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Abstract

The Model-Driven Architecture (MDA) aims at better software engineering
by enhancing the productivity, portability and interoperability of software.
To guarantee the quality of the resulting software systems, testing plays a
decisive role.

In this work, an approach to model-driven testing based on the idea of the
MDA framework is presented. It introduces a new test modeling language
and a test generation technique in order to develop both functional and real-
time tests by models. The former is defined as an extension of a standardized
system modeling language to facilitate test model generation from system
models. The latter presumes the availability of a system model which can
be reused for test specification - a prerequisite that is almost always true
in modern software development processes. Through different abstraction
levels, the test model can be adapted to platforms on which test code is to
run.

As aresult, test code that are executable on different platforms can be gener-
ated from a single model. The effectiveness of this approach is demonstrated
by testing a Bluetooth application.
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Zusammenfassung

Die Model-Driven Architecture (MDA) hat es sich zum Ziel gesetzt, Soft-
ware beziiglich ihrer Produktivitat, Portabilitdt und Interoperabilitiat zu
verbessern. Fiir die Qualitatssicherung dieser Software spielt Testen eine
entscheidende Rolle.

In der vorliegenden Arbeit wird ein Ansatz zum modell-getriebenen Testen
vorgestellt, der auf den Ideen von MDA aufbaut. Der Ansatz stellt eine
neue Test-Modellierungssprache und eine Test-Generierungstechnik vor, die
der funktionalen sowie Realzeit-Testentwicklung aus Modellen dienen. Die
Test-Modellierungssprache ist als Erweiterung einer System-Modellierungs-
sprache definiert, um eine Ableitung von Test-Modellen aus System-Modellen
zu ermoglichen. Die Test-Generierungstechnik geht davon aus, dass ein
System-Modell existiert, welches fiir die Testspezifikation wieder verwendet
werden kann — eine Voraussetzung, welche in den modernen Softwareent-
wicklungsprozessen fast immer erfiillt ist. Uber mehrere Abstraktionsschrit-
te wird das Test-Modell auf Plattformen angepasst, auf denen spéater der
Testkode ausgefiihrt wird.

Mit diesem Ansatz kénnen somit aus einem einzigen Model Testkodes fiir
unterschiedliche Plattformen erzeugt werden. Die Anwendbarkeit dieser
neuen Test-Modellierungssprache und Test-Generierungstechnik wird an-
hand einer Fallstudie, bei der eine Bluetooth-Applikation getestet wird,
demonstriert.
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Chapter 1

Introduction

“The beginning is the most important part of the work.” — Plato

With the growing complexity of software systems, solid testing becomes more
and more important in order to guarantee the quality of software. Models
liftt up the abstraction levels for coding and increase the reusability and
productivity during the software development process. Using models for
test automation, test code can be generated efficiently. In order to specify
extensive tests, a close collaboration between system development and
test development is indispensible. In the traditional software development
processes such as V-Model [DW99] and its two modifications called V-Model
eXtreme Tailoring (V-Model XT) [V-M04] and W-Model [SLO03] or Rational
Unified Process (RUP) [Kru00], test development steps are strongly coupled
with system development steps. Since several years, it can be observed that
many research works are done on a new framework for software development
process called the Model-Driven Architecture (MDA)?.

MDA addresses the increasing interoperability problem during the software
development process caused by the various platforms where software runs
on, such as CORBA or .NET [OMGO03]. The key of MDA is a model which
is specified independently from its middleware platform. By means of trans-
formation and refinement techniques, platform-specific information can be
automatically added to the model. Subsequently, system code running on
diverse platforms can be generated from models. As a consequence, when
following the MDA Framework, system code running on different platforms
can be generated from a single model.

Further benefits of MDA are that it sets upon standardized languages and
technologies to enable e.g. better tooling. Standards under the umbrella of
MDA comprehend the Unified Modeling Language (UML), the Meta-Object
Facility (MOF), the XML Metadata Interchange (XMI) and the Queries/-
Views/Transformations (QVT).

!The MDA Framework has been introduced by the Object Management Group (OMG).
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Indeed, automatic transformations and refinements provide important tech-
nologies for code generation within MDA. Nevertheless, failures may creep
in between the different abstraction levels of the models. Especially when
adding platform-specific information to a model, failures on configuration
or interfaces may lead to incorrect system code. These failures need to
be tested. Model-based test generation has been a challenge for decades
[BJKT05]. But most of these approaches only generate test code for a single
platform. Anyhow, specifying tests for software running on different plat-
forms turns out to be more laborious than writing test code running on a
single platform, simply because for each platform, a test has to be specified.
Furthermore, software system and test system do not have to run on the
same platform either. This makes test specification all the more complex.

While much work has been done to utilize MDA for system development
[FP04, Bez01, KCL03], MDA does not address test within its process at all!
In this PhD thesis, research work has been done on test development based
on the ideas of MDA. By means of this test approach, test code running on
different platforms can be generated automatically from a single model.

The problem this PhD thesis adresses can be stated as follows:

Can we use a model-driven approach for test development,
similar to that of MDA to improve software quality? If true,
what problems will we be confronted with?

In order to align with the terminology of MDA, we call the test approach
the Model-Driven Testing (MDT). However, before having a deeper insight
into the MDT approach, the following questions should be examined more
closely:

- Which prerequisites must a modeling language fulfill in order to
specify tests? Moreover, is it possible to use a common language
for both system and test specifications?

- How can models be reused in an efficient way to derive tests?
Which criteria must these models meet?

- Can test requirements be explicitly incorporated into a test model
during test automation?

- How can test models be carried into execution for both functional
and real-time tests?



In order to realize the MDT approach, the thesis considers the following
main aspects:

Choosing UML as modeling language Models are the main artefacts
within the MDT development process. Therefore, it is important to have
a well-defined test modeling language. A common modeling language for
both system and test specification enhances and optimizes the collabora-
tion work between system and test developers. Although various modeling
languages exist [IT96, 21299, GV03, CKLY98, Sif89], the MDA Framework
recommends UML [JBR99] as the appealing and sophisticated modeling
language. Hence, in this work, the newest version of the Unified Modeling
Language, version 2 (UML 2.0) is examined in detail for test specification.
As a result, a new test modeling language extending UML 2.0 is defined
and standardized where the author of this document actively participated
to its definition in the context of this thesis.

Using transformation techniques for test generation In order to
bridge the gap between system and test development, a test model shall be
generated from an existing system model. Based on transformation tech-
niques defined in the MDA Framework, formal transformation rules are
defined in this work for the automatic generation of test models. These rules
are implemented in a well-defined model transformer language.

Modeling test requirements Test requirements can be mostly deduced
from system requirements, such as describing the relationship between a
triggering and its responding event. However, there are also test-specific
requirements which do not exist in system requirements but are to be con-
sidered along automatic test generation. In order to assure test quality, test
requirements shall be explicitely integrated during test generation. Follow-
ing this issue, we defined a MOF-based? meta-model for test require-
ment specification.

Generating executable code for functional and real-time tests Most
of the existing test languages can be used to specify functional tests. Beside
this, real-time tests become more and more important. Herein, the evalua-
tion does not only depend on the correct behavior of the system under test,
but also proves whether a system meets the time restrictions defined in its
requirements, e.g. delay or jitter. The Testing and Test Control Notation,
version 3 (TTCN-3) is a standardized testing language which we utilize in
our MDT approach for test execution. In the current TTCN-3 standard,
real-time test aspects are not fully covered. Consequently, TTCN-3 is aug-
mented with real-time test concepts in this work.

2To be precise, the meta-model is based on the Meta-Object Facility, version 2 (MOF
2.0) standard.
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The thesis is organized as follows: This chapter gives an overview of the
research topic of this PhD thesis. It introduces the problems the work is
dealing with, its objectives and main assumptions to its reader.

Chapter 2 discusses the fundamental principles of testing and the MDA
Framework. A survey of standardized languages and technologies gives ideas
of how the MDA Framework may be enhanced for testing.

System Modeling with MDA: Test Modeling with MDT:

o " K3 ~,

S KY
< Platform Platform ) %
l refinement independent (PIM) independent (PIT) \ refinement |
! (Chapter 3) (Chapter 4) S ;
1 . !
i trans— | trans— '
H UML 2.0 formation \formation uzTpP 1
: \(Chapter 6) H
H Platform Platform ! i
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i ( ) i
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e S
/ . \
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Java oaas - v (Chapter 6) 7

Figure 1.1: Chapter Overview

Figure 1.1 shows a road-map of the successive chapters. Chapter 3 intro-
duces system modeling with UML 2.0 applied to a Bluetooth application
as a case study. This case study will accompany the reader throughout the
whole thesis. The Bluetooth system is modeled platform-independently by
various UML 2.0 diagrams. This system model serves as input model for
test model generation in the succeeding chapters.

Chapter 4 analyzes the relevance of UML 2.0 for test modeling. As a result,
an extension of UML 2.0 called the UML 2.0 Testing Profile (U2TP) is
needed. This profile has been defined at the OMG where the author of this
work is an active member of the U2TP consortium. Meanwhile, U2TP has
become an official standard at the OMG. In this chapter, the concepts of
U2TP and the motives of their definition are discussed in detail. Its usage
is illustrated by defining a U2TP test model for the Bluetooth application
based on the system model presented in Chapter 3.

Chapter 5 deals with another important issue: It shows how a system model
may be reused efficiently for test specification. Here, we show that various
diagrams defined in the system model can be adopted to a test model?.

3 Although MDA introduces an even more abstract model level called Computation



Still, this test model is just a skeleton of the final test model and various
refinements must be done. As a result, a guideline about model reuse and
refinement is provided. Based on the guideline, a U2TP model can be au-
tomatically generated. This is realized by well-defined transformation rules
implemented by a formal transformation language called Tefkat. Further-
more, we incorporate a Test Directive Meta-Model into our transformation
rules to enable explicit test requirement integration during model transfor-
mation.

Chapter 6 deals with execution of functional and real-time tests. It exam-
ines TTCN-3 test code generation from existing U2TP test models. The
necessity of extending TTCN-3 for real-time test specification is explained
and new real-time test concepts are defined. Mapping rules between both
language concepts are defined and test code for the Bluetooth case study
is presented applying the mapping rules to the test model. Eventually, test
code generated from the test model can be run against the system code. Last
but not least, we complete the work with a summary and some concluding
words.

Independent Model (CIM) for domain model specification [OMGO03], it is much too vague
for our model transformation approach and is thus out of our scope.






Chapter 2

Fundamentals on MDA and
Testing

”'The sooner you start, the longer it takes.” — Mythical Man Month

In this chapter, basics about the MDA Framework and testing is presented.
Section 2.1 gives an insight into the model-driven system development ap-
proach provided by the OMG. The underlying technologies of MDA are
discussed in detail. Furthermore, an existing transformation language called
Tefkat is outlined. In Section 2.2, test development phases and important
testing aspects are described by categorizing those in dimensions. At last,
the established test language TTCN-3 is introduced.

2.1 The MDA Framework

Nowadays, the complexity of modern systems can no longer be managed
at the code level. Model-based automation for system development has
become an important issue. Furthermore, systems are never built using
only one implementation technology, e.g. Corba, Web Services or .NET.
Thus, interoperability between systems has become a serious problem.

In 2001, the OMG introduced a new approach to software development
process called the Model-Driven Architecture (MDA)! Framework [ORMO1].
The main goal of MDA is to solve the interoperability problem by lifting up
the abstraction levels by models and generate code automatically from these
models [KWBO03, Fra03, FP04]. Above that, the framework should fill in the
software development life cycle with an integrated set of standards in order
to enable e.g. better tooling. The standards embraced by MDA include

Tt is called model-driven because it provides a means for using models to understand,
design, construct, deploy and maintain systems [OMGO03].
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MOF as the metamodeling language, UML as the modeling language, QV'T
as the transformation technique and XMI as the exchange format.

MDA allows a developer to focus on essential features of a system while
modeling. In its essence, models are the only artefacts within the MDA soft-
ware development process. Depending on its abstraction level, models are
categorized in Platform-Independent Model (PIM)? and Platform-Specific
Model (PSM).

Platform )
Independent refinement
Model (PIM)

Platform ~itrans—
Model (PM) » formations

Platform
Specific refinement
Model (PSM) N

| trans—
' formations

System
Code

Figure 2.1: The MDA Framework

Following the MDA Framework, the initial model is always specified platform-
independently. Model transformation provides a key technology within the
MDA to bridge the semantic gap between models. A transformation defines
a set of rules used to modify a source model to a target model. A minor
transformation step is a refinement if it describes the relationship between
models of the same abstraction level regarding the platform. By means
of transformation and refinement techniques, platform-specific artefacts are
added to the models and compiled to the final system code. Transformation
and refinement steps are utilized as follows in the framework (Figure 2.1):

After having specified an initial PIM model, extentions and corrections on
the model may be required. The PIM-to-PIM refinement step modifies
models without requiring additional platform-specific information. To add
platform-specific information to the PIM, the PIM-to-PSM transformation
is performed. It describes how the functionality of the PIM are to be re-
alized in terms of the PSM and its underlying implementation technology.
For each platform where system code should run on, a PSM is generated
from its PIM by means of a Platform Model (PM). A PM provides tech-
nical concepts and services provided by a certain platform. The PSM is

2In MDA, the term platform is used to refer to the technological details that are
irrelevant to the functionality of the system component [OMGO3].
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improved by PSM-to-PSM refinement steps. Finally, the PSM-to-System-
Code transformation step generates the system code, e.g. C++, Java etc,
for the target platform. This last transformation step is comparable with
the traditional compilation step. Of course, the completeness of the system
code depends on the completeness of the models [DGL*03a, DGL*03b]. In
Figure 2.1, one intitial PIM is shown. Additionally, PMs for three different
platforms are provided. By means of model transformation, PSMs for each
platform are derived. At last, system code are generated for the determined
platforms.

In the following, we shall look into the languages and technologies provided
and recommended by the MDA Framework in more detail.

2.1.1 The Meta-Object Facility (MOF)

The Meta-Object Facility (MOF) is a standardized technology initiated by
the OMG in 1997. It is an extensible model-driven integration framework
for defining, manipulating and integrating metadata and data. It provides
a key technology for modeling languages within the MDA Framework. The
current version, MOF 2.0 [OMGO04] has been adopted by the OMG in 2004.
Since then, a number of technologies standardized by OMG, including the
UML 2.0, Common Warehouse Metamodel (CWM) and XMI use MOF 2.0
for metadata-driven interchange and metadata manipulation. According to
MDA, models should be expressed in a MOF-based language. This guar-
antees that models stored in a MOF-compliant repository can be parsed
and transformed by MOF-conformant tools [Ecl06, Con06, Omo06, Tes05,
Med06, GR03, BSMT03].

The MOF 2.0 standard is divided into two subsets called the essential
MOF (eMOF) and complete MOF (¢cMOF). eMOF is quite simply defined.
It provides three packages to describe three mechanisms called reflection,
identifier and extension: First, the reflection mechanism extends a model
with the ability to be self-contained, i.e. it can be recursively defined by
itself. Second, an identifier provides an extension for uniquely identifying
metamodel objects without relying on model data. Third, the extension is
a means for extending model elements with names and values. ¢cMOF is
highly coupled with the UML 2.0 Infrastructure (Section 2.1.2) and reuses
its import and merge packages.

In order to understand the relationship between the various OMG stan-
dards within the MDA framework, we have to understand how metamod-
eling works. In its essence, metamodeling allows the definition of modeling
languages in a unified way. Here, the OMG uses a so-called meta-layer ar-
chitecture for its standards. The principle of the meta-layers is elementary:
The lower layer is always an instance of the upper layer whilst the upper
layer provides the metamodel for its lower layer. Figure 2.2 shows an ex-
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Figure 2.2: A Four-Layer Metamodel Hierarchy

ample with four meta-layers®. In the example, MOF is refered to as the
meta-metamodel in Layer M3, meaning that all metamodels defined in its
lower layer are instances of MOF elements. Above that, MOF may instan-
tiate itself recursively based on its reflection mechanism. Two metamodels
called UML and U2TP are shown in Layer M2. Along the same line, an
element of the UML model in Layer M1 is an instance of an element of the
UML metamodel in M2. Likewise, a concrete UML instance in the lowest
layer MO is an instance of its UML model in M1.

2.1.2 The Unified Modeling Language (UML)

Each MDA-based specification defines a platform-independent model and
one or more platform-specific model(s). According to the MDA Framework,
these models are defined in UML, making OMG’s modeling language a foun-
dation of the MDA. In 1997, the OMG adopted the first version of UML.
Since then, UML has become popular for software modeling in both research
and industrial worlds. UML helps its user to specify, visualize, and docu-
ment models of software systems, including their structure and design to
meet the system’s requirements. A UML model captures information about
the static structure and dynamic behavior of a system.

3While MOF 1.3 still specifies a four-layer metamodel hierarchy, MOF 2.0 does not
determine the number of meta-layers any more. It only defines the relationship between
meta-layer and its underlying layer [OMGO4].
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The current version, UML 2.0, has become an official OMG standard since
October 2004. Tailored to the MDA requirements, UML 2.0 improves busi-
ness, architectural, structural, and behavioral modeling. Inspired by model-
ing languages such as Specification and Description Language (SDL), Mes-
sage Sequence Chart 2000 (MSC-2000) or Enterprise Distributed Object
Computing (EDOC), UML 2.0 has been changed and improved [EHS97,
(OMO05, KSB03, CS03, GSDH97, GKSH99a, ANM97, EGH"97, HKNO1,
RRO1, RGG99]. On its specification level, the UML 2.0 metamodel has
completely been changed and restructured [FSGO06]. On the user level, the
language has become much more complex and powerful. Just to name some
added features: composition of interactions in Interaction Diagrams and of
states in State Machines is allowed; simple time concepts in Interaction Di-
agrams exist to retrieve time value and to constrain time between events;
definition of internal class structure has been added; UML 2.0 profiling
mechanism has been extended, etc [Mil03, Sel05].

The UML 2.0 standard is published in two complementary documents: the
UML 2.0 Infrastructure and UML 2.0 Superstructure [UML04, UMLO05]. In
the following, the main concepts defined in both documents are outlined.

UML 2.0 Infrastructure

The UML 2.0 Infrastructure defines the foundational language constructs
required for UML 2.0. It consists of two packages called Core and Profiles,
where the former contains main concepts used for metamodeling, and the
latter defines mechanisms used to customize metamodels.

Basically, the Core package enables its reuse for new MDA metamodels to
benefit from abstract syntax and static semantics of existing metamodels.
The Core package is also considered as the architectural kernel of MDA
since it provides fundamental concepts to define both the UML 2.0 and
MOF metamodels.

A UML 2.0 profile is a domain-specific extension of UML 2.0 using standard-
ized extensibility mechanisms?®. A profile definition is based on referencing to
certain existing metamodel elements. It is a special package which contains
model elements that have been customized for a specific domain or purpose
using the extensibility mechanisms. UML 2.0 defines three mechanisms to
extend a metamodel [UMLO04]:

1. Constraints: Constraints are semantic conditions or restrictions. A
constraint can be expressed in natural language text, in a mathemat-
ically formal notation, or in a machine-readable language for the pur-
pose of declaring some of the semantics of a model element.

4By means of the extensibility mechanisms, Domain-Specific Languages (DSLs) can be
defined by the user.
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2. Tagged Values: Tagged values are explicit definitions of a property. In
a tagged value, the name is referred as a tag. Normally, tags are defined
by the user. Nevertheless, there are also predefined tags provided by
UML 2.0.

3. Stereotypes: A stereotpye is a meta-class that defines how an existing
meta-class may be extended. Stereotypes enable the use of platform
or domain-specific terminology. Stereotypes are either predefined or
user-defined.

In the following, the extension mechanism with stereotypes is examplified
since it is intensively used in this work:

UML
Metamodel <<profile>>
/:4\ U2TP
3 <<reference>> <<stereotype>>
' <<metaclass>> TestComponent
.‘ .pe I
<<profile>> StructuredClassifier zone: Timezone [0..1]
Uz2TP
a) Profile Definition b) Met anpodel Extension
<<profile>>
U2TP
K
BluetoothTest /<<apply>>
<<TestComponent>>

HWEmulator

- t1: timer [<

"*~~| zone = Berlin

c) Profile Application

Figure 2.3: UML 2.0 Profiling Mechanism with Stereotypes

Figure 2.3 depicts how a UML 2.0 profile can be defined and applied to a
model. In Figure 2.3a), the UML metamodel is defined in a package called
UML. A new profile called U2TP references to the UML metamodel® in order
to be able to extend the UML metamodel by new profile-specific concepts.
The extension defined in the U2TP package is shown in Figure 2.3b). There,

5Referencing a metamodel is done by the dashed arrow attached by the stereotype
<<reference>>.
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a new stereotype of the U2TP profile called TestComponent extends the UML
metaclass called StructuredClassifier by using the arrow with the solid arrow-
head. Furthermore, the stereotype TestComponent has an attribute called
zone of type TimeZone. When specifying a model based of a profile, all
concepts of UML 2.0 can be used. Additionally, the newly defined profile
concepts can be applied to the model. Figure 2.3¢) shows the specification
of a U2TP model, using the U2TP package concept to define a package
called BluetoothTest. The reference to the profile package is indicated by
the dashed arrow with <<apply>> as stereotype. A test component called
HWEmulator is defined to emulate Bluetooth hardware where the TestCom-
ponent concept is a U2TP specific concept. Moreover, the test component
owns a timer attribute called t1 and a timezone named Berlin attached to
the test component class.

The UML 2.0 Superstructure

The UML 2.0 Superstructure defines user-level constructs and unifies var-
ious diagram types in order to be able to model all kinds of aspects of
an object-oriented system [RJBO05, JBR99]. Altogether, UML 2.0 defines
thirteen types of diagrams, divided into three categories to represent static
application structure, general behavior and different aspects of interactions:
Structure Diagrams include the Package Diagram, Class Diagram, Object
Diagram, Component Diagram, Composite Structure Diagram, and Deploy-
ment Diagram. Behavior Diagrams include the Use Case Diagram, Activity
Diagram, and State Machine Diagram. Interaction Diagrams® include the
Sequence Diagram, Communication Diagram, Timing Diagram, and Inter-
action Overview Diagram. In the following, we will introduce part of the
mentioned diagram types, which are most relevant for this work.

The Package Diagrams are used to divide a model into logical packages and
to describe relation between the packages at a high level. Typically, Package
Diagrams are used to organize the model. When used to represent class
elements, Package Diagrams are utilized to provide a visualization of the
namespaces. Elements contained in one Package share the same namespace.
Packages may be imported from or merged with other packages. Figure 2.4a)
shows a Package Diagram called thePackage comprising three packages called
PkgA, PkgB and PkgC. PkgA is merged with PkgC, meaning that all elements
defined in PkgC are included into PkgA. Furthermore, PkgB is imported by
PkgA.

Class Diagrams depict the static view of the model or part of a model, de-
scribing the attributes and behavior the classes own. They are most useful to

5The UML 2.0 Superstructure standard [UMLO05] defines Behavior Diagrams and In-
teraction Diagrams explicitely in two categories even though the latter also model system
behavior.
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Figure 2.4: A Selection of UML 2.0 Structure Diagrams

illustrate relationships between classes and interfaces. A class is an element
including its attribute and behavior definitions. An interface is a specifica-
tion of behavior that implementers agree to meet. By realizing an interface,
classes are guaranteed to support a required behavior. Additionally, gener-
alizations, aggregations and associations are useful in order to reflect inher-
itance, composition and connections. A generalization is used to indicate
inheritance and aggregations are used to depict elements which are made up
of smaller components. An association implies two model elements having
a relationship where its connectors may have roles, cardinalities, directions
and constraints. Figure 2.4b) illustrates a Class Diagram called theClassDi-
agram, defining the four classes named ClassA, ClassB, ClassC and ClassD.
ClassA comprises name as its attribute and a getName method returning a
string and a setName method. ClassB inherits all attribtes and methods
from ClassA. ClassC is a composition of ClassB elements. If the parent, in
this case ClassC, of a composition is deleted, all of its parts are deleted with
it. Furthermore, ClassC is associated with ClassD in a 1:n relationship.

Composite Structure Diagrams specify the internal structure of a classifier,
including its interaction points to other parts of the system. It shows the
configuration and relationship of parts which represent a set of one or more
instances owned by a classifier instance. Ports define the interaction be-
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tween a classifier and its environment. It provides or requires services on
its interfaces. An interface is a class with restrictions. Interface operations
are abstract. While a class inherits from a single super-class, an interface
may implement multiple interfaces. Figure 2.4c) defines a Composite Struc-
ture Diagram with two classes ClassB and ClassC. The classes are connected
to each other via connectors and the ports PortB and PortD. Additionally,
interfaces are defined to provide or require services. ClassC specifies a re-
quiring interface called IRequiring and ClassD defines a providing interface
called IProviding. The definition of both interfaces are separately shown as a
class element with <<interface>> as stereotype and in a circle, respectively.

State Machine Diagrams model the behavior of a single object, specifying the
sequence of events that an object goes through during its lifetime. A State
Machine defines the various states a object might goes through. Figure 2.5a)
specifies the behavior of an object called theStateMachine and the states the
object goes through during its lifetime. This state machine owns three
states called StateA, StateB and StateC. From the initial state, StateA is
triggered by the create event. After that the object may go to StateB or
StateC according to the triggering event. In case the event is triggerl, the
object goes to StateB and invokes an effectl as the result of the transition.
In case the triggering event is trigger2, the object goes to StateC and invokes
an effect2. From state StateB, the object can be triggered to StateC after
receiving trigger3. The object goes to its final state if destroy is invoked.

Sequence Diagrams show the communication between objects. A lifeline rep-
resents an individual participant in a Sequence Diagram. Messages within
a Sequence Diagram can be complete, lost or found, synchronous or asyn-
chronous”. Furthermore, for complex behavior specifications, combined frag-
ments are allowed within Sequence Diagrams which allow e.g. the definition
of alternatives, optionals, loops, etc. In UML 2.0, some simple time concepts
are added to the standard. These concepts provide means to represent time
and durations, as well as actions to observe and constraint time.

Figure 2.5b) illustrates the communication between the three lifelines a, b
and c of the classes ClassA, ClassB and ClassC, respectively. In the beginning,
lifeline a sends messagel to lifeline b and waits for message2 as a response
from lifeline b whereas the response should not last more than 3ms. After
having answered to a, lifeline b sends message7 with a parameter to lifeline
c and stores its return value. Afterwards, a message is lost by lifeline ¢ and
the lifeline is destroyed. Meanwhile, lifeline a has received message3 with a
parameter from b. The time of sending message3 is recorded by lifeline b by
the now operation and the message should be received by lifeline a within
3 seconds, indicated by "t..t4+3". Afterwards, an alternative behavior is
invoked between a and b: If the variable x=true, then message4 will be sent

"A synchronous message completes with an implicit return message whilst an asyn-
chronous message waits for its explicit return message.
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Figure 2.5: A Selection of UML 2.0 Behavior Diagrams

to lifeline b and message5 can be received. In case that the variable x=false,
only messageb will be sent to lifeline b.

Interaction Overview Diagrams use Activity and Sequence diagrams to al-
low interaction fragments to be combined with flows and decision points.
Interaction diagrams may include Sequence Diagrams, Communication Dia-
grams, Interaction Overview Diagrams or Timing Diagrams. However, this
diagram type introduces two concepts called the Interaction Occurrence and
the Interaction Element. While Interaction Occurrences are references to ex-
isting interaction diagrams, the Interaction Elements display the contents of
the reference diagram inline. A simple Interaction Overview Diagram can
be found in Figure 2.5¢), referencing to three external diagrams called Refer-
encel, Reference2 and Reference3. These references may be either a Sequence
Diagram, a Communication Diagram, an Interaction Overview Diagram or a
Timing Diagram. Furthermore, there is a decision made after the execution
of Referencel. Accoring to the result of the variable x, Referencel is followed
by the execution of Reference? or Reference3. After that, the behavior goes
to its final node.



2.1. The MDA Framework 17

2.1.3 The Queries/Views/Transformations (QVT)

In 2002, the OMG requested proposals to define a language for specifying
queries on and transformations between MOF 2.0 models. Generally, model
transformation can be catagorized in three styles [DGLT00, CH03, VVP]:

1. Source-Driven Transformation, where the transformation rule is a sim-
ple pattern. The matched elements are transformed to a set of target
elements. This style is often used in high-level to low-level transfor-
mations (e.g. compilation).

2. Target-Driven Transformation, in which a transformation rule is a
complex pattern of source elements. The matched elements are trans-
formed to a simple target pattern. This style is often used for reverse
engineering or for performing optimizations.

3. Aspect-Driven Transformation describes the relationship of the seman-
tic concepts, e.g. transforming all imperial measurements to one met-
ric measurement, or replacing one naming system with another naming
system etc.

The Request For Proposal (RFP) published by OMG is called the Queries/-
Views/Transformations (QVT) [OMGO02a]. QVT is requested to offer a
technology for model-driven development of large distributed systems. In
its essence, the submission requires the definition of a transformation lan-
guage which describes relationships between a source and a target MOF
2.0 metamodel. Also, it should allow the creation of views and querying
of metamodels. The submission should ensure that incremental changes to
source models can be propagated and new languages can be expressed as
MOF 2.0 models. Several proposals have been submitted to the request
since then.

— Relations <
Operational RelationsToCore
Mappings Transformation|
—_—I> Core
imperative declarative imperative

Figure 2.6: QVT Language Parts
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At time of writing this thesis, the standardization process of QVT is still
ongoing. The current status of the QVT submission can be summed up as
follows [OMGO5]: it has a hybrid declarative/imperative nature, with the
declarative part being split into a two level-architecture (Figure 2.6):

The declarative language part is structured into a two-layer architecture
called Relations and Core. They are mainly responsible for pattern match-
ing and tracing. The Relations language is a declarative specification of
the relationships between MOF models. It supports complex object pattern
matching, and implicitly creates trace classes and their instances to record
what occurred during a transformation execution. Relations can assert that
other relations also hold between particular model elements matched by
their patterns. The Core language is a small language supporting pattern
matching by evaluating conditions over variables against a set of models. It
treats all of the model elements of source, target and trace models symmet-
rically. The trace models in Core must be explicitly defined, and are not
deduced from the transformation description.

In addition to the declarative languages, there are two imperative language
parts specifying normal programming languages with mechanisms to invoke
the imperative transformation implementations from the declarative parts:
the standard language called Operational Mappings and the non-standard
Black-Box implementation. The Operational Mappings language is specified
as a standard way of providing imperative implementations, which has the
same trace models as the Relations language. Mappings Operations can be
used to implement one or more Relations when it is difficult to provide a
purely declarative specification. Black Box implementations may be derived
from Relations making it possible to ”plug-in” any implementation of a
MOF Operation with the same signature. This allows complex algorithms
to be coded in any programming language with a MOF binding as well as
the use of domain specific libraries to calculate model property values.

Tefkat - A Transformation Language

Various approaches on model transformation exist. Transformation lan-
guages with appropriate underlying engines like MTF [IBM06a], Atlas Trans-
formation Language (ATL) [ATLO06], Action Semantics Language (ASL)
[Car03], Medini [Med06] or Tefkat [Tef06] etc. give several examples. In
this section, the transformation language called Tefkat and its transforma-
tion engine is introduced. Actually, there is no tool yet available compliant
to the current QVT standard. Tefkat is one of the pioneering transformation
languages to QV'T. The experience gained from Tefkat has been integrated
into the QVT standardization. We chose Tefkat as our transformation lan-
guage because it is intuitive and there is an Eclipse plugin implemented for
the Tefkat engine which is user-friendly and well-supported [Tar06]®.

8At the time of this work, Tefkat was our first choise. Of course, the development of
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Tefkat is an aspect-driven, declarative transformation language [Tef06]. To-
gether with a transformation engine, it has been developed by the Dis-
tributed System Technology Centre (DSTC). We shall use Tefkat for the
model transformation approach in a later chapter of this work.

In its essence, the Tefkat transformation language defines three main con-
cepts [Tar06, DGLT00]: transformation rules, patterns and tracking relation-
ships. Transformation rules are used to describe correspondence between
elements in a source model and the elements to be created in the target
model. Patterns are expressed as reusable definitions. When used in the
source of a rule, a pattern is a query. When used in the target of a rule,
it acts as a template for the model elements. Tracking relationships are
used to associate the source model elements with the target model elements
whose existence implies a rule [DGL"03a, DGLT03b].
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Figure 2.7: Transformation Principles

Figure 2.7 depicts the principles of the Tefkat model transformation. In this
simple example, two packages are shown. Each package owns two classes
and one association. In order to transform from one package to the other,
three transformation rules have to be defined: one to transform Class A to
Class X, another for Class B to Class Y, and a third transformation rule for
the association. The first two rules are easily written, but the third must be
able to refer to the instances of Class X and Class Y that were created from
Class A and Class B so that the newly created link of type Association Z has
the correct objects at each end. This is done by using tracking relationships
in the rules for transforming the classes and referring to the relationships
in the rule for the association. In the following, language constructs of
Tefkat are explained in detail?. They are needed in order to understand the
transformation rules defined in this work.

the other languages and engines mentioned above has also improved since then.
9The language is explained by means of its BNF
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1 TRANSFORMATION name : source [, source|* —> target [, target]*
2
3 IMPORT uri

Figure 2.8: Tefkat Language Construct: Transformation and Import

A Tefkat transformation specification is normally stored in a single file with
the suffix *.qut. This file starts with a line of the form shown in line 1 of
Figure 2.8. It provides a name for the transformation followed by names
for each of the source model instances and the target model instances. In
order for the transformation engine to be able to resolve model class names,
the location of models must be specified. This is done by the IMPORT
statement in Line 3. Generally, the URI is of the form “http://..."”, “plat-
form:/resource/...” or “file:/...".

1 RULE name
2 FORALL class variable
3 WHERE condition
4 MAKE (class variable FROM name (expressions)
5 | template_name (expressions)
6 )
7 SET path = expression
8 LINKING tracking
9 WITH name = expression
10 ;
11 RULE name (vars)
12 EXTENDS name (vars) [ , name (vars) ]*
13 | OVERRIDES name (vars) [, name (vars) |

Figure 2.9: Tefkat Language Construct: Rule Definition and Rule Extention

In Tefkat, a RULE consists of the following optional sub-parts: FORALL,
WHERE, MAKE, SET, and LINKING (Figure 2.9, Lines 1-10). The
clauses FORALL and WHERE are used on the source model elements to
query all elements which have the same features defined in the WHERE
clause. MAKE and SET are used on target model elements to create
a new object and to set the attribute values of the newly created object.
LINKING is required in order to allocate tracking relationships of the
model elements. A rule can extend or override other rules, but may not
both extend and override the same rule (Figure 2.9, Lines 11-13).
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1 PATTERN name (variables)
2 FORALL class variable
3 WHERE condition

4 TEMPLATE name (variables)

5 MAKE class variable

6 WHERE condition

7 LINKING tracking WITH name = expression

Figure 2.10: Tefkat Language Construct: Patterns and Templates

PATTERNs and TEMPLATEs are rules with limitations. While pat-
terns only match to source model elements, templates are limited to match
to target model elements. Both patterns and templates may be parameter-
ized (Figure 2.10).

CONDITIONS take on the usual form of boolean-valued comparisons or
pattern invocations linked together by operators AND, OR and optionally
prefixed by NOT (Figure 2.11, Lines 1-4). UNDEF is used to test for
a null-valued feature. EXPRESSIONS are either variable names, literals,
function calls, path expressions, or expressions involving usual mathematical
operators (Figure 2.11, Lines 5-10).

1 ( expression op expression

2 | name (expressions)

3

4 [(AND | OR) condition |x*

5 7string”

6 | integer

7 | true | false

8 | <uri>

9 | name ( expressions )

10 | variable [(.|—>) feature ()? {}7]+

Figure 2.11: Tefkat Language Construct: Conditions and Expressions

The underlying transformation engine of Tefkat is available as an plugin
for the Eclipse platform!? [Ecl06]. The metamodels on which transforma-
tion should be performed must be defined in a MOF-like meta-metamodel

0Fclipse is an open development platform and application frameworks for building
software.
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structure of Eclipse called Eclipse Modelling Framework (EMF) and trans-
formations are then performed between these EMF meta-classes [GR03].

2.2 Test Concerns

Testing is one of the most important phases during the software development
process with regard to quality assurance. It is an analytic means for assessing
the quality of software [Wal01]. While Myers defines testing as the process
of executing a program with the intent of finding errors [Mye79], Balzert
regards testing as a means aiming at revealing errors in a program [Bal98§].
In this section, important testing aspects and test development phases are
explained. Moreover, an insight into the standardized test language called
TTCN-3 is given.

2.2.1 Test Dimensions and Test Development Phases

Software or communication systems can be classified in different categories
according to its communication to its environment, the distribution of sys-
tem components, and the real-time aspects [Gra02]. Similarly, tests can also
be classified in different levels, depending on the characteristics of the system
under test and the test system. [Neu04] categorizes testing in the dimensions
of test goals, test scope and test distribution, as shown in Figure 2.12.

Non-
functional

Functional
Test scope

Test goal

System
Structural

Integration

Static
Component

Local ! Distributed

Test distribution

Figure 2.12: The Three Test Dimensions
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Test goals The goal of a test can be categorized into static and dynamic
testing, whereas the latter is distinguished between structural, functional
and non-functional testing.

1. Static testing: Static tests assess a system under test without executing
it. They can locate defects in an early stage.

2. Structural testing: Structural tests cover the structure of the system
under test during test execution (e.g., control or data flow). To achieve
this, the internal structure of the system needs to be known. Therefore,
structural tests are also called glass-box tests [MyeT79).

3. Functional testing: The goal of functional testing is to ensure the
correctness of the system under test with respect to its functionality
according to the system specification. In contrast to structural tests,
functional tests do not require any knowledge about system’s internals.
They are therefore called grey-boz tests or black-box tests [Bei95].

4. Non-functional testing: Similar to functional tests, non-functional tests
are performed against requirements specification of the system. In
contrast to pure functional testing, non-functional testing aims at the
assessment of non-functional, such as real-time requirements. Non-
functional tests are usually black-box tests. Nevertheless, for retriev-
ing certain information, e.g. internal clock, internal access is required.
In this case, these tests are also regarded as grey-box tests.

Test scope Test scopes describe the granularity of the system under test.
Due to composition of the system, testing at different scopes may reveal
different failures [Wey86, Wey88]. Therefore, tests on different scopes are
usually performed in the following order:

1. Component: At the scope of component testing, the smallest testable
component (e.g., a class in an object-oriented implementation or a
procedure in a procedural language) is tested in isolation.

2. Integration: The scope of integration test is to combine components
with each other and test those not yet as a whole system but as a
subsystem.

3. System: In a system test, the complete system consisting of sub-
systems is tested. A complex system may be distributed and has usu-
ally different interfaces through which it can be accessed and tested.
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Test distribution Not only the System Under Test (SUT) may be dis-
tributed, but also the test system itself can be characterised with respect to
its distribution:

1. Local: A local test consists of just one test component located on a
single node. The test is driven by the test component which accesses
the SUT through one or more interfaces.

2. Distributed: A distributed test consists of several test components
which may be distributed over multiple nodes. Thus, the whole test
consists of concurrently running components which interface the item
under test. To achieve a deterministic test, coordination and synchro-
nization between the components is necessary.

For this thesis, we modified the dimensions shown in Figure 2.12. Since the
work deals with both local and distributed systems, the test distribution
dimension becomes trivial. Thus, we replaced this dimension by a dimension
describing the different test development phases (Figure 2.13). The aim of
this work is to cover as many categories over the test development phases
as possible.
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Figure 2.13: Application Areas and Test Dimensions

Phase of Test Development The dimension of the phase of test devel-
opment relates to the point in time of the test development process. The
test development process can be divided into the following phases which
are usually consecutive, but may be iterated as part of an incremental or
iterative development approach:

1. Test requirements: Preceeding to the actual test development, test
requirements need to be captured.
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2. Test design: The design of a test mainly concentrates on the test archi-
tecture and its involved classes. Depending on the test distribution,
i.g. local or distributed, the number of test components and their
connections are defined.

3. Test specification: During test specification, both test architecture and
test behavior are concretized. For test behavior specification, commu-
nication between the SUT and test components is defined and test
coordination between components of test system must be determined.
Also, concrete test data are needed. Furthermore, timers provide good
means to control and guarantee the proper termination a test.

4. Test implementation: This phase realizes the tests specified in the pre-
vious stage to make it executable. Herefore, implementation specific
information, such as the system infrastructure, port mapping between
SUT and the test system, or data coding must be taken into account.

5. Test execution: In the test execution step, the tests are executed au-
tomatically or manually. During test execution, test events may be
logged for further evaluation.

6. Test evaluation: The final phase of the testing process is the evaluation
of test results which is performed after test execution, eventually.

2.2.2 Real-Time Properties and Testing

Black-box testing is performed against requirements that can be classified
in functional and non-functional testing. In the following, the difference
between both is addressed and real-time properties are discussed. Partsch
defines a requirement firstly, as “a condition or capability needed by a user
to solve a problem or achieve an objective”, and secondly “as a condition
or capability that must be met or possessed by a system or system compo-
nent to satisfy a contract, standard, specification, or other formally imposed
document. The set of all requirements forms the basis for subsequent devel-
opment of the system or system component” [Par91].

Functional requirements are associated with tasks or behavior a system must
support, while non-functional requirements are constraints on various at-
tributes of the functional behavior!'!. Thus, non-functional properties are
always related to functional behavior and do not exist on their own. A brief
classification of requirements is outlined in Figure 2.14. As depicted there,
non-functional requirements can be subdivided with respect to the following
properties: real-time properties; reliability properties like time Mean Time

11 the context of services, most of the non-functional properties are also denoted as
Quality of Service (QoS).



26 2. Fundamentals on MDA and Testing

Requirements
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Figure 2.14: Hierarchy of Requirements

Between Failure or robustness; economic properties, e.g. costs or maintain-
ability; usability properties and security properties. In this thesis, we focus
on real-time properties.

Real-Time Systems and Real-Time Properties According to Lann,
a real-time system is “a computing system where initiation and termination
of activities must meet specified timing constraints” [IL90]. Concerning the
timing constraints a real-time system has to comply, hard and soft real-time
properties can be distinguished [SR90]:

Hard real-time properties are time constraints which have to be fulfilled
in any case. If the hard real-time constraint is, e.g. defined on the du-
ration of a request response, a late answer indicates a failure in the
system. An example gives the autopilot of an aircraft, where violation
of hard real-time constraints might lead to a crash. Mathematically,
hard real-time properties can be described by simple equations or in-
equations.

Soft real-time properties are time constraints which need to be satisfied
only in the average case or to a certain percentage. In this case, a late
answer is still a valid answer. An example is video transmission where
a delayed frame might either be displayed delayed or dropped when
not perceivable as long as no consecutive frames are affected. Even
though soft real-time systems are easier to implement, the mathemat-
ical description of soft real-time properties is more complex, since it
often involves statistical expressions.

In this thesis, we will address real-time properties such as delays latency and
response time but also frequency or its reciprocal cycle duration periodicity
as well as throughput [ATM99a, ATM99b, ATM00, RB96, IET90, IET91,
IET98, IET99, IET02].
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Functional vs. Real-Time Testing Functional testing is concerned
with assessing the functional behavior of an SUT neglecting time aspects!?.
While the temporal order of events is regarded, the exact timing of the
events is not considered. Functional testing can be used for assessing both
real-time and non-real-time systems.

In contrast, real-time testing assesses the real-time properties of an SUT by
considering the points in time when test events are exchanged. This fact
does not only apply for observations. Also stimuli which are sent by the test
system may be subject of real-time requirements, since the SUT might also
assume certain real-time properties from the environment, provided by the
test system while testing.

Indeed, since non-functional properties like real-time properties are always
related to functional behavior, they cannot be tested on their own, but
require a test case which involves also the associated functional events for
stimulating and observing the SUT. Thus, a prerequisite of real-time testing
is that the SUT has successfully passed the functional testing.

An important requirement on testing is that tests shall be deterministic and
reproducible. Otherwise, if the test verdict changes for each execution of
the same test case, the outcome of a test run would be of no relevance.
However, reproducibility is a severe problem for real-time testing [Sch93].
Problems occur if the SUT delivers a real-time performance which is close
to the limit of the actual real-time requirement, i.e. if the real-time property
varies below and beyond a certain limit. In this case, it is difficult to decide
whether the SUT really failed or whether the test system is in fact at its
limits and thus responsible for non-deterministic observations'®. This can
be avoided if the test system itself obeys two requirements: Firstly, the
time resolution of the clock used to assess the test item’s real-time property
is at least in the same order of magnitude as the real-time requirements
which are subject of test. Secondly, the test system in general has to be
fast enough to send the stimuli and make the observations in time. Hence,
to be able to execute real-time tests, an important prerequisite is that the
test system is fast enough. This can, e.g. be evaluated by benchmarking
the test system itself [HKNO1, DST04] or using real-time operating systems
for the test infrastructure [Mag00]. Generally, for real-time testing one has
to be aware that not only the SUT is a real-time system, but also does the
test system. Hence, for the implementation of a real-time test, real-time
support from a real-time operating system such as RTLinux or FreeRTOS is
required [RTLO06, Fre06]. However, test implementation on such a low level
is out of the scope of this thesis.

2Though time aspects can be neglected in functional teesting, the use of timers is still
required.

13In worst case, i.e., the test system is far too slow, a test may be deterministic in the
sense that it yields always the wrong verdict.
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The Tree and Tabular Combined Notation (TTCN) is a language for con-
formance test specification. It is defined in a framework for functional
black-box testing process, called the Conformance Testing Methodology and
Framework (CTMF) [ISO97]. This language is intended for pure functional
black-box tests. A more powerful successor of that test language, the TTCN-
3 is described in Section 2.2.3.

2.2.3 TTCN-3 - A Testing Language

The Testing and Test Control Notation, version 3 (TTCN-3) is a test specifi-
cation and implementation language to define test procedures for black-box
testing. TTCN-3 [ETS05a, GWWHO00] has been developed from 1998 to
2001 by an European Telecommunications Standards Institute (ETSI) ex-
perts team as successor language for TTCN. Its development was driven
by the industry and research in order to obtain a single test notation for
black-box testing needs. In comparison to TTCN, TTCN-3 provides several
additional concepts like, e.g. dynamic test configurations, procedure-based
communication and module control part.

By means of TTCN-3, a tester is able to specify tests at an abstract level and
focus on the definition of the test cases rather than test system adaptation
and execution. TTCN-3 enables a systematic and specification-based test
development for various kinds of tests, including the functional, scalability,
load, interoperability, robustness, regression, system and integration testing
[Din04]. In the following, the core language of TTCN-3 is explained.

An Overview on TTCN-3

An overall view on TTCN-3 can be found in Figure 2.15: Despite of the tex-
tual TTCN-3 Core Language (CL), presentation formats can also be taken
as front-ends of the language. The tabular and graphical formats called Tab-
ular Presentation Format for TTCN-3 (TFT) and Graphical Presentation
Format for TTCN-3 (GFT) are standardized formats of TTCN-3. Other
presentation formats can be added according to the needs of the users. Fur-
thermore, the core language of TTCN-3 provides interfaces to referenced
data which are defined in other description languages. For that, types and
values such as defined in the Abstract Syntax Notation One (ASN.1) or
Interface Definition Language (IDL) can be imported to TTCN-3.

The current ETSI standard for TTCN-3 comprises the following seven parts:

1. The Core Language (CL) introduces test-specific language constructs
and defines the syntax of TTCN-3 [WDT'05].

2. The Tabular Presentation Format for TTCN-3 (TFT) is one of the
standardized presentation formats of TTCN-3 [ETS05b]. In TFT, a
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Figure 2.15: TTCN-3 Overview

TTCN-3 module is a collection of tables. TFT is similar in appear-
ance and functionality to the earlier versions of TTCN [ETS98]. It
is designed for users who prefer the old style of writing TTCN test
suites.

3. The Graphical Presentation Format for TTCN-3 (GFT) is the second
standardized presentation format [ETS05c]. This format is based on
the style of Message Sequence Chart (MSC) [Z1299]. The graphical
format is used to visualize TTCN-3 behavior definitions. The complete
CL is mapped to GFT symbols and vice versa.

4. The Operational Semantics (OS) describes the semantic of TTCN-3
constructs and provides a state-oriented view of the execution of a
TTCN-3 module [ETS05d].

5. The TTCN-3 Runtime Interface (TRI) provides a platform-specific
adaptation layer to complete a test system implementation [ETS05e].
The TRI document contains the specification of a common Application
Programm Interface (API) interface to adapt TTCN-3 test systems to
the SUT.

6. The TTCN-3 Control Interface (TCI) also defines an adaption layer
[ETS05f]. Furthermore, it is an implementation guideline for the ex-
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ecution environments of TTCN-3. It contains the specification of the
API which TTCN-3 execution environments should implement in or-
der to ensure the communication, management, component handling,
external data control and logging during test execution.

7. The last and newest document in the TTCN-3 standard defines the
harmonization and use of ASN.1 with TTCN-3 [ETS03].

Concepts of TTCN-3

The TTCN-3 Core Language (CL) is a modular language and has a similar
look of a common programming language. In contrast to common program-
ming languages, TTCN-3 also contains concepts necessary to specify test
artefacts like verdicts, timers, data matching, dynamic test configuration,
encoding, synchronous and asynchronous communication etc. A TTCN-3
test specification typically consists of the following parts:

1. test data and templates definition,
2. function and test case definitions for test behavior, and

3. test control definition for the execution of test cases.

Modules The top-level building-block of a TTCN-3 test suite is a module.
A module is defined with the keyword module and may import completely
or partially the definitions of other modules. A module can be parameter-
ized. Typically, a TTCN-3 module owns two parts: the module definition
part and the module control part. The module definition part contains data
and behavior defined by the module. They can be defined within the mod-
ule, but also be imported from other modules. Test behavior in TTCN-3 are
defined as functions, altsteps and testcases. The module control part
specifies the main program and describes the test execution sequence. The
control part calls test cases or functions defined in the module. Also, the
module control part has access to test verdicts delivered by each test cases
and decides about next test execution steps.

Figure 2.16 shows an example of a TTCN-3 module called MyModule. In
its module definition part, this module imports all definitions from another
module called OtherModule. Additionally, it specifies a type myType and
a test case MyTestCase, where the latter is executed in the module control
part.

Test Systemn A test case is executed by a test system. TTCN-3 allows the
specification of dynamic and concurrent test systems. A test system consists
of a set of interconnected test components with well-defined communication
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module MyModule {

/*x Module definition part sx/
import from OtherModule all; // imports from other modules

type record myType { // type definitions
charstring fieldl,
integer field2
}
/xx Testcase definition *x/
testcase MyTestCase(integer i)
runs on MyTestComponent system SysComponent {
// behavior definition

/xx Module control part xx/
control {

execute(MyTestCase(5))
}

Figure 2.16: Example on TTCN-3 Module

ports and an explicit test system interface which defines the boundaries of
the test system.

Within every test system, there is one Main Test Component (MTC). All
other test components are called Parallel Test Component (PTC)s (Fig-
ure 2.17). The MTC is created and started automatically at the beginning of
each test case execution. A test case terminates when the MTC terminates.
The behavior of the MTC is specified in the body of the test case defini-

Test system

Connected Ports
IN
EDI -—
MTC PTC
ouT N

Mapped Ports

Abstract Test System Interface

-t

Real Test System Interface

Figure 2.17: Conceptual View of a TTCN-3 Test System
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tion. During the execution of a test case, PTCs can be created, started and
stopped dynamically. A test component may stop itself or can be stopped
by another test component. For communication purposes, each test compo-
nent owns a set of local ports. Each port has an in- and out-direction. The
in-direction is modeled as an infinite First In First Out (FIFO) queue, which
stores the incoming information until it is processed by the test component
owning the port. The out-direction is linked directly to the communication
partner.

Figure 2.18 shows the definition of two port types. The first port type is a
message-based port called MessagePortType and the second port type defines
a procedure-based port called ProcedurePortType. The keywords message
and procedure indicate the type of port.

type port MessagePortType message {
in MessageTypel;
out MessageType2;
inout MessageType3

}

type port ProcedurePortType procedure {
out Procl;
in Proc2

}

Figure 2.18: Example on Port Definition

During the test execution, TTCN-3 distinguishes between connected and
mapped ports. Connected ports are used for the communication with other
test components. If two ports are connected, the in-direction of one port is
linked to the out-direction of the other, and vice versa. A mapped port is
used for the communication with the SUT. TTCN-3 distinguishes between
abstract and real test system interfaces. The abstract test system interface
is modeled as a collection of ports that defines the abstract interface to
the SUT. The real test system interface is the application-specific part of
a TTCN-3-based test environment and implements the real interface of the
SUT. In TTCN-3, connections between test components and mappings be-
tween test components and the SUT are created and destroyed dynamically
at runtime.

An example of a system configuration definition can be found in Figure 2.19.
Here, the test component MyComponent is created first. Afterwards, ports
between the newly created test component and the MTC are connected.
Also, a port of the test component is mapped to a port of the SUT. At last,
the behavior of the test component is started.
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var MyComponent := MyComponentType.create;

connect(self:Port1l, MyComponent:port1);
map(MyComponent:Port2, system:SUTPort);

SO W N~

MyComponent.start(MyBehavior(self));

Figure 2.19: Test System Configuration

Test Cases and Test Verdicts Test cases define test behavior to check
whether the SUT passes the test or not. The result of a test case execution
is always a test verdict. TTCN-3 provides special test verdict mechanisms
to interprete test runs. This mechanism is implemented by a set of prede-
fined verdicts, local and global test verdicts and operations for reading and
setting local test verdicts. The predefined verdicts are pass, inconc, fail,
error and none. They are used for the judgment of complete and partial
test runs. A pass verdict denotes that the SUT behaves according to its
system requirement, a fail indicates that the SUT violates its specification,
an inconc (inconclusive) describes a situation where neither a pass nor a
fail can be assigned, and the error verdict indicates an error in the test
system. The verdict none is the initial value where no verdict has been
assigned yet.

Current value New verdict assignment value
of verdict pass inconc ‘ fail ‘ none
pass pass inconc | fail pass
inconc inconc | inconc | fail inconc
fail fail fail fail fail
none pass inconc | fail none

Figure 2.20: TTCN-3 Overwriting Rules for Verdicts

During test execution, each test component maintains its own local test
verdict. A test component can retrieve and set its local verdict. When
changing the value of a local test verdict, special overwriting rules are applied
(Figure 2.20). The overwriting rules only allow that a test verdict becomes
worse, e.g., a pass may change to inconc or fail, but a fail cannot change
to a pass or inconc. In addition to local test verdicts, the TTCN-3 run-
time environment maintains a global test verdict. The global test verdict
is not accessible for the test components. It is updated according to the
overwriting rules when a test component terminates. The final global test
verdict is returned to the module control part when the test case terminates
(Figure 2.21).
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Figure 2.21: Relationship between TTCN-3 Verdicts

Alternatives and Snapshots A special feature of the TTCN-3 semantics
is snapshots. Snapshots are related to the behavior of components. They are
needed for the branching of behavior due to the occurrence of timeouts, the
termination of test components and the reception of messages, procedure
calls, procedure replies or exceptions. In TTCN-3, this branching is defined
by means of alternatives, the alt statement.

S1,;
alt {
[182{
alt {
[1S4{S7}
[1S5¢
S8;
alt{
[1s9{}
[1s10{}

}
}
}
}
[1S3{sS6}

Figure 2.22: Tllustration of TTCN-3 Alternative Behavior

An alt statement describes an ordered set of alternatives, i.e., an ordered
set of alternative branches of behavior (Figure 2.22). Each alternative has a
guard which consists of several preconditions referring to values of variables,
status of timers, contents of port queues and identifiers of components, ports
and timers. An alternative becomes executable if the corresponding guard
is fulfilled. If several alternatives are executable, the first executable alter-
native in the list of alternatives will be executed. If no alternative becomes
executable, the alt statement will be executed again.
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The evaluation of several guards needs time. During that time, precondi-
tions may change dynamically. This will lead to inconsistent guard evalua-
tions, if a precondition is verified several times in different guards. TTCN-3
avoids this problem by using snapshots. Snapshots are partial module states
which include all information necessary for the evaluation of alt statements.
A snapshot is recorded when entering an alternative. For the verification
of preconditions, only information in the current snapshot is used. Thus,
dynamic changes of preconditions do not influence the evaluation of guards.

Default Handling Defaults are used to handle communication events
which may occur, but which do not contribute to the test objective. De-
fault behavior can be specified by altsteps and then activated as defaults.
For each test component, defaults are stored in a default list according to
the order of their activation. Altsteps are function-like descriptions for
structuring component behavior. TTCN-3 uses altsteps to specify default
behavior or to structure the alternatives of an alt statement. Like an alt
statement, an altstep defines an ordered set of alternatives. The difference
is that no snapshot is taken when entering an altstep. The evaluation of
the top alternatives is based on an existing snapshot.

1 altstep MyAltStepl() runs on MyComponentType {
2 // altstep behavior

3 [] MyPortl.receive(MyTemplatel) {
4 setverdict(pass);
5}
6 [| MyPort2.receive(x) {
7 setverdict(fail);
8 1}
9 [] MyPort2.catch(timeout) {
10 setverdict(inconc);
11}
12 }
13
14 testcase MyTestCase() runs on MyComponentType {
15 ..
16 var default myDefault = activate(MyAltStepl());
17
18 // test behavior with alternatives
19 deactivate(MyAltStepl);
20 }
21 }

Figure 2.23: Example on Default and Altstep Handling

The default mechanism is invoked at the end of each alt statement. The de-
fault mechanism invokes the first altstep in the list of defaults and waits for
the result of its termination. The termination can be successful or unsuccess-
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ful. Unsuccessful termination means that none of the top alternatives of the
altstep defining the default behavior is executable. Successful termination
means that one of the alternatives has been executed.

Figure 2.23 examplifies the definition of an altstep named MyAltStepl and
the activation of this default. The altstep defines three alternatives, catch-
ing the events of receiving MyTemplatel via Portl, any events (represented
by *) and timeout event via Port2 and a timeout event. According to the
received event, verdicts are set.

Communication Operations Communication operations are important
for the specification of test behavior. TTCN-3 supports message-based and
procedure-based communication. The communication operations can be
grouped in two parts: stimuli, which send information to SUT, and responses
used to describe the reaction of the SUT.

Communication between test components and SUT can be asynchronous or
synchronous. The communication is called asynchronous when messages are
sent to or received from the SUT. It is called synchronous when procedures
of the SUT are called by test components. Also, operations may be non-
blocking, meaning that the test system does not wait for response after the
call. Otherwise, the system is blocked until the response arrives. Figure 2.24
shows an example of the usage of communication operations.

1 MyPortl.send(myValue);

2 MyPort2.send(myValue) to MyComponentl;

3 MyPort3.call(MyProc:{MyVarl}) to MyComponent2 {
4 [| MyPort3.getreply(MyProc:{MyVar2}) ();

5 [| MyPort3.catch(MyProc, ExceptionOne) ()

6 // catch exception

7

Figure 2.24: Example on Communication Operations

Test Data Specification A test system exchanges data with the SUT.
Herefore, test data must be defined. TTCN-3 offers different constructs to
describe test data. Data types, templates, variables, procedure signatures
can be used to express messages and signatures. Besides, TTCN-3 also offers
the possibility to import data described in other languages.

Besides basic data types, e.g. integer, charstring or boolean, TTCN-3
also supports complex types such as records, sets or unions. Furthermore,
TTCN-3 supports the test-specific types in order to define verdicts, defaults
and any kind of data types. The verdicttype enumerates the possible
verdicts of a test, i.e. pass, fail, inconc, error and none. The anytype
is an union of all known TTCN-3 types. It is used as a generic object which
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/xx Templates for basic types xx/
template integer t1 := {1, 2, 3};
template charstring t2 := 7;

/++ Data Type and templates for structured types **/
type record MyRecordType {

integer fieldl optional,

charstring field2,

boolean field3
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}
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template MyRecordType t3 := {
13 fieldl := omit,

14 field2 := "ABC”,

15 field3 := false

16 }

Figure 2.25: Example on Types and Templates

is evaluated when the value is known. The default type is used for default
handling and represents a reference to a default operation.

Templates are data structures used to define message patterns for the data
sent or received via ports. They are used either to describe distinct values
transmitted via ports or to evaluate if a received value matches a template
specification. Figure 2.25 shows the definition of the basic template t1 with
a value between one and three, and a template t2 of any kind of charstring
value. Furthermore, a structured type MyRecord Type and its template t3 are
specified. The record type owns three fields field1, field2 and field3, where
field1 is an optional field. In its template definition, the first field is omitted
and the other fields are set by concrete values.

2.3 Summary

In this section, basic knowledge about the MDA Framework has been intro-
duced, including its embraced technologies and languages called MOF 2.0,
UML 2.0 and QVT. MOF 2.0 is a meta-metamodeling language which is
used to define other languages. In this work, it is needed in order to define
a new language called Test-Directive Metamodel in Chapter 5. UML 2.0 is
a standardized modeling language which serves as a foundation for the test
modeling language called U2TP defined in Chapter 4. The QVT standard
provides model transformation technologies. In order to achieve the model
transformation in this work, a transformation language called Tefkat and its
underlying engine are used. The realization of the transformation is shown
in Chapter 5.
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Besides the detailed introduction of the MDA Framework, testing concerns
have been illustrated in Section 2.2 of this chapter. Herein, testing is catego-
rized by the dimensions of test scopes, test goals, test distributions and test
development phases. The emphasis of this work lays on both the functional
and real-time black-box testing. At last, the standardized executable test
specification language called TTCN-3 is presented in detail. TTCN-3 has
been defined for functional testing. In order to be able to specify real-time
tests with TTCN-3, the language is extended by real-time test concepts in
Chapter 6.



Chapter 3

System Modeling with
UML 2.0 — A Case Study

”You have to see it yourself!” — Morpheus, The Matrix

This chapter shows how UML 2.0 can be used to specify system models.
As a case study, a roaming technique for data transfer using Bluetooth
hardware devices is chosen!. After a short introduction about the Bluetooth
technology in Section 3.1, the new roaming approach for Bluetooth devices
is explained. In Section 3.2, the application is modelled by different UML
2.0 diagrams as a platform-independent system model. This case study will
accompany the reader throughout the whole thesis.

3.1 A Roaming Approach for Bluetooth Devices

Bluetooth is an established standard for short-range wireless communica-
tion. The Bluetooth specification enables small devices to interact within
a short range [Blu04]. These device interactions are known as personal
area networks [IBMO06¢]. The standard embodies both hardware (i.e. radio,
baseband and hardware interface) and protocol layers specifications.

In the Bluetooth standard, two network types called piconet and scatternet
are defined. A Bluetooth network consists of master and slave devices.
Between the master and its slaves, data can be transferred whereas the
master switches the connection rapidly from slave to slave in a round-robin
manner. A Bluetooth device may change its role of being either a master
or a slave at any time. A master device is able to communicate with up to
seven slaves and a Bluetooth network containing eight Bluetooth devices is
called piconet. Additionally, the Bluetooth specification allows connecting

!The ideas of the Bluetooth Roaming approach originates from the research project
[Blu06] where the author of this thesis also participated to the specification of the system
model.
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two or more piconets together to form a scatternet. Here, special devices
are needed which act as bridges by simultaneously being a master in one
piconet and a slave in another piconet.

Roaming is a technical term in wireless telecommunication either to ex-
tend connection in a location different from the home location [MP92] or a
handover for an ongoing connection between base stations within the same
network [WLAO3]. Roaming is typically performed if a user gets out of the
range of his current base station and gets better connection with another
one. However, the current Bluetooth standard does not support roaming of
devices between its networks, e.g. piconet. There are several reasons why
the Bluetooth standard does not support roaming, including;:

- The main usages of Bluetooth are cable replacement of locally fixed
devices and support of short-term adhoc networks (e.g. synchroniza-
tion of desktop PCs and PDAs). For these applications, roaming is
not required.

- Bluetooth is supposed to be very simple, efficient and cost-saving.
Roaming support would enlarge the Bluetooth protocol stack, making
devices more expensive.

- It is hard to define the roaming boundary in piconets because every
Bluetooth device can be both master and slave.

Therefore, if a Bluetooth slave device is losing the link to its master, no
provision is made to switch the connection to another master. Nevertheless,
roaming within Bluetooth networks might be useful in some cases. Assuming
having more than one Bluetooth LAN access point, roaming might be useful
for having a seamless connection even while moving. In the following, a new
roaming approach for the Bluetooth technology is described, concentrating
on the piconets as the network topology.

3.1.1 The Bluetooth Roaming Application

The needs for a basic roaming support for Bluetooth devices is situated in a
medical environment?. Its goal is to replace the traditional cable-based
monitoring of patients during surgical treatments with a wireless trans-
mission of the patient’s monitoring data using Bluetooth hardware devices
[PDGN03, DGNP04]. By transmitting the sensor data via radio, the mo-
bility of the patient shall be increased significantly. Also, the number of
artifacts caused by cables and the overall cost for the replacement of broken
cables can be reduced.

2This roaming approach originates from a project between the clinical center and com-
puter science institutes at the University of Luebeck [Blu06].
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The idea is as follows: Sensor data like electrocardiogram (ECG), tempera-
ture or blood pressure are gathered at a mobile device, digitized and trans-
mitted via radio to fixed units, the receivers. The mobile device is fixed at
the patient’s bed or the patient itself which may be moved during the entire
monitoring period. One of the advantages of this wireless monitoring is a
continuous data transmission throughout all the different stages the patient
passes through (e.g. preparation — anesthesiology — surgery — wake up
— intensive care). Thus, the connection between the mobile devices and
the receivers mounted at the hospital’s ceilings must be handed over from
one receiver to the next while the patient is moving. The receivers must
cover the entire area which the mobile device can reach. In order to allow
a seamless connection, the areas covered by the antennas of two adjacent
receivers must be overlapping (Figure 3.1). Different units (e.g. sensor,
digitizing or radio transmission units) share the same rechargeable battery
pack. The electric power consumption plays an important role in the de-
sign of the system. As a consequence, a mobile device only consists of a
small embedded device including the Bluetooth chipset and a low-current
microcontroller without a complete Bluetooth protocol stack running on it.

Location * MIH ;M2 M3
Server oo ' :
fqpming grection
BT- Devicé:,+" -,

Figure 3.1: Network Configuration

3.1.2 The Roaming Algorithm

Before describing the roaming algorithm, the basic procedures for building
up connections between Bluetooth devices? are explained first: In order to
establish new connections between Bluetooth devices, the Bluetooth proce-
dures called inquiry and paging are used. The inquiry procedure enables
a device to discover which other devices are in its range and what their
unique Bluetooth device addresses are. Knowing the correct Bluetooth de-
vice address, a connection can be established with the paging procedure.

3From now on, a Bluetooth device denominates a device using a Bluetooth hardware
unit to send and receive data without necessarily using the complete Bluetooth protocol
stack.
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Assuming the paged device accepts the connection request, both devices re-
ceive a connection confirmation message and the connection is established.
A device which confirms the connection establishment first will automati-
cally become the master of the connection while the other device becomes
the slave. If both devices agree, the roles can be switched at any time after
the completion of the connection procedure.

In this roaming approach, all receivers are connected to a fixed network
which also connects the receivers to other applications or servers (Figure 3.1)
[PDGNO03]. The mobile devices are usually moving along the receivers. Be-
cause of the piconet structure, the receivers as the central units are assigned
to masters and the mobile devices are assigned to slaves by definition. If a
slave runs the risk of losing connection to its current master, the connec-
tion must be handed over to the next master. By periodically checking the
quality of the link? to the master [Blu04], the slave is able to detect the con-
nection loss in time. Whenever the quality drops below a certain threshold
value the next master will be chosen. Because the inquiry procedure is very
time-consuming (up to 10s) and no data transmission is possible during this
period, the slave tries to connect directly to the next master using paging
(consuming less than 100ms). This implies that the slave knows to which
master it has to contact next.

However, the problem is that a slave has no detailed knowledge of its spatial
position. For this reason, the information about potential new masters has
to be provided by the current master. In order to create a suitable list for
each slave, the movements of the slaves are tracked by a Location Server.
The Location Server stores the physical positions of all receivers e.g. in form
of a connection graph. For each slave that is registered within the network,
an ordered list of the masters visited before is stored in the Location Server.
With this list, prediction can be made to determine which master can be
connected to in the next future. So if the slave connects to a master, the
Location Server will be informed by the master. The Location Server then
builds up a roaming list of potential new masters, and returns it to the
master of the slave. After the reception of this list, the master forwards it
to the slave. The order of the roaming list depends on the prediction made
by the Location Server, i.e. the list contains all masters that may be reached
at the next step starting with the master with the highest probability going
down to the masters where the probability is very low. After the connection
is set up between the slave and a master, data can be exchanged and the
link quality be checked periodically.

Figure 3.2 visualizes the roaming algorithm in an UML 2.0 Activity Diagram.
The diagram shows the activities of a slave while roaming. In the beginning,
the slave tries to connect to a master. If the connection is successful, the

4This can be done using the HCI_Get_Link_Quality command defined in the Bluetooth
standard.
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Figure 3.2: Roaming Algorithm as Activity Diagram

updated roaming list is transferred to the slave and data can be sent. In
parallel, the link quality between slave and master is observed. If the quality
gets bad, the slave will look up in its roaming list for a new master and try
to connect to that master directly. If, for any reason, no connection can
be established and thus no connection confirmation is received by the slave,
a warning message is sent to the user (e.g. by a warning light or a special
sound indicating that a problem has occurred). Another warning message is
sent to the last master. If the connection to the last master is still alive, the
reception of a warning message can be used to initiate appropriate exception
handling mechanisms.

Figure 3.3 shows a typical roaming scenario in a UML 2.0 Sequence Diagram.
Four instances are involved in his scenario: a Location Server, a Slave and
two master instances Masterl and Master2. Slave sends data to Masterl
and checks the link quality. If the result is below a predefined threshold
value (i.e. #good), a new master will be calculated by Slave by means of
its roaming list. In this scenario, Master2 is the new master. Thus, Slave
sends a connection request to Master2 and gets a confirmation indicating
that the connection has been successfully established. Afterwards, Master2
informs the Location Server that it is now the new master of Slave. Master2
receives the new roaming list from the Location Server and forwards it to
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sd BT—RoaminngnaIysisJ

: data !
quality :=
check_link_quality

[quality: I=good]
newMaster :=
RList.nextElement

con_confirm

con_request!

| connected(Slave)

RList :=
makeRList(Slave)

roamingList(RList,Slave) _:

roamingList(RList)

Figure 3.3: Roaming Analysis

Slave. Hence, Master2 can exchange data with the slave until the link quality
between them becomes weak again.

3.1.3 Protocol Stack with Roaming Layer

The Bluetooth protocol consists of multiple stacks [Blu04]. For the definition
of the roaming approach, the original Bluetooth stack has to be extended.
Figure 3.4 shows the new Bluetooth protocol stacks resulting from the pro-
posed roaming approach. Herefore, special protocol layers for roaming called
the Slave Roaming Layer and the Master Roaming Layer are added. These
roaming layers take care of the correct connection handover while roam-
ing. Distinction is made between master and slave roaming layers since the
roaming functionality depends on the role of the devices. While the slave
roaming layer has periodically to check its link quality and calculate new
masters before roaming, the master roaming layer has to forward data be-
tween its lower and higher layers. Since every Bluetooth device is allowed
to be both slave and master according to the Bluetooth specification, the
roaming functionalities for both slave and master are located in the same
protocol layer”.

This given Bluetooth roaming approach makes no use of the higher protocol
stacks of Bluetooth. Therefore, the roaming layers are implemented directly

5In this figure, we separate and distinguish between slave and master roaming layers
in order to distinguish the roles of the devices and for a better explanation of the protocol
stacks.
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Figure 3.4: Protocol Stack with Roaming Layer

on the hardware interface called Host Controller Interface (HCI). The Blue-
tooth application layers are set upon the roaming layers. The interface from
roaming layer to application layer is called Slave Roaming Interface (SRI)
and Master Roaming Interface (MRI), respectively. Moreover, a master is
specified as a fixed network node. Thus, it also embodies the LAN protocol
stacks to be able to communicate with the local network. The interface
between the Master Roaming Layer and the Ethernet is called Local Network
Interface (LNI).

3.2 Modeling the Bluetooth Roaming Application

In the following, the roaming approach is modeled by various UML 2.0
diagrams types for both architecture and behavior of the system.

3.2.1 System Architecture

Figure 3.5 shows a UML 2.0 package with different classes involved in the
Bluetooth roaming approach. Similarity can be recognized between the
classes in Figure 3.5 and the Bluetooth protocol stacks in Figure 3.4 where
the lower layers of the roaming layers are grouped together, illustrated as a
single class. Additionally, a class for the location server is specified.

The slave classes are called Slave Application, Slave BTRoaming and Slave BT-
HW (Bluetooth Hardware). The interfaces SRI and HCI connect the classes
with each other. A Slave BT-HW is connected to one Master BT-HW. Similar
to the slave classes and interfaces, there are the classes Master Application,
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Figure 3.5: Bluetooth Roaming Package

Master BTRoaming and Master BT-HW and the interfaces MRI and HCl on
the master’s side. Furthermore, the Master BTRoaming class is connected
to the Location Server, which by means of the interface LNI represents a
node in the local network. The Location Server owns a Net_Struct_Table and
several Slave_Roaming_Lists. For each slave, there is exactly one roaming
list. The Net_Struct_Table is a static table which provides information about
the structure of the local network and the physical position of the mas-
ters as necessary for calculating each Slave_Roaming_List. In contrast, the
Slave_Roaming_List is changing dynamically. It is updated by the Location
Server whenever a slave roams to a new master. Addtionally, a copy of each
updated Slave_Roaming_List is transferred to the slave.

Figure 3.6 shows the configuration of a Bluetooth network in a UML 2.0
Composite Structure Diagram. This network consists of one slave, two mas-
ters and a location server, including their application, roaming and hardware
parts for the slave and master devices®. The classes of the parts rely on the
classes shown in Figure 3.57. In this diagram, the ports of the parts are
also specified. Ports are depicted as small rectangles attached to the part,
e.g. part sr of class Slave BTRoaming has two ports called p_sa connecting
to port p_br of part sa, and the second port called p_hw connecting to port
p_s of part sh.

SA part in a UML 2.0 Composite Structure Diagram declares that an instance of an
classifier may contain a set of instances by composition.

"The Location Server, Net_Struct_Table and Slave_Roaming_List are disregarded in the
diagram for space reasons.
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Figure 3.6: System Configuration in Composite Structure Diagram

3.2.2 System Behavior

A detailed system scenario of the Bluetooth roaming approach can be found
as an Interaction Diagram in Figure 3.7. Eight instances are specified in this
diagram: One instance of class Location Server called Is, three slave instances
of class Slave Application, Slave BTRoaming, Slave BT-HW, and four master
instances of the classes Master BT-HW and Master BTRoaming for the two

masters.®

The scenario starts with a connection request from the application instance
of the Slave to Masterl.” The hardware instance mhl confirms the con-
nection establishment and the roaming instance mrl informs the Location
Server that the Slave is now under its responsibility. Hence, the Location
Server calculates and updates the roaming list RList of the Slave and sends
it to mrl. mrl forwards the RList immediately to the roaming instance of
the Slave sr. Henceforward, data can be exchanged between the Slave and
Masterl until the link quality becomes bad.

The verification of the link quality is done periodically every 0.5 seconds
between the roaming instance sr and the hardware instance of the Slave sh.
If the link quality is proved to be bad, a new master is needed. For that,
the function Search_NewMaster() is called by the roaming instance of the
Slave. This function looks up in the RList and picks out the name of the
best reachable neighbouring master and returns the name of the new Master
to sr instance (Figure 3.8). In case that RList is empty, a warning will be

8The application instances of the masters are not shown because roaming is indepen-
dent from the application layers.

%In order to provide an intuitive understanding of the signals, the names are abstracted
from the real Bluetooth signal names in the Bluetooth specification [Blu04].
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sd BT-Roaming
Is : Location sa: Slave sr: Slave sh: Slave mh1 : Master mrl:Master || mh2: Master mr2 : Master
Server Application BTRoaming BT-HW BT-HW BTRoaming BT-HW BTRoaming
con_request con_request
con_accept
con_confirm
con_confirm con_confirm
connected(Slave)
ref
imakeList(Slave)
roamingList(RList,Slave)
roamingLiist(RList) roamingList{RList)
data data
get_link_quality
quality(good)
{0,5..0,5s}
data __ data
iget_link_quality
quality(bad)
ref
newMaster :=
Search_NewMaster()
con_request con_request
con_accept
. . con_confirm
on_confirm con;_confirm
connected(Slave)
ref
makelList(Slave)
roamingList(RList,Slave)
roamingLiist(RList) roamingList(RList)
data data
get_link_quality
quality(good)

Figure 3.7: Roaming Scenario Design

sent to both the application instance of the Slave sa and the old master (if
it is still possible). Additionally, a NULL value is returned to the roaming
instance of the Slave.

In the scenario shown in Figure 3.7, Master2 is chosen to be the new master.
Thus, a connection request is sent from the roaming instance of the Slave
to the roaming instance of Master2. If the hardware instance of Master2
mh2 confirms a successful connection establishment, the Location Server
will again be informed about the new status of the Slave. It updates the
roaming list and sends it to the roaming instance of the new master. The
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sd Search_NewMaster(): Stri@J

: Slave : Slave ‘ : Slave
Application BTRoaming BT-HW
NewMaster :=

RList.nextiElement

Search_
NewMaster

[NewMaster I=NULL] :
B NewMaster:

[NewMastet == NULL]

"warning: RList empty"”

i "warning: RList empty"

NULL

Figure 3.8: Search_NewMaster() Function

roaming instance of Master2 mr2 forwards the list to the roaming instance

of the Slave and data exchanges can be started.

For a more detailed local view on a single class, UML 2.0 State Machine
Diagram provides good means. Figure 3.9 shows a State Machine of the
roaming instance of a Bluetooth slave device which receives messages from its
application and hardware instances. This State Machine contains three main
states Disconnected, Connected and Roaming. Disconnected is a composite
state with multiple sub-states and Connected has the orthogonal sub-states

Connect and Check_Link_Quality.

statemachine

Slave BTRoaming Disconnected

con_request/
after(2s) con_request
Disc_Wait
con_confirm/

con_confirm discon_request/
- discon_request

[RList empty]

Connected

roamingList(RList) .

data/data

con_confirm/con_confirm

quality(bad)/ Roa
after(0.5s)/ con_request to NewMaster

get_link_quality

Check_
Link_Quality

quality(good)

con_request

to NewMaster

Figure 3.9: State Machine of class Slave BTRoaming



50 3. System Modeling with UML 2.0 — A Case Study

In the beginning, the roaming instance of the Slave is in the sub-state Dis-
connect of state Disconnected. If it receives a connection request from the
application instance, it forwards the request to the hardware instance and
goes into the sub-state Disc_Wait, waiting for a connection confirmation from
the hardware. If the confirmation message does not arrive within 2 seconds,
Slave BTRoaming instance goes back to the Disconnect state. If the con-
firmation is received by the roaming instance within time limit, the slave
is Connected and goes into the sub-state Connect. In this state, data can
be received from the application instance and forwarded to the hardware
instance (state Connect). In parallel, the link quality is verified periodically
every 0.5 seconds (state Check_Link_Quality). The Roaming state will be
reached, if the link quality becomes bad. Herein, a new master is picked out
and a connection between the slave and the new master will be established.
From state Roaming, the roaming instance can either get Connected to a new
Master or be Disconnected again, if the roaming list has been exhaustively
searched and no master can be found.

3.3 Summary

In this chapter, a case study has been introduced where UML 2.0 is uti-
lized to specify a system model for a potential roaming technique for data
transfer scenarios using Bluetooth hardware devices. For the design of the
system model, different UML 2.0 diagram types have been taken to model
the various aspects on structure and behavior of the system. This platform-
independent system model serves as an initial model for the test model
specification in the upcoming chapters.



Chapter 4

Test Modeling with U2TP

”'To model or to program, this is not the question.” — Anonymous

UML 2.0 is a great improvement of its previous versions. In particular,
its generic extension mechanism supporting profile definition for different
domains is promising to offer a common ground for both system and test
modeling. However, since UML 2.0 still suffers from missing concepts for
describing test models efficiently, the OMG defined a UML 2.0 Testing
Profile (U2TP) to support test model specification.

In the MDT approach defined in this work, U2TP is utilized as the test
modeling language before test code is generated from a test model. This
chapter gives a detailed insight into the profile and its concept definitions.
After some historical background knowledge about the profile, the definition
of the U2TP concepts will be discussed in detail. Its applicability is shown
for both functional and rea-time test modeling by specifying a test model
for the Bluetooth roaming algorithm in Section 4.4. To do so, the system
model specified in Chapter 3 is taken into account.

The standardization work on U2TP has been done by a consortium. The
author of this thesis is a member of the U2TP consortium and actively
participated in the standardization work of the profile. The emphasis of her
contribution to the profile laid on the definition of the test behavior concepts,
the time concepts and the mapping between U2TP and TTCN-3. A paper
submitted by the complete U2TP consortium can be found in [BDGT04].

4.1 The Genesis of U2TP

Often, testing is not well integrated with other development phases in the
software development process. One reason for this is that designers, devel-
opers and testers all use different languages and tools, making it difficult to
communicate with each other and to exchange documents.
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A UML 2.0 model primarily focuses on the specification of the structure and
behavior of a system. However, UML 2.0 provides barely means to specify
test artifacts. Hence in 2001, the OMG issued a Request For Proposal (RFP)
to develop a testing profile for UML 2.0 [OMGO02b]. By means of such a
profile, UML 2.0 should be extended by test domain specific concepts to
enable extensive test model specification for black-box testing.

Seven organizations consisting of tool vendors, industry users and research
institutes! responded to the call of the OMG. Early in the process, these
organizations decided to collaborate and produce a joint submission. The
U2TP consortium is built of a group of both testers and modelers. While
some of the consortium members come from the world of testing, e.g. unit
testing, system testing and telecommunication testing, others are experi-
enced in system modeling with MSC, SDL and UML, respectively. These
members agreed that by working in a larger team, the resultant profile should
have a broader scope on black-box testing, where the best ideas should be
incorporated into the profile specification.

After two years’ work, a testing profile named the UML 2.0 Testing Profile
has finally been reviewed and approved by the OMG. Since 2004, U2TP has
become an official OMG standard. The profile is developed in the follwing
phases:

1. The concept space combining various testing areas is defined.

2. Test concepts are realized by stereotype definitions extending UML
2.0 meta-classes.

3. Mappings to existing test infrastructures demonstrate the practical
use of the profile.

In the following, the definition of the test concept space and its realization
in the profile are provided in detail. Mapping to test infrastructures is
explained in Chapter 6.

4.2 Introducing U2TP Concepts

U2TP provides concepts which target the development of test models for
black-box testing where the internal events of the SUT are kept hidden
[U2T04]. The profile is based on UML 2.0 and extends its meta-model by
the stereotype extensibility mechanism. The benefit of defining a UML 2.0
profile is to allow reuse of existing UML 2.0 concepts and thus minimize the
introduction of new concepts.

'The U2TP consortium is formed by Ericsson, Fraunhofer FOKUS, IBM/Rational,
Motorola, Telelogic and the University of Goettingen.
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The U2TP document introduces four concept groups covering the following
aspects: test architecture, test behavior, test data and time [Dai04b]. The
main concepts can be found in Table 4.1. Together, these concepts define a
modeling language to visualize, specify, analyze, construct and document a
test system. When selecting and defining the U2TP concepts, test concepts
recommended by the OMG, ETSI and ITU-T [OMGO06, ISO97] provide a
valuable guideline to the consortium. Above that, test languages such as
JUnit or TTCN-3 also proved themselves to be valuable [JUn06a, ETS05a].
In the following, the four groups of concepts are introduced in detail. Their
concrete profile definition is described in Section 4.3.

Test Architecture Test Behavior Test Data Time
Concepts Concepts Concepts Concepts
SUT Test objective Data pool Timer
Test component Test case Data partition | Time zone
Test context Defaults Data selector
Test configuration Verdicts Wildcards
Test control Validation action Coding rules
Arbiter Test log
Scheduler

Table 4.1: Main U2TP Concepts

4.2.1 U2TP Test Architecture Concepts

The test architecture group contains the concepts needed to describe ele-
ments involved in the test and their relationships. For the specification of
the test architecture, any kind of UML 2.0 structure diagrams can be used,
e.g. Class Diagram or Package Diagram.

Figure 4.1 shows a general schema for black-box testing. In it, the System
Under Test (SUT) with all its objects to be tested is illustrated as a black
box. It can only be accessed by operations via public available interfaces.
The test system consisting of test components interacts with the SUT.
Communication connections among test components and to the SUT must
be configurated before tests are executed. In U2TP, a test component is an
active object within a test system performing the test behavior.

Tests are performed in a certain context. The test context concept in
U2TP is defined more generally than merely as the environment for pro-
gramm execution. It consists of test information like test cases that belongs
to the behavior aspect of testing, test configuration which reflects the test
environment, as well as test control. In a test configuration, the initial
setup of the test components and the connection to the SUT is specified. All
test cases listed in the same test context share the same test configuration.
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Figure 4.1: General Schema of Black-Box Testing

The configuration may change during test run when components are dy-
namically created or destroyed. A test control specifies the invocation of
the test component behavior within a test context. In U2TP, the behavior
of a test component is specified in test cases. Above that, decisions about
test case executions are made in the test control specification. E.g. in case
a test case fails, the whole test could be stopped and failures in the system
can be fixed before executing further test cases in order to save time and
resources.

A test must deliver its results in a certain form to the external world. In case
of U2TP, they are in form of verdicts and the evaluation of the verdicts is
performed by a denoted component in the test system called arbiter to cal-
culate the final test result. Arbitration is an evaluation process to calculate
the final test result derived from local results of the test components in a
test system. To do so, arbitration strategy must be provided by the arbiter
interface. In U2TP, the arbiter provides interface operations in order to get
and set the test verdict. To get a verdict, a test component provides its tem-
porary local verdict to the arbiter. To set a verdict, the arbiter is invoked
by a validation action and the test verdict stored in the arbiter is updated.
According to U2TP, every test context should have an implementation of
the arbiter interface. If there is no specific arbiter interface implemented,
a default arbiter like the one recommended in the U2TP specification must
be taken into account. This default arbiter of U2TP is based on the verdict
overwriting rules defined in TTCN-3 (Section 2.2.3). Herein, the arbiter
only allows that the final test verdict becomes worse, i.e. a pass verdict
may be overwritten by a inconc or a fail verdict.
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In addition, a scheduler is needed to control the creation and destruction
of the test components since test components can be created and destroyed
at any time during test execution. It also maintains the existence and is
aware of the participation of each test components in all test cases. A
scheduler collaborates with the arbiter and informs it when to issue the
final verdict. Further features concerning verdicts are dealt with in the
U2TP test behavior concepts.

The SUT is stimulated and observed by the test system which gets its test
data from some data sources which may be a pool of data, partitions of data
with disjoint data-sets or real-time data generated by sensors or detectors.
In U2TP this part is specially dealt with and refined in the U2TP test data
concepts.

For a distributed test system, test components are assigned to time zones
in order to achieve time-synchronization among themselves. This is treated
in the U2TP time concepts.

4.2.2 U2TP Test Behavior Concepts

Test behavior is the concrete technical specification of the dynamic behavior
of a test using e.g. sequences, alternatives, loops and defaults to stimulate
and observe the SUT. The test behavior group defined in the U2TP doc-
ument includes concepts to specify test behavior related to a test context.
For the definition of test behavior, any kind of UML 2.0 behavior diagrams
may be used, e.g. Sequence Diagram or State Machine Diagram.

In order to express the intention of a test, a test objective with a general
description of what should be tested is given. Its concrete specification
is a test case. A test case is a specification of one specific case to test
the system, including the required test behavior with its test inputs, test
conditions and test result. In a U2TP model, a test case is listed as a public
operation in the test context returning a test verdict as its result.

Typically, a test case specification describes the normative or expected be-
havior for the SUT. To catch unexpected responses such as exceptions,
default behavior is needed in order to keep the number of erroneous test
case executions to a minimum. A default specification is a means to make
partial behavior definitions of test components complete and robust against
unexpected behavior of the SUT. Predefined default behavior provide cer-
tain convenience to the test developer. In U2TP, a default is activated by
applying it to static behavioral structures: In a State Machine, it can be
attached to a state machine, a state or a region. In an Activty Diagram,
a default can be specified for an action or an activity. In an Interaction
Overview Digram, defaults can be applied to an interaction fragment. How-
ever, if defaults are specified on different behavior levels, e.g. on a state,
interaction, instance etc., the evaluation order is the follows: If the inner-
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most default fails to recognize the observed behavior, the default of the next
level is tried.

Depending on the conformance of the SUT with respect to the sequence of
performed events, the behavior description of a test case consists of verdict
assignments as its return value [WG99]. Additionally to the ordinary pass
and fail verdicts, the ISO9646 defines further verdicts called inconclusive
and error [ISO97]. In U2TP, each test case returns a verdict. Predefined
verdicts pass, fail, inconclusive and error? exist: The pass verdict indi-
cates that the SUT behaves correctly for the specified test behavior. The
fail verdict describes that the test case has violated. The inconclusive ver-
dict is used when the test neither passes nor fails, but still valid according to
the specification of the SUT. Finally, an error verdict indicates exceptions
within the test system itself.

In U2TP, a tester is allowed to define its own verdicts and arbitration rules.
The benefit to do so is to broaden the results of the test evaluation according
to the needs, e.g. for real-time tests, special verdicts can be defined accord-
ing to the time restrictions, such as "time<5ms => pass” meaning that if
the measured time value is less than 5 ms, then the verdict is assigned to
pass. In order to trigger and to inform the arbiter about the test results, a
validation action is performed by the test component.

Often, test should be evaluated during or after a test run. To do so, test
events need to be logged during test execution. With U2TP, test events
can be logged for a test context or a test case. These traces visualize test
behavior during test execution. They can be recorded in a test log and
become part of the test specification. The format of a log is not specified
by U2TP and is therefore to be defined by the user.

4.2.3 U2TP Test Data Concepts

Test data play an important role during test execution in order to explore
all aspects of the SUT. Test data are inputs and outputs exchanged between
the test system and the SUT. Thus, concepts to model extensive test data
are provided by U2TP for data specification and handling.

During test, the SUT must be triggered repeatedly by different data values.
In order to observe its responses, equivalence classes building a set of allowed
data values are needed. Typically, these values are taken from a partition
of test data or a list of explicit values. In U2TP, a pool of data containing
either concrete data values or a partition of data provides good means to
associate data sets with test contexts and test cases. A data partition
defines an equivalence class to denote explicit partitioning of data. Data

2The definition of the verdicts originates from the OSI Conformance Testing Method-
ology and Framework [ISO97] and are similar to the verdicts defined in TTCN-3.
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selectors are operations to retrieve specific test data from a data pool or
a data partition.

In order to handle test data properly, data matching mechanisms are used to
proof the correctness of the responses of the SUT with the system require-
ments. U2TP provides the well-known wildcards ”*” and ”?”. Wildcard
7*7 matches to any or null value and ”?” matches to any value in test
data. However, wildcards are especially required for data reception, where
unexpected events or events containing different values than specified in the
test behavior can be handled. Therefore, they often can be found in default
specifications where unexpected behavior caused by unknown data reception
is catched.

Every system defines its own data format by encoding and decoding those
by rules, such as for IDL for Corba or ASN.1 for telecommunication systems.
Specifying coding rules appoints a common data format for communica-
tion and is usually realized at the system interfaces. Coding rules specified
in a test system are basically applied to data value specification to denote
the concrete encoding and decoding for these values during test execution.
In U2TP, this is done by referencing to the appropriate coding rule within
the test model.

4.2.4 U2TP Time Concepts

In the existing UML 2.0 standard [UMLO5], simple time concepts exists in
order to read the current time value or observe time duration (Section 2.1.2).
However, for test specification, further time concepts are needed to influence
the test behavior. U2TP defines two new time concepts, namely timer and
time zone.

Timers provide means to observe and control test behavior. Also, a timer
can be used to prevent from deadlocks, starvation and instable system be-
havior during test execution. In a test case specification, a timer may assure
that a test terminates properly. Such a behavior can be controlled by a timer
started at the beginning of a test component behavior. Herein, the duration
of the timer equals to the expected overall execution time of the test com-
ponent. Such a timer is called test component timer. Timers may also used
to control the test behavior with regard to a certain response expected after
its triggering. To do so, a guarding timer is started after a event triggering
and is stopped when the response arrives within the predefined duration.
A timer may also postpone the execution of an event by a delaying timer
[KocO1]. For that, a timer is started followed immediately by its timeout
just before the dedicated event is executed. Common uses for a delaying
timer are, e.g. that the SUT requires time to get into a state to receive the
next signal, or the test behavior is delayed on purpose in order to test the
reaction of the SUT, or the system specification determines that the SUT
should not send a certain message within a given amount of time.
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Figure 4.2 depicts the specification of a test component timer T_tc, a guard-
ing timer T_g and a delaying timer T_d at the test component of type ClassA.
T_tc of 6 seconds is started at the beginning of the test component behavior
and is stopped before the result of the test is set to pass. The delaying timer
T_d delays the triggering of message3 by 0.5 seconds. The guarding timer
T_g assures that the message4 is received after the SUT has been triggered
by message3.

sd timeDiagram
<<SUT>>

a: ClassA b: ClassB

T_tc (6s) Z—

messagel

message2

T_d (0.5s) %

Td >%

|
|_message3(parameter)
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Tg9 E

T tc >%

<<ValidationAction>>
pass

Figure 4.2: Time Concepts

In U2TP, a timer is owned by a test component and is started with a
positive time value. A timer may be stopped as long as it is still active. The
expiration time of an active timer can be read and its status be retrieved.
When a timer expires after its predefined duration, a timeout is generated
automatically and is sent immediately to its owned test component.

In a distributed test system, multiple test components may exist that are
spread over different locations belonging to different time zones. In order
to guarantee proper communication within the test components, they must
be synchronized. In U2TP, the timezone concept serves as a grouping
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mechanism for test components within a distributed test system to ease
potential time value comparison. Each test component belongs at most to
one time zone. Test components of the same time zone have the same time
value and thus are considered to be time-synchronized.

4.3 Defining U2TP Concepts

After having introduced the concepts of U2TP, their concrete technical def-
initions realized by the UML 2.0 profiling mechanism are explained in this
section. Before doing so, the UML 2.0 meta-classes utilized in the profile
definition are listed.

4.3.1 Utilized UML 2.0 Meta-Classes

U2TP extends the UML 2.0 meta-model when defining its test concepts. Be-
low is a list of all UML 2.0 meta-classes used to define the U2TP concepts.
Since the meta-model is structured in packages according to the UML 2.0
standard, the packages of the meta-classes are also mentioned to avoid ambi-
guity [UMLO05]. The detailed meaning of the meta-classes will be explained
inline the U2TP concept definitions in the succeeding subsections.

’ UML 2.0 Meta-Class ‘ Package
Property InternalStructures
Classifier Kernel
StructuredClassifer InternalStructures
Dependency Dependencies
NameSpace Kernel
Behavior BasicBehaviors
Message BasicInteractions
Operation Collaborations
TimeTrigger Communications
ValueSpecification Templates
LiteralSpecification Kernel
Action CompleteActivities
SendObjectAction IntermediateActions
CallOperationAction IntermediateActions
AcceptEventAction CompleteActions
ReadStructuralFeatureAction | IntermediateActions
WriteStructuralFeatureAction | IntermediateActions

Figure 4.3: Utilized UML 2.0 Meta-Classes for U2TP Definition
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4.3.2 Defining Test Architecture Concepts

Figure 4.4 shows the profile definition of the U2TP test architecture con-
cepts. The SUT stereotype extends the Property meta-class of UML 2.0.
The meta-class Property from package InternalStructures represents a set
of instances owned by a classifier instance. When an instance of a classifier
is created, a set of instances corresponding to its properties may be created.
These instances are instances of the classifier of this property. The stereo-
type <<SUT>> is applied to one or more properties of a classifier to specify
that they constitute the SUT. Features and behavior of the SUT are given
by the type of the property to which the stereotype is applied.

<<metaclass>> <<metaclass>> <<Interface>>
StructuredClassifier Property Scheduler
(trom from

SstartTestCase()

SfinishTestCase(t:TestComponent)
ScreateTestComponent(t:TestComponent)
<<stereotype>>
suT

<<stereotype>> qr—
<<stereotype>>
TestComponent TestContext <<Interface>>

B5zone : Timezone [0..1] " . Arbiter
BHarbiter : Arbiter

¥ scheduler : Scheduler

SgetVerdict(): Verdict
SsetVerdict(v: Verdict)

Figure 4.4: Test Architecture Definitions

The TestComponent stereotype extends the abstract meta-class Structured-
Classifier from package InternalStructures. The StructuredClassifier
meta-class represents any classifier whose behavior can be described by a
collaboration of instances. A test component is assigned with the <<Test-
Component>> stereotype and is an active class with a set of ports and inter-
faces. A test component may own a time zone to specify how it is synchro-
nized.

TestContext also extends the StructuredClassifier meta-class. The test
context is a grouping mechanism for test cases, test configuration and test
control. The test context owns an arbiter and an scheduler as attributes.
The notion of a test context is <<TestContext>>.

In contrast to meta-class extension where operations are not allowed to be
defined according to UML 2.0, an interface may define operations within
a profile. An Arbiter provides operations and is therefore defined as an
interface in the profile. It provides the operations getVerdict() to retrieve
a verdict and setVerdict() to determine a test verdict. The verdict setting
semantics is defined by the classifier realizing the arbiter interface.

Similar to the Arbiter, a Scheduler also provides operations and is defined
as an interface. It defines the operations startTestCase(), finishTestCase()
and create TestComponent(). When starting the test case, the scheduler will
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start the test case by notifying all involved test components. The finish Test-
Case() operation records whenever a test component has finished its execu-
tion of this test case. When all test components involved in the current test
case have finished, the arbiter will be notified for final verdict calculation.

4.3.3 Defining Test Behavior Concepts

Figure 4.5 and Figure 4.6 show the profile definition of the U2TP test be-
havior concepts. A test objective is used to specify the aim of a test case and
test context, respectively. Stereotype TestObjective extends Dependency
meta-class from package Dependencies. The Dependency meta-class indi-
cates that a model element requires other model elements for its specifica-
tion. Thus, the semantics of the depending elements rely on the definition
of the supplier elements. A test case or test context can have any number
of test objectives. Also, a test objective can be realized by any number of
test cases or test contexts. The client of a test objective must be a named
element with a test case or test context stereotype applied. The notion of
the stereotype is <<objective>>.

<<metaclass>>
<<metaclass>> Y e <<metaclass>> <<metaclass>>

i Behavior
Dependency Operation (from BasicBehaviors) Dependency
(from Dependencies) (from G (rom BasicBehaviors) (trom Dependencies)

<<stereotype>>
<<stereotype>> DefaultApplication
Default

<<stereotype>> <<stereotype>>
TestObjective TestCase

Figure 4.5: Test Behavior Definitions I

The TestCase stereotype extends both the Behavior and Operation meta-
classes. Behavior is an abstract meta-class from package BasicBehaviors.
It describes the states a classifier goes through during its lifetime. The
Operation meta-class from package Communications invokes both the exe-
cution of method behavior as well as other behavioral responses. A test case
is owned by a test context. The notion of this stereotype is <<TestCase>>.
A test case always returns a verdict.

A Default stereotype with the notion of <<Default>> extends the Behavior
meta-class. Defaults may be specified as any behavior diagram, e.g. Inter-
action Overview Diagram, State Machine or Activity Diagram. For de-
faults which are described on Interaction Diagrams, an algorithm com-
bining the traces of the default behavior with the traces of the main de-
scription exists. This algorithm is described in the U2TP document. The
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Figure 4.6: Test Behavior Definitions II

DefaultApplication extends the Dependency meta-class. The notation for
a default is identical to a UML 2.0 comment, i.e. a rectangle with a bent
corner. The text in the comment symbol has the syntax: default default-
identifier [continue — repeat [repetition-count] ]. Figure 4.7a) shows the
default attachment of myDefault in a U2TP diagram to the message re-
ception at Lifeline A. According to the U2TP standard, if no statement is
given behind the identifier, the behavior is continued by default. Also, if no
repetition-count is given, infinity is assumed.

A B
<<TestContext>>
default [ testlog Y. . myContext
myDefault myTestLog
a) Default Symbol b) Test Log Symbol

Figure 4.7: U2TP Default and Test Log Attachment

The TestLog stereotype extends the Behavior meta-class (Figure 4.6). A
test case or a test context may have a number of test logs which represent
the behavior resulting from the execution of a test case or a test context. It
helps to understand test process which impacts the test case verdict. A test
log is applied to a test case or a test context using TestLogApplication
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which extends the Dependency meta-class. The notion of a test log file
attached to the test context class myContext can be found in Fiugre 4.7b).
Like the DefaultApplication, TestLogApplication also has the notation
of a comment. A LogAction extends the SendObjectAction meta-class from
package IntermediateActions. A SendObjectAction transmits an object to
a target object and invokes a behavior such as a transition within a State
Machine Diagram or an execution in an Activity Diagram. The target of
a log action refers to a logging mechanism in the run-time system and the
request refers to the logged information. The concrete definition for the
logging mechanism is not determined by the U2TP standard and is up to
the user.

The ValidationAction stereotype extends the CallOperationAction from
package IntermediateActions. This meta-class is an action which transmits
an operation call request to the target object. Validation actions are used
to set verdicts in the test behavior by calling the setVerdict operation on the
arbiter. The notation for a validation action is an ordinary action with the
stereotype <<ValidationAction>> applied. If an arbiter is depicted explic-
itly, a message describing the communication between the test component
performing the validation action and the arbiter is shown.

The FinishAction stereotype extends the Action meta-class from package
CompleteActivities. This meta-class has a set of incoming and outgoing
activities which specify control flow and data flow between nodes. An action
only executes when all of its input conditions are satisfied. In an Interaction
Diagram, the FinishAction is shown as a black rectangle on a lifeline. In a
State Machine, it is depicted as a flow branch ending in a black square and
in an Activity Diagram, it is shown as a black square.

UML 2.0 defines InteractionOperators for Sequence Diagrams and Inter-
action Overview Diagrams. These operators are typically used to specify
certain sequences, alternatives or loops in the system behavior. However,
UML 2.0 provides means to define alternatives, where the alternative be-
havior where the alternative statement becomes valid whenever one of the
alternatives satisfies the condition. Sequential evaluation by a given order
of behavior cannot be guaranteed. For tests, it is important to have means
which determines the order of the evaluation. Thus, U2TP added a new op-
erator to the existing InteractionOperators, called determAlt, meaning
deterministic alternative. With this operator, alternatives can be evaluated
sequencially from top to bottom.

4.3.4 Defining Test Data Concepts

Figure 4.8 shows the profile definition of the U2TP test data concepts. The
Data pool stereotype extends both the Classifier and Property meta-
classes. Classifier is an abstract meta-class from package Kernel to de-
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scribe a set of instances which have common features. A classifier defines a
type and owns generalizations, thus enabling the definition of generalization
relationships to other classifiers. It can also specify a generalization hierar-
chy by referencing its general classifiers. Furthermore, it can redefine nested
classifiers. A data pool is given by a classifier and the contained data parti-
tions which realizes the data pool. The notation for data pool is a classifier
with stereotype <<DataPool>>. There are several constraints defined for a
data pool: First, a data pool stereotyped classifier can only be referenced
by a test context or test component. Second, the stereotyped property can
only be applied to a property associated with a test component in combina-
tion with a test context stereotyped classifier. Last, a stereotyped classifier
cannot be associated with both a test context and a test component.

The Data partition stereotype extends the Classifier meta-class. The
notation for data partition is a classifier with stereotype <<DataPartition>>.
A data partition stereotyped classifier can only be associated with a data
pool or another data partition. The semantics of a data partition are
given by the classifier which realizes the data partition. Stereotype Data
selector extends the Operation meta-class. Data selector extends an
operation to allow the implementation of different data selection strate-
gies. If a data selector stereotype is applied to an operation, the featuring
classifier must either have the data pool or the data partition stereotype
applied. The notation for data selector is an operation with stereotype
<<DataSelector>>.

> <<metaclass>> <emotactass> -metaclass:
Property -metaclass>> = >

Clsss/he/r perty Classifier Operation

ema)) (from Kemel)

A A

<<stereotype>>
DataSelector

<<metaclass>>
ValueSpecification
(from Templates)

NI X

<estereotype>> <<stereotypes>
LiteralAny LiteralAnyOrNull

<<stereotypes>
CodingRule

Bcoding : String

Figure 4.8: Test Data Definitions
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Coding rules extend the Property, ValueSpecification and NameSpace
meta-classes. The ValueSpecification meta-class from package Templates
specializes parameterable elements. It specifies a value which can be exposed
and provided as a formal template parameter. The NameSpace meta-class
from package Kernel is an abstract meta-class. It defines a model element
containing a set of elements identified by their names. A coding rule spec-
ifies how values are encoded and decoded. If a coding rule is applied to
a value specification, it specifies how the values are coded. If it is applied
to a namespace, it specifies the coding for all values contained within the
namespace. If it is applied to a property, it specifies how the values of this
property are encoded. If coding rules are applied to several places in a hier-
archy, rules defined at a lower level have precedence over rules defined at a
higher level. There is an attribute called coding which defines the selected
coding scheme. The notation for a coding rule is identical to a UML 2.0
comment. The text in the comment symbol begins with the keyword coding
followed by the name of the coding rule.

The LiteralAny stereotype extends the LiteralSpecification meta-class
from package Kernel. A LiteralSpecification identifies a literal constant.
LiteralAny is illustrated as a wildcard. If it is used as a literal specification,
it denotes any possible value out of a set of possible values. If it is used for
the reception or a sending of a message. The notation for LiteralAny is
the question mark (”#”). The LiteralAnyOrNull stereotype also extends
LiteralSpecification. LiteralAnyOrNull is a wildcard specification rep-
resenting any value out of a set of possible values, or the lack of a value.
If it is used in an Interaction Diagram for a receiving or sending message
reception, it specifies that the specified message with any value or without
that value is to be received or sent. The notation for LiteralAnyOrNull is
the asterisk character (”*7).

4.3.5 Defining Time Concepts

Figure 4.9 and Figure 4.11 show the profile definition of the U2TP time
concepts. Timer is defined as an interface with operations to start, stop,
read a timer and to check its status. Only an active class may realize
a timer interface. Also, a timer may only be started with a predefined
positive expiration time. Whenever a timer expires, a timeout is generated
automatically and sent to the owner class of the timer. A timer can either
be private or public. If private, the timer can only be accessed by its owned
active class. If public, anyone may access and manipulate it.

A StartTimerAction extends the CallOperationAction meta-class. It is
an action used to start a timer, triggered by the start operation of the
timer interface. The target of the action must refer to a classifier realiz-
ing the timer interface. The argument of the action must be a time value.
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Figure 4.9: Time Definitions — Timer

The notation for this action is an empty hourglass with a solid line con-
necting with the position where the timer is started. Similiar to stereo-
type StartTimerAction, the StopTimerAction stereotype also extends the
CallOperationAction meta-class. It is an action used to stop a running
timer. The target of the action also must refer to a classifier realizing the
timer interface. The notation for a StopTimerAction is a cross with a thin
line connecting the cross and the position where the timer is stopped. Figure
4.10 shows the U2TP timer symbols. ReadTimerAction stereotye extends
the CallOperationAction meta-class as well. It is used to read a timer to
obtain its expiration time. The return value of ReadTimerAction is a posi-
tive time value and NULL for a timer which is not running. The notation
for a read timer action is an ordinary action with the read timer stereotype
applied.

T1(6s) X— T1 ><7 T1 ><4

a) Timer Start b) Timer Stop ¢) Timeout

Figure 4.10: U2TP Timer Symbols

The TimerRunningAction extends the ReadStructuralFeatureAction meta-
class from package IntermediateActions. ReadStructuralFeatureAction
meta-class is a structural action which retrieves the values of a structural
feature. The TimerRunningAction is used to check if a timer is currently
running or not. It returns the boolean value true if the timer is running,
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otherwise false. The structural feature of this action is the isRunning at-
tribute at the interface of the timer. The target of the action must refer to
a classifier realizing the timer interface. Its notation is an ordinary action
with the timer running action stereotype applied.

The timeout of a timer is defined for different UML 2.0 diagram types.
According to the diagrams, the stereotype for timeout extends different UML
2.0 meta-classes. U2TP specifies three timeout stereotypes in order to cover
timeout specification for all UML 2.0 behavior diagrams (Figure 4.9): First,
the TimeOut stereotype extends the TimeTrigger meta-class from package
Communications. TimeTrigger specifies a point in time by an expression
which is either absolute or relative to a point in time. A relative time event
is used in the context of a trigger. Its starting point is the time at which
the trigger becomes active. A timeout can be applied to a Class Diagram
or State Machine Diagram. It is generated by a timer when it expires and
triggers an associated behavior, e.g. a transition in a statemachine. After a
timeout is generated, it is put into the input queue of the owner class of the
timer. Further, the TimeOutMessage extends the Message meta-class from
package BasicInteractions. The Message meta-class defines communication
between Lifelines within an Interaction Diagram. A message has a sender
and a receiver and can be e.g. a sending of a signal or an invocation of
an operation etc. A TimeOutMessage is used in an Interaction Diagram
and is generated by a timer when it expires. This message is sent to the
active class which owns the timer. The notation for the TimeOutMessage
is an empty hourglass. An arrow with a filled head connects the hourglass
and the line where the timeout occurs. Last, the TimeOutAction extends
the AcceptEventAction meta-class from package CompleteActions. The
AcceptEventAction meta-class specified for the Activity Diagram waits for
the occurrence of an event meeting specified conditions. A TimeOutAction is
enabled when a timer expires. The notation for the TimeOutAction is again
an empty hourglass in an Activity Diagram. An arrow with an unfilled head
connects the hourglass and the activity to which the timeout is an input
condition.

The SetTimeZoneAction extends the meta-class WriteStructuralFeature-
Action from package IntermediateActions (Figure 4.11). With WriteStruc-
turalFeatureAction, the values of an object can be modified. SetTimeZone-

<<metaclass>> <<metaclass>>
WhiteStructuralFeatureAction ReadStructuralFeatureAction
(from

Timezone Time Duration

<<stereotype>> <<stereotype>>
SetTimezoneAction GetTimezoneAction

Figure 4.11: Time Definitions — Timezone
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Action may dynamically set the time zone of a test component. The action
can be invoked at run-time by a test component to set its current time zone.
The notation for a set time zone action is an ordinary action with the set
time zone action stereotype applied.

The GetTimeZoneAction extends the ReadStructuralFeatureAction meta-
class to dynamically retrieve the time zone of a test component. The type of
the structural feature of the action and its result must be of type Timezone.
This action can be invoked by a test component at run-time in order to
retrieve its current time zone. The notation for a get time zone action is an
ordinary action with the get time zone action stereotype applied.

U2TP defines three primitive types: Timezone, Time and Duration. Time-
zone is used to group test components. Test components with the same time
zone value constitute a group and are considered to be time-synchronized.
The realization of synchronization is not specified in U2TP. Time zone
values can be compared for equality. Time specifies concrete time values
which are used to express time constraints and to set timers. Statements
like now are needed to represent the current time in a system. The difference
between two time values is called Duration. Durations are used in time
constraints and together with time values.

4.4 Applying U2TP to the Bluetooth Roaming Ap-
plication

The U2TP provides useful concepts for test modeling. Herein, thorough
investigation must be made to assure that the SUT is tested accurately. This
section introduces a test model for the Bluetooth roaming case study and
illustrates the applicability of U2TP for test modeling [DGNP03, DGNP04].

4.4.1 Test Preparation

Before start modeling the test system, test requirements have to be defined.
To do so, the system model of the Bluetooth roaming approach introduced
in Section 3 is studied carefully. In particular, the aim of the test must be
defined, i.e. the test architecture be defined, the SUT and test components
be chosen, the test objectives selected.

When defining the test architecture for this case study, two criterias have
been considered where decisions and compromises have been made: First,
since mature Bluetooth hardware implementations already exist on the com-
mercial market, it is important that real Bluetooth hardware can be taken
for testing®. Secondly, a flexible test architecture shall be constructed, where
the entire network can be extended or reduced by needs.

3Usually, test component behavior is emulated.
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Figure 4.12: Test Architecture with one Slave and two Masters

Having these two criterias in mind, the test architecture for the case study is
determined. First, the SUT has to be chosen. Since roaming is the new fea-
ture which has been added to the existing sophisticated Bluetooth protocol
stack, the correct behavior of the roaming layer is of interest. Moreover, the
roaming functionalities performed by the slave is complicated and has there-
fore to be verified properly. Hence, the roaming layer of the slave is assigned
to SUT. Figure 4.12% presents a test architecture with one slave and two
masters. The classes in the diagram originate from the BluetoothRoaming
package of the system model in Section 3. Next, test components in the test
system are needed to trigger and observe the SUT during test execution.
Slave-Application is a component set upon Slave BTRoaming. It is therefore
assigned to test component to enable communication with the SUT. Other

4This diagram is not a U2TP diagram. The U2TP model with its test configuration
diagram is shown in the successive section.
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test components include the underlying Bluetooth Hardware layer containing
the hardware layers for both slave and master. The master components Mas-
terl and Master2 embracing the Master Application and Master BTRoaming
layers also become test components.

In addition to the slave and master components, there is a new test com-
ponent called Test-Coordinator added to the presented test architecture in
Figure 4.12. It is set upon the master devices. This test component is the
main test component in our test system which administrates and instructs
the other test components during test execution. Test-Coordinator is also
responsible for the evaluation of the test cases and the setting of verdicts
during test execution. It also has access to the Location-DataBase which
embodies the Location Server and owns the slave roaming lists and the net-
work structure table. Communication between the Test-Coordinator and the
masters is performed via an additional Test Coordination Interface (TCI).

With this test architecture, the criterias mentioned for real implementation
application and network flexibility are achieved: The Bluetooth hardware
can either be emulated by software or with real implementation without
influencing the functionality of other components. Moreover, by splitting
the Bluetooth hardware from the applications, further slave and master
components can easily be added to or removed from the hardware, no matter
if the hardware is an emulation or a real implementation.

In order to test the roaming feature, the following functionalities of the
roaming layer are of importance and are focus of a test:

- The Slave_Roaming layer should be able to choose a new master by
looking up in its roaming list when the connection with its current
master gets weak.

- The Slave_Roaming layer should request a connection establishment
after a new master is chosen.

- The Slave_Roaming layer should receive a connection confirmation from
its new master after a connection between them has been established.

- The connection request is repeated by the Slave_Roaming layer within
a certain time if connection is not confirmed by the new master. In
this case, another master is asked for connection.

- The Slave_Roaming layer should send a warning to the environment if
no new master can be found on the roaming list.

- Both the Master_Roaming and Slave_Roaming layers should be able to
forward data between the hardware and application layers properly.

In the following, test architecture and test behavior of the Bluetooth roaming
approach is modeled by U2TP.
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4.4.2 Modeling Test Architecture

When start modeling with U2TP, a test package containing the test model
has to be created first. For the Bluetooth case study, the test package
is called Test_BluetoothRoaming. Figure 4.13 shows the Package Diagram
of the Bluetooth Roaming test model. This test package imports classes
and interfaces from the system model specified in the BluetoothRoaming
package in order to have access during the test. In the test preparation
phase introduced before, the Slave BT Roaming layer is assigned to SUT and
other components are grouped to diverse test components. According to
this, the test package consists of five test component classes. The SUT
is not modeled explicitely in the test package because the SUT is not a
component in the test system and can therefore only be associated with
interfaces and ports defined by test components.

[Test_BluetoothRoaming

i SRI )
P80 | <<import>> _| Bluetooth—
<<TestContext>> <<TestComponent>> Roaming
. Slave-
BluetoothSuite S
Application

p_s

p_co

p_hw
<<TestComponent>>

Master

<<TestComponent>>
Hardware

<<TestComponent>> |—<N|
Test— pig
Coordinator

Location— LNI
DataBase p_io

TC

Figure 4.13: Test Package

The test package contains a test context class called BluetoothContext (Fig-
ure 4.14). A test context defines attributes and operations needed for test
modeling. Test cases are also listed in the text context. A test case is an
operation returning a verdict. Additionally, a test log file called BT _LogFile
is defined to record test relevant events, e.g. for offline test evaluation. The
log file is attached to the test context to indicate that the events of all test
cases defined in this test context are recorded in this file.

In addition to the definition of variables and operations, a test context also
comprises test configuration and test control. Figure 4.15 shows the Blue-
tooth test configuration modeled according to the architecture introduced in
Section 4.4.1. In this Composite Structure Diagram, both the SUT and the
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<<TestContext>>

BluetoothSuite
- RList: list
+ threshold: Integer
+ verdict: Verdict

.| testlog
BT_LogFile

- Connect_to_Master()
- Bad_Link_Quality()
— Good_Link_Quality()

<<TestCase>>
+ TestRoaming_DataSending(): Verdict

<<TestCase>>
+ TestRoaming_noWarning(): Verdict

Figure 4.14: Test Context Class

test system are specified. They are connected to each other via ports and
connectors®. This test configuration on which our test will run corresponds
to the architecture depicted in Figure 4.12, but extends the network by four
masters.

<<TestContext>>
BluetoothSuite

Id:
Location—
Database

co: Test-Coordinator

sa: Slave—
Application

1
p_br
p_sa
L_J
<<SUT>>
sr: Slave—Roaming
£

p_hw
p_s
L1

hw: Hardware

Figure 4.15: Test Configuration Defined in the Test Context Class

The overall test behavior can be controlled by modeling a test control. The
Interaction Overall Diagram in Figure 4.16 specifies the test control and
indicates the execution order of the roaming test cases. The test starts with
the execution of test case TestRoaming_DataSending. If its test result is a

SConnectors are the lines between the ports.
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<<TestContext>>
BluetoothSuite

sd Bluetooth_TestControl ‘

ref verdict :=
TestRoaming_DataSending

‘ [verdict==fail]
[verdict==pass]

ref verdict :=
TestRoaming_noWarning

®

Figure 4.16: Test Control Defined in the Test Context Class

pass, the second test case called TestRoaming_noWarning is carried out. If
test case TestRoaming_DataSending fails, the test is finished.

So far, the test architecture including the specification of a test package,
a test context consisting a test configuration and a test control have been
specified. Next, concrete test behavior will be considered.

4.4.3 Modeling Test Behavior

In Section 4.4.1, the main functionalities of the roaming layer to be tested
are listed. In order to test a system extensively, a set of test cases has to be
specified in a test model. The following scenario exemplifies one test case. It
combines several of the mentioned roaming functionalities to one test case:

In the beginning, a connection is established between the Slave and
Master M1. After the exchange of two data packages, the link quality
between Slave and Master M1 becomes bad. The first alternative master
in the roaming list M2 cannot be reached since the link quality is also
weak. Thus, after at most two seconds, a further Master M3 is chosen
from the roaming list and the connection is established successfully.

In this scenario, it is tested that the roaming layer of the Slave, first, is able
to choose a new master whenever the link connection gets weak, second,
requests for a connection establishment to the new master, and last, receives
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sd TestRoaming_noWarning():Verdict
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Figure 4.17: Roaming Test Scenario

a connection confirmation from the new master after a successful connection
establishment. Furthermore, the connection request is repeated within two
seconds if no connection confirmation comes from the new master and the
connection to another master is asked. The functionalities of sending a
warning to the environment if no new master can be found on the roaming
list and the data forwarding feature are not tested in this test scenario. They
need to be covered by other test cases in the test model.
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sd Connect_To_Master(master:Mas@J
: Test—
: Slave- : Slave— . master
: Hardware i
Application Roaming : Master Coordinator
con_request con_request con_request con_request
>
con_accept
con_confirm con_confirm(master)
P con_confirm
N ref
makeList
roami gList([“M2","M3","M4“]) . roamingList [LMZ","M3","M4"])

Figure 4.18: Connect to Master Function

The Interaction Overview Diagram illustrated in Figure 4.17 specifies the
test case for the scenario described above. The test case is derived from
the UML 2.0 behavior diagrams of the system model in Section 3.2. The
test case is called TestRoaming_noWarning. Its test behavior starts with the
activation of a timer named T1 with the duration of six seconds by the Test-
Coordinator instance. T1 is a test component timer started at the beginning
and stopped at the end of the test component behavior to assure that the test
finishes properly even if e.g. the SUT crashes or does not respond anymore.
In case that the execution of this test case takes more than six seconds, a
timeout is triggered by Test-Coordinator.

The function Connect_To_Master referenced at the beginning of the test case
establishes a connection between the SUT and Master M1 (Figure 4.18). The
connection request triggered by the con_request message is initiated by Slave-
Application and then forwarded to the master. After the Test-Coordinator is
informed about the connection request, the master accepts the connection
by sending the con_accept message, resulting in a connection confirmation
sent from the Bluetooth hardware to both the slave and the master. There-
upon, the master again informs the Test-Coordinator about the successful
connection, which allows the Test-Coordinator to build a new roaming list
containing the masters and to transfer it via the master to the slave using
the message roamingList(["M2",”M3","M4"]) containing the new roaming
list. The entries of the roaming list indicate that if the connection between
slave and its current master gets weak, Master M2 should be tried next. If
this connection cannot be established, Master M3 should be contacted. As
a last alternative, M4 should be chosen. If none of the alternative masters
can be connected to, warnings would be sent out.

When the referenced behavior of Connect_to_Master is performed according
to the specification shown in Figure 4.17, the slave has been successfully
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sd Link_QuaIity(vaIue:Strinw

: Slave-

Roaming : Hardware

get_link_qualityl

‘ quality(value)

Figure 4.19: Link Quality Evaluation Function

connected to Master M1. Now Slave-Application can send data to Master
M1 every 0.5 seconds. Checking the link quality is specified in function
Link_Quality. Herein, Slave-Roaming triggers the evaluation request and re-
ceives the result from the hardware (Figure 4.19).

In the first evaluation of the link quality, the Hardware is tuned to report
a good link quality (Figure 4.17). Thus, further data packages can be sent
to Master M1. In the second link evaluation, the quality is determined to
be bad. Therefore, a new master is required. According to the roaming list
of the Slave, the new master is Master M2. Thus, a connection request is
expected to be sent to Master M2 by the SUT. As soon as the connection
request is observed and reported to the Test-Coordinator, a timer T2 of two
seconds is started to assure that if the SUT cannot establish a connection to
the determined master, it chooses a further master and tries to connect to it
within two seconds. If the SUT requests a connection to the correct Master
M3, the timer T2 is stopped by Test-Coordinator. In the given test case,
the connection is accepted (con_accept) by Master M3 and hence confirmed
to the SUT and the new master. After the Test-Coordinator noticed the
successful connection establishment to the Master M3, it assembles a new
roaming list for the slave and sends it via master to the slave. In case that no
connection confirmation is received, the default behavior con_confirm_Default
is invoked. Finally, slave and master are disconnected, the guarding timer
T1 is stopped and the verdict of this test case is set to pass.

Besides the expected test behavior of test case TestRoaming_noWarning, de-
fault behavior are specified to catch the unexpected observations which may
lead to a fail or a inconclusive test verdict. The given test case uses a default
called con_confirm_Default. Figure 4.20 shows how default behavior can be
specified both as an Interaction Overview Diagram and as a State Machine®.

5The semantics of both diagrams are identical.
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sd con_confirm_Defaup

self
3 statemachine
; con_confirm_Default
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__con_confirm(*)

con_confirm(*) / setverdict(fail)

<<validationAction>>
fail

|
ffffffffffffffffffffffffff : ®

<<validationAction>>
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* [ setverdict(inconc)

Figure 4.20: Test Defaults

The con_confirm_Default is an message-based default attached to the con-
nection confirmation message in Figure 4.17. In this default behavior, the
U2TP-specific operator determAlt is applied in order to describe the al-
ternatives’. For the Test-Coordinator, this default is invoked if either the
connection confirmation (con_confirm) with a wrong parameter or another
message than the connection confirmation is received. In the first case, the
verdict is set to fail and the test component finishes itself. In the latter case,
the verdict is set to inconclusive and the test returns to main test behavior
where the default has been invoked.

Test case TestRoaming_noWarning tests functional behavior of the Bluetooth
roaming application. The modeling of real-time test requirements is exem-
plied as follows:

In the beginning, a connection is established between the Slave and
Master M1. Afterwards, 100 data packages are sent every 0.5 seconds
from the application layer.

This test scenario evaluates that the roaming layer receives data packages
from its application layer and forwards these to the hardware layer. Fig-
ure 4.21 shows the specification of test case TestRomain_Data_Sending.

In order to specify the evaluation of delay and average jitter within the
U2TP model, time is logged both after the application layer has sent the

"By modeling with determAlt, the order in which the alternatives are considered can
be defined.
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sd TestRoaming_DataSending():Ve@tj
SA: Slave— <<SUT>> . CO: Test-
Apbl\catlon SR: SFL%\:T;HQ HW: Hardware ML: Master Coordinator
T1(6s) X—
ref
Connect_To_Master(M1)
loop
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—de
<<LogAction>> %
now, SAldata
data
\\-
<<LogAction>>
now, HW?data
ref
Link_Quality(good)
ref .
Disconnect
T1 X—

<<validationAction> <<validationAction>> |<<validationAction>: <<validationAction>:

pass pass pass pass

Figure 4.21: Data Forwarding Test Scenario

data packages and after the hardware layer has received the data packages.
The logging is modeled by U2TP LogActions®. The logged entries are saved
in a log file specified for the test context class (Figure 4.14 on Page 72). The
format of the logged values is user-defined. In this Interaction Overview
Diagram, a logged entry shows the logged time value evaluated by the now
expression provided by UML 2.0, the name of the event and the data package
number®. These logged information is needed for the real-time evaluation
specified in the test control.

8LogActions are modeled by an action symbol with the stereotype <<LogAction>>.
Integer i is the data package index.
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With the logged information of this test case, delay and jitter can be eval-
uated. While calculating the time difference between the sending and the
receiving of the same data package, the delayed time needed by the SUT for
data forwarding can be measured. The mathematical formulae'® for mea-
suring delay is shown below. The function implementing the formulae can
be called by the U2TP arbiter.

The following formulae shows the delay of the i-th data package, whereas
tHw?Data (1) is the time point where the i-th data package is received by the
hardware layer and tg4ipatq (i) defines the time point where the data package
is sent by the appliation layer:

Delay_DT (i) := tgw?Data () — tsAData (7)

The average jitter provides the average variation of periodical occurrences.
As a precondition, the sending of data packages must be performed equidis-
tantly. According to the specification, data packages are sent every 0.5
seconds, i.e. Vi : [tgw7pata(i + 1) — tgw2Data ()] = 0,5s. The mathematical
formulae for average jitter is:

Jitter JT := Y i o |(delta — (tpw?Data (1) — tEW?Data (i — 1)))|/(n — 1)

with delta := Z;L:Q(tHVV?Data(i) — tHW?Data(i — 1))/(’0 — 1)

4.5 Concluding Remarks

In this chapter, the U2TP concepts have been introduced and explained in
detail. U2TP extends and augments UML 2.0 for test model specification.
This profile bridges the gap between designers and testers by providing a
means to use UML 2.0 for both system and test specification. Moreover,
U2TP allows the reuse of UML 2.0 system design documents for testing and
integrates test development in an early software development phase.

The specification of a U2TP test model has been examplified for the Blue-
tooth roaming case study. The case study shows that U2TP is suitable for
functional and real-time test modeling. Based on the U2TP test model,
executable test code can then be generated.

10The “I” character symbolizes the sending of a message and the “?” the reception of
a message.






Chapter 5

Transforming System Model
to Test Model

”Everything should be made as simple as possible, but not simpler.”
— Albert Einstein

This chapter provides a guideline to use U2TP concepts by retrieving a
U2TP test model from an existing UML 2.0 system model. The guideline
steps are realized by concrete transformation rules written in the transfor-
mation language called Tefkat. The applicability of the transformation rules
is demonstrated on the Bluetooth roaming case study.

5.1 Related Work on UML-Based Test Generation

Model-based testing is not a new research area in the testing domain. In
[BJKT05], a collection of research works done in this area can be found.
Most of these works are set upon systems specified in Finite State Machine
(FSM), Labelled Transition System (LTS), Specification and Description
Language (SDL) or Message Sequence Chart (MSC) etc. [LY96, Sif89,
TPvB97, ITU99, Z1299, GKSH99a, GKSH99b, GH02, SEGT98, BBJ102].
According to the classical test methodology, two different aspects have to
be distinguished: the modeling of SUT and the definition of test system
features. For testing based on UML system models, different approaches
and tools are discussed in the following.

In [Bin99], Binder describes test requirements derived from UML models.
The derivation is supported by test design patterns which focus on deter-
mining appropriate test strategies, faults that may be detected, and test
case development from model and oracle. The test is developed for different
scopes in the implementation.

Briand and Labiche introduce a system test methodology called Testing
Object-orienTed systEms with the Unified Modelling Language (TOTEM)
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where test requirements are derived from UML analysis artifacts such as
Use Cases, their corresponding Sequence and Collaboration Diagrams, Class
Diagrams and the use of the Object Constraint Language (OCL) [BLO1].
Subsequently, the test requirements are transformed into test artifacts by
using more detailed design information.

Offutt and Abdurazik propose two approaches for software testing using a
restricted form of State Machines and Collaboration Diagrams of a UML
system model [OA99, AO00]. The goals of the approaches are to test the
system models themselves and to use information from different types of
diagrams during testing.

Scheetz et al. depict an approach to generate system test from UML Class
Diagrams [SYMF199]. For that, a restricted form of UML Class Diagrams
is used to represent SUT architecture. From the Class Diagrams, test objec-
tives are derived. However, when multi-object test objectives are aggregated,
the space of possible test objectives becomes very complex. By means of
test criteria, the complexity can be reduced [ARFCO3].

Born et al. derive test systems for component-based SUTs [BSKHO04, BSLO0O].
Test components are developed as soon as system component interfaces and
the overall system architecture are defined. A Test Framework (TFW) con-
tains base types of test components and generic component behavior define
test configuration, test initiation, coordination exchanges and test results.

A number of tool are involved in the automatic test generation process. Each
performing its individual task during manual or (semi-)automatic transfor-
mations. In the AGEDIS project, a UML-based test tool chain is developed
to reuse and adopt existing system validation and test code generation tools
[Cav01l, HNO4, HNO3].

The approaches mentioned above mainly rely on UML 1.x. Moreover, they
only allow certain UML diagram types for test code generation, e.g. Collab-
oration Diagram and Use Cases. Some of them even restrict or refine the
concept space of the UML diagram types. Also, the gap between the system
development and the test development exist, since the developers still use a
different language for system modeling than for test modeling. In this thesis,
we shall generate U2TP test models utilizing UML 2.0 for system modeling
without constraining the expressiveness of UML 2.0. A new technique is
provided in this work, where test-specific requirements are adjoined when
retrieving a test model from its system model.

5.2 A Guideline for Test Modeling with U2TP

In the previous chapter, the test modeling language U2TP has been intro-
duced. However, the U2TP standard specifies a collection of test model-
ing concepts without providing a guideline for utilizing these concepts or
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a methodology of how to specify test models properly. This section tries
to close this gap by presenting a guideline for specifying test models with
U2TP. When doing so, the guideline aims at modeling tests in an efficient
and effective way. To achieve this, test models are derived from existing
UML 2.0 system models. In this way, a single model can be utilized for
both system and test developments [Dai04b].

In order to describe the derivation steps effectively, the U2TP concepts are
subdivided into four categories, as shown in Table 5.1': The Mandatories are
obligatory concepts which identify a U2TP test model. Optionals can further
be distinguished between normal and derivable concepts. An example for
derivable mandatory concepts is a test case which can be deduced from
system scenarios. Likewise, test configuration can be derived from system
configuration. But since a test configuration is not essential for a test model,
it is classified as a derivable optional concept. The concrete techniques
to derive test diagrams from system diagrams are explained later in this
chapter?.

Test Architecture Test Behavior Test Data Time
Concepts Concepts Concepts Concepts
SUT Test objective Data pool
Tést component \\\ \Tes\t case & Data paftition Time zone
Test context Defaults Data selector
Test configuration : Validation action Wildcards
Test control S Verdicts M Coding rules
Arbiter
Scheduler
Mandatories ‘ Eerixva\%@mia\tor'@sj ‘ Optionals ‘ Der’ivabl’éggipw

Table 5.1: A Guideline Schema on U2TP

In the following, the mandatory and optional concepts and their possible
derivations are outlined. A U2TP test model may use all UML 2.0 diagram
types for test specification. Depending on the given diagram types in the
system model, test model diagrams are obtained.

IThe four categories are presented in different textures in the figure.
2According to the U2TP standard, the scheduler is to be implemented by the tool
vendor and is therefore not classified for this guideline.
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5.2.1 Prerequisites for System Models

Before defining the guideline, further thoughts are investigated regarding
prerequisites for the system models. The assumptions which UML 2.0 sys-
tem model has to fulfill to enable an applicable transformation process later
on are as follows:

- A system model provides the information obligatory for the trans-
formation of the test model skeleton. However, the relevance of the
resulting test model depends on the preciseness of the initial system
model. In other words, the more specific a system model is, the more
concrete is the resulting test model skeleton?.

- The model transformation addresses systems where both SUT and
test system can be retrieved from an existing system model. To do so,
the system model must be self-contained and should not communicate
with its environment.

- In order to be able to trigger and observe the SUT, communication
connections must exist between the system components which should
become SUT and test components. Moreover, the interface between
the SUT and its test component must provide at least one public
method with return value, so that the SUT can be triggered by the
method call and observed by its return value.

5.2.2 Test Preparation

Before starting with the test model derivation from system model, some
preparational work must be done. Herein, it is important:

- to define a new UML 2.0 package as test package, and

- to import the system package in order to get access to its classes and
interfaces.

5.2.3 Deriving Test Architecture

I. Mandatories:

- Create a new class in a Class Diagram and assign it to SUT class
by stereotype <<SUT>>. If multiple system classes are to be
tested, they become nested classes defined in the SUT class.

3In the following, when talking about test model, the test model skeleton is meant.
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- Create a new instance in an Object Diagram referencing to the
SUT class as type. Assign the instance to SUT instance by stereo-
type <<SUT>>.

- Specify a test context class in a Class Diagram stereotyping with
<<TestContext>> and list all the test-relevant attributes and
test cases. If test control and test configuration exist, they are
also defined in the test context.

II. Optionals:

- When performing component or integration test, a test system
is required to stimulate and observe the SUT. Herefore, cre-
ate a new class in the Class Diagram and assign it to test com-
ponent class by stereotyping <<TestComponent>>. If multiple
system classes should become one test component class, the sys-
tem classes become nested classes in the test component class.
Beware that the system classes which become the SUT class are
not chosen as a test component class.

- Create a new instance in an Object Diagram and assign it to
test component instance. The type of the instance must be a test
component class.

- Having a Use Case Diagram, the concrete behavior of the use
cases are represented by supplementary behavior diagrams. Thus,
each use case specifies a test scenario. For the specification of test
control, reference to the use cases as test cases and connect them
in an Interaction Overview Diagram.

- Interaction Overview Diagrams provide good means to define test
control. To do so, identify existing test cases in the test model.
Create an Interaction Overview Diagram in the test model and
create references for the test cases. Connect the references by
control flow in the Interaction Overview Diagram. In a more
complex test control specification, loops and conditions should
also be used.

- Test configuration is best specified in a Composite Structure Di-
agram. If system model already specifies its configuration by a
Composite Structure Diagram, then adopt this diagram and align
it according to the test configuration defined in the test require-
ment.

- Test configuration can also be retrieved from Class Diagrams.
Herein, the interfaces between the relevant test components and
SUT are connected with each other according to the test require-
ment.
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- Test configuration can also be built from system scenarios illus-
trated in Interaction Diagrams. To do so, whenever two compo-
nents exchange messages with each other, create a communica-
tion channel between the components in the test configuration
diagram.

5.2.4 Deriving Test Behavior

I. Mandatories:

- For the specification of test cases, adopt given Interaction Di-
agrams from the system model. Stereotype the diagrams with
<<TestCase>>. Rename or group lifelines in the diagram ac-
cording to test configuration. Assign them by their roles (i.e.
test component or SUT). When lifelines are grouped in a test
case, internal messages can be neglected. But the external mes-
sage exchanges of the grouped lifeline to its neighbouring lifelines
must be adopted to the test case specification.

- Test case can also be derived from system behavior defined in
State Machines. Since State Machines specify the complete local
behavior of a component, simulation is needed to retrieve com-
munication traces between the component. Each simulated trace
is stored in an Interaction Diagram and represents one test case.

- Verdicts can be derived from system scenarios where valid system
behavior are defined. Verdicts are set for test components at the
end of a test case specification. In an Interaction, it is defined
at the end of a lifeline. Verdicts can also be defined in a State
Machine. There, it is attached to transitions. Usually, a verdict
within a test case is set to pass. The setting of other verdict
values (i.e. inconc, fail, error) are specified in default behavior.

II. Optionals:

- Write a test objective for each test case which should be specified.
According to the U2TP standard, test objectives do not have to
be illustrated by diagrams and can also be in prose.

- Unexpected system behavior during the test run is caught by de-
faults. State Machines are good means to define defaults in order
to cover the overall behavior of one component. Use wildcards
to catch unexpected events. Verdict settings defined in a default
behavior are either fail or inconclusive.
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- Interaction Diagrams can also be used for defining defaults. Here-
fore, alternatives are defined distinguishing between behavior which
should be tested leading to a failure or inconclusive behavior.

- After having specified default behavior in diverse diagrams, they
must be activated for the appropriate suppliers. To do so, attach
the defaults to their suppliers.

- In case that a test system owns a user-defined arbiter?, validation
actions are required in the test case specification in order to ex-
change verdicts between test components and the arbiter. They
are added in the test cases by stereotyping the verdict setting
with <<validationAction>>.

5.2.5 Deriving Test Data

1. Optionals:

- A data pool consists of all possible test data and their type def-
initions. They can be copied directly from the system model
or be imported from a data package of the system model. The
specification of the data pool is best illustrated in a Class Di-
agram or an Object Diagram. Concrete test data can also be
derived from system scenarios by collecting all data exchanged
between the system components and put them in the data pool
class. Stereotype the data pool class with <<DataPool>>.

- A data partition can be derived from a group of system scenarios
where the equivalence classes correspond to the test scenarios.
For the specification of data partitions, Class Diagram are rec-
ommended.

- Wildcards are used in defaults for catching unexpected system
responses and thus utilized in the default diagrams.

- The definition of data selectors correspond to the specification of
the test requirements. Class Diagrams are recommended for data
selector specification.

- Provide coding rule information according to test requirement.
This can be done either within a Class Diagram or a Composite
Structure Diagram.

4The U2TP standard defines a mandatory default arbiter with its arbitration algorithm
to be provided by the tool vendor. In this guideline, we concentrate on the definition of
an user-defined arbiter which is optional.
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5.2.6 Deriving Time

I. Optionals:

- Generally, for each trigger and response between a test component
and the SUT, timers can be started before and stopped after
the response. For that, both Interaction Diagrams and State
Machines can be used. The timer duration must be provided
by the tester. Assure that the timer is declared as an attribute
within the test component class whenever a timer is specified in
a test case. Beware that a timer is not defined for the SUT since
its behavior is not changeable.

- Timers can also be derived from time constraint specification of a
system scenario. Herefore, the timer replaces the time constraint.
A timer is started where the time constraint begins and is stopped
at the end of the time constraint. The expiration duration of the
timer should be of the same value like the time constraint.

- If the test system is a distributed system, assign timezones to the
test components defined in the test configuration diagram.

5.3 Transforming System Models to Test Models

Following the guideline steps introduced in the previous section, a tester
may reuse an existing system model and derive a test model from the sys-
tem model manually. A more ambitious effort than the manual test modeling
is to generate the test model automatically. In the following, we introduce
an approach to automatic test model generation realized by a model trans-
formation.

Figure 5.1 shows the implementation architecture for the U2TP model trans-
formation supplied in this work®. There, three metamodels based on MOF
2.0 exist. They are called the UML 2.0 metamodel, the Test Directives meta-
model and the U2TP metamodel. The Test Directives metamodel enables
the integration of test requirements during transformation. It is explained in
Section 5.3.1 in detail. Both UML 2.0 and the Test Directives metamodels
are source metamodels for the definition of the transformation rules whereas
the U2TP metamodel serves as the target metamodel. Consequently, model
transformation is carried out on UML 2.0 and Test Directives model in-
stances to get U2TP model instances [Dai04a]. The test model transforma-
tion rules are realized in Tefkat (Section 2.1.3).

STransformation ruls are defined on metamodel level whereas the model transformation
is performed on model level.
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Figure 5.1: Implementation Architecture for U2TP Model Transformation

The test model transformation from system model by means of transforma-
tion rules only generates a skeleton of a test model. Test-specific require-
ments cannot be retrieved from the system model. In order to accomplish
the skeleton to a feasible test model, further modifications and refinements
on the test model skeleton must be made. In the following, we give an
insight into the realization of the test model transformation.

5.3.1 Integrating Test Requirements During Transformation

The starting point of our test model transformation is an existing UML 2.0
system model. However, test-specific requirements directing the test model
specification, such as the choice of SUT component, configuration of the test
system, selection of test scenarios, specification of timers, invocation of de-
fault behavior, setting of test verdicts, definition of timezones, coordination
of test components etc., cannot be derived from the system model. They
must be defined explicitely and included in transformation.

In order to integrate test requirements during test model transformation, a
MOF 2.0-based metamodel called Test Directives is developed in this work.
The term Test Directives denotes a collection of test-specific information
which, when combined with the system model, derives a test model. Thus,
a Test Directives model provides a formal specification of test requirements
which is supplied to the transformation rules.

Figure 5.2 shows the application areas of both Test Directives model and
U2TP model and their allocation within the test development process. While
a Test Directives model mainly supplies the requirements of a test model,
U2TP provides good means to design and specify the tests. Nevertheless,
a Test Directives model also influences the test design when e.g. assigning
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Figure 5.2: Application Area of Test Directives and U2TP

roles of components for test configuration. Also, depending on the model ab-
straction level, U2TP can be used for test requirement specifications. Thus,
their applications depicted in Figure 5.2 are overlapping. In the following,
the definition of the Test Directives metamodel is illustrated. Their relevance
and application are shown later in the definition of the transformation rules
in Section 5.3.2.

The Test Directives metamodel provides means such as to assign roles to
components, to group classes, instances or lifelines, to rename components,
to select and specify test scenarios, to choose and activate default behavior,
to add events in test behavior, to define timers, and to add components to
the test system etc. Figure 5.3 shows the package dependencies® between
the Test Directives, the UML” and the Infrastructure Library metamodels®.
The top-most element in a Test Directives model is a TestDirectiveSet? (Fig-
ure 5.4). It has a name and consists of TestDirectiveElements. Meta-class
TestDirectiveElements is a refinement of the MOF 2.0 metaclass ENamedEle-
ments and thus are also named. Furthermore, it refines other Test Directives
meta-classes.

The meta-class Grouping is needed to merge classes, instances and lifelines
in a test model diagram (Figure 5.5). It has an attribute called groupingPur-
pose to indicate the role of the new entity. Role is an enumeration of SUT,
TestComponent and Arbiter. Meta-class Grouping refines three meta-classes
called GroupingClasses, Groupinglnstances and GroupingLifelnes. Figure 5.5

5Dependencies are illustrated by a dashed arrow.

"The UML package defines the UML 2.0 metamodel.

8By referencing to the latter, the Test Directives metamodel becomes a MOF 2.0 based
metamodel.

9The complete Test Directives metamodel can be found in Appendix A.
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Figure 5.3: Package Dependencies of the Test Directives Metamodel

also shows the specification of meta-class GroupingClasses. With this Test Di-
rectives meta-class, at least two classes in the system model can be merged,
indicated by the cardinality of 2..*. Whenever a new class in the test model
is defined, a new name is assigned by the attribute newTestClassName.

By means of the Grouping meta-class, the resulting test class is renamed
accordingly to the Test Directives specification. However, there might also
be adopted classes in the test model without performing grouping with other
classes. Still, they need to be renamed and assigned with roles. To do so,
meta-class Renaming shown in Figure 5.6 is defined. It provides the new
name and new role to classes, instances and lifelines.

The Test Directives metamodel also provides means to add supplementary

<<metaclass>>
ENamedElement
(from Basic;
<name : String
<<metaclass>> ‘
TestDirectiveSet theSet theElement | T <<D’“Eta°'asél»
- stheSe + estDirectiveElement
<name : string 0.
\ <<metaclass>>
Renaming
<role : Role
“newName : String
<<metaclass>>
Addition
<<metaclass>> <<metaclass>>
Grouping <<metaclass>> ChooseTestcases
“groupingPurpose : Role

DefaultForMessages
“theVerdict : Verdict
<SstartState : State
YendState : State

Figure 5.4: Overview on Test Directives Metamodel Classes
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<<metaclass>> a
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Grouping Role
<groupingPurpose : Role 4suT
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<<metaclass>> <<metaclass>> <<metaclass>>
GroupingClasses Groupinglnstances GroupingLifelines
ZnewTestClassName : String “newTestObjectName : String gnewlLifelineName : String
<<metaclass>> <<metaclass>>
GroupingC . +theGroupingClasses +theClass Class
gnewTestClassName : String (from Kernel)
2.*

Figure 5.5: Grouping System Model Classes

elements to the test model (Figure 5.7). One means is to add components,
e.g. an arbiter, to the test system. Figure 5.8 shows the definition of a
AddNewComponent meta-class which is able to create a new component
within the test configuration and connect the new component to its adjacent
components via appropriate ports.

If a new component is added to the test configuration, the behavior of the
newly created component must be added and specified. Meta-class AddNew-
Event enables adding of new events to existing test scenarios (Figure 5.9).

<<metaclass>>
Renaming
<role : Role
<“newName : String

+theClasg. 1 +theLifeline 1 +thelnstance
1
<<mgg’slzss>> «mlfitfglli?lses» <<metaclass>>
(from Basic) (from Basiclnteractions) nstanceSpeiication
(from Kernel)

Figure 5.6: Renaming Classes, Instances and Lifelines
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Figure 5.7: Adding New Elements
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&NewComponentName : String
<role : Role
1.+| +neighbour +thePort
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<<metaclass>> =l ePOI’t i
Component > _ #thePort | ¢ om ports)
(from BasicComponents) *

Figure 5.8: Adding New Components to the Test Architecture

The location of the new event is associated with an existing event and lifeline
in the test scenario. Herefore, it is also important to determine whether the
new event should be positioned before or after the existing event to avoid
ambiguity.

In order to derive test cases from system scenarios, the appropriate behavior
needs to be selected!®. After a test behavior is chosen, the whole scenario
must be modified according to test requirements specifications.

When refining a test scenario by timers, it is necessary to determine when
the timer starts and stops. Figure 5.10 shows the definition of meta-class
AddingTimer. Herefore, the location of the timer is associated by a lifeline
and a message. A timer can either be attached before or after a message.

!0This is done by the Test Directives meta-class ChooseTestcases associated with an
existing behavior diagram, to be found in the Appendix.
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[

<<metaclass>>
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(from Basiclnteractions)

2

<<enumeration>>

Figure 5.9: Adding New Events to Test Scenario

For simplicity, we agreed that a timer is always attached after the given
message. Operations to start or stop a timer is given by attribute opKind
and its duration is specified by attribute duration.

Default behavior specification is associated with State Machines. When
activating default for a certain message defined in the test behavior, meta-
class DefaultForMessages is needed (Figure 5.11). The Test Directives model
provides the information about the name of the message for which the default
behavior should be specified. The transition in the default specification is
indicated by the startState and endState, with the dedicated message as its
transition trigger. At last, the appropriate default behavior is activated and
attached to the test case.

Below, an example for the collaboration of UML 2.0 model and Test Di-
rectives model during model transformation is shown. Assuming there is

<<metaclass>>

AddingTimer <<metaclass>>
oopKir]d : TimerOperationKinds +theTimer +theLifeline_ Lifeline .
<duration : Integer (from Basiclnteractions)
<timerName : String 1
? +owner

0.1 +theMessa99 <<enumeration>>

TimerOperationKinds
<Start
<Stop

<<metaclass>>
Message
(from Basiclnteractions)

Figure 5.10: Adding Timers to the Test Scenarios
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<<metaclass>>
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<theVerdict : Verdict +theMessage Message
<startState : State = (from Basiclnteractions)
endState : State *

+theLifeline\, 1
<<metaclass>>
Lifeline
(from Basiclnteractions)

+owner

Figure 5.11: Specifying Default Behavior for Messages

an existing Class Diagram in the system model, U2TP concepts should be
applied. According to the methodology introduced in Section 5.2, one of the
test architecture mandatories says:

2

...create a new class in the Class Diagram and assign it to test com-
ponent class by stereotyping << TestComponent>>. If multiple system
classes should become one test component class, the system classes be-
come nested classes in the test component class ...”

Thus, besides the Class Diagram, the grouping mechanism provided by the
Test Directives metamodel is needed. Figure 5.12 shows how the transfor-
mation can be performed in this case. On the left upper corner, a UML 2.0
package UMLPkg with three classes is shown. In the left lower corner, the
Test Directives package TestDirectivePkg is shown, specifying the grouping
of Classl and Class3 to a test component class. For the graphical representa-
tion of the Test Directives model elements, we oriented to existing UML 2.0
symbols. Thus, after the transformation, the output test model U2TPPkg
on the right side of the figure specifies a test component named myTC, with
Classl and Class3 classes being nested. The application of other Test Direc-
tives elements is demonstrated in the following subsections more concretely
when explaining the model transformation rules.
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UMLPkg
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U2TPPkg
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Figure 5.12: Creating a Test Component Class

5.3.2 Transformation Rules for the Test Model

This section provides the concrete definition of the U2TP model transforma-
tion rules realized by the Tefkat transformation language. In the following,
the transformation rules are described in a figure consisting of two parts: a
header part and code part. In the header part (upper part of the schema),
the aim of the transformation is given. In the code part (lower part of the
schema), Tefkat code is shown. These complete transformation rule cata-
logue can be found in Appendix B. By means of the Bluetooth Roaming
case study, the application of the rules are exemplified.

5.3.2.1 Transformation Preparation

Starting with the definition of the transformation rules, Figure 5.13 shows
a model transformation file called UMLToU2TPTransformation. The trans-
formation takes two source models called UMLsrc and TestDirSrc in order
to transform it to the target model U2TPtgt (Lines 1-2). Their metamod-
els needed for the definition of the transformation rules are imported in
Lines 4-8.

Creating Test Model and Applying U2TP Profile At the beginning
of the transformation, a new U2TP model is created. Afterwards, the U2TP
profile needs to be applied to the model. A profile must be applied to a
model in order to be able to use the concepts and stereotypes defined in
the profile. This is done by the Rule ApplyProfile in Figure 5.14. First, the
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Description: Transformation definition and its imports.

1 TRANSFORMATION

2 UMLToU2TPTransformation: UMLsrc, TestDirSrc —> U2TPtgt

3 IMPORT

4  platform:/resource/My_TestTefkat /src/model/UML2.ecore

5 IMPORT

6  platform:/resource/My_TestTefkat /src/testdirectives_ MM /testdirectives.ecore
7 IMPORT

8  platform:/resource/My_TestTefkat /src/model/u2tp.ecore

Figure 5.13: Transformation Definitions and Imports with Tefkat

U2TP package is named like the UML 2.0 package, with the prefix " Test"
to indicate that it is a test model (Line 8). The U2TP profile is applied
by setting the imported package with the URI of the profile (Lines 9-10).
Additionally, a tracking relationship U2TPModel2UMLModel is defined in
Lines 1-4 which links the UML 2.0 model with the U2TP model (Lines 11—
13). By means of tracking relationships, other transformation rules may
reference them for further modification.

Description: Create a test package for the U2TP model. Apply the U2TP profile
to the newly created test model. Give the model the name with the prefix
"Test_”, reference to the U2TP Profile in order to apply U2TP to the UML
2.0 model.

CLASS U2TPModel2UMLModel {
::uml2::Model theUMLModel;
::uml2::Model theU2TPModel;

=W N =

};

5 RULE ApplyProfile(umlPackage, u2tpPackage)

6 FORALL ::uml2::Package umlPackage

7 MAKE ::uml2::Package u2tpPackage // Create U2TP package
8 SET u2tpPackage.name = append(” Test_”, umlPackage.name),

9 u2tpPackage.appliedProfile.setImportedPackage =
10 <platform: /resource/My_Test Tefkat /src/model /U2TP _Profile.profile.uml2>
11 LINKING U2TPModel2UMLModel
12 WITH theUMLModel = umlPackage,
13 theU2TPModel = u2tpPackage
14 // Linking source model with target model
15

Figure 5.14: Apply U2TP Profile to the Test Model
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Description: Import UML 2.0 model to U2TP model in order to get access to the
class for testing purposes.

1 RULE ImportSystemDesignPackage()

2 WHERE U2TPModel2UMLModel

3 LINKS theUMLModel = systemPackage,

4 theU2TPModel = testPackage

5 SET testPackage.packagelmport.importedPackage = systemPackage,
6 testPackage.name = append(” Test”, systemPackage.name)

7 // Name test package

8

)

Figure 5.15: Import UML 2.0 Model Package to U2TP Model

Importing System Package A UML 2.0 package must be imported by
the U2TP model to get access to the system model elements while test
execution. Rule ImportSystemDesignPackage in Figure 5.15 references to
the tracking relationship U2TPModel2UMLModel and retrieves the source
and the target models. The system package is then imported and the test
package is named by the prefix " Test_".

Figure 5.16 shows the impact of the transformation rules applied to the
Bluetooth roaming case study. It shows the Bluetooth test package af-
ter having applied the transformation rules ImportSystemDesignPackage and
ApplyProfile. There, the test package called Test_BluetoothRoaming imports
the system package BluetoothRoaming and the U2TP profile is applied to
the test package.

[Test_BluetoothRoaming
=
————<f'—r—n—99—n—>——>> Bluetooth—
Roaming
<<apply>> <<profile>>
U2TP

Figure 5.16: Test Package Creation for Bluetooth Roaming
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Adopting System Model Elements After having created the U2TP
model Relevant UML 2.0 system model elements adopted to the U2TP test
model. Rule CopyUMLElementToU2TP shown in Figure 5.17 is an abstract
rule which copies UML 2.0 classifiers. For each UML 2.0 classifier, a U2TP
classifier is created (Lines 2 and 9). Moreover, all attributes, operations
and ports (Lines 3-7) of this classifier are copied to the U2TP classifier
(Lines 10-14)!. Additionally, the new classifier in the test model is named
with a prefix " Test” extending the existing system model classifier (Line 16).

Description: Copy UML 2.0 system model elements to the U2TP test model.
Name the elements in the U2TP model with the prefix " Test”.

1 ABSTRACT RULE CopyUMLElementToU2TP (umlClassifier, u2tpClassifier)
2 FORALL ::uml2::Classifier umlClassifier

3 WHERE umlClassifier.owned Attribute = attributes

4 // Get all attributes

5 AND umlClassifier.ownedOperation = operations

6 // Get all operations

7 AND umlClassifier.ownedPort = ports

8 // Get all ports

9 MAKE ::u2tp::Classifier@U2TPtgt u2tpClassifier

10 SET u2tpClassifier.$attributes = umlClassifier . $attributes ,

11 // Copy all attributes to the U2TP classifier

12 u2tpClassifier . $operations = umlClassifier.$operations,

13 // Copy all the operations to the U2TP classifier

14 u2tpClassifier . $ports = umlClassifier . $ports,

15 // Copy all the ports to the U2TP classifier

16 u2tpClassifier .name = append(” Test”, umlClassifier.name)
17 // Name the new test model elements

18

Figure 5.17: Copying UML 2.0 System Model Elements to U2TP Test Model

Usually, a transformation rule is run by the Tefkat engine automatically.
However, an abstract rule is not executed by the engine by default. An
abstract rule only affects the behavior of a transformation if it is extended
by a non-abstract rule. However, since CopyUMLElementToU2TP is an ab-
stract rule, it is extended by additional non-abstract transformation rules
to copy UML 2.0 elements such as a UML 2.0 class. Rule CopyUMLIn-
stancesToU2TP in Figure 5.18 is a concrete rule extending CopyUMLEle-
mentToU2TP (Line 2). This rule takes additional features of an instance
defined in the system model and targets them to the test model. Besides
attributes, operations and ports, it also adopt the instance classifiers, values
and specifications in an Object Diagram (Lines 8-13).

HHerefore, the rule makes use of the reflection definition mechanism of the Tefkat
language in Lines 3-7 using the $ symbol to indicate that what follows is not the literal
name of an attribute, but is instead an expression which should be evaluated to yield
either the name of an attribute or an instance.



100 5. Transforming System Model to Test Model

Description: Copying instance specifications to the newly created U2TP model.

1 RULE CopyUMLInstancesToU2TP (umlInstance, u2tpInstance)

2 EXTENDS CopyUMLElementToU2TP (umlInstance, u2tpInstance)

3 FORALL ::uml2::InstanceSpecification umlInstance

4 WHERE umlClass.classifier = superclass // Get classifiers

5 umlClass.slot = slot // Get classifier slots for instance values

6 umlClass. specification = specification // Get classifier specifications
7 MAKE :u2tp:InstanceSpecificationQU2TPtgt u2tplnstance
8 SET u2tplnstance.$classifier = umlInstance. $classifier

9 // Copy instance classifiers .

10 u2tplnstance.$slot = umlInstance.$slot

11 // Copy instance slots.

12 u2tplnstance. $specification = umlInstance. $specification
13 // Copy instance specification .

14

Figure 5.18: Copying System Model Instances to Test Model

5.3.2.2 Transformation Rules for Test Architecture

When a U2TP model is created, transformation rules concerning concrete
test architecture need to be defined. This includes e.g. the role assignment
of the components, the specification of the test context, the definition of the
test configuration, the creation of the test control etc.

SUT and Test Components One of the prerequisites listed in Section
5.2.1 is that the system model is a self-contained and a closed system. Having
such a system, both the SUT and the test system are derived from the system
model. To do so, the components must be assigned by the roles of either
SUT or test component. Figure 5.19 defines a rule to assign system classes
with roles. For that, a Test Directives model is needed since information
about roles is not included in the system model (Line 2). According to
the Test Directives specification, Rule RoleAssignment_Classes creates a new
class and assigns it either the U2TP stereotype <<TestComponent>> or
<<SUT>> (Lines 3 and 7). The Test Directives model provides the new
name of the class as well (Line 12).

While allocating components by roles, several components may be grouped.
Rule GroupClassDiagrams in Figure 5.20 realizes the grouping of classes in
the test model. For that, it extends two transformation rules called SetNest-
edClasses and SetExternallnterface4ClassDiagrams (Lines 2-4). The former
enables the setting of the system classes as nested classes of the test class.
The latter sets external interfaces by comparing the name of the interfaces
(Figure 5.21). By name matching, the interface is internal. Otherwise, they
are communicating with the environment (Lines 4-6). By means of Rule
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Description: Role assignment for the SUT class: According to the Test Directives

model, check whether the new class is meant to be assigned to an SUT, if
yes, then assign the stereotype <<SUT>> to the class.

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17

RULE RoleAssignment_Classes(uml_element, u2tp_element)

)

FORALL ::testdirectives::GroupingClasses@TestDirSrc td_element
WHERE IF td_element.groupingPurpose = SUT
THEN u2tp_element.appliedStereotypes = SUT
// Assign the stereotype <<SUT>> to ultp_element
ELSEIF td_element.groupingPurpose = TestComponent
THEN u2tp_element.appliedStereotypes = TestComponent
// Assign stereotype << TestComponent>> to ultp_element
ELSE TRUE
ENDIF
MAKE ::uml2::ClassQU2TPtgt u2tp_element
SET u2tp_element.name = td_element.newTestClassName
// Set the name of the test element
LINKING ClassRoles4aSUT
WITH theUMLClass = uml_element,
theU2TPSUT = u2tp_element

Figure 5.19: Role Assignment for Test Component and SUT Classes

Description: Group UML 2.0 class elements together to one test class according

to the grouping criteria which is specified in the Test Directives model.

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16

RULE GroupClassDiagrams(uml_elementl, uml_element2, u2tp_element)

I

EXTENDS SetNestedClasses(uml_element1, uml_element2, u2tp_element),
// Nesting system classes into the test class
SetExternallnterface4ClassDiagrams(uml_element1,uml_element2,u2tp_element)
// Remove the internal interfaces and
// set the interfaces to the environment
FORALL ::uml2::ClassQUMLsrc uml_element1,
::uml2::Clags@QUMLsrc uml_element2,
it testdirectives :: GroupingClasses@TestDirSrc td_element
WHERE td_element.theClass.name = uml_elementl.name
// Compare testdirective class with UML class
OR td_element.theClass.name = uml_element2.name
AND CheckEquallnterface4ClassDiagrams(uml_elementl, uml_element2)
// Check whether the classes share the same interface
MAKE ::u2tp::Class@QU2TPtgt u2tp_element

Figure 5.20: Grouping Classes

GroupClassDiagrams only classes specified in the Test Directives model are
grouped by comparing the names of the system classes and verifying their
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Description: Set the new ports for the grouped UML 2.0 elements. This rule is
needed during the grouping mechanism with multiple UML 2.0 classes. For
the grouping, all ports and interfaces between the grouped classes will be

removed but the ports and interfaces to the environment are still kept.

RULE SetExternallnterface4ClassDiagrams(uml_classl, uml_class2, u2tp_class)
FORALL ::uml2::Class uml_classl,
::uml2::Class uml_class2
WHERE uml_class].nestedClassifier.nestedInterface.name
!= uml_class2. nestedClassifier . nestedInterface .name{}

MAKE ::u2tp::ClassQU2TPtgt u2tp_class
SET u2tp_class.nestedClassifier. nestedInterface .name = interfaces

// Set the external interfaces of the system

)

// model classes to the test class

1
2
3
4
5
6 —> interfaces{} // Retrieve the external interfaces
7
8
9
0
1

Figure 5.21: Set External Interfaces

interfaces (Lines 10-12 in Figure 5.20). Only the external interfaces are

adopted to the test model and the internal ones are neglected.

Figure 5.22 shows the application of the mentioned rules to the case study.
The UML 2.0 diagram on the upper left side of the figure originates from
the system model. Herein, all classes and interfaces between the Bluetooth

BluetoothRoaming
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Slave BT-HW Master BT-HW

Figure 5.22: Assigning the Bluetooth Hardware to Test Component
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classes are depicted. In order to group the Bluetooth classes Slave BT-HW
and Master BT-HW to one test component the Test Directives model on
the lower left side of the figure is needed. To do so, the grouping purpose
(i.e. test component) is indicated in the Test Directives model class. The
new name of the test class is specified as Hardware. Together with the
Test Directives model and the transformation rules, the system model is
transformed to the target U2TP test model as shown on the right side of
Figure 5.22.

Test Context In U2TP, a test context class incorporates all test cases
with the same initial test configuration. Rule ListTestCasesInTestContext in
Figure 5.23 defines the transformation rule to list all the test cases. It first
creates a new test context class and applies stereotype << TestContext>> to
it and selects existing system scenarios specified in diverse behavior diagrams
for test case specification (Lines 2-3). Herefore, a Test Directives model
is required to choose appropriate system scenarios for test case modeling
(Line 12-14 in Figure 5.24). From these scenarios, test cases can be derived.
They are assigned by new names by retrieving the system scenario names
and append the prefix " Test” to the system scenario names (Lines 13-14).

Test cases are retrieved from existing Interaction Diagrams which specify
test cases. The relationship between test cases and the appropriate diagrams
are set in the tracking relation called TestCaseFromlInteraction (Lines 4-6 in
Figure 5.23). The names of the test cases are listed as operations within the
test context class (Line 8). Since a test case returns a verdict as its result,

Description: List existing test cases as operations in the test context class. Assign
test cases with stereotype <<TestCase>>.

1 RULE ListTestCasesInTestContext(scenario, testcase, testcontext)
2 EXTENDS CreateTestContext(testcontext),

3 AssignNameToTestCases(scenario, testcase)

4 WHERE TestCaseFromInteraction

5 LINKS thelnteraction = interaction,

6 theTestCase = testcase

7 MAKE ::u2tp::TestContext@QU2TPtgt testcontext

8 SET testcontext.ownedOperation.name = testcase.name,

9 // Test cases are listed as operations in test context class
10 testcontext .ownedOperation.type = Verdict,

11 // Testcases always return test verdicts

12 testcontext .ownedOperation.appliedStereotypes = TestCase
13 // Assign stereotype << TestCase>> to the operations

14

Figure 5.23: Listing Test Cases in Test Context
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Description: Assign names to test cases in Interaction Diagrams or State Ma-
chines. Look into the ChooseTestCase class in the Test Directives model.
Compare the name of the diagrams with the name in the ChooseTestCase
class of the Test Directives model. Assign the name of the new test case with
"Test” 4+ name of the scenario.

1 CLASS TestCaseFromlInteraction {
2 ::uml2::Interaction thelnteraction;
3 :u2tp::TestCase theTestCase;
4k
5 CLASS TestCaseFromStatemachine {
6 ::uml2::StateMachine theStatemachine;
7 ::u2tp:: TestCase theTestCase;
8 }
9 RULE AssignNameToTestCases(scenario, testcase)
10 FORALL :uml2::Interaction@UMLsrc interaction,
11 ::uml2:StateMachine@QUMLsrc statemachine,
12 i testdirectives :: ChooseTestCases@QTestDirSrc choice
13 WHERE interaction.name = choice.name
14 AND statemachine.name = choice.name
15 // Only take the interactions, statemachines and acitivity
16 // diagrams which are chosen in the testdirective model
17 MAKE ::u2tp::TestCase@QU2TPtgt testcase
18 SET testcase.name = append(” Test”, interaction.name),
19 testcase .name = append(” Test”, statemachine.name)
20 // Give the test cases a name by the prefix ”Test”.
21 LINKING TestCaseFromInteraction
22 WITH thelnteraction = interaction,
23 theTestCase = testcase
24 LINKING TestCaseFromStatemachine
25 WITH theStatemachine = statemachine,
26 theTestCase = testcase
27

Figure 5.24: Test Case Selection and Naming

the return type of the test cases are set to Verdict (Line 10). At last, the
<< TestCase>> stereotype is applied to the test cases (Line 12). Figure 5.25
shows the test context of the Bluetooth case study after the application of
Rule ListTestCaselnTestContext. There, a new test context class is created
with both test cases TestRoaming_DataSending and TestRoaming_noWarning
listed as operations (Line 8).

Test Configuration A test configuration defines the topology of the test
system and the SUT. For its specification, Composite Structure Diagrams
provide a good means since it allows the specification of ports. To achieve
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<<TestContext>>
BluetoothSuite

<<TestCase>>
+ TestRoaming_DataSending(): Verdict

<<TestCase>>
+ TestRoaming_noWarning(): Verdict

Figure 5.25: A Test Context Class for the Bluetooth Test Model

this, system classes are grouped in a Composite Structure Diagram. In-
ternal connections between the grouped classes are omitted and only the
external connections to the environment are adopted. Rule CheckExternal-
Interface4dCompositeStructureDiagrams in Figure 5.26 checks whether a port
connects with the environment. By definition, ports may own required and

Description: Check whether the ports between classifiers in the composite struc-
ture diagram realy communicate with each other via interfaces. Classifiers
in a composite structure diagram have ports which are connected via inter-
faces. If the ports are behavior ports, then check whether the interfaces of
the classifiers correspond to each other, i.e. uml_encll provides the interface
and uml_encl2 requires this interface.

1 PATTERN CheckExternallnterfacedCompositeStructureDiagrams
2 (uml_encll, uml_encl2)
3 FORALL ::uml2::EncapsulatedClassifier uml_encll,

4 ::uml2::EncapsulatedClassifier uml_encl2

5 // Classes have ports which are connected via interfaces
6 WHERE uml_encll.ownedPort.isBehavior = true

7 // behavior port

8 AND uml_encl2.ownedPort.isBehavior = true

9 AND uml_encll.ownedPort.required != uml_encl2.ownedPort.provided
10 OR uml_encl2.ownedPort.required != uml_encll.ownedPort.provided
11 // uml_encll provides the interface and wml_encl2 requires
12 // the interface at the ports or vice versa
13

Figure 5.26: Check External Interfaces
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provided interfaces which connect classes to each other. Thus, in case of
internal ports, their interface methods must correspond. By checking the
inequality of the interface methods, external ports can be recognized and
internal ports neglected (Line 9-10).

Description: Set the new ports for the grouped UML classifiers in the Composite
Structure Diagram. This rule is needed during the grouping mechanism with
multiple UML 2.0 classifiers. For the grouping, all ports between the grouped
elements will be removed but the external ports to the environment are still

kept.

1 RULE SetExternallnterface4dCompositeStructureDiagrams

2 (uml_encll,uml_encl2,u2tp_encl)

3 FORALL ::uml2::EncapsulatedClassifier uml_encl1,

4 ::uml2::EncapsulatedClassifier uml_encl2

5 // EncapsulatedClassifiers own ports

6 WHERE

7 CheckExternallnterface4dCompositeStructureDiagrams(uml_encll, uml_encl2)
8 MAKE ::u2tp::EncapsulatedClassifier@QU2TPtgt u2tp_encl

9 SET u2tp_encl.ownedPort.required = uml_encll.ownedPort.required,
10 u2tp_encl.ownedPort.provided = uml_encll.ownedPort.provided,
11 // Copy the external interfaces from uml_encll to u2tp class
12 u2tp-encl.ownedPort.required = uml_encl2.ownedPort.required,
13 u2tp_encl.ownedPort.provided = uml_encl2.ownedPort.provided
14 // Copy the external interfaces from uml_encl2 to u2tp class
15

Figure 5.27: Set External Interfaces for Grouped Components

Description: Connect ports between parts in test configuration. After the group-
ing of classes or instances in the test configuration, the ports between the
test components or/and SUT must be connected to each other via ports.

1 RULE ConnectingPorts(uml_scl, uml_sc2)

2 FORALL ::uml2::StructuredClassifier uml_scl,

3 ::uml2:: StructuredClassifier uml_sc2

4 WHERE

5 CheckExternallnterface4CompositeStructureDiagrams(uml_scl, uml_sc2)
6 SET uml_scl.ownedConnector.end.part WithPort

7 = uml_sc2.ownedConnector.end.part WithPort

8 // Connect the ends of the connector to

9 // the ports of uml_scl and uml_sc2.

10

)

Figure 5.28: Connect Ports in the Test Configuration
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After having removed the internal ports of a test component, external ports
are adopted to the test configuration by Rule SetExternallnterface4Composite-
StructureDiagrams (Figure 5.27). The connection between test components
and the SUT is realized in Rule ConnectingPorts (Figure 5.28) which con-
nects both ends of a connector with the ports (Lines 6-7).

BluetoothRoaming

<<TestContext>>
BluetoothSuite

‘ISPON d1en

TestDirectivePkg
Groupinglnstances

+ groupingPurpose = TestComponent
+ newTestClassName = "M1: Master"

mrl: Master mal: Master
BTRoaming Application

Figure 5.29: Bluetooth Test Model Configuration

Figure 5.29 shows the test configuration of the Bluetooth roaming case study
after transformation. In the system configuration, one Bluetooth Slave and
two Bluetooth Masters are shown. The Test Directives model specifies the
grouping of instance mrl and instance mal of Master M1. The resulting
component is a test component named M1 of type Master. Consequently, mrl
and mal are combined and their internal ports p_sr and p_ma are not adopted
into the test model. In the resulting test configuration, the application and
roaming components of the masters are merged. Port p_hw is identified
as an external port and is thus connected with the underlying hardware
component.

Test Control Test control cannot be derived from existing system dia-
grams. It must be created and specified from the scratch. To do so, Rule
CreateTestControl in Figure 5.30 creates an Interaction Diagram with in-
teractions referencing to the test cases to be executed in the test (Line 4).
The name of the test control derives from the system model name with
suffix " _TestControl" (Line 7). Rule ConcatenateTestCases4 TestControl in
Figure 5.31 retrieves relevant test cases (Lines 7-8) and concatenates those
in the test control diagram (Line 11). Decisions are made considering test
results. Usually, if the result of a test case is pass, further test cases are exe-
cuted. In case that the test verdict of the last test cases turns out to be fail,
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Description: Create a test control class. Test control is best specified as Inter-
action Diagram, whereas interactions are referenced as test cases in the test
control.

1 RULE CreateTestControl(testcontrol, testcase)

2 WHERE U2TPModel2UMLModel

3 LINKS theUMLModel = systemModel, theU2TPModel = testModel
4 MAKE ::uml2::Activity@UMLsrc testcontrol

5 // Interaction Overview Diagrams specialize Activity Diagrams.

6 // Create an Activity Diagram for test control.

7 SET testcontrol.name = append(testModel.name, ”_TestControl”)

8 // Assign name for the test control class

9

)

Figure 5.30: Create Test Control Class

the whole test is stopped immediately (Line 9 and 14). The specification of
the termination of the test is realized by defining the final node (Line 15).

Figure 5.32 illustrates the test control class of the Bluetooth roaming case
study with the execution of both test cases TestRoaming_DataSending and
TestRoaming_noWarning. The second test case will be executed only if the
previous passes. Otherwise the whole test terminates.

Description: Concatenate test cases together for the definition of test control,
whereas interactions are referenced as test cases in the test control. Test
control is specified in an Interaction Diagram.

5 RULE ConcatenateTestCases4TestControl(testcontrol, testcase)

6 EXTENDS CreateTestControl(testcontrol, testcase)

7 WHERE TestCaseFromlInteraction

8 LINKS thelnteraction = interaction, theTestCase = testcase

9 SET testcontrol.node.decisionlnput = ”verdict==pass”,

10 // Decision definition for true case within the interaction flow.
11 testcontrol . InteractionOccurrence.refersTo = testcase,

12 // Testcases are referenced fragments in Interaction Overview Diagram.
13 // Concatenate the testcases together.

14 testcontrol .node.decisionlnput = ”verdict==fail”,

15 testcontrol .node = FinalNode

16 // Decision definition for false case within the interaction flow.
17 LINKING TestControl2TestCases

18 WITH theTestControl = testcontrol, theTestCases = testcase

19 ;

Figure 5.31: Concatenate Test Cases in Test Control
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sd Bluetooth_TestControl |

!

ref Jverdict :=

TestRoaming_DataSending

verdict==fail

[verdict==pass}}
ref | verdict :=

TestRoaming_noWarning

Figure 5.32: A Test Control Diagram for the Bluetooth Test Model

5.3.2.3 Transformation Rules for Test Behavior

The behavior of a U2TP model is specified in test cases and defaults where
communication between test system components and the SUT are defined.
To achieve that, scenarios in the system model can be adopted for test case
and default specifications. Modification on the configuration must be made
according to the test configuration defined in the test architecture. Default
behavior for components and messages can be generated automatically.

Test Case Test cases can be derived from system scenarios. To do so,
Interaction Diagrams are optimal to describe communication between com-
ponents whereas State Machines provide good means to model the internal
behavior of a single component.

For modeling test cases with Interaction Diagrams, system scenarios are
selected and all the Interaction Diagram elements, i.e. lifelines, messages,
fragments and gates, are adopted to the test model (Line 2 in Figure 5.33).
The roles of the lifelines must correspond to the component roles defined
in the test configuration. To achieve this, Rule AssignSUT LifelinelnTestCase
references to tracking class TestCaseFromlinteraction showing the relation-
ship between a test case and an Interaction Diagram (Lines 6-7) and thus
only utilizes the Interaction Diagrams selected for test case specifications.
Subsequently, stereotype <<SUT>> is applied to the SUT lifeline in the
diagram (Line 14)'2. According to the U2TP standard, test component are

12T this rule, SUT lifelines are grouped to a single lifeline. According to the U2TP
standard, multiple SUT lifelines can be defined in a U2TP model.
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not stereotyped for lifelines!®. Therefore, no such transformation rule for

assigning test component stereotype is needed.

Description: Assign SUT lifeline in the Interaction Diagrams. Copy the system
scenario to the test model as test case diagram.

1 RULE AssignSUTLifelineInTestCase(umlInteraction, u2tplnteraction)

2 EXTENDS CopyUMLInteractionToU2TP (umlInteraction, u2tpInteraction)
3 FORALL ::testdirectives::GroupingInstances@TestDirSrc td_element

4 // The Test Directives model encorporates information

5 // about the SUT instance

6 WHERE TestCaseFromInteraction

7 LINKS thelnteraction = umlInteraction, theTestCase =u2tplnteraction
8 // Get the design scenario and the test cases

9 // in the Interaction Diagrams

10 AND td_element.groupingPurpose = SUT

11 AND td_element.thelnstance = theSUTInstance

12 // Look into the Test Directives model which

13 // instance should be the SUT instance

14 SET theSUTInstance.appliedStereotypes = SUT

15 // Assign stereotype <<SUT>> to the SUT instance
16 ;

Figure 5.33: Assign SUT Lifeline in Interaction Diagram

After creating a test case and assigning the SUT lifeline in the test case, other
lifelines must be grouped according to test configuration. There, internal
communication between the grouped lifelines must be removed and external
communication to their adjacent lifelines need to be recognized.

The grouping of lifelines is implemented by Rule GroupingLifelinelnTestCase
in Figure 5.34. Firstly, external messages between the grouped lifelines
and their adjacent lifelines are detected by Rule SetExternalCommunica-
tion4Lifelines in Figure 5.35. A communication message between grouped
lifelines is considered external if it is sent by one lifeline and is not received
by the other lifeline (Line 5-9). External messages are kept in the test sce-
nario. When grouping the lifelines, a Test Directives model is needed to
select the appropriate lifelines according to test configuration specification
(Lines 8-9, Figure 5.34). A prerequisite for grouping lifelines is that inter-
nal messages must exist. Thus, the transformation rule assures that internal
communication exist between the chosen lifelines and names the new lifeline
according to the Test Directives specification (Line 13 and 16).

13In U2TP, the SUT extends UML 2.0 meta-class Property, while test component ex-
tends meta-class Classifier. According to UML 2.0, properties need stereotyping, classifiers
not.
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Description: Grouping of lifelines according to the specification of Test Directives

model for test components and SUT. Delete the internal communication
between the lifelines.

RULE GroupingLifelineInTestCase(umlLifelinel, umlLifeline2, u2tpLifeline)

EXTENDS SetExternal Communication4Lifelines
(umlLifelinel , umlLifeline2, u2tpLifeline)
// Determine the communication to other lifelines.
FORALL ::uml2::Lifeline umlLifelinel,
::uml2:: Lifeline umlLifeline2,
it testdirectives :: GroupingLifelines@TestDirSrc td_element
WHERE td_element.theLifeline.name = umlLifelinel.name
OR td_element.theLifeline.name = umlLifeline2.name
// Compare the names of the lifelines defined
// in the testdirective model which should be grouped together
// with the names of the lifelines in the system scenario.
AND CheckInternal Communication4Lifelines(umlLifelinel, umlLifeline2)
// Assure that internal events between the lifelines ewist .
MAKE ::uml2::Lifeline u2tpLifeline
SET u2tpLifeline.name = td_element.newLifelineName
// Set the new name of the grouped lifeline according to the
// Test Directives model.

Figure 5.34: Grouping of two Lifelines

Description: Define the communication message to the adjacent lifeline in an

Interaction Diagram after the grouping of the instances to test components

and SUT.

1 RULE

2 SetExternalCommunication4Lifelines(umlLifelinel,umlLifeline2,u2tpLifeline)
3 FORALL ::uml2::Lifeline umlLifelinel,

4 ::uml2:: Lifeline umlLifeline2

5 WHERE umlLifelinel.interaction.message.receiveEvent

6 != umlLifeline2. interaction . message.sendEvent{} —> receiveEvents{}
7 // Only external receiving events to the neigbouring lifeline

8 OR umlLifeline2.interaction.message.receiveEvent

9 != umlLifelinel. interaction . message.sendEvent —> sendEvents{}
10 // Only external sending events to the mneigbouring lifeline
11 MAKE ::uml2::Lifeline u2tpLifeline
12 SET u2tpLifeline.interaction.message.receiveEvent = receiveEvents,
13 u2tpLifeline . interaction . message.sendEvent = sendEvents
14 // Set the sending and receiving events to the neighbouring lifeline
15 ;

Figure 5.35: Set External Communication Message between Lifelines
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Figure 5.36: Grouping Lifelines for the Bluetooth Test Scenario

Figure 5.36 exemplifies the application of the transformation Rules Assign-
SUTLifelinelnTestCase and GroupingLifelinelnTestCase. In the system model
on the left upper corner, six lifelines are shown representing the different
layer instances of a Bluetooth Slave and a Bluetooth Master. According
to the specification of GS1 in the Test Directives model, the lifeline of class
Slave BTRoaming should be assigned to SUT and named as SR. Additionally,
the lifelines of classes Slave BT-HW and Master BT-HW should be grouped.
Thus, the internal messages between these two lifelines, i.e. con_request,
con_confirm and data are removed from the test scenario and the new test
component is named to HW.

General Default Behavior Default is a test-specific concept which can-
not be derived from the system model. Thus, refinement on the model must
be done and new diagrams for defaults be created. To describe the local
behavior of a component by states and transitions State Machines provide
good means.

If any unexpected response from the SUT is caught by a test component
independently from its current state, then a general default is needed. To do
so, Rule DefineDefaultIinStateMachine in Figure 5.37 creates a State Machine
for each test component of the test system. The general default diagram
consists of a single ANY state with one transition receiving an ANY event
(Lines 11-16). The test verdict is set to inconclusive (Line 17).
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Description: General default specification in State Machines with any states and
any input message. Set test verdict to inconclusive.

1 CLASS State4Statemachine{

2 ::uml2::StateMachine theStatemachine;
3 ::uml2::State theState;

4}

5 RULE DefineDefaultInStatemachine(selfElement, umlStateMachine)
6 EXTENDS NamingDefault(selfElement, umlStateMachine)

7 MAKE ::uml2::StateMachine umlStateMachine,

8 :u2tp::LiteralAny U2TPAny

9 SET umlStateMachine.region.state = U2TPAny,
10 // Make an ANY state in the statemachine
11 umlStateMachine.region.transition.source
12 = umlStateMachine.region.state,
13 umlStateMachine.region.transition.target
14 = umlStateMachine.region.state,
15 // The transition has the ANY state as source and final state
16 umlStateMachine.region.transition. trigger = U2TPAny,
17 umlStateMachine.region.transition.guard = setVerdict(”inconc”)
18 // Define an transition with ANY input
19 // and setverdict (inconc) as output
20 LINKING State4Statemachine
21 WITH theStatemachine = umlStateMachine, theState = U2TPAny
22

Figure 5.37: Specifying General Default Behavior in State Machines

Component-Based Default Behavior In U2TP, default behavior can
be specified in different scopes either attached to a component, a message,
or a state etc. If a default is attached to a component, all unexpected mes-
sages sent to this component are examined and evaluated. Rule DefineDe-
fault4Component in Figure 5.38 extends the State Machine created for the
general default specification and adds new transitions for the component-
based default behavior specification (Lines 3-5). Line 6 shows the creation
of the ANY parameter for a message. The definition of the new transition
starts from the ANY state and receives a certain message with the ANY
value as its parameter (Lines 7 and 13). Finally, the default goes to its final
state and the test verdict is set to fail (Lines 9 and 17).

Figure 5.39 shows the specification of a general default and a component-
based default for the Bluetooth example. The component-based default is
applied to the Hardware test component. According to test cases TestRoam-
ing_DataSending and TestRoaming_noWarning, the messages con_request and
get_Link_Quality can be sent from SUT to the hardware test component.
Thus, when receiving these messages with wrong parameters than specified
in the test cases, the test fails and the hardware test component terminates.
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Description: This rule is used for a component-based default specification. When-

ever a default is attached to a component, take the behavior diagram into
account, e.g. Interaction Diagram. Specify a default behavior for all mes-
sages which are sent to the (test) component in the Interaction Diagram. The
default behavior is specified as a State Machine. Take these sending messages
and specify these in the default State Machine and assign test verdict ”fail”
as output.

1 RULE DefineDefault4Component (theMessage)
2 EXTENDS CheckReceivedMessages(theMessage)
3 WHERE State4Statemachine
4 LINKS theStatemachine = umlStateMachine,
5 theState = U2TPAnyState
6 MAKE ::u2tp::LiteralAny theAnyParameter
7 SET umlStateMachine.region.state = U2TPAnySate,
8 // Take the existing ANY state
9 umlStateMachine.region.transition.target
10 = umlStateMachine.region.FinalState,
11 // The target state is the final state
12 umlStateMachine.region.transition. trigger
13 = theMessage(theAnyParameter),
14 // Define a transition with theMessage which is sent
15 // from SUT to a test component as input and any
16 // unezpected parameter as output
17 umlStateMachine.region.transition.guard = setverdict(” fail”)
18 // If message with any other parameters are received,
19 // the test wverdict is fail .
20
Figure 5.38: Specify Component-Based Defaults
statemachine statemachine
General_Default Hardware_Default
* con_request(*) /
. setverdict(inconc) setverdict(fail)
e e
*
get_Link_Quality(*) /
setverdict(fail)
a) General Default b) Component-Based Default

Figure 5.39: Specifying General and Component-Based Defaults
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Message-Based Default Behavior Despite of the general and compo-
nent-based default behavior, a default can also be specified for more fine-
grained scopes where default is activated for a certain message. Rule De-
fineDefault4SpecialMessages in Figure 5.40 defines a message-based default
by means of a Test Directives model. However, the Test Directives pro-
vides information considering the start and end states of a transition, the
input and output messages, the lifeline of the message and the verdict value
(Lines 13-21).

Figure 5.41 shows the specification of a message-based default for the test
scenario shown on left upper corner of the figure'. According to the Test
Directives, a default behavior is triggered by message con_confirm of Test
Coordinator CO attached to the ANY state. The transition ends at the final
node of the State Machine. As a consequence, whenever Test Coordinator
receives a con_confirm with an unexpected parameter, the default is invoked,
the test verdict is set to fail and the behavior of Test Coordinator terminates.

Description: Specify default behavior for a special message which is sent from
SUT to the test component within a Interaction Diagram. The default be-
havior is specified as a State Machine. Information about the default behav-
ior is specified in the test directive model: name of the message, the verdict,
start and end state of the transition within the State Machine.

5 RULE DefineDefault4SpecialMessage(message)

6 EXTENDS CheckReceivedMessages(message)

7 FORALL

8 :: testdirectives :: DefaultForMessages@TestDirSrc td_MessageDefault
9 WHERE State4Statemachine

10 LINKS theStatemachine = umlStateMachine,

11 theState = U2TPAnyState

12 MAKE ::u2tp:Literal Any theAnyParameter

13 SET umlStateMachine.region.state = td_MessageDefault.StartState,
14 // Take the start state specified in the testdirective model
15 umlStateMachine.region.transition.target = td_-MessageDefault.EndState,
16 // End state of the transition

17 umlStateMachine.region.transition. trigger

18 = td-MessageDefault.theMessage(theAnyParameter),

19 // Define a transition with theMessage as input

20 umlStateMachine.region.transition.guard

21 = setverdict (td-MessageDefault.theVerdict

22 // Set the test wverdict according to the Test Directives model.
23 LINKING Default4dMessage

24 WITH theDefault = umlStateMachine, theMessage = message
25

Figure 5.40: Specify Message-Based Defaults

The test scenario shows only an excerpt of the test case.
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sd TestRoaming_noWarning():Verdict)
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Figure 5.41: Specification of Message-Based Default

Description: Attach default to a message The notation of a message-based default
is a comment attached to the message.

1 RULE AttachDefault2Message(message, default)

2 EXTENDS NamingDefault(message, default)

3 // Assign the name of the default

4 FORALL ::uml2::Lifeline@QUMLsrc theLifeline,

5 :: testdirective :: DefaultForMessages@TestDirSrc td_DefaultForMessages
6 WHERE Default4dMessage

7 LINKS theDefault = default, theMessage = message

8 // Get the default specification and

9 // the message to which the default is attached to

10 AND td_DefaultForMessages.theLifeline = theLifeline

11 // Retrieve the lifeline with the message

12 // where the default should be attached to.

13 // The name of the lifeline is defined in the testdirective model.
14 SET thelLifeline.interaction . message.owned Comment.body

15 = append(”default ”, default.name)

16 // Attach the default to the message of the lifeline

17 // The notation of a message—based default is the comment symbol
18

Figure 5.42: Specify Default to a Message
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Activate Defaults However, simply specifying the default behavior is
not enough. In order to be able to use a default, it must be activated
by attaching to the message in the test case behavior. This is realized
by Rule AttachDefault2Message shown in Figure 5.42. Herefore, the track-
ing class Default4Message retrieves the default behavior and its appropriate
message (Lines 6-7). In addition, the lifeline of the component is filtered
out by means of the Test Directives model (Line 10). In U2TP, the nota-
tion of a message-based default is depicted by a comment symbol attached
to the message referencing to the default specification (Lines 14-15). Fig-
ure 5.43 shows an excerpt of test case TestRoaming_noWarning activating the
con_confirm_Default modeled in Figure 5.41.

CO: Test- M3: Master
Coordinator

~ econ confirm(*M3")

default e
con_confirm_Default

Figure 5.43: Attach Default to a Message

5.3.2.4 Transformation Rules for Test Data

The simplest way to specify test data is to adopt all data from the system
model. In this way, it can be assured that data exchanged between the test
system and the SUT also exist in the test model, even though other data
might exist which are not relevant for testing, e.g. internal communication
messages of grouped components.

Data Pool Figure 5.44 shows Rule CopyDataToTestModel copying data
types from the system model, including their names, attributes and opera-
tions (Lines 8-10). An alternative to copying is to import the whole system
data package to the test model, assuming that system data is stored in a
separated package. Figure 5.45 shows the adoption of test data types using
Rule CopyDataTypeToTestModel. The system model on the left side incorpo-
rates four data types con_request_Type, con_confirm_Type, roamingList_Type,
data and two data instances. The data types are adopted to test model
including their possible attributes and operations.
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Description: Adopt data from the system model.

1 RULE CopyDataTypeToTestModel(umlDataType, u2tpData)

2 FORALL :uml2::DataType umlDataType

3 WHERE umlDataType.name = name

4 AND umlDataType.ownedAttribute = ownedAttribute
5 AND umlDataType.ownedOperation = ownedOperation
6 // Get all features of data types in the system model
7 MAKE :u2tp::DataPool u2tpData
8 SET u2tpData.$name = umlDataType.$name,

9 u2tpData.$ownedAttribute = umlDataType.$ownedAttribute,
10 u2tpData.$ownedOperation = umlDataType.$ownedOperation
11 // Copy all features of the system model’s data types
12

Figure 5.44: Adopt Data from System Model

Data partitions and data selector cannot be retrieved from the system model.
Since these concepts are not mandatory, no transformation rules are spec-
ified. Also, coordination data between test components might be needed
which cannot be derived from the system model. They must be included
manually into the test model during the refinement step.

Test_
BluetoothRoaming

con_request_Type roamingList_Type

master : String theList [] : String

con_confirm_Type

data : String

master : String

Figure 5.45: Adopting Test Data

5.3.2.5 Transformation Rules for Time

Timers are test-specific concepts which cannot be derived from the system
model directly. In our transformation, we implemented rules to define a test
component timer and a guarding timer.
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Test component Timer A test component timer restricts the duration
of the test component behavior for a certain test case execution. Herefore,
a timer is added to the test component before the test behavior starts and
is stopped at the end of the test behavior before the test componet sets the
test verdict.

Description: Add timer to a message of a certain lifeline in an Interaction Dia-
gram. The Test Directives model specifies where a timer should be attached
to and also to which instance the timer should be attached to.

1 CLASS Timer4Lifeline {

2 ::uml2:: Lifeline theLifeline ;
3 ::u2tp::Timer theTimer;
4}

1 RULE AddTestComponentTimer()

2 FORALL ::uml2::LifelineQUMLsrc theLifeline,

3 ::uml2::Message@QUMLsrc theMessage

4 WHERE CheckRoleForLifeline(TestComponent, theLifeline)
5 // Take only the test component lifelines for

6 // the test component timer specification

7 AND SearchStartBehavior(theLifeline,theMessage)

8 // Look for the behavior beginning

9 AND SearchEndBehavior(theLifeline, theValidationAction)

10 // Look for the behavior end

11 MAKE ::u2tp::timer theTimer

12 // Create a timer in the test case

13 SET theTimer.name = append(” Timer_”, theLifeline.name),

14 // Set the name of the timer

15 theLifeline . coveredBy.toBefore.theMessage = theTimer.start(”100s”),
16 // Add the start timer operation and attach the timer at the

17 // beginning of the test case. The time duration is set to

18 // an accordingly big time unit.

19 theLifeline . coveredBy.toBefore.theValidation Action=theTimer.stop()
20 // Attach the stop timer operation before the wvalidation action

21 LINKING Timer4Lifeline

22 WITH theLifeline = theLifeline,

23 theTimer = theTimer

24

Figure 5.46: Adding Test Component Timer to Test Scenario

Rule AddTestComponentTimer in Figure 5.46 realizes the specification of
a test component timer. To do so, lifelines of test components are first
searched (Line 4)'°. Afterwards, a timer is created and named with the
prefix " Timer" followed by the name of the test component. Herefore,
the expiration duraion of the test component timer should be calculated

The behavior of the SUT should not be manipulated.
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CO: Test-
Coordinator
; Timer_CO
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Figure 5.47: Defining Test Component Timer

generously to allow the test component to finish its test behavior. Therefore,
a timer duration of 100 seconds is defined and attached in the beginning of
the test component behavior (Line 15). In Line 19, the timer is stopped
before verdict setting. By means of the tracking class Timer4Lifeline, the
relation between a test component and its timer can be made (Lines 1-1
and 21-23). By means of this information, the timer can be added to the
test component classes as its attribute.

Figure 5.47 shows the excerpt of a test case diagram. In this example, a
test case timer called Timer_CO is defined for the Test Coordinator lifeline,
represented by the sand-clock symbol. After that, test behavior is defined.
At the end of the test behavior, Timer Timer_CO is stopped and the test
verdict of test component Test Coordinator is set to pass by means of the
validation action. Thus, the test behavior of Test Coordinator for test case
TestRoaming_noWarning is restricted to 100 seconds. If the time restriction
is exceeded, a timeout of Timer_CO is catched in the default behavior of
Test Coordinator.

Guarding Timer Timers may guard over test events and thus control
the test behavior. Mostly, SUT responses are expected within a finite time
duration after its triggering. So if the SUT does not response, the test fails.
In order to detected such a failure in the system, a timer is started after a
triggering event ist sent to the SUT with a certain expiration duration. It
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Description: Add timer to a message of a certain lifeline in an Interaction Dia-
gram. The Test Directives model specifies where a timer should be attached
to and also to which instance the timer should be attached to.

5 RULE AttachGuardingTimer2Lifeline(theTimer)
6 FORALL ::uml2::LifelineQUMLsrc theLifeline,
7 ::uml2::Message@QUMLsrc theMessage,
8 it testdirectives :: AddTimer@TestDirSrc theTimerAddition
9 WHERE theTimerAddition.theLifeLine.name = theLifeline.name
10 // Take the lifeline
11 AND theTimerAddition.theLifeline.theMessage.name = theMessage.name
12 // Take the message on the lifeline where the timer should be attached
13 MAKE ::u2tp::timer theTimer
14 // Create a timer in the test case
15 SET theTimer.name = theTimerAddition.name,
16 // Set the name of the timer
17 IF theTimerAddition.opKind = Start
18 THEN SET
19 theLifeline . interaction . fragment.generalOrdering.after
20 .startExec.behavior.theMessage
21 = theTimer.start(theTimer Addition.duration)
22 // Add start timer operation and attach timer to the lifeline
23 // after the message with the timer duration speficified
24 // in the testdirective model.
25 ELSEIF theTimerAddition.opKind = Stop
26 THEN SET
27 theLifeline . interaction . fragment.generalOrdering.after
28 .startExec.behavior.theMessage
29 = theTimer.stop()
30 // Add stop timer operation and attach timer after message.

31 ENDIF
32 LINKING Timer4Lifeline

33 WITH theLifeline = theLifeline,
34 theTimer = theTimer
35

Figure 5.48: Add Guarding Timer to Test Scenario

is stopped when the response comes within the predefined duration. Such a
timer is called guarding timer.

However, for the specification of a guarding timer, a Test Directives model
is required. By referencing to the event and the lifeline, the Test Directives
model informs about the timer position in the diagram. Rule AttachGuard-
ingTimer2Lifeline in Figure 5.48 shows the rule for guarding timer specifi-
cation. First, the lifeline and the message for the timer are retrieved in
Lines 9 and 11. After that, the timer is created and named accordingly as
defined in the Test Directives model (Lines 13 and 15). If a timer start is
specified in the Test Directives model, the duration of the timer must be
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Figure 5.49: Specifying Guarding Timer

given. The timer is started or stopped after the given message (Lines 17-21
and Lines 25-29). Again, the guarding timer can be added to the test com-
ponent classes as its attribute by means of the tracking class Timer4Lifeline
(Lines 21-23).

Figure 5.49 visualizes the specification of a guarding timer in the Bluetooth
test scenario. Since timer specification is a refinement step, a U2TP test
diagram is the initial diagram for the specification of a guarding timer. The
excerpt of test case TestRoaming_noWarning as shown in the left upper cor-
ner of the figure includes the SlaveApplication, SlaveRoaming as SUT and
Hardware lifelines. The Test Directives model on the left lower corner spec-
ifies a start and a stop of a timer called T2 with an expiration duration of
2s. The timer is started after the SUT is triggered by the message quality
on Lifeline HW and is stopped when SUT responses a con_request message
within the expiration duration. The timeout of T2 is catched in the default
behavior of Hardware.

5.4 Concluding Remarks

In this chapter, a guideline has been developed showing a way to derive
U2TP test model from existing UML 2.0 system model. By means of
well-defined transformation rules, we formalized the ideas introduced in the
guideline. Furthermore, the Test Directives metamodel provides a good
means to define test-specific requirements explicitely and to integrate them
to the transformation. The transformation gets a UML 2.0 model and a
Test Directives model as inputs. Its output is a skeleton of a U2TP model



5.4. Concluding Remarks 123

whose granularity and preciseness strongly depends on those of the system
model.

At time of doing this thesis, the UML 2.0 and MOF 2.0 standards were still
working documents at the OMG. Thus, the transformation rules utilizing
the UML 2.0 meta-classes are always adapted to the newest metamodel
version. Also, for the realization of the test model transformation, tools
enabling UML 2.0 and MOF 2.0 modeling are needed. Indeed, at time of the
work, only a few exist. Furthermore, from the existing ones, only a subset of
the UML 2.0 standard were implemented. For the specification and modeling
of the Test Directives, we used an Eclipse plugin [Ecl06, Con06] combined
with Rational Rose [IBMO6b]. For the definition of the transformation rules,
we found in Tefkat a reasonable QVT language.

As a last step in our MDT approach, test models shall be generated to
executable test code. Herefore, the standardized test language TTCN-3 has
proved itself a sophisticated executable test language.






Chapter 6

From Models to Test Code
(Generation

”Never send a human to do a machine’s job.”  — Morpheus, The Matrix

In order to make UML 2.0 models “executable”, the models need to be
translated into executable code, such as Java or C+4++. This process is
called code generation. Code generation from UML 2.0 models must be
supported by tools mapping model concepts to target language constructs.
U2TP as a domain-specific extension of UML 2.0 provides valuable means
for functional and real-time test modeling. However, in order to make test
models executable, they must be mapped to executable test languages as
well.

In this chapter, we complete the test development process by generating
executable test code from U2TP models. In doing so, we concentrate on
test execution on system-level with TTCN-3. However, the development
of TTCN-3 addresses only features for functional testing. Major concepts
needed for real-time testing are missing.

In order to enable real-time integration and system tests, TTCN-3 is fa-
cilitated with real-time test concepts. This real-time extention introduces
concepts for absolute time, synchronization of test components and eval-
uation of real-time requirements during and after a test run. It is called
TivMEDTTCN-3. By means of mapping rules, TiMEDTTCN-3 code can be
generated from a U2TP test model. To demonstrate the applicability of the
mapping rules, we conclude the test development of the Bluetooth roaming
approach by generating TIMEDTTCN-3 test code from its test model.
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6.1 Motivation

Driven by the idea to make U2TP models executable, existing test languages
and tools are examined by the U2TP consortium. However, U2TP has its
roots in different test languages, among those are JUnit for unit testing and
TTCN-3 for integration and system testing. For those languages, sophisti-
cated tools already exist. Indeed, mapping U2TP models to the mentioned
test languages enables the reuse of existing test infrastructures. As a result,
a recommendation to map U2TP concepts to JUnit and TTCN-3 language
constructs is supplied in the U2TP standard [U2T04]. Figure 6.1 illustrates
the application areas of the mentioned languages: While U2TP can be uti-
lized for test requirement, test design and test specifications, JUnit and
TTCN-3 are mainly used to specify, implement, execute and evaluate tests
during the test development process. However, TTCN-3 can also be used
for test design'. Thus, Figure 6.1 shows overlapping areas between TTCN-3
and U2TP for test design and test specification phases. The application
areas between JUnit and U2TP overlap in the test specification phase.

Non-
functional

Functional

Test goal

Structural S55mem QRNN A
5 N 07707
& frtegra > 7

Static

Compoy

Test Test Test Test Test Test
Design Execution  Evaluation

Phase of test development

Figure 6.1: U2TP and TTCN-3 Application Areas

When looking at Figure 6.1, we note that while U2TP enables both func-
tional and non-functional, i.e. real-time test modeling, TTCN-3 provides
only limited means (i.e. timers and external functions) to enable real-time
test specifications and JUnit does not support real-time test at all. As a con-
sequence, U2TP models with real-time test properties cannot be executed.

Real-time systems testing is one of the most challenging research areas in
testing. Such systems, especially distributed systems, are becoming even
more important in daily life such as for business and administration (e.g.
E-Commerce), home use (e.g. home brokerage), teaching (e.g. teleteaching

'The graphical representation of TTCN-3 called GFT[ETS05¢] provides good means
to design the test graphically.
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and -tutoring) and process control (e.g. air traffic control) [WG99, RSGO0O0,
WSGI8, Dep04]. For that, testing offers an important means to assure the
correctness of distributed real-time systems with respect to functional and
real-time behavior. Therefore, the focus of this work is laid on real-time
test specification on system level. Real-time testing on unit level are topic
of other works [JUnO6b, Per03].

The procedures for testing functional system behavior are defined in the
international ISO/IEC standard 9646 CTMF [ISO97]. As a part of CTMF,
TTCN defines a language to specify functional system tests. Although
TTCN-3 is not designed for real-time testing, it has still been used for spec-
ifying real-time tests [DST04]. Even its predecessor TTCN-2 has been suc-
cessfully used to control external devices for performance testing [GKS00].

Indeed, using standard TTCN-3 for specifying real-time tests has some limi-
tations although real-time properties may be accessed by timers and external
functions. To be able to assess time properties within TTCN-3, its timer
construct has to be used intensively. The drawback of using timers is that
readability of test specifications suffers significantly. Furthermore, timers
are always local to a test component. Thus, it is impossible to test real-time
properties which are imposed on events occurring at different components
[Neu04].

As a result, we conclude that timers can be used for detecting or provoking
the absence of messages and to take care that a test case terminates properly,
but it should better not be used for specifying real-time requirements. Also,
accessing real-time properties by external functions is cumbersome, time-
consuming and distorts the output. For distributed real-time testing, other
concepts for dealing with time are preferable.

6.1.1 Related Work on TTCN with Real-Time Properties

Real-time extensions for TTCN as well as a formalised evaluation of log
files are not completely new. In [UHPBO3], an approach for a formalised
analysis of log files is presented. Herein, log files of a distributed system
are obtained by monitoring and later-on transformed into a formal SDL
[ITU99] representation which can be checked by a model checker. Unfor-
tunately, this approach involves several activities which cannot be specified
and automatically executed as part of a test case. Furthermore, it does not
address real-time properties but trustworthiness requirements.

However, two approaches were defined extending TTCN-2 for real-time
and performance testing. They are called Performance TTCN (PerfTTCN)
[SSR97] and Real-Time TTCN (RT-TTCN) [WG97, WG99].
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PerfTTCN extends TTCN-2 with concepts for performance testing. These
concepts are: (1) performance test scenarios for the description of test con-
figurations, (2) traffic models for the description of discrete and continuous
streams of data, (3) measurement points as special observation points, (4)
measurement declarations for the definition of metrics to be observed at mea-
surement points, (5) performance constraints to describe the performance
conditions that shall be met, and (6) performance verdicts for the judgement
of test results.

The PerfTTCN concepts are introduced mainly on a syntactical level by
means of new TTCN tables. Their semantics are described in an informal
manner. The traffic models may serve as input parameters for external load
generator components and it is to be debated, if such information should be
part of the compilable test suite or part of accompanying documents.

RT-TTCN is an extension of TTCN-2 for testing hard real-time require-
ments. On the syntactical level, RT-TTCN supports the annotation of
TTCN-2 statements with two timestamps for earliest and latest execution
time. On the semantical level, the TTCN-2 snapshot semantics has been
refined and, in addition, RT-TTCN has been mapped onto timed transition
systems [HMP91].

Although the RT-TTCN timestamps are introduced formally and look very
simple, it turned out that their usage is not that simple. A timestamp
associated with one statement is relative to the occurrence of previous events
and define a time interval in which the statement is activated, i.e. can
be executed. The handling of these activation intervals is not intuitive,
especially if several statements can be executed, i.e. their activation intervals
overlap. For the user it seems to be more natural to record execution times
and to compare their values afterwards than to define activation intervals.

Both PerfTTCN and RT-TTCN are real-time extensions for TTCN-2. For
TTCN-3, no real-time exist. Thus, a real-time extension for TTCN-3 and
its relationship to U2TP models are needed. Here, a possible solution com-
bining TTCN-3 with real-time concepts called TimEDTTCN-3 is introduced.

6.2 A Real-Time Extension for TTCN-3

TiMeEDTTCN-3 is a real-time extension to TTCN-3 that supports the test
and measurement of real-time requirements [DGN02, DGNO03]. It (1) intro-
duces a new test verdict to judge real-time behavior, (2) supports absolute
time as a means to measure time and to calculate durations, (3) allows to
delay the execution of statements for defining time dependent test behavior,
(4) supports the specification of synchronization conditions for test com-
ponents and (5) provides a means for the online and offline evaluation of
real-time properties.
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Figure 6.2 depicts the application areas of traditional TTCN-3 and its real-
time extension. While with the traditional TTCN-3, a tester has to specify
real-time tests explicitely by timers and external functions, TiMmEDTTCN-3
supplies concepts to define real-time test properties in a more efficient way.
Experiments give evidence that TiMEDTTCN-3 covers most PerfTTCN and
RT-TTCN features while being more intuitive in usage. Moreover, the
TiMEDTTCN-3 extensions are more unified than the other extensions by
making full use of the expressiveness of TTCN-3. Thus only a few changes
to the language are needed?. In the following, the real-time concepts of
TiMEDTTCN-3 are outlined.

TTCN-3 '
\ntional \neional TimedTTCN-3

Test Test Tes
ficiation  Implementation Execuion  Evaluation
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Figure 6.2: TTCN-3 and TiMEDTTCN-3 Application Areas

6.2.1 Non-Functional Verdicts

The TTCN-3 verdicts indicate whether a test case is successful (pass), in-
conclusive (inconc) or faulty (fail) with respect to functional requirements.
By introducing the possibility to test non-functional requirements, addi-
tional information concerning the test outcome is needed: A test case may
pass with respect to both functional and non-functional behavior or it may
pass only with respect to the functional behavior while the non-functional
requirements are violated?.

Since non-functional behavior can be observed only in combination with
functional behavior on which the non-functional requirements are imposed,
it is not meaningful to make any statements on non-functional test results if
the functional behavior is not conforming to the functional requirements?.

2Change requests for TIMEDTTCN-3 and its graphical presentation are submitted to
ETSI where TTCN-3 is developed and maintained [Neu02, Dai03].

3In the following, the terms functional pass, non-functional pass, etc. are used to
describe the test outcome with respect to functional and non-functional behavior.

“In the special case of a tester malfunction which may lead to a wrong real-time mea-
surement, the error verdict will be set by the tester.
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Current value New verdict assignment value

of verdict pass ‘ conf ‘ inconc ‘ fail ‘ none
pass pass conf inconc | fail pass
conf conf conf inconc | fail conf
inconc inconc | inconc | inconc | fail inconc
fail fail fail fail fail fail
none pass conf inconc | fail none

Figure 6.3: TiMmEDTTCN-3 overwriting rules for the test verdicts

Even in case of a functional inconclusive, no statement can be made on non-
functional test results, since such an inconclusive case may have other non-
functional requirements than the pass case which is the subject of testing.
Hence, distinctive verdicts are just needed in case of a functional pass.

Besides the existing pass verdict which is used to indicate a functional pass
with an associated non-functional pass, TiMEDTTCN-3 introduces the new
verdict conf (as abbreviation for conforming) to indicate a functional pass
with an associated non-functional fail. Due to the introduction of the new
verdict, the overwriting rules for verdicts are refined. They are presented in
Figure 6.3. The new verdict conf is inserted between the verdicts pass and
inconc, with the overwriting rule: pass < conf < inconc < fail < none.

An example for the usage of the new conf verdict can be found in Figure 6.4.
It shows an excerpt of an online evaluation function defined in the Bluetooth
test. If the real-time requirement which is checked in the else statement in
line 8 violates, conf is assigned as the local verdict of the appropriate test
component (Line 9). Due to the overwriting rules of TimEDTTCN-3, a conf
verdict will not be overwritten by a setverdict(pass) statement, such as
shown in Line 7. Also, a potential fail verdict is still available to express
the functional fail.

if ((timeDifference > lowerbound) and (timeDifference < upperbound)){
return pass; //non—functional pass

} else {
return conf; //non—functional fail

}

Tk W N~

Figure 6.4: Setting Real-Time Verdict

6.2.2 Time Concepts

For the handling of time, TTCN-3 provides the timer mechanism. This
timer mechanism is designed for supervising the behavior of an IUT, e.g. to
prevent the blocking of a test case or to provoke exceptional behavior. But it
is not efficient enough to test and measure real-time properties, whereas the
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latter is influenced by the TTCN-3 snapshot semantics and by the order in
which the port queues and the timeout list are examined. TTCN-3 makes
no assumptions about the duration for taking and evaluating a snapshot.
Furthermore, the snapshot semantic has not been designed with having real-
time testing in mind. Thus, exact time cannot be measured. An important
prerequisite to solve the snapshot problem is to have a test system fast
enough in a way that events for which realtime requirements apply are not
queued but immediately processed. But this is out of the scope of this work.
Instead, TrmMEDTTCN-3 provides language concepts to specify real-time test
properties efficiently.

However, TTCN-3 also has no concept for absolute time, i.e. a test com-
ponent cannot read and use its local system time. In real-time testing,
the absolute time is necessary to check relationships between observed test
events and to coordinate test activities. In case of synchronized clocks in
a distributed test environment, the system time may be exchanged among
test components to check real-time requirements that cannot be measured
locally or for the timely coordination of test activities.

As a consequence of these considerations, TimMEDTTCN-3 has the concept
of absolute time in order to support real-time testing. In case of a dis-
tributed test environment, the test cases may define the requirements for
the synchronization of clocks of different test components.

Absolute Time

Absolute time is related to clocks that provide the actual value of time. We
assume that each test component has access to such a clock, but make no
assumptions about the number and the synchronization of these clocks®.
Furthermore, we assume that the resolution of such clocks and the speed of
the tester are adequate for the real-time requirements which are subject of
testing.

For the handling of time values either a new type is needed, or the time values
have to be mapped onto an existing basic type. Due to numerous possible
time representations, e.g. the UNIX approach to count the seconds since
1.1.1970 [IEE96] or a structured type with fields for year, month, day, hour
etc., a common new type for time values is not easy to define. For simplicity,
TiMEDTTCN-3 uses the existing float type and follows the UNIX approach,
i.e. time is counted in seconds and the absolute time is represented by the
number of seconds since a fixed point in time. In contrast to the UNIX
scheme, TrMEDTTCN-3 does not define a fixed starting point for the time

SFrom a conceptional point of view, synchronized test components share the same
clock, even though in a real implementation, the clocks are synchronized by using a syn-
chronization protocol [Lam78, RSBI0].
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measurement. For that, TiMEDTTCN-3 supports the usage of absolute time
by the operations now and resume:

- The now operation is used for the retrieval of the current local time.
The local character of the now operation is reflected by its application
to the self handle, i.e. self.now is the expected call statement for the
now operation. Operation now returns a float value that equals the
current absolute time when the operation is called. The mapping of the
float value onto a concrete daytime, e.g. year, month, day, hour, etc.,
is considered to be outside the scope of TiMEDTTCN-3 and has to be
provided by the test equipment, e.g. in form of additional conversion
functions.

- The resume operation provides the ability to delay the execution of a
test component. The argument of the resume operation is considered
to be an absolute time value, i.e. the point in time when the test
component shall resume its execution. If required, a relative time can
easily be specified by using the current time as reference time, e.g.
waiting for 3 seconds can be described by resume(self.now + 3.0).

for (var integer i:=1; i<=100; i:=i+1) {
resume(sendTime); // Send data packets every 0.5 time units.
saSUT.send(Data_config_Type_Template2);
log(TimestampType:{self.now, "SA!Data”, i});
sendTime := self.now + 0.5;
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Figure 6.5: Utilizing Absolute Time

An example for absolute time is shown in Figure 6.5. In this code fragment,
data packages are sent hundred times and time is measured after each send-
ing of a data package (Line 4). Furthermore, the data packages are sent
periodically every 0.5 seconds by utilizing the resume operation in Lines 2
and 5.

Synchronization of Clocks

Time values are observed and used locally by the test components. Time
values that are observed in different test components can be exchanged and
used for further computations. But this only makes sense if the clocks of
the involved test components are synchronized. The synchronization it-
self is outside the scope of TrMEDTTCN-3 and should be guaranteed by
the test equipment, but requirements for clock synchronization may very
well be expressed in TIMEDTTCN-3. These requirements can be used by a
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TiMEDTTCN-3 compiler to distribute test components in an adequate man-
ner or by a TiMEDTTCN-3 runtime environment to execute synchronization
procedures for the test devices.

Timezones Most specification and implementation languages either sup-
port local time or global time. Local time means that each behav-
ioral entity, such as a TTCN-3 test component has its own local time.
Global time means that all behavioral entities share the same global
time. Global time is perfect for the purpose of real-time testing, be-
cause all test components have by definition the same global time and
are synchronized.

However, neither local nor global time are realistic assumptions for
real-time testing situations. A real-time test environment typically
consists of several devices. If synchronization among two or more test
components is required to reach the goal of a test case, the compo-
nents have to be executed either on the same device or on synchro-
nized devices. The developer of real-time test cases should not care
about synchronization procedures and the distribution of test compo-
nents himself, but he can support their implementation by identifying
test components which have to be synchronized. For this purpose,
TivEpTTCN-3 supports the timezones concept.

A timezone is an optional attribute that can be assigned to a test
component when the component is created. Test components with the
same attribute are considered to be synchronized, i.e. they have the
same absolute time. A test component can only have one timezone
attribute. Components without timezone attributes are considered to
be not synchronized with other components. TiMEDTTCN-3 realizes
the timezones concept by using an enumeration type with the reserved
name timezones. The user has to specify the timezone attribute
values by defining the timezones type in the module definitions part
of a TiMEDTTCN-3 module. This type has an implicit member of
name none which indicates no clock synchronization. The usage of
an enumeration type only makes sense if the number of timezones is
finite and known. We believe that this is a realistic assumption.

The timezone attribute of an mtc is assigned by using the execute op-
eration. Attributes of all other test components are assigned by means
of the create operations. The definition of a timezone type and the
timezone assignment of the MTC by augmenting the execute state-
ment are shown in Figure 6.6 and Figure 6.10. Figure 6.6 presents the
definition of timezones Berlin, NewYork and Shanghai. Subsequently,
the MTC is assigned to timezone Shanghai when executing test case
TestCase_Timed in the control part (Lines 5-6 in Figure 6.10).
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The flexibility of the timezones concept can be improved by mak-
ing the timezones visible to the test components. This is realized in
TiMEDTTCN-3 by means of a special timezone function which re-
turns the timezone of the component that called the function. In
the case of a non-synchronized test component, the value none is re-
turned. Like the now operation, the timezone operation is always
applied to the self handle of a test component, i.e. self.timezone is
the expected call statement for the timezone operation. The time-
zone information may be exchanged among test components to check
if synchronization conditions are satisfied, or used to create several
synchronized components.

1 type enumerated timezones {
2 Berlin, New York, Shanghai
3 }

Figure 6.6: Definition of Timezones

6.2.3 Evaluation of Real-Time Properties

While functional behavior is basically tested by using sequences of send and
receive operations, real-time requirements can be tested by relating partic-
ular points in time to each other [ATM99b, ATM99a, BCS94]. The essence
of the various real-time requirements can be broken down to the relationship
of points in time. Mathematical formulae can be used to evaluate whether
the points in time of interesting events fulfill a certain real-time requirement
or not.

To obtain those points in time, functional TTCN-3 test cases are instru-
mented by statements which generate timestamps. TiMEDTTCN-3 realizes
this approach by making use of the possibility to read absolute time values
which serve as timestamps. The mathematical formulae which are applied
on the timestamps can be coded as TTCN-3 functions. Those evaluation
functions return a judgement which indicates whether a requirement is ful-
filled or not. An online or an offline evaluation of timestamps is possible:

- Online evaluation is needed if it is not possible to separate functional
and non-functional requirements, i.e. a non-functional property di-
rectly influences the functional behavior of a testcase. In such a case,
evaluation of non-functional observations must be performed during
the test run in order to react on the result of the evaluation. Online
evaluation has the drawback of cluttering the testcase and slowing
down the performance of the testcase which may be undesirable for
time-critical testcases.
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- Offline evaluation may be used if the non-functional requirements
which are subject of testing have no influence on the functional reac-
tion of a testcase. In this case, the code just needs to be instrumented
by statements that log the relevant timestamps. Based on the times-
tamps in the log file, the non-functional properties can be evaluated
when the test run has finished. Offline evaluation has the advantage
of having a low impact on the performance of a testcase, since only
timestamps have to be logged during the test run.

Online Evaluation

For performing online evaluation, timestamps have to be evaluated during
the test run, e.g. by calling a special evaluation function with timestamps
as actual parameters. In a distributed test architecture, non-functional re-
quirements may involve timestamps which have been collected by different
test components. In this case, the evaluating component needs to obtain
timestamps from other components. To achieve this, timestamps can be
communicated directly among test components by using coordination mes-
sages. In order to evaluate tests online, the new concepts of TiMEDTTCN-3
which have been introduced so far, are sufficient.

function onlineEval(float timel, float time2,
float lowerbound, float upperbound)
return verdicttype

var float timeDifference := time2 — timel;

if ((timeDifference > lowerbound) and (timeDifference < upperbound)){
return pass; //non—functional pass

} else {
return conf; //non—functional fail

}
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Figure 6.7: The Online Evaluation Function

The evaluation function onlineEval in Figure 6.7 checks the condition related
to latency (lowerbound < tiime2 — trimes < upperbound). Depending on the
result, it returns either a pass or a conf verdict (Lines 7 and 9) which may
be used by the calling entity for further decisions.

Offline Evaluation

When using offline evaluation, the evaluation function is merely called after
the test execution. TiIMEDTTCN-3 offers a means to record timestamps
in a log file during a test run in order to evaluate them afterwards. The
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final test verdict is a composition of the functional test verdict and the
offline evaluation. To enable offline evaluation of real-time requirements,
TrmeEDTTCN-3 refines the existing logging concept of TTCN-3.

The traditional TTCN-3 assumes that one global or several local log files
exist and provides a log statement to enable logging of comments®. The
number of log files is not specified, the logging mechanism is not described
and neither module control nor test components can access the global or
local log files. For an efficient offline evaluation, module control and test
components need to have access to the log files and the contents of the log
files have to be specified more formally.

The Log File Concept A TrmeEDTTCN-3 log file is basically a list of val-
ues of arbitrary TTCN-3 types. A log file is of type logfile and it is
possible to handle log files by means of variables or to pass them into
functions.

Each TiMEDTTCN-3 test component has its own local log file. A local
log file is initialized when the owning component is created. When test
execution finishes, i.e. the main test component terminates, the local
log files are merged into a global one. TrMEDTTCN-3 does not specify
the internal mechanisms that are needed for storing and maintaining
log files”, but defines functions for retrieving and accessing the entries
of a log file (Table 6.1).

Logging of Events TimMEDTTCN-3 refines the TTCN-3 log statement in
order to write information into log files. In TTCN-3, the argument
of the log statement is an arbitrary fixed string, in TtMEDTTCN-3,
the argument can be the value of any arbitrary valid type. For of-
fline evaluation, a special structured type with a timestamp field may
be specified. Figure 6.8 shows the specification of a timestamp type.
Each timestamp is an entry in the logfile consisting of the logged ex-
ecution time of the timed-critical event, the name of the appropriate
event and its index. A corresponding offline evaluation function may
only consider log file entries of the special type in order to judge the
fulfillment of the real-time requirement. In Line 4 of Figure 6.5, the
logging of an message is exemplified.

Log File Operations For retrieving entries of a log file, TimMEDTTCN-3
offers means for sorting a log file by a certain field of the log file’s

5This simple log statement is defined in the second version of the TTCN-3 standard
release [ETS02] on which our TIMEDTTCN-3 work is based. Meanwhile, an extended log
statement exist in the third version of the standard, following our change requests defined
in [Neu02, Dai03].

"The mechanisms for storing and maintaining log files are considered to be implemen-
tation specific and therefore outside the scope of TIMEDTTCN-3.
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type record TimestampType {
float logtime,
charstring event,
integer number

Figure 6.8: Defining Timestamp Type

entries. Since a log file may contain values of arbitrary types, sorting
and retrieving is only possible for a certain type which has to be speci-
fied. According to the order which is imposed by sorting, the first, the
next or the previous log file entry may be retrieved. For this purpose,
TiMEDTTCN-3 uses an internal cursor which points to an entry in the
log file. This cursor can be moved and the value at the current cursor
position may be retrieved.

The operation first serves two purposes: It selects the entries of the
log file by their types and sorts them. In addition, it moves the cursor
to the first matching entry in the log file. The first parameter of first
specifies the field which is used as a sorting key. This is done using
the TTCN-3 template notation: A “?” indicates the field which is
used as sorting key, all other fields must be set to “-”. The type of the
template is used to select the type of entries which are regarded by the
log file operations presented in Table 6.1. The second parameter can
be used to further restrict the value of the entry, i.e. the internal cursor
is moved to the first entry that matches the second parameter. The
same matching mechanisms which are available for TTCN-3 receive
statements apply.

Operation name \ Return type \ Function ‘

first(sortkey, value) | boolean

Select and sort log file by sortkey
and move to first matching entry in
the log file

next(value) boolean Move to the next matching entry
previous(value) boolean Move to the previous matching en-
try
retrieve type of sortkey | Retrieve entry from current log file
used as parame- | position
ter of first
getlog logfile Get log file

Table 6.1: Overview of TrMEDTTCN-3 logfile operations
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1 function offlineEval(charstring receivedMessage,
2 integer count, float upperBound) return verdicttype
3 {

4 var float timeSum := 0.0, timeDiff := 0.0, averageArrivalTime := 0.0;
5 var logfile timelog := getlog; // Get the logfile

6 if (timelog. first (TimestampType: {7, —, —},
7 TimestampType:{?, receivedMessage, 7}) == true) {

8 stampA := timelog.retrieve; // Get first logfile entry.

9 for (var integer i:=2; i<=count; i:=i+1) {

10 if (timelog.next(TimestampType: {?, —, —},

11 TimestampType:{?, receivedMessage, i}) == true) {

12 stampB := timelog.retrieve; //Get next logfile entry.

13 timeDiff := stampB.logtime — stampA.logtime;

14 timeSum := timeSum + timeDiff;

15 stampA := stampB;

16 }

17 else {

18 return fail; // Wrong nuber of messages indicates

19 // functional problem.

20 }

21 }

22 averageArrivalTime:=deltaSum/(n—1); // Calculated delta value.

23 if ((averageArrivalTime < upperbound)

24 and (lowerbound < averageArrivalTime)) {

25 return pass; // non—functional pass

26

27 else {

28 return conf;, // non—functional fail

29 }

30 }

31 return fail;

32 // Wrong number of messages indecates functional problem

33 }

Figure 6.9: Offline Evaluation Function

The operations next and previous place the internal cursor to the
next matching entry after or before the current cursor position. The
order to which next and previous refer to is imposed by the sorting
resulting from operation first. The parameter of next and previ-
ous is used in the same way as the second parameter of first. More
complex search operations may be build from these basic search op-
erations. The three operations first, next and previous return true
when the matching entry is found in the log file, otherwise false. The
value of the last matched entry, i.e. the value at the current cursor
position, can be retrieved by the retrieve operation.

An offline evaluation function is exemplified in Figure 6.9. Function
offlineEval implements the mathematical formula for the mean inter-
arrival time based on the collected time stamps. The mathematical
formula is:
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meanInter ArrivalTime :=
Z?:Q(tMessage (Z) - tMessage (Z - 1))/(n - 1)

In the beginning, the logfile is retrieved in Line 5. In order to iterate
through all captured time stamps of the time-critical message, the op-
erations first (Lines 6-7) and next (Lines 10-11) are used. Since the
first operation sorts the log file by the logtime field, the time stamp
entries are matched in ascending order. The retrieve operation (Lines
8 and 12) yields the value of the last successfully matched entry, which
is used to calculate the mean inter-arrival time and verifies that the
mean inter-arrival time falls within the interval (lowerbound, upper-
bound). Based on the evaluation result, the function returns either
pass or conf (Lines 25 and 28). In case that the retrieval of the first
or next log entry fails, the log file contains less matching time stamps
than expected. This is an indication for a non-conforming behavior of
the SUT. Hence, evaluation is aborted with a fail verdict (Lines 18
and 31).

For the handling of global log files, TiMEDTTCN-3 introduces a new
operation called getlog and extends the existing execute statement.
The getlog operation is used to retrieve the log file to serve the offline
evaluation (Table 6.1). TimEDTTCN-3 also allows to apply the getlog
function to self handles, i.e. a test component may access its own log
file in order to perform a local offline evaluation after the collection of
timestamps. Line 5 in Table 6.9 shows the use of the getlog operation
in the evaluation function offlineEval.

In TiMEDTTCN-3, a test run® comprehends testing of functional and
real-time system properties, whereas the latter is optional. When exe-
cuting a test case, the functional test is evaluated first. If this is
successful, real-time properties are evaluated. The call of an offline
evaluation function is achieved by an optional parameter of the exe-
cute operation. Its notation is done in square brackets “[ ]"?.

The specification of a real-time test case within a TTCN-3 module
control part is shown in Figure 6.10. In the beginning, the functional
test case TestCase_Functional is executed. If it passes, a second real-
time test case TestCase_Timed is performed, with timezone Shanghai
assigned to MTC. In the same test run, the offline evaluation function
evalOffline is performed Lines 5-6. For setting the final verdict, The
final verdict contains the results of both the functional and real-time

8By test run, we mean the execution of one TIMEDTTCN-3 test case.

9The testrun handle concept as introduced in [DGN02], which is a pointer returned by
the execute statement and gives access to the test verdict and global testlog of a test
run, has been simplified by the optional parameter of the execute operation evaluating
the functional and real-time tests in the same test run.
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control {
if (execute(TestCase_Functional()) == pass)
// Running test case with online real—time evaluation
{

execute(TestCase_Timed(), Shanghai)
[ evalOffline (myLog, "HW?Data”, 100, 1.0)];
// Running test case with offline evaluation

}
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Figure 6.10: Module Control Part with Real-Time Evaluation

test cases whereas the overwriting rules as defined in Section 6.2.1
apply.

6.3 Mapping Test Model to Test Code

To enable system test execution with existing TTCN-3 test infrastructure,
the U2TP standard provides a recommendation to map U2TP test models to
TTCN-3 code. In fact, almost all U2TP stereotypes have direct correspon-
dence to TTCN-3 testing concepts. While U2TP incorporates all concepts
defined in TTCN-3, there are U2TP concepts unknown by TTCN-3, e.g. ar-
biter, data pool, data partition, timezone, test log are concepts which cannot
be directly mapped to TTCN-3. Other concepts can be mapped indirectly
to (external) TTCN-3 functions implementing these concepts [U2T04].

In this work, we augment the mapping table provided in the U2TP document
for TiMmEDTTCN-3. Here, some U2TP concepts which cannot be mapped
to TTCN-3, such as timezone and test log, are mapped to TimMEDTTCN-3.
Consequently, real-time test code generation is enabled. In Tables 6.2, 6.3
and 6.4, mapping rules between U2TP and TiMEDTTCN-3 are listed. The
mapping rules are just a recommendation like the one provided in the U2TP
standard as mapping between two languages can be manifold. The principals
for the mapping definition comprises two steps:

1. Assign U2TP stereotypes to TiMEDTTCN-3 concepts.

2. Implement U2TP concepts explicitely as TimMEDTTCN-3 functions if
no direct mapping can be found.

Most of the mapping rules are quite straightforward or at least there are
work-arounds. Concepts like SUT, test components, test cases, defaults,
test control, verdicts, wildcards, test log, timer and timezone are provided
in both languages. Thus, they can be mapped almost directly.
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] U2TP \ TIMEDTTCN-3

Test Architecture:

Accesses SUT via abstract test system interfaces
System Under Test with SUT interfaces result in port types. An ad-
(SUT) ditional port is needed to communicate with a user-
defined arbiter.

TiMEDTTCN-3 component type used for creation of
Test component test components and their connections to SUT and
other test components.

TiMEDTTCN-3 module covering all test cases, a spe-
cific behavioral function to set up the initial test con-
figuration for this test context, the test control and
other test relevant definitions.

Test context

Specific behavior function to set up the initial test
configuration. This function utilizes TIMEDTTCN-3
operations to create, start, connect/disconnect,
map/unmap the dynamic test configuration.

Test configuration

The U2TP default arbiter is a TiMEDTTCN-3
builtin. User-defined arbiter can be realized by the
MTC or an additional component in the test system
collecting local verdicts from test components and
evaluate them according to arbitration definition af-
ter the test run.

Arbiter

Table 6.2: Mapping Rules for Test Architecture

Nevertheless, TiMEDTTCN-3 and U2TP differ in some syntactic as well
as semantic aspects: While U2TP is based on object oriented paradigm
of UML 2.0 where behavior is bound to objects, TiMEDTTCN-3 is based
on concept of functions and the binding of functions to test components
[SDGRO3]. Also, while TiMmEDTTCN-3 uses a FIFO queue per test compo-
nent port, U2TP defines a semantic variation point about its FIFO queues
for a test component!?. Furthermore, while TivEpTTCN-3 supports dy-
namic configurations in terms of type and number of test components and
their connection to the SUT and among each other, U2TP uses static con-
figuration structures with predefined maximum number of test components.
Additionally, U2TP may use different diagrams to model the same thing,
e.g. a test case can be defined in Interaction Diagrams but also in State
Machines or any other behavior diagram. In the following, we will outline
the major mapping rules in Tables 6.2, 6.3 and 6.4.

In order to represent the SUT, TiMmEDTTCN-3 provides the indirect defini-
tion via ports from the test components to the SUT (Table 6.2). Its access

10Tn U2TP, a test component may have one FIFO or several FIFO queues.
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by the test system is achieved via test system interfaces. As mentioned, test
context is a very strong concept in U2TP and embodies diverse test artifacts
like test control and test configuration. Thus, this concept is mapped to a
TiMEDTTCN-3 module as the top-level element in a test suite. The module
embodies the participating test cases in the test run, behavior functions of
the test components, a function to initialize the test configuration and the
test control.

In general, TiMEDTTCN-3 provides a built-in arbiter with predefined arbi-
tration rules. In case that an user-defined arbiter is needed, it can be
realized either directly by the MTC or by creating a new component in
the TiMEDTTCN-3 test system at the beginning of a test-run. In order to
overrule the verdict mechanism of TiMEDTTCN-3, special verdict types are
needed. Validation action are realized by external functions.

In U2TP, a test case can be modeled by any kind of behavior diagram (Ta-
ble 6.3). Behavior diagrams can be distinguished in two categories providing
either a local or a global view of an object. Diagram types providing a global
view are Interaction and Activity Diagrams, where the behavior of all ob-

U2TP \ TIMEDTTCN-3

Test Behavior:

Test objective A comment in a TIMEDTTCN-3 test behavior.

The behavior of a TIMEDTTCN-3 test case is defined
by test case definition for the MTC and behavioral

Test case functions for PTCs. The MTC creates, controls and
triggers the test components and the arbiter.
Defaults TiMEDTTCN-3 altstep definition with dynamic ac-

tivation and deactivation of the default behavior.

Test control

Module control part of TiMEDTTCN-3.

Test invocation

Test case execution.

Stimulus, observation,
coordination

Various TIMEDTTCN-3 communication operation.

Verdict

TIMEDTTCN-3 introduces a built-in verdict han-
dling with standard overwriting rules for the verdict
values. For user-defined verdicts, a special verdict
type is needed.

Validation Action

External function or data functions resulting in a
value of the specific verdict type.

Log action

Log operation.

Test log

Log file.

Table 6.3: Mapping Rules for Test Behavior
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jects within a system is shown. State Machines concentrates on the behavior
of a single object and thus provide a local view of this object. Test behavior
defined in TrMEDTTCN-3 only specify the local view of a test component.
The behavior of MTC is specified in a TiIMEDTTCN-3 test case while the
test behavior of the PTCs are defined in TiMEDTTCN-3 behavior functions.
They are started by MTC and run concurrently. The MTC also controls the
PTCs and the arbiter in the test system.

Another difference between U2TP and TiMEDTTCN-3 is the default hand-
ling. In contrast to TrMEDTTCN-3 which uses function-based defaults with
dynamic activation and deactivation during test execution, U2TP uses struc-
tural defaults bound to the structure of a test system. The latter impacts
on a hierarchy of defaults, from test component level down to event level,
and results in less dynamic default handling. Still, mapping U2TP default
diagrams to TiMEDTTCN-3 default functions can be achieved directly.

Verdicts defined in U2TP can also be mapped directly to functional ver-
dict values in TiMEDTTCN-3. However, verdict handling in TtMEDTTCN-3
is defined for conformance and real-time testing. In fact, U2TP does not
provide real-time test verdicts. Instead, the pass verdict can be used for
both functional and real-time tests. In order to distinguish between confor-
mance and real-time test verdicts, additional verdicts and real-time arbitra-
tion functions must be defined by the user.

Stimuli, observation and coordination in a U2TP model exchange informa-
tion between SUT and the test system. These message exchanges can be eas-
ily converted to TiMEDTTCN-3 communication operations. TiMEDTTCN-3
distinguishes between message-based communication and procedure-based
communication for communication between SUT and test system and coor-
dination within the test system.

The test log concept is not part of TTCN-3. But in TimEDTTCN-3, it is
introduced as a real-time test concept. However, TiMEDTTCN-3 enhances
the appliance of a log file by additional operations to sort and retrieve log
file entries. This feature is not facilitated by U2TP. There, the log file has
to be evaluated manually by the tester.

In a U2TP model, only UML 2.0 data are supported (Table 6.4). They
embody primitive types (like boolean, string or integer) and classes, while
TiveDTTCN-3 supports all types such as basic types (e.g. integer, char,
verdicttype etc.), basic string types (e.g. bitstring, charstring etc.), user-
defined structured types (record, set, enumerated etc.) and anytype. A
U2TP data pool can be realized in a supplementary TiMEDTTCN-3 module
which incorporates the test data and is referenced in the test module. Also,
TiMEDTTCN-3 does not support concepts to partition and choose test data.
In some way, TiMEDTTCN-3 may use data matching mechanisms for tem-
plate definitions to gain a set of test data. But since templates with matching
mechanisms can only be defined for a single data type, these data belong to
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] U2TP TIMEDTTCN-3
Test Data:
Wildcards TiMEDTTCN-3 data matching mechanisms.

External constants referring to the data pool or func-

Data pool tions accessing data pool.

TIMEDTTCN-3 matching mechanisms to handle
data partitions for observations. For stimuli how-
Data partition ever, user-defined functions are needed to realize the
test case execution with different data to be sent to
tehdata pool SUT.

An external function to get access to the data of a

Data selector data pool or data partition.

Coding rules TiMEDTTCN-3 encode attributes.
Time:

Timer Timer and timer operations.
Timezone TiMEDTTCN-3 timezone.

Table 6.4: Mapping Rules for Test Data and Time

the same data type. Even using the grouping mechanism to arrange these
data templates is not adequate to the data partition and data selection con-
cepts in U2TP. One solution is to define external TimEDTTCN-3 functions
to select data values to form data partitions. Furthermore, TivEDTTCN-3
allows data matching used only for observation. For stimuli, concrete test
data are required. Thus, user-defined functions are needed to send different
data to the SUT during test case execution while matching mechanisms can
be utilized to handle data partitions for observations.

UML 2.0 enables the retrieval of absolute time and U2TP provides the time-
zone concept. Thus, these two concepts can be mapped directly between
U2TP and TiMeEDTTCN-3 to evaluate real-time properties of a distributed
test system. Accordingly, the timer concept and its operations can also be
found in both languages.

Last but not least, even if mapping between U2TP and TimMEDTTCN-3 al-
low direct test code generation, U2TP models and TiMEDTTCN-3 code may
show different levels of abstractions and thus may complicate the code gen-
eration or leads to incomplete code for test execution: while TrvEDTTCN-3
is on a detailed test specification level where tests can be executed directly,
U2TP can also be used on more abstract levels by defining just the princi-
pal constituents of, e.g. a test purpose or test case, without giving details
needed for test execution. While the latter provides great advantage for the
test design, additional means have to be taken to generate executable tests.
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For example, the expressiveness of UML 2.0 Interaction Diagrams allows to
describe a whole set of test cases by just one diagram, so that test genera-
tion methods have to be applied in order to derive these test cases from the
diagram.

6.4 Executable Test Code for the Bluetooth Roam-
ing Application

In this section, a TiMEDTTCN-3 test suite for the Bluetooth roaming ap-
plication is generated from the U2TP model following the mapping rules'!.
We assume that the U2TP model is detailed enough to get adequate test
code for its execution. The test code meets the test requirements given in
Section 4.4.

6.4.1 Defining Test Architecture

A TiMEDTTCN-3 test architecture defines the interaction between the SUT
and the test system by means of both the abstract and real test system
interfaces. Communication between SUT and the test system is realized by
mapping test component ports to test system ports and exchange messages
via interfaces to the SUT. Queues in the ports are used to catch and store
incoming messages. The test system owns a test system interface to the SUT.
For test execution, the ports of the test components must be associated with
the ports of the test system interface.

Figure 6.11 shows the distributed test architecture that is used by the
TiMEDTTCN-3 test suite in order to test the roaming functionalities of the
Bluetooth slave device. This architecture consists of the MTC that emu-
lates the Test Coordinator and PTCs that emulate Slave Application, Master
and Hardware!?. In the presented test architecture, Hardware is emulated by
software. In case that real Bluetooth hardware devices are used in the test,
the SUT comprehends the real Bluetooth hardware devices with BTRoam-
ing as Implementation Under Test (IUT). The test system emulates Test
Coordinator, Slave Application and Master only.

6.4.2 Specifying Test Suite

In order to meet the TiMEDTTCN-3 test architecture described before, the
U2TP test configuration has to be mapped to TiMEDTTCN-3 test configu-
ration. As recommended in the mapping table (Table 6.2 on Page 141),

11n this section, only code snippets are shown. The complete test suite can be found
in Appendix C.

2For a better illustration, Master and Hardware are shown in the same block in Fig-
ure 6.11. But for the real test implementation, they are separated PTCs.
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(PTC) fIED (PTCs)
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TimedTTCN-3 Test system
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N

Real Test System Interface A

Slave Roaming Interface (SRI)
Slave _Roaming
(SUT)

Hardware Control Interface (HCI)

Figure 6.11: Test Architecture

test component types, their ports and the messages exchanged via the
ports need to be specified. Herein, U2TP test components are mapped to
TiMEDTTCN-3 component types. Ports in the test model are transformed
to port types. Messages are generated to data templates.

Figure 6.12 shows the definition of data type Connection_Signalling_Type. It
is a record type with two elements, indicating the message kind and the
Bluetooth device address (Lines 1-6). Message kind represents either a
connection request, a connection acception or a connection confirmation. In
Lines 7-10, an appropriate template of data type Connection_Signalling_Type
defines a connection request to be sent to master M1.

In contrast to U2TP, TiMepTTCN-3 does not specify an SUT compo-
nent explicitely. Instead, the test system accesses the SUT via abstract
Test System Interfaces. Thus, the mapping table recommends to define
port types for SUT interfaces used by the Test System Interfaces. To
achieve this, a message-based port called Hardware_PType is defined to en-
able communication between the hardware and the SUT. Herein, messages
of type Connection_Signalling_Type can be exchanged (Line 12). The Hard-
ware_PType is utilized in the definition of SlaveRoaming_CType component
type. By means of port Hardware_PType the SUT can be accessed through
the TiMEDTTCN-3 Test System Interface (Line 16).
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1 type record Connection_Signalling_Type {

2 charstring SigMessage,

3 // Defining a connection request,

4 // connection acception or connection confirmation.

5 Master_CType Master

6 }

7 template Connection_Signalling_Type conRequest-M1_Template := {
8 SigMessage :="con_request”,

9 Master := M1
10 }

11 type port Hardware_PType message {

12 inout Data_Type, Connection_Signalling_Type,

13 RoamingList_Type, Link_Quality_Type;

14 }

15 type component SlaveRoaming CType {

16 port Hardware_PType sutHW; // port to Hardware

17 port SlaveApplication PType sutSA; // port to Slave Application
18 }

Figure 6.12: Bluetooth Type Definitions

Guided by the mapping table, TiMmEDTTCN-3 configuration operations en-
able dynamic creation and destruction of PTCs by the MTC. Moreover, test
components are connected to each other and mapped to the SUT by con-
necting and mapping the ports. Figure 6.13 shows a function to establish the
test configuration for the TrMEDTTCN-3 test suite. In this configuration,
several PTCs are created (Lines 10-16). Following the mapping definition,
message exchanges between the test system and the SUT is enabled by in-
direct definition of ports and mapping the SUT ports to the test component
ports. Thus, in Lines 18-19, test components are mapped to SUT ports.
Furthermore, test components are connected to each other (Lines 20-35).

Since the U2TP model in our case study makes use of an arbiter, it needs to
be mapped to TiMEDTTCN-3 code. Following the mapping table in Section
6.3, special verdict types and arbiter specific artefacts like an arbiter port
and component type need to be defined. Also, behavior of an arbiter must
be specified explicitely.

Figure 6.14 implements a user-defined verdict type called TestVerdict_Type,
comprehending functional and real-time verdicts pass_, conf_, inconc_, fail_,
error_ and none_.. The “” is mandatory in order to distinguish between
the existing TIMEDTTCN-3 keywords and the user-defined arbiter values.
Furthermore, an arbiter component type Arbiter_CType and its utilized port
type Arbiter_PType are specified. Since an arbiter is a component in the
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1 function System_Config(inout Arbiter_CType Arbiter,
2 inout SlaveApplication_CType SA, inout SlaveRoaming_CType sut,
3 inout Hardware_CType HW, inout Coordinator_CType coordi,
4 inout Master_CType M1, inout Master_CType M2,
5 inout Master_CType M3, inout Master_CType M4)
6 runs on Coordinator_CType
7 {
8 var MasterList_Type MasterList;
9 //  creation of PTCs:

10 SA := SlaveApplication_CType.create;

11 HW := Hardware_CType.create;

12 M1 := Master_CType.create;

13 M2 := Master_CType.create;

14 M3 := Master_CType.create;

15 M4 := Master_CType.create;

16 Arbiter := Arbiter_CType.create; // Create the arbiter.

17 // Mapping & connecting ports:

18 map(sut: sutSA, SA: saSUT);

19 map(sut: sutHW, HW: hwiSUT);

20 connect(HW: hwiMaster, M1: masterHW);

21 connect(HW: hwiMaster, M2: masterHW);

22 connect(HW: hwiMaster, M3: masterHW);

23 connect(HW: hwiMaster, M4: masterHW);

24 connect(HW: hwiArbiter, Arbiter: ArbiterPort);

25 connect(coordi: coMaster, M1: masterCo);

26 connect(coordi: coMaster, M2: masterCo);

27 connect(coordi: coMaster, M3: masterCo);

28 connect(coordi: coMaster, M4: masterCo);

29 connect(coordi: coArbiter, Arbiter: ArbiterPort);

30 // Connecting arbiter with other test components:

31 connect(SA: saArbiter, Arbiter: ArbiterPort);

32 connect(M1: masterArbiter, Arbiter: ArbiterPort);

33 connect(M2: masterArbiter, Arbiter: ArbiterPort);

34 connect(M3: masterArbiter, Arbiter: ArbiterPort);

35 connect(M4: masterArbiter, Arbiter: ArbiterPort);

36 }

Figure 6.13: Creating Test Configuration

test system, it is to be created by the MTC during the test configuration
establishment and connected to other test components in the test system.
This is realized in the test configuration function in Lines 16 and 31-35 of
Figure 6.13.

According to the mapping recommendation, arbiter behavior must be de-
fined explicitely in a TiMEDTTCN-3 function. Figure 6.15 shows the ar-
bitration function specified in the test suite. In the beginning, the verdict
variables are initiated by the neutral verdict none_. During the test run,
the arbiter collects verdicts from the test components involved in the test
(Lines 11-25). After the test is finished, the collected verdicts are evaluated
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1 type enumerated TestVerdict_-Type {
2 conf_, // conf- is a real—time verdict.
3 pass_, // functional verdicts

4 inconc._,

5 fail_ ,

6 error_,

7 none.,

8 }

9 type port Arbiter PType message {
10 inout TestVerdict_Type
11 }
12 type component Arbiter_CType {
13 port Arbiter_PType ArbiterPort;
14 }

Figure 6.14: Arbitration Types

according to the arbitration rules. According to the overwriting rules for the
TiMEDTTCN-3 test verdicts, the evaluation order is error > fail > inconc >
conf > pass > none. This is implemented in Lines 26-40.

In order to describe the objective of a test and provide its concrete spec-
ification, TIMEDTTCN-3 test cases are needed. Following the mapping
rules in Table 6.3 on Page 142, test objective description is not part of
TiMeDTTCN-3, but can be realized by comments in a test case specifica-
tion. Figure 6.16 shows the specification of the functional test case called
TestRoaming_noWarning derived from the U2TP test case with the same
name (cp. Figure 4.17 on Page 74). Its objective can be found as com-
ments in Lines 1-3. In Lines 7-16, variable declarations are made and the
test system is setup by the configuration function System_Config described
before (Lines 17-18). Furthermore, the concurrent behavior of the PTCs
are started by the MTC (Lines 21-26). The emulation of the Bluetooth link
quality is specified in the behavior of the Hardware in Line 22'3.

Following the mapping table (Table 6.4 on Page 144), U2TP timers and
timer operations are straightly mapped to TiMEDTTCN-3 timers and timer
operations. Thus, the U2TP test scenario defining a test case timer T1 of
six seconds is mapped to a TiIMEDTTCN-3 timer with the same name and
the same expiration duration. This timer is started in Line 28 and stopped
at the end of the test case behavior in Line 46. A second timer called T2
is utilized to guard the connection request message is specified in this test
case as well (Lines 31-33). Afterwards, Slave is connected to Master M1
(Line 29).

3The specification of Hardware_Behavior can be found in Appendix C.
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1 function Arbitration(SlaveApplication-CType SA, Hardware_CType HW,
2 Master_CType M1, Master_CType M2,

3 Master_CType M3, Master_CType M4)
4 runs on Arbiter_CType
5
6 var TestVerdict_Type testVerdict]l := none_;
7 var TestVerdict_Type testVerdict2 := none_;
8 var TestVerdict_Type testVerdict3 := none_;
9 var TestVerdict_Type testVerdict4 := none_;
10 var TestVerdict_Type testVerdictb := none_; // Initialize verdicts .
11 while (SA.running or HW.running or M1l.running or
12 M2.running or M3.running) {
13 alt { // Receiving verdicts from test components.
14 [| ArbiterPort.receive(TestVerdict-Type: pass.) {
15 testVerdictl := pass_; }
16 [| ArbiterPort.receive(TestVerdict_Type: conf_) {
17 testVerdict2 := conf_; }
18 [| ArbiterPort.receive(TestVerdict_Type: inconc.) {
19 testVerdict3 := inconc_; }
20 [| ArbiterPort.receive(TestVerdict_Type: fail_) {
21 testVerdict4 := fail_; }
22 [| ArbiterPort.receive(TestVerdict_Type: error-) {
23 testVerdict5 := error_; }
24 }
25 }
26 if (testVerdicth == error_) { // Definition of the arbitration rules
27 setverdict(error);
28 } else
29 if (testVerdictd == fail_) {
30 setverdict(fail);
31 } else
32 if (testVerdict3 == inconc.) {
33 setverdict(inconc);
34 } else
35 if (testVerdict2 == conf.) {
36 setverdict(conf);
37 } else
38 if (testVerdictl == pass_) {
39 setverdict(pass);
40 }
41

Figure 6.15: Arbitration Function Definition

In the mapping table, U2TP message exchanges like stimulus, observa-
tion or coordination messages are recommended to be mapped to vari-
ous TIMEDTTCN-3 communication operation incorporating message-based
and procedure-based communication operations. Since the U2TP test case
in our test model specifies message-based exchanges, they are mapped to
TivEDTTCN-3 send and receive operations (e.g. Lines 30 or 42). Refer-



6.4. Executable Test Code for the Bluetooth Roaming Application 151

1 // Functional test case TestRoaming-noWarning: Connection establishment
2 // between slave and master M1. After the exchange of two data
3 // packages, link quality becomes bad. If M2 cannot be reached, M8 is chosen.
4 testcase TestRoaming noWarning)()
5 runs on Coordinator_CType system SlaveRoaming CType
6 {
7 var SlaveApplication CType SA; var Hardware_CType HW;
8 // Declaring test components
9 var Master_CType M1; var Master_CType M2;
10 var Master_CType M3; var Master_CType M4;
11 var Arbiter_CType Arbiter; // Declaring Arbiter component.
12 var RoamingList_Type roamingList;
13 var TestVerdict_Type verdict; // Declaring verdicts .
14 var default GeneralDefault; // Declaring defaults .
15 var default ConfDefault;
16 var timer T1, T2; // Declaring timers.
17 System_Config(Arbiter, SA, system, HW, self, // Test configuration is
18 M1, M2, M3, M4); // built in the System_Config function.
19 MasterList := {M1, M2, M3, M4},
20 // Build the list with all masters within the network.
21 SA.start(SA_Behavior()); // Start test component behavior.
22 HW .start(Hardware_Behavior());
23 M1.start(Masterl_Behavior());
24 M2.start(Master2_Behavior());
25 Ma3.start(Master3_Behavior());
26 Arbiter.start(Arbitration(SA, HW, M1, M2, M3)); // Start arbiter behavior.
27 GeneralDefault := activate(General Default); // Activate test case default
28 Tl.start(6.0); // Start testcase timer T1 of 6 seconds.
29 Connect_To_Master_Coordi(M1, MasterList); // Establish connection to M1.
30 coMaster.receive(conRequest_M2_Template) from M2;
31 T2.start(2.0); //Activation of guarding timer T2 for 2 seconds.
32 coMaster.receive(conRequest_M3_Template) from M3;
33 T2.stop; // T2 is stopped after receiving a connection request from M3.
34 T2.start (2.0); //Restart T2.
35 ConfDefault := activate(con_confirm_Default());
36 // Activate message—based default for connection confirmation.
37 coMaster.receive(conConfirm_M3_Template) from M3;
38 // Connection confirmation from the new master.
39 deactivate(ConfDefault); // Deactivate the message—based default.
40 T2.stop; // T2 is stopped after receiving a connection confirm from M3.
41 roamingList := MakeList(system, M1, M2, M4);
42 coMaster.send (roamingList) to M3;
43 // Test Coordinator sends new Roaming List to Slave.
44 Disconnect_Config(Arbiter, SA, system, HW, self,
45 M1, M2, M3, M4);
46 T1.stop; // Stop the testcase timer.
47 deactivate(GeneralDefault);
48 verdict := pass_; // Set the verdict
49 coArbiter.send(verdict); //Send verdict to Arbiter
50 }

Figure 6.16: Test Case TestRoaming_noWarning
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ences defined in the U2TP scenario are realized by TiMEDTTCN-3 functions
(Line 44-45). At the end of the test behavior, the test verdict is set. Accord-
ing to the mapping table, this can be achieved by setting a TrmMEDTTCN-3
verdict variable to pass_ and send the value explictely to the arbiter compo-
nent. The setting of verdicts is realized in Lines 4849 of the TrMEDTTCN-3
test suite.

1 altstep General Default() runs on Coordinator_-CType {

2 [[ coMaster.receive(x) { // Receive ANY message

3 coArbiter.send(TestVerdict_Type: inconc.);

4 // Verdict set to inconclusive

5 }

6 }

7 altstep con_confirm_Default() runs on Coordinator_CType {
8 [[ coMaster.receive(Connection_Signalling Type: 7) {
9 // Receive wrong message parameter.
10 coArbiter.send(TestVerdict_Type: fail_);
11 // Verdict set to fail
12 stop; // Terminate.
13 }
14 }

Figure 6.17: General and Message-Based Defaults

In U2TP, default behavior is modeled separately from its activating test
behavior. The mapping table recommend to map U2TP defaults to altsteps
in TrMEDTTCN-3 and activate them in the test case. For that, wildcards
utilized in the U2TP default specification are transformed to TimMEDTTCN-3
data matching mechanisms which also contain wildcard definitions.

In Figure 6.17, two defaults are specified. The first default called Gener-
alDefault catches all unexpected messages sent to the Test Coordinator and
returns the inconclusive verdict to the arbiter component. It is activated at
the beginning of the test behavior and deactivated at the end of the test case
(Lines 27 and 47 in Figure 6.16). Furthermore, a second default ConfDefault
is activated to handle connection confirmation messages with unexpected
parameter values from Master M3. This default is activated before the re-
ception of message con_confirm and deactivated after the reception of the
message with correct parameters (Lines 35 and 39). In case of invocation of
the default behavior, the test verdict concludes fail_.

In the U2TP model, a second test case TestRoaming_DataSending is specified
to send one hundred data packages to the SUT (cp. Figure 4.21 on Page 78).
In this test case, time is logged and measured for each data package sent from
Slave Application to SUT and subsequently forwarded to Hardware. There,
the average tolerance for sending two data packages, i.e. jitter, should be
evaluated. According to the mapping recommendation, real-time properties
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1 type record TimestampType {
2 float logtime,

3 charstring event,

4 integer number

5 }

6 type enumerated timezones {
7 Berlin, NewYork, Shanghai
8 }

Figure 6.18: TimestampType and Timezone Definitions

are mapped to newly defined TiMEDTTCN-3 real-time concepts. For that,
the U2TP log action is mapped to the TiMEDTTCN-3 log operation and a
U2TP test log is mapped to a TIMEDTTCN-3 log file. In order to generate
TiMEDTTCN-3 code for the given U2TP test scenario, TiMEDTTCN-3 data
types are first needed to specify timestamps and timezones. The logging of
TiMEDTTCN-3 timestamps and storing those to a log file correspond to the
logging of time values in a U2TP test log by log actions. Figure 6.18 shows
the type definitions for timestamp and timezone. This TimestampType incor-
porates the time value, the message name and the index number of the data
package. Additionally, the test components defined in the TrmMeEDTTCN-3
test system may belong to the timezones Berlin, NewYork or Shanghai.

Figure 6.19 shows the real-time test behavior of the hardware test component
which is started by the MTC in test case TestRoaming_DataSending. The

1 function Hardware_Behavior_DataSending)()

2 runs on Hardware_CType

3 {

4 var Master_CType theMaster;

5 var TestVerdict_Type verdict;

6 Connect_To_Master_Hardware(Master);

7 for (var integer i:=1; i<=100; i:=i+1) {

8 hwiSUT.receive(Data_Type_Templatel);

9 // Logging of data reception :
10 log(TimeStamp:{self.now, "HW?Data”, i});
11 theMaster := Data_Type_Templatel.Master;
12 hwiMaster.send(Data_Type_Templatel) to theMaster;
13 // Trigger good link quality :
14 Link_Quality(good);
15 }
16 verdict := pass_;
17 coArbiter.send(verdict);
18 }

Figure 6.19: Hardware Test Component with Real-Time Properties
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1 function evalJitter(charstring receivedMessage,
2 integer count, float upperBound) return TestVerdict_Type
3 {
4 var float deltaSum := 0.0, deltaDiff := 0.0, delta := 0.0;
5 var float jitterSum := 0.0, jitterDiff := 0.0, jitter := 0.0;
6 var logfile timelog := getlog;
7 // Get the logfile
8 //Calculate delta for the mean inter arrival time:
9 if (timelog. first (TimestampType: {7, —, —},
10 TimestampType:{?, receivedMessage, 7}) == true) {
11 stampA := timelog.retrieve; // Get first logfile entry.
12 for (var integer i:=2; i<=count; i:=i+1) {
13 if (timelog.next(TimestampType: {?, —, —},
14 TimestampType:{?, receivedMessage, i}) == true) {
15 stampB := timelog.retrieve; //Get next logfile entry.
16 deltaDiff := stampB.logtime — stampA .logtime;
17 deltaSum := deltaSum + deltaDiff;
18 stampA := stampB;
19 }
20 }
21 delta:=deltaSum/(count—1); // Calculated delta value.
22 // Calculate jitter :
23 if (timelog. first (TimestampType: {?,—,—},
24 TimestampType:{?, receivedMessage, ?7}) == true) {
25 stampA := timelog.retrieve; // Get first logfile entry.
26 for (var integer i:=2; i<=count; i:=i+1) {
27 if (timelog.next(TimestampType: {?, —, —},
28 TimestampType:{?, receivedMessage, i}) == true) {
29 stampB := timelog.retrieve; //Get next logfile entry.
30 deltaDiff :=stampB—stampA;
31 jitterDiff := delta—deltaDiff;
32 if ( jitterDiff < 0) {
33 jitterDiff := (—1) x jitterDiff ;} // Absolute value
34 if ( jitterDiff > upperBound) { // single jitter too big
35 return conf_;}
36 else {
37 return pass_; }
38 stampA:=stampB;
39 }
40 return pass_;
41 }
42 }
43 }
4}

Figure 6.20: Offline Evaluation Function for Jitter

TiMEDTTCN-3 code is generated from the U2TP test case diagram shown
on Page 78. In Lines 7-15, hundred data packages are received by Hardware
and forwarded to the master. The point in time of these events is logged in
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Line 10. Additionally, the name of the event (“HW?Data")!* and the data
package index are provided to the log file. These additional information are
needed to achieve access to the log file entries. Thus, assuming that all data
packages are forwarded correctly by the SUT, the log file must embody at
least hundred log file entries at the end of this test.

Based on the timestamps recorded by the test component, real-time proper-
ties can be evaluated by real-time evaluation functions. Function evallitter
in Figure 6.20 specifies the offline evaluation function for jitter. This func-
tion gets the name of the time-critical message, the maximum index number
of the data package as well as the constraint bound of the jitter.

In the beginning, the function retrieves the log file with the recorded time-
critical events in Line 6. Following the mathematical formula provided on
Page 79 in Section 4.4.3, jitter can be evaluated. To do so, the log file
is first sorted by the name of the time-critical message by means of the
first operator. The matching entry is retrieved in Lines 9-11. Further
matching entries are selected and gathered in Lines 13-14. According to the
formula, delta is calculated first (Lines 9-20). Afterwards, jitter is evaluated
(Lines 23-42). There, real-time test verdict is assigned to conf_ if the jitter
does not meet the predefined real-time property value (Line 34-37).

In a U2TP model, the execution of the modeled test scenarios are specified in
a test control diagram. Accordingly, the test control diagram can be mapped
to TiMEDTTCN-3 module control part. References invocating test cases in
a test control diagram become test case execution calls in TrMEDTTCN-3.
Furthermore, decisions in the test control diagram are expressed in decision
statements, e.g. if-statement, for-statement. Figure 6.21 shows the module
control part of the TiIMEDTTCN-3 test suite. In the beginning, test case
TestRoaming_noWarning is executed. If it passes, the second test case Te-
stRoaming_DataSending is run, evaluating a jitter restricted to 1.0 second in
the same test run (Line 5-6).

control {
if (execute(TestRoaming noWarning())==pass)
// Ezecute functional test case
{

execute(TestRoaming_DataSending(),NewYork)
[ evalJitter ("HW?Data”, 100, 1.0)];
// Ezecute test case with offline real—time evaluation function

© 00 O Ui W N

Figure 6.21: Control Part for the Bluetooth Roaming Test Module

M Hw?Data” indicates that the hardware component HW has received a data package.
Symbol “?" denotes a message reception.
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6.5 Concluding Remarks

In this chapter, the test development process is completed by test code
generation from test models. For that, TTCN-3 is chosen as an approved
standardized language for system tests. To enable real-time test execution
with TTCN-3, a real-time extension is introduced. In order to achieve a
better tool support and higher reusability of TTCN-3, we proposed only
few changes to the test language: By means of absolute time, timestamps
can be collected and the absolute execution time of an event can be re-
sumed. Timestamps can be evaluated during or after a test run. For the
offline evaluation after the test run, TiMEDTTCN-3 offers a flexible logging
mechanism. Furthermore, TiMEDTTCN-3 can also be used for distributed
test architectures, since it supports synchronization of test components.

TiMeEDTTCN-3 is a testing language used to implement, execute and eval-
uate functional as well as real-time tests. TIMEDTTCN-3 is downwardly
compatible to TTCN-3 and hence profits from existing TTCN-3 test infras-
tructures. Of course, real-time test features still have to be instrumented and
system specific information need to be added to the abstract TiveEpTTCN-3
test suites to make them executable across different platforms. However, the
TiMEDTTCN-3 runtime system benefits from support from the TTCN-3 in-
terfaces TRI and TCI whereas the TRI platform adaptor provides access to
read the local clock of a test component. The TCI enables logging facilities
and test component creations. Thus, log file handling and the timezone
concept of TIMEDTTCN-3 may benefit from an enhanced TCI specification.
Moreover, an Extensible Markup Language (XML) format for log files im-
proves an automated access to the log file content [W3C04].

A comparison to TiMEDTTCN-3 concepts confirms the suitability of the
selected definitions in the U2TP. Mapping rules allow the generation of
TiMEDTTCN-3 code based on U2TP models. These rules extend the ex-
isting mapping table recommended in the U2TP standard with respect to
TiMEDTTCN-3 real-time concepts. Concepts like timezones and log file
which cannot be mapped to TTCN-3 can be realized in TiMEDTTCN-3.
The use of TiMEDTTCN-3 and the applicability of the mapping rules are
demonstrated in the Bluetooth roaming case study.



Chapter 7

Summary and Outlook

”Prediction is very difficult, especially about the future!” — Niels Bohr

In this last chapter, the work presented in this document is summarized.
An outlook concerning future works on MDT can be found in Section 7.2.
We complete our work with some closing words about MDA and MDT.

7.1 Summary

In this work, an approach to Model-Driven Testing based on the MDA
Framework has been presented. The main idea of this test development
approach is to derive test models from existing system models and finally
generate executable test code from the test model. Standardized technolo-
gies and languages like MOF 2.0, UML 2.0, QVT and TTCN-3 are utilized
in the approach. The following results are achieved:

To enable test modeling, UML 2.0 has been extended by various test con-
cepts to model test architecture, test behavior, test data and time. These
concepts are specified as stereotypes in a UML 2.0 profile called UML 2.0
Testing Profile (U2TP). Mapping between U2TP and executable test
languages, such as JUnit and TTCN-3, facilitate the execution of test mod-
els.

Since 2004, U2TP has become an official OMG standard [U2T04]. As a
consortium member, the author has participated in defining various test
concepts, with emphasis on the specification of the test architecture, test
behavior and time concepts. Also, contributions have been made to the
definition of U2TP and TTCN-3 mapping rules.

Originally, the U2TP standard does not propose how to use the profile for
test model specification. In order to close this gap, a guideline to U2TP to
utilize U2TP concepts is presented and test models from existing UML 2.0
system models are derived. Doing so, the U2TP concepts are also prioritized
and categorized according to their importance.
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Following the guideline, transformation rules are defined to enable au-
tomatic generation of test models from system models. These rules are
implemented in a model transformation language called Tefkat.

In order to incorporate test-specific requirements during transformation, a
MOF 2.0-based metamodel called Test Directives metamodel has been
defined. The Test Directives metamodel provides valuable means for test
scenario selection and specification, default specification and activation,
timer definition, configuration setting and other test-specific information.

The intelligence of the test model transformation is comprehended in the
Test Directives model and the transformation rules themselves. As a result
of this transformation, test model skeletons are generated. Their complete-
ness and complexity depend on those of its initializing system model. To
accomplish the test model specification, further refinements can be made.

Mapping U2TP concepts to executable test code enables the execution of the
models. TTCN-3 is a standardized testing language providing concepts for
functional and conformance testing. To enable both functional and real-time
testing, a real-time extension of TTCN-3 called TiMEDTTCN-3 has been
developed. In TrMEDTTCN-3, concepts of absolute time, means to specify
clock-synchronised test components, extensions to existing logging mecha-
nisms, support of online and offline tests evaluations, and a new test verdict
to existing TTCN-3 verdicts have been proposed. By means of adapters,
TiMEDTTCN-3 code can run on different platforms. The TimMEDTTCN-3
concepts have been proposed! and partially adopted to the newest TTCN-3
standard document?.

As a final step in this MDT development process, the existing mapping
table of U2TP and TTCN-3 as defined in the standard has been augmented
by real-time concepts of TrMEDTTCN-3 to allow functional and real-time
test execution?.

To demonstrate the relevance and applicability of the presented MDT ap-
proach, the author utilized a Bluetooth roaming application as a case study
where, starting from a UML 2.0 system model, a U2TP model has been de-
rived by means of the guideline and transformation rules, and subsequently
generated TIMEDTTCN-3 code by the mapping rules.

' TIMEDTTCN-3 and its graphical format TIMEDGFT have been documented and
submitted to ETSI as change requests for TTCN-3 and GFT in [Neu02, Dai03].

2In the current TTCN-3 standard, an extended logging mechanism can be found and
the provision of logs is achieved by the TTCN-3 Logging Interface (TLI) [ETS05{].

31n case that other executable code shall be generated, e.g. Java or C++, new mapping
rules must be defined and appropriate test engines with execution environment are needed.
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7.2 Outlook

The approach presented in this work is just a step towards Model-Driven
Testing and it is impossible to cover all aspects involved in MDT in a single
PhD thesis. Thus, further investigations are needed to improve the test
development process.

When working on this test model transformation approach, the author also
considered taking a CIM? as the initial system model. However, since the
quality of the outcoming test model skeleton depends on the granularity
of the initial system model, a CIM is too vague and thus is not a good
candidate for the presented transformation approach. Still, since a CIM
already defines some aspects of system requirements, it might be reasonable
to start test development on that stage in some other MDT approaches.

In this work, UML 2.0 is used for system modeling. However in practice,
UML 2.0 is often used as a DSL by profiling UML 2.0 [Coo04]. To enable
transformation and derivation from profiled system models, the transfor-
mation rules introduced in this work must be modified and aligned to its
metamodel structure. Nevertheless, the transformation ideas introduced
in this work can be adopted. Experiences have shown that the guideline
and transformation ideas introduced in this work are applicable for profiled
UML 2.0 system models. Industrial and research projects at the Fraunhofer
FOKUS like [BDCT06, LN05] have given proof.

The Test Directives metamodel introduced in this work provides good means
to integrate test requirements to the test model during transformation. How-
ever, it does not address test strategies such as coverage criterias, boundary
value analysis or negative tests. To do so, an even deeper insight into the
system specification is required. Also, systematic test data analysis can
be used which can be achieved by e.g. Classification Tree Method (CTM)
[Gro95]. An approach to integrating CTM with TTCN-3 for automatic test
data generation can be found in [DDB*05], where an Eclipse plugin is im-
plemented. A similar approach can be developed to integrate CTM with
U2TP. Furthermore, a Graphical User Interface (GUI) to create a Test Di-
rectives model would improve user-friendliness during the test development
process. Some work on implementing a GUI in Eclipse has already started
in [Pia06]. In principle, the Test Directives metamodel specification could
be improved in order to provide general means and more flexibility to its
user, e.g. grouping of classifiers and properties.

TiMEDTTCN-3 extends TTCN-3 by only few changes and is downwardly
compatible to TTCN-3. Hence, existing test suites may be reused and, e.g.
instrumented for real-time test features. In this work, formal semantics of

4MDA introduces an even more abstract level of models than PIM, called CIM. It is a
view of a system from the computation independent viewpoint. It is a domain model or
business model and does not show details of the structure of systems [OMGO03].
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the new real-time constructs in TiMEDTTCN-3 are not addressed. Most
extensions can be explained by an extension of the existing TTCN-3 seman-
tics. In fact, only the concepts of absolute time and the resume operation
require new semantics. Also, load testing with load generation and distri-
bution is an interesting area for further reseach. To do so, it is necessary
to establish some background load to obtain a realistic environment by e.g.
an external load generator. Some related work on load testing and load
distribution with TTCN-3 can be found in [Din04, SDAO5].

Last but not least, further survey on transformation rules with different
case studies are needed. The transformation rules introduced in this work
concentrate mainly on UML 2.0 diagram types such as Class Diagrams,
Composite Structure Diagrams, Object Diagrams, Interaction Diagrams and
State Machines. Activity Diagrams or Use Case Diagrams are not covered
in this approach at all and need further effort. Some effort with Activity
Diagrams are already made in projects like [BDCT06]. A further interesting
topic on MDT is to test the transformation rules themselves. Fleurey et al.
bring up such a discussion in [FSB04].

7.3 Closing Words

The opinion about MDA is quite controversial. While some people embrace
the idea of MDA with much enthusiasm, other people debate that MDA
is just an old idea with a new name. Typically, Computer-Aided Software
Engineering (CASE) has had the same idea of using models for code gen-
eration in the ’80s and failed to live up to its promises. Anyhow, many
people see the main failure of CASE due to the fact that tool vendors were

unable to agree on a common approach and to develop supporting standards
[CGO4].

MDA has learned the lesson of CASE and thus defines its languages and
technologies as standards to achieve commonality of its approach. Certainly,
MDA has not yet reached its maturity as it promises and some definitions
within MDA are still vague. But the work on MDA is still at its pre-mature
stage and a lot more effort are required. Though, MDA has already reached
a surprisingly high resonance and acceptance in both the industrial and
research worlds.

We think that MDA is not a revolution like the Internet has been to the
mankind. But it is an evolution towards better software engineering to
enhance productivity, portability and interoperability of software. We hope
that with the approach to MDT introduced in this PhD thesis, another small
step towards software quality guarantee is made!



Glossary

Model: A model of a system is the specification of the system and its
environment. A model is often presented as a combination of diagrams
and text.

Model-Driven: The MDA is an approach to system development using
the power of models during software development. It is model-driven
because it provides a means for using models to direct the course of
understanding, design, construction, deployment, operation, mainte-
nance and modification.

Platform: A platform is a set of subsystems and technologies that provide
a coherent set of functionality through interfaces and specified usage
patterns, which any application supported by that platform can use
without concern for the details of how the functionality provided by
the platform is implemented.

Refinement: Model refinement is a minor transformation step. It describes
the relationship between models of the same abstraction level regard-
ing the platform.

Software Development Process: The software development process can
be divided in system development process and test development process.
In the former, a system is created and implemented throughout differ-
ent development steps. In the latter, the test evaluating the system is
developmed.

System Model: A test model is a visualization of a system incorporating
system relevant information.

Test Model: A test model is a visualization of a system incorporating test-
specific artefacts.

Transformation: Model transformation is the process of converting one
model to another model of the same system.






Acronyms

ASN.1 Abstract Syntax Notation One

API Application Programm Interface

ASL Action Semantics Language

ATL Atlas Transformation Language

BNF Backus Naur Form

CASE Computer-Aided Software Engineering

CIM Computation Independent Model

CL Core Language

cMOF complete MOF

CWM Common Warehouse Metamodel

CTMF Conformance Testing Methodology and Framework
CTM Classification Tree Method

DSTC Distributed System Technology Centre

DSLs Domain-Specific Languages

EDOC Enterprise Distributed Object Computing

EMF Eclipse Modelling Framework

eMOF essential MOF

ETSI European Telecommunications Standards Institute
FIFO First In First Out

FSM Finite State Machine

GFT Graphical Presentation Format for TTCN-3
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Acronyms

GUI Graphical User Interface

IDL Interface Definition Language
ITU-T Telecommunication Standardization Sector of I'TU
IUT Implementation Under Test

LTS Labelled Transition System

MDA Model-Driven Architecture

MDT Model-Driven Testing

MOF 2.0 Meta-Object Facility, version 2
MOF Meta-Object Facility

MSC Message Sequence Chart
MSC-2000 Message Sequence Chart 2000
MTBF Mean Time Between Failure
MTF Model Transformation Framework
MTC Main Test Component

OCL Object Constraint Language

OS Operational Semantics

OMG Object Management Group

PM Platform Model

PIM Platform-Independent Model

PSM Platform-Specific Model
PerfTTCN Performance TTCN

PTC Parallel Test Component

QoS Quality of Service

QVT Queries/Views/Transformations
RT-TTCN Real-Time TTCN

RFP Request For Proposal

RUP Rational Unified Process



7.3. Closing Words Acronyms

SDL Specification and Description Language
SUT System Under Test

TCI TTCN-3 Control Interface

TLI TTCN-3 Logging Interface

TFW Test Framework

TFT Tabular Presentation Format for TTCN-3

TOTEM Testing Object-orienTed systEms with the Unified Modelling Lan-
guage

TRI TTCN-3 Runtime Interface

TTCN Tree and Tabular Combined Notation

TTCN-2 Tree and Tabular Combined Notation, version 2
TTCN-3 Testing and Test Control Notation, version 3
UML 2.0 Unified Modeling Language, version 2

UML Unified Modeling Language

U2TP UML 2.0 Testing Profile

V-Model XT V-Model eXtreme Tailoring

XML Extensible Markup Language

XMI XML Metadata Interchange
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