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Abstract

Testability is a measure of how casy (less complex, less tedious, less boring, less
costly) the effective testing of implementatdons is made.

In Object-Oriented developmen .. testability is a result of (1) the characteristics of
Object-Oriented implementations, (2) the test support environment, (3) the characteristics of
representations (i.e. notations) and (4) the software process in which testing is conducted
[67]. In this thesis, we examine in details the last two fuctors.

When addressing the characteristics of notations, we determine that notations
should exhibit the basic restability attributes of completeness. correctness, consistency and
incorporation. In order for notations to exhibit these attributes, they must be verifiable,
modiftable and traceable. The latter three are referred to as festability requirements.

A notation that is verifiable can be tested for testability attributes; a notation that is
modifiable can accommodate changes to achieve restabiliry atrribwes: tinally a notation that
is traceable can be traced to other notations to achieve testability attribuies.

The rational for using notations that exhibit reszability requirements is that these
notations can be assessed for testability artributes via testing activity types. This provides
the ability of (1) uncovering errors early in the process where they are less costly to fix, (2)
generating test cases that can be applied to the implementation, (3) guiding the testing of the
implementation and (4) facilitating the location of source(s) of error(s) for modification.

We identify testing activity types that are decoupled from the syntax of notations
and from development methodologies. These testing activity types define what needs to be
tested (¢.g. different semantics) as well as coverage criteria. They are generic in the sense
that they are refinable (i.e. adaptable to different levels of detail) in order to be uniformly
applied at all phases of development.

When addressing the software process in which testing is conducted, we propose
that there must be an integration of development and testing activity types. Also, we
propose a way of handling change in a consistent manner such that testability auributes are
not lost. Examples of these changes include error correction, accommodation of new
requirements, etc.
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Chapter 1 Introduction

1.1 Introduction

Since the 1980’s, the Object-Oriented (OO) paradigm has received great attention in
industry and academia. The reason for this attention is that OO methodology aims at
producing easier to model and to understand, extendible, reusable and reliable software.
These claims are becoming facts as new applications of the paradigm emerged and
substantial improves in productivity are reported [1].

Undil recently, as stated in [2]. relatively little attention has been paid to OO testing.
As shown in [3,4.5.6] among others, most of this attention has been paid to OO
implementation testing (i.e. testing that involves code). Very little emphasis has been
placed on testing OO notations. The latter aims at ensuring that notations are complete,
correct, consistent and incorporated in themselves and with respects to other notations.

The advantage of finding high level errors before coding is well recognized in
software engineering [7]. The testing of implementations is facilitated by moving it
upwards in the software life-cycle, thus allowing to find high-level errors early in the
development process where they are less costly to fix. Therefore, the tesrability of
implementations (i.c. a measure of how easy the effective testing of the implementation is
made) increases.

As discussed in [7], testing activities involved at Requirements, Analysis and
Design phases lead to an integration of the development process with the testing process. In
OO software this integration is discussed in {8]. This integration is crucial to the quality of
OO software for mainly two reasons.

First, testing OO software differs from testing Procedural software due to
encapsulation, inheritance, polymorphism, the exponential interaction among objects and
the lack of a one-to-one mapping between a function and 2 unit of software [9]. These
added complexities make the testing phase of OO software more challenging than in
Procedural software. Testing activities applied early in the OO software development
process uncover high-level emrors and allow for the creation of test suites (L. test cases
and expected outputs) that can be applied to the implernentation. h



Sccond, OO systeris tend G evolve using the Spiral Mode! [10]. This methodology
allows an iterative incremental approaciz i4i which the phases ¢f the development process
(i.c. Requirements, Analysis, Dosign, Imy lefiientanon and Testing) are repeated (irerative)
and the system is developed tlirough successive refinements increasing in level of detail
(incremental). In such a methodology early validation and verification techniques become
very important. if errors are not detected during the testing phase of a given iteration of the
Spiral, they will be propagated to the next iteration. The cost of such propagation errors can
be remendous. This is because software engineers will be building their systems on top of
a version with errors, therefore creating new errors. This ripple effect will have a great
impact in the quality of the system.

The solution is to increase the probability of detecting errors. This can be achieved
by (1) introducing testing activities at Requirements, Analysis and Design phases and not
confining testing to an after implementation activity and (2) easuring that Implementations
are indeed derived from the previously tested Designs. The focus of the work presented in
this document is the first point (i.e. introducing testing activites at Analysis and Design).

1.2 Motivation

The importance of introducing testing activities early in the Object-Oriented
Software Development Methodology was described in the previous section: they aim at
increasing the testability of OO implementations and therefore increase Object-Oriented
Software quality.

While the details (i.e. when to test a component, what to test and how to test) of 00
implementations have been addressed, as in [3], the details of testing notations used in the
OO paradigm still remain a topic of research. The major motivation for the work presented,
is therefore the need for a concrete methodology for performing testing activities early in
the OO software development process.

We believe this concrete methodology should include three aspects. First, a process
describing when testing activities should occur. This largely corresponds to the “when”.
* Second, the testing activities that should take place in the process. This corresponds to the
“what”. Third, the methods that implement the different testing activities. The latter
corresponds to the “how™. : -

10



Motivation_in_the process area: no_way of handline chanee

In the area of process. a testing phase should follow every development phase. thus
leading to "analyze a little. test a little. design a little, test a litle, code a little. test a little and
analyze a liule, ..." [8]. The Integrated Object-Oriented Testing and Developrment Process in
[8]. describes such an ordering of phases. However. it is missing a crucial aspect: it does not
provide a way of handling change in a consistent manner. Examples of these changes include
error correction. accommodation of new requirements. ete. The usual tendency in software
engineering is to accommodated changes at the phase where they are discovered. For example.
if a change to Requirements notations is identified at Design, the usual tendency is to modify
the Design, perhaps update the Requirements and then continue development from Design on.
Even though some methodologies support this type of "spagherti development (Design -->
Requirements --> Design)”, such as in [22). it results in 2 loss of traceability of notations
within a given iteration and from one iteration to the next. Once traceability is lost, it is no
longer possible to detennine if a notation is derived from or traceable to another tested notation,
thus questioning the effort spend testing the latter notation, since the errors corrected can
reoccur in the derived notation. A Grey-Box analysis technique, “"semantic instrumentation” 7

offers a means of enforcing consistent change handling for traditional software design, but has
not been extended to the OO paradigm.

Testing activities are currently addressed in an ad-hoc manner (i.e. no definition of
what is béing tested and why) and are notation and methodology specific (¢.g. "Every Use
Case should be traceable through the relationships illustrated in the Object Model” [8]). This
. causes a proliferation of testing activities (i.e. one for each notation).

What is missing is a generic set of testing activities (zesting activity types) decoupled
from development methodologies and syntax of notations. When designing OO software, we
observe that at each development phase, the system to be developed is considered from two
angles: (1) the level of abstraction and (2) the View or semantics provided. Itis the merge of
these two angles that needs to be carefully examined in order to arrive to testing activity types.

While examining this merge, we observe that different notations can be used to describe
a specific level of abstraction and that within that level of abstraction, these different notations
can be grouped based on the semantics they provide. This classification is called 2 Model. A
Model is thus a classification of notations based on the level of abstraction and semantics they
provide (e.g. notations such as SDLs [12] and State Charts [13], can be classified as belonging



to the State Machine Model as illustrated in Fig. 1.2). Furthermore Models can themselves be
grouped inta Views by considering only the semantics they provide (e.g. the State Machine
Model provides the Dynamic View, as illustruted in Fig, 1.2).

Testing activity types should be generic to a group of notations (i.e. View). They
should (1) define what needs to be tested. (2) define coverage criteria, and (3) assess for
completeness, correctness, consistency and incorporation of notations within that View
and with respect to other Views. Thus, a notation can be tested by applying testing activiry
types to the View the notation provides.

Testing activity types should be generic in the sense that they should be refinable
(adaptable to different levels of details) to be uniformly applied at all phases of
development. The latter requirement arises from the observation that in OQ software
development, uniform principles of object-orientation are applied throughout the
development process: thus one can talk of OO Design being a refinement of QO Analysis

and OO Implementation being a refinement of OO Design.

A method corresponds to the implementation of a resting activity. By
implementation, we understand: the test case design for the resting activity (e.g. use of
Black, Grey and White Box testing techniques [7, 59]); how the testing activiry will be
executed (e.g. how to observe and control the notations being tested); the generation of test
case reports, etc. Note that by "implementation”, we do not necessarily mean machine
executable implementation.

As in the case of testing activities. methods are notation specific. This results in
their proliferation. The motivation is to arrive to generic implementations (method rypes)
independent of notation. A method type corresponds to the implementation of a resting
activity type . For example, Deadlock Detection[11] can be considered a testing activity
Iype and Reachability Analysis [11] @ method type ( please refer to Fig. 1.2).

Also, there is a lack of methods that test notations without relying on code
generation. Most tools that claim to test notations, actually test the code generated from
notations {e.g. Argos [55]).



1.3 Contribution

Our conwibution is in providing a concrete methodology (i.c. process. testing
activities and methods) for testing early in the Object-Oriented Software Development
Methodology, to increase the testability of OO software.

Fig. 1.1 illustrates the contribution of our work. The terminology in Fig. 1.1 is
discussed in details in Chapters 4: we provide a brief overview at this point to clarify the
discussion presented in this chapter. Fig. 1.1 illustrates the class configuration of our
methodology (the notation used is Object-Modeling Tool (OMT) [14.39)). Fig. 1.2
illustrates an example instance (object) configuration of the class configuration in Fig. 1.1.

In the area of process. we propose the Generic Integrated Object-
Oriented Testing and Development Methodology (GIOOTDM). We define
the methodology as a composition of 2 Process, a set of Development Phases (e.g.
Analysis, Design, etc.) and Testing Phases (e.g. Validation, Verification, etc.). Qur
Process defines these Phases. This definition includes the type of phase (e.g. Analysis,
Design, Validation, Verification, etc.), the ordering of the phases (e.g. Analysis followed
by Verification followed by Design) and specific points in software development where
change (i.e. error correction, enhancements, new requirements, etc.) should take place.

To arrive to testing activiry types, we first classify Not at ions into Models and
Models into Views. A Model describes a semantic View of a system as well as a
specific level of abstraction. Every Model (e.g. State Machine Model) can in turn be
represented by different Notations (e.g. State Charts, SDLs). One or more Models
illustrate 2 View. Therefore, Notations illustrate the Views of a system as shown by
the derived association in italic. Having identified this classification, we can define
Testing Activity Typesbased onViews. A Testing Activity Type tests
one or more Views. They indirectly test Models and Notations as illustrated by the
derived association in italics. The definition of a Testing Activity Type includes
what it should test, the coverage criteria for Notations within that View and assessment of
testability attributes (i.e. completeness, correctness, consistency and incorporation of
Notations).

In order to verify that our proposed testing activity types are applicable and
scalable, we provide examples in Chapters 6 and 7.

The area of methods is not addressed by our work; however testing acuvxty types
provide the basic building blocks for creating method types.
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Finally, we emphasize that our proposed manner of dealing with change provides a
framework for metric collection (e.g. number of errors, number of iteration involved in
fixing an error, etc.). Also, we suggest that resting activity types provide concrete
guidelines or a checklist for reviewing nouations. Current and new notations should be
accompanied with both the View they describe (therefore, with the testing activity types that
they will exercise) as well as the method type used to achieve the testing activity rypes.
This provides a metric for how testable a notation is. To conclude the work, we describe a
high level proposal for tool development explaining how testing activity types can be used.
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1.4 Organization of the thesis

Chapter 2 describes background information and terminology used throughout this
document. We provide an overview of the OO paradigm as well as a critique of its benefits
as claimed by several authors.

Chapter 3 presents the fundamental factors required to provide testability in OO
software, as described in [67]. The work in this document is based on 2 of these factors:
(1) the characteristics of the representation (notations) and (2) the software process in
which testing is conducted. In Chapter 3, we also provide our extensions to the first of
these factors.

To address the second factor, in Chapter 4, we inroduce a Generic Object-Oriented
Development Methodology (GOODM) whose focus is to provide a way of handling
change in a consistent manner. This is followed by a classification of Notations used in the
00 world, into Models and Views, as described by our work. The rational for the
classification is from a testing perspective and becomes apparent in Chapters 6 and 7.

Chapter 5 starts by providing the benefits for applying testing activity types early in
the development process. We then describe the testing activity types we propose for
GOODM.

Chapter 6 describes in details Verification Testing activity types with examples.
Chapter 7 describes in details Validation and Incorporation Testing activity types also with
exarmples. These examples verify the applicability of our proposed testing activity types.

Chapter 8 presents the Generic Integrated Object-Oriented Testing and Development
Methodology by combining the work presented in Chapters 4, 6 and 7.

Chapter 9 concludes the work and proposes future research topic in the area of
testing OO Models and Notations, as well as our proposal for tool development based on
method type.

We also provide two appendixes at the end of this document. The first appendix
provides an overview of OO programming testing challenges. The second describes
notations used in the OO paradigm that are not very widely used.

Fig. 1.3 describes the organization of the work presented in this document.
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Chapter 2 Background

2.1 Introduction

The purpose of this chapter is to describe background information and
nomenclature used throughout this document.

We start by presenting the OO paradigm and its advantages over more established
paradigms like the function/data paradigm. This is followed by a critique of the claimed
benefits.

2.2 The Object-Oriented Paradigm

In the OO paradigm, the system to be moaeled is regarded as a collection of objects
that communicate via sending and receiving messages (i.e. operations) to accomplish a
goal. This goal is usually expressed as a specification or requirement in a natural language
description form. The system to be developed is not seen as set of nested procedures
(derived by a top-down functional decomposition of the system) but as a conglomerate of
interacting objects. ‘

The following terms and their definitions will be used throughout this document.

The term object 2nd instance are used interchangeable. They refer to an identifiable
tangible entity that is able to save a state and offers a number of operations to either
examine or affect this state. An object is seen only in terms of its interface which details the
operations available for use by other objects; the implementation details of these operations
remain hidden within the coded module that describes the object.

A class describes a group of objects (instances of a class) with similar attributes
(instance variables), common operations, common relationships to other objects of other
classes and common semangcs.
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The following illustrates the terms described.

CLASS: Person

OBJECT: aPerson

ATTRIBUTES: weight, height

OPERATION: eat
IMPLEMENTATION: how aPerson eats

CPERATION: walk
IMPLEMENTATION: how aPerson walks

The following relationships among classes and object are presented. The notation
used is OMT [14,39].

Relationships are the means that classes communicate. Links (an instance of a
Relationship) are the means that objects communicate.

2.2.1 Inheritance

The inheritance relationship among classes denotes an is-a relationship. It acts as a
mechanism for expressing commonality between two or more classes (generalization) or as
a mechanism for specifying that one class is a special type of another class (specialization).
The generalized classes are denoted as the superclasses of the specialized classes. The
specialized classes are denoted as subclasses of the generalized classes.

The figure below illustrates an Inheritance relationship between classes Bear and
Panda. Bear is the superclass and Panda is the subclass. Panda inherits a copy of
Beax's operations and atributes, as well as all relationships that Bear is involved in. A
subclass can have more than one superclass. This is refer to as Multiple Inheritance.

Bear

&

Panda
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2.2.2 Association

An Association is a bi-directional relationship between two classes. An operation in
class A invokes an operation of class B as part of its interface or implementation and in turn
an operation in class B invokes an operation of class A as part of its interface or
implementation. When an Association is uni-directional, it is sometimes refer to as 2 Uses
relationship as described in [22].

The figure below illustrates a Uses relationship between a class Pilot and a class
Plane. For the class Pilot to be associated with the class Plane means that the
interface or implementation of Pilot can access or reference the interface of Plane but
not its instance variables or private data. The class Pilot or an instance of this class is
refer to as the Client. The class Plane or an instance of this class is refer to as the Server.

Pilot . Plane

drives

Associations can have a cardinality (i.e. the number of instances of the classes
involved in the Association). In our example,

- (1:1) Uses relationship means that / instance of Pilot uses / instance of
Plane.

- (I1:n) Uses relationship means that / instance of Pilot uses n instances of
Plane.

- (m:n) Uses relatonship means that m instances of Pilot uses n instances of
Plane.
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2.2.3 Aggregation

The Aggregation relationship is a special type of Association between two classes.
the Aggregation class and the Part class. The figure below illustrates an Aggregation
relationship.

Book

Q

Table_of_Content || Chapter|| Index

Class Book is referred to as the Aggregation class and classes
Table_of_Content.Chapter and Index are referred to as the Part classes.

The Aggregation relationship can also have different cardinality. The Aggregaton
class can be view as a container of multiplicity 1.

- (1:1} Aggregaton relationship means that every instance of Book must have
I instance of Index (as an example) and that every instance of Index must
be part of / instance of Book.

- {I:n) relatonship means that / instance of Book must have n instances of
Index and those n instances of Index must be part of the instance of
Book.

There is a difference between the semantics of an Aggregation relationship and a
Uses relationship. The Aggregation class can access the interface of its Part classes. The
Client class can access the interface of its Server class. The reverse is not true for the
Aggregation relationship. That is, for a Uses relationship, a Server class can in turn actas a
Client for its Client if a reverse Uses relationship exists between the Client and Server: for
an Aggregation relationship, a2 Part class cannot act as a Aggregation class of its
Aggregation class. In terms of visibility, this means that the Part class cannot access the
interface of its Aggregation class.



2.3 Why the Object-Oriented Paradigm

““The QO paradigm has a growing number of converts. Many people believe that
OO will put a dent in the software crisis. There is a glimmer of hope that OO software will
become more like engineering. Objects whatever they are now. may become for software
what nuts, bolts and beams are for construction design, what 2-by~fs and 2-Hy-65 are for
home construction and what chips are for computer hardware construction™[15]. Why is
the OO paradigm so attractive?

The reason for this attention is based on the claims that 00 technology aims at
Producing easier to model and to understand, extendible, reusable and reliable software.
These claims are becoming facts as new applications of the paradigm emerge and
substantial improves in productivity are reported {1.14}.

However as stated in [15], before making the quantum leap, OO methods still have
1o prove themselves with respect to more established software development paradigms,
specially for large-scale software (1000 classes and more). Large- scale projects like the
Cooperation project at NCR, briefly described in [16], and the Generic Services
Framework (GSF) project at Bell Northern Research [17] are starting to show that QO
methods can indeed scale-up to such large applications.

As stated in [18], the existing paradigms for system development can be basically
divided into function/data and OO paradigms.

The function/data paradigm distinguishes between function and data: the
organization of 2 system is based on functionality and the manipulation of data structures is
distributed between the resulting functions. The function/data division originated from the
Von-Neuman {21) model where functions or procedures are active and have behavior, and
dara is passive and can be thought of as a holder of information which become affected by
functions or procedures (i.e. data flows or is sent between Junctions).

The OO paradigm on the other hand views functions and data as highly integrated.
This integration occurs in an object. In the QO paradigm, the system to be modeled is
regarded as a collection of interacting objects that communicate via sending and receiving
messages (operations) to accomplished a goal. Thus, the Von-Neumnan model of passive
data and active functions is not applicable in the OO paradigm, where dat is active and
functions are passive (Le. functions flow or are sent between data).

We can provide a rational for the major benefits of the OO paradigm (i.¢. aims at
producing easier to model and o understand, extendible, reusable, and reliable software).

 We will show how the basic features of the paradigm (i.c. abstraction,
encapsulation and inheritance) can promote, but sometimes hindered the stated benefits.

23



2.3.1 Easier to model software

In [ 18], the author states that in the OO paradigm, the semantic gap between reality
and what is to be designed is smaller than the one in the function/data paradigm.

The function/data paradigm sees a requirements specification as things to do [23]:
the OO paradigm sees it as the set of items (entities) the things to do must be applied to.
Requirement specifications are however, normally formulated in terms of what the system
shall perform, what functionality the system should support and what items should exist in
the system. In the function/data paradigm, the requirements specification must be
reformulated into how this will be done for functional decomposition. Thus, we see a shift
in the thinking process from whats to hows. In the QO paradigm, however, the system 10
be developed is structured around real life entity objects (the whats) from the problem
domain; the internals of the system are then structured from this model. Thus. there is less
semantic gap and no mind shift as in the function/data paradigm.

Therefore, applying the OO paradigm to system development results in software
that is easicr to model: development follows a natural thinking process from requirements
specification (specified in terms of whats not hows) to system implementation. First the
whats are identify: “similar things or instances in the problem domain are identified and
abswracted as objects, characteristics of these instances are abstracted as artribuzes and
associations between these instances are abstracted as relationships™ [19]. Second the
various operations and their effects on objects (classes) are identified. Finally, the hows
are identified by combining specified operations of the objects (whats). Thus, one can think
that the hlows become a by-product of the operations on the whats.

2.3.2 Reusable software

The major vehicle for reusability in the OO paradigm is Inheritance.

With specialization, class libraries allow implementors to select from a Lbrary of
classes, those classes that exhibit similar structure (i.e. attributes and relationships to other
classes) and behavior (operations) to the required new classes, modify the selected classes
and obtain the new classes to be implemented.

Other vehicles for reusability in the OO paradigm are frameworks and patterns [22).
A framework is a collection of classes that provide a set of services for a particulardomain,
A pattern is a reoccurring collaboration among instances of classes.



Inheritance allows software to be constructed from existing sottware. In the OO
paradigm, reusable components are found or constructed from classes (i.e. objects) which
embody actions (i.e. operations) and data. In the function/data paradigm. reusable
components are found or constructed from functions or procedure which embody only
actions. As stated in [20], it is difficult to build reusable components, especially in typed
languages. if they embody actions alone and ignore data. Lets assume, we wish to reuse
an action (i.e. function) to store an element (employee_record) in a list of employee
records. We discover a potental function, put {List, Element ), that we could reuse.
We quickly find that the function is closely coupled with the type of dat it acts on (list of
integers), since the function puts the element Element in the list List., only if it is greater
than the first element in the list List. We can no longer reuse the function as is. If we
wish to reuse the function, we need to add a conditional clause to verify the data type
(integer versus employee record. in our example). Now assume., that a new requirement
states that elements must be stored differently (e.g. LIFO or FIFO) for a list of integers
than for a list of employee records. To satsfy this requirement and still use the same
function, we must add a new parameter to the function indicating the type of put:
put (List, Element, TypeOfPut ). As stated in [18], the problem with reusing a
function in the function/data paradigm is that it is difficult to find the correct abstraction of
the function to be reused, and thus one resolves to adding condition clauses to the function
in order to satisfy the different data formats of new requirements.

What is needed is a general purpose function (put, in our example) that does not
require knowledge of the implementation details of the function.

In the OO paradigm the solution is to reuse a List data structure that implements a
generic put operation. The List data structure does not care about the type of elements it
stores. Both the list of integers and the list of employee records could become subclasses of
the generic List class and would be able to reuse the generic operations of the latter (c.g.
put, retrieve, eic.). In the case of the list of integers, since it has special requirements
for the put operation, it would redefine the operation in its subclass to store integers in a
LIFO manner. The same occurs for the requirement stating that the list of employees must
store elements in FIFO manner.

As shown, data (data structures, attributes, relationships) and actions (operations)
are better components of reusatility than actions alone. Thus, here the OO paradigm as a
clear advantage over the function/data paradigm.



Another reason atiributed to the difficulty of building reusable components in the
function/data paradigm, is the very nature of functional decomposition: top-down. In [20].
the author states that top-down development does not promote reusability, since the
development of a function at level n in the tree-like top-down approach, is triggered by
specific requirements at level n+/. The requirements exist in a specific context and it is in
this context that the function will be developed: “if the need for a command line analyzer
was encountered in a precise context, it is unlikely that the results will be usable for
analyzing command lines with a different structure” [20]. In the OO paradigm, sofiware
tends to be developed using both Top-Down and Bouom-Up approaches. First classes
(objects) are identified from the problem domain, then operations on these classes are
identified. finally ordering of operations of classes are identified in order to fit function or
procedures around these classes. This process is repeated and each time the artifacts
(classes, operations, attributes and relationships) are refined (e.g. classes are generalize or
specialized),

2.3.3 Easier to understand software

The statement that the OO paradigm produces easier to understand software is true
to a certain extent and depends on what we are trying to understand.

If one is trying to understand the relations between the system and reality
(requirements specification), it is easier in the OO paradigm than in the function/data
paradigm as shown in section 2.3.1, since the semantic gap between the system and reality
is smaller.

If one is trying to understand the set of manipulations (not their effects) and
definition of data structures, then it is also easier in the OO paradigm. This is because of
abstraction and that information is reasonably local to an object (note that even with
inheritance, the search is significantly easier than in the function/data paradigm since
searching occurs always up in the class hierarchy). Abstraction allows an object to be seen
only in terms of its interface which details the manipulations (operations) available on that
object. In the function/data paradigm a data structure is scattered among the manipulations
(Le. functions) that use it, therefore it is more difficult to search for that information: one
must follow the invocation order of functions that manipulate the data structure.
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If one is trying to understand the effect of a manipulation on a data structure, then it
is easier in the function/data paradigm because of the nature of the paradigm (i.c. input,
process, expected output). In the OO paradigm the effects of manipulations are
encapsulated within an object and therefore harder to observed from the outside of the
object (e.g. an object state is completely hidden within an object’s implementation).

If one is wrying to understand collective behavior of objects (here we mean
functionality, i.e. a collection of objects’ operations with a goal), then it is more difficult in
the OO paradigm. This is because of the localization problem described in [9]: an object
may provide many functions and one function may involve several objects. Also. the fact
that there is typically no Main function or Program that drives the execution of the system
as in the case of the function/data paradigm, adds to the complexity of understanding
objects interactions. These object interactions may be exponential and many may not lead to
a certain function required by the system. In the function/data paradigm, this is not the
case. A function or procedure is a powerful abstraction mechanism; complex behavior can
be composed out of or decomposed into simpler units, thus allowing easier understanding
of the overall functonality of the system.

2.3.4 Extendible and reliable software

Reliability and extendibility should not be discussed separately since one should
talk of how reliable a system is after it undergoes an extension (i.e. how safe are the
extensions). A possible measure for this can be the effort spend testing an extension to
ensure reliability.

The statement that the OO paradigm produces more extendible and more reliable
software is based on the observations of Meyer’s in {20]: “In the evolution of a system,
functions tend to be the more volatile part, ... over time, data structures are the really stable
aspects of a system” [20). Since in the OO paradigm, data is primary and functions are
secondary, software ought to be more extendible. This is true, but we will show that this is
dependent on the type of extension. Note that the type of extensions preseated in the
function/data and OO paradigm are not at all exhaustive, but we believe we cover the most
cvident type of extensions.

In the discussion that follows, unless specified otherwise, an extension will be
referred to as a change that can be an addition, deletion or modification (e.2. renames).
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In the function/data paradigm changing a function or procedure can be difficult
depending on the type of change: (1) if its parameters are changed, then all calls to the
function or procedure must be updated and retested; (2) if its functionality or behavior is
changed, then all functions or procedures that call it must be retested; (3) if a data structure
is modified or deleted, then one must update and retest all the functions or procedures that
act on that data structure; (4) if a data stucture is added, then new functions or procedures
may need to be added and tested to act on the new data structure and existing functions or
procedures may need to be updated with conditional clauses and retested to accommodate
the new data structure:; (5) changes to variables (whether local or global) will require
updating and retesting all nested functions or procedures that use the variable; (6) finally, as
shown in section 2.3.2, changes required to a function to accommodate reusability. will
usually end-up cluttering the function or procedure with conditional or case statements to
verify new data types, thus resulting in hard to read programs.

In the OO paradigm, as in the case of the function/data paradigm: (1) if the interface
of an operation in an object is changed then all operation that call that object must update
their parameters; (2) if the functionality or behavior of an operation is changed, then
encapsulation claims that as long as the interface of the operation remains unchanged, the
changes should be transparent to objects that invoke the operation, however the changed
operation should be retested to ensure that its functionality is the same as in the previous
version; (3) if attributes of a class are changed, then all classes that set or read the attributes
must be updated to either call new operations on those attributes (if the atributes are new),
delete calls to operations that set or read the atributes (if the attributes are deleted) and
possibly rename the operation that set or read the attributes (if the attributes are renamed).

Due to inheritance, when data structures are changed in the QO paradigm,
extendibility becomes a challenge. Changes to a superclass can lead to quite unstable class
hierarchies that require much retesting, since all subclasses may potentially be affected by
the change. Changes to subclasses can also cause side effects as explained in [4]. Fig. 2.1
illustrates this. Class B inherits instance variable v and operations m1 and m2 from class
A. Class B implements operation m3 which initializes variable v to 1. The following order
of method would cause problems: m3, m2, ml in class B since m2 uses v initialized to 0
and not 1.

[
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instance variable v
ml (initializes v 1o 0)
% m2 (uses v initialized 1o 0)

B m3 (initializes vio 1)

Figure 2.1 Addition of a new operation in a subclass can cause
undesirables side effects

Figure 2.2 Changes in the connectivity of a class structure can cause
undesirables side effects

Changes in the connectivity (i.c. adding, deleting or changing inheritance links) in a
class structure van also cause unwanted side-effects. Consider the class structure depicted
in Fig. 2.2: removing the link between classes D and E, implies that all operations in E can
no longer be invoked by D and its subclasses: adding 2 link between D and B causes
Muldple Inheritance in D from B and ¢ and Repeated Inheritance from A, and their
unwanted side-effect (for more details, please refer to the Appendix on Object-Oriented
Programming Testing Challenges, at the end of this document).

Overall extensions of software in the OO paradigrn can cause unreliable systems. In
[138], the author observes that the type of changes that can cause unreliable systems could
occur less often then safe changes, however, he states that the claim has not yet been
scientifically investigated.



Finally, every paradigm has its advantages and disadvantages: the following quote
from [23] illustrates our point of view the best: “The key issue is not whether the system is
object- or function- structured but whether it is organized primarily around transactions or
data types. Within cither paradigm, a dual solution is possible that reverses the
advantages™.



Chapter 3 Testability in Object-Oriented
Software Development

3.1 Introduction

The purpose of this chaprer is to describe the concept of Testability in software
development. We will present the fundamental factors required to provide testability in QO
software, as described in [67).

3.2 Testability

As stated in [41], testing is tedious because it requires the derivation of large
amounts of data. It is boring because of its repetitive nature and it is unavoidable because it
s often the only way to detect errors in a system.

Testability is as a measure of how easy (less complex, less tedious, less boring.
less costly) the effective testing of the implementation is made {3).

3.2.1 Origins of Testability

The term Testability originated in hardware design, more specifically in circuit and
in semiconductor fabrication [42,43]. In this context, testability is defined as a measure of
how easily a piece of hardware (circuit) can be tested to ensure it performs its intended
function. A circuit that can be completely tested with minimal time and effort possesses the
greatest degree of testability [44].

The advantage, among others, of introducing testability features in hardware design
allows (1) failures to be detected early in the process, thus permitting appropriate action to
be taken early in the process, (2) reduces the amount of time required to completely test a
product and (3) reduces the need for external test equipment by including low cost features
as an integral part of the product. Therefore, it increases the quality of the product, thus
increasing customer satisfaction, reduces test cost, manufacturing costs and maintainability
costs, and it assists engineering debugging or testing [44).
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A few myths that delay the introduction of testability into hardware products are
discussed in [44]. The major myth is that testability features are expensive to introduce, To
this, the authors respond that a modest investment in testability results in a large
improvement in fault detection and isolation. They also state that apparent savings gained
by the omission of testability will ultimately be lost by longer development schedules and
increase manufacturing costs. In [43], the author observes that products designed with
testability features have a 10% to 40% reduction in the product's time to market.

In {45,46] a success story is described by Resdel Engineering where compliance
with MIL-STD-2165 was required for a new avionics equipment for the U.S. navy. The
requirements for the sonobuoy receiver system were very stringent and included
redundancy and BIT (built-in-test) and BITE (built-in-test-equipment) to detect 98% of the
failures. The product was delivered on schedule, problems were encountered and tackle in
the carly design stages, thus achieving a proper balance between performance, cost and
supportability of the system assemblies.

322 Testability in Object-Oriented Software Dev~iopment

Software development, as hardware development, is faced with the same challenges
of competitive markets, aggressive schedules and stringent specifications. Thus the
advantages of providing testability in software development are recognized both by
industry [47] and research [7,48,49,67]. What are testability requirements and how to
introduce testability in software engineering is still a popular topic of research. In this sense
software engineering is behind hardware engineering.

Testability was defined as a measure of how easy (less complex, less tedious, less
boring, less complex) the effective testing of the implementation is made.

In [67], the author conceives testability as a result of the following fundamental
factors:

- the characteristics of the implementation

- the test support environment

- the characteristics of the representation

- the software process in which testing is conducted .

The last two factors are the focus of our work. We will show, in the following
sections our contribution to the Iatter.



3.2.2.1 The characteristics of the implementation

This is not within the scope of the work presented in this document, but it is bricfly
described based on the work in [67].

There are two ways of achieving testability of OO implementations. First, by
allowing Built-In test capabilities, such as set/reset reporters and class assertions, which
allow to effectively control and observe the source code. Second by implementing for
testability, that is implementing by following some basic accepted principles of QO
programming which provide controllability and observability, described in the next section.
An example of such a principle is low coupling betweer classes. Classes that have high
coupling (i.e. high interdependencies) are typically more arficult to control. thus reducing
testability [67].

This is also not within the scope of the work presented in this document, but it is
briefly described based on the work in [67].

Providing an efiective test support environment will increase testability. For
example, test-suites that can be reused, increase the amount of testing that can be done and
hence increase testability. Also, test tools alleviate the testing of the source code greatly.
For example dynamic testing tools such as program instrumentators (i.e. programs that
augment source code with probes or variables to determine execution paths) and assertion
processors allow to execute the source code and assess about its correct execution. Static
testing tools allow 1o detect code that will never be executed, uninitialized variables, etc.
[41].
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3.2.2.3 The characteristics of notation

To provide testability, the author in [67], defines basic characteristics of notations!
they must be verifiable, modifiable, traceable, complete, unambiguous and consistent. He
states that test cases can be developed from notations that exhibit these characteristics. thus
contributing towards testability.

These characteristics are mentioned in [67] but no definition is provided. We
believe that they are the basic components of testing activities since they provide what
needs to be tested. Our contribution is this area is to provide concrete definitions of the
above characteristics taking into account the iteration style of development of OO systems.

First the characteristics should be divided into testability requirements and
testability attributes. Notations that conform to testability requirements can exhibit
testability attributes.

3.2.2.3.1 Testability Requirements of notations

Verifiability, modifiability and traceability are basic testability or verifiability
requirements of notatons:

(1) A verifiable or testable notation? can be tested to be assessed for its completeness,
correctness, consistency and incorporation,

(2) Modifrability is directly related to verifiability: a modifiable notation should provide 2
set of legal transformations that can be verified. We discuss this in more detils in
Chapters 6 and 7.

(3) Traceability becomes importart when 2 group of notation is being considered to make
semantic connections between different notations. Traceability does not necessarily

INote that in our discussion, the term norartion corresponds to syntax of a representation,

25 verifiable or teswable [46.51.62.63] notation is
Partionable (can be divided into independently testable units to facilitate the insertion of points
of control and observation between these units)
Controllable (can be intemctively set to a particular internal state or behavior)
Observable (allows a change of an internal state or behavior (o be determined by observing
externally behavior(s))
Processable (allows its test results o be easily interpreted and analyzed)
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need to be an integral part of the syntax of a notation since annotations or tools like
Requirements Tracing and Management (RTM) [68] and Dynamic Object-Oriented
Requirements System (DOORS) [70] can capture traceability information. We define
the following types of waceability that notations should exhibit:

horizontal traceability : Notations at a given phase (¢.g. Analysis) of an iteration of
the development process are complete3 and correct* with respect to other notations
used at that phase (Analysis in our case).

vertical upwards traceability : Notations at a given phase (e.g. Design) of an iteration
of the development process are consistentS with respect to notations used at a
previous phase (Analysis in our case) for that iteration. Thus. in our example, it is
possible to assess whether a design reflects the analysis for a given iteration.

vertical downwards traceability : Notations at a given phase (e.g. Analysis) of an
iteration of the development process are consistent with respect to notations used at
the next phase (Design in our case) for that iteration. Thus, in our example it is
possible to assess whether the analysis is reflected in the design for a given iteration.

Jorward iteration traceability : Notations at phase n of iteration i are incorporatedS in
notations at phase n of iteration i+J.

backward iteration traceability : Notations at phase » of iteration i+/ are incorporated
in notations at phase n of iteratior. i.

3Completeness is a wstability atribute of notations; it is described in the next section.
~ 4Correctness is a testability anribute of notations: it is described in the next section.
SConsistency is a testwbility anribute of notations: it is described in the next section.
SIncorporation is a testability antribute of notations: it is described in the next section.
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3.2.2.3.2 Testability Attributes of notations

Notations that conform to the testability requirements described in the previous
section exhibit testability attributes since

- a verifiable notation can be tested for testability attributes
- a modifiable notation can accommodate changes to achieve testability atiributes
- atraceable notation can be traced to other notations to achieve testability attributes.

We define the testability attributes of incorporation, completeness. correctness and
consistency. The last three were selected by the authors in {8] as the basic attributes of
notations. The incorporation artribute is proposed by our work. to accommodate the
iterative type of software development, where notations must be consolidated (i.e.
incorporated) from one iteration to the next. This is explained in more details later in this
section,

We expand the discussion in {8] by providing details about the aspects of notations
(i.e. syntax and semantics) and expanding on the definition of testability attributes. We will
show in Chapters 6 and 7, which testing activity types test for completeness, correctness.
consistency and incorporation, as well as how.

The Aspects of notations

The aspects of notations are illustrated in Fig. 3.1. The figure illustrates our
proposed class configuration for a Notation based on the work in [38].

A Notation is a graphical or text based representation. It conforms to a
Syntax, which generates a set of Statements that make up a Language for the
Notation. It is this Language that provides the semantic for the Model. A Syntax is
formed by an Alphabet and a Grammar. An Alphabet contains a set of Model ing
Constructs, each of which has a unique Representation. The Grammar contains
Rules that define how to legally combine Modeling Constructs. Fig. 3.2 illustrates
an instance configuration of Fig. 3.1 for the State Charts notation. _

As stated in [38], the syntax of notations relates the notation to the language
notation by describing relations among the language constructs without considering their
meaning. The semantics of notations relates notations to the domain by considering the
meaning of relations among statements. In the latter case, we can say thata notation aims at
providing the semantics to describe a View (i.e. Static, Communication, Dynamic and
Processing, these are described in Chapter 4).
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The Attributes of notations
Completeness

Completeness is defined by the authors in [38] as the auribute exhibit by models
when everything that the system is supposed to do is included in the software, the
system responds to all classes of input data and there are no requirements marked to
be determined.

In terms of notations, our definition states that "notation A is complete with respect
to notation B, when the semantics of notations A, describes no more or less then
what is required by the semantics of notation B".

Thus, we can talk of semantic completeness. Semantic completeness is necessary
to achieve the concepts of Horizontal Traceability (section 3.2.2.3.1).

Correciness

Correctness is defined by the authors in [38] as the atmibute exhibit by models
when “every requirement represents something required by the system to be built
and no error will affect the design™. In terms of notations, our definition states that
"notation A is correct when

(1) its statements gonform to the syntax of the notation AND
(2) no errors occur in the semantics it provides.”

Thus, we can wlk of semantic correctness and syntactic correctness. Semantic

correctness and synlactic correctness are necessary to achieve the concept of
Horizontal Traceability (section 3.2.2.3.1).
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Consistency

Consistency is defined by the authors in [38] as the awribute exhibit by models

witen “no set or requirements is in conflict with any other set™.

In terms of notations, our definition states that "notation 2 is consistent with
notation B when the semantics of notation A is not in conflict with the semantics
notation B and vise-versa”. More specifically,

(1) every modeling construct of a notation at phase n of the development process
is present or rationalized (if deleted or changed) at phase n+/, and that

(2) every modeling construct at phase n+/ of the development process is a valid
ransformation of a modeling construct at phase ».

Thus, we can talk of semantic consistency. Semantic consistency is necessary to
achieve the concept of Vertical Upwards Traceability and Vertical Downwards
Traceability (sevtion 3.2.2.3.1).

Incorporation

Incorporation is an atribute of rotations proposed by our work to denote that the
semantics of notations at phase n of iteration i are incorporated (i.c. taken into
account) in the semantics of notations at phase n of iteration i+/ and vise-versa.

Thus, we can wlk of semantic incorporation. Semantic incorporation is necessary
to achieve the concept of Forward and Backward Iteration Traceability (section
3.2.2.3.1).

We have defined the following testability atributes of notations.

- semantic completeness

- semantic consistency

- Semantic Commecmess

- semantic incorporation

- SYRIACC comecmess .



We say that notations that exhibit the above attributes provide high westability (.c.
tac implementations derived from such notations are easier to test). Fig. 3.3 illustrates how

the auributes of notatons relate to traceability.
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Rational for the selected attributes of notations

As stated in section 3.2.2.3, no concrete definition of testability attributes of
notations currently exists. Our selection was based on two constraints or requircments:

(1) we needed to take into account the iteration style of development of OO systems, and

(2) at a given phase of development no two game Views (1.e. group of notations describing
the same semantics) can be provided.

We belicve that the selected atributes and their definitions. best illustrate the above
two requirements.

Completeness and correctness are atwibutes that are applicable 1o a given phase of
the development process as illustrated in Fig. 3.3. Based on requirement (2) above, these
atributes are judged against the different Views provided at given phase. Thus. we talk of
completeness and correctness between different Views for a given phase.

Consistency, on the other hand. is an atuibute applied to different phases of the
development process as tllustrated in Fig. 3.3. The atibute is judged against the mappings
from on¢ View at a given phase to the same View at the next (more detailed) phase. Thus,
we can talk of consistency of a View through different phases.

Some important observations should be made at this point.

Why is consistency not a Horizontal Traceability attribute?

Consistency is an attribute that exists only in the context of the same View (i.e. we
say that the Comrnunication View at Analysis is consistent or in conflict with the
Communication View at Design). Horizontal Traceability deals with Views provided at
a given phase of the development process. At a given phase, no two same Views can be
provided (e.g. we cannot have more than one Communication View at Design,
therefore we cannot talk of consistency between the two Views).



Why are completeness and correctness not Vertical Traceability attributes?

Consistency deals with identifying conflicting semantics between two same Views
at different phases of the development process. Our definition of CONSISICRCY, as
shown below, actually involves detecting completeness and correctness.

(1) gvery modeling construct of a notation at phase n of the development process i
present or yationalized  (if deleted or changed) at phase n+/, and that

(2) every modeling construct at phase n+/ of the development process is 3 valid
transformation of a modeling construct at phase n.

‘every’ deals with completeness and ‘is present or rationalized’ and ‘is_a valid
ransformation of” deal with cerrectness.

Why create the consistency attribute if consistency includes completeness
and correctness?

The basic rational is to be able to differentiate the context in which completeness
and correctness can be applied. The consistency attribute includes completeness and
correctness but in a different context then in the original definitions provided above;
while the context was: different Views at a given phase, the context in consistency is:

View at diff hases.

Also, the completeness and correctness in consistency are judged against the
goals of the current iteration (this is described in Chapter 7). The original completeness
and correctness, as described above, are judged against the semantics provided by a
View.

Why create the incornoration attribute

Our definition of incorporation states that notations must take each other into
account from iteration to iteration. The term “"taken into account” can be open to
different interpretations. This is purposely so.

When moving from one iteration to the next, the designer may be dealing with a
totally new component (in the case that iterations where determined base on functional
components of the application to be developed) or he/she may be dealing with more
detail of the application to be developed (in the case that iterations where based on
refinements).
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Iets ke an example of the first case:

- iteration /  has developed component fci,
- iteration i+/ developed component fci+/.

In this case, the incorporation at every phase (i.e. the interpretation of “taken into
account”) is well defined and measurable since it is based on the specification of the
interactions between fci and fei+1. For example, the incorporation could be that an
instance of a class of fei invokes an operation in an instance of a class of Sfei+l.

Lets take an exampie of the second case:

- iteration { has developed component fei  with level of detail di
- iteration i+/ continue development of component fci, with level of detail dj+/

In this case, the incorporation at every phase (i.e. the interpretation of "taken into
account”) is not well defined and very difficult to measure since it is based on the
refinement of fci . Here. the incorporation attribute has the flavor of consistency since

we can say that:

(1) every modeling construct of a notation used to express the semantics of fei at
phase n of iteration i is present or rationalized (if deleted or changed) at phase
n of iteration j+/, and that

(2) every modeling construct of a notation used to express the semantics of fci at
phase r of iteration i+1 is a valid transformation of a modeling construct at
phase n of iteration i.

The rational for using notations that conform to the basic testability requirements of
verifiability, modifiability an waceability is that these notations can be assessed or tested for
testability attributes (i.c. consistency, correctness, completeness and incorporation) through
testing activities. This provides the ability of:

(1) uncovering errors carly in the process where they are less costly to fix

(2) generating test cases that can be applied to the unplcmm:auon o

(3) guiding the testing of the implementation. -
Q) facnhtatpng the locanpn of source(s) of error(s) for moditication

We will discuss theéc separately in Chapters 5, 6 and 7.
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3.2.2.4 The software process in which testing is conducted

The software process in which testing is conducted is one of the basic factors for
achieving testability as described in section 3.2.2. The authors in [8,67] state that the
process should closely integrate development and testing activities and ensure that sufficient
resources (staff, time, funding) are allocated for these testing activities. This must be
accompanied with creating a mind set in the organization of commitment to quality.

We observed that there are two major areas that are omitted in the process
described in [8.67].

First, the process should enforce a consistent method of dealing with change (i.c.
€ITOr correction, enhancements, new requirements, etc.). This is discussed in Chapter 4.

Second, the process should determine what are the testing activities that should take
place at different phases of the OO software development. These are discussed in Chapters
5,6and 7.
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Chapter 4 Notations, Models and
Views

4.1 Introduction

There is a great deal of literature in the area of OO software development
methodologies, [14,15,18,22,24,25.26,27.28,29.30,31.32]. among others. "The existing
research can be divided into three broad categories: (1) processes only (2) representations
only and (3) processes and representations. The first category, processes, refers to
procedural methods for performing OO analysis or design, or some panicu-lar aspect of
analysis or design. These processes do not include OO analysis and design (OOAD)
diagrams or notations. The second category, representations, refers to graphical notations
or diagrams for depicting the output of OOAD. The focus is on visually representing a
design not on how to derive a particular design. The third category, processes and
representations, encompasses both processes for performing (some subset of) OOAD and
representations for specifying results.” [35].

Little effort has been spent in standardization mainly because different applications
require different software development methodologies (i.c. Processes, Models and
Notations). “Convergence of certain methodologies is more likely to happen as opposed to
standardization” [33].

The authors in [18,34,35,36,37), provide excellent comparisons, categorizations
and requirements of OO Processes, Models and Notations.

The intend of the work in this section is not to propose yet another methodology or
to provide a critique of the existing methodologies. We gather different Processes, Models
and Notations, combine them and construct 2 Generic Object-Oriented Development
Methodology. This methodology is the basis for our proposed Generic Integrated Object-
Oriented Develoment and Testing Methodology, described in Chapter 8. The focus of the
methodology is to provide a way of handling change in a consistent manner and the
integration of development and testing activities. This is one of the key factors in providing
testability in OO software as described in Chapter 3. To arrive to generic testing activities
(L.e. testing activity types), we classify notations used in the OO world into Models and
Views. The rational for this catégorization is purely from a testing pe:spective and becomes
apparent in Chapters 6 and 7 where we illustrate that testing activity types test Models.
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4.2 Definitions

The purpose of this section is to describe the methodology nomenclature that will be
used throughout the rest this document. The discussion is based on Fig. 4.1 which is a part
of Fig. 1.1 described in Chapter 1.

Object-Oriented Methodology: The Generic Object-Oriented Development
Methodology is the set of artifacts (Process, Models and Notations) used in the

development of QO software.

Process: An OO Process defines the development phases (e.g. Analysis, Design, etc.)
and their ordering of occurrence. It also defines the type of development (i.e. Spiral versus
Waterfall [10], Top-Down versus Bottorn Up [20]). Finally, a Process should define
how Notations used at a phase (e.g. Design) of an iteration of software development are
derived from Notations of a previous phase (e.g. Analysis) and vice-versa. This is to
ensure that Not ations are correct, complete, consistent and incorporated in themselves
and with respect to other Notat ions used in the software development process.

Model: A Model corresponds to the semantics described by a set of Notations (e.g. the
State Machine Model is the semantic described by the SDL [12] and State Charts [13}
notations, among others). Models are described in section 4.3.3.

View: A View is a higher level of abstraction then a2 Model. It corresponds to the
semantics described by a set of Models (e.g. the Dynamic view of a system is the semantic
described by the State Machine Model, among others). Views are described in section
- 4.3.4.
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Notations: As described in section 3.2.2.3.2, 2 Notation conforms to a Syntax,
which generates a set of Statements which in turmn make up 2 Language for the
Notation. Itis this Language that provides the semantic for the Model. A Syntaxis
formed by an Alphabet and 2 Grammar. An Alphabet contains a set of Modeling
Constructs, each of which has a unique Representation. The Grammar contains

Rules that define how to legally combine Modeling Constructs. Notations are
described in section 4.3.2.
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4.3 The Generic Object-Oriented Development Methodology

We will now describe a Generic Object-Oriented Development Methodology based
on [14,15,18,22,24,2526,27,28,29,30,31,32]. The discussion first describes the process
and then Notations, Models and Views.

4.3.1 The Process

Most OO processes define an Analysis. Design and Implementation phases of
software development. Usually, Requirements Modeling is part of the Analysis phase as in
the case in [18].

Three observations can be made about different OO methodologies; (1) the two
¢nds of software development (i.e. Requirements Capture and Testing) are omitted most of
the time; (2) “the boundaries between Analysis and Design are inconsistently defined” [35];
(3) the processes do not accommodate changes in requirements, analysis and design
models, well. Note that the latter is one of the major advantages of a Spiral style software
development [10], however the current methodologies do not provide consistent
mechanisms for dealing with changes. The usual tendency in software engineering is to
accommodated changes at the phase where they are discovered. For example, if a change to
Requirements notations is identified at Design, the usual tendency is to modify the Design,
update Requirements and then continue development from Design on. This results in
spaghetti development (Design —> Requirements --> Design) which in turn causes the loss
of traceability of notations for a given iteration and from one iteration to the next.

Observation (1) is addressed in Chapter 8. Observation (2) is addressed in section
4.3.1.1. Observation (3) is discussed in section 4.3.1.2.2.
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4.3.1.1 The Development Phases

The development phases aim at describing different levels of abstraction of the
application to be developed. As part of our work, we define the following levels of
absuraction.

The Requirements level of abstraction describes the requirements of the application
10 be developed. _

The System level of abstraction describes the domains, subsystems and problemn
domain classes/objects as well as their relationships of the application to be developed.

The Class/Object level of abstraction describes the external view of classes and/or
objects (i.e. class structures, their interfaces and their communications).

The Class/Object Internal level of abstaction describes the internal behavior and
dam of objects.

We define the following development phases:

Requirements Capture

The Requirements Capture phase consists in gathering all requirements of the
system to be developed. The requirements are usually collected in a specification document
written in a natural language form. An alternative or complementary approach is to capture
requirements in the form of Scenarios [14] or Use Case (18] specifying uses of the system.
The Requirements Capture phase provides the Requirements level of abstraction or the
application to be developed.
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Requirements Modeling

The Requirements Modeling phase models the problem domain: “The Requirements
Modeling phase aims at delimiting the system and defining what functionality the system
should offer” [18]. The different activities that usually take place include:

(1) identification of different Domains?, (e.g. “application, service, architectural,
implementation®, {24]) and the relationships between Domains (e.g. bridges in
[24]):

(2) identfication of Subsystems in Domains [14,18,22,24] and their relationships if
necessary

(3) identification of Domain Classes/Objects in each Subsystem from the Uses Cases
or Scenarios in the Requirements Capture phase

The Requirements Modeling phase provides the System level of abstraction of the
application to be developed.

Analysis

The Analysis phase also models the problem domain [35]. The system is specified
in terms of Semantic Classes/Objects (“things or concepts used in describing the problem,
rather than the solution™ [35]) and their relationships and interactions. These Semantic
Classes/Objects are a refinement of Domain Classes/Objects of the Requirements Modeling
phase.

The Semantic Classes/Objects produced at Analysis are described at two levels of
abstraction: the Class/Object and Class/Object Internal level.

The Analysis models and notations should captwre different Views of the system
(e.g. Static, Communication, Dynamic and Processing, describe in section 4.3.4).

7"A Domain can be thought of as a separate world inhabited by its own conceptual entities, or objects.
Hence, in an Autormated Raiiroad Management System, a Railroad Operations Domain is concerned with
trains, tracks and the like, while a User Interface Domain is involved with windows, displays. and icons™
[24]. For more detils, please refer 1o Appendix B.



Design

The design phase models the solution demain [35]. The Analysis models and
notations are refined. elaborated and optimized (e.g. “‘semantic objects, may be extended as
useful abstractions are discovered”™ [35], solution based objects are identified such as
Interface, Application and Base/Utility classes [35], etc.).

The Solution Classes/Objects produced at Design are described at two levels of
abstracton: the Class/Object and Class/iObject Internal level.

Design should continue providing the different Views of the system as identified in
Analysis.

Thus the boundaries between Analysis and Design are the domain that each phase
deals with: Analysis deals with the problem domain in terms of Semantic objects; Design
deals with the solution domain in terms of Soluton objects.

Implementation

The Implementation phase corresponds to the translation of Design models and

notations into programming languages for execution.

Testing

The Testing phase aims at verifying that the implementation fulfills the
requirements of the original specification.
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4.3.1.2 The Style of Development

Having define the development phases, we will now define the process (i.c.

iteration style and ordering of development phases).
4.3.1.2.1 Background

Most methodologies propose an iterative incremental approach to QO software
development based on the Spiral process [10].
As stated in [37], different authors propose different iteration styles. Fig. 4.2
illustrates the difference between OMT [14] and Jacobson [18]. Shiaer and Mellor (24].
and Booch [22].

OMT;Jacobson Shlaer and Mellor Booch
Analysis Analysis Analysic MeE——
, v
Design C Design = Design <
Impiementacion Implementazion b Implementation |

Figure 4.2 Iteration Styles

Other industry methodologies as the onc used in the project described in [17], do
not define the iteration style, it is up to the designer to determine “how much to do”. As
shown in Fig. 4.3, ‘Iteration 1’ includes extensive Analysis, some Design and no
Implementation. ‘Iteration 2’ concludes Analysis, performs some Design and starts
Implementation. ‘Iteration 3’ concludes Design and does mainly implementation.

Iteration 1 Ticration 2 Iterstion 3

Analysis ]
D&icm ]

Implementation j

Figure 4.3 Iteration Styles coni.



4.3.1.2.2 How to handle change

None of the iteration styles described above accommodates changes (e.g. error
corrections) in analysis notations, design notations, etc.. such that traceability is not lost.
We will illustrate our statement with examples and provide solutions. The solutions
proposed can be easily implemented in the 1teration styles.

Note that our proposed way of dealing with change does not address legacy code.
Also. it assumes that the implementor is in close interaction with the analyst(s) and
designer(s), or is the analyst and designer himself or herself. Note that this is often the case
within a Micro-lieraton (define in section 4.3.1.3) but not within a Macro-kteration.

Also it is not within the scope of this thesis to address management issues such as
a code change not being accepted by a analyst and therefore delaying the project.

How to handle change in the OMT/Jacobson style of iteration

Lets take the iteration style of OMT/Jacobson in Fig. 4.2. We observe that there is
no feedback from Design to Analysis and from Implementation to Design. However
changes to Design notations will certainly cause changes to Analysis notations and in tamn
changes to Implementation will cause changes to Design notations. How can we ensure that
these changes are addressed and that traceability of notations within an iteration and from
one iteration to the next is always present? Fig. 4.4 illustrates our proposed solution.

The basic resource to provide a consistent and organized manner of dealing with
change is a repository. In Fig. 4.4, there are two partitions to the rer” sitory.

Partition (1) stores changes to the current iteration Ana., .s notations discovered
at the Implementation phase of the current iteration. This is shown by the line labeled as 2.

Partition (2) stores changes to previous iterations Analysis, Design and
Implementation notations discovered ai any of the three phases of the current iteration. This
is shown by the lines labeled as 4, 5 and 6, respectively.

One iteraton may be composed of one or more cycle of changes (one cycle of
change corresponds to the path labeled as 8, 9, 10). The exit criterion for an iteration is
when the goal of the iteration is fulfill and when partiion (1) is empty. At this point the
next iteration may begin if and only if partition (2) is empty. If this is not the case, then
the changes in partition (2) must be addressed, as shown by the line Iabeled as 4. This
will cause previous iterations to be revisited (cvery change in partition (2) should be
moved to partition (1), which in tumn will start a cycle of change ). Thus, the process
forces to addrcss'changes before moving forward, therefore avoiding to build on top of
components that have errors.
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At Analysis, the first activity is to address the changes in partition (1) as shown
by the line labeled as 7. If the partition is empty then, if partition (2) is empty then we
can start a new iteration, otherwise, the iteration in partition :2) requiring changes will
become the next iteration. If partition (1) is not empty, then this means that the current
iteration needs to go through a cycle of change. This will cause changes to the current
Analysis notations. Once the changes in partition (1) have been addressed, the partition
should be empty. The Design notations can now be updated based on the changes
performed to Analysis, as shown by the line labeled as 8.

At Design. changes to Analysis notations may be discovered: they should be
applied immediately as indicated by the line labeled as 1.

The Implementation phase can now be updated based on the changes performed to
the Design notations as shown by the line labeled as 9. Changes to Analysis should be
stored in partition (1), as indicated by the line Jabeled as 2. The same thing should occur
for changes to Design that wiil affect Analysis. This is because, if they are applied to
Design right away, nothing guarantees that later, the Analysis notations will be updated
accordingly. In fact these changes to Analysis have a high probability of being forgotten.
This will cause loss of traceability between Analysis and Design notations for the current
iteration. Finally, changes to Design that will not affect Analysis can be directly applied to
Design as indicated by the line labeled as 3. This may in wrn cause changes to
Implementation as indicated by the lines labeled as 9 .

changes co
current
Iteration

Analyeic

T

changes to
othwer
Iteration

t Implementation

= iteration flow

== cycle of changes flow
~—3 <hanges flow

Figure 4.4 How to handle change in the OMT/Jacobson style of iteration
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Within an iteration, we observe that changes bubble-up. For example, if at
Implementadon. 1t is determined that changes to both Design and Analysis notation will be
required, then the changes will be store in partition (1) to be addressed as part of the next
cycle of change .

Finally, note that forward changes (e.g. it is determined at Analysis that changes to
Implementation will be required) do not need to be stored in a partition since they are
handled by the current flow of cycle change (i.e. path labeled as 8, 9).

With the process described above, we can ensure Vertical Upwards and Vertical
Downward traceability (described in section 3.2.2.3.1) within an iteration. This is because
changes that involve consecutive phases are applied immediately to both phases. Changes
that involve phases that are not consecutive are not applied directly but rather are moved up
(bubble-up) to be addressed as part of a cycle of change.

We can ensure Forward and Backward Iteration traceability (described in section
3.2.2.3.1) in the following manner: before moving to the next iteration. the process forces
10 address partition (2), thus not allowing to move forward until all errors have been
corrected and notations updated.

How to handle change in the Shiaer and Mellor style of iteration

Lets take the iteration style of Shlaer and Mellor in Fig. 4.2. The iteration style is
based on recursive Design until completed and error-free. We observe that the process does
not include iteration of Analysis, therefore (a) no traceability can be achieved between
notations (i.¢. changes to Design and Implementation cannot be reflected in Analysis) and
(b) all components {&.g. semantic classes, functionality, etc.) not identified in Analysis will
lead to incomplete implementations (the implementations must be upgraded to include the
new Analysis components through patching, causing expensive rework). Note that thisis a
common problem of the Waterfall style of iteration.

How can we ensure traceability of notations? Fig. 4.5 illustrates our proposed
solution. The basic requirement of the iteration style is that to move to Implementation,
Design must be completed and error-free. This means that Analysis and Design notations
must have Vertical Upwards and Vertical Downwards traceability before moving to
Implementation. This involves updating Analysis notations, while performing Design as
illustrated by the line labeled as 1. ]



At Implementation, if changes to Analysis and/or Design notations come across,
they should be stored in partitions (1} and (2) respectively as shown by lines labeled as
2 and 3.

Once Implementation is finished, if partitions (1) and (2) are empty then the
process is finished (i.c. the application has been developed) and no cycle of change was
reguired. Otherwise a cycle of change is started as indicated by the line labeled as 8.

The cycle of change starts with Analysis. The changes in partiion (1) must be
addressed as indicated by the line labeled as 5. This will cause changes to Design as
indicated by the line Iabeled as 6. Once the changes in partiion (1) have been addressed,
the partition should be empty. Now, Design notations must be updated with the changes in
partiion (2) as indicated by the line labeled as 4. This may cause changes to Analysis as
indicated by the line labeled as 1. Once the changes in partition (2) have been addressed.
the partition should be empty. Now, the Implementation can be updated as indicated by the
line I: " Cled as 7. Again, this may cause changes to Analysis and Design notations. These
should be stored in partitions (1)} and (2) respectively as shown by lines labeled as 2
and 3, causing 2 new cycle of change to begin. This process is repeated until no changes
are store in partitions (1) and (2) at the Implementation phase.

— 3 otk 5 changes to
r | Analysis 5 e
1 >
! 6 4
1 i 1
: 2
1 €<
1
} ., 2)
L—— ti changes to
Implementation 3 > Desien

==3p- iteration flow
~=3 cycle of changes flow
—>» changes flow

Figure 4.5 Hew to handle change in the Shlaer and Mellor style of iteration
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In our process a cycle of change car start only after Implementation is completed.
This is in line with the Shlaer and Mellor iteration style. The process allows to handle
changes in a consistent manner. after implementation, to achieve Vertical Upwards and
Vertical Downward traceability. This is achieved by storing changes in partition (1) and
(2) and addressing them as part of a next cycle of change.

Vertical Upwards and Vertical Downward raceability between Analysis and Design
notations while in the recursive Design stage is achieved by updating Analysis notations
during recursion.

How to handle change in the Booch style of iteration

Lets take the iteration style of Booch in Fig. 4.2. In this iteration style, it is possible
to go from Analysis to Implementation. thus jumping over the Design phase. This provides
flexibility. However, Design will not be consistent with Analysis for a specific iteration,
for both development and documentation, since an Implementation will have no Design that
corresponds to it. In this case, the traceability flow is lost. How can we ensure traceability
of notations, given that phases can be skipped? Fig. 4.6 illustrates our proposed solution.

At every phase, changes to notations of all other phases should be stored in
partitions, if and only if, the next phase in the iteration cannot address the changes.

For example, at Analysis, changes to Design notations should be stored in partition
(2) as indicated by the line labeled as 1, jf and only if, the next phase of development is
Implementation. If the Design changes are not stored in partition {2), nothing guarantees
that these changes will be addressed in the near future. This is because, the iteration style
allows to iterate from Analysis to Implementation, back to Analysis repetitively, thus
increasing the probability of forgetting the Design changes.

Another example to illustrate our logic, is that at Implementation, changes to
Analysis notations should be stored in partition (1) as indicated by the line labeled as 2, if
and only if, the next phase of development is Design. If the Analysis changes are not stored
in partition (1), nothing guarantees that these changes will be addressed in the near
future. This is because, the iteration style allows to itsrate from Implementation to Design,
back to Implementation repetitively, thus increasing the probability of forgetting the
Analysis changes.
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Once at a phase. the first activity should be to address the changes in the partition
corresponding to that phase. For example, at Analysis. changes in partition (1) should be
addressed as indicated by the line labeled as 3. Once the changes in partition (1) have
been addressed (i.e. Analysis notations have been updated), the partition should be empty.
During this process, (2) Design changes may come across: they should be stored in
partition (2) if the next phase of development is Implementation or (b) Implementation
changes may be come across: they should be stored in partition (3) if the next phase of
development is Design.

‘The exit criterion of the application to be developed is at Implementation, when the
system has been developed and partions (1), (2) and (3) are empty.

chanqes zo
Analysis

Implementation

* iteration flow
w=se3p- changes flow
—3» changes storage flow

Figure 4.6 How to handle change in the Booch style of iteration

The process allows to handle changes in a consistent manner, regardless of the
sequence of phases. This is in line with the Booch iteration style. At every phase. the
process forces to address changes specific +o the notations of that phase, thus not allowing
to move forward (i... next phase) untl all errors have been corrected and notations
updated. . )

Vertical Upwards and Vertical Downward wraceability between phases will be
achieved at the exit criteria described above.



How to handle change in an industry iteration style

wets take the iteration style in Fig. 4.3. This iteration style is probably the most
flexible one, since it allows designers to set up their own iteration style. The problem
however is similar to the one in the Booch's approach: one can easily loose traceability
from one phase 10 anotaer.

How can we ensure taceability of notadons? Fig. 4.7 illustrates our proposed
solution. Note that the figure illustrates onc¢ possible configuration, on the basis of
“Iteration 1’ including extensive Analysis, some Design and no Implementation, ‘lteration
2’ concluding Analysis, performing some Design and starting Implementation and
*Iteration 3 concluding Design and performing mainly implementation.

In 'Iteration I, changes to Analysis notations, discovered at Design, should be
stored in partition (1) as indicated by the line labeled as 1. At the next iterution, these
changes should addressed at the corresponding phase (i.e. Analysis in our case, as
indicated by the line labeled as 2). The partition should then be emptied.

In Treration 2', the same process should be followed for changes to Analysis
notations, discovered at Design as indicated by the line labeled as 3. At Implementation,
changes to Analysis notations should be stored in partiion (1) as indicated by the line
labeled as 4; changes to Design notations should be stored in partition (2) as indicated by
the line labeled as 5. These changes should be addressed in the next iteration.

Iteration 1 Iteration 2 Iteration 3
Analysis
/
/
7/
Design Ny 6’
{1) I’ )
Implementation g ml:" I,
/
7
4
¢ II
e izoration flow changes to
Dwaign
—<» changes flow .

—3» changes stur~ge flow

Figure 4.7 How to handle change in an industry style of iteration
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In "heration 3, the gray rectangle indicates that Analysis is not finished since
partition (1) is not empty. These changes must be addressed. as indicated by the line
labeled as 6, und Analysis must be revisited, even though the original plan scheduled
Analysis to be finished at Tteration 2.' Once the Analysis notations have been updated.
partiion (1) should be emptied. At Design, changes in partition (2) should be
addressed in the same manner.

The exit criterion of the application to be developed is at Implementation, when the
system has been developed and partitions (1), (2) and (3) are empty (i.e. no next
iteration is required).

The process allows to handle changes in a consistent manner, regardless of the
number of iterations. This is in line with the iteration style presented in Fig. 4.3. At every
phase, the process forces to address changes specific to the notations of that phase. thus
not allowing to move forward (i.e. next phase or next iteration) until all errors have been
corrected and notations updated.

Vertical Upwards and Vertical Downward traceability between phases will be
achieved at the cxit criteria described above.

The previous section described iteration styles adopted in OO software
development. We augmented every iteration style with a process to handle changes in a
consistent manner to ensure that they will be addressed and will not brake waceability of
notation through iterations and phases. This was one of the basic factors for achieving
testability as described in section 3.2.2. We will now introduce the approach to software
development used throughout this document.



4.3.1.3 The Generic Object-Oriented Development Process

Fig. 4.8a shows the approach to software development used throughout this
document. This process will be referred 1o as the Generic Object-Oriented Development
process.

The approach is based or. the phases defined in section 4.3.1.1, on the iteration style
of OMT/Jacobson described in section 4.3.1.2.1, and its corresponding way of handling
change described in the same section. We have augmented the style of development to better
suit large projects as the one described in case of [17].

Note that we could have selected any of the four iteration styles described in section
4.3.1.2.1, since for every one, we have proposed ways of handling change,

Our process allows iterative and incremental development. The phases of the
development process are repeated (iterative) and the system is developed through successive
refinements increasing in level of detail (incremental).

We define two types of iterations in our process: Micro and Macro iterations. These
are similar to the Macroprocess and Microprocess steps in [39]. One Macro Iteration is
composed of one or more Micro Iterations.

The first phase in our process is the Requirement Capture phase. Its intend is to
capture the requirements of the system to be developed. Once a good understanding of the
requirements is achieved, the Reguirements Modeling phase may begin. Requirements
modeling may be performed on the whole set of requirements or simply on a defined set (¢.g.
the set that will be used for the Macro-Iteration). This phase marks the beginning of a Macro-
Iteration.

Macro-Iterations iterate over the requirements of the application to be developed. The
goal of a Macro-Iteration is the selected set of Requirements Modeling that will be
implemented during the Macro-lteration. The partitioning of the system may be on 2
functionality basis (e.g. a domain, a subsystern), on 2 risk basis (¢.g. items of higher risk are
implemented first), on the basis of one or more scenarios from Requirements Capture, etc.

Micro-Iterations iterate over the subset of requirements selected in 2 specific Macro
Tteration. The focus of Micro iterations should be the implementation of the Macro-Tteration
goal (c.g. one subsystem, a risk item, etc.). Again, as in the case of Macro-lterations, the

~ Micro-Iteration could be over a particular interaction among subsystems (in the casc that more
then one subsystem was selected as the basis for the Macro-Iteration), over items of higher
risk within the subset of requirements, eic.
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The approach in Fig. 4.8a is both Top-Down and Bottom-Up.

Top-Down because of the refinements that occur at cach phase: Domains,
Subsystems and Domain Classes/Objects are derived from Scenarios; the latter are refined
into Semantic objects, with semantic operations and relations between these Semantic objects;
Semantic objects are refined into Solution objects, with their correspanding operations and
relations,

Bottom-Up because each iteration (Macro and Micro)} provides increasing
functionality.

Requiremants Capture

requirenents
[ucenarios)

— Micro Iteration flow

* Macro Iterations flow

Micro Iteration

Macro Iteration

Figure 4.8a The Generic Object-Oriented Development Process



Fig. 4.8b illustrates our proposed way of handling change in the Generic Obiject-
Oriented Development Process. Note that the figure is a more detatled version of Fig. 4.4.

The focus of the process is to provide a way of handling change in a consistent and
organized manner. The intention is to provide traceability of notations:

(1) within a Macro/Micro iteration,
(2) from a Macro/Micro iteration to the next and
(3) from a Macro/Micro iteration to its previous iteration;

given that at any phase, changes to notations of any other phase may be identfied.

Note that Fig. 4.8b does not illustrate the flow of development but rather the flow of
changes and corrections to notations. The flow of development was illustrated in Fig. 438.a.

Fig. 4.8b appears to be very complex, but in reality, its semantics is quite simple. The
process is based on the following:

(@) atany phase, changes to any other phase can be identified: these changes are stored in
partitions of a database
(b)  before starting a new phase, these partitions (i.c. changes) must be analyzed

The basic resource to provide a consistent and organized manner of dealing with
change is a repository divided in 4 partitions depicted as (1) to (4) .

Partition (1): stores changes to notations (i.c. specification document) of the Requirements
Caprure phase.

Partition (2): stores changes to notations of the current Macro-Iteration.

Partition (3): stores changes to notations of the current Micro-Iterat.on Analysis phase.

Partition (4): stores changes to notations of previous Macro-Iterations.
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Figure 4.8b The Generic Object-Oriented Development Process to accommodate
changes

We now provide a high level algorithm explaining Fig. 4.8b. In the discussion that
follows, assume that Requirements Capture has occurred and that we are currendy in the
Requirements Modeling phase.




1. repeat undl all partidon are empty and no new Macro-lteration remain

2. address changes in partition (1) this is indicated by line 1
if empty
~goto3
else
repeat until empty
apply changes to Requirements Modeling notations, in nurn apply changes to Requirements
Capture notations as shown by line 2.

3. address changes in partition (4) this is indicated by line 3
if empty next Macro-lteration is a new Macro-lteration
- select Micro-Iteragon next Micro-Iteration is a new Micro-lieration

- perform Analysis, store changes as indicated bylines 4.5, and 6.
- perform Design, store changes as indicated by lines 7, 8, 9 and 10.
- perform Implementation, store changes as indicated by lines 11, 12, 13. 14 and 15.

-gotod
else
repeat until (4) is empty next Macro-lIieration is an existing Macro-fteration
- select Macro-Iteration that requires change
- move changes in (4) corresponding 10 the selected Macro-lteration to partition (2)
~ remove these changes from (4)
-gotos
4. address changes in partition (3) this is indicated by line 16
if empty
-gotws
else

repeat undl (3) is empty
- modify Analysis, store changes as indicated by lines 4, 5, and 6,
- remove change from (3),
- modify Design, store changes as indicated by lines 7, 8, 9, and 10.
- modify Implementation, stores change as indicated by lines 11,12, 13,14 and 15

-gotoS
5. address changes in partition (2) this is indicated by line 17
if empty
gotol
else
repeat untl (2) is empty
- update Requirements Modeling notations this is indicated by line 17

= select Micro-Iteration of current Macro-Iteration that requires change,

- modify Analysis, store changes as indicated by lines 4, 5, and 6,

- remove change from (2),

- modify Design, store changes as indicated by lines 7, 8, 9, and 10.

- modify Implementation, stores change as indicated bylines11,12,13, 14 and 15
-gotod. "
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The following observations can be made:

1)

3)

4)

5)

6)

7)

8)

9)

one Micro-lteration can be composed of one or more cycles of change (i.c.
until partition (3) is empty),

one Macro-teration can be composed of one or more cycles of change (i.e.
until partion (2) is empty),

the exit criteria for 2 Micro-lteration is the goal of the Micro-Iteration and for
partition (3) to be empty, at the Implementation phase.

the exit criteria for a Macro-Iteration is the goal of the Macro-Iteration and for
partition (2) to be empty, at the Implementation phase,

do not move forward (i.e. address a new Micro-Iteration until partition (3) is
empty,

do not move forward (i.e. address a new Macro-lteration untl partition (4) is
cmpty,

changes In partition (2) will cause revisiting notations of previous Micro-
Iterations for the gurrent Macro-Iteration,

changes in partition (4), will cause revisiting notations of previous Macro-
Iteration as well as their Micro-Iterations

within a Micro-lIteration,

- changes to consecutive phase can be applied directly if and only if, it is
determined that the changes affect only the two phases in question (this is
shown by the lines labeled as 7 and 11.

-  changes to two non-consecutive phases (Le. Analysis and Implementation)
should be stored in partition (3) and be addressed as part of the next cycle
of change, as explained in Fig. 4.4, these changes are said to bubble-up.
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Lets take two examples to illustrate the discussion.

Example of change: |

Assume that while in the Implementation phase, we detect changes in Design that
will caus: Analysis changes: if one performs those changes in the Design notations
and implements them, then the Analysis notations will be inconsistent with the
Design notations for that Micro-Iteration. This is because nothing guarantees that
the Analysis notations will be updated later. Therefore, these changes should be
stored in partition (3) to be addressed as part of the next cycle of change for the
current Micro-Iteration. Note that, if it is determined that the change identified at
Implementation does not affect any other phase but Design, then it ¢can be z2pplied
immediately to Design notations.

Example of change : 2

Assume that while in the Analysis phase of a given Micro-Iteration, we detect changes
that must be incorporated to the Implementation phase of a previous Micro-Iteration of
the current Macre-Iteration; if one performs those changes in the Implementation, then
we loose traceability within Micro-Iterations for the current Macro-Iteration. The
changes should be stored in partition (2) (this is shown by the lines labeled as 5), and
be addressed when the current Micro-Iteration is finished and we are in the process of
moving to the next Micro-Jteration.

Example of change : 3

Assume that while in the Design phase of a given Micro-Iteration, we detect changes
that must be incorporated to the Implementation phase of a previous Macro-Iteration; if
one performs those changes in the Implementation, then we loose traceability within
the current Micro-Iteration and the Macro-lteration that requires the change. The
changes shculd be stored in partittion (4) (this is shown by the lines labeled as 10)
and be addressed when the current Macro-Iteration is finished and we are in the process
of moving to the next Macro-Iieration.

69



The Generic Object-Oriented Development process provides all the traceability types
described in section 3.2.2.3.1. As said carlier, the focus of the process is to provide a way of

handling change in a consistent and organized manner. The intention is to provide traceability
of notations:

(1) within a Macro/Micro iteration,
(2) from a Macro/Micro iteration to the next and
(3) from a Macro/Micro iteration to its previous iteration;

As described in section 4.2, the Generic Object-Oriented Development
Methodology corresponds to a set of artfacts (Process, Notations and Models) used in the
development of QO software. Having described the Process, our next actvity is to describe
Notations and Models.
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4.3.2 The Notations

The purpose of this section is to provide a brief summary of commonly used
notadon (Table 4.1) in the OO world. Note that the list is not at all exhaustive. In some case
notations or diagrams are omitted since they are language specific (e.g. Module Diagrams
in [22]). The notadons will then be classified into Models (in section 4.3.3) and Views
(4.3.4).

The radonal for our classification of Notations into Models and Views is from a
testing perspective. Notations are used to describe the semantics of the application 10 be
developed at different levels of abstraction (i.e. Requirements, System, Class/Obiject or
Class/Object Internal); testing should be conducted at these different levels of abstraction to
ensure that the semantics (Views) of the application are complete, consistent and correct,
However, to avoid proliferation of testing activities, they should not be dependent on
notations. They should be generic to a group of notations (i.e. View) and define (1) what
needs to be tested, (2) coverage criteria, and (3) should assess for completeness,
consistency and correctness of notations within the View. This corresponds to a testing
activity rype. A testing activity can be thought of as a specialization of a resting activiry
oype for a specific notation in a View. This is explained in Chapter 5.

All notations accompanied by an * are described in more detail in Appendix B.

Notation Name Notation Reference Notation Description
* Use Case model | Jacobson [18] Describes a specific way of using the
system.
* Domain Object Jacobson [13] Shows the relations (class and instance
model associations) between domain objects.
* Analysis model Jacobson [18] Shows the relations (class and instance

associations) between analysis objects
(Eatity, Interface and Control objects). It
also shows the distribution of objects into
| subsystems.

* Design model Jacobson [13) es the architecture of the systemn 1n
terms of Blocks (analysis objects) and their
relations (class and instance associations),

* Interaction Jacobson [18] Shows how objects (blocks) communicate

Diagram in terms of stimulus (operations) sent and
received.

State Transition Jacobson [18] Describes an object’s internal behavior in

Graph terms of states, events and actions.

SDL Jacobson { 18], Describes an object’s internal behavior in
terms of states and events (processes, -
inputs and outputs).

Table 4.1 Overview of Notations used in the Object-Oriented world
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Notation Name

Notation Reference

Notation Description

Class Diagram

Rumbaugh {[4]

Schema, pattern or template for describing
many possible instances of data (classes). It
describes classes, their associations,
cardinality of associations, inheritance,
aggregadon and amributes of classes.

i Instance Diagram

Rumbaugh [14]

Describes how a particular set of objects
(instances of classes) relate to each other.

Scenario

Rumbaugh [14]

Describes a sequence of events that occurs
during one particular execution of the
system. It is in the form of an enumeraton
of sequences of events.

Event Tracc

Rumbaugh [14]

Shows how domain objects communicate in
terms of events. Similar to an Interaction
Diagram in [18], but does not depict the
internals of an operation of an object.

State Diagram

Rumbaugh [14]

Describes an object’s internal behavior tn
terms of states, events and actions. Similar
to a State Transition Graph in [18].

* Object Interaction
Diagram

Rumbaugh [39]

Describes the message flow between
objects. It corresponds to an Instance
Diagram with message flow berween
instances. Messages correspond to
operatons invoked by an object and data
flows as message arguments and retarn
values.

* Dat Flow
Diagram

Rumbaugh {14, 39]

Describes the effects of operations of
objects. The diagram is extracted from the
Qbiject Interaction Diagram.

Class Diagram

Booch [22]

Shows the existence of classes and their
relatonships in the logical aspects of a
system.

Obyect Diagram

‘Booch [22]

Shows the existence of objects and their
relationships in the logical aspects of a
system.

State Transition

Diagram

Booch [22)

Describes an object’s internal behavior in
terms of states, events and actions. Similar
to a State Transition Graph in [18].

Interaction Diagram

Booch [22)

Shows how objects communicate in terms
of operations sent and received. Similar to
an Interaction Diagram in [18].

* Domain Chart

Shlaer-Mellor [24]

Shows different domains of the application
10 be developed and usage among them.

Table 4.1 Overview of Notations used in the Object-Oriented world (cont.)




Notation Name Notation Reference Notation Description

* Information Model | Shlaer-Mellor [24] [ Shows the information structure (Le.
objectsS, their attribute descriptions and
relationships 10 other objects).

* Subsystem Shlaer-Mellor {24] | Shows the relationships between

Relationship Model subsystems in Domains.

State Transition Shiaer-Mellor {24] | Describes an objectS’s internal behavior in

Diagram terms of states, eventr and actions. Similar
to a State Transition Gra@_ in [18].

State Transition Shiaer-Mellor [24] | Another aspect of the State Transition

Table Diagram but placing emphasis on
transitions.
A tansition is an anow from one state to
another, labeled with the event that causes
an object!9 to move from state to another.
In a State Transiton Table, columns
represent events, rows represent stazes and
cells represent the next state (or event
ignored or can't happen).
The State Transition Diagram and the Stte

. Transition Table form the State Model.

* Object Shlaer-Mellor [24] | Shows the asynchronous communication

Communication between objects!! and external entities.

Model Similar semantics *o the Interaction Diagram
notation in [18], but with no specific
ordering of events.

Subsystem Shiaer-Mellor [24] | Shows the communicaton between

Communication subsystems. Similar to the Object

Model Interaction Model, but instead of objects,
subsystems are used.

* Object Access Shlaer-Mellor [24] | Show the synchronous communication

Model between objects!2,

Table 4.1 Overview of Notations used in the Object-Oriented world (conL)

8In Shlaer-Mellor (24), at the level of Analysis, an Object corresponds to what we refer 10 as a class and an
instance of an Object comresponds to what we refer to as an object. At Design the authors revert to our
semantics (i.e. a Class corresponds o a class and an Object corresponds 1o an object).

9Same 2s footnote 8.

1053me as footnote 8.
1 game as footnote 8.
128ame as footnote 8.
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Notation Name

Notation Reference

Notation Description

Subsystem Access
Muodel

Shlaer-Mellor {24]

Show the synchronous communication
between subsystems.

Similar to the Object Access Model, but
instead of objects, subsystems are used.

* Thread of Control
Chart

Shlaer-Mellor [24]

Shows the sequence of actions and events
that occurs in response to the arrival of an
event when the system is in a particular
state.

* Action Data Flow
Diagram

Shlaer-Mellor |24]

Describes the units of processing within an
action and the intercommunication between
them.

Class Diagram

Shlaer-Mellor [24]

Describes the external aspects of a single
class. Very detailed; it specifies class based
and instance based operations with
parameters types and values and logical
components (data) with their type and
meaning,

* Class Swucture
Chart

Shlaer-Mellor [24]

Describes the internal structure of a class as
well as the flow of data and control within
that class.

* Dependency Shlaer-Mellor [24] | Describes the relatonships between classes

Diagram other then Inheritance. .

* Inheritance Shlaer-Mellor [24] | Describes the Inheritance relatonships

Diagram betwsen classes.

* QAN Static De Champeaux [15] | Capture the internal structure (e.g.
attributes) and external structure (e.g.
relationships) of objects.

* OAN Object De Champeaux [15] | Describes the internal behavior (states,

Dynamic L events and transitions) of objects.

*OAN Object De Champeaux [15] | Describes the interactions among objects.

Interaction _

¥ CRC Cards Wirfs-Brock [31] | Describes the responsibilities and
_ collaboration for a single class.

* Collaboration Wirts-Brock |31] Describes the collaboration between classes

| Graph _ and subsystems.

Class Hrerarchy Wirfs-Brock [31) Describes the Inheritance relatonships

_ between classes.
* ObjectCharts Coleman {71] et all. | Describes the intemal behavior of an object.

* Contracts Helm and Holland | Describes behavioral composition and the

[40] obligations on participating objects.
Wirfs-Brock [31]

Table 4.1 Overview of Notations used in the Object-Oriented world (cont.)
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4.3.3 The Models

We observe that different notations can be used to describe a specific level of
abstraction (i.e. Requirements, System, Class/Object. Class/Object Internal, described in
section 4.3.1.1) and within that level of abstraction. these different notations can be
grouped based on the semantics they provide. This classification is called a Model. A
Model is thus a classification of notations based on the level of abstraction and semantics
they provide.

By examining Table 4.1, we define the Models as described in Table 4.2. The wble
shows the levels of abstraction addressed at different phase of the development process.

For each Model. we define its semantics and generic constructs common to the
notations belonging to the Model, that are used to express the Model's semantics. Chapter
5 shows that these generic modeling constructs, based on Models and Views (described in
the next section) are the artifacts to be tested by testing activity types.

4.3.3.1 Models describing the Requirements level of abstraction

The Requirements level of abstraction describes the requirements of the application
1o be developed in text format and/or by using notations in the Scenaric Model. The
Requirements Capture phase addresses this level of abstraction.

Scenario Model

Notations that are classified under the Scenario Model describe a specific use of the
system by describing part of the system functionality.

Semantics provided bv Model: Uses of the systemn.
seneric Con §: - Actors (prospective users)
- Functions (of the system)

(e.g- Customer generates daily report
actor : Customer; function: generate daily repor:)
(e.g. User lifts phone and gets dialtone
actor : User; functicn: 11ift phone, get dial tone)
Notations: - Use Case notator in Jacobson [18]
- Scenario notation in Rumbaugh [14]
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4.3.3.2 Models describing the System level of abstraction

The System level of abstraction describes the Domains, Subsystems and Domain
Classes/Objects of the application to be developed. Notations in the Domuain/Subsystem
Interaction Model describe the interactions between these entities and notations in the
Domain/Subsystem Configuration Model describe their relationships. The Requirements
Modeling phase addresses this level of abstraction.

Domain/Subsystem Interaction Model

Notations that are classified under the Domain/Subsystem Interaction Model
describe the communication between Domains, Subsystems and Domain Classes/Objects.

Semantics provided by Model: Describes how Domains, Subsystems and Domain
Classes/Objects communicate in terms of messages sent to and received from other

Domains, Subsystems and Domain Classes/Objects. The description includes the message
flow (including their ordering) between the entities, but does not depict their internal
behavior. The message flow corresponds to event(s) that will eventually translate into
operation(s) call(s) of object inside the Domains and/or Subsystems and/or Domain
Classes/Objects.

Generic Constructs: - Entities (Domains, Subsystems, Domain Classes/Objects ).
- Messages (events between entities)
- Ordering of messages

Notations: - Subsystem Communication Model notation in Shlaer-Mellor [24]
- Subsystem Access Model notation in Shlaer-Mellor [24]
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Domain/Subsystem Configuration Model

Notations that are classified under the Domain/Subsystem Configuration Model
describe the static configuration of Domains, Subsystems and Domain Classes/Objects.

Semantics provided by Model: Describes the relationships between and properties of
Domains, Subsystems and Domain Classes/Objects.

neric Constructs: - Entities (Domains, Subsystems, Domain Classes/Objects).
- Relatonships between entities
- Properties of entities (e.g. number of Subsystems in a Domain. an
attribute of 2 Domain Class)
- Operations of Entities

Notations: -Domain Chart notation in Shlaer-Mellor [24]
- Subsystem Relationship Model notation in Shlaer-Mellor [24]
-Domain Object Model notation in Jacobson [18]

4.3.3.3 Models describing the Class/Object level of abstraction

The Class/Object level of abstraction describes the external view of classes and/or
objects (ie. class structures, their interfaces and their communications).

The Analysis phase describes this level of abstraction for Semantic Classes and
Objects of the application to be developed.

The Design phase also describes this Ievel of abstraction for Solution Classes and
Objects of the application to be developed.

Notations in the Class Configuration Model, Object Configuration Model, Contract
Model and Object Interaction Model are used to describe this level of abstraction.
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Class Configuration Model

Notations that are classified under the Class Configuration Model describe the static
configuration of a set of classes.

Semantics provided by Model: Describes the relationships between and propertics of
Semnantic Classes in the case of Analysis and Solution Classes in the case of Design.

Generic Constructs: - Entiges (Classes).
- Relationships between entities
- Properties of entities (e.g. an atwribute of a Class)
- Operations of Entities

Nortations: - Analys "= Model notation in Jacobson [18] (with class assoctations)
- Design Model notation in Jacobson [18] (with class associations)
-Class Diagram notation in Rumbaugh [14] and in Booch [22]
- Information Model in Shlaer-Mellor [24]
- OAN Static notation in De Champeaux |15}
-Class Hierarchy nomtion in Wirfs-Brock [31]
-Class Diagramand Dependency Diagramand Inheritance
Diagram notations in Shlaer-Mellor [24]

Object Configuration Model

Notations that are classified under the Object Configuration Model describe the
static configuration of a set of objects (instances of classes) at a given time. An Object
Configuration Model corresponds to an instance of a Class Configuration Model.

Semantics provided bv Mode]: Describes the relationships between and properties of
Semantic Objects, in the case of Analysis and Solution Objects, in the case of Design at a
time.

Generic Constrycts: - Entides (Objects).
- Relationships between entities
- Properties of entities (¢.g. an ataribute of an Object)

- Operation of Entities
Notations: - Analysis Model notation in Jacobson [18] {with instance associations)

-Design Model notation in Jacobson [18) (with instance assoctations)
- Instance Diagramnotation in Rumbaugh [14]
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Contract Model

Notations that are classified under the Contract Model doscribe the expected

collaboration between classes.

Semapntics provided by Model: Describes the collaborations between Semantic Classes in

the case of Analysis and Solution Classes in the case of Design.

reneric Cons s: - Entities (Classes).
- Contract
Notations: - Contract aotation in Helm and Holland {40]

-Collaboration Graph notation in Wirfs-Brock [31]
-CRC Card notation in Wirfs-Brock [31]

Object Interaction Model

Notations that are classified under the Object Interaction Model describe the
communication between objects.

Scmantics provided by Model: Describes how objects (i.e. Semantic Objects in the case of

Analysis and Solution Objects in the case of Design) communicate in terms of messages
(operation invocations) sent to and received from other objects. The description includes
the message flow (including their ordering) between objects but does not depict the intemal
behavior of an object.

Generic Constructs: - Entities (objects).
- Message or Event (corresponds to an operation invocation of an object)
- Ordering of messages

Notations: - Interaction Diagramnotation ir Jacobson {18] and in Booch [22]
- Event Trace notation in Rumbaugh [14)
-Object Interaction Diagram notation in Rumbaugh [14)
-Object Communication Model notation in Shlaer-Mellor [24]

(with ordering of messages)

-Object Access Model notation in Shlaer-Mellor [24]
-OAN Object Interaction notationin De Champeaux [15]
-Object Diagram notation in Booch [22]

80



4.3.3.4 Models describing the Class/Object Internal level of abstraction

The Class/Object Internal level of abstraction describes the internal behavior of
objects.

The Analysis phase describes this level of abstraction for Semantic Classes and
Objects of the application to be developed.

The Design phase also describes this level of abstraction for Solution Classes and
Objects in the application to be developed.

Notations that belong to the Object Internal Behavior Model, Data Manipulation
Model and the Class Structure Model are used to described this level of abstraction.

Object Internal Behavior Model

Notations that are classified under the Object Internal Behavior Model describe the
internal behavior of objects.

Semantics provided by Model: Describes the internal behavicr of objects (i.e. Semanuc:
Objects in the case of Analysis and Solution Objects in the case of Design) in terms of
states and events.

ieneri structs: - States
- Events (correspond to an operation invocation of an object)
- Guards (a condition that must be true for the event to be received)
- Actions (set of steps that an object must perform after the reception
of an event, for example the invocation of an operation)

Notations: - State Transition Graph notation in Jacobson [18]
- SDL notation in Jacobson [18]
- State Diagramnotation in Rumbaugh [14]
- State Transition Diagram notation in Booch [22] and in Shlaer-
Mellor [24]
- State Transition Table notation in Shiaer-Mellor {24]
-ObjectCharts notation in Coleman et all. [71]
- OAN Object Dynamic notation in De Champeanx [15]
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Data Manipulation Model

Notations that are classified under the Data Manipulation Model describe the internal

processing of data.

Semaptics provided by Model: Describes the effects on data of an operation (i.e. event) in

a group of objects (i.e. Semantic Objects in the case of Analysis and Solution Objects in the
case of Design).

ienerjc Constructs: - Process (corresponds to the execution of an operation)
- Data
- Data flows

Notations: -Data Flow Diagramnotation in Rumbaugh [14]
-Action Data Flow Diagram notation in Shlaer-Mellor [24]

Class Structure Model

Notations that are classified under the Class Structure Model describe the internal
structure of a class .

Semantics provided by Model: Describes the internal structure of a class as well as its flow

of data and control (i.c. Semantic Classes in the case of Analysis and Solution Classes in
the case of Design).

Generic Censtructs: - Module (operation of a class)

- Data flows
- Control flows

Nomtions: -Class Structure Chart notation in Shiaer-Mellor [24]



4.3.3.5 Models describing both the Class/Object and Class/Qbject
Internal level of abstraction

The following modz! provides both the Class/Object and Class/Object Internal
levels of abstraction for Semantc Objects at the Analysis phase and for Solution Objects at
the Design phase.

Event Manipulation Model

Notations that are classified under the Event Manipulation Model describe the
communication between objects as well as their internal behavior.

Semantics provided by Model: Describes the sequence of events and states for a group of
objects (i.e. Semantic Objects in the case of Analysis and Solution Objects in the case of
Design).

ienen¢ Cons s - States
- Events
- Entties

Notations; - Thread of Control Chart notation in Shiaer-Mellor [24)
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4.3.4 The Views

A View is a higher level of abstraction then a2 Model. It corresponds to the
semantics described by a set of Models. The Models described in the previous section
provide semantics (Views) of the system as shown in Table 4.3 at different levels of
abstraction.

While a Model corresponds to a grouping of notation based on semantics and level
of abstraction, a View corresponds to a grouping of Models based on semantics only.
Thus a View can provide different levels of abstraction as indicated by its Models. For
example, in Table 4.3, the Static View is offered at the Requirements level of abstraction
(as denoted by notations in the Domain/Subsystem Configuration Model) and at the
Class/Object level of abstraction (as denoted by notations in the Class Configuration Model
and Object Configuration Model).

Note that in Table 4.3, we only focus on analysis and design activities. Testing is
distributed between each phase, but is not shown here,

Since a View is a grouping of Models with same semantics, a View can be
expressed by the set of generic modeling constructs as defined for Models.

Static View

The Static View of a system corresponds to its non-behavioral view. It does not
necessarily describe the actual structure or architecture of the system; it simply captures all
static information. We have identified three Models, described in the previous section, that
provide the Static View of a system:

- Domain/Subsystem Configuration Mode!l
- Class Configuration Model
- Objects Configuration Model

Generic Modeling Constructs: Entities,
Relationships (i.e. Aggregation and Association).
Properties (i.c. Auributes)

Operations



The Static View of the application to be developed is described both at the System
and Class/Object level of abstraction for the Requirements Modeling, Analysis and Design
phases of development.
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Communication View

The Communication View of a system describes the communication between
entities without considering the internals of these entitics.

We have identified two Models. described in the previous section. that provide the
Communication View of a system:

- Domain/Subsystem Interaction Model
- Object Interaction Model

Generic Maodeling Construcis: — Entities. Messages (i.e. operation invocations of Entities)

and Ordering of messages.

The Communication View of the application to be developed is described both at the
System and Class/Object level of abstraction for the Requirements Modeling, Analysis and
Design phases of development.

Dynamic View

The Dynamic View of a system describes the internal behavior of the entities in the
Communication View.

We have identified one Model, described in the previous section, that provide the
Dynamic View of a system:

- Object Internal Behavior Model

Generic Modgeling Constructs: States,
Events (i.c. operations of an Endty invoked by other Entities),
Guards (i.e. conditions that must be true for Events to be recc.ved),
Actions (i.e. set of steps that an Entity must perform after the
reception of an Event, for example the invocation of an operation).

The Dynamic View of the application to be developed is described at the
Class/Object Internal level of abstraction for the Analysis and Design phases of
development.
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Processing View

The Processing View of a system describes the eftects on data of operations or
events of the system.

We have identified one Model. described in the previous section. that provide the
Processing View of a system: -

- Dara Manipulation Model

Generic Madeling Constructs: Process. Data. and Data Flow

The Processing View of the application to be developed s described at the
Class/Object Internal level of abstraction for the Analysis and Design phases of
development

Note that, there are four Models that do not fit in the Views defined above: the
Scenario Model, the Contract Model. the Event Manipulation Model and the Class
Structure Model.

These Models either provide more than one View or an aspect of a View as shown
below. They are used for testing other Models. This is discussed in Chapters 6 and 7.

The Scenario Model provides aspects of the Communication View, since every use of the
system can be viewed as communication between the User and the System. However, it
does not provide messages exchanged between the User and the System.

The Contract Model glues the Communication View and the Static View. The Model
describes the collaboration between Classes in term of operations implemented by each
class (Static View) and their ordering (Communication View).

The Event Manipulation Model glues the Communication View and the Dynamic View,
since it describes the interaction between object (Communication View) and their internal
behavior (Dynamic View).

The Class Structure Model provides aspects of the Processing View, since it describes
operations, control flow and data flow, but does not describe the processing of data.
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4.3.5 The integration of Process, Notations, Models and Views

The purpose of this chapter was to introduce 2 Generic Object-Oriented
Development Methodology (Process, Notation, Models and Views) whose focus is to
provide a way of handling change in a consistent manner. We provided specific definitions
used in the methodology. We also classified notations used in the OO world into Models
and Views defined by our methodology for testing purnoses.

We conclude this Chapter by integrating development phases, levels of abstraction
and Views.

Phase: Requirements Capture

Goal: Describes the Requirements level of abstraction, in text format or Scenario
format. This forms a specification document. Text can capture different aspects of
the application to be developed (e.g. performance, data, architecture, behavior.
etc.). Notations that fall under the Scenario model, capture uses of the system.
From these scenarios, a structure can be derived (i.e. Static View) as described in
(18].

Bhase: Requirements Modeling

Goal: Describes the Static and Communication views of the application to be
developed at a System level of abstraction, in terms of Domains, Subsystems and
Domain Classes/Objects.

Phase: Analysis
Goal: - describes the Static and Communication views of the application to be
developed at a Class/Object level of abstraction, in terms of Semantic
Classes/Objects,
- describes the Dynamic and Processing views of the application o be
developed at a Class/Object Internal level of abstraction, in terms of Semantic
Classes/Objects.
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Phase: Design
Goal: - describes the Static and Communication views of the application to be
developed at a Class/Object level of abstraction, in terms of Selution
Classes/Objects,
- describes the Dynamic and Processing views of the application to be
developed at a Class/Object Internai level of abstraction. in terms of Solution
Classes/Objects.

Phase: Implementation
Goal: - describes the Static and Communication views of the application to be
developed at a Class/Object level of abstraction. in terms of coded
classes/objects (i.e. implementation language).
- describes the Dynamic and Processing views of the application to be
developed at a Class/Object Internal level of abstraction, in terms of coded
classes/objects (i.e. implementation language).



Chapter 5 Testing Activity
Principles and Types

5.1 Introduction

The purpose of this chapter is to introduce testing activity rypes that should take
place at different phases (i.c. Requirements Capture, Requirements Modeling, Analysis and
Design) of the Generic Object-Oriented Development Methodology described in Chapter 4.

We start by providing the benefits of introducing testing activites early in the
development process. We then describe the concepts of Verification, Validation,
Certification and Incorporation. These will be referred to as testing activity principles.

We will expand these concepts into testing acriviry types of the Generic Object-
Oriented Development Methodology. This is based on the semantics (i.e. different Views:
Static, Dynamic, Communication and Processing) of Models as described by Notations and
the syntax of Notatons. These are presented in details in Chapters 6 and 7 with examples.

5.2 Benefits of introducing testing activities early in the
development process

As stated in Chapter 3, the rational for using notations that exhibit the basic
testability requirements (i.. verifiability, modifiability and traceability) is that these
notations can be tested for testability attributes (i.e. consistency, correctness, completeness
and incorporation) through testing activities, thus achieving traceability. This provides the
ability of:

(1) uncovering errors early in the process where they are less costly to fix

(2) generating test cases that can be applied to the implemientation

(3) guiding the testing of the implementation.

(4) facilitating the location of source(s) of error(s) tor modification -

We will discuss these separately.
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5.2.1 Uncovering errors before implementation

Uncovering errors before implementation can be achieved by introducing testing
activities early in the software development process.

The advantage (less costly to find and correct) of finding errors before coding is
well recognized in software engineering. In [7] 2 number of validation technigues that
allow finding high level errors before coding are discussed. These are divided into
Specification Based and Design Based.

Specification Based testing techniques aim at detecting incomplete. inconsistent and
misleading requirements. An example is given in [51]. Also Formal Specification
Languages like Ina Jo [50], allow specifications to be executed and thus tested.

Design Based testing techniques aim at verifying mainly two things: (1) that
Analysis and Design notations reflect the requirements in the specification and (2) that
Analysis and Design notations are complete, consistent. correct and integrated in
themselves and with respect to each other.

In terms of testacility (a measure of how easy the testing of source code is made).
Specification Based and Design Based testing techniques are useful if refinements (i.c.
mappings and transformations!3) exist throughout the software development process. For
example, if the source code of a system is not a refinement of its Design that was tested
using Design Based testing techniques, nothing prevents the design errors from reoccurring
in the source code, thus the effort spent testing the design may be lost. Thus Analysis
notations should be viewed as refinements of Requirements Modeling notations, Design
notations should be viewed as refinements of Analysis notations and source code should be
viewed as a refinement of Design notations.

In the OO paradigm, as observed by the authors in [8], the refinements are less
radical then in other development methods: “Analysis models, Design models are
implementation models all use classes and objects as the primary vehicles for
representation. Even though a model shows some particular view that is different from
another model, all of the models are iliustrating aspects of classes and objects.” [8].

13By mappings or transformations. we understand the valid refinements that notations can undergo when
moving from one phase of development to the next. This is discussed in more details throughout this
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CASE (Computer Aided Software Engineering) tools. such as Statemate!® [52],
SDT1S 153, 54] and Argos!6 [55] provide mechanism to validate and verify models used
and automate mappings and transformations.

We cannot however completely rely on the source code generated by CASE tools.
The generated code is typically of prototype quality and is useful for simulation applications
and not as efficient and as fine tuned as production code.

Therefore, we can say that there are two options for uncovcring errors early in the
OO0 software development process: (1) apply Specification Based and Design Based testing
techniques early in the process and ensure correct mappings and transformations from one
phase to the next: (2) rely on CASE rtools that automate the testing of Analysis and Design
models and generate source code from the tested models. Throughout the rest of this
document we look at option Design Based testing techniques in point (1) above.

Testing activity types for OO notations are described in section 5.4. Here, we
provide some background information.

There are four levels of testing in the Generic Object-Oriented Development Frocess
introduced in Chapter 4. These four levels correspond to the four levels of abstraction of
the application to .« .‘cveloped: Requirements, System, Class/Object and Class/Object
Internal. The four levels of abstraction in turn, correspond to phases of the process, as
shown in Fig. 5.1. As presented in Chapter 4, at every level of abstraction, different Views
of the application to be developed are provided. The four basic Views were:

MStatemate by I-logix Inc., is intended for code specification, analysis, design and documentation of large
and complex reactive systems, such as real-time embedded systems. control and communication systems
and interactive software. Statemate can generate Ada code and provides several tools for testing and querying
the design. Thus, if a design is expressed using the Statemate case tools and has been analyzed for deadlock,
loop and liveness propertics, via automatic Reachability Analysis, the generated Ada code that implements
this design was made easier 1o test, since it should not contain deadlocks, loops. etc.

I3SDT (SDL Design Tool) can generate C code from design expressed in SDL (System Description
Language). The different components of SDT: Graphical Editor. Analyzer, Simulator, Report Generator,
Validator etc. can create, edit SDL specifications. perform syntactic and semantic analysis of the SDL
Sysiem, repont errors, debug. perform State Space Exploration etc. on the SDL system. The C code
generated is made easier to test since errors such as deadlock. can be discovered at the design stage.

10Arpos by Miramar Technology. is a graphical object-oriented development environment thar generates
Smalltalk code from class structures. The code is thus always traceable to the class structures. The tool
verifies that coherent diagrams are drawn (e.g. no self Inheritance). Since the code is generated from the

diagrams, these incoherence an: eliminated.
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- the Staiic View of 2 system corresponds to its non-behavioral view (i.c.

structure or architecture of the system) and captures all static information

- the Communication View of a system describes the communication between

entities without considering the internals of these entitics.

- the Dynamic View of a system describes the internal behavior of the entities in
the Communication View.

- the Processing View of a system describes the effects on data of operations or
events of the system.

As shown in Fig. 5.1, the level of abstraction is coupled to the View (i.c. the
System and Class/Object levels of abstraction address the Static and Communication View:
the Class/Object Internal level of abstraction addresses the Dynamic and Processing
Views).

Throughout this chapter, we will show that testing activity types should take place
at different phases of development based on the Views provided at each phase.
Furthermore, we will show that these testing activity types do not depend on the phase of
the Generic Object-Oriented Development Process. Thus, a testing activity type used to test
the Static View, is not dependent on whether the artifact being tested is a Domain.
Subsystem, Domain Class of the Requirements Modeling phase or whether it is a Semantic
Class of the Analysis phase (i.e. the same testing activity can be used for all artifacts and
phases).

Also, we will show that testing activity types are generic in the sense that they do
not dependent on the Notation used by Views and that they are refinable (adaptable to
different levels of abstraction) in order to be uniformly applied at different phases of
development.

Finally, note that testing the Requirements Capture level of abstraction is beyond
the scope of our work, we therefore introduce it only very briefly in the discussions that
follows.
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In Fig. 5.1. at the Requirements Capture phase. the application 1% viewed as a set of
Requirements or Scenarios: these requirements are the first artifact to be tested.

At the Requirements Modeling phase. the application is viewed as a set of Domains.
Subsystems and Domain Classes/Objects derived from the Scenarios of the Requirements
Capture phase: these become the next artifact to be tested. The latter should also be tested
against the requirements in the Requirements Capture phase.

At the Analysis phase. the application is viewed as a sct of Semantic
Classes/Objects: these become the third artifact to be tested. As in the previous case, these
should be tested against the Domains, Subsysterns and Domain Classes/Objects of the
Requirements Modeling phase.

At the Design phase, the application is viewed as a set of Solution Classes/Objects:
these become the next artifact to be tested. These must be tested against the Semantic
Classes/Objects of the Analysis phase.

At the Implementation phase, the application is viewed as a set of Coded
Classes/Objects; these become the fifth artifact to be tested. The latter must be tested against
the Solution Classes/Objects of the Design phase.

As we go from one phase to the next, the notations used at the previous phase have
been tested, thus decreasing the probability of creating notations at the next phase based on
notations that contains errors.

Note that, the granularity of the artifact to be tested increases as we move from one
phase to the next. We will show that testing activities must be adapted to the appropriate
level of abstraction.
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5.2.2 Generating test cases from notations

The idea of generating test cases!? from notations is well established. The basic idea is
to derive test cases from notations and apply these test cases to the implementation. We study
the derivation of test cases from notations in more detail.

As described by the authors in {56]. testing of OO systems must be viewed from
different levels abstraction. Unit testing corresponds to testing the interaction of operations and
data that are encapsulated within a class. Cluster or Subsystem testing considers the
interactions of a group of collaborating classes. System testing is the testing of the complete
application (i.e. all code from all classes).

Generating Unit, Cluster and System test cases directly from the implementation is time
consuming, error-prone and tedious. Rather, test cases should be generated from the different
notations used in the Generic Object-Oriented Development Process and be constructed (i.e.
refined) as we go from one phase to the next. Fig. 5.2 illustrates this process.

Requirement's Test Cases are generated from notations used at the Requirements level
of abstraction (usually text or scenarios), as shown by the directed line labeled as (1}. These
test cases are used 1o construct System level test cases, as shown by the directed line labeled as
(2). That is, the Requirements Test Cases should be refined to be expressed in terms of
Domains, Subsystems and Domain Classes/Objects.

The System Test Cases generated from the Requirements Test Cases are augmented
with test cases generated from notations used at the System level of abstraction, as shown by
the directed line labeled as (3).

The System Test Cases are used to construct Cluster Test Cases (i.e. System Test cases
should be refined to be expressed in terms of Semantic objects of the Analysis), as shown by
the directed line labeled as (&) . Lets take a brief example to illustrate the discussion. Assume
that the association between Subsystem Teller and Bank, is reports, as shown below.

Teports pm
Teller Bank

A System test case would ensure that there are abstract operations (Le. operations that require
further refinements as objects or as other operatons) in both Teller and Bank that satisfy
the association. At Analysis, the Cluster test case derived from this System test case would
ensure that there are Semantic objects in both subsystems that still satisfy the relationship.

17By a Test Case, we understand: input and expected output.



Retuirements
Modeling

Analyais

Pesign

Implementation

T~

~

~

Requirements

Renquitectient o

Class/Cbject and
Class Object Internal

o ® e ©

Class/Object and

Class Object Internal
0 00

Class/Object and
Class Object Internal

O OOOOO

requirement

NN demain
(:::::) subsystem

s

@
®
o

scenario
domain class
semantic class

solution class

coded class

Tent Carhen

{4)

(5)

Unlt Test

(14) (13)
(15)
{17}

{16)

Figure 5.2 Process of reusing Test cases from notations

o8




Cluster Test Cases are augmented with test cases generated from notations used 1o
express the Class/Object level of abstraction in terms of Semantic Classes/Objects. as
shown by the directed line labeled as (5).

Cluster Test Cases are in turn used to generate Unit Test Cases for Semantic
objects, as shown by the directed line labeled as (6). Here, we can view Cluster Test
Cases as identifying the inpur and expected output of an object. Lets take a simple
example. Assume that a Cluster Test Case determines that when the Semantic Class
Company receives the message get_pay (i.e. operation get_pay is invoked by
Person). it must send the message deposit to Bank.

phoroon Comoany Bank
I get_pay
I - I deposit

When performing Unit testing of Company, we know that upon invocation of operation
get_pay (i.e. inpur), the behavior of class Company should generate message (i.e.
invoke operation) deposit.

In Fig, 5.2, Unit Test Cases are augmented with test cases generated from notations
used to express the Class/Object Internal level of abstraction in terms of Semantic
Classes/Objects, as shown by the directed line labeled as (7).

In this manner, the same process is repeated at Design for Solution Classes/Objects
and at Implementation for Coded Classes/Objects. Thus, the final set of test cases (i.e. test
suite) that will be applied to the implementation has been constructed through a step-wise
refinement process all the way from Requirements.

Note that the basic idea is that test cases should follow the same principles of
traceability described in section 3.2.2.3.1, (e.z. a Unit Test Case at the Implementation
phase should be traceable to its Cluster test case at Implementation, its Unit Test Case at
Design, its Cluster Test Case at Design, its Unit Test Case at Analysis, its Cluster Test
Case at Analysis, its System Test Case and finally its Requirements Test Case). Note that
this is specifically true for Use Case directed design.
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5.2.3 Directing the testing of the implementation

Testing early in the OO software development process allows to guide the testing of
the implementadon.

Two of the fundamental differences between testing implementations that foliow the
function/data paradigm versus the object-oriented paradigm are the Randominess of
Operations problem [56] and the Localization probiem [9].

The Randomness of Operation problem

The objects of the OO model are composed of operations and possibly data-
structures that contain the state of the object. No ordering of the invocation of those
operations is specified explicitly once the object has been created. aithough there may be
some implied order. There is thus no sequental input. process, output model into which
testing methods can be adapted. Therefore, the testing process becomes a scarching
problem since programs (objects) are not executed sequentially. This is because operations
in a class can be combined in arbimary order. The testing thus involves scarching for the
order in which the operations can be executed with various parameters that yicld errors.

Consider an example of the Randomness of Operations problem from [56]. A class
represents a clock object and provides operations to set and retrieve the time, increment and
decrement the time by one second, and produce a display of the current time in a graphical
form. There is no stipulation in the ordering that these operations should be invoke. The
time may be retrieved a2 number of times in a timing cxercise or set 2 number of times, if the
user wishes to examine the effect of different time zones. Operations simply provide a
service. Given that an error may occur after a particular sequence of operation invocations
of an object, the problem in terms of testing can be seen as a search for the correct order to
reproduce a specific error.

Testing early in the OO development process can greatly alleviate the Randomness
of Operation problem. The basic idea is that the ordering of invocation of operations should
not be identified directly from the implementations, but rather from notations used at the
Analysis and Design phases, like Class Diagrams [14]. Example | in Chapter 6 illustrates
an example of the latter. -
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The Localization problem

The author in [9] discusses that one reason why testing of object-oriented programs is
different from the testing of more conventional software is localization. Localization is the
process of placing items in close physical proximity to ecach other. He observes that in
function/datz paradigm (software created using functional decomposition), the localization is
based on functionality and thus there is a high degree of correlation berween "testing a function”
and a "unit of software™. In the OO paradigm, the localization of information is around classes or
instances of these classes: objects. Thus a class or an object is the "unit of software”. The
correlution between “testing a function” and a "unit of software” is not one-to-one as in the
function/data paradigm. A class or an object may provide many functions and one function may
involve several classes or objects.

Testing early in OO development process can greatly alleviate the Localization problem.
The basic idea is that the identification of “functions™ should not be left to the implementation
phase, rather, these functions and the object(s) that participate in the functions can be determined
from notations (c.g. Class Diagrams [14], Interaction Diagrams [22]) used at the Analysis and
Design phase. Example ! in Chapter 6 illustrates an example of the latter.

5.2.4 Location of source of error

In section 3.2.2.3.1, we defined the 5 types of traceability that notations should exhibit
(horizontal, vertical upwards. vertical downwards, forward iteration and backwards iteration).

This can be achieved by arnotating or tagging components of the system development
{c.g. a requirement, an interaction between objects as described in an Interaction Diagram [18], a
class as described in a Class Diagram., a path in SDL [18] describing some aspect of the internal
behavior of an object, a Coded Class, etc.).

If the development of a system (i.e. components) is tagged in such 2 way as to provide
the 5 types of traceability, the location of the source of an error is greatly facilitated. The software
designer will be able to answer, in which iteration, which phase, which notatior and/or in which
component of that notation the error occurred. Also he/she would be able to determined other
components in other phases and iterations could be affected by the error.

To achieve this ideal situation, tools like RTM (Requirements Tracing and Management)
[68] and DOORS [70] capture some traceability information. However, the level of granularity of
the component to be tagged is currently not sufficient. They stop at the object level and one must
manually tag the internals of an object (i.e. its behavior and data).
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5.3 Testing Activity Principles

We define four basic testing activity principles (i.c. verification. validation.
certification and incorporation) from which testing activiry nvpes will be derived. We will
show that these were selected in the context of an iteration style for software development.

Fig. 5.3 shows a high level view of the testing activity principles. Verification aims
at ensuring Horizontal traceability of notations within a phase of a given iteration.
Validation aims at ensuring Vertical Upward and Vertical Downward traceability of
notations of consecutive phases within a given iteration. Certification aims at ensuring
conformance to requirements of notations at different phases for a given iteration.
Incorporation aims at ensuring that two consecutive iterations that have undergone
Verification, Validation and Certification have Forward Iteration and Backward Iteration
traceability. We will discuss these separately.

Iteration i Iteration i+l
E Requirssenta Capture . Raquitassnts Capture
—prification e € et carion e
Incorporal jon
Validation Validation
Rsquirsnants Modaling e > Raquiresants Nodeling
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o A Validation Validat fon
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Anslywls Analynis
= verification [ P} E—=Varificarion =B
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Validation Validat jun
Dealign Daslgn
= veritication [ ] -1 A= Verification =
Incorporation
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. : 3 - o,
e—yorification Incorporat ton ~e—yup) ticat 1on

Figure 5.3 Testing activity principles
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3.3.1 Verification

“Verification is the process of checking whether the system is being built right.”
[69]. This involves determining whether the system contains errors. We define Verification
as the set of activities that allows to detect errors in the semantics and syntax provided by
Notations used at a specific phase of the Generic Object-Oriented Development
Methodology. We can therefore talk of

- Requirements Capture Verification,

- Requirements Modeling Verification,

- Analysis Verification,

- Design Verification,

- Implementation Verification (usually referred to as Testing).

Thus, Verification aims at determining whether Notations used at phase n of a
given iteration are complete and correct with respect to vther Notations at phase n of the
same iteration and whether these Notations are correct in themselves. Verification aims at
providing Horizontal Traceability described in 3.2.2.3.1.

Fig. 5.4 shows when Verification should take place with respect to the development
activities described in Chapter 4.

The figure shows that after each development activity, Verification should take
Place. Moving to the next development activity (e. g. Design) is contingent on the
verification performed on Notations used at the previous development activity (e.g.
Analysis). The flow from a verification activity to 2 development activity is a set of verified
Notations. For example, the output of the Requirement Modeling Verification
phase is a set of verified (i.e. complete and correct) Notations expressing Domains,
Subsystems and Domain Classes/Objects.
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5.3.2 Validation

“Validation is the process of checking whether the right system is being built.”
[69]). This involves determining whether what is being implemented or modeled conforms
to requirements. Thus, Validation requires a reference point. We define Validation as the
set of activities, that allow to determine whether Notations used at phase n (e.g. Analysis)
are consistent with respect to Notations used at phase n+/ for a given iteration (e.g.
Design) and whether Notations used at phase n+/ (e.g. Design) are consistent with respect
to Notations used at phase n for the same iteration. We can therefore tatk of

- Requirements Capture vs. Requirements Modeling Validation,
- Requirements Modeling vs. Analysis Validation,

- Analysis vs. Design Validation,

- Design vs. Implementation Validation.

Validation aims at providing Vertical Upwards and Vertical Downwards
Traceability described in 3.2.2.3.1.

Fig. 5.5 shows when Validation should take place with respect to the development
activities described in Chapter 4,

The figure shows that after each development activity, Validation should take place.
Moving to the next development activity (e.g. Design) is contingent on the validation
performed on Notations used at the two previous development activities (e.g. Requirements
Modeling and Analysis ). The flow from a validation activity to a development activity is a
set of validated Notations. For example, the output of the Requirements Model ing
vVS. Analysis Validation phase is a sct of validated Notations indicating that
Notations used at the Requirements Modeling phase are consistent with respect to
Notations used at the Analysis phase and vice-versa.
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5.3.3 Certification

We define Centification as the pricess of determining whether at different phases of
software development Notations used are complete, consistent and correct with respect to
the original requirements (described in the Requirements Capture phase). Thus we can talk

of

- Requirements Modeling Certification,
- Analysis Certification,

- Design Certification,

- Implementation Certification.

As said carlier, Verification provides Horizontal Traceability and Validation
provides Vertical Upwards and Vertical Downwards Traceability. Therefore, Certification
is a result of Verification and Validation and is not required to be a separate testing activity.

In this manner we say that:

Requirements Modeling Certification
is provided by (equals)
Requirements Modeling vs. Requirements Capture Validation.

As an example, we can also say that

Design Certification (i.e. whether the Design implements the original
requirements), is a result of having performed the following testing activities:

Requirements Capture Verification followed by

Requirements Modeling Verification followed by

Requirements Modeling vs. Requirements Capture Validation followed by
Analysis Verification followed by

Requirements Modeling vs. Analysis Validation followed by

Design Verification followed by

Analysis vs. Design Validation.
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3.3.4 Incorporation

We define Incorporation as the process of determining whether Notations used at
different iterations are incorporated to one another. More specifically, Incorporation refers
to the set of activities that allow to determine if Notations at phase # of iteration i are
incorporated in notations at phase n of iterations i+/ and whether Notations at phase nn of
iteration i+/ are incorporated in notations at phase 7 of iterations i. Thus, we can talk of

- Requirements Capture Incorporation
- Requirements Modeling Incorporation
- Analysis Incorporation

- Design Incorporation

- Implementation Incorporation

Incorporation provides Forward Iteration traceability and Backward Iteration
traceability.

Fig. 5.6 shows when Incorporation should take place with respect to the
development activides described in Chapter 4.

The figure shows that after each Macro-lteration that has been verified, validated
and certified, Incorporation should take place. Moving to the next Macro-lteration is
contingent on the incorporation performed on Notations.

The flow from an incorporation activity is a set of integrated Notations. For
example, the output of the Requirements Modeling Incorporation phase of
iteration i and i+/ 1is a set of integrated Domains, Subsystems and Domain
Classes/Objects. These actually become the constraint (i.e. part of a requirement) under
which the next iteration should be built. This is because the next iteration must take into
account the incorporated components (i.e. Domains, Subsystems and Domain
Classes/Object). This is in terms of how the new or refined component of the next iteration
fitin with the incorporated components.
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Figure 5.6 Integration of Development activities and Incorporation testing activities
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5.4 Testing Activities Types

In Chapter 3. we determined that there should exist activitics to test for the
following testability atributes of notations.

- semantic completeness
- Semantic correctness
- Syntactc correctness
- semantic conststency
- seémantic incorporation

In section 5.3, we defined the testing principles of Verification. Validation.
Certification and Incorporation necessary to achieve traceability.

Table 5.1 describes the testing activity types introduced by our work and how they
relate to testability atuibutes and to raceability

Testing Activity Types | What to test: testability Traceability type
attributes provided
Syntactic Verification!8 syntactic correctness Horizontal
Semantic Verification!? semantic completeness
semantic correctness
Semantic Validation 20 semantic consistency Vertical Upward
Vertical Downward
Semantic Incorporation2! semantc Incorporation Forward Iteration
Backward Iteration

Table 5.1 Testing Activity Types

18Djiscussed in section 5.4.1
19Discussed in section 5.4.2
20Djiscussed in section 5.4.3
21Discussed in section 5.4.4
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Fig. 5.7 illustrates the reusability of testing activities. The left part of the figure
illustrates an abstract view of the reuse, the refined model is iHustrated on the right.
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Figure 5.7 Testing Activity Principles, Types and View Types

Every Testing aActivity Type (e.g. Semantic Validation) has

specializations based on Views (e.g. Static

Semantic

Validation,

Communication Semantic Validation, etc.). The latter are referred to as
Testing Activity View Types. We will discuss these separately throughout the

rest of this

chapter.

Testing Activity View Types are generic in the sense that they are

- independent of development phase

- independent of notation

- refinable (i.c. adaptable to different levels of abstraction)

They depend only on the View provided at a development phase,
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The basic idea is that notations can be tested by applying onc or more of the sixteen
Testing Activity View Types. illustrated in Fig. 5.7. to the View that the notation provides.
This is based on the fact that modeling constructs of notations can be transluted to modeling
constructs of the View they provide. This was illustrated tn Chapter 4. 1t is these modeling
constructs that are tested by Testing Activity View Types. The testing involves determining
the coverage criteria as well as assessment of the testability attributes (.. correctness.
completeness, consistency and incorporation) of the View and thus of the notation, This is
illustrated in Fig. 5.8.
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Figure 5.8 Testing of notations via translations of modeling constructs

Lets consider an example to clarify our discussion. As presented in Chapter 4, a
notation is classified into a Model based on the level of abstractior and semantics the
notation provides. The Model in turn is classified into a View based on the semantic it
provides. Thus a notation provides a View; the modeling constructs of the notation will
eventually translate into the modeling constructs for the View it provides.

Consider the Domain Chart [24] notation and the Class Diagram [14] notation. As
discussed in Chapter 4, the Domain Chart notation was classified as belonging to the
Domain/Subsystem Configuration Model and the Class Diagram notation was classified as
belonging to the Class Configuration Model. Both of these Models provide the Static View.

InFig. 5.9, Static Semantic Validation tests the modeling constructs of
the Static View. The testing activity view type indirectly tests the modeling constructs of the
notation Class Diagram and Domain Chart as illustrated by the derived association in italics.

The modeling constructs of the notation Domain Chart are translated into the
modeling constructs of the Domain/Subsystem Configuration Model and then to the
modeling constructs of the Static View.
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The modeling constructs of the notation Class Diagram are translated into the
modeling constructs of the Class Configuration Model and then to the modeling constructs

of the Sttic View.
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Figure 5.9 Example of testing of notations via translations of modeling constructs

Fig. 5.10 illustrates the instance configuration for Fig. 5.9. Fig. 5.10 is divided
into 4 sub-figures for clarity purposes. The figure below illustrates the instances of the
modeling constructs for the Static View and the instance of the Static Semantic
Validation testing activity view type.
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Figure 5.10 Instance Diagram for Fig. 5.9
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The figure below illustrates the translation of the constructs of the Domain/Subelass

Configuration Model and the Class Configuration Model into the constructs of the Static view.
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Figure 5.10 Instance Diagram for Fig. 5.9 (cont)

The figure in the next page illustrates the ranslation of the constructs of the Domain Chirt
notation into the constructs of the Domain/Subclass Configuration Model as well as the indirect
testing of the latter constructs by the testing activity view type: Static Semantic
Validation. Note that the Domain Chart notation does not provide the semantics for an
operation and a property, thus these are not translated.
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Figure 5.1v Instance Diagram for Fig. 5.9 (cont.)

The figure below illustrates the translation of the constructs of the Class Diagram notation
into the constructs of the Class Configuration Model as well as the indirect testing of the latter
constructs by the testing activity view type: Static Semantic Validation.
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Figure 5.10 Instance Diagram for Fig. 5.9 (cont)

115



116



Chapter 6 Verification Testing
Activity Types

6.1 Introduction

As discussed in section 5.3.1 Verification aims at determining whether Notations
used at phase n of a given iteration are (1) syntactically correct and (2) semantically
complete and correct with respect to other Notations at phase n of the same iteration and
whether these Notations are correct in themselves. Verification aims at providing
Horizontal Traceability described in 3.2.2.3.1. We will discuss syntactic and semantic
verification.

Verification testing activities should occur after each development phase, before
moving to the next development phase.

6.2 Syntactic Verification: testing for syntactic correctness

Syntactic Verification aims at testing that the statement generated by a notation
conform to its syntax. Itis the only testing activity type that depends on the syntax of the
notation being tested.

Referring to Fig. 3.1, in Chapter 3, we say that Syntactic Verification aims at
verifying that Modeling Constructs of notations used to express the semantics of models

(1) have the correct Representation AND
(2) are legally combined according to Rules

Whether captured formally (e.g. BNF form) or not, all notations have a syntax.

Tools that allow for the graphical representation of notations inherently test for
syntactic correctness by enforcing specific representations for modeling constructs and not
allowing certain sequences of representations. This is done at entry-time.
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For example. the graphical editor of the Case tool SDT [54] is used to create and
edit SDL [12] system specifications and descriptions in the graphical form of SDL. thus
enforcing specific representations for its modeling constructs (¢.g. input message. output
message, state, etc.). Also, the representation for an input message cannot be directly
connected to the representation of an output message. thus enforcing a rule for legally
combining modeling constructs. The editor does local syntax checks at entry time.

Another example of syntactic correctness in CASE tools is the Argos CASE tool
[55]. Argos enforces specific representations for its modeling constructs at entry time (e.g.
classes are drawn as rectangles, inheritance is depicted as a directed double line from
subclass to superclass, derived associations are represented in italics. class operations and
operatons follow a strict Smalltalk like syntax). The tool also verifies at entry time that
modeling constructs are legally combined. for example. a class cannot inherit itself.

Thus the process of Syntactic Verification can be automatic (1.¢. at entry time as in
the case CASE tools) or manual, if no tool is availabie. The latter must be performed to
communicate the right semantcs.
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6.3 Semantic Verification: testing for semantic completeness
and semantic correctness

We can further divide this section into Requirements Verification and Development

Verification.
6.3.1 Requirements Capture Verification

As described in section 5.2.1, the verification process for the Requirements Capuure
phase is not the focus of the work presented, therefore we briefly introduce it. This actvity
fall under Specification Based testing techniques discussed in that section.

Text and notations that fall under the Scenario Model (discussed in section 5.3.3. 1}
are usually used to capture requirements. This forms a specification document.

Text can capture different aspects of the application to be developed (e.g.
performance, data, architecture, behavior, etc.). Notations that fall under the Scenario
model, provide aspects of the Communication View, since every use of the systemn can be
viewed as communication between the User and the System.

Testing semantic completeness and correctness is highly coupled to the type of
specification used to capture requirements. Specification Based testing techniques, aim at
detecting incomplete, inconsistent and misleading requirements. An example is illustrated in
[51]. When requirements are capture as notations in the Scenario Model, we must ensure
that Uses Cases [18] or Scenarios [14] do not invalidate (correctness) each other they are
complete with respect to the system or application to be modeled.

Overall, assessing Use Cases and Scenarios for their completeness and correctess,
still remains a topic of research.
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6.3.2 Development2? Verification

As described in Chapter 4, models used at different phases of the Generic Object-
Oriented Software Development Methodology provide different semantic (views) of the
application to be developed. The four basic views are: Static. Communication, Dyramic
and Processing.

These Views are provided at different levels of abstraction (i.c. System.
Class/Object and Class/Object Internal) as described in Fig. 5.1.

Semantic Verification aims at verifying that the semantics provided by Views is
complete and correct with respect to the semantics of other Views used at the same phase
of the Generic Object-Oriented Development Methodology. The semantics of Views is
described in terms of generic modeling constructs as described in Chapter 4. Semantic
Verification will be defined in terms of these generic modeling constructs. These were
defined in Chapter 4,

Static View: Entities, Relationships. Properties. Operations
Communication View: Entities, Messages, Ordering of messages
Dynamic View: States, Events, Actions, Guards

Processing View: Process, Datz, Control flow and Data Flow

Fig. 6.1 illustrates the aim of Semantic Verification. We will discuss each link
between Views separately.

Testing activity view types (i.¢. links between Views in Fig. 6.1) should take place
at every phase of development where the Views are offered. For example, at the
Requirements Modeling phase the Communication and Static Views are provided as
illustrated in Fig. 5.1, therefore, only Static/Communication Semantic
Verification should take place.

22Note that here Development includes the Requirements Modeling phase.
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6.3.2.1 Static/Communication Semantic Verification

Static/Communication Semantic Verification should occur at the levels of
abstraction in software development where these Views are offered {i.e. System and
Class/Object level).

The purpose of Static/Communication Semantic Verification is 1o ensure the
following23:

- I- the Communication View is correct with respect to the Static View

This is labeled as (1.1) in Fig. 6.1. The aim is to verify that the communication
(i.e. Messages exchanged) between Entitizs is valid in the context of their
Relationships. By "valid". we understand that:

For every Message sent from Entity & to Entity ¥ (i.e.
Operation invocation of ¥ by H), Entity X and Entity ¥
must exit in the Static View and there must be at
least one Relationship (direct or indirect24) between
these twe Entities (i.e. Entity ¥ must have visibility
over Entity ¥ via a direct or indirect Relationship).

The latter corresponds to the coverage criteria for the Communication View in
Static/Communication Semantic Verification.

-2- the Static View is correct with respect to the Communication View.

This is labeled as (1.2) in Fig. 6.1. The aim is to verify that direct and indirect
Relationships between Entities are reflected in their communication. By "reflected”,
we understand that:

For every two Entities, there is a set of Operations
that participate in a valid Message exchange to
satisfy the Relationships between these two Entities.

23In the discussion that follows, the generic modeling constructs of Views start with a capital letter in
order to identify them better.

24Two Entities can have indirect visibility (i.e. Relationship) over one another: for example, class A can
obzain a dynamic reference to class B as part of one of the parameters of a method in class A: another
example, is when an Entity has an inherited Relationship,
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The latter corresponds to the coverage criteria for the Static View in

Sutic/Communication Semantic Verification.

The coverage criteria of the Static and Communication Views described above

ensure completeness of these Views in Static/Communication Semantic Verification.

The basic idea is that a Relationship is described (implemented) as a set of

Opcrations on the participating Entities. The order between these Operations should be

captured in the Communication View as Message exchanges and Ordering of these

Messages.

Examples of incorrect Communicati

(1)

2

When a Message is sent from Entity X to Entity Y. and X has no visibility
over Y. In this case. either the Communication View should remove this
specific communication or the visibility between the two Entities must be
added to the Static View.

When a Message is not sent from Entity X to Entity Y, but X has visibility
over Y. In this case, either the Communication View should add this specific
communication or the visibility between the two Entities should be removed
from the Static View).

(1)

@)

When there are Operations in Entities X and Y that satisfy a Relationship
between the two Entities, but the Communication View does not capture the
Message exchange and Ordering to satisfy the Relationship. In this case,
cither the communication to satisfy the Relationship should be added to the
Communication View or the Relationship and its Operations should be
removed from the Static View.

When there are not sufficient Operations in Entities X and Y to satisfy a
Relationship between the two Entities, but the Communication View captures
the Message exchange and Ordering to satisfy the Relationship. In this case,
cither the communication to satisfy the Relationship should be removed from
the Communication View or Operations should be added to Entities X and Y
in the Static View to satisfy the Relationship.
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Notations that fall under the Contract Model as described in Chapter 4. provide «
framework for identifying completeness and correctness of the Static and Communication
Views. since the Mode! glues these Views. The Model describes the collaborations between
Entities in terms of operations implemented by each Eatity and descriptions of their
interactions. Static/Communication Semantic Verification consists in ensuring that the
Contract can be supported by both Views. More specifically. every colluboration between
two Entities in a Contract specification must be supported by the Static and
Communications Views (i.e. the description of each collaboration should be translatable to
valid Message exchanges of the Communication View and expressed in terms of existing
and valid Operations of the Static View).

Example 1. illustrates an example of Static/Communication Semantic Verification
The example illustrates the System level of abstraction with the use of a Contract Model
notation: the same technique is applicable for the Class/Object level of abstraction but
instead of Subsystems, Semantic and Solution classes are used.
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Example 1: Static/Communication Semantic Verification in the System level

of abstraction

In Chapter 4, we identified notations (e.g. Subsystern Communication Model [24]) used
to express the Communication View at 2 System level of abstraction. We also identified
notations (c.g. Subsystem Relationship Model [24]) used to express the Static View at the
System level of abstraction.

Consider, the simple example below. The Subsystem Relationship Model on the right
shows the inter subsystem relationships for a given Domain. The Subsystem Communication
Model on the left shows the messages between Subsystems for that same Domain.

Subsystem Coammunication Model [24] Subsysten Relationship Model [24]

Drannact jon status_procesd

D subnypsntem

Swatic/Communication Semantic Verification in the example above should verify the
following:
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- 1- the communi¢ation between entities is valid in the context of their relationships

If there is a message exchanged between two subsystems. there must be a relationship
between these two subsystems (i.e. one subsystem must have direct or indirect visibility over
the other via a relationship). For example. the process_transact ion message between
ATM and Bank. is valid since the latter two subsystems are connected through the
communicates_with relationship. On the other hand the col lect _money message is
not valid in the context of our example since subsystem Cust omex does not have visibility
over subsystem Bank as indicated in the Subsystem Relationship Model on the right. If is
determined that message collect_meney should exist between the two subsystems, then
either a direct relétionship should be added between subsystems Bank and Customer in the
Subsystern Relationship Model on the right or an indirect relationship should be indicated
between the Subsystems. The latter would be the case if Customer obtains a dynamic
reference to Bank from ATM as part of a parameter of one of Customer's abstract
operations25. Otherwise, message collect_money should be removed from the
Subsystem Communication Model on the left. For the sake of this example assume that the
latter is the action to take.

In the example above we have addressed the correcmess atribute of the Communication
View.

-2- the relationships between entities are reflected in their communication

With the current Subsystem Relationship Model notation, we cannot verify this
important activity. The notation should be augmented with abstract operations that satisfy
every relationship. This is illustrated below.

augmanted Subsystem Relationghip Model notation

Bank

commnicates_with

process_Lréngsct jon
process_verllication

communicates_with
Lrancact lon etatuc_proceed
verlfication_status _proceed
parforms_transaction_on
vearity_card
requegt_trancactlon

25 An abstract operation is an operation of a Subsystem. The abstract operation when refined, may he
transformed to one or more operations of a class(es) in that subsystem. onc or more classes cic.
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Given the ‘augmented Subsystem Relationships Model', we can now verify that the
relationships between entities are reflected in their communication (e.g. the relationship
communicates_with between subsystems ATM and Bank requires a certain
communication between these subsystems; the abstract operations involved in the
relationship are transaction_sta tus_proceedand verification_status
_proceed for ATM and process_transaction and process_verification
for Bank). The latter operations should be reflected in the Communication View. We
notice that they are not. The abstract operaton verif ication_status_proceedis
not reflected in the Subsystem Communication Model. Thus we found an incorrectness in
the Static View. If it is determined, that the abstract operation is not part of the message
exchange between ATM and Bank to satisfy the relation communi cates_with, then it
should be removed from subsystem ATM in the "augmented Subsystem Relationship
Model’. Otherwise, it should e added to the Subsystermn Communication Model notation
as shown below. For the sake of this example assume that the latter is the action 10 take.
The Subsystem Communication Model

veri ficaticn_:::atu::_proceed
transaction_status_proceed

So far, we can say the Static and Communication Views are complete and correct

with respect 10 each other.

We  will briefly illustrate the concept of a function. The
perform_transaction_on relationship between subsystems ATM and Customer,
identifies Customer as 2 Client and ATM as a Server. This is because of the direction of
the relationship. Thus, the relationship becomes the function that a Server rust provide to
its Client. The process is thus to validate this function in terms of the operations exchanged
berween the Client and Server in order to implement the relationship. )



Notadons that fall under the Contract Model as described in Chaprer 4. also provide
a framework for identifying correctmess for the two Views.
In our example, subsystem Bank has two responsibilities: to verity a card and to

process a transaction. We can define this, as part of a contract as illustrated below.

Contract 1: Process a transaction basod on card
verification

Server: Bank

Clignts: ATM™

Description: This contract specifies that a transaction
can occur only when the customer card hamn
been verified.
In Bank:
rocess_verification returns verificatlon_status_ procesd,
process_transaction raturns transaction_status_procesd.
Now Static/Communication Semantic Verification consists in ensuring that the
contract can be supported by both views. For this, we need to augment the Subsystem
Communication Model notation. What is missing, is the ordering of messages
(responsibilities) required to satisfy a specific contract. We can do this by augmenting the
notation as an Even Trace [14] or an Interaction Diagram [18.22]. This is shown below,

augmanted Subsystem Communication Model notation

= = D

verify_card
process, verilrcation

- >

veritication_status_prodeed

request_tranraction

process_transactlon

transaction_status _procesd

-

Therefore, from the ‘augmented Subsystem Communication Model’, we can detect
whether the message exchange is complete and correct with the respect to the contract (i.c.
whether the description section of the contract is translatable to message exchanges of the
*augmented Subsystern Communication Model’).

From the ‘augmented Subsystem Relatonship Model’, we can detect whether the
complete and correct set of operations are offered to satisfy the Contract (i.¢. whether the
Coatract is expressed in terms of existing and valid operations of the ‘augmented
Subsystem Relationship Model’).
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6.3.2.2 Dynamic/Communication Semantic Verification

Dynamic/Communication Semantic Verificaion should occur at the levels of
abstraction in software development where these Views are offered (i.e. Class Object level
and Class/Object internal level).

The purpose of this testing activity is to ensure the following:

- 1- the Communication View is correct with respect to the Dynamic View

This is labeled as (2.1) in Fig. 6.1. The aim is to verify that the communication
between Entities is supported by their internal behavior. By "supported”, we
understand that:

For every communication between two Entities (i.e.
Message exchanges), the internal behavior of the
receiver Entity, must eventuaily generate a Message
(i.e. contain an Rction that will cause an operation
invocation of another Entity) as described by the
communication.

The latter corresponds to the coverage criteria for the Communication View in
Dynamic/Communication Semantic Verification

Note that we see the internal behavior of an Entity only in terms of its Events
(Operations invoked by other Entities) and Actions (Operations invoked by the
Entity).

-2- the Dynamic View is correct with respect to the Communication View

This is labeled as (2.2) in Fig. 6.1. The aim is to verify that the observable
behavior of an entity contributes towards a valid communication between itself and
other entities. By "contributes”, we understand that

Rll internal behavior that can be observed from the
outside of the Entity (Actions: Operations invoked by
the Entity and Event: Operations of the Entity invoked
by other Entities) must be present in the
Communication Uiew.

The latter corresponds to the coverage criteria for Dynamic View in
Dynamic/Communication Semantic Verifi.aticn.
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The coverage criteria of the Dynamic and Communication Views described above

ensure completeness of these Views in Dynamic/Communication Semantic Verification.

Exampl

(1)

)

When a Message is sent from Entity X to Entity Y and Y is expected 1o
respond by sending message M to Entity Z. but the internal behavior of Y does
not support the sending (i.e. invocation) of message M as part of one of its
Actions. In this case. either the Communication View should remove this
specific communication (1.e. the sending message M to Fatity Z) or an Action
should be added to account for sending message M in the internal behavior of
Y.

When a Message M is not sent from Entity X to Entity Y but an Action in the
internal behavior of X supports the invocation of M. In this case. cither the
Communication View should add this specific communication (i.c. sending
message M to Entity Y) or the Action causing the invocation of M should be
removed from the internal behavior of X.

(N

()

When an Event and/or Action of an Entity is not present in a communication.
In this case, either the Event (and necessary Guards) and/or Action should be
removed from the intemal behavior of the Entity in the Dynamic View or the
communication should be added to the Communication View.

When an Event and/or Action of an Entity is present in a cornmunication as
Message exchanges, but the internal behavior of an Entity does not account
for this. In this case, either the Event (and corresponding Guards) and/or
Action should be added to the internal behavior or the Entity in the Dynamic
View or the communication should be removed from the Communication
View.
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Example 2

Verification.

illustrates an example of Dynamic/Communication Semantic

Notations that fall under the Event Manipulation Model as described in Chapter 4,
provide a framework for identifying completeness and correctness of the Dynamic and
Communication Views, since the Mode! glues these Views. The Model describes both the
internal behavior of an Entity (Dynamic View) and the interactions between Entities as

messuge exchanges (Communication View). In the Event Manipulation Model, Dynamic/

Communication Semantic Verification consists in ensuring that every path in the Model can
be decomposed into communications that are present in the Communication View and that
eich object in the communication can be further decomposed into Events and Actions of its
internal behavior as described in the Dynamic View.

Example 2: Dynamic/Communication Semantic Verification

Assume that aTeller and aTransactionStack are instances of classes Teller and
TransactionStack respectively. The Event Traces[14] on the left depicts the Communication
View and the State Transition Graph[18] on the right depicts the Dynamic View for the object

aTransaction Stack.

aTellar

Event Tracea([l4]

aTransactionstack

Creaty_ gl ack

Provess_item

aTallsr

aTranssctionftack

Pugh_trangact fon

hamdle_error

aTuller

aTranssctionttack

WH_E L anigaCt bon

BrocesE_ L Cem

AND not empty /

ftate Transition Greph[1l8] Zor aTranssctiocnftack

push_transact lon
AND xtx:: é:ét 7 create_stack / get_trancaction
push_trangaction inicialize_stack /
Loaded S Erpty process_item

pop_trangaction pop_transaction AND empty
!/ process_jitem
update_stack,

process_item pop_tranzaction 7

pop_trinsact lon handle_error

push_trancaction
AND full

Plain text: Event (an oparation implemented by
aTransact ionStack) .

/plain text: Actlon (invecation of an internal
operation lmplemented by
aTrangactionStack) .

/italic text: Action {an operation implemented by
another object,aTeller. in our

exarple) .
bold taxt: Cuard -
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Dynamic/Communication Semantic Verification in the example above should verify the
following:

The internal behavior of the receiver of a message in the Communication View,
must eventually generate a message as described by the Communication View. To verify
this, we need to analyze different event/state/action (i.e. input/state/output) combin:tions
in the State Transition Diagram. Well established testing techniques for Finite State
Machine as described in [11], can be used.

In our example, the create_stack event (i.c. operation) can only be invoked in
state Init which generates action get_transaction and not process_itemas
indicated in the first Event Trace. If it is determined that

(1) the acton of aTransactionStack upon reception of the create_stack
event, should be get__transaction, then the first Event Trace should be
updated with the latter event; or

(2) theaction of aTransactionStack, upon reception of the create_stack
event, should be process_item, then State Transition Graph should be
updated accordingly; or

(3) theaction of aTransactionStack should be process_item, but the event
that generates this action is not be create_stack, then the first Event Trace
should be updated with events: initialize_stack or pop_transactionas
indicated in the State Transition Graph.

For the sake of this example assume that the first case is the action to take.
Continuing with our example, we observe that the second Event Trace is not

supported by the State Transition Graph. If it is determine that this Event Trace is valid.
then the State Transition Diagram should be updated as indicated below in bold:
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Prdowtenin dtem pop_tranzaction /
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Al full

push_transaction /
handle_error

The third event trace is supported by the State Transition Graph in state Loaded.

Note that at this point, we can say that the Event Traces (Communication View) are
correct with respect to the State Transition Diagram (Dynamic View).

- 2- the observable internal behavior of an Entity contributes towards a valid communication

All internal behavior that can be observed from outside (i.e. events and actions that
correspond to the invocation of an operation in another object) must be present in the
Communicaton View. As said in -1-, well established testing techniques for Finite State
Machine as described in [11], can be used to analyze different input/state/output
combinations in the State Transition Graph.

The intend s that every state in the State Transition Diagram should be analyzed for
its event/state/action and that Event Traces should be updated as required by these
combinations.

As said earlier, at this point, the State Transition Graph is seen only in terms of its
externally observable behavior, therefore internal operation calls such as
update_stack, cannot be observed and therefore should not be part of the
Communication View. -
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In our example. we observe that the initialize_stack cvent causes the
process_item action in state Empty: this is not reflected in the event traces an
therefore should be added as follows:

aT™]ler aTransact Jonitack

inmitaalize_ntack

Proceds jfex

Finally, we observe that the pop_transaction event causes the
handle_erroxr action in state Empty: this is not reflected in the event traces an
therefore should be added as follows:

aTeller ATIARsact fonltack

Pop_t ransact lon

Nandle_serror

Note that at this point, we say that the State Transition Graph is correct with
respect to the Event Traces.

Furthermore, since every Event Trace can be traced to a path in the State Transition
Diagram and every observable event/action pair in the State Transition Diagram is depicted
in the Event Traces; we can say the two views are complete with respect to each other.
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6.3.2.3 Static/Dynamic Semantic Verification

Static/Dynamic Semantic Verification should oceur at the levels of abstraction in
software development where these Views are offered (i.e. Class Object and Class/Object
internal levels).

In the discussion that follows, we make no assumption about the type of state
machine notation that provides the Dynamic View (i.e. Actions could be placed in a
transition and/or in a state).

The purpose of this testing activity is to ensure the following:

- 1- The Static View is correct with respect to the Dynamic View

This is labeled as (3.1) in Fig. 6.1. The aim is to verify that the structure of an
Entity is valid in the context of its internal behavior. By valid. we understand that:

(1) Every Operation of an Entity X should be present in its
Oynamic View, either as

- an Event in a transition (in the case of operations
of ¥ that can be invoked by other Entities or in
the case of internal operations26 af § that can be
invoked by only &) and/or

- an Action in a transition or in a State (in the case
of internal operations)

(2) Every Property (i.e. attribute??) of an Entity & should be
accounted for in its Bynamic Uiew, either as part of :

- aState and/or

- an Action in a transition or in a State (as in the case
of setting data values in a transition) and/or

- a Guard

200perations that other Entities cannot have access to.
ﬂByam'ibutc.wc mean either a data value or an atribute that corresponds to a pointer 10 a class,
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(3)

Every Relationship is acecounted for in the Dynamic
View, as part of the Events of ¥ that satisfy the X side
of the Relationship.

The latter corresponds to the coverage criterta for the Static View in Static/Dynamic
Semantic Verificatdon.

The Dynamic View is correct with respect to the Static View

This is labeled as (3.2) in Fig. 6.1. The aim is to verity that the internal
behavior of an entity is supported by its structure. By supported. we understand

that
(1)

(2}

3)

4)

Every Event of Entity 8 should be present as an
Cperation in the Static View.

Every State of Entity # must be expressed in terms of
one or more Properties (i.e. attributes?¥) of the Static
Diew.

Every Guard (i.e. Boolean expression) of Entity 8 is
expressed in terms of Properties in the Static Diew.

Every Action of Entity & in a transition or in a State,
that does not involve invoking an operation of another
Entity, should be accounted for in its Static Diew, either
as

- a Property {as in the case of setting data values) or
- as an internal Operation

The latter corresponds to the Coverage criteria for the Dynamic View in Static

Dymamic Semantic Verification

The coverage criteria of the Static and Dynamic Views described above ensure

completeness of these Views in Static/Dynamic Semantic Verification.

Example 3, illustrates an exampie of Static/Dynamic Semantic Verification. The

reader is recommended to read this example to clarify the presentation of the testing activity

type.

28Byam'ibute.wenwuneiﬂ)cradatavalucoranatu*ibu:cﬂmoom:q)onduoa pointer 10 a class,
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Examples of ingorreet Static View in Static/Dvnamic Semantic Verification

(1) When an Event is the Dynamic View cannot be related to an Operation of the

Static View, In this case, cither the Dynamic View should remove the Event
und affected States, Guards and Actions or the Static View should create a new
Operution supporting the Event.

When an Operation in the Static View cannot be related to an Event is the
Dynamic View. In this cuse, either the Dynamic View should add the Event
and corresponding States. Guurds uand Actions or the Static View should

remove the Operation.

Examples of incorrect Dynamic View in Static/Dynamic Semantic Verification

(l)

2)

When a State in the Dynamic View cannot be related to Properties of the Static
View. In this case. either the Dynamic View should remove the State and
affected Events, Guards and Actions or the Static View should provide the
Properties 1o arrive to the State.

When a Guard in the Dynamic View is not expressed in terms of Properties of
the Static View. In this case, either the Dynamic View should rermove the
Guard and affected Events, States and Actions or the Static View should
provide the Properties 10 express the Guard.
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Example 3: Static/Dynamic Semantic Verification

The Class Diagram| 14] below illustrates the Static View for classes To i Lo and
TransactionStack: these classes are related via the process_stack relationship,

which is satisfied by the operations indicated under relat ionshi D= in both classes.

Clana Diagram

TransactionStack Teller
proparel pPropartise
-
war_wize - 00 _( Prodaiel stack e

mn_ site - 0
CUrrent _size
N el _ush

oparatlons
Ul wlement u_ gy
PIVR SR L e |4 ]
oparations Wt Lt anisat 3om

Crwalw, utacs

BB T aRRaCt 12 (LY wint
b _t ransect 100

et _returmed_ 1tem

relationships

procese_ntack
Create mtack
POp_ttmnsact jon
Pumh_Y rensact 106 5t em)

The Dynamic View of an instance of class TransactionStack is shown by the
State Transition Graph{ 18] described below.

State Transition Graph for aTransactionStack . .
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Static/Dynamic Semantic Verification in the example above should verify the following:

- 1- the structure of an Entitv is valid in the context of its internal behavior.

By valid we mean that

(1) Every Cperation of an Entity ¥ should be present in its Dynamic Diew,
either as
- an tventin a transition (in the case of operations of ¥ that can be
invoked by other Entities or in the case of internal operations of ¥
that can be invoked by only X) and/or
- an Jction in a transition or in a State (in the case of internal

operations).

We observe that operations create_stack. push_transaction and
pop_transation are present in transitions of the State Transition Diagram
but that operation set _returned_item, is not present. The operation
should ¢ither be removed from the Class Diagram or accounted for (ie.
added) to the State Transition Diagram. Assume that the action to take is the
latter and that set_returned_item is an internal operation. An updated
Sttte Transition Diagram is shown at the end of the example.

(2) Every Property (i.e. attribute) of an Entity X should be accounted forin its
Dynamic UView, either as part of :

- aState and/or

- an Actlon in a transition or in a State (as in the case of setting data
values in a transition) and/or

- aGuard

We observe that properties max_size, min_size and current_size
are present in states and in guards. However, properties
num_elements_push, num_elements_pop are not present in the State
Machine. The properties should either be removed from the Class Diagram or
accounted for (i.e. added) to the State Transition Graph. Assume that the
action 1o take is the latter and that the properties are accounted for as Actions
by setting date values for these properties. An updated State Transition
Diagram is shown at the end of the example.
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(3} Every Relationship is accounted for in the Dynamic View, as part of the

Events of ¥ that satisfy the X side of the Relationship.
We observe that the three operations of TransactionStack that satisfy
the process_stack relatonship are indeed invoked as shown by events in

the State Transition Graph.

-2- the internal behavior of an entity is supported bv its structure

By supported, we mean that

(1) Every Event of Entity X should be present as an Operation in the Static
Uiew.

We observe that the event initialize_stack from staie Init is not
present in the Class Diagram. The event should cither be removed from the
State Transition Graph or accounted for (i.e. added) to the Class Diagram.
Assume that the action to take is the latter and that the operation is an internal
operation. An updated Class Diagram is shown at the end of the example.

(2} Every State of Entity X must be expressed in terms of one or more
Properties (i.e. attributes?9) of the Static Uiew.

We observe that state Init is not expressed in terms of the propertics the
Class Diagram. The state should either be removed from the State Transition
Graph or accounted for (i.e. expressed in terms of properties) in the Class
Diagram. Assume that the action to take is the latter and that the Init state
can be expressed n¢ {~1worent_size = min_size; num_elements
push = 0; num_elements_pop = 0).Anupdated Class Diagram
is shown at the end of the example.

(3) Every Guard (i.e. Boglean expression) of Entity ¥ is expressed in terms of
Properties in the Static View.

We observe that all guards in the State Transition Graph are expressed in
terms of the properties the Class Diagram.

29By attribute, we mean either a data value or an atribuie that corresponds to a pointer to a class.
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(4} Every Action of Entity X in a transition or in a State, that does not involue
invoking an operation of another Entity, should be accounted for in its

Static View, either as

- a Property (as in the case of setting data values) or

- as an internal Operation

We observe that actions num_elements _DoOop++ and
num_elements_push++ in the State Transition Graph are expressed in
terms of properties of the Class Diagrams. We also observe that actions
initialize_stack and set_ret urned_item (denoting internal
operations) in the State Transition Graph are present in the Class Diagram,

The figure below illustrates the updated Class Diagram after Static/Dynamic
Semantic Verification. Changes are shown in outlined text.

Class Diagram

TransactionStack Teller
properties
properties
max_gize = 100 - process_stack I
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current_gize
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op_trancact:on

Let teturned_item

initialixed_stack
relationships

process_stack
creat«_stack
pop_trancaction
pugh_trancaction(item)
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The figure below illustrates the updated State Transition Graph after Static/Dynamic

Semantic Verification. Changes are shown in outlined text.
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6.3.2.4 Static_Dynamic_Communication/Processing Semantic Verification

Static_Dynamic_Communication/Processing Semantic Verification should oceur at
the levels of abstraction in sofiware development where these Views are offered (i.e. Class
Object and Class/Object internal levels).

The Processing View (e.g. Data Flow Diagrams, DFDs) is currently undergoing
controversy in the Object-Oriented world. "The idea was (and is) that you need to
document not only structure but also function. in the mathematical sense of mapping from
one set of values to another... However, I and others have found in practice that DFDs are
not a very compact way to do this. Better ways include equations (for numerical things).
before-and-after conditions, and in most cases a simple text description will suffice. You
do need to specify the behavior of operations, but diagrams are probably not the best way.
I think that the OO DFDs that I proposed more recently are a valid pedagogical device but
probably not so useful in practice. especially in large systems".30 * DFDs are not useless,
they just fall short in 2 lot of cases. It's nice to have a richer notations when you want to
make more detailed and rigorous statements about what you want... Use DFDs if they
work for you, but don't stress too much if they don't show up in the OOA/D/P toolbox."3!
We agree with the latter point.

The Processing View is not feasible for large systems due to the level of detail it
provides. The functional nature of operations should be described only for complex
operations in large systems and not all operations.

In terms of verification, we should ensure that those specific functions are valid.
Therefore, the aims of Static_Dynamic_Communication/Processing Semantic Verification
is to ensure the validity of these wansformation.

More specifically. the purpose of this testing activity is to ensure the following:

The data, as described in the Static and Dynamic Views, undergoes valid
mappings through Processes from one set of values to another. (i.e.
every Process, Data and Data flow is described in terms of Operations,
Entities and Properties of the Static, Dynamic and Communication
Views)

30 3ames Rumbaugh, in email discussions from Rational ‘otug@Rational.com’,

31 Response 1o email on feedback on DEDs for object-oriented notations.

143



This is labeled as (4) in Fig. 6.1. The aim is to verify that data transtormations
are valid in the context of structure, behavior and communication. By valid. we understand
that:

(1) Every Pracess is implemented as

- one or more Operations in an Entity of the Static View.
(these processes are usually labeled with the Entity
name they belong to3: or by placing the Process
within the Entity itself??) and

- an Event in a transition or an Action in a transition or
an Action in a State in the Dynamic View and

- a Message sent from one Entity to the next in the
case of non-internal Operations in the Communication
Uiew

(2) Every Data can be accounted for as
- a Property in the Static Diew and
- a State and/or an Action in a transition and/or an
Action in a State and/or a Guard

{3) Every Data Flow can be traced to the transfarmation of
a Property in the Static View. This is usually achieved
by labeling the BData Flow with the name of the
Property being changed by the Process.

The latter corresponds to the Coverage criteria for the Processing View This
ensures the completeness and correciness of the Processing View.

32action Data Flow Diagrams in Object LifeCycles Modeling the Word in States by Shlaer aad Mellor.

330bject-0ﬁcmed Data Flow Diagrams in OMT: The functional Model by Rumbaugh,
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Examples of incorrect Processing View in Static Dvaamic Communication/Processing

Scmantic Verification

(1) When a Process cannot be traced to an Operation in the Static View. In this
case, either the Processing View should remove the Process, or the Process
should be expressed in terms of valid Operations of the Static View or the
Static View should add the Operation and all other Views should be updated

accordingly.

(2) When a Data cannot be accounted for in a State, Action in a transition, Action
in a State or in a Guard in the Dynamic View. In this case, either the
Processing View should remove this Data or express the Data Flow in terms of
valid data of the Dynamic View or the Dynamic View should add the new data
in a State. Action in a transition, Action in a State or in a Guard.

Notations that fall under the Class Structure Model provides aspects of the
Processing View, since it describes operations. control flow and data flow, but does not
describe the processing of data.

Currently the Object Interaction Diagram notation in Rumbaugh [14] provide a
framework for identifying completeness and correctness of the Processing View since the
Model glues the Communication and Processing Views. The Model describes both the
processing of data within Entities as well as the communication between Entities.
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Chapter 7 Validation and
Incorporation Testing
Activity Types

7.1 Introduction

The purpose of this section is to discuss Validation and Incorporation testing
activity types. These are discuss in the same chapter due to their similarity (this becomes
apparent through the chapter).

7.2 Validation testing activity types

Validation 2ims at validating the semantic transformations that notation can
undergo. These transformations are usually applied when moving from one phase of
development (e.g. Analysis) to a more detail one (e.g. Design). The aim is to provide
Vertical Upwards and Vertical Downwards traceability, identified in section 3.2.2.3.1. The
goal is to test the consistency of a View through different levels of abstraction as shown in
Fig. 7.1.
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More specifically, we say that Semantic Validation aims at ensuring that

(1) every maodeling construct of a notation at phase n of the
Generic Object-Oriented Development Methodology is

present or rationalized (as in the case that the modeling

construct is deleted or changed) at phase n+7, and that

(2) every modeling construct at phase n+7/ of the Generic
Object-Oriented Development Methodology is a valid
transformation of a modeling construct at phase n.

Note that in the above definition

“every” deals with completeness and

‘is present or rationalized’ and ‘is a valid ransformation of” deals with correcmess.

As stated in Chapter 3, section 3.2.2.3.2, the atmributes: completeness and
correctness  were folded into consistency (i.e. consistency of a View includes its
completeness and correctness). Therefore in the discussion that follows, when the arribute:
consistency is used, the reader should remember that we mean both completeness and
COITECtness.

Before getting to Semantic Validation, the following observations are made, which
in turn mold the definition of Semantic Validation testing activity types.

Observation 1

In the previous section, when we discussed Verification, we mentioned that this
testing activity type should take place at each phase, before moving to the next phase. The
time when Validation should take place is not so straight forward and must be taken in the
context of the iterative style of development.

We say that both aspects of the definition of Validation (i.e. (1) and (2) above)
should take place after each development phase of an iteration except for boundary
phases34. Checking for consistency at boundary phases must be split: aspect (1) should
not take place until the goal of the iteration is achieved: aspect (2} can take place after each
phase of an iteration.

34Abomdmyphascisaphasca(whid1pmﬁ:ioningofmcsym for iteration takes place. In our Generic
Object-Oriented Software Development methodology. the Analysis and Requirements Modeling phases are
boundary phases, since they define the Micro and Macro-lieration goals respectively.
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Lets take a brief example 1o illustrate our observation.

In Fig. 7.2, there is no value in performing aspect (13 of Regulirement o
Mocdeling vs. Analysis Validation of Analysis notations, until ©ime- 3. That
is, aspect (1) of validation should not take place until the goal of the current Macro-
Iteration is achieved. This occurs at time=3. in Fig. 7.2, Note that at this point, the next
Macro-lteration can start. The point is that before time=3. Analysis notations are
incomplete with respect to Requirements Modeling notations. Therefore testing for
consistency, which includes completeness. of Requirements Modeling notations in the
current Analysis notations will definitely fail. Aspect (2) of the definition of validation can
and should take place after each Analysis phase of an iteration since we are testing the
consistency of Analysis notations with respect to Requirements Modeling notations (and
not vice-versa as in the previous case).

The same discussion is applicable to Requirements Capture vs.
Requirements Modeling Validation. Aspect (2) of the definition of validation
can and should take place after each Requirements Modeling phase of an iteration, Aspect
(1) should only take place at t ime=n, time at which there are no more Macro-Iterations
left.
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Figure 72 Example of consistency in the context of Iterations
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Observation 2

In the OO paradigm, certain transformations or mappings. from one phase to the
next, drive other ransformations. For example, the Static View at the Analysis phase
drives the transformations of the Communication, Dynamic and Processing Views from the
Analysis phase to the Design phase.

The last point is very important and many times ignored. When moving from one
phase to the next, the first notations that are refined are those that describe the Static View
(e.g. Class Diagrams [14, 22]). Then only, other Views are refined (e.g. State Transition
Graphs| 18] for the Dynamic View).

How can we test that certain transformations indeed drive other mansformations?

As said earlier, the purpose of Semantic Verification is to ensure that

- Views are correct in themselves,
- Views are complete with respect to other Views at the same phase of development

The purpose of Validation is to ensure that

- Views are consistent with respect to other Views at different phases of development

The combination of Semantic Verification and Semantic Validation ensures that the
Static View at Analysis drives the Communication, Dynamic and Processing Views from
the Analysis phase to the Design phase. This is illustrated with an example in Fig. 7.3.
Note that in Fig. 7.3, we only show the transformation driving of the Dynamic View from
Analysis to Design.

* when we achieve (1), (3) and (7). we have ensured that the Static View at Design
is a valid ransformation of a corrected and complete Static View at Analysis;

* when we achieve (2), (5), (4) and (6), we have ensured that Static View at
Analysis drove the transformaton of the Dynamic View from Analysis to Design,
therefore Dynamic Semantic Validation of the Dynamic View has been achieved (Le.
line labeled as (8) in Fig. 7.3).

151



Therefore, Dynamic. Communication and Processing Semantic Validation are

transitively obtained and do not require to be separate testing activities We provide a list of
heuristics that can be applied to double check that validation has indeed occurred. Semuntic

Validation of the Swatic View is however very imporwant. We concentrate our effort in the

latter.

Note that we do not talk of Syntactic Validation. because Semantic Validation aims
at validating the semantic transformations between notations thyt have been svntactically
verified. For example, in the process described in Fig. 7.3, Semantc Validation (depicted
by the directed iine labeled as (5) occurs between two notations that have undergone
Syntactic Verification (depicted by the directed lines labeled as (1) and (3)).
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Figure 7.3 Example of testing transformations driving other transformations in

Validation
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7.2.1 Requirements Capture vs. Requirements Modeling Validation

As discussed in section 6.3.1, requirements are usually capture using a combination
of text to capture different aspects of the applicatior. 10 be developed (e.g. performance,
data, architecture, behavior, etc.) and using notations that fall under the Scenario model.

Notation that fall under the Scenzrio Model, like Use Cases, are helpful in defining
functional requirements and deriving objects as shown in [18, 74].

We will use the term Use Case to illustrate our discussion; note that we could have
used the term Scenario since a Scenario corresponds to an instance of 2 Use Case.

"Use Cases and objects are related in that a Use Case is a tool to identify objects,
class inheritance and object aggregates” [74]. This is usually capture in an Object Model
[18.22] consisting of Domain Objects and their reladonships of the problem domain. The
latter provides the Static View.

Use Cases also provide aspects of the Communication View as described in
Chapter 4. Every Use Case of the system can be viewed as a communication between the
User and the System. More specifically, a Use Case shows how several object may
participate given their responsibilities and how each object may participate in several Use
Cases.

This mapping from Use Cases to the Static and Communication Views is what is
tested in Requirements Validaton. More specifically:

in the Statdc View

(1} every Entity (i.e. Domain Class/0bject) must be derived
from at least one Use €ase and

(2) every Use Case must have at least one Entity allocated
to it. '

in the Communication View

(1) every interaction between Entities offers at most one
Use Case or part of a Use Case and

(2) the course of events of every Use Case should be
realized by at least one interaction between Entities
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A useful tool for describing the relationships between Use Cases and Entities is the
"‘Use Case - Object Matrix' which shows the dualism between the latter. This matrix
described in [74]. shows how several Entities (objects). participate in cach Use Case and
how each Entity (object) may purticipate in several Use Cases.

Example 4, illustrates an abstract example of Requirements Validation.

Example 4: Requirements Validation

Use Cases or Scenarios specify a complete course of events of the application to be
developed from a User’s perspective. From these, a structural configuration (i.c. Domain
Classes/Objects) of the problem domain are identified. These should be traced to the Use
Cases or Scenarios. Thus. Requirements Validation aims at ensuring two things in the
Static View:

(1) every Domain Class/Object is derived from at least one Use Case or Scenario

if the latter is not true as shown by C9 in the figure below then
a. the Domain Class/Object (C9) should b= removed or
b. anew Use Case or Scenario should be identifted to include C9.

(2) every Use Case or Scenario must have an Entity allocated to it

if the latter is not true as shown by Use Case4 in the figure below then
a. Use Cased should beremoved or
b. new Domain Class(es)/Object(s) must be identified to support Use
Cased.

Use Case2

Use Casel

Use Cased m

(=\s/

C = Domain Class/Object
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The interactions between the Domain Class/Objects identified by Use Cases can be
described by notations in the Object Interaction Model such as Interaction Diagrams [18].
Note that the creation of Interaction Diagrams is driven by the creation of Domain
Classes/Objects. These interactions should be traced to the Use Cases or Scenarios {we will
use Interaction Diagrams as an example notation in the discussion that follows). Semantic
Validation in the Communication aims at ensuring two things:

(1) every interaction Diagram offers at most one Use Case or part of a Use

Lase

if the latter is not true as shown by ID10 in the figure below, then
a. the Interaction Diagram (ID10) should be removed or
b. anew Use Case or Scenario should be identified to include ID10.

(2) the course of events of every Use Case should be realized by at least one

Interaction Diagram

if the latter is not true as shown by Use Case4 in the figure below, then
a. Use Case4 should be removed or
b. anew Interaction Diagrams must be identified to support Use Case4.

Use Casgsed
OUse Casel Use Case2
c3 4 Cclo Cl1
Ind
Coe Domain Cluasssobject
Do Intetaction Diagrams tor Og

ID10
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7.2.2 Development Validation

As described in Chapter 4. models used ut different phases of the Generie Object-
Oriznted Software Development Methodology provide different semantic (views) of the
application to be developed. The four basic views are: Static, Communication., Dynamic
and Processing,

These Views are provided at different levels of abstraction (i.c. System,
Class/Object and Class/Object Internal) as described in Fig. 5.1.

Semantic Validation aims at verifying that the semantics provided by & View is
consistent throughout different phases of the Generic Object-Oriented Software
Development Methodology. The semantics of Views is described in terms of generic
modeling constructs as described in Chapter 4. Semantc Validation will be defined in terms
of these generic modeling constructs. These were defined in Chapter 4.

Static View: Entities, Relationships. Properties. Operations
Communication View; Entiies. Messages. Ordering of messages
Dynamic View: States, Events, Actions. Guards

Processing View: Process, Data. Control flow and Data Flow

7.2.2.1 Static Semantic Validation

The Static View is provided by notations that were classified into the following
models, as described in Chapter 4:

- Domain/Subsystem Configuration Model
- Class Configuration Model
- Object Configuration Model

These models provide the Static View of the application to be developed at different
levels of abstraction. Semantic Validation aims at ensuring that the Static View is consistent
through these different levels of abstraction. More specifically, it aims at ensuring that Use
Cases or Scenarios in the Requirements Capture phase can be traced to the Coded
Classes/Objects of the Implementation phase, as shown in Fig. 7.4, and that the
relationships between entities (i.e. Domains, Subsystems, Semantic Classes/Objects, etc.)
are also traced through the different levels of abstraction.
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Example 5, illustrates an abstract example ~¢ Static Semantic Validation of
Subsystems vs. Domains. We now analyze the rest of the transformations ilustrated in

Fig. 7.4.

Semantic Classes/Objects are derived from Domain Classes/Obiects; Solution
Classes/Objects are derived from Semantic Classes/Objects and Coded Classes/Objects are
derived from Solurion Classes/Objects, as shown in Fig. 7.4. Transformations become
more complex in nature due to inheritance. In Example 5, we only talked of decomposition,
now we must talk of generalization and specialization. However, the basic principles of
Semantic Validation remains the same; i.c. every Semantic Class/Object, should be
ratonalized (changed, deleted or “dded) from its Demain Class(es)/Objects and vice-versa:
every Solution Class/Object should be rationalized from its Semantic Class(es)/Object(s)

Figure 7.4 Semantic Validation of the Static View

and vice-versa; etc. This is shown .n Fig. 7.5.
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From Requirements Modeling down to Implementation, the models on the left of
Fig. 7.4 describe entities (i.e. Domains, Subsystems, Domain Classes/Objects. Semantic
Classes/Objects, erc.) and their relationships (i.e. Bridges, Subsystem relationships, etc.).
The transformations from one phase 1o the next can be generalized as shown in Fig. 7.5.

Fig. 7.5 captures the set of ransformation heuristics of the Static View from one
level of abstraction to the next. Tools that can automate such a set and rationatize the
transformations are greatly in demand. Lets take an example. most tools (e.g. Argos CASE
tool). ensure that if a class is deleted. the associations io and from that class are also
deleted. The missing piece is the rationalization of such a change, i.c. cnsuring that civher a
new class will take care of the functionality of the deleted class and the associations of the
deleted class are handled by the new class, or the deleted associations are no longer
required or are handled by other classes.

The rationalization of transformations is difficult to automate. This is because. of
the difficulty in keeping track of the wansformation, how invalid ransformations should be
handled, and the need to identify a set of transformations that will not restrict the
development of a notations through different levels of abstractions. The case tool Argos
provides a crude type of Semantic Validation but restricts important refinements. For
example, it allows to refine a by-directional association at Analysis into one of its
unidirectional reladons at Design, but disallows the creation of a new class at Design that is
not present at Analysis. .

A tool that would automate Semantic Validation would allow the software designer
to navigate through a class diagram and apply the set of ransformation that a class diagram
can undergo to generate a new class Diagram at a lower level of abstraction. For example in
the case of inheritance, he/she would click on the classes that will be generalized and would
be prompted to enter the name of the new class; the system, thus keeps tracks of the
transformation.
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Subsystems

k

3

Domain Classes/Objects

Tentative set of legal semantic
transformaticns for System level of
abstraction

{1} decompuscd 1nito one or more Subsystems

(2) decompased bridge into Subsystem relationships
- one Subsystem reflects the bridge
- a group of Subsystems reflect the bridge

(1) decompused into one or more Domain Classes/Objects

(2} decomposed Subsystem relationships into Domain Class/Object relationships
- onc Domain Class/Object reflects the Subsystem relationship
- a group of Domain Classes/Objects reflect the Subsystem relationship

4—?—

Semuntic Classes/Objects

<

Solution Classes/Objects

-<y—

Coded Classes/Objects

Tentative set of legal semantic
transformations for Class/Object
level of abstraction

(1} add, delete, or change
= an attribute (instance variable), its datatype and/or initial valuc
- an vperation (method). its argument list and/or return type

(2) add/dclete and/ot change
- an association. its cardinality, its qualifier and/for its constraint(s)
- a link attribute

(3) refined an association into one unidirectional association
(4) changea class ({1}, (2) and/or (3))
(S) delete a class

(6) add a new class by
- specializing from an existing class
- generalizing two or more classes
- adding a part class to ap existing aggregation class
- combining several parts into an aggregate class
- splitting: the functionality of an existing class into several new classes
- combining the functionality of existing classes into one class

Figure 7.5 Generalized static semantic transformations in Validation

159




Example 5: Static Semantic Validation of Subsystems vs. Domains
Subsystems are classified into Domains. Semantic Validation aims at ensuring that:

(1) every identified Subsystem is part of a decomposition of 4 Domain; if this is
not true as shown by S4 in the figurc below then
a. the Subsystem should be removed and Domain Class(es)/Object(s) (e.g.
C7, C8) as well as the Use Cases or Scenartos (¢.g. Use CaseS)
should be updated or
b. anew Domain should be created to include S4.

(2} every Domain is decomposed into identificd Subsystems (by Domain
Classes/Objects and in turn by Use Cases or Scenarios): if this is not true as
shown by D2 in the figure below, then

a. the Domain should be removed and Subsystems (e.2. $5) should be
updated) or

b. the new Subsystem should be updated (i.c. new Domain
Class(es)/Object(s) and Use Case(s) or Scenario(s) should be identified
1o include S5).

Use Casel Use Casel Use Cased

Domain
Subsystem
Domain Class/Object

g
nwnu
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(3) every Domain relationship is reflected in the identified Subsystems. In the
figure below, bri is a bridge (relationship) between Domains D1 and D2.
Semantic Validation aims at ensuring that one of the configuration below must

is true.
brl
Dl D2
s2 ss
g1
Lol
D1 D2
g2 bl 55
Sl amee
brl
Dl D2
brl ( puen 55
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7.2.2.2 Communication Semantic Validation

The Communication View is provided by notwtions that were classified into the
following models. as described in Chapter 4:

- Scenario Model
- Domain/Subsystem Interaction Mode!
- Object Interaction Model

Their generic modeling constructs were:
- Enuties,
- Messages
- Ordering of Messages

These models provide the Communication View of the application to be developed
at different levels of abstraction. Semantic Validation aims at ensuring that the
Communication View is consistent through these different levels of abstraction. More
specifically, it aims at ensuring that Use Cases or Scenarios in the Requirements Capture
phase can be traced to the interactions between Coded Classes/Objects of the
Implementation phase, as shown in Fig. 7.6.

Example 6 illustrates an abstract example of Communication Semantic Validation of
interactons of Domain Classes/Objects vs. interactions of Subsystems.

Example 7 illustrates an abstract example of Communication Semantic Validation of
interactions of Subsystems vs. interactions of Domain. We now analyze the rest of the
wansformations illustrated in Fig. 7.6.

Semantic Classes/Objects are derived from Domain Classes/Objects; Solution
Classes/Objects are derived from Semantic Classes/Objects and Coded Classes/Objects are
derived from Solution Classes/Objects. as shown in Fig. 7.6. At each phase, the
interactions between these entities is described by the notation that fall under the Object
Interaction Model, as described in Chapter 4.
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Figure 7.6 Semantic Validation of the Communication View

Semantic Validation aims at ensuring that the interactions between entities at one
phase are reflected in the next phase and vice-versa. As said earlier, in observation 2 in
section 7.2, from one phase to the next, the transformations in interactions (ie.
Communication View) are driven by the transformations in the Static View. In the figure
below, if Semantic and Syntactic Verification has occurred between SV1 and CV1 and
between SV2 and CV2; and Semantic Validation has occurred between SV1 and SV2: then
we can ensure that Semantic Vatidation has occurred between CV1 and CV2.

sStatic View Communication View
verified
SV cvl .
Analysis
|
. i
validated |
} .
verified
sv2 cv2 Design
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Lets take a brief example to illustrate our discussion: assume that V1 describes an
Interaction Diagram between an instance of class A and an instance of ¢lass B. In order to
achieve Semantic Validation of CV1 vs. CV2. we must have an understanding of the
transformation of classes A and B from SV1 to SV2. If class A's functionality was split into
classes A1 and A2, then either an instance of class A1 or an instance of class A2 must now
interact with an instance of class B to achieve semantic consistency from Cv1 to Cv2.

Fig. 7.5, provided a tentative set of static semantic transformations for the
Class/Object level of abstraction. We now provide a set of heuristics based on these
transformations to double check that Communication Semantic Validation has indecd
occurred.

Communication View

Analysis

Valid Transtormations

- add/fremove an Entity

- change the ordering of Messages by
adding/removing or changing a Message

) I

Desian

The figure above illustrates the valid transformations of the Communication View.
These transformations depend on the static transformations as follows:

(1) a class is deleted in the transformation from SV1 to SV2

The Interaction Diagrams in CV2 should not depict an instance of the deleted Class.

(2) a class is added in the transformation from SV1 to sVv2
Fig. 7.5, lists the circumstances under which a class is added in a static transformation.

a) Ifacl
Interacton Diagrams for this new class in CV2, should include the Interaction
Diagrams from CV1 that involve the superclass (i.c. this set, is a clone of the

is i specializing from an existing class in SV1 then the
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<)

d)

Interaction Diagrums in CV1 that involve instances of the superclass of the new
cluss but in place of the instance of the superclass, an instance of the new class
should be drawn). The basic rational is that Interaction Diagrams that involve an
instance of a superclass can be inherited by an instance of the subclass of this
superclass. Note that this is true if the new class and its superclass are concrete

classes.

If a class in SV2 is added by seneralizing two _or mare classes in $V1 then the

Ineraction Diagrams in CV2, should include the Interaction Diagrams from CV1
that involve the subclasses (i.e. this set is a clone of the Interaction Diagrams in
CV1 that involve instances of the generalized classes but in place of these instances,
an instance of the new superclass should be drawn). Note that this is true if the new
superclass and its subclasses are concrete classes.

If 3 class is added in SV2 by creating a new part to an ¢xisting aggresation class in
SV then nothing can be said about the communication transformation of CV1 to

CV2, since the new class may have an entirely new set of interactions.

If N A in ini veral parts into a new ion ¢l
in_SV1 then this is similar to case b), the Interaction Diagrams in CV2, should
include the Interaction Diagrams from CV1 that involve the part classes (i.e. this set
is a clone of the Interaction Diagrams in CV1 that involve instances of the part
classes but in place of these instances, an instance of the new aggregation class
should be drawn).

If 38 18 i itn 1 i isg S 1
several pew classes in SV then this is similar to case d), the Interaction Diagrams
in CV2, should include the Interaction Diagrams from CV1 that involve the previous
uncombined classes (i.c. this set is a clone of the Interaction Diagrams in CV1 that
involve instances of the uncombined classes but in place of these instances, an
instance of the new functional class should be drawn).

new g[gs s in SVI then it is very dlfficult to dctcrmmc the communication
transformation from CV1 to CV2. All it is possible to assert is that the Intcracnon
Diagrams in CV1 that involve an instance of the unsplitted class must be prcsent in
CV2 with instances of the new splitted classes.
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(3) a class is changed in the transformation from SV1 to sv2
Fig. 7.5, lists the circumstances under which a class is changed in a static transformation.

a) If an association and/or an non-internal operation is added to 2 class from SV2 to

SV1 then the Interaction Diagrams in CV2 should depict the interactions of the
changed class by including invocations of the new operation and/or interactions that
implement the new association.

b) If an association and/or an non-internal operation is deleted in a clags from SV to
SV1 then the Interaction Diagrams in CV2 should not depict the interactions of the
changed class by excluding invocations of the deleted operation and/or interactions

that implement the deleted association

Example 6: Communication Semantic Validation of interactions of Domain
Classes/Objects vs. interactions of Subsystems

Domain Classes/Objects were classified into Subsystems. The interactions between
these Subsystems can be described by notations in the Domain/Subsystem Interaction
Model such as the ‘augmented Subsystem Communication Model® notation described in
example 1 of section 6.3.2.1. Note that the creation of ‘augmented Subsystem
Communication Models’ was driven by the creation of Subsystems. We will show how the
Semantic Validation at this stage augments the set of Interaction Diagrams defined so far.
Consider the figure below.

Use Cased

Use Casel

Use Cane5

Subsystem
Domain Class/Object
ID = Interaction Diagrams for Cs

S
C
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Assume that an “augmented Subsystem Communication Models' models looks like
this (note that we have included the Domain Classes/Objects that each Subsystern contains,

for clarity)

o]

o oS

(1,7, 0 (€5 (C7,08)

B

o -
I‘ m3
g
For m1 10 take pluce, C1 andfor C2 and/or C3 must interact with C5. Currently the set of
Interaction Diagrams (ID1 through ID10) do not reflect this since they are on a per Use
Cuse or Scenario base (i.e. the Interaction Diagrams are encapsulated to the specific Use

Case or Scenario). Semantic Validation, will ensure that the set of Interaction Diagrams for
Domuin Classes/Objects are extended to include either of the following Interaction

Diagrams:

For m2 1o take place, C5 must interact with C7 and/or C8. Semantic Validation, will ensure

that the set of Interaction Diagrams for Domain Classes/Objects are extended to include
either of the following Interaction Diagrams:

CS c2 c5 C3 Cc5

)

ml ml ml
- — I >

cs c7 c5 far)

m2 > | me

| —

Finally for m3 to take place, C7 and/or C8 must interact with C5. Semantic Validation, will
ensure that the set of Interaction Diagrams for Domain Classes/Objects are extended to
include either of the following Interaction Diagrams:

o5 C7 cs c8
m3 | a5 | -
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In more general terms. Semantic Consistency. should ensure that every “augmented Subsvstem
Communication Model” describing Subsystem interactions is reflected in at least one Inieraction
Diagram describing their contained Domain Classes/Objects interactions (this was described
above). If such an Interaction Diagram is not supported. then the “angmented Subsystem
Communication Model'. should be removed. Also Semantic Validation ensures that every
Subsystem participates in at least one ‘augmented Subsystem Communication Model®. since
every Subsystem must eventually interact with other Subsystems in the whole application to be
developed.

Example 7: Communication Semantic Validation of interactions of
Subsystems vs. interactions of Domain

Subsystems are classified into Domains. The interactions between these Domains
can be described by notations in the Domain/Subsystem Interaction Model such as the
“augmented Domain Communication Model” (this is similar to the “augmented Subsystem
Communication Model” notation. described in section 6.3.2.1. but with Domains instead of
Subsystems). Note that the creation of ‘augmented Domain Communication Models® was

Use Cased

driven by the creation of Domains. Consider the figure below.
c7 C8
l D8 ;o

S = Subsyst.em

C = Domain Class/Object

ID = Interaction Diagrams for Cs .
D = Domain
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Assume that an “augmented Domain Communication Models® models looks fike this
(note that we have included the Subsystems that each Domain contains, for clarity)

(231,00} (83,£4)

Forn1 1o ke place, S1 and/or S2 must interact with S3 and/or $4. Semantic Validation,
will ensure that the set of ‘augmented Subsystems Cemmunication Models® for
Subsystems includes cither of the following ‘augmented Subsystems Models':

o1 33 s S$4
(1,02,C3) (C6,C16,C011) {C1,C2,C3) (C7.CE)
a1 | =
i - I l
s 53 32 84
(C5) (C6,C10,C11) {C5) (C7.C8}

nl I nl
i - I "~

(note that, in turn, the above must be supported by the Interaction Diagrams, as described
in the previous section)

In more general terms, Semantic Consistency, should ensure that

(1) every ‘augmented Domain Communication Model’ describing Domain interactions is
reflected in at least one ‘augmented Subsystem Communication Model’ as described
above. If such an “augmented Subsystemn Communication Model” is not supported,
then

a. the “augmented Domain Communication Model’ should be removed or

b. a new ‘augmented Subsystem Communication Model’ must be created to
support such a Domain interaction (in this case, the Interaction Diagrams
describing Domain Classes/Objects interactions should be updated, to support
the new “augmented Subsystem Communication Model’).
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(2)  every ‘augmented Subsystem Communication Model” describing interaction between
Subsystems in different Domains should be reflected in at least one ‘rugmented
Domain Communication Model'. If such an “rugmented Domain Communication
Model” is not supported. then

a. the ‘augmented Subsystem Communication Model” should be removed or
b. anew ‘augmented Domain Communication Mode!” must be created to support such
a Subsystern interaction.
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7.2.2.3 Dynamic Semantic Validation

‘The Dynamic Views is provided by notations that were classified into the following

modcl, as described in Chapter 4:

- Object Internal Behavior Model

Their generic modeling constructs were:

- States,
- Events
- Guards
- Actions

The Object Internal Behavior Model provides the Dynamic View of the application
to be developed at different levels of abstraction. Semantic Validation aims at ensuring that
the Dynamic View is consistent through these different levels of abstraction. More
specifically, it aims at ensuring that the internai behavior of a Semantic Class/Object at the
Analysis phase can be traced to its Coded Class/Object of the Implementation phase, as
shown in Fig. 7.7.

Object .

Int 1 p i Internal behavior of
th:mr lysiz Semantic Claccec/Objects
Model

Object Internal behavior of
Internal Design Solution Clacges/Objects
Rehavior

Mode !

Implementation . Internal behavior of
Language Imolementation Coded Clacces/Objects

Figure 7.7 Semantic Validation of the Dynamic View
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Semantic Validation aims at ensuring that the internal behavior of an eatity at one
phase is reficcted in the next phase and vice-versa. As said carlier, in observation 2 in
section 7.2. from one phase to the next. the internal behavior of an entity (i.c. Dynamnic
View) is driven by the transformations in the Static View. In the figure below. if Sermantic
and Syntactic Verification has occurred between SV1 and DV1 and between V2 and DV2:
and Semantic Validation has occurred between $V1 and SV2: then we can ensure that
Semantic Validation has occurred between DV1 and DV2.

Static Viow viamic View
veoritied
sVl DVl N
Ay
validated 1
. . |
veritled
sv2 ov2 Dosian

Lets take a brief example to illustrate our discussion; assume that DV1 describes the
internal behavior of class A. In order to achieve Semantic Validation of DV1 vs. DV2, we
must have an understanding of the wansformations of class A from SV1 to SV2. If a
Property was added to the class from SV1 to SV2, then the internal behavior of the class in
DV2 must reflect this as either a new or changed State, a new or changed Action or a new
or changed Guard.

Fig. 7.5, provided a tentative set of static semantic trunsformations for the
Class/Object level of abstraction. We now provide a set of heuristics based on these
transformations to double check that Dynamic Semantic Validation has indeed occurred.

Dynamic View

Analysis

Valid Transformations

- add/delete/change an Event, Guard
and/or Action

- add/delete/change(i.c. combine or split)
a Stae

e e I

Design

The figure above illustrates the valid transformations of the Dynamic View. These
transformations depend on the static ransformations as follows:
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(1) 2 class is added or deleted in the transformation from SV1 to svz

The internal behavior for that class should be created or deleted respectively in DV2,,

(2) a class is changed in the transformation from SV1 to SvV2
Fig. 7.5, lists the circumstances under which a class is added in a static transformation,

a) It an Operation is added. changed or deleted in a class from SV1 w0 SV2 then an
Event or an Action in DV2 should be added. changed or deleted respectively.

b) If a Property is added, changed or deleted in a class from SV1 o SV2 then a State,
an Action or a Guard in DV2 should be added., changed or deleted respectively.

¢) If g Relation is added, changed or deleted in g class from SV1 to SV2 then an Event

in DV2 should be added, changed or deleted respectively.
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7.2.2.4 Processing Semantic Validation

The Processing View is provided by notations that were classified into the
following model, as described in Chapter 4:

- Data Manipulation Model
Their generic modeling constructs were:

- Processes,
- Data Flows
-Dama

The Data Manipulation Model provides the Processing View of the application to be
developed at different levels of abstraction. Semantic Validation aims at ensuring that the
Processing View is consistent through these different levels of abstraction, More
specifically, it aims at ensuring that the internal manipulations of data in a Semantic
Class/Object at the Analysis phase can be traced to its Coded Class/Object of the
Implementation phase, as shown in Fig. 7.8.

Data . Internal Data manipultation
Manipulation Analysic in Semantic Clacces/Objectz
Model
Dat Internal Data manipalation in
mn.;pulac.ion Decign Solution Tlanmew/Obpees:
Model

tats ,
ﬁ'ﬁiﬁﬁﬁ ation Implementation Internal Datamanipultation

in Codwd Clacnez/Objectz

Figure 7.8 Semantic Validation of the Processing View
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Semantic Validation aims at ensuring that the internal manipulations of data in an
entily at one phase is reflected in the next phase and vice-versa. As said earlier, in
observation 2 in section 7.2, from one phase to the next, the internal manipulations of data
in an entity (i.c. Processing View) is driven by the transformations in the Static View. In
the figure below, if Semantic and Syntactic Verification has occurred between SV1, DV1,
CV1 and PV1 and between SV2,DV2, CV2 and PV2; and Semantic Validation has
occurred between SV1 and SV2, DV1and DV2, CV1and CV2; then we can ensure that

Semantic Volidation has occurred between 2V and PV2.

Uratic Dynamic Communication Processing View
Miew View View
— verified
e
| sn ov1 o1 pvi | Analvsis
1
val ikt end validated validated :
c o 1
verified
sv2 w2 o2 P2 Desian

Lets ke a brief example to illustrate our discussion; assume that PV1 describes the
internal data manipulation of class A In order to achieve Semantic Validation of PV1 vs.
PV2, we must have an understanding of the ransformations of class 2 from SV1 to SV2.
If a complex Operation involving a Property was added to the class from SV1 to SV2, then
the internal data manipulation of the class in PV2 must reflect this as a new Process(es) or
part of a Process.

Fig. 7.5, provided a tentative set of static semantic transformations for the
Class/Object level of abstraction. We now provide a set of heuristics based on these
rransformations to double check that Processing Semantic Validation has indeed occurred.
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valid Trenstommat lons
- add/delete/chang (e.g. partition) a Process
- add/delete/change(e.g. change the input
and/or output of a Process, rename) a Data Flow
- add/deleted/change Data

Desian

The figure above illustrates the valid transformations of the Processing View. These
transformations depend on the static transformations as follows:

(1) a class is added or deleted in the transformation from SV1 to SV2

The internal data manipulation model for that class should be created (i.e. in the case
that the class contains complex operations) or deleted respectively in DV2..

(2) a class is changed in the transformation from SV1 to SV2
Fig. 7.5, lists the circumstances under which a class is added in a static transformation.

a) If a complex ton is a chan r deleted in a class from SV to SV
then a Process(es) or part of a Process in PV2 should be added, changed or deleted
respectively with its corresponding inputs and outputs.

b) Ifa isa chan r deleted in a class from to then if this
Property is being manipulated by a complex Operation then a Data Flow in DV2
should be added, changed or deleted respectively with its corresponding inputs,
Process and outputs.
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7.3 Incorporation testing activity types

Incorporation is the process of determining whether Notations used at different
iterations are incorporated in one another. More specifically, Incorporation refers to the set
of activities that allow to determine if Notations at phase n of iteration i are integrated in
notations at phase n of iterations i+/ and whether Notations at phase n of iteration i+/
are integrated in notations at phase n of iterations /. Incorporation provides Forward
lieration traceability and Backward Iteration traceability.

As discussed in section 7.2, in the OO paradigm, certain transformations or
mappings, from one phase to the next, drive other wansformations. For example, the Static
View at the Analysis phase drives the transformations of the Communication, Dynamic and
Processing Views from the Analysis phase to the Design phase. The same is applicable
when moving from one iteration to the next. For example, the Static View at the Analysis
phase of Iteration i influences the transformations of the Communication, Dynamic and
Processing Views of the Analysis phase of Iteration i+/. This is ensured by 2 combination
of Semantic Verification and Semantic Incorporation . The latter is illustrated in Fig. 7.9.

Note that in Fig. 7.9, we only show the Dynamic View from Analysis in heration i
to the Dynamic View of Analysis in Iteration i+1.

* when we achieve (1), (1.1) and (&), we have ensured that the Static View at
Ireration i + ] has been incorporated with the Static View at Iteration i ;

* when we achieve (2), (3), (2.1) and (3.1), we have ensured that Static View
at lteration i has influence the Dynamic View from Iteration i to Iteration i+, therefore
Dynamic Semantic Incorporation of the Dynamic View has been achieved (i.e. line
labeled as (5) in Fig. 7.9).

Therefore, Dynamic, Communication and Processing Semantic Incorporation are
transitively obtained and do not require to be separate testing activities. We provide a list of
heuristics that can be applied to double check that validation has indeed occurred. Semantic
Incorporation of the Static View is however very important. We concentrate our effort in
the latter.
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_I-‘igure 7.9 E‘xample of testing transformations driving other transformations In
Incorporation

7.3.1 Requirements Capture Incorporation

As described in section 5.2.1, the incorporation as well as the verification process
(described in section 6.3.1) of the Requirements Capture phase is not the focus of the work
presented, therefore we briefly introduce it. This activity fall under Specification Based
testing techniques discussed in that section.

Text and notations that fall under the Scenario Model (discussed in section 4.3.3.1)
are usually used to capture requirements. This forms a specification document.

Text can capture different aspects of the application to be developed (e.g.
performance, data, urchitecture, behavior, etc.). Notations that fall uader the Scenario
model, provides aspects of the Communication View, since every use of the system can be
viewed as communication between the User and the System.

Testing for incorporation is highly coupled to the type of specification used to
capture requirements. Specification Based testing techniques, aim at detecting incomplete,
inconsistent and misleading requirements. An example is illustrated in [S1]. Vhen
requirements are capture as notations in the Scenario Model, we must ensure that the Uses
Cases [18] or Scenarios [14] identified in iteration i are incorporated and do not invalidate
the ones derived in iteration i+J. Assessing Use Cases and Scenarios for their
incorporation still remains a topic of research.
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7.3.2 Developraent Incorporation

As discussed at in section 7.3 Static Incorporation is the most important testing
activity in Incorporation. Incorporation is used in the context of Iterations. The are two
basic reasons .o move to a next iteration. Either. more of the same is required (i.e. more
detailed functionality is required) or new functionality is required. In both cases, the
process of Incorporation aims at ensuring Forward Iteration traceability and Backward
lieration traceability.

Static Semantic Incorporation is very similar to Static Semantic Validation as
illustrated in Fig. 7.10. The first occurs in the context of different Iterations, the latter
occurs in the context of different Phases. That is, the valid ransformation of the Static
View from one Iteration to the next are very similar to the valid transformations of the Static
View from one Phase to the next. The latter were discussed in section 7.2.2.1.

The set of heuristics to determine if Communication, Dynamic and Processing
Incorporation was transitively achieved are the same as the set of heuristics to determine if
Communication, Dynamic and Processing Validation was transitively achieved. These were
discussed in sections 7.2.2.2, 7.2.23 and 7.2.2.4 respectively.

To clarify our point of view, the reader can obtain Fig. 7.3 by rotating Fig. 7.9 90
degrees clockwise,
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Figure 7.10 Generalized static semantic transformations in Incorporation
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Chapter 8 The Generic Integrated Object-

Oriented Testing and Development
Methodology

8.1 Introduction

The purpose of the chapter is to combine the work of Clapters 4, 6 and 7 and
produce the Generic Integrated Object-Oriented Testing and Development Methodology.

In Chapters 6 and 7, we introduced testing activities that should be incorporated to
the Generic Object-Oriented Software Development Methodology of Chapter 4, in order to
increase the testability of implementations. This integration results in the Generic Integrated
Object-Oriented Testing and Development Methodology. We will show how the work in
[8] is extended in basically two ways: (1) by incorporating testing activities described in
Chapters 6 and 7 and (2) by incorporating 2 manner of dealing with change in a consistent
manner (i.e. error correction, enhancements. new requirements, etc.) to achieve the
traceability described in Chapter 3, (this was described in Chapter 4).

8.2 The Generic Integrated Object-Oriented Testing and
Development Methodology

The Generic Integrated Object-Oriented Testing and Development Methodology is
based on the work by the authors [8] and can be be-r described as analyze a little, test q
litle, design a litle, test a linle, code a little, test a little «=d analyze a little,.... Testing
actvities should be closely coupled or integrated with development activities at every phase
of the software development process.

As stated in Chapter 1, the Generic Integrated Object-Oriented Testing and
Development Methodology is composed of a Process (described in Chapter 4) and a set of
Development (defined in Chapter 4) and Testing phases (defined in Chapters 6 and 7) as
defined by the Process. The definition also includes the integration ordering of the phases
(c.g. Analysis followed by Verification followed by Design) and specifics points in
software development where change (i.e. error correction, enhancements, new
requirements, etc.) should take place.
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8.2.1 The Integration ordering of Development. Verification, Validation and

Incorporation

In Chapters 5. we introduced Verification, Validation and Incorporation. Fig. 8.1,
illustrates the integration of these testing activity types with development activitics and their
ordering of occurrence. Note that Validation must be taken in the context of iteration as illustrated

in observation 1 of section 7.2. Every testing activity type is blown up, as described in the next
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(1) Foopirrement:
Dlaplure Veritication

corteaponds to an intance of clasa Boerged raanens
i brp 8.7

(2) Rerpuirements Capture ncorporat ion

conesponds to an instance of class Rewquitements Capture. Integration

inFip. 5.7,

(3) Rewpuirements Modeling Yerification
includes an instance of the following classes for Kequirements Modeling notations:

Veersticat bon inFig 57

CEAAL 31 TR LB

sHtatie/Comnunication Semantic Veritication in g 5.7

(4} Remquitemenr: Capture vi, Requirements Modeling Validation

corresponds to an instance of class Ri-qui rement s Capture v,
Rewquivement s Mode-ling Validation inFp 57,

(5) Requirements Modeling Incorporation
\ncludes an instance of the following classes for Requirements Modeling notations of
iterations i and i +/

-Static Semrntic Integration inFig 5.7

-vommunication Semantie Integration inFip. 5.7

(6) Analysis Verification

includes an instance of the following classes for Analysis notations:

- Syntatic Verification inFig. 5.7

- Static/Communication Semantic Verification in Fig. 5.7

- Statie/Dynamic Semantic Verifieation in Fig. 5.7

= Dynamic/Communicat ion Semantic Verificarion in Fig. 5.7

- Stat ic_Dynarnic_Comunication/Processing Semantic
Verification inFig. 5.7

(7) Requirements Modeling wvs, Analygis Validation

includes an instance of teh following classes for Requircments Modcling and

Analysis notation,
-Static Semantic Validation inFig. 5.7

- Communication Semantic Validation inFig 5.7

Note that the second testing activity type corresponds to the puidelines discussed in

section 7.2.22
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(8} Analyeoic incorporation

includes an instance of the following classes for Anadyss notutions of Herdions
{ andi+!

=Slatic Semantice Integration inlg 5.7
-Communication Semantic Integration inBip. 5.7
- Dynamic Semantic Integration inFig 87

- Processing Semantic Integration inFg 8.7

(9} Design Verification
includes an instance of the following classes for Desipn notations:
- Syntatic Veritication inFig. 5.7
- Static/Communication Somantic Veritieation inFp 8.7
~Statie/Dynamic Semantic Verification inFg 87

- Dynamic/Communication Semantic Veritication in Fig, 5.7

Verificatien inFig 5.7

(10) Analysis wg. Deunign Validation
includes an instance of the following classes for Analysis and Design notations:
-Static Semantic Validation inFg 5.7
-Communication Semantic Validstion inFig, 5.7
-Dynamic Semantic Validation inFig. 5.7
-Processing Semantic Validation inFig. 5.7

Note that the latter three testing activity types comresponds to the guidelines
discussed in section 7.2.2.2, 7.2.2.3 and 7.2.2.4 respectively.

Design Incorporation
The aim of this mcﬁ activitgci;:o ensure that Design notations for the current Micro-
;itcralion are integrated with ign notations of the previous Micro-itcration. This is

[ Atready achicved tansitively as follows,

L
sAnalysis vs. Desigh Validation (testing activity number (10} ) ensurcd that
L/Design notations for the current Micro-iteration are derived from  Analysis notations of
he current Micoo-itetation.

/

pFurthermore, Analysis Integration (tesing activity number (8) ) ensured that
;Au:dysis uotation for the current Micro-fieration are integrated with Analysis notations of
/me previous Micro-iteration.

;Thcrchrc. Design notations for the current Micro-iteration are derived from intcgrated

[ ~Analysis notations.
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{12 Implementazion Yeritication
includes an instance of the following classes for Implementation aotativns (e cne):
S OynTatic Veriticatian ml"ig. 5.7
- Static/Communication Semantic Verification infbig 5.7
- Static/Dynamic Semantic Verification inFig 87
- Dynamic/Communicatiaon Semantic Verification inlg 5.7

Dyn._tm ic_Communication/Processing Semantic
ication inFig. 5.7

- Stati

1c¢
Verit

{13) Deciomove. Implementation Validation

includes an instance of the following classes for Design and Implementation
notations (i.c. code)

-Static Semantic Validation inFg. 5.7
-Communicaticn Semantic Validatien inFig. 5.7
-Dynamic Semantic Validation inFg. 5.7
-Processing Semantic Validatien inFig 5.7

Note that the latter three testing activity ¢ y;)c:. cotresponds (o the guidelines
discussed in section 7.22.2, 7223 and 7.2.2.4 respectively.

///////////////7///777//7/7/7/7////////7/

{14) implementation Incorporation

The aim of this testing activity is 10 ensure that Implementation notations (Le. code) for
[+the curent Micro- itefarion are integrated with Implementation notations of the previous
- Micro-iteration. This is already achicved transitively as follows.

”

/Design vs. Implementation Validation (testing actmty number (13))
/cnsured that Implementation notations for the current Micro-iteration are derived from
;Dcs:gn notations of the current Micro-iteration.

/Funhcrmom. Design Integration {testing activity number (11) ) ensured that
n notation for the current Micro-iteration are integraled with Design notations of the
,pmnous Micro-itcration. (This was a transitive testing activity type).

ptLstitthitithLLhhhs

,‘Iﬁ'];c;tfom. lmplcmcnlauon notations (i.e. code) for the current Micro-itctation arc derived /]
/// //)‘1 ///////////////////////J’//////

N

185




We present a brief example to further illustrate the ordering of the above testing
activities and more specifically why certain testing activity types such as numbers (11)
and (14) are not required.

Consider Fig. 8.2. Assume that at Analysis and Design of iteration , the notations
used to provide the Communication, Static and Dynamic Views are Interaction Diagrams
[18,22], Class Diagrams [14.22] and State Transition Diagrams [ 18] respectively (we have
not included the Processing View, for clarity of the picture). Assume also that Analysis
notations have undergone, Verification, Validation and Inccrporation and that Design
notations have been generated. We are currently in the process of testing these Design
notations (iiote that we do not concentrate on how or when a notation should be generated
from another notation; the numbering scheme denotes ordering of testing activities and not
development activities).

At Design, each notation should first undergo Syntactic Verificationas
indicated by the directed lines labeled as (1). As stated in Chapter 6. this testing activity
type aims at verifying that notations use the correct syntax.

The next testing activities are Static/Communication Semantic
Verification, Dynamic/Communication Semantic Verification and
Static/Dynamic Semantic Verification as indicated by the directed lines
labeled as (2), (3) and (4) respectively. As stated in Chapter 6, these testing activities
aim at verifying the semantic completeness and semantic correctness of notations.

At this point, the Design notations have been verified. The next step is to verify that
these notations are indeed derived from Analysis notations. Thus the process of validation
can start. Design notations will undergo Static Semantic Validation, Dynamic
Semantic Validation and Communication Semantic Validation as
indicated by the directed lines labeled as (5), (6) and (7) respectively. As stated in
Chapter 7, these testing activities aim at verifying the semantic consistency of notations.
The latter two testing activities correspond to the guidelines described in sections 7.2.2.3
and 7.2.2.2 respectively.

The next step is to verify that Design notations are integrated with the previous
iteration's Design notations. This was depicted as testing activity type number (11) in
Fig. 8.1. In Fig. 8.2, the dashed lines indicate that Analysis notations have been integrated
with the previous' Micro-iteration Analysis notations via Incorporation testing activity
types. Since the process of Validation of Design notations, illustrated by the directed lines
labeled as (5), (6) and (7) , ensured that Design notation are derived from the
integrated Analysis notation, Design notations are transitively integrated with the previous
Micro- iteration Design notations.
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Figure 8.2 Example of ordering between Verification, Validation and Incorporation
testing activities

187




8.2.2 Handling change in the Generic Object-Oriented Software
Development Methodology

In Chapter 4, in Fig. 4.8, we described the Generic Object-Oriented Software
Development Methodology to accommodate change (i.e. error correction, enhancements.
new requirements, etc.). The purpose of the Methodology was to provide a consistent
manner of dealing with change.

The testing activity types described in Chapter 5 will generate changes to notations
used at different phases of the software development process. In order to handle these
changes in a consistent manner, we propose to integrate the process of handling changes
described in Chapter 4 (section 4.3.1.3) with the Generic Integrated Object-Oriented
Testing and Development Methodology described in the previous section.

Lets look in details at how changes should be handled in order not to loose
traceability. We will later clarify our discussion with an example.

Verification testing activity types will most likely generate changes to notations of a
specific phase in a given iteration, simply because of the nature of the testing activity
type33. These changes will not affect other phases, since verification aims at detecting
errors in notations of a specific phase (e.g. Analysis). Thus, these changes should be
applied to the notations of the tested phase (e.g. Analysis} imn.cdiately, that is before
moving to the next phase (e.g. Design).

Validation testing activity types will most likely generate changes to consecutive
phases of a given iteration simply because of the nature of the testing activity type36. These
changes will affect either or both of the consecutive phases (¢.g. Analysis and Design),
since validation aims at detecting errors in notations of consecutive phases. Thus, the
changes should be applied to the notations of the consecutive tested phases (¢.g. Analysis
and Design) immediately, that is before moving to the next phase (e.g. Implementation).

35Verification aims at determining whether Notations used at phase n of a given iteration are complete and
correct with respect to other Notations at phase n of the same iteration and whether these Notations are
correct in themselves.

36 validation allows 10 determine whether Notations used at phase n {¢.g. Analysis) are consistent with
respect to Notations used at phase n+J fora given iteration (e.g. Design) and whether Notations used at
phase n+! {e.g. Design) are consistent with respect to Notations used at phase n for the same iteration.
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Incorporation testing activity types will most likely generate chan ges to the same
phase of consecutive iterations simply because of the nature of the testing activity type-7.
These changes will affect either or both phases in the consecutive irerations (e.g. Analysis
at iteration i and Analysis at iteration i+/ ). since Incorporation aims at detecting errors in
notations of the same phase in consecutive iteratons. Changes affecting the notations of the
tested phase in the current iteration (i.e. i+/ ) should be applied immediately: changes
affecting the notations of the tested phase in the previous iteration (i.e. ) should be stored
in appropriate repositories.

We now illustrate our discussion with an example. In Fig. 8.3, assume that we are
currently at the Analysis phase of a given iteration. Note that Fig. 8.3, only illustrates the
flow of changes due to testing activity types and not the flow of changes due to
development activides: the latter were discussed in section 4.3.1.3.

The Analysis phase is the next activity after Requirements Modeling
Incorporation as illustrated in Fig. 8.1. While performing Analysis
Verification, changes to the Analysis phase should be applicd immediately to
analysis notations as indicated by the dashed line labeled as 1. As explained above, these
changes do not affect other phase, therefore they should be addressed before moving to the
next development activity (i.e. Design).

The next testing activity type is Requirements Modeling vs. Analysis
Validation. Since it validates notations of the current iteration's Requirements
Modeling phase and Analysis phase, changes to these phases should be applied
immediately, before moving to the development activity (i.c. Design). This is indicated
by the dashed lines labeled as 2 and 3.

The next activity type corresponds to Analysis Incorporation. It aims at
ensuring that the analysis notations of the current Micro-iteration are integrated with the
analysis notations of the previous Micro-iteration. Changes to the current Micro-iteration
an;alysis notations should be applied immediately, before moving to the Design phase.
This is indicated by the dashed line labeled as 4. Changes to the previous Micro-iteration
analysis notations, should not be applied immediately. They should be stored in
repository (2) in order to be addressed as part of the next cycle of change for the current
Macro-iteration (this was discussed in section 4.3.1.3).

37integration refers 1o the set of activities that allow 10 determine if Notations at phase  of itcration i
are integrated in notations at phase n of iterations i+/ and whether Notations a2 phase n of iteration i+/
are integrated in notations at phase n of iterations ;.
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The reason for this 1s that if changes are applied directly to the previous Micro-
iteration analysis notations. nothing guarantees that other phases (i.e. Design and Analysis)
of the previous Micro-iteration. that are affected by the changes. will be updated
accordingly. This violates one of the principles of traceability (i.e. traceability within a
given Micro-iteration).

The same idea is used for other phases of the Generic Integrated Object-Oriented
Testing and Development Methodology. In this manner, we ensure traceability

(1) within 2 Macro/Micro iteration,
{2) from a Macro/Micro iteration to the next and
(3) from a Macro/Micro iteration to its previous iteration.
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Figure 8.3 The Generic Integrated Object-Oriented Testing and Development
Methodology (Design)
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Chapter 9 Conclusion

Testability is a measure of how easy (less complex. less tedious. less boring, less
costly) the effective testing of implementations is made.

In Object-Oriented development, the author in [67] conceives, testability as a result
of (1) the characteristics of OO implementations, (2) the test support environment. (3) the
characteristics of representations (i.e. notations) and (4) the software process in which
testing is conducted. In this thesis, we examined in details the last two factors.

9.1 What did we achieve and why
(1) the software process in which testing is conducted

When addressing the software process in which testing is conducted, we proposed
an integration of development and testing activities. This leads to our proposed Generic
Integrated Object-Oriented Testing and Development Methodology. Our work was based
on the work in [8,67] but augmented in what we believe are the two major omitted areas:
first, the process should enforce a consistent method of dealing with change (i.e. error
correction, enhancements, new requirements, etc.); second, the process should determine
what are the testing activities that should take place at different phases of the OO software
development (this is discussed in the next section).

Providing a generic way of handling change in a consistent manner such that
testability atributes are not lost, is crucial. The usual tendency in software engineering is to
accommodated changes at the phase where they are discovered, this leads to a loss of
raceability (i.e. if a change to Requirements notations is identified at Design, the usual
tendency is to modify the Design, perhaps update the Requirements and then continue
development from Design on). This results in spagherti development (Design -->
Requirements —> Design) which in tw.n causes the loss of traceability of notations within a
given iteration and between iterations. Once traceability is lost, it is no longer possible to
determine if a notation is derived from or traceable to another tested notation, thus
questioning the effort spend testing the latter notation, since the errors corrected can reoccur
in the derived notation.
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To avoid this type of situation, we introduced database repositories that capture
changes to non-consccutive phases of a given iteration. These stored changes are addressed
at the next iteration; while in the next iteration, if they do not cause changes to other phases,
they should be applied immediately, otherwise they should be stored again in appropriate
repositories to be addressed at yet the next iteration; in this manner changes bubble-up in

the development process, ensuring that all phases will capture the changes.

{2) the characteristics of representations

When addressing the characteristics of notations. the author in [67] defines the
basic characteristics of notations to be verifiability. modifiability. traceability.
completeness. unambiguity and consistency. These characteristics are mentioned in [67]
but no definition is provided. Our contribution s this area is to provide concrete definitions
of the above characteristics taking into account the iteration styie of development of Object-
Oriented systems. We divided. the characteristics into testability reguirements and
testability attributes. Notations that conform to testability requirements can exhibit
testability attributes. We determined that the basic testability requirements are verifiability,
modifiability and traceability, and that the basic testability attributes are completeness,
correctness, consistency and incorporation. This is because a notation that is verifiable
can be tested for testability attributes of completeness, correctness, consistency and
incorporation ;a notation that is modifiable can accommodate changes to achieve testability
auributes and finally a notation that is traceable exhibits testability attributes.

The rational for using notations that exhibit the testability requirements of
verifiability and modifiability is that these notations can be assessed for consistency,
correctness, completeness and incorporation via testing activity types. This provides the
ability of (1) uncovering errors early in the process where they are less costly to fix. (2)
generating test cases that can be applied to the implementation, (3) guiding the testing of the
implementation and (4) facilitating the location of source(s) of error(s) for modification.

We identified testing activity types that are decoupled from the syntax of notations
and from development methodologies in order to avoid their proliferation; testing activity

types define what needs to be tested (i.e. different semantics) as well as coverage criteria;
 they are generic in the sense that they are refinable (adaptable to different levels of detail) in
order to be uniformly applied at all phases of development. -
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In order to arrive to generic festing activity types. it was necessary 1o examined
carefully the semantics that notations provide at different phases of development as well as
the level of abstraction of this semandes at that specific phase. We concluded that different
notations can be used to describe a specific level of abstraction and that within that leve! of
abstraction. these different notations can be grouped based on the semantics they provide.
This classification was called a Model. A Model is thus a classification of notations based
on the level of abstraction and semantics they provide. Furthermore Models can
themselves be grouped into Views by considering only the semantics they provide. We
arrive to four basic Views provided by notations: Static. Communication. Dynamic and
Processing. We based testing activity types on these Views. The following testing activity
types were proposed:

in the area of Verification (i.e. testing involving a single phase of the software
development process). we introduced

- Static/Communication Semantic Verification

- Static/Dynamic Semantic Verification

- Dynamic/Communication Semantic Verification

- Static_Dynamic_Communication/Processing Semantic Verification

the latter testing activities types ensure the testability attributes of semcniic
completeness and semantic correctness of notations to achieve our proposed
testability requirement of Horizontal Traceability.

in the area of Validation (i.e. testing involving two consecutive phases of the
software development process), we introduced

- Static Semantic Validation

- Communication Semantic Validation
- Dynamic Semantc Validation

- Processing Semantic Validation

the latter testing activities types ensure the testability aitribute of semantic
consistency of notations to achicve our proposed testability requirements of
Vertical Upward and Vertical Downward Traceability.
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in the arca of Incorporation (i.c. testing involving two same phases in

consecutive iterations of the software development process). we introduced

- Static Semantic Incorporation

- Communication Semantic Incorporation
- Dynamic Semantic Incorporation

- Processing Semantic Incorporation

the latter testing activities types ensure the testability attribute of semanric
incorporation of notations to achieve our proposed testability requirement of
Forward Iteration and Backward Iteration Traceability.

Furthermore. notations should be tested for their syntax. For this. we introduced
the testing activity type: Syntactic Verification in order to ensure the testability attribute of
syntactic correctness of notations so as to achieve our proposed testability requirement of
Horizontal Traceability. Note that the latter is the only testing activity type dependent on the
syntax of notations.

Finally, we also proposed that requirements should be tested in the context of
iterations. In this area, we proposed the following testing activity types:

- Requirements Verification (ensure that requirements are complete and correct)

- Requirements Validation (ensure that requirements are addressed at the first phase
of development, i.e. Requirements Modeling)

- Requirements Incorporation (ensure that new or updated requirements identified
at a given iteration are addressed as part of the next iteration)
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9.2 Assessment
The intend of this section is to present an assessment of our work.,
(1) Assessment of our proposed way of dealing with change

The proposed way of dealing with change via the usc of repositories (i.e.
partitioning of a database) is generic, applicable and scalable.

Generic in the sense that the number of repositories and their distribution is based
on the degree of traceability desired in the software development project and is therefore
user defined. For example, in section 4.3.1.3, we wanted to keep a very detatled level of
traceability (i.e. within and between Micro-lterations and within and between Macro-
[terations). For this. we introduced 4 repositories. If we would have wanted traceability
only within and between Macro-lIteration, only 3 repositories would have been needed.

Applicable in the sense that our proposed way of dcaling with change can be
adapted to several iteration styles. We illustrated this in section 4.3.1.2.3 were we
configured a process of change for 4 different iteration styles.

Scalable in the sense that our propose way of dealing with change can be
implemented via the use or repositories. In general, the number of repositories required
depends on the desired degree of granularity of traceability, the number of phases in the
software development process and the iteration style. The basic guideline when configuring
a process of change, is that sufficient repositories to capture changes to non-consecutive
phases of a given iteration should be created. The stored changes are addressed at the next
iteration; while in the next iteration, if they do not cause changes to other phases, they
should be applied immediately, otherwise they should be stored again in appropriate
repositories to be addressed at yet the next iteration; in this manner changes bubble-up in
the development process, ensuring that all phases will capture the changes.

We emphasize that our proposed way of dealing with change through the use of
repositories accommodates itself well to metric collection. For example, the number of
cycles of change (i.e. the number of times that notations of a given phase of an iteration
need to be revisited before moving to the next iteration) can be an indicator of the
complexity of the models addressed at that phase or the level of stability of the iteration goal
(i.c. constantly changing goals for an iteration will lead to several cycles of changes until
the goal of the iteration is stable). Also the level of complexity or stability of one-itcration
over another can be determined based on the cycles of changes for each iteration.” Overall,
this can indicate the level of complexity of the software development and its level of
stability (¢.g. constantly changing requirements).
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(2) Assessment of our proposed testing activity types

The proposed testing activity types are generic to a certain extent. applicable and
scalable.

Generic since they do not depend on the syntax of notations (i.c. they are based on
abstract constructs of a group notations: generic constructs of Views). and can be adapted
to different phases of the software development process and levels of abstraction. A testing
actvity type can be applied to a notation as long as the notation's constructs can be
translated into the generic modeling constructs of the View it provides. For example. if a
new notation provides the Static View of a system and its modeling constructs can be
translated into the modeling constructs of the Static View. then the notation can be tested by
Static Semantic Validation and Static Semantic Incorporation. Furthermore, the notation
can be tested in conjunction with other notations that provides other Views via Verification
testing activity types such as Static/Communication Semantic Verification. The latter
cncourages new notations to be accompanied with the View they provide since this directly
determines the set of testing activity types that notations can be subjected to. This provides
a metric for how testable notations are. However, if a new notation provides one of the
four Views but its modeling constructs cannot be translated to the generic modeling
constructs of the View it provides, then this notation cannot be accommodated in our
framework of View and testing activity types. This is why we claimed that testing activity
types are generic to a certain extent. Even though our framework was based on notations
widely used in both academia and industry as illustrated in Chapter 4, nothing prevents a
new notation to use modeling constructs not identified by our Views. In this case, new
testing activity types must be created to test the new notations, We leave this 2 future topic
of research.

Our proposed testing activity types are applicable, since they can be applied
informally to the software development process as a checklist of what to verify at each
phase. We provided examples in Chapter 5 to test the applicability of the testing activity
types. As a software designer involved in a large industry project, I tend to informally
verify the notations that I generate at each phase of the software development. This is done

In a very ad-hoc manner with really no indication for completeness (i.e. when I can feel
confident that I have checked my notations fully). Having a checklist as defined by testing
activity types brings organization to the whole process of testing notations. We now have
concrete reference point for reviewing notations. -

Testing activity types can be scalable since they are implementable. TkLis is
discussed in the next section.
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Finally, different notations have different strengths for modeling, by performing
cross Validation and Verification, we believe that we are likely to identity oversights or
CITOrS.

Note that our proposed way of dealing with change as well as the testing activities
introduced are applicable to Software Engineering in general and are not only applicable to
Object Oriented software development. However only OO offers multiple views of the
system to be developed.

(3) A high level tool's proposal

Fig. 9.1 presents a very high level tool's proposal to illustrate how testing activity
types can be used.

The upper box illustrates a process outside of our Testing tool proposal (e.g. a
CASE tool like Argos[55]). We assume that Syntactic Verification (i.e. testing the syntax
of the notation's modeling constructs) is done at entry time. by the CASE tool that provides
the editor for the notation. The CASE tool should provide a parser: Translation to
Model modeling constructs. which generates two outputs: a set of abstract Model
modeling constructs and templates that contain specific information about the notation's
modeling const icts). These templates were presented in [73]; they capture two types
information. First, they capture information about the notation's modeling constructs,
when the notation is considered as a stand-alone unit. Example of such information for the
Design Class Specification template includes:

- the name of the class

- the type of class : abstract or concrete

- a unique identifier

- a description

- inheritance information: superclasses, subclasses.
- an instance variable table

- a method table

The second type of informadon that these templates capture is information that requires
other notations (i.e. raceability links to other notations and test cases to test the traceability
bertween the notations). -

Going back 1o Fig. 9.1, the templates in the upper box (i.e. CASE tool) capture the
first type of information only, since the notation is considered as a stand-alone unit.
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The generation of Model modeling constructs should be performed by the CASE
tool since it is notation specific. The Model modeling constructs were presented in section
4.3.3 where we showed that notations can be grouped into a Model depending on the
semantics provided by the notation and the level of abstraction of this semantics.

The Model modeling constructs are input to our Testing tool and are translated into
View modeling constructs based on the View provided by the notation. Note that this
process is not notation specific but Model specific. It is only if when a new Model is
generated that the translation mechanism needs to be updated.

The View modeling constructs can now be tested by the appropriate selected testing
activity types. The implementation of a testing activity type (i.e. a method type). is shown
in the inner box. As the modeling constructs of the View the notation provides are tested.
the Templates are updated with the second type of information described above (i.e.
traceability links and test cases to test the traceability links).

CASE tool
notation
Translation to notation's
Mode] ——specific
modeling constructs informition

Testin

g Model constructs
tool \ 4

Translation to

View
modelina constructs

View constructs

Testing Activity
Type

Method type

-
Test driver

Traceabjlity link

7Cs.

Figure 9.1 A high level tool's proposal
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By augmenting the templates in [73]. via including different types of traceability.

we can directly correlate the author's traceability links and our work. In this manner:

- Verification. which provides Horizontal traceability within one iteration,
provides Horizontal Traceability Links (HTL). The latter is an augmentation to
the templates.

- Validation. which provides Vertical Upwards and Vertical Downwards
traceability within an iteration, can provide the Backward (Upward in our case)
and Forward (Downward in our case) Traceability Links described in [73]. We
will refer to these as UTLs and DTLs. respectively.

- Incorporation. which provides Forward Iteration and Backward lteration
traceability between two consecutive iterations, can provide Forward lteration
and Backward lteration traceability links. We will refer to these as FTLs and
BTLs, respectively. The latter is an augmentation to the templates.

Lets take an example. Fig. 9.2, illustrates the discussion that follows.

At the top left comer of the figure, the modeling constructs of 2 Class Diagram [14,
22] for the Analysis phase, are translated into the Class Configuration Model modeling
constructs. This classification was presented in section 4.3.3. As the Class Diagram is
parsed, the Design Class Specification templates described above are populated with
available information such the name of the class, the type of class, a unique identifier, a
description etc.

The Class Configuration Model modeling constructs can now be translated into
Static View modeling constructs. This classification was presented in section 4.3.4.

At the top right corner of the figure, the modeling constructs of Interaction
Diagrams [18, 22] for the Analysis phase, are transiated into the Object Interaction Model
modeling constructs. This classification was presented in section 4.3.3. As the Interaction
Diagrams are parsed, the Interaction Diagram Specification templates are populated with
available information. This template was presented in [73].

The Object Interaction Model modeling constructs can now be translated into

Communication View modeling constructs. This classification was presented in section
434,
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Figure 9.2 An example of the high level tool's proposal

Having the Static View and Communication View Modeling constructs, the
Static/Communication Semantic Verification testing activity type can take place. These will
generate HTLs between the two notations. In this example:

- every relationship between two classes in the Class Diagram will have an HTL 1o
an aspect of an Interaction Diagram (i.e. part of, one or more than one
Interaction Diagrams) describing which operation and their ordering satisfy the
relationship (in the Interaction Diagram this is described as message exchanges).

- every Interaction Diagram will have a HTL to the relationships that it implements
(i.e. a relationship is implemented as a set of operations on the participating
classes).

In the same manner cther notations will generate other traceability links. For
example, if instead of Interaction Diagrams, a Class Diagram notation generated at the
Design phase would have been used, then Static Semantic Validation would have generated
UTLs and DTLs.
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9.3 Future Research

We identified three areas for future research.

First, one of the motivations for the work presented in this thesis was the need for a
concrete methodology for performing testing activities early in the Object-Oriented software
development process. This concrete methodology included three aspects. First. a process
describing when testing activities should occur (i.e. “when™). Second. the testing activiries that
should take place in the process (i.e. “‘what”). Third, the methods that implement the different
testing activities (i.e. “how”). We addressed the “when" and the "what". The "how" still
remains a topic research. However, we did provide the basis for identifying methods. We
defined the concept of a method rype which corresponds to the implementation of a resting
activity type. By implementation we understand: the test case design for the testing activiry
oype (e.g. use of Black and White Box testing techniques [59]); how the testing activity type
will be executed (e.g. how to observe and control the notations being tested); test case reports,
etc. The idea of a method rype is interesting since it is notation independent and aims at testing
the semantcs of notations without having to relying on code generation.

Second, the testing activity type: Requirements Verification which aims at ensuring that
requirements are complete and correct, was not the focus of the work presented. Testing
semantic completeness and correctness of requirements is highly coupled to the type of
specification used to capture these requirements. Specification Based testing technigues,
described briefly in section 5.2.1, aim at detecting incomplete, inconsistent and misleading
requirements. When requirements are capture as notations in the Scenario Model, we must
ensure that as new Uses Cases [18] or Scenarios [14] are identified, they do not invalidate
already derived ones. Overall, assessing Use Cases and Scenarios for their completeness and
correctness, still remains a topic of research.

Third, to complete the study of testability in Object-Oriented development, the two
remaining areas not addressed by our work were (1) the characteristics of OO implementations,
(2) the test support environment. These two areas should be carefully examined.

In the area of characteristics of Object-Oriented implementations, the author in [67]
provides metrics to assess the testability of implementations, but no definite guidelines of what
the characteristics of implementations should be in order to achieve this testability are provided
(1e. we can measure the testability, but we are not sure how to achieve it). Interesting areas of
research are the trade-offs between guidelines (e.g. weakly coupled classes are desirable;
inheritance is also desirable for reusability purposes but it tightly couples superclasses and their
subclasses) and whether guidelines could be language dependent.
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In the area of test support environment, the support environment should not only
include support in terms of test implementations (ie. built-in tests, test suites, test tools
cte.), but also support in terms of test organization, Examples of the latter include the
management commitment to ensure that sufficient resources (staff, time. funding) are
allocated for testing. establishing formal channels of communication between teams
performing the testing activities (e.g. testers) and the team performing notation changes as a
result of the testing activities (e.g. analysts, designers), promoting the value of traceability
within and between Macro/Micro lterations and finally creating a mind set in the
organization of commitment to quality.

Also, we only briefly touched on the area of test case generation from Notations
(section 5.2.2) as well as on the area of how testing Notations can direct or guide the
testing of implementations (section 5.2.3).

Test case construction (i.e. coverage, cormrectness issues. etc.), still remains a topic
research, but we propose that test case construction should follow the same principles of
traceability as development, that is, a Unit Test Case at the Implementation phase should be
traceable to its Cluster test case at Implementation, its Unit Test Case at Design, its Cluster
Test Case at Design, its Unit Test Case at Analysis. its Cluster Test Case at Analysis, its
System Test Case and finally its Requirements Test Case.

In the area of how testing Notations can direct or guide the testing of
implementations, we propose that the ordering of invocation of operations (which is a
challenge when testing object-oriented implementations as described in section 5.2.3 due to
the Randomness of Operation problem) should be identified from the Static View of
Notations. More specifically , the ordering of operations should be derived so as to validate
the semantics of relationships between classes, as illustrated in Example 1 of Chapter 5.
The idea is to identify a Client and a Server for every relationship between classes. The
relationship becomes the function that a Server must provide to its Clients. There are two
areas the require careful investigation.

First, the semantics of Aggregation is sometimes not clear. For example, it becomes
difficult to derive a sequence of operations (and therefore to identify which class is the
Client and which is the Server) to validate an Aggregation relationship, when it is not clear
whether the Aggregation is mandatory in both directions (Le. every Whole must have a Part
and every Part must be part of a Whole [75]): whether the Whole can exists with or without
its Parts: whether the Parts can exits with or without their Wholes, etc. Also the cardinality
of relationships between classes imposes yet another challenge. ~
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Second. when dealing with Inheritance, it is not straight forward to validate
inherited relationships. If a relationship was validated at the Superclass level. this does not
necessarily mean that the same relationship exists for every one its subclasses. since the
subclass may not implement all the inherited operations. (i.e. a Subclass does not
necessarily participates in the same relationships as its Superclass). The problem, thus
becomes one of completeness (i.e. when do we know that all relationships of a subclass
have been validated?).

Finally, it is useful to investigate whether our work could be 1SO 9000 compliant.
For this, specific mewics would need to be added.
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Appendix A Object-Oriented
Programming Testing
Challenges

The purpose of this appendix is to summarize the challenges of Object-Oriented
Programming Testing.

I.I Encapsulation and Information Hiding

Encapsulation was discussed in section 2.3.4: it is a technique for enforcing
information hiding. where the interface and implementation of a program unit are
syntactically separated [4]. Encapsulation prevents objects from seeing the inside view of
each other: the access to an object is only provided through its interface. The advantage of
encapsulation is that it narrows the possible interdependencies among objects (weak
coupling). If an object changes the implementation (private features) of an operation but its
interface remains unchanged, the change should be transparent to other objects using this
operation as long as the new implementation of t'.¢ operation is entirely compatible (same
functonality) with the previous version.

The advantages of encapsulation in testing is that it is potentially easier to determine
what is needed to be test under a change: the changed operation and perhaps objects that
directly invoke the operation [4] (the latter is to verify that the functionality provided by the
operation is the same as its previous version).

The problem with encapsulation in the context of testing is that it becomes more
difficult for the tester to observe and control what is being tested without inspecting the
underlying implementation. For example, how can internal operations be tested (operations
that make the implementation of other operations cleaner)? How can the addition, deletion
or chunge of an instance variable be observed and controlled? (Instance variables denote an
object’s state and are completely hidden within the object’s implementation). The only way
. toaccess them (i.e. set, use, etc. ) these variables is to invoke operations of the objects
where the instance variable is located, that will act on the instance variable. Therefore how
can the state of an object be queried or set to a specific value, or how can state changes be
monitored without inspecting the underlying implementation.
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Finally, in the concurrent model based on active objects in [33], an object is
allowed to change state without being operated upon by another object (i.e.
spontaneously). In this model it becomes even more difficult to monitor state changes and
to determine if the object is changing its state spontaneously in a correct manner. This is
because there cannot be any correlation of a state change with an operation invoked that
caused the state change. Active objects can support autonomous operations {(operations that
issue a request for themselves). These operations may change thes'  of the active object.
As in the case of internal operations, it becomes difficult to test these operations.

1.2 Randomness of Operations

The Von-Neuman model [21] of processing (input - process - expected output) is
not appropriate for the object-oriented paradigm as explained in section 2.2. In the object-
oriented paradigm, 2 message is sent or passed to an object Tequesting an operation on that
object. In [56], the authors qualify this as active data and passive process as opposed to
passive data and active processor of the Von-Neuman model.

A very interesting observation is made in [56). The authors state that the testing
process becomes a searching problem since programs (objects) are not executed
sequentially as in the traditional Von-Neuman model. This is because operations in a class
can be combined in arbitrary order. The testing thus involves searching for the order the
operations can be executed with various parameters that yield errors. We will refer to this
problem as the randomness of operations problem.

Consider an example of the randomness of operations problem from [56]. A class
represents a clock object and provides operations to set and retrieve the time, increment and
decrement the time by one second, and produce a display of the current time in a graphical
form. There is no stipulation in the ordering that these operations should be invoke. The
time may be retrieve a number of times in a timing exercise or set 2 number of times, if the
user wishes to examine the effect of different time zones. Operations simply provide a
service or a functionality. Given that an error may occur after a particular sequence of
operation invocations of an object, the problem in terms of testing can be seen as a search
for the correct order to uncover a specific error,

212



1.3 Localization

The author in [9] discusses that one reason why testing of object-oriented programs
is different from the testing of more conventional software is localizarion. Localization 1s
the process of placing items in close physical proximity to each other. He observes that in
function/data paradigm (software created using functional decomposition), the localization
is based on functionality and thus there is a high degree of cormrelation between "testing
function" and 2 "unit of software”. In object-oriented paradigm. the localization of
information is around classes or instances of these classes: objects. Thus a class or an
object is the "unit of software”. The correlation between "testing a function” and a "unit of
software” is not one-to-one as in the function/data paradigm. A class or an object may
provide many functions and one function may involve several classes or objects.

1.4 Object creation and destruction

This is an area that has not receive much attention. In general how can object
creations and destructions be tested? Some languages like Smalltalk provide automatic
garbage collection, therefore the destruction of objects may not be explicidy tested by the
tester. Usually classes provide for the creation and destruction of objects, in order to test
these operations, they should be invoked explicitly by the tester and implicitly by the code.
Their consistency should be observed (i.e. whether the operations behave in the same
manner, if invoked implicitly or explicitly). Sometimes the abnormal destruction of an
object may raise an exception. The issue in terms of testing is one of controlling and
observing object creations and destruction, specially if the language provides these
operations.

213



1.5 Exceptions

An exception is a facility for dealing with errors or other exceptional conditions that
arise during program execution. The main principle is that when a subprogram finds an
unusual situation, it raises a named exception which is then processed in another part of the
program called an exception handler [61].

In the context of object-oriented programming, it can be defined as the expected
resporise of an object to an abnormal condition. An abnormal condition could be a message
sent to an object to invoke a, operation not implemented by the object, inappropriate data
supplied as parameter of a message (wrong number of parameters, wrong type, data out of
range etc.), hardware failures etc.

Exceptions are usually handled by passing control back to the client object (calling
object) or to a handler object which takes appropriate action.

Testing exceptions in the object-oriented paradigm does not necessarily bring new
challenges then in the function/data paradigm. The challenge in testing exceptions is one of
identifying the unusual conditions that the object should be placed under. specially when
the exception is not developer-defined (through requirements regarding the exception).
These urusual conditions are not easily identifiable by simply looking at the object-oriented
ode. Also special care should be taken when coding exception test cases since they may
disrupt the normal fiow of the program execution.

214



1.6 Polymorphism and Dynamic Binding

Polymorphism and Dynamic Binding arc two features of object-oriented
programming that could make an unexpected object be the receiver of a message.

Polymorphism can be discussed at two levels: at the level of programming and at
the level of the class relationships (Inheritance, Containment and Uses. these relationships
are discussed in Chapter 5).

At the level of programming [57] discusses different types of polymorphism
(Parametric, Inclusion, Overloading and Coercion).

We are concerned with two types of polymorphism that apply to the class
relationships. These are discussed in [58]. When polymorphism exist in the context of
inheritance is it refer to as overriding. when it exist without inheritance is it refer to as
overloading.

Overriding, also refer 1o as Inclusion in [57], is the action that occurs when an
operation in a subclass with the same name as an operation in a superclass takes precedence
over the operation in the superclass. A special type of overriding is refer to as deferred
methods (operation). A differed operation is an operation that defines an interface
(arguments and results types), but no implementation. Implementation is provided by
subclasses that override the deferred operation, preserving the interface. Overriding allows
a name to denote different classes that are related by some commen superclass. For
example, the classes Triangle and Square inherit from the class Polygon. Each has
their own version of operation Perimeter. If we declare a variable figure of type
Polygon and we have instances of the class as aPolygon, aTriangle and
aSquare, the variable £igure could denote aPolygon, aTriangle or aSquare.
Therefore, sending the message Perimeter to figure would invoke operation
Perimeter depending on what £igure is. We can think of £igure as having the type
of the value it contains. Note that sometimes this type of polymorphism is referred to as
object polymorphism [56). This is because a subclass can take the place of a superclass
(not vice-versa). Figure is declared of type Polygon, itcan take the value aTriangle
or aSquare.

Testing with overriding is more complex due to the fact that the receiver of a
message is not known until execution time. By looking at the code it would scem that the
message is sent to an instance, but during execution, an instance of any subclass may
receive the message. Also, in the function/data paradigm, the equivalent of overriding
would be implemented as an explicit case or i £ statement:
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figure : Polvgon
CASE figure. tvpe is
Triangle: Perimeter_Triangle

Square: Perimeter_Square
Polvgon: Perimeter_Polygon
ENDCASE

As stated [18], this complexity (i.¢. three decisions paths to test) is not evident from
looking at object-oriented code. Therefore, White-Box Design Decision [59] coverage
techniques are more difficult to apply since it is not possible from just looking at the code,
to determine the number of possibilities and which unit (object) is being invoked.

Finally, with overriding, errors can sometimes be detected only at execution time.
For example when a message is sent to a subclass to invoke an operation that was blocked
from being inherited from its superclass(es) (operation cancellation, protocol incompatible
inheritance [60]), a run-time error will occur. This is again difficult to observe from just
looking at the code.

The other type of polymorphism discussed is overloading. An overloaded operation
is an operation that can have different implementations in different classes who are not
related by an inheritance relationship. Even though the name of the operations are the same
(i.c. name compatibility), the number and type of parameter and return values are different,
Name compatible operations can increase the confusion when testing but they do not bring
in the problems of determining who the receiver or a2 message is, as in the case of
overriding polymorphism.

Dynamic Binding is a mechanism for associating operations with objects. It is used
to implement polymorphism and occurs when the binding (association) of an operation is
based on the type of its value and not on the type of its declaration [58]. In terms of
message passing, this means that it is not until the message is sent, that the message is
bound to an operation at the receiver object.

To summarize, polymorphism and dynamic binding may introduce hard to find
errors: an unexpected object acts as the receiver of 2 message not intended for it. Also itis
not until run-time that the actual receiver of the message is known. As stated in [5], testing
techniques such as symbolic execution become much more complex since actual actions
performed, depend on-run-time conditions in 2 much more complex way than that
determined by normal control-flow constructs in procedural programming.
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1.7 Genericity

The authors in [5] describe that one of the problem in object-oriented programming
is genericity (i.e. the capability of defining a class from an unspecified type). A generic
class is class that serves as a template for other classes, it must be instantiated (s
parameters must be filled in} before objects can be created from it. An example of a generic
class is a generic link list class in which the type of entity which is stored in the list is not
specified until the user of the class requires it. The type of entity stored in the list is passed
as a parameter. It can be integers, reals. arrays, linked lists etc., provided that the type of
variable used is storable in such a structure.

In [5], there are two problems that are identified when testing generic clusses.

The first is that they can be considered as abstract superclasses (i.e. classes that
cannot create objects). Therefore by changing the generic class, we may bring in similar
problems as when a superclass is changed (as described in section 2.2.4), thus causing
classes that are derived from the generic class to be retested.

The second problem is that of choosing a suitable actual type to replace the
parameter type in the generic class. If a simple parameter is chosen, perhaps the class is not
really being correctly tested. The authors suggest that it would be advantageous to specify
constraints on the types which can legally be used, as opposed to parameters.
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1.8 Delegation

Delegation is an alternative to inheritance. The principle difference between class-
based inheritance and delegation is that the former relates classes whereas the latter relates
objects. Delegation implies shared responsibility in the completion of a task. It allows an
object receiving a request message to forward it to some other designated object for
processing [42].

Fig. A.] illustrates an example of an object & that delegate one of its tasks to object
B. In a delegation-base system, there are two kinds of messages.

The first is present in all object-oriented systems and simply involves sending a
message from one object to another possibly passing some parameters (i.e. operation
invocation). They are depicted as normal and private messagein Fig. A.l.

The second kind of message occurs when an object delegates a task to another
object (i.c. delegation message, in Fig. A.1). The object that delegates is expected
to be consulted if additional information is required (i.e. message to customer in
Fig. 3.1).

normal message

private message

delegation message 11
message to customer

Figure A.I Messaging in the delegation model

This model brings in new challenges for object-oriented programming. A tester
must be able to differentate between different types of messages as shown in Fig. A.1.
Delegations messages and messages to customers need to be differentiate from normal and
private messages because delegation brings a new set of possible control. For exarmnple, it is
common in delegation to have an object only respond to some messages (L.e. messages
from objects to which a task was delegated (i.e. Bin Fig. A.1). -
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As stated in [62]. the motivation for this is simple: delegation takes place when one
object wishes to have another object cooperate to accomplish a task. To achieve this. the
object being delegated to (B in Fig. A.1) may need privilege access: just as in real-life a
subordinate may have a 'hot line’ to their manager. Also an object may have operations that
should only be invoked via delegation. If object A wishes to send a message m to object B,
B may need privilege access 10 A in order to fulfill the request implied by m. B can be
guarantee to have this privilege by making operation m executable only via delegation,

Another issue with testing delegation is one of localizing communication as
described in [62]. Fig. A.2 illustrates an example. Consider the response of C to the
message n delegated 1o it by B as part of B's response to message m. If C needs to
communicate with the original customer (i.e. &), does it do this via B or directly to A? If B
decides whether C sees B as the customer or B's customer {(i.c. A in this case) then the
interface to C in B should handle two cases (2 messages per say g and q *).When q° is
received, C is totally invisible to & When q is received B must pass the message to A, thus
making q part of its interface. This type of control flow among objects brought by
Delegation is difficult to test unless very specific interfaces are provided.

delegates m

delegates n

Figure A2 Example of Localizing Communication
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1.9 Inheritance

Inheritance can be seen as violating encapsulation because subclasses have visibility
of the hidden encapsulated resources (instance variables and operations) of their
superclasses. Thus, the designer of a class is allowed full access to the representation
defined by a superclass [63]).

When a superclass is modified it is necessary to retest all its subclasses since they
depend on it. The implication of a changed superclass has effects on all its subclasses. As
discussed in [63]. permitting direct access to instance variables weakens one the major
benefits of object-oriented programming: the freedom of the designer to change the
representation of a class without impacting its clients classes (subclasses). These effects
were discussed in section 2.2.4 of Chapter 2.

1.9.1 Mulitiple Inheritance

Multiple inheritance occurs when a subclass inherits from two or more
superclasses. The example in Fig. A.3, taken from [5], illustrates the.concept. The class
Play_House inherits from the classes Toy and Building, operation Cost is inherited
from both classes, which one should be inherited? The operations have the same name but
very possibly different interfaces and implementations.

Multiple inheritance increases the potential for confusion (understanding the class
hierarchy) because the superclasses may have instance variables and operations with the
same name but with different interfaces and implementations.

Languages that make use of multiple inheritance have different conflict resolution
techniques. Some compilers (i.e. Smalltalk) simply do not allow name clashes and reject
the compilation of the class [22]. Other languages allow the renaming of the resources
(instance variables and operations) so that there is no ambiguity. Others like C++ allow the
name clash but all refereaces to the resources must be fully qualify with the name of where
the resource is found. Another possibility is to redefine the operations in the subclass (i.e.
override Cost in Play_House. This is the approach taken by Trellis/Owl programming
Language [63]. Typically a precedence ordering is defined, which linearizes the set of
superclasses so that there is a unique selection.

The problem is that the designer may intend a different operations to be invoked
then the one actually invoked by the compiler, thus leading to the invocation of the wrong

operation.
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1.9.2 Repeated Inheritance

Repeated inheritance occurs when a subclass is derived from the same superclass
more then once. Fig. A3 illustrates an example of repeated inheritance. The class J igsaw
inherits from both the class Puzzle and the class Board_Game . it is therefore inheriting
twice from the class Toy. The problem with repeated inheritance is that an operation or
instance variable could be inherited twice from the same class: for example the class
Jigsaw inherits operation Cost from both Board_Game and Puz=le. if the
operation Cost was not overridden by neither class. then it does not matter which one is
selected, but if the class Puzzle overrides operation Cost. which Cost should be
selected, the Cost of Toyv inherited from Boa rd_Game or the Cost overridden by
Puzzle?

As in the case with multiple inheritance some languages treat duplicates as illegal,
and the compilation is rejected. Other languages such as C++ allow the duplication of
superclasses but require fully qualify names to refer to members of a specific copy of the
superclass. Sometimes multiple references 1o the same class are treated as denoting the
same class. Others, like CLOS use a class precedence list, which is calculated every ime a
new class is added, the class is flattened, duplicates are removed and the resulting hierarchy
is resolved using single inheritance. The class is accepted if there are no cycles in the class
dependencies {22].

As in the case of Multple Inheritance, the designer may indent a different operation
to be invoked then the one actually being invoked by the compiler.

In general Multiple Inheritance and Repeated Inheritance can make difficult to
determine what is being inherited and from where it is being inherited [3].

1.9.3 Abstract classes

An abstract class is a class from which no instances (objects) can be created, but its
subclasses have instances. They are developed with the main purpose of being inherited by
other classes. The subclasses are expected to add to the structure and behavior of the
Abstract class, usually by completing the implementation of its typically incomplete
operation [22).

Since it is not possible to create an instance of an abstract class, how can an abstract
class be tested? Usually they must be indirectly tested via their subclasses which are
instantiable (ie. concrete classes). However, this is not straightforward since an abstract
class may in terms have several subclasses that are themselves abstract.
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Thus, knowing that abstract classes must be tested indirectly via their subclasses,
the problem is then to search for the first subclasses of the abstract class that are concrete
classes. Then the problem is how to partition the hierarchy to test the abstract class in terms

of these descendants.

Coxot
Num_Playcrs

Suitable_Age_Range

Size
Cost
Num_Windows

Building

Cost
Suitable_Age_Range
Strateqgy _Or_Dice
Num_Piccesn,
Idval_Num_Playern

Size

Num_Players
Suitable_Age_Range

Time_To_Solve

Difficuley
Num_Cembinations
Cost
Num_Players

Suitable_Age_Range
Time_To Solve
Difficulty
Num_Cembinatioas

Num_Pileces,
Size

Cost
~ Num_Players
Suitable_Age Range
Size
Coat Num_Windows

Figure A.3 An Example of Multiple Inheritance and Repeated Inheritance




1.9.4 Operations in superclasses invoking operations in subclasses

It is sometimes the case that an operation in a superclass invokes an operation that
is implemented in a subclass. Fig. A4 illustrates an example of this in Smalltalk. Class B
inherits operation organize from A. Operation organize in A invokes operition sort
with a quicksort algorithm. B has operation sort with a heapsort algorithm. When the
statement ‘aB organize' is executed, message organize is sent to an instance of
B. aB will process the message since it inherits operation organize from A. In A
organize sends message sort to self. In our case self is aB, therefore when aB
receives message sort and will perform a heapsort. .

organize
zelf sort

Sore
/* invokes sort with a heapsort
algorithm */

Figure A.4 Example of a superclass invoking an operation of its subclass

In terms of testing this situation is similar to testing a change to a subclass described
in section 2.2.4 of Chapter 2. The operations inherited must be retested in the context of the
subclass under test. In Fig. A4, the operation organize must be retested in the context
of B.



1.9.5 Dynamic Inheritance

Dynamic inheritance (also refer 10 as dynamic semantics or dynamic classification)
is defined a the ability of an object to change (add, delete, or change) its type (class)
dynamically.

The need for modeling entities that change over time has been discussed in
[64,65,66] among others. Languages based on the Actor model of concurrency [66] and
Object-Oriented database systems [65], use the notion of objects changing their type
dynamically.

Different extensions to the conventional class-based object oriented model have
been proposed to achieve Dynamic Inheritance.

In [64], the notion of modes is presented which allows an object to change its
mode (logical state). Note the mode of an object is not the same thing as the concept of state
in current object-oriented programming (i.e. state implemented via instance variables). it is
a more conceptual notion. For example. in Graphical User Interfaces (GUIs), windows can
be open, closed, represented as icons, etc., the logical states: open, closed and
iconified would represent the modes of the object aGUI. Similarly, a bank account
can be valid. empty, frozen or terminated; the modes of the object aBank account would
bevalid, empty, frozen and terminated. Modes are added to a class-based
system by allowing the definition of multiple sets of operations within class definitions and
modifying the iate binding algorithm to automatically select between these sets of
operations on the basis of the current mode. The objects of a class can then adopt different
behaviors depending on their current logical state.

In [65] the notion aspects is discussed which extends an existing object with
additional state and behavior while sharing the same object identity. An object may have
many aspects that come and go over time. Rather than being an instance of some unique
subclass defined through multiple inheritance, an object is an instance of many types by
virtwe of having many aspects. An object of class Person may extend is behavior and
states to be an employee by adding an extension (i.¢. aspect) Employee to class Person.

In terms of testing, dynamic inheritance can include problems identified with testing
simple inheritance. In addition the tester must identify conditions that cause the change in
type (class). He/she must be able to control and observe the change and handle exceptional
conditions, such as a message being received when the mode or aspect of the object does
not handle the specific message. Every mode or aspect should be tested for unéxpected
messages.
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Appendix B Object-Oriented Notations

The purpose of this appendix is to provide a brief overview of certain Object-
Oriented notations mentioned in section 4.3.2 of Chapter 4.

1.1 The Use Case model notation

The Use case Model [18] describes a specific way of using the system by using
some part of the functionality of the system. "Each Use Case constitutes a complete course
of events initiated by an actor and it specifies the interaction that takes place between an
actor and the system” [18]. The Use Case mode! is used to model requirements

Use Cases can have a basic rourse (gives the best understanding of the system)
and several alternative courses (variants of the basic course, for example errors). Uses
Cases can also be related to each other via the extend relationship. It describes how one
Use Case description may be inserted into, and thus extend, another Use case description.
Uses Cases can also be refined. This is mainly done by identifying similar parts of the
Uses Cases and extracting these similar parts. In this way, the similar parts have to be
described only once instead of in all Use Cases showing the similar behavior. Any changes
to this part will thus automatically affect all Uses Cases that share this part. The extracted
Uses Cases are called abstract Use Cases since they will rot be instantiated on their own,
but are only meaningful to describe common parts between other Use Cases. The Use
Cases that really will be instantiated are called concrete Use Cases. The concrete Uses
Cases use the abstract Use cases.

Fig. B.1 illustrates an example of a Use Case model. The Use Case model is
usually accompanied with a text description for each Use Case as describe below.

Change Item is used by the Operator when he wants
to print out information about the returned deposit
item of the day. The system will print out how many
of each deposit item type have been received this
day, as well as the overall total for the day. The
total number will reset to zero to start a new
daily report.



Copereto o Coaso Abstract _Use Case

-
N e
N| e
\\ Yoo ,/ Print \ -
A 7 \

: b
A(”Rotu:ning Item © %
A Change Item \\
© ~«——tp OPexator

Generate Daily Report

Custcomer

< 4 oxTonds
-

-~
-~

. >
Aclor

Item Stuck

Figure B.1 Example of a Use case model for a Recycling Machine [18]

1.2 The Domain Object model notation

The Domain Object model [18], models a phenomenon in real life that the system
needs to be aware of. It aims at understanding the concepts of the problem domain by
shows the relations (class and instance associations) between domain objects. Fig. B.2.1
illustrates class associations and Fig. B.2.2 illustrates instance associations. Fig. B.2.3
gives an example of a Domain Object model.

Inheritance The descendant has all the properties of the ancestor. The arrow is drawn
. . from the descendant and points to the ancestor since the descendant knows
_inherii "—'_S_> of its ancestor(s), but the ancestor(s) does not know of its descendants.
Extends One class extends another class. The arrow point 10 the class that will be
extends extended.

Figure B.2.1 Class Associations

226



Acquaintance association An object holds a referer.ce to anot
name and a cartinality which tells

name [min..masx] associated. The association is named n e 1
- responsability that the object has or which roles it

the object that associates 1t.

Consist-of -
acquaintance association.

consiscs of [min..maxg

Communication association

-

her object. The association has a

the number of objects that may be
rms of the of the

An object aggregates a set of other objects. This is a special kind of

An object may send a stimuli to another object. The arrow points to the
recetver of the stimuli. The association may be bidirectional.

Figure B.2.2 Instance Associations

oy
Deposit Item s

O ret%’@d

4 i \
:nherzes 4 . . .
inherits '\ inherits

00O

Bottle Crate

414 * \ O @Rece_;k,t
7N\ n-c-ipf\o

Custcomexr

Figure B.2.3 Example of a Domain Object modecl for a Recycling Machine [18]
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1.3 The Analysis Object model notation

The Analysis Object model [18], shows the relations (class and instance
associations) between analysis objects (Entity, Interface and Control objects). It also shows
the distribution of objects into subsystems.

Class association are described as depicted in Fig. B.2.1. Instance associations are
described as depicted in Fig. B.2.2. Other specific constructs of the Analysis Object model
are described in Fig. B.3.1. Fig. B.3.2 illustrates an example of an Analysis Object
model.

Interface object

HO

Entity object

An Intertace object models objects that are directly
dependent on the intertface of the system.

An Ent ity object models information and the behavior
associated with this information of the sysiem. Usually a

O long-lived (persistent) object that survives a Use Case.
Control objact A Control object models objects of the system that are
specific to one or a few Use Cases. Usually ties together the
o objects that participate in a Use Case.
Attribute AnAttribute models an information element of an
atcribute object. An attribute has a2 name which is accribute. a
[min. .max} cardinality and 2 type which is cype. Attributes are used
M for encapsulated information elements of an object.
type
Subsystem A Subsystem groups objects and subsystems into

managing units. The lowest level is called a service package

and is an atomic managing unit. Subsystems may exit in the
@ Analysis Object model 3s well 2s in the Design Obj

model.

Figure B.3.1 Constructs of the Analysis Object Model
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Figure B.3.2 Example of an Analysis Object model supporting the Use case
Returning Item [18] and describing the Deposit subsystem
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1.4 The Design Object model notation
The Design Object modei [18], defines the architecture of the system in terms of
Blocks (analysis objects) and their relations (class and instance associations).

Class association are described as depicted in Fig. B.2.1. Instance associations are

are described in Fig. B.4.1. Fig. B.4.2 illustrates an example of a Design Object model.

Block An Block models a part of the implemented system.
Normally one Analysis object is implemented as one
Block. A Block could be public or private 10 a
Subsystem.

Object Module AnObject Module isamodule in the programming

language. In an object-oricnted programming fanguage. it
corresponds to 2 class. It could be public or private to a
Block.

Figure B.4.1 Constructs of the Design Object Model

Recelipt Basis

>

Deposit Item

Figure B4.2 Example of a Design Object model for the Receipt Basis block {18}
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1.5 The Interaction Diagram notation

An Interaction Diagram [18], models the communication between objects. It shows
how objects (blocks) communicate in terms of stimulus (operations) sent and received.

Each participating objects is represented by a column. All behavior of an object is
artached to the column representing the object. An Interaction Diagram also contains a
column for the surrounding world; the column is referred to as the system border and
represents the interface with everything outside the objects in the diagram, such as external
actors and consequently it can correspond to different interfaces outside the system. The
ume axis in an Interaction Diagram is viewed as going down. At the left edge, to the left of
the system border. sequences are described. A sequence corresponds to text (¢.g. pseudo-
code) describing a specific Use Case in terms of operations. Every operation belongs to an
object and therefore it is drawn as a rectangle in the column for that object. Finally,
Interaction Diagrams are controlled by events. A new event gives rise to 2 new operovtion.
An event or stimulus is drawn as 2 horizontal arrow that starts in the column corresponding
to the sending object and ends in the column corresponding to the receiving object,

Fig. B.5 illustrates an example of an Interaction Diagram.

tam Customer Deposit Item Recsipt Deposit
?lo;d-: Paner Reaceliver Basis Item
Ccreate
Customer presses the start button.
The sensors are activated.
DO
New deposit item is inserted.

Measure and check if this kind of item is

acceptable,

IF oot found THEN create a new daily
Amount := daily Amount + 1
noReceived := noReceived + 1

WHILE Items are deposited

-

exjts()

Insercitem
{1tem)

T

Figure B.5 Example of part of an Interaction Diagram Jor the Returning Item

Use Case [18]
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1.6 The Object Interaction Diagram and Data Flow Diagram notation

An Object Interaction Diagram [3Y]. describes the message flow between objects. It
corresponds to an Instance Diagram with message flow between instances. Messages
correspond to operations invoked by an object and data flows as message arguments and
return values. An Object Interaction Diagram also shows threads of control via a numbering
scheme (i.c. message contain numbers reflecting their order).

A Data Flow Diagram [14,39], describes the effects of operations of objects. It
shows the functional relationships of the values computed by a system, including input
values, output values and internal data stores. It corresponds to a graph showing the flow
of data values from their sources in objects through processes that transform them to their
destinations in other objects. A Data Flow Diagram contains processes (i.c. operation of
objects) that transform data, data flows that move data. objects that consume, produce and
store data and data values.

A Data Flow Diagram is extracted from the Object Interaction Diagram. Therefore.
it does show control information such as which paths are executed and in what order as
well as the organization of values into objects.

Fig. B.6.1. illustrates an example of an Object Interaction Diagram. Fig. B.6.2
illustrates an example of a Data Flow Diagram extracted from a Object Interaction Diagram.

aButton
meszage getText retuwns text to alontroller
2 /
& /S
ordering of message o
N 8 4
\\ = text = getText () 2.1. =
~, aTextPane
N direct i r
mestiage nm:- argument \dx\mn:: flow +
"~ ~ *
Sl M R % I
add (texc) 1.2, [
l acontroller object
asortedCollection
updateContents () 1.2.1.
pda ) S aListrune
list = getlist [) 1.2.2.1. -
, ' -
merrage getlist rwturns list Lo alistPane

Figure B.6.1 Example of an Object Interaction Diagram for the add button of an editor [39]
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ATextPahe

aController

dala value

izt 1.2.1.1.

aListPane

viwclal don

Figure B.6.2 Example of a Data Flow Diagram derived from the Object Interaction
Diagram in Fig. B.G.1

233




1.7 The Domain Chart notation

A Domuain Chart [24] depicts the different domains of the application to be
developed as well as usage among them. "A Domain can be thought of as a separate world
inhabited by its own conceptual entities, or objects. Hence, in an Automated Railroad
Management System, a Railroad Operations Domain is concerned with trains. tracks and
the like, while a User Interface Domain is involved with windows. displays, and icons”
[24).

Each domain is represented as an oval. A connection between two domains
indicates that the higher domain will make use of facilities provided by the lower domain in
the implemented system. This is referred to as a bridge.

Fig. B.7 illustrates an example of a Domain Chart.

Railroad Operation

Process Input/Output

Trend Recording

User Interface

Software Architecture

( Operating System @

Figure B.7 Example of a Domain Chart for an Automated Railroad Management
System

Proaramming Lanauage




1.8 The Information Model notation

An Information Mode! [24] shows the information structure (i.¢. objects, classes,
their attribute descriptions and relationships to other objects). Fig. B.8 shows the major
constructs of the model (i.e. objects, auributes and relationships ) as well as an example.

Cbject
wirject Ao Obyect (e class) i an abstracton of 2 st of
ubiyece s real-world things such that
@ all the things in the »t {instances) bave the same
characteristics and

@ all instances are sabject o and coaform to the same
st of nules and policies

Attribute

went 10ier
actyibute
—

An Attribute is an abstraction of » smgle charscteriza:
possesaed by all eatitics that were themasclves ahstracted as
an Object.,

-
- Lteht Lt Ler
mEribute
Relaticashipe
ARelat ionahip isan abstraction of a st
of anaciations that hold systematically
Oowne Rl between Object s,
=X Pereon
1n ot it is represented graphically by a line between
oy the associated Objecta. Theluumwd
with the relationship’s identifier, The names
the relationship are placed nuthendol‘lhe
relationship line.
VW=t O =0 1.#- A Relationship basacardimality.
Rl
COW-LO-MALY il mnsnmmm—
Rl
MAnY-LO-ONe ~e—-
Thasu saa b empleyon wvih ne A R-la:ionahip <an be conditional (ie.
dupandon, but tars ansm bs o there can be mm&mm
sdupondont withuus and sssssiotd the relationship), This situation is representod by
nglopss. placing a "C next to the relationship phrase that is
\ sometynes truc,
18 BEparces
oy R1 c
Bvployes m
18 TeRRONeLDle

ter muppart of

A Relationship canbeformalized by placing a retorencial attribute in the appropsaie object .

18 Sarried 1. Wite refarestial
1. RUSBAND Ry to Tt
= Musband Hasw e o - "'“' "-:l , -
« (0Cher Pt e po'
+ (Other attributes) :: R . m.‘.— -

Figure B.8 Constructs and example of an Information Model
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1.9 The Subsystem Relationship Model notation

An Subsystem Relationship Model [24], shows the relationships between
Subsystems in Domains. A Subsystem is depicted graphically by a box and it represents
the entire Information Model for that Subsystem. Relationships between Subsystems are
represented by a line connecting the two Subsystems. The line is labeled with the identifier
of the inter-subsystem relatonships.

Fig. B.9 shows an example of 2 Subsystem Relationship Model.

subsysiem name
\
N
DT-Dinpatch . TO-Train TM-Track
Trains Ri0,R182 Operration R11E, R210 Management
(1-99) (101-19%) (zox-ng
hY
\
\
\
\
R214 \
object numbers in Information Mode! of subsystem TM-Track
7 Management

relationship label counecting objects in Information Models DT-Dizpatch
Trainz and TM-Track Managament

Figure B.9 Example of a Subsystem Relationship Model for the Railroad
Operation domain [24]
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1.10 The Object Communication Model notation

The Object Communication Model [ 14]. shows the asynchronous communication
between objects (i.e. classes) and external entities. "When a State Model generates an
event, the target State Model receives the event some time after the action in which the event
was generaied is complete. This communication is termed asynchronous" [24]

Every flatiened oval represents an object (the name of the oval is the same as the
name of the State Model for that object). Each external entity (e.g. operators, physical
devices, and objects of other subsystems) that can generate or receive an event is depicted
by a box, know as a terminator. An event that is generated by one State Model or external
entity and received by another is represented by an arrow from the generatin £ component 10
the receiver. The arrow is annotated with the event and (optionally) event data.

Fig. B.10 shows an example of an Object Communication Model.

event name Object name (xame as State Model name for that vhject)
~ 7’
~, d
LN e
Reserve path

Pipe in Path
Assigner

Figure B.10 Example of an Object Communication Model for part of a Juice
Plant [24]




I.11 The Object Access Model notation

The Object Access Model [14], shows the synchronous communication between
objects (1.e. classes). "When a State Model accesses the instance data of another object
through an accessor process 33, the data access takes place during the time that the action is
running. This kind of communication is said to be synchronous." [24].

Every flattened oval represents an object's data store and its State Model and it is
named with the object’s name.

"If a State Model (call it State Model A) makes use of an accessor assigned to
another object (object B), an arrow is drawn from object A to object B. The arrow is
labeled with the process identfier of the accessor.

Fig. B.11 shows an example of an Object Access Model.

process name object name
™~ e

N e
A 2

Find tank for batch

Figure B.11 Example of an Object Access Model for part of a Juice Plant [24]

38 An accessor process isa process whose only purpose is to access data in a single object data store (data
that describes all instances of an object class). The accessor may be one of the following: _
Create Accessor: creates a new instance of an object class. -
Read Accessor: reads attributes of a single object class.
Write Accessor: updates attributes of a single object class.
Delete Accessor: deletes an instance of an object class.
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The Thread of Control Chart notation [14]. shows the sequence of actions und
events that occurs in response to the arrival of an event when the system is in a particular
state. If an action along the thread of control generates more than one event, the thread of
control splits so that two or more legs of the same thread of control are active at the same
time.

The Thread of Control Chart notation glues the Object Communication Model
notation and the State Transition Diagram notation. Graphically, it is represented as a
succession of events and states occupied by instances that participate in a particular thread
of control. Each instance appears separately as the string of states it occupies as the thread
progresses. The states occupied by a single instance are connected by arrows, each labeled
with the event that causes the transition to the next state. If an instance generates an event to
another State Transition Diagram and that event causes a transition, an arrow is drawn from
the state that generated the event to the wansition of the receiving instance. The chart is laid
out along a relative time axis, with the states placed on the chart in the order (top to bottom)
in which they are occupied.

The Thread of Conwrol Chart notation can be used to analyzed the time it takes the
system to respond to an event. This is done in the following way. The time an instance
occupies a certain state is made up of action trime (time required to execute an action) and
dwell time (time the instance remains in the state after the completion of the action).

Dwell rime may be entirely determined by the instance and the state (e.g. in Fig.
B.12, it took 10 minutes to serve Customer? and 6 minutes to serve Customexr10.
Alternatively, dwell time may be determined by interactions between State Transition
Diagrams (e.g. in Fig. B.12, the length of time that Customer10 needs to remain in the
Waiting for clerk stateisdependent on the availability of the Clerk; we will show
that this time is 3.21 minutes).

To portray the iming of the thread of control on the chart.

* each state: is annotated with its action time

* if the dwell time of a state is determined by the instance and state alone, the

transition out of this state is annotated with the dwell time

* if the dwell time of a state is determined by interactions between State

Transiton Diagrams, a capacitor symbol is placed on the transition out of that
state.

Fig. B.12 illustrates an example of a Thread of Control Chart.
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Figure B.12 Example of a Thread of control Chart for the Customer-Clerk

problem [24]

(assumc Customerlo arrived when the clerk had bccn scrvmg Customerg for 7 mmutcs)
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1.13 The Action Data Flow Diagram notation

The Action Data Flow Diagram [14]. describes the units of processing within an
action and the intercommunication between them. Tae main constructs of the notation are
processes, data flows, persistent data, received events and generated evenis.

A process corresponds to a separate unit of computation and is represented by a
circle. It usually requires input data to carry out a function and produces output data as a
resuit.

If a process requires input data, that data is shown being supplied to the process as
adata flow directed to the process via a directed line. If a process produces data as output,
the data is shown as a dara flow directed away from the process via a directed line.

Persistent data corresponds to data that continues to exist after an action is
complete. It is represented as a data store. If a data store provides data to (or receives data
from) a process, the data store and the process are connected by a data flow.

A received event corresponds to an event received by a State Model that causes an
action to be initiated. This is depicted as one or more event data flows (i.e. a data flow
pointing into a process from nowhere). The event data flow is labeled with the names of the
arguments that are carried by the event and are required by the process.

A generated event is event generated by a process. It is depicted as dawa flows
directed away from the process. The data flow is labeled with the event name and
arguments.

The Acton Data Flow Diagram is closely coupled with the State Transition
Diagram. Fig. B.13 shows an example of this.
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State Transition Diagram

event arpuments
cvent e
T #~
Do tamperature ramp [batchiD,
ond_Timer, and_temporatute)
state ¢
~
~ .
2 . action
Created ”
Vi
Start ccotrelling Create Tazperature Ramp with an arbitrary

=Rt LT . A .
rat: {rama1D) RamplD and katchil, End_Time, End_Temperat ur

Controlling

Part of the Action Data Flow Diagram for state Created

received even:  lahcled with arguments of event
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senerated event
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STArtT cuhtrulling
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. BatchlD
S, End_Time
End_Temparature

Figure B.13 Example of an Action Data Flow Diagram for state Created of
Temperature Ramp [24]
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1.14 The Class Structure Chart notation

The Class Structure Chart [14] notation describes the internal structure of a class as
well as the flow of data and control within that class. It is usually used to show the internal
structure of the code of the operations of the class. A separate chart is produced for each
class.

It is based on the concept of a module, operation of a class. (i.e. a piece of code that
is invoked and, when complete, returns control to the caller). Each module is represented
by rectangle. A module may invoke one or more other modules. An invocation is depicted
by an arrow from the calling module to the called module. Any data passed to or returned
by a called module is represented by a wok39. An arrow attached 1o the work tell the
direction of flow of the data. If input data is modified and then returned to the caller, the
wok carrying that data will have two arrows artached (i.e. one showing the input direction.
and one the output direction). If the input (or output) is produced only under certain
circumstances, the wok is drawn with a dotted border.

Modules can be primary or foreign. A primary module represent the unit of code
that receives control when an operation is invoked. They appear near the top of the Class
Stucture Chart as being invoked but with no external caller. A foreign module is a module
that does not belong to the class being depicted. It is represented by the apron symbol.

A Class Structure Chart also shows, instance data of a class. polymorphic
invocations and exceptions. Fig. B.14 illustrates an example of a Class Structure Chart.

prmary wodule
\\
"I Date, Croate date I—
oupt of Al locate mamory
gl
AR
-
N
/o N\ e attccste mocry
N\ S
polyworpluc invocation
'\-\\
Date,
InstanceData
e d o
- _ 7
foraign oduls nRance 4at

Figure B.14 Example of a Class Structure Chart for class Date [24]

39 Small divided hexagon in a Class Diagram denoting logical component (i.e. data of a class).
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1.15 The Dependency Diagram and Inheritance Diagram notation

The Inheritance Diagram notation [14], describes the Inheritance relationships
between classes of a single program, library or environment. Each class is represented by a
class box with all its internal details as in the Class Diagrams notation. Inheritance
relationships are represented by a cross. Fig. B.15 shows an example of an Inheritance
Diagram.

The Dependency Diagram notation [14] describes the relationships between classes
other then Inheritance. There are two types of relationships (dependencies) between
classes: client-server and friends. When a module of one class (call it Class A) invokes an
operation of another class (class B). a clienr-server relationship is said to exist between the
classes. The invoking class (Class A) is considered to be the clienr. while the invoked class
is considered to be the server. Friends relationships are intended to reduce complexity and
increase performance at the expense of encapsulation. When a module in class A either (1)
invokes an intcrnal operation of class ™ or (2) makes direct access of the data of class B.
class A is said to be friend of class B. A Class is represented by a box with the name of the
class. Friends relationships are drawn with a double directed arrow from the invoker to the
object being invoked. Client-server relationships are drawn as a single directed line from
the client to the server.

Fig. B.15 shows an example of an Dependency Diagram.

class
client-server relationship 7/
S ¥
StandingTransaction \& Account
<o
inheritance relaticonship
%g ChristmasClubAccount
. /4
/
friends relationship ¢

Figure B.15 Example of a Dependency Diagram and Inheritance Diagram [24]



1.16 The OAN Static notation

The OAN (Object Analysis Notation) static notation |15]. capture the internal
structure (e.g. atributes) and external structure (e.g. relationships) of objects. Fig. B.16.1
and B.16.2 illustrates the basic constructs of the notation as well as examples.
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necessarily having to say anything about how

arelation with mutiplicity

f1:N)

[1:N]

e
o
o

ount

Account

or when they were create)
[1:M]
Account Client | own
accountNumber
= Accounthiumber
Surrency

> Currency

attributes

accountNumber oftype AccountNumber
and

currency of type Currency
an atiribute can be - unigue (represented by {})
- can have a multiplicity (represented by [n:m])

N

ainstanccofa relation

Figure B.16.1 Basic Constructs of the OAN Static notation [15]
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Client Aeeount

Personal

Joint

Buziness

Exclusion

Classes Pergonal,, Joint and Busine:ss are
disjoint {exclude each other, e.g. an instance of

Perzanal does not satisfy the characteristics of
Joint and Buz iness),

World

Amerjica

Africa

Europe

Purtioning

A Partitioning of subclasses ix a property that occurs

when the subclasses satisfy

both the Exclusion and

Human

U]
1%
2.
T
-
o
o

Child

Coverinp

Classes Child, Adult and Eldwv 1y are covering
(the boundary between Child and Adult is fuzzily
defined; a person can be considered to belong to
more then one class).

branch [1:M]
Branch

ensemble

An Ensemble is an object with other objects andfor
sub-ensembles as its functional constituents {e.g. a Bank isan
ensemble with its Branches (and possibly other entities) as
constituents).

Covering property. For example, the classisfication
of peopie acconding to which region of the world they
reside 13 & Partitioning since the subclasses Cover the
word but Exclude each other.
QUEUE(X}
first %
tail [0:1)
QUEUE(X}
a Generic Class
The generic class QUEUE has instances (other classes) with
clements of type X.

Figure B.16.2 Basic Constructs of the OAN Static notation [15] cont.




1.17 The OAN Dynamic notation

The OAN (Object Analysis Notation) Dynamic notation [15]. describes the internal
behavior (states, events and transitions) of objects. Fig. B.17 illustrates the basic

constructs of the notation as well as examples.

States and Transtions

transition name | °

—— quard action Heveno)
state 1_ g
- S
’/ "“h\
P / ~
P 7 ~a

A m“’ i a condition (t{oolcan-valucd An action 13 the set of activities that This set of events coresponds to the
function) that must be satisfied will take place as part of cxecuting the  events that must be sent to whe objects ax
for the transition 10 occur of the event(s)  pgition(e.g. preudocude). pant of maving to state 532,

that wall cause the state change o state

e

Exceptions

transition name

guard action [{event]

O O

The diagram above shows two exception links. The one emanating from state S1, can be used for dealing with a timing
constraint that prohibits staying in state S1 for too loag. The other exception link dealswith exceptions that azise in the
transition.

Timeout on Transitions
phon provide dial tecne | dial
off- tone b-a < 0.2 sec
fiook guard | action [{event}

The diagram above indicates that the transition provide dlal tone mus occur within 0.2 socs. .

Figure B.17 Basic Constructs of the OAN Dynamic notation [15]
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1.18 The OAN Object Interaction notation

The OAN (Object Analysis Notation) Object Interaction notation [ 15]. describes the
interactions among objects. Fig. B.18 illustrates the basic constructs of the notation as well
as examples.

One-Way communication

Event
Producer <~ Consumer
Eventl Event3
‘\\
S,
1 -
i \\
| ~
} Event2 A "stepping stone™ used 1o connect different view
1 of an interaction. Used to resolve event mismatches
between consumers and producers.

o]

Bidirectional communication

Request
Client 3 Server
‘ Reply

Figure B.I18 Basic Constructs of the OAN Object Interaction notation [15]



1.19 The CRC notation

The CRC (Class. Responsibility, Collaboration) cards notation was tntroduce in
{72] and used by several Object-Oriented methodologies as in [31].

It corresponds to an index card that represents a class of objects their behavior and
their interactions. They are usually created in informal brainstorming sessions. The card
usually contains the class name. their responsibilities (i.e. seivices that it provides) and
collaborators (i.e. services required by the class to fulfill the responsibility).

The CRC card can also be used for Subsystems and Domuins.

Fig. B.19 tllustrates an example of 2 CRC card.

Class: BankAccount
List of Superclasses: Account
List of subclasses: CheckingAccount

SavingAccount
List of Responsibilities: deposit List of Collaborators: Customer
withdrawal Teller
balance Bank

Figure B.19 Example of a CRC card for an Acc '~ ¢t

249



1.20 ‘The Collaboration Graph notation

The Collaboration Graph notation |31], describes the collaboration between classes

and subsystems. Collaborations are drawn as an arrow pointing to the contract®” defining

the behavior being requested. The constructs of 2 collation graph are shown in Fig.

B.20.1. Fig. B.20.2 illustrates an example of a Collaboration Graph.

ot
auboyaten

Nanie

a Subsystem

W
Nat - ‘C-Jl Name ot
o laos clans
a Class a Contract
name of name of
class > ) <lass
« 1
aClass a Contract
a Collaboration

Figure B.20.1 Constructs of a Collaboration Graph [31]

j
r Financial Subsystem
Account
ala%
/ / Transact io:\ \
Balance Deposit Withdrawal Funds
Inquire Transaction Transaction Transfer
1} >4 L) 7 4
- 7/
A e f\ 8 \. s/
\ ,/ \\ //
. \/
subclasses of class Transaction g Subclasscsofclass Transaction

\. J

Figure B.20.2 Example of a Collaboration Graph for a Financial Subsystem of an
ATM system [31] -

40Contracts are defined

in the next section



1.21 The Contract notation

The Contract notation [31.40], describes behavioral composition and the
obligations on participating objects. A Contract can be defined as the list of regquests that an
object requesting scrvices (i.e. client) can make of another object providing scrvices (i.e.
server).

Contracts can be defined informally as in [31]. In Fig. B.20.2 (in the previous
section), the server of a contract corresponds to the class being pointed to by a
collaboration: the client of a contract corresponds to the class that originates a
collaboration. Thus in contract

1. theclieats are BalanceInquire

DepositTransaction

WithdrawalTransaction
Funds Transfer

the Serveris Account

Fig. B.21.1 shows wme informal contract for Fig. B.20.2.

Contract 1
Server: Account

Clients: BalanceInquire
DepositTransaction
WithdrawalTransaction
Funds Transfer

Description: This contract defines a way an account can be accessed and 1nodified.

Contract 2
Server: Account

Clients: Transaction

Description: This coatract supports committing account changes to the database.

Contract 8
Server: Transaction

Clients: ATM

Descrigtion: This contract supports executing financial transactions.
Figure B.21.1 Example of a Contracts for Fig. B.20.2 [31]
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Contracts can be defined formally as in [40). “A contract defines the behavioral
composition of a set of coramunicating participants. Each contract specifies the following
important aspects of behavioral composition. Firstly, it identifies the participants in the
behavioral composition and their contractual obligations. Contractual obligations consists
of type obligations, where the participants must support certain variables and ¢xternal
interfaces and causal obligations, where the participants must perform an ordered sequence
of actions and make certain conditions true in response to messages. Through causal
obligations, contracts capture the behavioral dependencies between objects. Secondly, the
contract defines invariants that participants cooperate to maintain. It also defines what
actions should be initiated to resatisfy the invariant. which as a matter of course during
program execution will become false. Lastly. a contract specify preconditions on
participants to establish the contract and the methods which instantate the contract” [40].

There are two important operation on contract: refinements and inclusion. These
provide a way of expressing complex behavior in terms of simpler behavior. Refinement
allows for the specialization of contractual obligations and invariants of contracts. /nclusion
allows contracts to be composed from simpler sub-contracts.

"As an example, consider the behaviorz! composition in which a Subject object,
containing some data. and a collections of View objects, which represent that data
graphically. say as a dial, histogram and counter, cooperate so that at all times each View
always reflects the current value of the Subject..” {40].

Fig. B.21.2 show the contract for the behavioral composition between Subject
and objects of type view. The language supports the following;

- P --> M upon reception of message p, Mis sent
- Ay the setting if instance variable v

- ( o vic :e> repetition of an expression e separated by the operator o for
all variables v which satisfy c.
- ordering or actions can be explicitly given by the operator ;, an if-then-else
construct, or be left unspecified by the operator |1

"Contract subjectVview requires certain obligations of its participants Subject
and the set of Views. Type obligations require a certain interface and data: subject for
example is required to support a variable of the unspecified type Value and the method
Notify (). Causal obligations require that receipt of a message leads to certain behavior.
For example, the expression Draw () --->Subject --->GetValue() specifies that each
View, on receipt of a Draw () message, is required to behave in a way which leads to the
sending of a m&eség-: GetValue() 10 Subject.
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Causal obligations are the essential feature of behavioral compositions. Through
them we can infer that sending subject the Notify () message will lead to the sending of
a Update () message to each View.

Participants in behavioral compositions often cooperate to maintain some invariant.
However, during execution, this invariant can become false. requiring its resatisfaction.
The invartant along with the action which lead to its satisfaction appears in the contract in
the invariant section. For subjectview, the expression subject . SetValue (val)
preceding the ---> symbol signifies the action that will lead to the satisfaction of the
invariant "for each View in Views: View reflects Subject.value”.

Finally, the instantiation statement specifies that to initiate this contract
between a set of View objects and a subject object, the methods Attachview() and
SetValue() must be executed with the appropriate argument.” [40].

coentract SubjectView
Subject support |

value: Value

SetValue (val:Value) === A value (value = val} ; DNotify ()‘1l
GetValue () : Value --->» return value

Notify () ---» < i v v Views : v ==-=-> Update () >
AttachView (v : View) ~--> {v Views)

AttachView (v : View) =---» {v gz Views)

)
View : Set (View) where each View supports |

Update () =+-> Draw ()

Draw ()} ---> Subject ---> GetValue ()} {View reflects Subject.value}
SetSubject (s:Subject) =--=-> {Subject = :}
]
invariant

Subject.SetValue(val) --->< vv: v G Views: v reflects Subject.value)
instantiation
<| I\.r:\a"G Views:( Subject--->AttachView(v}l1v ---> SetSubject (Subject) >>

end contract

Figure B.21.2 Example of a formal Contract between classes Subject and
Vview [40]

-
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1.22 The ObjectChart notation

The ObjectChart [71] notation, describes the internal behavior of an abject. It
corresponds to the StateChart [52] formalism extended by augmenting states with attribute
information. "ObjectCharts are extended StateCharts in which the effect of state transitions
on attributes are specified” [71].

The lifecycle behavior of an object class may is expressed as a StateChart. States
represent the various stages that an object of a class may go through.

Transitions are labeled with either the state changing services (i.e. operations)
provided by the class or services required of other objects. A service required of another
object is prefixed by the name of the object providing the service. Not all services change
the state of an object (e.g. some report on the values of attributes). These services are called
observers . In general, request for a service may not be allowed in all states. For example,
it is possible to request the top of a stack only when the stack is not-empty. ObjectCharts
show this type of information by adding the name and type of the allo vable observers to
each state.

ObjectCharts also allow to describe parameters of services. For example. ser
(:time) 1s a parameter of service set ). Parameters are partitioned into input and outputs.
Input parameters of a service may only be read by the object providing the service. Qutput
parameters are the values returned by the providing object. All output parameters of a
services are listed after a "I". Thus C. time( lt:time} has output parameter ¢, and the value of
t is set by object C that provides the service rime.

Not all attributes of an object need to -7 visible. These attributes are treated as
observers and are added to states, but depicted by writing them is squarc brackets to denote
that the are hidden.

Fig. B.22 shows an example of an ObjectChart. In Fig. B.22, when the alarm
rings, it opens a window; when the alarm is not ringing, the window is closed; the alarm
can stop rinping because a timer expires or can it was stopped by the user.
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Figure B.22 Example of an ObjectChart for part of an Alarm Clock [71]
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