. The model is shown in Figure 2.9. Structurally, it is very simple. It is initialized
with a “(create)*” event and is thereafter ready to do layout. The “<applyLayout>" event,
which triggers the layout sequence, is generated by the behavior statechart associated with
the entity requiring layout. This occurs when the entity’s behavior statechart enters the state

“serviceLayoutRequest+”. Thereafter, the following sequence of actions occur:

jnteraction Layout

T: <create>*

equestlLayoutOnParent*

k parent = self.getHierParent(
k parent.Ul_Statechart.event(kiayoutRequest>")
k eventhandler.event({Done]’

T: [Done)

T: <applyl ayout> T: [requestParentLayout]

/Y
k doForceTransferLayout(sel]
k eventhandier.event({Donel|

FhrinkWrap
k noPosSizeChangeFlag = shfinkWrapLayout(self, 50)

T: [Done] k noParentFlag = self.getHierfParent() == None

k needLayoutFlag = not{noPo$SizeChangeFlag or noParentFlag)
k msg = [[Done], [requestParentLayout]

[k eventhandler.event(msgnegdLayoutFiag])

Figure 2.9: Force-Transfer Layout Statechart

1. Apply the built-in general purpose layout algorithm. Inside the action code, a choice is
made of which types of entities and links that should be sent to the layout algorithm. This
choice is generally limited to only the direct children entities of the hierarchical container
parent and the visual arrows between them. Moreover, all the parameters passed to the

layout algorithm are chosen. After the layout is applied, a “[Done|” event is generated.

2. Apply a trivial shrink-wrapping algorithm. This simply fits the hierarchical parent to be
visually just large enough to contain all its children entities. As is explained in the third

action, either a “[Done]” or a “[requestParentLayout]” event are generated when done.

3. Send a layout request to the behavior statechart of the parent of this hierarchical con-
tainer. This action is only taken conditionally, which is depicted in the layout statechart
using two alternate transitions. Clearly one condition is that the hierarchical container
possesses a hierarchical parent itself. The other condition is that the hierarchical con-
tainer has either moved or changed size. Obviously, if neither position nor size have
changed, the layout of the higher-levels of the hierarchy are completely unaffected. Fi-
nally, a “[Done]” event is generated and the layout statechart returns to the “Idle”, ready

state.
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The propagation of layout requests described in action 3 propagate upwards only, in the current
implementation. In other words, they propagate from the lowest to the highest level of the
hierarchy. This is because the lowest level of the hierarchy will determine a layout that uses a
certain area. Requesting this lower level] hierarchical container to use more space is meaningless,
since area is at a premium. Requesting it to use less spacé is equally unfeasible, since it will
simply result in overlap. By obscuring information, overlap defeats the purpose of automatic

layout.

2.4 Sequence Diagrams Modeling in AToM?

Figure 2.10 shows the visual environment of the Sequence Diagrams formalism built in AToM3.
The buttons on the top panel give access to all the entities to be used in a Sequence Diagram

model.

AToM3 v0.3 using: SeguenzeDiagrosy3 META

Interaction_2

x<0
Interaction_2

Figure 2.10: Sequence Diagrams modeling environment built in AToM3

The illustrated Sequence Diagram model contains one interaction (and only one, as constrained

by the meta-model) which encloses three lifelines: a : A4, b: B, ¢ : C. There is an interaction
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use between message foo and bar which refers to interaction Interaction_2 (containing lifelines
a: Aandb: B and a series of messages between a : A and b : B (not shown in this model)). An
“alternative” combined fragment follows message bar which contains three operands: = > 0,
r == 0 and z < 0. Each of the first two operands, £ > 0 and z == 0, contains one message
sending from b : B to ¢ : C. Inside the last operand, in case of z < 0, the same behavior which

is modeled in Interaction_2 and represented by the second interaction use repeats.



Model Transformation

3.1 Introduction

The transformation of models is a crucial element in all model-based endeavors [VALO04|. As
models and meta-models are essentially attributed and typed graphs, we can transform them
using graph rewriting. Transformation models are specified in the form of Graph Grammar
formalism. Graph grammars are a natural, formal, visual, declarative and high-level represen-
tation of the transformation. A Graph Grammar is composed of an ordered set of rules. A
rule consists of a Left Hand Side (LHS) graph and a Right Hand Side (RHS) graph. Rules can
have applicability conditions (pre-conditions) and actions (post-actions) which are checked and

performed respectively when the rule is applied.

Rules are evaluated in order against a host graph which represents the model to be transformed.
If a graph matching is found between the LHS graph of a rule and a subgraph of the host graph,
the rule is eligible to be applied. Then,:the pre-condition of the rule is evaluated. If it is true,
the rule is applied. When a rule is applied, the matching subgraph of the host graph is replaced
by the RHS graph of the rule. After a rule matching and subsequent application, the graph
rewriting system starts the search again. The graph grammar execution ends when no more

matching rules are found.

Nodes and links in LHSs and RHSs are identified by means of numbers (labels). If a number
appears on both the LHS and the RHS of a rule, the node or connection is retained when the
rule is applied. If the number appears only on the LHS, the node or connection is deleted when
the rule is applied. Finally, if the number appears only on the RHS, the node or connection is
created when the rule is applied. Node and connection attributes in LHSs must be provided
with attribute values which will be compared with the node and connection attributes of the
host graph during the matching process. These attributes can be set to ANY, or may have
specific values. In the RHS, we can specify changed attribute values for those nodes which also
appear in the LHS. In AToM3, we can either copy the value of the attributes of the LHS, specify
a new value, or associate arbitrary Python code to compute the attribute value, possibly based

on other nodes’ attributes.

During formalism transformation we have a model in a source formalism that is transformed to
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a model in a target formalism. The model elements in the source formalism could be related to
each other. The application of a rule may introduce the counterpart model element from the
target formalism for a model element in the source formalism. Removing the source formalism
model elements at this stage will destroy all its relationships and hence we have no way to
find out what it connects to. To precisely keep track of source formalism elements and their
counterpart elements in the target formalism, we use a GenericGraph formalism which acts as
a ‘helper” during the transformation. The GenericGraph formalism consists of only two types
of elements, GenericGraphNode and GenericGraphEdge. This is cleaner than adding “helper”
relationships to either of those two formalisms or than using some of the relationships of those

two formalisms out-of-context.

3.2 Sequence Diagrams Model to Statecharts Model

The Sequence Diagrams formalism is used primarily to show the interactions between objects by
means of messages arranged in time sequence. It has become one of the most important tools in
scenario-based requirements engineering process, as it can be used to capture and elicit dynamic
and functional behaviors of a system, in a very readable but also quite formal way. One of the
primary uses of sequence diagrams is, during the requirements phase of a project, to transition
from requirements expressed as use cases to the next and more detailed level of refinement.
Then during the design phase, architects and developers can use the diagram to force out the
system’s object interactions and the overall system design. Not only analysts, architects and
developers can benefit from the diagram, but a business staff can also find sequence diagrams

useful to communicate.

Statecharts are the essence of executable models. By executing (or simulating) the model,
we can learn the behavior of the system precisely so the requirements of the system can be
validated. The transition from interaction diagrams (e.g., Sequence Diagrams, Live Sequence
Charts [DHO1] and Use Case Charts [Whi05]) to Finite State Machines (e.g., Statecharts) has
become one of the key activities in object-oriented analysis and design. The generated state
machines can be simulated by tools such as Rhapsody [Rha] and SVM [Hui04].

Since the release of the new UML specification, UML 2.0 [MLS05], the Sequence Diagrams
formalism has become more powerful and rigorous as it provides more well-defined constructs.
For example, structured control constructs (Combined Fragments) such as loops, conditionals,
and parallel execution, are introduced, which provide a more precise way to model more complex
flow of control. The introduction of Interaction Uses (an interaction use is a reference to another
interaction, which is usually defined in its own sequence diagram) provides a natural way to

reuse existing sequence diagrams and decompose more complex sequences into simpler ones.

The richness of constructs of the Sequence Diagrams formalism is definitely one advantage,
but also a big challenge for its transformation to other formalisms, e.g., Statecharts. For

example, since combined fragments are actually nested structures which can form a series of
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nested scopes inside an interaction, the transformation procedure needs to be able to transform
recursively inside each scope and combine results with outer scope ones. This is not an easy
nor intuitive task (using existing graph transformation engines). Another challenge is how to
transform interaction uses, i.e., replacing them with actual interactions and combining them for
ultimate transformation to other formalisms. The following sections will explain the strategy

and algorithms for tackling these problems in details.
3.2.1 Four Phases of the Transformation

We now present the Graph Grammar rules used to transform a Sequence Diagram model to
a Statechart model. The graph grammar consists of forty-six rules. In order to explain them
clearly, these rules are grouped into four categories according to their function and different
phases in which they are executed during a transformation. Figure 3.1 depicts these four

phases, which will be explained in the subsequent sections. Now they are summarized here.

—)Clnitialize Interaction ModeD

@port referred to Interaction

Transform Interaction

@ptimize resulting DCharts mod@

|

@

Figure 3.1: Four phases of the transformation

1. Imitialization. In this phase, the source model is parsed, and some global and local data
structures which are used in the following phases to help to control the transformation

flow are initialized.

2. Importation. In this phase, all Interaction Use fragments are dereferenced, i.e., replaced
by the actual Interaction referred to. This is an optional phase, since an interaction
is valid without any interaction use. As an interaction use can refer to an interaction
which in turn contains other interaction uses, this process can be recursive. However,
an interaction can not contain an interaction use which refers to the interaction itself
to avoid infinite looping. This constraint (specified in the meta-model of the Sequence
Diagrams formalism) is checked when the model is saved (see Section 2.3.4). Because

the importation will change the original model by adding new elements, Initialization is
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needed again after this phase.

3. Transformation. This is the core phase of the whole transformation. The transformation
proceeds in two dimensions. The horizontal dimension follows the order of appearances
of different objects. The vertical dimension follows the order of occurrences of a series of
messages. The procedures ensure the processing is in the correct order with consideration

of nested control constructs.

4. Optimization. After the previous two phases, an executable Statecharts model is gen-
erated. However, a number of redundant elements are also added to the target model
in those phases, which makes it hard to read or refine. This phase is analogous to the

optimization phase after the code generation of a compilation.

Figure 3.2 shows an example of Sequence Diagrams in AToM3. We use this example to illustrate
the key concepts and algorithms of the transformation process. On the left side of the figure
is the interaction Interaction_l which contains three lifelines a : A, b : B and ¢ : C, three
messages be fore, after and dolt, and one interaction use between the two messages which
refers to interaction Interaction 2 and covers lifelines a : A and b : B. On the right side of
the figure is the Interaction_2 which contains two lifelines a : 4 and b : B as Interaction_l
does and one combined fragment whose operator is “alt”. Inside the “alt” combined fragment,
there are two alternative operands, “z > 0” and “x <= 0”, which contain two messages foo
and bar respectively. Note that number labels are added for action fragments which are not in

the original models for ease of the illustration.

Interaction_1 Interaction_2
a : A b : B c G a A b B
1 3
before :
9
Interaction_2 ;

10

Figure 3.2: A simple example of Sequence Diagrams model in AToM?



3.2 Sequence Diagrams Model to Statecharts Model 38

3.2.2 Phase One: Initialization

This phase aims to initialize some data structures (others are initialized in other phases when
necessary) used in the next phases to help the control of the transformation flow. In general,
there are three reasons why we need these data structures for the transformation procedure.
First, it is because of the complex nature of the Sequence Diagrams formalism, as we discussed
previously. Second, as the use of the graph-matching and the simple ordering of graph gram-
mar rules (in AToM3, which only supports any minimal “programmed graph rewriting”) is
inadequate to control the complex transformation flow in our case, if they work only by them-
selves. Last, it is because we want to reduce the number of the graph grammar rules which is
already over forty. The evaluation and manipulation of these data structures are implemented

by intensively using pre-condition and post-action of graph grammar rules.

The initialized data structures (or variables) are listed in Table 3.1 and Table 3.2. There are
two categories: Global and Local. The global ones are linked with the model graph under
transformation and can be accessed anytime and anywhere. For example, mazScope keeps the
information about the maximum number of scopes an Interaction model currently has, which
is determined by how many levels of nested structured control constructs (e.g., Combined
Fragments) the model contains. The local ones are linked to specific graph elements which
normally can only be accessed when these elements appear in a rule. For example, the scope of
a Combined Fragment element remembers the number of the scope the element itself is at. For
instance, if a Combined Fragment element CF is directly contained inside an Interaction, then
CF;.scope = 0; and if another Combined Fragment CF; is inside CFy, then CFy.scope = 1.
One important use of this scope is to determine whether the element of a matched subgraph is
in the right scope the transformation is currently working on. This is one of the pre-conditions

to be evaluated to determine if a rule can be executed.

As we will explain in Section 3.2.4, the transformation of a sequence diagram proceeds in order
of objects (or lifelines) from left to right, and from top to bottom along each lifeline. Two
important types of information need to be known to ensure the correct ordering. First, which
lifeline is currently being transformed, which is recorded by g_currentLifeline. Second, the ver-
tical ordering of messages and fragments along each lifeline (recorded in coveredLifelinesMap
and position) and what the vertical position of the current transformation is (recorded by
g-currentPosition).

The coveredLifelinesMap of a Combined Fragment in Table 3.2 is needed. The reason is that
each Combined Fragment may cover multiple Lifelines. And for each of these Lifelines, the
vertical position of the Combined Fragment is different, and a flag to remember if an iteration
of the transforming process is done on that Combined Fragment is needed. The reason for
the use of coveredLifelinesMap of an Interaction Operand is similar, but without the need to

remember the vertical position.

In order to clearly explain all graph grammar rules for the transformation of a Sequence Diagram
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Table 3.1: Global data structures initialized in Phase One

Name Type Description

g-initialized boolean If initialization of an Interaction is done

g-maxScope int Deepest level of nesting an Interaction has

g-topLevelCombinedFragments list List of all Combined Fragments at top level

g-transitionCount int Counter for the number of transitions generated so
far, used to generate a globally unique name for a
transition

g_stateCount int Counter for the number of states generated so far,
used to generate a globally unique name for a state

g_currentLifeline object  Lifeline element being transformed

g_currentPosition int Vertical position of a Lifeline the transformation is
working on

g-currentScope int Nesting scope the transformation is working on

g_currentOptimizationScope  int Nesting scope the transformation is working on dur-
ing optimization

g_currentInteractionUse object  Interaction Use being transformed

g-currentImportedInteraction object Interaction being imported because of an Interac-

tion Use

g-originallnteraction

object

Interaction used to distinguish from imported ones
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Table 3.2: Local data structures initialized in Phase One
Name Linked Element Type Description

coveredLifelinesMap CombinedFragment dict Map of a Combined fragment to re-
member its vertical position on a
Lifeline and whether it is processed
for each covered Lifeline. Mapping:
lifeline — [position,isProcessed)

scope CombinedFragment int Nesting scope of a Combined frag-
ment inside an Interaction

ggParent CombinedFragment object Parent element of a Combined frag-
ment

coveredLifelinesMap InteractionOperand dict Map of an Interaction Operand

to remember if it’s processed for
each of covered Lifeline. Mapping:
lifeline — [isProcessed]

belongsTo ActionFragment object  Lifeline to which an Action fragment
belongs
position ActionFragment int Vertical position of an Action frag-

ment on its root Lifeline

scope ActionFragment int Nesting scope of an Action fragment
inside an Interaction

scopeHasSet ActionFragment boolean If the nesting scope of an Action frag-
ment is set
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model to a Statecharts model, we adopt the following method: first, we give a list of the rules
with their order and short descriptions in a table; then we show their concrete visual syntax;

and finally we describe the necessary algorithms.

There is one graph grammar rule in this phase which should be executed after the Initial Action
of the whole graph grammar and may be executed each time after the importation of referred
interactions is done ,if necessary. As there is no concrete visual syntax for this rule, we only
list it in Table 3.3.

Table 3.3: Graph Grammar rules in execution order in Phase One
Order Rule Name Description
0 initInteraction Initialize data structures used in the next phases to
help the control of the transformation flow.

The pre-condition is very simple, just check if the global g_initialized is true. The main

procedure of the initialization in the post-action has three steps:

1. setPosition(graph). Set the vertical position of each of the Action Fragment and Com-

bined Fragment elements along a Lifeline. The algorithm is shown in Algorithm 1.

2. setScope(graph). Set the scope of each of the Action Fragment and Combined Fragment

elements. The algorithm is shown in Algorithm 2.

3. initiateGlobals. Set default values of other unset global variables.

We do not provide details about some procedures used in the Algorithm 1 and Algorithm 2, be-
cause their names are self-explanatory(for example, hasNextActionFragment, getNext Action Fragment,
etc.). k

3.2.3 Phase Two: Importation

In this phase, all Interaction Use fragments are replaced by the actual referred to Interactions.
This is an optional phase, since an interaction is valid without containing any interaction use.
As an interaction use can refer to an interaction which in turn contains other interaction uses,
this process can be recursive. Because the importation will modify the original model by adding
new elements, Phase One is repeated after this phase.

To combine the two interactions, two things need to be determined for each of the lifelines in
the imported interaction. First, which action fragment is in the head position along a lifeline,
and which one is the tail (they could be the same one). Second, which action fragment is in the
position just before the interaction use along the lifeline in the original interaction, and which

one is just after that interaction use (there could be none) .

It would be hard to achieve this task in a simple way if we only use the graph matching of

graph grammars. So, we use some auxiliary data structures which are shown in Table 3.4. The
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Algorithm 1 setPosition(Graph graph)
for all lifeline in graph do
count = 0
while hasNextActionFragment(lifeline) do
actionFragment = getNextActionFragment(lifeline)
actionFragment.belongsTo = lifeline
actionFragment.position = count
if insideCombinedFragment(actionFragment) then
combinedFragment = getParent(actionFragment)
setCFPosition(combinedFragment, lifeline, count)
end if
count +=1
end while
end for

#F# set position of CombinedFragment recursively
setCFPosition(CombinedFragment combinedFragment, Lifeline lifeline, int position):
if not hasSetForCurrentLifeline(combinedFragment, lifeline) then
combinedFragment.coveredLifelinesMap/lifeline] = [position, False]
if insideCombinedFragment(combinedFragment) then
parentCombinedFragment = getParent(combinedFragment)
setCFPosition(parentCombinedFragment, lifeline, position)
end if
end if

Algorithm 2 setScope(Graph graph)
g_maxScope = 0
interaction = getInteraction(graph)
for all combinedFragment in interaction do
g-topLevelCombinedFragments.append(combinedFragment)
setCFand AFScope(combinedFragment, 0)
end for

#+4 set scope of CombinedFragment and ActionFragment recursively
setCFand AFScope(CombinedFragment combinedFragment, int scope):
if scope > g_maxScope then
g-maxScope = scope
end if
for all containedEntity in combinedFragment do
if isinstance(containedEntity, ActionFragment) and not containedEntity.scopeHasSet
then
containedEntity.scope = scope + 1
containedEntity.scopeHasSet = True
end if
if isinstance(containedEntity, CombinedFragment) then
setCFand AFScope(combinedFragment, scope+1)
end if
end for
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procedure of the task is used in the post-action of rule importInteraction and the algorithm

is shown in Algorithm 3.

Table 3.4: Local data structures linked with a Lifeline element in Phase Two

Name Type Description

headAF object  Action fragment in the head position

tailAF object  Action fragment in the tail position

beforeAF object  Action fragment in the position before the interaction use referring to

the enclosing interaction

afterAF object  Action fragment in the position after the interaction use referring to
the enclosing interaction

If we apply the algorithm to the example shown in Figure 3.2, the values of the variables
attached to the lifelines graph elements of Interaction.2 will be set as shown in Table 3.5.
Note that af stands for ActionFragment and the subscript numbers correspond to those shown

in Figure 3.2.

Table 3.5: Settings of variables after applying Algorithm 3 on Figure 3.2

Lifeline headAF tailAF beforeAF  afterAF
a:A afr afs af afs
b: B afy afio afs afy

There are thirteen rules in this phase which are shown in Figures 3.3, 3.4 and 3.5.

The list of rules, their execution order and short descriptions are given in Table 3.6. Note
that some rules have the same order which can have two meanings. First, it means that there
is a mutually exclusive choice between conditions of these rules. For example, only one of
connectHead AFFirst and connectHeadA FFirstPrime will be executed in one process iteration.
Second, it implies that the actual execution order of these rules is determined randomly and

makes no difference. For example, the rules with order of 8.

The result of the transformation upon the example sequence diagram is shown in Figure 3.6.
Note that number labels are added for action fragments which are not in the original models for
ease of the illustration. Note how a special “seq” combined fragment which has only one operand
is added by rule createWrapperCF to enclose all elements imported from Interaction 2. It is
redundant after this phase and will be removed by the optimization described in Section 3.2.5.

As an interaction may contain more than one interaction use, the strategy to control the flow of

the transformation is to ensure we transform one interaction use at a time. That is, one iteration
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Algorithm 3 setInteractionUsePosition(Graph graph)
importedInteraction = getImportedInteraction(graph)
g_currentImportedInteraction = importedInteraction
for all lifeline in importedInteraction do

lifeline.tailAF = None
lifeline.head AF = getNextActionFragment(lifeline)
while hasNextActionFragment(lifeline) do
lifeline.tailAF = getNextActionFragment(lifeline)
end while
lifeline.beforeAF = None
lifeline.after AF = None
originalLifeline = getOriginalLifeline(g-originallnteraction)
setInteractionUsePositionHelper (originalLifeline, lifeline)
end for
#+# set replacement positions based-on geometrical coordinates
setInteractionUsePositionHelper(Lifeline originalLifeline, Lifeline lifeline):
(x-u, y_iu, m_iu, n_iu) = getGraphBoundaryBox(g_currentInteractionUse)
while hasNextActionFragment(originalLifeline) do
actionFragment = getNextActionFragment(lifeline)
(x-af, y_af, m_af, n_af) = getGraphBoundaryBox(actionFragment)
if n.af < y_iu then
lifeline.beforeAF = actionFragment
end if
if (n-u < y_af) and (lifeline.afterAF # None) then
lifeline.afterAF = actionFragment
end if
end while
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Rule 1 : importinteraction
LHS — RHS

Pre-condition:
retumn (g_currentinteractionUse == None)

Post-action:
1 1 interactionUse = LHS.getNodeWithLabel(1)
g_currentinteractionUse = interactionUse

interactionPath = getinteractionPath(interactionUse.refersTo}
<ANY> <COPIED> atom3i.loadModel{interactionPath)

setinteractionUsePositlon(atom3i.getCurrentModelGraph())

Rule 2 : connectHeadAFFirstPrime

LHS — RHS
1 4 1 4
<ANY> <ANY> & <COPIED> <COPIED>
LANY>  :<ANY> KANY> i <ANY> LCOPIEDXCOPIED] | KCOPIED=COPIEDS
T 1 1
3 3
[

Pre-condition:

interaction = LHS.getNodeWithLabel(1)

lifeline = LHS.getNodeWithLabel(2)

headAF = LHS.getNodeWithLabel(3)

originalinteraction = LHS.getNodeWithLabel(4)

originalLifeline = LHS.getNodeWithLabel(5)

return (interaction == g_currentimportedinteraction) and (not lifeline._headAFConnected) and (headAF == lifeline. headAF) and
lifeline.beforeAF == None) and (originalinteraction == g_originallnteraction) and (lifeline.instanceName == originalLifeline.InstanceName) and
lifeline.className == originalLifeline.classnema)

Post-action:
lifeline = LHS.getNodeWithLabel(2)
lifeline._headAFConnected = True

Rule 2 : connectHeadAFFirst
LHS — RHS

Pre-condition:
1 1 interaction = LHs;qutNodewnhLabel(l)
lifeline = LHS.getNodeWith|
<ANY> <COPIED>, A | headar o LS etNosewith 2beitD)
2 beforeAF = LHS.getNodeWithLabei(4)
ren:rlrl\f(llrlntera’::tlogA:E g_cuctrreedn)tlmportedlnteractlon) and
not lifeline._hea onne and
KANY>  :<ANY> kCOPIED=COPIEDS headAF ==ifeline.headAF) and

(beforeAF == lifeline.beforeAF)
T 4 T

Post-action:
lifeline = LHS.getNodeWithLabel(2)
3 B lifeline,_headAFConnected = True

Rule 3 : connectHeadAFSecond
LHS — RHS

. Pre-condition:
1 1 Interaction = LHS.getNodeWithLabel(1)
4 lifeline = LHS.g: odeWIth bel(2)

<ANY> aq <COP|502 successorAF = LH tNodeWithLabel(3)

2 beforeAF = odeWithLabel(d
retum (Interactlon == g_currentimportedinteraction) and
{beforeAF == lifeline.beforeAF) an
{successorAF != lifeline.headAF)

bvi

KANY> <ANY> kCOPIED»COPIED:

Figure 3.3: Graph Grammar rules in execution order in Phase Two - Part One
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Rule 4 : connectTailAFFirst
LHS — RHS

Pre-condition:

1 1 interaction = LHS.getNodeWithLabel(1)}

lifeline = LHS.getNodeWithLabel(2)

<ANY> <COPIED> retum (interaction == g_currentimportedinteraction) and
2 (lifeline. headAFConnected) and

(headAF == lifeline.headAF) and

(lifeline.afterAF == None)

KANY> <ANY>

Rule 5 : connectTailAFSecond
LHS — RHS

Pre-condition:
1 1 interaction = LHS.getNodeWithLabel(1)
3 lifeline = LHS.getNodeWithLabel(2)
<ANY> <COPIE02 tallAF = LHS.getNodeWithLabel(3)
2 aferAF = LHS.getNodeWithLabel(4)
{ettér'r;f(l'?terah o&:g g_mtlmgonedlnteracﬂon) and
not lifeline. nea onn an
KANY> :<ANY> KCOPIEDCOPIEDS tailAF == Ieline.tailAF) and

4 T afterAF =m lifeline.afterAF)

T

Post-action:
lifeline = LHS.getNodeWithLabel(2)
3 ) lifeline._tallAFConnected = True

Rule 6 : connectTailAFThird
LHS — RHS

Pre-condition:
1 :y;tflractlo‘r:” = LH%. oeJN&dk%ﬂg\eLagel(l)
3 <COPIED>, 3 | predecessora = LS

I(
predecessorAF = LHS.getNodeWithLabel(3)
afterAF = LHS.getNodeWithLabel(4)
retumn {int on == g_ci portedinteraction) and
(afterAF == lifeline.afterAF) and
{predecessorAF != lifeline.tailAF)

<ANY> 2

KANY> <ANY>

bvi

:COPIED:COPII%D

Rule 7 : createWrapperCF

LHS — RHS

Pre-condition:
1 1 lnteurac(tjotn - th!iiS.getNo«'lo:Witi'n%“abeI('l.t)edI reraction) and
retum (interaction == g_currentim nteraction) an:
<ANY> <COPIED> (g_currentimported! g:ctiun pr CF == None)
2 Post-action:

seq wrapperCF = RHS.getNodeWithLabel(2)
3 U g_c ported i pperCF = wrapperCF

Figure 3.4: Graph Grammar rules in execution order in Phase Two - Part Two
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Rule 8 : connectAFWithWrapperCF

LHS —_ RHS
Pre-cond|
1 r eWithLabel(1
nedFragment =
<ANY> <COPIED> actionfra mwsm
[{ :un(!"l‘mmpcgno:drn-te?agm:ppm w|1(:r:gnbl;:\edhgment)
2 gn'd (not actionFragment. :onn«tedmnmrcr)
2
Post-action:
<ANY> <COPIED> actionFragment = RHS. WithLabel(4)
k M> 3 <COPIED> 3 actionFragment.coni WrapperCF = True
4 41
Rule 8 : connectCFWithWrapperCF
LHS —_— RHS
Pre-condition:
L B
men|
<ANY> 4| <ANY> <COPIED> containedCF = LHS. getNodewithL abel(4)
return (interaction == q <umntlmpomd|ntmctlon) and
(g_n(mentlmponed wrapperCF - ?nblnedlhgment)
2 2 'um‘.IMdCF RHS.. etNodethLabel(l)
‘A::::v g -3 CotainedCF connectedWithWrappercF =
> H s
4 [<copiens> |
Rule 8 : connectCFWithWrapperCF
LHS — RHS
tNod WithLabel(1)
1 menr 5 lodeWithLabel(2|
<ANY> 4| <ANY> <COPIED> tencﬁonUse-LHS getNodeth bel(4) @
return (interaction == g_currentimportedinteraction) and
(g currentimportedinteraction. m&ﬁaCF - combimdrragment)
nd (not
2 2 Post-action:
<ANY> <COPIED> InteractionUse = ms.gegnmogewmuw‘u)m
" <ANY> 3 <COPIED> 3 -
-4 [<coriED>
Rule 9 ; cleanimportedLifeline
LHS — RHS
interaction = LHS. WithLabel(1
1 1 r:t:’r‘n on sy_et_N::le bel(1)
<ANY> <COPIED>
2
KANY> <ANY>
T
Rule 10 : cleanimportedinteraction
LHS JE— RHS
!r-mdlﬂ
1 3 3 ‘"‘Em Inhcncﬁo:em I';Hdz etNodeWithLabei(1)
<COPIED> malliteraction WihLabel(3
<ANY> <ANY> mnmu;.- msgmw“ 4 bei{4) 3
nd
<ANY> 4 :nd; PperCF =a ,_cunuarmudmtgnctim wrapperCF)
2 | <COPIED> and ==
2 | <ANY> Post-action:
_cwrentimportedinteraction = None
[] cumtlnuupc.tliml}u = None
9.

Figure 3.5: Graph Grammar rules in execution order in Phase Two - Part Three
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Table 3.6: Graph Grammar rules in execution order in Phase Two

Order Rule Name

Description

1 importInteraction

2 connectHead AFFirst

2 connectHead AFFirstPrime
3 connectHead AFSecond

4 connectTailAFFirst

5 connectTailAFSecond

6 connectTailAFThird

7 createWrapperCF

8 connect AFWithWrapperCF
8 connect CFWithWrapperCF
8 connectIUWithWrapperCF
9 cleanlmportedLifeline

10 cleanlmportedInteraction

Import the Interaction model referred to by a cur-
rent target Interaction Use and initialize helper
data structures used in the next steps.

Connect the head ActionFragment of a Lifeline in
the imported Interaction with the proper one of
the same Lifeline (with the same class name and
instance name) but in the original Interaction.
Connect the head ActionFragment of a Lifeline in
the imported Interaction directly with the same
Lifeline but in the original Interaction. The check-
ing specified in the meta-model is done when the
model is saved (see Section 2.3.4).

Disconnect the ActionFragment of the Lifeline in
the original Interaction affected by previous rules
from its old successor.

Remove the Lifeline from the imported Interaction
as there is no ActionFragment of the same Lifeline
in the original Interaction need to be connected.
Connect the tail ActionFragment of a Lifeline in
the imported Interaction with the proper one of
the same Lifeline (with the same class name and
instance name) but in the original Interaction.
Disconnect the ActionFragment of the Lifeline in
the original Interaction affected by previous rules
from its old predecessor.

Create a CombinedFragment (together with an
InteractionOperand inside) for holding all Ac-
tionFragments, CombinedFragments and Interac-
tionUses inside the imported Interaction in order
to move them into the original Interaction in one
time.

Wrap ActionFragments inside the CombinedFrag-
ment.

Wrap CombinedFragments inside the Combined-
Fragment.

Wrap InteractionUses inside the CombinedFrag-
ment.

Remove Lifeline of the imported Interaction.
Connect the wrapper CombinedFragment created
earlier with the original Interaction, then remove
the imported one and the Interaction Use that
refers to it.
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Interaction_1
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a A b B c
1 before 3
seq |
alt .
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bar &
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Figure 3.6: Transformation result of Phase Two
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of the set of rules in this phase corresponds to the transformation of one interaction use. This
is implemented by evaluating and manipulating the global variable g_currentInteractionU se.
The pre-condition of rule importInteraction checks if g_currentInteractionUse is null to
start the new transformation of a matched interaction use element. The post-action of rule
cleanImportedInteraction sets g_currentInteractionUse to null to end the current iteration

and to prepare for the next potential one.
3.2.4 Phase Three: Transformation

This is the core phase which maps Sequence Diagrams to Statecharts. The transformation
proceeds in two dimensions. The horizontal dimension follows the order of appearance of
different lifelines. The vertical dimension follows the order of occurrences of a series of messages.
The procedures ensure both dimensions are processed in correct order with respect to nested

control constructs.

The strategy to transform a sequence diagram is depicted in Figure 3.7. Each iteration starts
with finding an unprocessed lifeline element. It then proceeds with messages and fragments
along the lifeline from top to bottom. If the interaction contains nested fragments, the process

continues from the outermost to the innermost of nested scopes.
There are sixteen rules in this phase which are shown in Figures 3.8, 3.9 and 3.10.
The list of rules, their execution order and short descriptions are given in Table 3.7.

Rule msgln states that a message directed towards a lifeline becomes a triggering event in
the Statecharts. Rule msgQut states that a message directed away from a lifeline becomes an
action to send that message in the Statecharts. Both of these rules result in a transition to a

new state.

A combined fragment results in a transition to a new composite state which is a container of en-
closed orthogonal components and states transformed from interaction operands and messages
by the following rules. Rule interactionOperand is a general rule for all kinds of combined
fragment operators. Based on the result of that rule, more operations are implemented in rule
operator Parallel, operator Loop and operatorOption for some specific operators. For example,
different orthogonal components representing branches of a “parallel” combined fragment are
combined into one composite state by rule operator Parallel; an extra transition from “final”
state to “default” state of a “loop” combined fragment is added by rule operator Loop; an extra
transition with the opposite guard condition from “final” state to “default” state of a “option”

combined fragment is added by rule operatorOption.

It is easy to find that some constructs are redundant after the transformation of this phase.
For example, for “loop” combined fragment, the corresponding composite state has no need
to contain its own “default” and “final” states and another enclosed composite state (and
even its enclosed orthogonal component), if the “guard” information can be somehow moved

to somewhere at the inside and the loop-back transition can also be connected between the
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Process Interaction

Has Unprocessed Lifeline?
{No]

v

Clean SD Elements

[No]
Process Lifeline

Has More Scope?

(' Increase Scope }¢— TV&s] <>

/

i> Has Unprocessed Combined Fragment?

[Yes]

Erocess Combined Fragmen%

[No]

\)’\ﬁs Unprocessed Message?
’ [No]

Process Message

Figure 3.7: The strategy of Phase Three
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Rule 11 : interaction
LHS — RHS

Pre-condition:
2 interaction = mr‘sc%emwewmuwu)
I<SPECIFIED> retum {not inte

1 1 Post-action:

G_Defautt interaction = LHS.getNodeWithLabei{1)
interaction._traversed = True
<ANY: <COPIED> G_Composite dchart = LHS.getNodeWithLabel(2)
> 4 default = .getNodeWithLabel(3)

composite .getNodeWithLabel(4)
e petadaa et

default.ggParent = dchart
final.ggParent = dchart
5 compostte.totaiChildren = 0

Rule 12 : lifeline

LHS — RHS

1 1 IIfeIIm(-ﬂﬂemogeM%ﬂ&)
Im {ni Vi
KANY> <ANY> L COPIEDRCOPIED> | {5 tomentiiteline =x Nemey ™

2 T 2 T Post-action:
lifeline - LHS. d‘emodewlﬂ\ubel(é)ﬂ(
AN «COl com) e = LHS.getNodeWithLal
v e 3«:“ LHS e Vllmubelﬂg)d (3)
Uit = e
3§SPECIFIED> . final = LHS.getNodeWithLabel(5)
i lifeline._traversed = True
C 4 composite totalChildren += 1
ct;a:l':.whmmo- orthogonat

| <SPECIFIED>

d
d =0
;nal mm = ommgonal

9_¢ cumnﬂJlellne = ifeline
g_cumentPosition = 0
9.0

IO

Rule 13 : combinedFragment
LHS — RHS

d - LHS getnwevnmune
If not cf.coveredLifelinesMap.| hu _key(g_currentLifeline):

1 <COPIED] retum False
position, pi = cf. dLife plg_currenttifeline];
preState = LHS. gemodewmubelﬂ)

'e(um {not processed) (p)oslﬂ n '-- g_cumen! u’%shfﬁton) )
and (cf.scope == preState.sco)
ind (‘c’f' Plreﬁt == prestate gghm\t)m P pe

Post-action:

.| of = LHS.getNodeWithLabel(1)

: | e m currentLifeline}{1] =
i | preState = LHS gttﬂ Wlthuhnl(!

i
353558
i i

composlte essedchlld

Rule 14 ; interactionOperand
LHS — RHS

1 3
<ANY> <ANY> 40
s <ANY>

<COPIED>

2 : <COPIED>

9.

S| ECIFIED>

iw, i

)

'n-:lmﬁ LHS. etNod WlthLabeI( ) Coms / LHS.getNodeWithLabel(1,
comi agment = .getNode 1,
has_key(g_cumrentLifeline): Inur:ctonOpcﬂM LHS. mmwm»umu
retum False composite
utoulchlld 1 plg_currentLifeline]f0] = True
interactionOperand = LHS.getNodeWithLabel(2 ren *‘
ite p::s etNode:f.thLabel S Ssmusto_cumseuteioe] 0 mE:.‘w‘:I‘J"-" RHS, !m%gdw(s)
e ot race - o - RS ot M;mmg)e«n
retum (not and (positi and d = AHS.
SRR T ’ S e et
com ngsTo == g_cumen ine) defauit.scope = final,sct M:pc = combinedfragment + 1
newComposite.remali False
mComposke mldnlldnn =]
newCom) .scope = -1

Figure 3.8: Graph Grammar rules in execution order in Phase Three - Part One
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Rule 15 : operatorLoop

LHS — RHS
1 Ry 1 [oFE posite = LHS.getNodewithLabel(1
2 ~ < 2 D> fttmu“m (not compoglte tr:versed) (d)
? (composite.belongsTo == g cumrentLifeline)
3 3 and (composite.interactionOperator == 'loop')
<ANY> Post-action:

com| = LHS. getNodeWithLabel(1
commposm mvew I:W !

> %

Rule 15 : operatorOption

LHS — RHS
1 AV Composhe = L. getNodeWthLabei(1)
com) = e
<AN2 - mmmnot :ompogne traversed) and
{composite.belongsTo == g :umntufellne)
3 and (:omposlte lnteractlondpenmr t')
<ANY> Pos

posite mLHS lodeWithLabel{1)
composite = LHS.getN: 1
composite._traversed = True

'<SPECHIED>
<@

Rule 15 : operatorParallel

RHS —
ARY 1 = LHS.gethodewithLabel(1
2 5 <ANY> €2 = LK e odeWithLabel(3
resukt = (: belongsTo == g { cumu.tfnlme) and}
3 :{ .interaction0, pars ‘;or -- ') 8
c1.un ren >
<ANY> eANY> o : if cl.total p'lgcmldnn ==L unpmczssedchlldren:
i 6 : Ise: result
: : else:
H : retumn result and c2.remained
[ : Post-action:
i ¢l = LHS.getNodeWithLabel(1)
k o €2 = LHS. ?etNodeWIU\LaMﬂ)
if cmhlcmldun -: cl.unprocessedChildren:
4 c2.remained = True
cl. unpmssedchlldnn =1
Rule 18 : msgin
LHS — RHS
Pre-condition:
1 2 [ | U, corenl? | Holiotioamntay, .,
messal el
hd PIED> preState = LHS, 3em¢.wmm|(s)
3 3 return (not message._in_trav ; and
belongsTo == g_currentLifeline) and
Lt o) A& LeoPiED. x::m == g ClrentPosi ﬁ::& and
4 <ANY> ‘ »<COPEI-,E i | (afggParent -p:'pmsnm ggParent)
5 . <COPIED> H Pon-onlon-
: H .getNodeWithLabel{3)
oO—~=n ; <SPECIFIEDy Detiale 2 Ui sgmmmmuuus))
<ANY> H - newState - RH! With! (6)
<SPEGIFIED> msnte gghnnt - gnShh .ggParent
T | imenpeston 2
LHS — RHS
Pre-condition:
1 2 1 2| af=Lhs. gemod;.v&moz (1) -
<COI message = LH:
<ANY> OPIED> fe = LS. gethodewnLabells)
3 3 return (not message._in ersed) and
a zs9d maneLitaine) and
v 4 Lesmien : ;:::--- preSh(e ot méand
4 <ANY> : i<COPlsED opt) and,
<CQPIED> i | Post-action:
5 O—m 7| <SPECIFIED:| Message = Lis.getodeithiabals)
<ANY> i | newState = RHS.getNodeWithLabel(6)
6 message._in traversed = True
’ <SPECIFIED> newState. wPlrent = ggstnh .ggParent
e [ g’m"smh

Figure 3.9: Graph Grammar rules in execution order in Phase Three - Part Two
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Rule 20 : connectWithFinal
LHS — RHS Pre-condition:

if g_.currentScope < i_maxScope:
1 g_currentScope +=
1 retum False
O—= <COHED> reState = LHS.getNodeWithLabel(1)
<ANY> nal = LHS.getNodeWithLabel(2)

RO U
preState.ggParent == final.ggParent) an
2 . 2 (preState.scope == final.scope)

Post-action:
LHS.getNodeWithLabel(2)._traversed = True

Rule 21 : cleanLifeline
LHS — RHS

Post-action:
1 g_currentLifeline = None

KANY> <ANY>

Rule 22 : cleanActionFragment
LHS —_— ‘RHS

1

Rule 23 : cleaninteraction
LHS — RHS
1

pTTIS 2 <ANY> 2<copieh

Rule 25 : cleaninteractionOperand
LHS — RHS

<ANY>

Figure 3.10: Graph Grammar rules in execution order in Phase Three - Part Three
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Table 3.7: Graph Grammar rules in execution order in Phase Three

Order Rule Name

Description

11

12

13

14

15

15
15

18
18
19
20
21
22
23

24
25

interaction

lifeline

combinedFragment

interactionOperand

operatorParallel

operatorLoop
operatorOption

msgln

msgOut

setScope
connectWithFinal

cleanLifeline

cleanActionFragment

cleanInteraction

cleanCombinedFramgment
cleanInteractionOperand

Transform an Interaction element to a DChart ele-
ment, with two new state nodes and one new com-
posite node enclosed and a link to the original In-
teraction element.

Transform a Lifeline node to an Orthogonal node,
with two new state nodes enclosed and a link to the
original Lifeline node.

Transform a CombinedFragment element, which is
in the current transforming level, to a composite
node, with two new state nodes enclosed and one
new state node concatenated and a link to the orig-
inal CombinedFragment element.

Transform an InteractionOperand element, en-
closed in a transformed CombinedFragment ele-
ment, to an new Orthogonal element enclosed in a
new composite element, with two new state nodes
enclosed.

Adjust a transformed “paralle]” CombinedFrag-
ment.

Adjust a transformed “loop” CombinedFragment.
Adjust a transformed “option” CombinedFrag-
ment. :
Transform an incoming event (Message) along the
current Lifeline, to a transition and a state node.
Transform an outgoing event (Message) along the
current Lifeline, to a transition and a state node.
Increase the scope to start the transformation of
another nested level. No visual syntax.

Connect the last Basic node in any enclosing frag-
ment with a “final” state node.

Remove Lifelines.

Remove Lifelines.

Remove Interaction.

Remove CombinedFramgments.

Remove InteractionOperands.
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“default” and “final” states of the inside. We consider all of such situations and optimize
these structures as much as possible in the next phase, Optimization, to make the generated

Statecharts more readable for humans and more efficient for simulation and analysis.

The result of the transformation upon the example Sequence Diagrams is shown in Figure 3.11.
There are many states and many levels of nested composite components. Although this is a
correct synthesized statechart, most states and components are redundant and can be optimized

away.
3.2.5 Phase Four: Optimization

After the previous two phases, an executable Statecharts model is generated. However, as
discussed earlier, a number of redundant elements are also generated in the target model in
those phases, which makes it hard to read and refine. Now it is time to make some optimization
to get the final compact, readable and efficient Statecharts model. This phase is analogous to

the optimization phase after the code generation of a compilation.

There are three subphases for the optimization:

1. Orthogonal optimization. Any orthogonal component which is the only enclosed orthog-
onal of the parent composite, is considered redundant and is removed. All states and
composites enclosed by the removed orthogonal component become children of the par-

ent composite.

2. Composite optimization. Any composite which does not enclose any orthogonal compo-
nent is considered redundant and is removed. Again, all enclosed states and composites
become children of the parent component. The enclosed “default” and “final” state are
replaced by normal states and connected with outer states by transitions. As a parent
component could be a composite or an orthogonal component, there are two sets of rules
for this subphase. Since the composites could be nested, this recursive process starts from

the outermost one.

3. Transition and state optimization. Any transition without triggering and action and its

guard always true, is redundant and is removed.

There are sixteen rules in this phase which are shown in Figures 3.12 and 3.13.

Note that visual syntax of rule 34, 35, 36 and 37 are not shown in figures because they are
very similar to those of 29, 30, 31 and 32. The only difference is that the outermost container
element of the first set is a Composite component, and an Orthogonal component for the second
set. The list of rules, their execution order and short descriptions are given in Table 3.8.
After these optimizations, the final statecharts transformed from the example of Figure 3.2 is

shown in Figure 3.14.
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L N
O~ 1)

Figure 3.11: Transformation result of Phase Three



3.2 Sequence Diagrams Model to Statecharts Model

Rule 26 : orthogonalOptFirst

LHS — RHS
Pre-condition:
composite = LHS.getNodeWithLabel(1)
[<COPIEDS ] state = LHS.getNodeWithLabel(3)

retum (not state. orthogonalOptimized) and
{composite.totalChildren == lr

<COPIED> Post-action:
- composite = LHS.getNodeWithLabel{1)
2 <COPIED> : state = LHS.getNodeWithLabei(3)
! state. ongonaIOpdmlzed = True
state.ggParent = composite

Ruie 27 : orthogonalOptSecond

LHS —_ RHS
1 1 pamntCompoELm = LHS. ﬁemode:lelﬂmt)abel(l)
<ANY> <COPIED>
<COPIEQ | retum (not and
SRR 3 (parentComposnte totalChildren == 1)
2
Post-action:
rentComposite = L HS.getNodeWithLabel(1)
3 [N 2 {<COPIED> Composite = LHS,gethiodewithLabel(3)
composite._orthogonalOptimized = True
composite.ggParent = parentComposite

Rule 28 : orthogonalOptThird
LHS —_— RHS
Pre-conditi
1 composite = LHS %otﬂodewlthubel(l)
<ANY> <COPIED> return {composite.totalChildren == 1)
Rule 29 : compositeOptFirst
LHS — RHS
il it Pre-condition:
<ANY> <COPIED> ]| composite = LHS.getNodeWithLabei(1))
state = LHS. odeWithLal
7O retum (not state. compositeOptimized) and
2 20 <COPIED> || ¢ SCOpE == g_currentOp ope
<ANY> <COPIED> Post-action:
¥ composite = LHS. gelNoderthLabel(l))
3 3 state = LHS.getNodeWithLabel(7)
<ANY> « > state._compositeOptimized = True

6 . state.ggParent = composite

PO 7QASY. O
4 éd\NY> 4é <COPIED>

Rule 30 : compositeOptSecond

LHS —_ RHS
1, l—ore——— ::.m—:toc':a‘n?‘pmm LHS. tNodawn:hLabel(l)
<ANY> <COPIED> fomposite & LHS getN ou?’
7 compositeContained = LS. getNodew mubelm
20 20, T :
<ARY> <COPIED> (pamntComposlte 5Cope == g ( currentOptlmlzatlonScope)
3 N L 4 3 (:omposke.tomlchlldren >0)
> >
5 O B 6. =] o) 6. :::ntcam:;slh = LHS. qutuodevnmubelm
a : = LH WithLabel(3)
: 2D,
qghmm = pgmntComposim
4 Oanys 40 <coptens | < totalChildren -= 1

Figure 3.12: Graph Grammar rules in execution order in Phase Four - Part One
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Rule 31 : compositeOptThird

LHS —_— RHS
1 B T ——— com, "s'l‘tt‘l etNoderthLabel(l)
<ANY> <COPIED> default LHS. eta bel(5)
final = LHS. od| Wlthl.abel
5 goRD> "'m . ot default. sl:eo lte(O;):urglzed) and
not final._comy
<A(3Y> -z PECIFIED> Icomposnc scn:: - cumntOpdmIzatlonScope)
3 4 3 Post-action:
<ANY> composlghrm; = LHS. M&d&ﬂt{(ﬂ;)abel(l)
composi e
5 e} 6 () S = LS. fathodewkhLapaits
R
D} final. coi;neposltzOpHI&geg e
om)| com| i e
4é<ANY> 4 <COPIED> defaaﬁsggﬁmtp:scom;omhmnt
final.ggParent = compositeParent
Rule 32 : compositeOptFour
LHS — RHS
1 11— pMMi't‘ 'WithLabel(1
<ANY> <COPIED> composie = Lhis. getNodeW Hr Label(1) opel
<COPIED>
2
7
5 6
8
4 <COPIED>
LHS — RHS
1 Pre-condition:
state = LHS..
<CORJED> transition = etNodcwlﬂ\LabeI(l)
?
retum transition.isRedundent(}
(state.incomingTranstion{) == 1) and
. ing jon() ==
2 (state.outgoi nstion() == 1}
<CQPIED>
Rule 38 : cleanStateSecond
LHS —_— RHS
Pre-conditi
<COPIED> <COPIED> | state = LHS odewm\ Label(3)
]iAN > transition = [HS.getNodeWithLabel(5)
1 okt nemnaanegang oo 3 shd
e.incom nstion() == 2) al
<ANY> a4 (state.outgoiv?ghustlon() ==1)
4 <COPIED:
<ANY> >

Rule 39 : finalstateOptFirst

Pre-condition:

LHS — RHS transiion -fu"s etNodeWithLabel(3)
1 retum (nt transition, . finalstateOptimized)

> <CORRQ> Post-action:
3 (;3 transition = LHS. getNodew'M\Label(i)
<CORED>' transition._finaistateOptimized = Tru
2 2 4
<SPECIFIEDS

Rule 40 : finalstateOptSecond
LHS —

<ANY>

Figure 3.13: Graph Grammar rules in execution order in Phase Four - Part Two
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Table 3.8: Graph Grammar rules in execution order in Phase Four

Order Rule Name

Description

26

27

28

29

30

31

32

33

34

35

36

37

38

38

39

40

orthogonalOptFirst

orthogonalOptSecond

orthogonalOptThird

compositeOptFirst
compositeOptSecond
compositeOptThird
compositeOptFour
setOptimizationScope
compositeOptFirstPrime

compositeOptSecondPrime

compositeOptThirdPrime
compositeOptFourPrime
cleanStateF'irst
cleanStateSecond

finalstateOptFirst

finalstateOptSecond

Reconnect the enclosed state node of the removing
orthogonal component with its parent composite.
Reconnect the enclosed composite node of the re-
moving orthogonal component with its parent com-
posite.

Remove the orthogonal component which is the
only enclosed orthogonal component of the parent
composite.

Reconnect the enclosed state node of the removing
composite with its parent composite.

Reconnect the enclosed composite node of the re-
moving composite with its parent composite.
Copy transitions originally to and from the remov-
ing composite to new transitions of its inside states.
Remove the composite which does not enclose any
orthogonal component.

Increase the scope of nesting for optimization to
starts another iteration. No visual syntax.
Reconnect the enclosed state node of the removing
composite with its parent orthogonal component.
Reconnect the enclosed composite node of the re-
moving composite with its parent orthogonal com-
ponent.

Copy transitions originally to and from the remov-
ing composite to new transitions of its inside states.
Remove the composite which does not enclose any
orthogonal component.

Remove state whose only outgoing transition is re-
dundant which has one incoming transition.
Remove state whose only outgoing transition is re-
dundant which has two incoming transitions.
Replace each incoming transition of a final state
(except for the one in the top level) by a copied
transition to a new state.

Remove final states (except for the one in the top
level).
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C_lInteraction_1

G_DOGE"\
: >

G_Composite

N o Y U - PR

T: [dolt]

s_37 s_42

s_18

T: [before]

G: x>0

Figure 3.14: The final generated Statechart for the example of Figure 3.2
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3.3 Broadcasting Problem of Statecharts

As we use Harel’s Statecharts as our target formalism of the transformation, generated models
inherit the events broadcasting feature. That is, an event can be seen everywhere within a
state machine at the same time. While sometimes this is simple and convenient, the broadcast

property is not suited for modeling communication between objects.

For example, if there is another object d : D in the example Sequence Diagram (shown in
Figure 3.2) and ¢ : C sends the same message “before” to d : D after ¢ : C receives message
“dolt”, then the generated Statechart will have an extra orthogonal component “O_D_d” which
has a transition whose trigger is “before”. The problem happens when the event “before” is
triggered by the first transition in “O_A_a”. Both transitions with the trigger event “before”
in “O_B_b” and “O.D_d” are triggered, which is not a desired effect.

In the UML Statecharts, events are not broadcast globally. Broadcasting happens only within an
object. Events may be sent (multicast) to an identified set of objects through explicit channels

between them.

In this thesis, we took a simpler way to solve this problem. We narrow out the broadcasting
by giving events (transformed from messages in Sequence Diagrams) globally unique names.
Applied to the same example described above, message “before” sending froma : Atob: B
will be transformed into event “before_0” and message “before” sending from ¢ : C to d : D

will be transformed into event “before_1”.

3.4 Behavior Trace Comparison

In this section, we give an informal comparison of behavior traces between a Sequence Diagram

model (shown in Figure 3.2) and its transformed Statechart model (shown in Figure 3.14).

The Sequence Diagram model Interaction_1 (shown on the left of Figure 3.2) has two possible
complete traces because of the use of an “alternative” combined fragment (containing two
operands) in the reference interaction Interaction_2 (shown on the right of Figure 3.2). The
same thing is to the Statechart model DC _Interaction_l.

We illustrate the traces as follows:

1. In Interaction_l, lifeline a : A sends message “before” to b : B. Correspondingly, in
DC _Interaction_l, after the first transition from “G_Default” to “G_Composite”, event
“before” is generated with the transition Ts_g— s_s in orthogonal component “O_A_a” which

immediately triggers the transition T 18,596 in “O_B_b”;

2. In Interaction_l, a choice is made based on the value of variable “x”. That is, if z > 0,
then b : B sends message “foo” to a : A; otherwise, a : A sends message “bar” to b: B.
This corresponds to a series of transitions in DC _Interaction_l: if x > 0, two transitions

Ts 8518 and T 96,5 31 are triggered in parallel followed by transitions 7 15,55 and
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Ts31-.s08; if £ < 0, two transitions Ts g .11 and T 9¢_.509 are triggered in parallel
followed by transitions T 115 and T 29,5 98;

3. In Interaction_l, lifeline b : B sends message “after” to a : A. Correspondingly, in
DC _Interaction_l, event “after” is generated with the transition T 25,535 in orthogonal

component “O_B_b” which immediately triggers the transition T 5_,, 40 in “O_.A_a";

4. Finally, in Interaction_l, lifeline b : B sends message “bar” to ¢ : C. This corre-
sponds to the generation of event “bar” with the transition T 35541 in orthogonal
component “O_B_b” which immediately triggers the transition T55_s 40 in “O_C_c”, in
DC _Interaction_1.

3.5 Transformation Application on a Simple Sequence Diagram Model

In this section, we give a detailed description about the application of the graph grammars
we defined in previous sections to the Sequence Diagram model shown in Figure 3.2. We
only explain the key steps the transformation process. The complete list of steps is given in

Appendix A.

The results of Step 1 with execution of procedures setPosition (see Algorithm 1), setScope
(see Algorithm 2) and initiateGlobals) are listed in Tables 3.9 and 3.10.

Table 3.9: Transformation result of Rule initInteraction - global variables assignment

Name Value
g_initialized True
g-maxScope 0
g_topLevelCombinedFragments i
g-transitionCount 0
g_stateCount 0
g_currentLifeline None
g-currentPosition 0
g-currentScope 0
g-currentOptimizationScope 0
g-currentInteractionUse None
g-currentImportedInteraction None
g_originallnteraction Interaction.1

Steps 2 to 10 are shown in Figure 3.15. In Step 2, g_currentInteractionUse is set and the the
procedure setInteractionUsePosition (see Algorithm 3) is executed which generates results
shown in Table 3.4.
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Step 2. After importing Interaction referred by interactionUse {rule 1):

l! ! [
dolt 4
Step 3, &, Ater connecting the head o L with af 7 and af 3 with af 9 {re2):
ieraction.! Interaction 2
[« ] [ ] [ <]
. A b [
1 3
betors 3
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i
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Step 9, 10. After creating a wrapper Combi “seq” {rule 7) and enclosing the Combi o "ak’ inside the “seq":
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N -0 :
s |
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Figure 3.15: Steps 2 to 10 of the transformation from Sequence Diagrams to Statecharts
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Table 3.10: Local variables setting of ActionFragments - Round One

Element belongsTo position scope
afi lifelineg. 4 0 0
afo lifelineg. o 1 0
afs lifeliney.p 0 0
afy lifeliney.g 1 0
afs lifeliney.p 2 0
afe lifeline.c 0 0

After Steps 11 to 13 clean imported lifelines and interaction and reset some global variables,

the transformed model is shown in Figure 3.6. Step 14 executes Rule initInteraction again

and reset variables. Now, g-mazScope is set to 2 and some other local variables are set as

shown in Table 3.11.

Table 3.11: Local variables setting of ActionFragments - Round Two

Element belongsTo position scope
afi lifelineg. 4 0 0
afo lifelineg. 4 3 0
afs lifeliney.g 0 0
afy lifeliney.g 3 0
afs lifeliney.g 4 0
afe lifelinec.c 0 0
af; lifelineg. o 1 2
afs lifelineg. o 2 2
afs lifeliney.p 1 2
afio lifeliney.p 2 2

Figure 3.16 shows Steps 15 to 31 which complete the transformation from lifeline a : A to

orthogonal component “O_A_a”.

Steps 15 to 18 can be easily understood from Figure 3.16. Step 19 adds composite component

C'_1, orthogonal component O_0, states s_6 and s_7, and transitions T, 3_,c_1 and To_1_,s 4. Step

20 (Rule setScope) increases g_currentScope by 1. Step 21 adds composite C'_2, states s_8 and

s.9 and s.10, and transitions T, ¢_.c 2 and Tc o5 10-

Step 22 adds composite component

C.3, orthogonal component O_1, states s.11 and s.12, and transitions T s_.c_3 and T¢ 35.9.
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Step 15 - Rule 11: interaction

1

C_lInteraction_1

Step 31

S

- Rule 21: cleanLifeline I b

-

1 before

3

T xeett

Step 19 - Rule 14: interactionOperand
Step 21 - Rule 13: combinedFragment
Step 22 - Rule 14: interactionOperand
Step 24 - Rule 18: msgin
Step 27 - Rule 20: connetWithFinal

Step 29 - Rule 20: connetWithFinal

Step 26 - Rule 18: msgin
Step 30 - Rule 20: connetWithFinal

DC_Interaction_1

o n

[3_Composite
OAa A

Step 17 - Rule 18: msgOut

DC_interaction_t

Step 18 - Rule 13: combinedFra t
L Step 18 com| gmen!

DC_interaction_1

Step 23 - Rule 14: interactionOperand
Step 25 - Rule 18: msgOut
Step 28 - Rule 20: connetWithFinal

Figure 3.16: Steps 15 to 30 of the transformation from Sequence Diagrams to Statecharts
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Step 23 adds composite component C_4, orthogonal component O_2, states s.13 and s_14, and
transitions T g .c.4 and T 4 59. Step 24 adds state s_15 and a transition 75 11-.5.15. Step 25
adds state s_16 and a transition T, 13_,516. Step 26 adds state s_.17 and a transition 75 5_5_17.
Step 27 adds a transition T 15_,,12. Step 28 adds a transition Ty 16-.5.14. Step 29 adds a
transition Ty j9—s 7. Step 30 adds a transition T j7_.5.1. Step 31 removes lifeline a : A.

Steps 32 to 53 are very similar to those shown in Figure 3.16 as they transform lifeline b :
B to orthogonal component “O_B_b” and lifeline ¢ : C to orthogonal component “O_C_c”
respectively. From Step 54 to Step 69, all remained Sequence Diagrams elements are removed.

We get the Statecharts model shown in Figure 3.11.

From Step 70 until the end, the transformed model is further optimized to reduce unnecessary
states, composite and orthogonal components. Although the amount of steps is quite large
(over one hundred), the number of corresponding rules is not that large and most of them are
very simple. Steps 70 to 89 reconnect state or composite nodes of the redundant orthogonal
components with these orthogonals parents. Then in Steps 90 to 95, those orthogonal com-
ponents are safely removed. Steps 96 to 152 do similar things but result in the removing of
redundant composite components. The remaining steps are even simpler which remove redun-
dant states. Finally, the transformation is complete and the generated Statechart is shown in
Figure 3.14.

3.6 Requirements Generation

Before requirements are captured in the form of a series of Sequence Diagrams, they are usually
expressed in the form of Use Cases (in plain text or visually) by domain experts or end users. In
this case, it is useful to automate the mapping from a Use Case to a Sequence Diagram. Li [Li00]
proposed a semi-automatic approach to translate a use case to message sends. However, in order
to reduce the complexity of parsing a natural language and the vagueness, the approach requires

that requirements be normalized before translation.

Another way to help fill the gap between Use Cases and Sequence Diagrams is the inverse of
the previous mapping. As mentioned in Section 1.4, our model-driven approach supports that
well-defined Sequence Diagrams can be used to generate textual representation of requirements
in a natural language the customers are familiar with. The generated requirements can be used
for evaluation and immediate feedback. This process is fully automatic and provides a useful

way to refine requirements at the earliest stage.

In the following sections, we describe the algorithms of the textual requirements generation
from Sequence Diagrams models and shows its application by means of an example.

3.6.1 Algorithms

The algorithm of the main procedure is listed in Algorithm 4. The first step (shown in Al-

gorithm 5) is to initialize variables of each lifeline and the action fragments along it. These
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initialized variables are used in the next steps. The second step (shown in Algorithm 6) is
to set proper scope information of combined fragments, interaction operands, interaction uses,
and action fragments. The algorithm is similar to Algorithm 2 in section 3.2.2. The third step
(shown in Algorithm 7) is to create a list which contains all message sends. Each element of
the list is a tuple which stores the information of the source, the target, and the message itself.
The list is sorted by time sequence of the messages, visually from the top to the bottom of a
diagram. The fourth step (shown in Algorithm 8) is to insert interaction uses into the list cre-
ated in the previous step. The proper insertion position is decided by the visual position where
an interaction use appears in the diagram. That is, an interaction use is inserted either to the
first position of the list because it is the first element on the time axis, or after the message
send which is the closest one before the interaction use. The last step (shown in Algorithm 9)
is to iterate through the list to emit text description of each element, either a message send or

an interaction use.

Algorithm 4 genReq(Graph graph)
lifelines = initializeLifelines(graph)
setScopes(graph) .
messages = initializeMessages(lifelines)
insertInteractionUses(graph, messages)
emitText(graph, messages)

Algorithm 5 initializeLifelines(Graph graph)
sort all lifelines in graph in order of their geometric positions
for all lifeline in lifelines do
lifeline.actionFragments = [ |
while hasNextActionFragment(lifeline) do
actionFragment = getNextActionFragment(lifeline)
actionFragment.belongsTo = lifeline
actionFragment.scope = 0
actionFragment.scopeHasSet = False
lifeline.actionFragments.append(actionFragment)
end while
end for
return lifelines

The generated text description of a message send follows the simple format:
sourceactor + “sendsmessage” + message + “to” + targetactor

if there is no customized description of the message, i.e., the “description” attribute of the

message is left empty. Otherwise, if a user gives any more natural description to a message,
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Algorithm 6 setScopes(Graph graph)

interaction = getInteraction(graph)

for all combinedFragment in interaction do
setScopeHelper(combinedFragment, 0)

end for

for all interactionUse in interaction do
interactionUse.scope = 0

end for

## helper function for setting scope recursively
setScopeHelper(CombinedFragment combinedFragment, int scope):
combinedFragment.scope = scope
combinedFragment.emitted = False
combinedFragment.operandsNum = 0
combinedFragment.emittedOperandsNum = 0
for all interactionOperand contained in combinedFragment do
interactionOperand.parentContainer = combinedFragment
interactionOperand.emitted = False
combinedFragment.operandsNum += 1
end for
for all containedEntity contained in interactionOperand do
containedEntity.parentContainer = interactionOperand
if isinstance(containedEntity, ActionFragment) and not containedEntity.scopeHasSet
then
containedEntity.scope = scope + 1
containedEntity.scopeHasSet = True
end if
if isinstance(containedEntity, InteractionUse) and not containedEntity.scopeHasSet then
containedEntity.scope = scope + 1
containedEntity.scopeHasSet = True
end if
if isinstance(containedEntity, CombinedFragment) then
setScopeHelper(combinedFragment, scope+1)
end if
end for
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Algorithm 7 initializeMessages(List lifelines)
messages = | |
for all lifeline in lifelines do
for all actionFragment in lifeline.actionFragments do
source = actionFragment
message = getOutLink(actionFragment)
target = getOutNode(message)
messages.append((source, target, message))
end for
end for
sort messages in the order of time when they happen
return messages

Algorithm 8 insertInteractionUses(Graph graph, List messages)
for all interactionUse contained in graph do
interactionUse.closestAF = None
for all lifeline covered by interactionUse do
while hasNextActionFragment(lifeline) do
actionFragment = getNextActionFragment(lifeline)
if actionFragment is ahead of interactionUse then
if interactionUse.closestAF not None then
if actionFragment is ahead of interactionUse.closestAF then
interactionUse.closest AF = actionFragment
end if
else
interactionUse.closest AF = actionFragment
end if
end if
end while
end for
if interactionUse.closestAF not None then
index =0
for all (source, target, message) in messages do
index +=1
if source == interactionUse.closestAF or target == interactionUse.closestAF then
messages.insert(index, interactionUse)
break
end if
end for
else
messages.insert(0, interactionUse)
end if
end for
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Algorithm 9 emitText(Graph graph, List messages)
generate interaction name text
generate actors list text
for all message in messages do
if isinstance(message, InteractionUse) then
generate message text as an InteractionUse
else
(s, t, m) = message
if source.scope > 0 then
interactionOperand = source.parentContainer
combinedFragment = interactionOperand.parentContainer
if not interactionOperand.emitted then
interactionOperator = combinedFragment.interactionOperator
generate output w.r.t. the interactionOperator type
interactionOperand.emitted = True
combinedFragment.emittedOperandsNum += 1
end if
end if
generate message text
end if
end for

the generated text description of the message send follows this format:
sourceactor + customizeddescription + targetactor

As one can see, the above format is insufficient to deal with the case when there is a need
that either the “source actor” or “target actor” should appear in the middle of a description.
In order to make the generated text more natural to read, we provide two macro variables,
“$SOURCE$” and “STARGETS”, which can be include anywhere in a customized description.
They represent the real “source actor” and “target actor” respectively. That is, the generation

algorithm will replace a macro variable with the real actor.

“source actor” or “target actor” comes from its lifeline’s “instanceName” or “className” at-
tribute. If “instanceName” is not empty then “instanceName” is used to represent the actor;

otherwise, “className” is used.

The generated text description of an interaction use follows the simple format:

“Interaction” + refersTo+ “isimportedhere”

3.6.2 Example

We apply Algorithm 4 to the simple Sequence Diagrams model (shown in Figure 3.2) to generate
textual requirements. The result is shown below. Note that for this example, messages of
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Sequence Diagrams models Interaction_l and Interaction_2 are all annotated with customized
descriptions. Some of these customized descriptions contains macro variable “$STARGETS$” in
the middle of the text. For example, in Interaction_1, the annotated description of message
send 1 is “asks $TARGETS to start a service”, in which “6TARGET$” is then translated into
“p”.

Use Case: Interaction_1

Actors: a, b, ¢

Scenario:

1. a asks b to start a service

2. Interaction ’Interaction_2’ is imported here
3. b reports status to a

4. b asks ¢ to log the status

Use Case: Interaction_2

Actors: a, b

Scenario:

1. If x>0:

2 b returns a service handler to a
3. Else if x<=0:
4

a asks b to start another service



Case Study: Model-Driven Dependability
Analysis on An Elevator Control System

In this chapter, we demonstrate the usefulness of our model-driven approach in the content of
scenario-based requirements engineering, by means of an elevator control system case study. In
particular, the case study shows how the model-driven approach helps developers to model and
analyze the dependability of use cases and to discover more reliable and safe ways of designing

the interactions with the system and the environment.

The demonstration described here extends our previous work [MSKV06] by automating the
process of mapping use cases from scenario-based models (i.e., Sequence Diagrams) to state-
based models (i.e., Statecharts).

Section 4.1 provides background information on dependability, use cases, and the exceptional
use cases approach in [SMKDO05]. Section 4.2 describes our model-driven process for assessing
and refining use cases. Section 4.3 presents our probabilistic statecharts formalism used for
dependability analysis. Section 4.4 illustrates our proposed process by means of an elevator

control system case study.

4.1 Background

4.1.1 Dependability

Dependability [LAK92] is that property of a computer system such that reliance can justifi-
ably be placed on the service it delivers. It involves satisfying several requirements: availability,
reliability, safety, maintainability, confidentiality, and integrity. The dependability requirement
varies with the target application, since a constraint can be essential for one environment and
not so much for others. In the following, we focus on the reliability and safety attributes of
dependability. The reliability of a system measures its aptitude to provide service and remain
operating as long as required [GM02]. The safety of a system is determined by the lack of
catastrophic failures [GMO02].

Fault tolerance is a means of achieving system dependability. As defined in [ALRO1], fault

tolerance includes error detection and system recovery. At the use case level, error detection
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involves detection of exceptional situations by means of secondary actors such as sensors and
time-outs. Recovery at the use case level involves describing the interactions with the environ-
ment that are needed to continue to deliver the current service, or to offer a degraded service, or
to take actions that prevent a catastrophe. The former two recovery actions increase reliability,

whereas the latter ensures safety.
4.1.2 Use Cases

Use cases are a widely used formalism for discovering and recording behavioral requirements
of software systems [Lar02]. A use case describes, without revealing the details of the system’s
internal workings, the system’s responsibilities and its interactions with its environment as it
performs work in serving one or more requests that, if successfully completed, satisfy a goal
of a particular stakeholder. The external entities in the environment that interact with the

system are called actors.

Use cases are stories of actors using a system to meet goals. The actor that wants to achieve
the goal is referred to as the primary actor. Entities that the system needs to fulfill the goal
are called secondary actors. Secondary actors include software or hardware that is out of our
control. The system, on the other hand, is the software that we are developing and which is

under our control.
4.1.3 Exceptions and Handlers in Use Cases

In [SMKDO5), an approach was proposed that extends traditional use case driven requirements
elicitation, leading the analyst to focus on all possible exceptional situations that can interrupt

normal system interaction.

An exception occurrence endangers the completion of the actor’s goal, suspending the normal
interaction temporarily or for good. To guarantee reliable service or ensure safety, special
interaction with the environment might be necessary. These handling actions can be described
in a handler use case. That way, from the very beginning, exceptional interaction and behavior
is clearly identified and separated from the normal behavior of the system. Similar to standard
use cases, handler use cases are reusable. Handlers can be defined for handlers in order to

specify actions to be taken when an exception is raised in a handler itself.

4.2 Model-Driven Dependability Analysis of Use Cases

In [MSKV06], we proposed a model-driven approach for assessing and refining use cases to
ensure that the specified functionality meets the dependability requirements of the system as
defined by the stakeholders.

Now we extends our previous work by automating the process of mapping use cases from
scenario-based models (i.e., Sequence Diagrams) to state-based models (i.e., Statecharts).

For the purpose of analysis, we introduce probabilities in use cases. The value associated with
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each interaction step represents the probability with which the step succeeds. If we assume
reliable communication and a perfect software (which we must at the requirements level), the
success and failure of each interaction depends on the quality of the hardware device, e.g.
motor, sensor, etc. The reliability of each hardware component can be obtained from the
manufacturer. If the secondary actor is a software system, its reliability is also either known

or must be determined statistically.

Our proposed process is illustrated in Figure 4.1. First, the analyst starts off with standard
use case-driven requirements elicitation (see step 1). Using the exceptional use case approach
described in[SMKDO05] the analyst discovers exceptional situations, adds detection hardware
to the system if needed, and refines the use cases (see step 2). Then, each use case step that
represents an interaction with a secondary actor is annotated with a probability value that
specifies the chances of success of the interaction (see step 3). Additionally, each interaction
step is annotated with a safety tag if the failure of that step threatens the safety of the system.
Next, each use case is modeled in Sequence Diagrams (see step 4). Then, these models are
automatically mapped to Statecharts and manually annotated with probabilities in DA-Charts
(see step 5). The reasons why we do not give probabilities in Sequence Diagrams are discussed
in Section 4.4.4. DA-Charts and the mapping process are described in Section 4.3. The DA-
Charts are then mathematically analyzed by our dependability assessment tool (see step 6) and

a report is produced.

The assessment report allows the analyst to decide if the current system specification achieves
the desired reliability and safety. If not, several options can be investigated. It is possible
to increase the reliability of secondary actors by, for instance, buying more reliable hardware
components, or employing redundant hardware and voting techniques. Alternatively, the use
cases have to be revisited and refined. First, the system must be capable of detecting the
exceptional situation. This might require the use of time-outs, or even the addition of detection
hardware to the system. Then, handler use cases must be defined that compensate for the failure
of the actor, or bring the system to a safe halt. The analyst can perform the refinements in

the annotated use cases or on the sequence diagrams.

After the changes, the effects on the system reliability and safety are determined by re-running
the probabilistic analysis. The refinement process is repeated until the stakeholders are satis-

fied.
4.2.1 Elevator System

We demonstrate our approach by applying it to an elevator control system case study. An

elevator system is a hard real-time application requiring high levels of dependability.

For the sake of simplicity, there is only one elevator cabin that travels between the floors.
The job of the development team is to decide on the required hardware, and to implement the

elevator control software that processes the user requests and coordinates the different hardware



4.2 Model-Driven Dependability Analysis of Use Cases

76

1. Step: 2. Step: 3. Step: 4. Step: 5. Step: 6. Step: 7. Step:
Standard E> Exceptional E> Annotated E>Map to Sequence’ Transform to E>Tr:a.nsform to E>Dt:pendabi]ily
Use Cases Use Cases  Exceptional Use Cases Diagrams Statecharts DA-Charts Analysis
T ]
U§¢Casc: U§eCase: UsgCase: a3 | o) !
;lnma.ry :Anl_nary: ;’Arlr'nary: hons -G--i 1 D Dependability
ain: am: am: : : | ]
L. 1. Rel99% ; : O i Report
Exiension: Extension: — | T—T—T [T
ta. Excep.. la. Excep.. o C] : D :

1T

TT

m

]

Figure 4.1: Model-Driven Process for Assessment and Refinement of Use Cases

devices. Initially, only “mandatory” elevator hardware has been added to the system: a motor
to go up, go down or stop; a cabin door that opens and closes; floor sensors that detect when
the cabin is approaching a floor; two buttons on each floor to call the elevator; and a series of

buttons inside the elevator cabin.

Standard use case-driven requirements elicitation applied to the elevator control system results
in the use case model shown in Figure 4.2. In the elevator system there is initially only one
primary actor, the User. A user has only one goal with the system: to take the elevator to go
to a destination floor. The primary actor (User) is the one that initiates the TakeLift use case.
All secondary actors (the Door, the Motor, the Exterior and Interior Floor Buttons, as well as
the Floor Sensors) that collaborate to provide the user goal are also depicted. For simplicity,

we only discuss the subfunction level use case ElevatorArrival (shown in Figure 4.3) in detail.
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Figure 4.2: Standard Elevator Use Case Diagram

To ride the elevator the User enters the cabin, selects a destination floor, waits until the cabin
arrives at the destination floor and finally exits the elevator.

CallElevator and RideElevator both include the ElevatorArrival use case shown in Figure 4.3.
It is a subfunction level use case that describes how the system directs the elevator to a specific
floor: once the system detects that the elevator is approaching the destination floor, it requests

the motor to stop and opens the door.
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Use Case: ElevatorArrival
Primary Actor: N/A
Intention: System wants to move the elevator to the User’s destination floor.
Level: Subfunction
Main Success Scenario:
1. System asks motor to start moving in the direction of the destination floor;
2. System detects elevator is approaching destination floor;
3. System requests motor to stop;
4. System opens door.

Figure 4.3: FElevatorArrival Use Case

The analysis of the basic use case following the approach in [SMKDO05] lead to the discovery
of some critical exceptions that interrupt the normal elevator arrival processing: MissedFloor,
MotorFailure and DoorStuckClosed.

4.3 DA-Charts: Probabilistic Statecharts

In this section, we introduce DA-Charts (short for Dependability Assessment Charts), a proba-
bilistic extension of the Statecharts formalism introduced by David Harel [Har87].

4.3.1 Extending Statecharts with Probabilities

We extend the statecharts formalism with probabilities to enable dependability assessment.
While stochastic petri nets [Mar90] is an established formalism with clearly defined semantics,
statecharts seem a more natural match for our domain. This, thanks to their modularity,
broadcast, and orthogonality features. Statecharts also make it possible to design visually

simple and structured models.

Standard statecharts are solely event-driven. State transitions occur if the associated event is
triggered and any specified condition is satisfied. Given the event, a source state has only one
possible target state. In the formalism we propose, DA-Charts, when an event is triggered, a
state can transition to one of two possible target states: a success state and a failure state.
When an event is triggered, the system moves to a success state with probability p and to a
failure state with probability 7-p. In most real-time systems, the probability of ending up in
a success state is closer to 1 and the failure state probability is closer to 0. For example, if a
motor in a mechanical system is asked to stop, it might stop with a probability of 0.999 and
it might fail to stop with probability 0.001. As in statecharts, the transition may broadcast
events. The event that is broadcast can be different depending on whether the transition leads

to a success state or a failure state. Hence, the outcome of the event might vary.

DA-Charts Syntax. The statecharts notation is extended to include probabilities. The
standard transition is split into two transitions, each annotated with the probability that the
event associated with the transition leads to a success state or a failed state. The notation

used for this purpose adds an attribute next to the event: event/condition] {probability} /action.
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Absence of the probability attribute denotes a probability of 1.

DA-Charts Constraints. Our DA-Charts formalism is constrained by the following:

e Every DA-Chart must contain a system component describing the behavior of the soft-
ware of the system. No probabilities are allowed in the system component, since at the

requirements level we assume a fault-free implementation.

e Each secondary actor is modelled by an orthogonal component. Each service that an
actor provides can either succeed or fail, which is modelled by two transitions leading to

either a success or a failed state, annotated with the corresponding probabilities.

e To monitor the safety constraints of the system, an additional orthogonal safety-status
component is created. Whenever the failure of an actor leads to an unsafe condition, a
toUnsafe event is broadcast to the safety-status component. Other quality constraints

can be modelled in a similar manner.

4.3.2 DA-Charts Implementation in AToM?

DA-Charts is a simple extension of the statechart syntax: a simple edge is extended by adding
a probability attribute which becomes a P-Edge, so the action and the target depend on the
outcome of a probabilistic experiment. A traditional edge can be seen as a P-Edge whose
probability is 1.

We implement tool support for DA-Charts by extending the meta-model of the DCharts for-
malism (a variant of Statecharts) described in [Hui04]. This is done in three steps as follows.
First, probability is added as a float attribute to the Hyperedge relationship of the existing
DCharts meta-model (an Entity-Relationship diagram). The default value of probability is 1.
Two constraints are added. One constraint allows users to only set the probability of a transi-
tion to a maximum of 1; the other one checks if the total probability of all transitions from the
same source node and triggered by the same event is 1. AToM?3 [dLV02a, dLVAO4a] allows for
the subsequent synthesis of a visual DA-Charts modeling environment from this meta-model.
Second, a Probability Analysis (PA) module which can compute probabilities of reaching a
target state is implemented. The algorithm is described in the next section. Lastly, a button

which invokes the PA module is added to the visual modeling environment.

The semantics of a DA-Chart are described informally as follows. When an event occurs, all
P-Edges which are triggered by the event and whose guards hold are taken. The system then
leaves the source node(s), chooses one of those P-Edges probabilistically, executes the action

of the chosen P-Edge, and enters the target node(s).
4.3.3 Probability Analysis of DA-Charts in AToM?

Given a source state (consisting of a tuple of source nodes) and a target state, the probability
to reach the target from the source is computed by finding all paths that lead from the source
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to the target state. The probability of each path is calculated as the product of all transition
probabilities. The total probability is then computed by adding the probabilities of all paths.

A probabilistic analysis algorithm based on the above observations has been implemented in
AToM3. It reads two arguments, model M containing all elements, such as components, nodes
and edges, and a tuple of node names of the target state T. It then produces a float value in

the range [0,1]. The algorithm is shown in Algorithm 10.

Algorithm 10 probAnalysis(M, T)
a2t_map = {}
for all node in M do
for all transition starting from node do
action = getActionTriggered(transition)
a2t_map[action] = transition
end for
end for
p=20
for all node in T do
transitions = getIncomeLinks(node)
for all transition in transitions do
p += calculateProb(transition, a2t_map)
end for
end for
return p

#+4 computes accumulated probability starting from target node
calculateProb(transition, a2t_map):
p=20
(trigger, prob, action) = parseTransition(transition)
prevNode = getIncomeNode(transition)
if isNull(trigger) then
transitions = getIncomeLinks(prevNode)
if isEmpty(transitions) then
p=1
else
for all t in transitions do
p += prob * calculateProb(t, a2t_map)
end for
end if
else
transition = a2t_map[trigger|
p += prob * calculateProb(transition, a2t_map)
end if
return p

An analyst wanting to compute, for instance, the reliability of the system has to first press the
PA button, and then select the target state that symbolizes the successful completion of the
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goal, after which a pop-up dialog shows the result and all possible paths leading to the target
state are highlighted in the model.

Figure 4.4 shows an example DA-Chart model in AToM3. The model consists of three compo-
nents: System, D1 and D2. The default state is (s5, sI, s8) and the only transition which can
happen initially is the one from s7 to s2. The probability of reaching (s3, *) (“*” means we
do not care about what other nodes are when the system ends in the state containing s3) from
(s5, s1, s8) is 99.95% which is the combination of the probabilities along two possible paths:
Ts1-52, Ts5—s6, and Tso_,s3 for path one; Ts1s2, Tss—s7, Tsa—s4, Ts8-ss9, and Tsq—s3 for path

two. The computation performed can be mathematically defined as follows:

Ptotal = PSQ—‘SB X P35—>s6 X Psl—»s? + (Ps4—>33 X Ps8—>s9) X P32—>s4 x Ps5—>s7 X Psl—»s? (41)

ATOHS \.0 3 usmg ()(.h*ntsV:v

. Probability Anslysis )

@ The probability of reaching (s3, *) from
(s1,25,58) is: 0999500

E _ox |

atom3_example MDL.py. (not modified)

Figure 4.4: Example DA-Chart model in AToM3

4.3.4 Mapping Exceptional Use Cases to Sequence Diagrams and DA-Charts

We assume that the system software and the communication channels between the system
and the actors are reliable. During requirements elicitation, the developer can assume that

the system itself, once it has been built, will always behave according to specification - in
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other words, it will not contain any faults, and will therefore never fail. As the development
continues into design and implementation phases, this assumption is most certainly not realistic.
Dependability assessment and fault forecasting techniques have to be used to estimate the
reliability of the implemented system. If needed, fault tolerance mechanisms have to be built

into the system to increase its dependability.

Although the system is assumed to function perfectly, a reliable system cannot assume that it
will operate in a fault free environment. Hence, at this point we need to consider the possible
failure of (secondary) actors to perform the services requested by the system that affects the
dependability of the system.

First, each use case is mapped to one Sequence Diagram and subsequently transformed into a
Statechart. Then each Statechart is annotated with probabilities to become one DA-Chart. As
mentioned above, the DA-Chart has one orthogonal system component that models the behav-
ior of the system, one safety-status component that records unsafe states, and one probabilistic
orthogonal component for each secondary actor.

Each step in the use case is first mapped to a message (and finally mapped to a transition) in

the system component, as well as a message in the actor involved in the step as follows:

e An appropriately named message is created and transformed to a transition, e.g. start

or stop.

o A step that describes an input sent by an actor A to the system is mapped to:

e an outgoing message, e.g. apFlrSnsrDetected, sending from the component modeling
the reliability of A. In the generated Statecharts model, the probability annotation
p from the step is added to the success transition, the probability f-p is added to

the failure transition.

e an incoming message in the system that moves the system to the next state.
e A step that describes an output sent by the system to an actor A is mapped to:

e an outgoing message in the system, e.g. start or stop.

e an incoming message within the component modeling the behavior of A, that leads
to a success state and a failure state. In the generated Statecharts model, probability
annotation p from the step is added to the success transition, the probability 1-p

is added to the failure transition.
e A step that describes an output sent by an actor A to an actor B is mapped to:

e an outgoing message within the component modeling the behavior of A, e.g. star-
tAck or stopAck.

e an incoming message within the component modeling the behavior of B, e.g. star-
tAck or stopAck.
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¢ Each exception associated with the step is mapped to a failure message, e.g. motorFailure -

or atFlrSnsrFailure, sending from the corresponding actor to the system.

o If a step is tagged as Safety-critical, the actor who sends a failure message may also send
a message toUnsafe to the safety-status component, and the actor who sends a success

message may also send a message toSafe to the safety-status component.

To model the randomness of the system in Sequence Diagrams, we take advantage of one
characteristic of Alternative combination fragments. That is, according to UML2.0, if more
than one operand of an alternative combination fragment is true, one of them is selected

nondeterministically for execution.

4.4 Dependability Analysis Using DA-Charts

4.4.1 Analyze Exceptions in the Elevator Arrival Use Case

We use the Elevator System case study to demonstrate our assessment approach. At this point,
the standard use case has been already analyzed for exceptional situations that can arise while
servicing a request. As discussed in Section 4.2.1, several failures might occur: the destination
floor might not be detected (MissedFloor); the motor might fail (MotorFailure); or the door
might not open at the floor (DoorStuckClosed).

To detect whether the elevator is approaching a floor, we need to introduce a sensor, Ap-
prFloorSensor. To detect a motor failure, an additional sensor, AtFloorSensor is added. It

detects when the cabin stopped, and therefore when it is safe to open the doors.

Figure 4.5 shows the updated version of the ElevatorArrival use case that includes the added
acknowledgment steps and the exception extensions. Some steps are annotated with (made up)
probabilities of success: the ApprFloorSensor and the AtFloorSensor have failure chances of
2% and 5% respectively. The motor has a 1% chance of failure. For space reasons, we assume
that the motor always starts and the door always opens. In addition, each step is tagged as
Safety-critical if the failure of that step threatens the system safety.

4.4.2 Iteration One: Modeling the Basic Elevator Arrival Use Case with Failures
and Evaluating Dependability

We first model the initial FlevatorArrival use case shown in Section 4.4.1 as a Sequence Di-
agram without giving probabilities following the process described in Section 4.3.4, as shown
in Figure 4.6. Then the model is automatically transformed into a Statechart by means of
the Graph Grammar rules we defined in Section 3. And finally, we annotate the transformed
model as a DA-Chart with probabilities. The result is shown in Figure 4.7 (we modified the
automatically generated names of some states with more meaningful ones). The model consists
mainly of four orthogonal components which model the behavior of the system (System), a
motor (Motor), and two sensors (ApprFloorSensor and AtFloorSensor). An additional orthog-
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Use Case: ElevatorArrival
Intention: System wants to move the elevator to the User’s destination floor.
Level: Subfunction
Main Success Scenario:
. System asks motor to start moving towards the destination floor.
. System detects elevator is approaching destination floor. Reliability:0.98 Safety-critical
System requests motor to stop. Reliability:0.99 Safety-critical
. System receives confirmation elevator is stopped at destination floor. Reliability:0.95
. System requests door to open.
6. System receives confirmation that door is open.
Extensions:
2a. Exception{MissedFloor}
4a. Exception{MotorFailure}
6a. Exception{DoorStuckClosed}

Figure 4.5: Updated ElevatorArrival Use Case

onal component is used to monitor the safety outcome of the system. Note that the system has

no randomness.

To clarify the model, one of the components is briefly explained here. The Motor is initially
ready (in the mir_ready state). After it is triggered by the System (by the start event), it
acknowledges the System’s request (by broadcasting startAck) and goes into running mode (by
transitioning to the mtr_started state). When the motor is asked to stop (by the stop event), the
Motor will either stop itself successfully (going to mir_stopped) and send an acknowledgment (by
broadcasting stopAck), or fail to stop (going to mtr_failed and broadcasting motorFailure). The
chances of success and failure are 99% and 1% respectively. Before we add these probabilities to
the DA-Chart model, we need to model this non-deterministic choice in the Sequence Diagram
model. As we mentioned in Section 4.3.4, we model this by means of alternative combination
fragments. First, in case of the Motor, after it receives the stop message from the System, we
use an alternative combined fragment with two interaction operands whose guards are both
set to true (or 1), to enclose the random branches of the following events from this point. As
shown in Figure 4.6, messages starting from motorFailure and ending before motorSuccess are
enclosed in one interaction operand, and following messages are enclosed in another operand

of the same alternative combination fragment.
Safety Analysis.

We want to ensure the safety levels maintained by the elevator arrival system. The system is
unsafe if the approaching floor sensor fails to detect the destination floor (because then the
system never tells the motor to stop), or if the motor fails to stop when told to do so. This is
why the failure transition in the ApprFloorSensor component, as well as the failure transition
in the Motor component broadcast a toUnsafe event that is recorded in the Status component.
It is interesting to note that actually achieving the goal of the use case has nothing to do with
safety. Our tool then calculates that the probability of reaching the state safe from the initial

system state (sys_ready) is 97.02%, which is the combination of the probabilities along two
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Figure 4.6: Sequence Diagrams Model of the Elevator Arrival Use Case with Failures
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possible paths.
Reliability Analysis.

Our tool calculates a reliability (probability of reaching the goalSuccess state) of 92.169%.
Although we assume that the door is 100% reliable, a failure of the AtFloorSensor would
prevent the system from knowing that the destination floor is reached, and hence the system
cannot request the door to open. The person riding the elevator would be stuck inside the

cabin, and hence the goal fails.
Requirement Generation from Sequence Diagrams.
The automatic generation of requirements text from the Sequence Diagrams model (shown in

Figure 4.6) is shown below.

Use Case: Elevator

Actors: System, Motor, ApFlrSmsr, AtFlrSmsr, Status

Scenario:

1. System sends message ’start’ to Motor

2. Motor sends message ’startAck’ to ApFlrSmnsr

3. If 1:

4. ApFlrSnsr sends message ’missedFloor’ to System

5. Else if 1:

6. ApFlrSnsr sends message ’apFlrSnsrDetected’ to System
7. System sends message ’stop’ to Motor

8. If 1:

9. Motor sends message ’motorFailure’ to System

10. Motor sends message ’toUnsafe’ to Status

11 Else if 1:

12. Motor sends message ’motorSuccess’ to System

13. Motor sends message ’stopAck’ to AtFlrSnsr

14. AtFlrSnsr sends message ’toSafe’ to Status

15. If 1:

16. AtFlrSnsr sends message ’atFlrSnsrFailure’ to System
17. Else if 1:

18. AtFlrSnsr sends message ’'floorReached’ to System

4.4.3 Iteration Two: Modeling the Refined Safety-Enhanced Elevator Arrival Use
Case and Evaluating Dependability

For a safety-critical system like the elevator control system, a higher level of safety is desirable.

Safety can be increased by using more reliable or replicated hardware, but such hardware might
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Handler Use Case: EmergencyBrake
Handler Class: Safety
Context & Exception: ElevatorArrival{ MotorFailure}
Intention: System wants to stop operation of elevator and secure the cabin.
Level: Subfunction
Main Success Scenario:
1. System stops motor.
2. System activates the emergency brakes. Reliability:0.999 Safety-critical
3. System turns on the emergency display.

Figure 4.8: EmergencyBrake Handler Use Case

not be available or might be too costly. Another possibility is to initiate an action that can
prevent catastrophes from happening. To illustrate this approach, we focus on the motor failure
problem. To remain in a safe state even if the motor fails, it is necessary to use additional
hardware like an emergency brake. This behavior is encapsulated in the EmergencyBrake safety

handler (shown in Figure 4.8).

The sequence diagram model of the elevator arrival system is updated to reflect the use of
emergency brakes (see Figure 4.9), which is then automatically transformed and manually
annotated into the DA-Chart model (see Figure 4.10). Another orthogonal component to
model the behavior of the emergency brakes is added. The brake used has a 99.9% chance of

success.
Safety Analysis.

A probability analysis of the updated model shows a significant improvement in the safety
achieved by the system. It is now safe 97.999% (probability of reaching the state safe_! and
safe_2) of the time, which evaluates to an increase of 0.979%. The safety would be even more

improved if the missedFloor exception were detected and handled.
Reliability Analysis.

The reliability of the system has not changed. The use case could be further refined so that the
elevator detects when the AtFloorSensor fails, and then the system could redirect the elevator
to the nearest floor. Even though the original goal of the user is not satisfied, the system

attempts to provide reliable service in a degraded manner.
Requirement Generation from Sequence Diagrams.

The automatic generation of requirements text from the Sequence Diagrams model (shown in

Figure 4.9) is shown below.

Use Case: Elevator
Actors: System, Motor, ApFlrSnsr, AtFlrSnsr, Status, EmergBrk
Scenario:

1. System sends message ’start’ to Motor
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Motor sends message ’startAck’ to ApFlrSnsr
If 1:

ApFlrSnsr sends message ’missedFloor’ to System

. Else if 1:

ApFlrSnsr sends message ’apFlrSnsrDetected’ to System
System sends message ’stop’ to Motor
If 1:

Motor sends message ’'motorFailure’ to System

System sends message ’activeEB’ to EmergBrk

If 1:
EmergBrk sends message ’toSafe_1’ to Status
Else if 1:
EmergBrk sends message ’toUnsafe’ to Status
Else if 1:

Motor sends message ’motorSuccess’ to System
Motor sends message ’stopAck’ to AtFlrSnsr
AtFlrSnsr sends message ’toSafe_2’ to Status
If 1:
AtFlrSnsr sends message ’atFlrSnsrFailure’ to System
Else if 1:

AtFlrSnsr sends message ’floorReached’ to System

4.4.4 Discussion

Assessment and refinement is supposed to be an iterative process, and can be continued as long

as it is realistic and feasible, until the derived system safety and reliability are met. Supported

by our model-driven approach, iterations are correct and not time-consuming, and immediate

feedback is given to the analyst of how changes in the use cases affect system dependability.

As we mentioned in Section 4.2, we do not give probabilities in Sequence Diagrams, otherwise

there would be direct transformation from a Sequence Diagram model to a DA-Chart model.

The main reason we do not add probability to Sequence Diagrams is we have not found a way

to formally define the probability and its precise meaning in Sequence Diagram at the moment

of writing this thesis. This will become one of subjects of our future work.
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Related Work

Requirements engineering is concerned with the acquisition, analysis, specification, validation,
and management of requirements of the software system under construction. Scenarios and
use cases are the most important tools used in requirements elicitation. Since scenario-based
requirements engineering has been advocated as an effective means of improving the process
of requirements engineering, many methodologies and tools [SMMM98, Li00, Dav03, HKPO05,

WJ06, Whi05] are developed to try to formalize and automate some stages of this process.

Sutcliffe et. al. [SMMMO98] proposed a method and a tool for specification of use cases, auto-
matic generation of scenarios from use cases and semi-automatic validation based-on generated

scenarios.

Li [Li00] proposed a semi-automatic approach to translate a use case to message sends. How-
ever, in order to reduce the complexity of parsing a natural language and the vagueness, the

approach requires that requirements be normalized before translation.

Harel et. al. [Dav03, HKPO05| proposed a play-in/play-out approach to capture behavioral
requirements. The Play-Engine automatically constructs corresponding requirements in the
scenario-based language of Live Sequence Charts (LSCs) [DHO1], and finally semi-automatically

synthesizing a collection of finite state machines.

Whittle et. al. [WJ06, Whi05] developed a scenario-based language called Use Case Charts
(UCCs) to capture scenario-based requirements and presented algorithms for automatic gener-

ation of hierarchical state machines from scenario-based models.

Two key activities are apparent in the Harel's and Whittle’s approaches: to find a proper
scenario-based language, e.g., LSCs or UCCs, to capture and formalize requirements; to trans-
form scenarios into an executable form, i.e., state machines, which can be easily used for
requirements simulation, validation and analysis. Both of these are clearly model-driven ap-

proaches.



Conclusions and Future Work

In this thesis we proposed a model-driven approach to scenario-based requirements engineering.
The approach, which is an application of Computer Automated Multi-Paradigm Modeling
(CAMPaM), aims to improve the software process. The model-driven approach starts with
modeling requirements of a system in scenario models in particular, Sequence Diagrams, and the
subsequent automatic transformation to state-based behavior models in particular, Statecharts.
Then, either code can be synthesized or models can be further transformed into models with
additional information such as explicit timing information or interactions between components.
These models, together with the inputs (e.g., queries, performance metrics, test cases, etc.)
generated directly from the scenario models, can be used for a variety of purposes, such as

verification, analysis, simulation, animation and so on.

A visual modeling environment was built in AToM? using Meta-Modeling and Model Trans-
formation to support the model-driven approach. It supports modeling in Sequence Diagrams,
automatic transformation to Statecharts, and automatic generation of requirements text from

Sequence Diagrams.

An application of the model-driven approach to the assessment of use cases for dependable
systems was shown. In particular, the case study shows how the model-driven approach helps
developers to model and analyze the dependability of use cases and to discover more reliable

and safe ways of designing the interactions with the system and the environment.

In the future, the other parts of the model-driven approach will be studied and implemented.
For example, the transformation from HSMs to kiltera and the subsequent transformation from
kiltera to other formalisms (e.g., TPN, CSP, DEVS); the generation of queries, performance
metrics and test cases from the scenario models. It would be useful to build two-way trans-
formations between formalisms. For example, the transformation from Statechart models to
Sequence Diagram models. It would be preferable to adopt the Use Case Charts formalism for
scenario modeling. Use Case Charts provide a higher level of abstraction for capturing the func-
tionality of a system than using Sequence Diagrams alone. It adds two more abstraction levels
above Sequence Diagram: Scenario Chart (used to group and relate a set of Sequence Diagram

models) and Use Case Chart (used to group and relate a set of Scenario Chart models).
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Transformation Trace

The trace of the model transformation applied to the example of Figure 3.2 described in Section

3 is listed as follows:

Step 1: initInteraction_GG_rule O

Step 2: importlInteraction_GG_rule 1

Step 3: connectHeadAFFirst_GG_rule 2
Step 4: connectHeadAFFirst_GG_rule 2
Step 5: connectHeadAFSecond_GG_rule 3
Step 6: connectHeadAFSecond_GG_rule 3
Step 7: connectTailAFSecond_GG_rule 5
Step 8: connectTailAFSecond_GG_rule 5
Step 9: createWrapperCF_GG_rule 7

Step 10: connectCFWithWrapperCF_GG_rule 8
Step 11: cleanImportedLifeline_GG_rule 9
Step 12: cleanImportedLifeline_GG_rule 9
Step 13: cleanImportedInteraction_GG_rule 10
Step 14: initInteraction_GG_rule 0

Step 15: interaction_GG_rule 11

Step 16: lifeline_GG_rule 12

Step 17: msgOut_GG_rule 18

Step 18: combinedFragment_GG_rule 13
Step 19: interactionOperand_GG_rule 14
Step 20: setScope_GG_rule 19

Step 21: combinedFragment_GG_rule 13
Step 22: interactionOperand_GG_rule 14
Step 23: interactionOperand_GG_rule 14
Step 24: msgln_GG_rule 18

Step 25: msgOut_GG_rule 18

Step 26: msgln_GG_rule 18
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Step
Step
Step
Step
Step

Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step

Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step

32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44
45:
46:
47:
48:

49:
50:
61:
52:
53:
54:
656:
56:
57:
58:
59:
60:
61:
62:
63:

: connetWithFinal_GG_rule 20
28:
29:
30:
31:

connetWithFinal_GG_rule 20
connetWithFinal _GG_rule 20
connetWithFinal_GG_rule 20

cleanlLifeline_GG_rule 21

lifeline_GG_rule 12
msgIn_GG_rule 18
combinedFragment_GG_rule 13
interactionOperand_GG_rule 14
setScope_GG_rule 19
combinedFragment _GG_rule 13
interactionOperand_GG_rule 14
interactionOperand_GG_rule 14
msgOut_GG_rule 18
msgIn_GG_rule 18
msgOut_GG_rule 18
msgOut_GG_rule 18
connetWithFinal _GG_rule 20
connetWithFinal_GG_rule 20
connetWithFinal_GG_rule 20
connetWithFinal_GG_rule 20

cleanLifeline_GG_rule 21

lifeline_GG_rule 12
msgIn_GG_rule 18
setScope_GG_rule 19
connetWithFinal_GG_rule 20
cleanLifeline_GG_rule 21
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment _GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
cleanActionFragment_GG_rule 22
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Step 64: cleanInteraction_GG_rule 23

Step 65: cleanCombinedFragment_GG_rule 24
Step 66: cleanCombinedFragment_GG_rule 24
Step 67: cleanInteractionOperand_GG_rule 25
Step 68: cleanInteractionOperand_GG_rule 25
Step 69: cleanInteractionOperand_GG_rule 25

Step 70: orthogonalOptFirst_GG_rule 26
Step 71: orthogonalOptFirst_GG_rule 26
Step 72: orthogonalOptFirst_GG_rule 26
Step 73: orthogonalOptFirst_GG_rule 26

Step 74: orthogonalOptFirst_GG_rule 26
Step 75: orthogonalOptFirst_GG_rule 26
Step 76: orthogonalOptFirst_GG_rule 26
Step 77: orthogonalOptFirst_GG_rule 26
Step 78: orthogonalOptFirst_GG_rule 26
Step 79: orthogonalOptFirst_GG_rule 26
Step 80: orthogonalOptFirst_GG_rule 26
Step 81: orthogonalOptFirst_GG_rule 26
Step 82: orthogonallptFirst_GG_rule 26
Step 83: orthogonalOptFirst_GG_rule 26
Step 84: orthogonalOptFirst_GG_rule 26
Step 85: orthogonalOptFirst_GG_rule 26
Step 86: orthogonalOptFirst_GG_rule 26
Step 87: orthogonalOptFirst_GG_rule 26
Step 88: orthogonalOptSecond_GG_rule 27
Step 89: orthogonalOptSecond_GG_rule 27
Step 90: orthogonalOptThird_GG_rule 28
Step 91: orthogonalOptThird_GG_rule 28
Step 92: orthogonalOptThird_GG_rule 28
Step 93: orthogonalOptThird_GG_rule 28
Step 94: orthogonalOptThird_GG_rule 28
Step 95: orthogonalOptThird_GG;rule 28
Step 96: compositeOptFirst_GG_rule 29

Step 97: compositeOptFirst_GG_rule 29

Step 98: compositeOptSecond_GG_rule 30
Step 99: compositeOptSecond_GG_rule 30
Step 100: compositeOptThird_GG_rule 31

Step 101: compositeOptFirst_GG_rule 29
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Step 102: compositeOptFirst_GG_rule 29

Step 103: compositeOptThird_GG_rule 31

Step 104: compositeOptSecond_GG_rule 30

Step 105: compositeOptSecond_GG_rule 30

Step 106: compositeOptThird_GG_rule 31

Step 107: compositeOptThird_GG_rule 31

Step 108: compositeOptThird_GG_rule 31

Step 109: compositeOptFirst_GG_rule 29

Step 110: compositeOptFirst_GG_rule 29

Step 111: compositeOptThird_GG_rule 31

Step 112: compositeOptSecond_GG_rule 30

Step 113: compositeOptSecond_GG_rule 30

Step 114: compositeOptThird_GG_rule 31

Step 115: compositeOptThird_GG_rule 31

Step 116: compositeOptFour_GG_rule 32

Step 117: compositeOptFour_GG_rule 32

Step 118: compositeOptFour_GG_rule 32

Step 119: compositeOptFour_GG_rule 32

Step 120: compositeUptFour_GG_rule 32

Step 121: compositeOptFour_GG_rule 32

Step 122: compositeOptFour_GG_rule 32

Step 123: compositeOptFour_GG_rule 32

Step 124: setOptScope_GG_rule 33

Step 125: compositeOptPrime_GG_rule 34

Step 126: compositeOptSecondPrime_GG_rule 35
Step 127: compositeOptSecondPrime_GG_rule 35
Step 128: compositeOptSecondPrime_GG_rule 35
Step 129: compositeOptSecondPrime_GG_rule 35
Step 130: compositeOptSecondPrime_GG_rule 35
Step 131: compositeOptSecondPrime_GG_rule 35
Step 132: compositeOptSecondPrime_GG_rule 35
Step 133: compositeOptSecondPrime_GG_rule 35
Step 134: compositeOptSecondPrime_GG_rule 35
Step 135: compositeOptSecondPrime_GG_rule 35
Step 136: compositeOptSecondPrime_GG_rule 35
Step 137: compositeOptThirdPrime_GG_rule 36
Step 138: compositeOptFourPrime_GG_rule 37
Step 139: compositeOptPrime_GG_rule 34

Step 140: compositeOptPrime_GG_rule 35
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Step 141: compositeOptSecondPrime_GG_rule 35
Step 142: compositeOptSecondPrime_GG_rule 35
Step 143: compositeOptSecondPrime_GG_rule 35
Step 144: compositeOptSecondPrime_GG_rule 35
Step 145: compositeOptSecondPrime_GG_rule 35
Step 146: compositeOptSecondPrime_GG_rule 35
Step 147: compositeOptSecondPrime_GG_rule 35
Step 148: compositeOptSecondPrime_GG_rule 35
Step 149: compositeOptSecondPrime_GG_rule 35
Step 150: composite0OptSecondPrime_GG_rule 35
Step 151: compositeOptThirdPrime_GG_rule 36
Step 152: compositeOptFourPrime_GG_rule 37
Step 153: cleanStateFirstPrime_GG_rule 38
Step 154: cleanStateSecond_GG_rule 38

Step 155: cleanStateFirstPrime_GG_rule 38
Step 156: cleanStateFirst_GG_rule 38

Step 157: cleanStateFirstPrime_GG_rule 38
Step 158: cleanStateFirst_GG_rule 38

Step 159: cleanStateSecond_GG_rule 38

Step 160: cleanStateFirst_GG_rule 38

Step 161: cleanStateFirst_GG_rule 38

Step 162: cleanStateSecond_GG_rule 38

Step 163: cleanStateFirstPrime_GG_rule 38
Step 164: cleanStateFirst_GG_rule 38

Step 165: cleanStateSecond_GG_rule 38

Step 166: cleanStateFirst_GG_rule 38

Step 167: cleanStateFirstPrime_GG_rule 38
Step 168: cleanStateSecond_GG_rule 38

Step 169: cleanStateSecond_GG_rule 38

Step 170: cleanStateFirst_GG_rule 38

Step 171: cleanStateFirstPrime_GG_rule 38
Step 172: cleanStateFirst_GG_rule 38

Step 173: cleanStateFirstPrime_GG_rule 38
Step 174: cleanStateFirstPrime_GG_rule 38
Step 175: cleanStateFirstPrime_GG_rule 38
Step 176: cleanStateFirstPrime_GG_rule 38
Step 177: cleanStateFirstPrime_GG_rule 38
Step 178: finalstateOptFirst_GG_rule 39

Step 179: finalstateOptFirst_GG_rule 39
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Step 180:
Step 181:
Step 182:
Step 183:

finalstateOptFirst_GG_rule 39
finalstateOptSecond_GG_rule 40
finalstateOptSecond _GG_rule 40
finalstateOptSecond_GG_rule 40



