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view for software development comes from the principle that the real
world consists of entities which are composed of data, and operations
which manipulate that data. Such entities can be symbolized by ob-
jects and can be abstracted to constitute classes of objects, and each
object encompasses data and a set of operations meaningful to the
data.

In this aspect, an object-oriented strategy allows the designer to
create abstractions with which it is possible to deal with concepts
that are close to the real-world application and the designer is only
concerned with these abstractions. Thus, an alternative approach
based on the identification and manipulation of abstractions repre-
sented by classes and objects, and able to narrow the semantic gap,
has appeared.

To summarize, during software development, designers should map
a real-world application in an application domain onto an abstract so-
lution (represented by a software system) in a solution domain. Using
an object-oriented methodology designers can create abstractions in
terms of classes and objects. Like other approaches, object-orientation
deals with methodologies and languages, both of which systematize
the abstraction process to create software, however in this case, classes
and objects are the main items used to model real-world applications.

1.2. Profile of Present Software Systems

This section discusses the profile of current software and shows
that object-orientation is suitable to develop software systems which
satisfy such profile. Some important traits of modern software systems
and their requirements include:

e Complexity: the internal architecture of present software sys-
tems is complex, often including concurrency and parallelism.
Abstraction is a technique which helps to deal with complexity.
Abstraction involves a selective examination of certain aspects of
an application. It has the goal of isolating those aspects which
are important for an understanding of the application, and also
suppressing those aspects which are insignificant. An abstraction
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must have a purpose, because its purpose determines what is and
is not relevant for the abstraction. Many different abstractions of
the same thing are possible, depending on the purpose for which
they are made. Abstracting an application in terms of classes
and objects is one of the fundamental notions of object-oriented
thinking.

e Friendliness: this is an important requirement for current soft-
ware systems. Iconic interfaces provide a user-friendly interaction
between users and software. Icons are graphical representations
of objects on the screen and are usually manipulated with the use
of a mouse, this has come to be known as WYSIWYG (What You
See Is What You Get) interaction. In such interfaces, windows,
menus and graphical elements are all viewed as objects. The
trend to object-oriented graphical interfaces is permeating many
areas of software development. This is acknowledged in the most
recent generations of software for window management systems.
Experience suggests that user interfaces are significantly easier
to develop when they are written in an object-oriented fashion.
Thus, the object-oriented nature of the WYSIWYG interfaces
maps quite naturally into the concepts of the object-oriented
paradigm.

e Extensibility: this is a property that permits new function-
alities to be smoothly added with little modification to existing
software systems. With this property, software can be easily
extended to meet additional requirements. Extra software devel-
opment may be carried out entirely by making modifications to
what already exists. This incremental development is part of the
object-oriented thinking.

e Reusability: this property facilitates rapid development by
reusing available software components, and also promotes the
production of components that could be reused in future projects.
Taking components created by others should be considered more
desirable than creating new ones. If there exists a good library
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of reusable components, browsing existing components to iden-
tify opportunities for reuse must have precedence over writing
new components from scratch. Inheritance is a mechanism that
increases software reusability.

There are several ways to tackle the problem of software complex-
ity and to achieve friendliness, extensibility and reusability. Investi-
gations of advanced methodologies, and proposals of new software life
cycle models, as well as automated support from tools in a software
development environment, have all been under research. These trends
may be gathered together and object-orientation seems to be the way
to converge them, as can be inferred from the discussions above.

1.3. Towards an Object-Oriented Approach

The notion of object naturally plays a central role in object-
oriented software and although this concept is much in evidence nowa-
days, the idea is not a new one. In fact, it could be said that the
object-oriented paradigm was not invented, but it actually evolved
by refining existing practices. The confluence of this paradigm with
other concepts of computer science suggests that object-orientation
has been biased by other fields.

The term object emerged almost independently in various areas of
computer science. Some fields that have influenced the object-oriented
paradigm are: simulation, operating systems, data abstraction and
artificial intelligence. Appearing almost simultaneously in the early
1970s, these approaches cope with software complexity in such a way
that objects symbolize abstract components of a software system. For
instance, some notions of objects that have emerged from these fields
are:

e Classes of objects used to simulate a real-world application, in
Simula !. In this language the running of a computer program is
organized as a combined execution of a collection of objects, and
objects sharing common behaviour are said to constitute a class.
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e Protected resources in operating systems. Hoare ? proposed the
idea of using an enclosed area as a software unit and introduced
the concept of a monitor, which is concerned with process syn-
chronization and contention for resources among processes.

e Data abstraction in programming languages such as CLU 3. This
refers to a programming style in which instances of abstract data
types are manipulated by operations that are exclusively encap-
sulated within a protected region. "

e Units of knowledge named frames, used for knowledge represen-
tation. Minsky * proposed the notion of frames to capture the
idea that behaviour goes hand-in-hand with the entity whose be-
haviour is being described. Hence, a frame can also be viewed as
an object.

These influences are expressed in Figure 1.2. The common charac-
teristics of these concepts are that an object is a logical or a physical
entity which is self-contained. Clearly, other topics could be added to
this list, such as advances in programming techniques, including the
notion of modularization, as demonstrated in Ada °.

Simula was the first programming language that had classes and
objects as central concepts. Simula was initially developed as a lan-
guage for programming discrete-event simulations, and objects in the
language model entities in the real-world application being simulated.
Despite the early innovation of Simula, the term object-oriented be-
came prominent from Smalltalk 5. This language, first developed in
the early 1970s, was greatly influenced by Simula and Lisp. Smalltalk
was the software half of an ambitious project known as the Dyn-
abook, which was intended to be a powerful user-friendly personal
computer. The Smalltalk language and environment are by-products
of that work.

From Smalltalk, some common concepts and ideas have been
pointed out and have given support (at least informally) to the object-
oriented paradigm which has now established itself. On account of the
evolution and dissemination of languages like Smalltalk, this “new”
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Figure 1.2: Background of the object-oriented paradigm

paradigm has been evolved in several directions, and complementary
methodologies, programming languages and tools have appeared. The
object-oriented paradigm deals with its own concepts, terminology
and notation for software development; these issues are discussed fur-
ther, later in this chapter. The importance of abstraction and classes
to object-orientation will be the focus of the next subsections.

1.8.1. Abstract Data Types

It is easiest to learn new ideas in terms of more familiar ones.
Because object-thinking has been strongly influenced by the notion
of abstract data types, it is convenient to understand the evolution
from this concept to object-orientation. Abstract data types is one
of the most important concepts that has emerged from research in
programming languages. The term abstract data types refers to an
idea in which data structures and related operations to manipulate
these data structures are encapsulated within a protected region. A
language is said to support abstract data types when it allows the
definition of new abstract data types, consisting of declarations that
bring together operations and their private data structures.
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system, and the popularity of C from which C++ has been derived.
However, C++ still requires a more robust programming environment
to manage library of classes. An analysis of the evolution of these lan-
guages over the past decades results in the dependency graph shown
in Figure 1.3.
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Loops POOL-T Eiffel Modula-3
CLOS Mushroom

Figure 1.3: Language evolution

1.3.8. Comparison of Selected Object-Oriented Languages

Because object-oriented design evolved naturally from object-
oriented programming, it is helpful to study the characteristics of a
few languages to realize how the influence on design emerged. As dis-
cussed above, object-thinking has been incubated in several languages,
and over the last decade a number of object-oriented languages have
come out. In this subsection a few so-called object-oriented languages
are briefly reviewed and compared, and their main features outlined.

Object-oriented programming has been explained in such a way
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that any language in which a particular unit has a state, and appli-
cable operations associated with it, is said to be an object-oriented
language. Nowadays, there is an attempt to delineate object-oriented
programming by examining the presence or lack of specific program-
ming aspects, such as messages passing and inheritance. But, what
properties must a programming language have, to be considered
object-oriented?

A programming language is designated object-based if it is
based only on objects. Nevertheless, a language is denominated
object-oriented if it provides linguistic support for objects and ad-
ditionally requires that objects are instances of classes. Moreover,
inheritance must be supported. Hence:

object-oriented = classes + objects + inheritance

According to this definition, a set of object-based languages would
include Ada and CLU because objects in Ada are supported by pack-
ages, and in CLU by clusters. Theoretically, the set of object-oriented
languages is narrower than the set of object-based languages, and
would exclude languages such as Ada and CLU but would include
languages such as Smalltalk and C++ because the latter two support
inheritance.

Another different characterization of object-oriented languages to
be presented here is rather informal, but seems appropriate for the
object-orientation as a whole. It is claimed that an object-oriented
language should support abstract data types, inheritance, dynamic
binding and it is also relevant whether all manipulated items are ob-
jects. Dynamic binding allows great flexibility to handle objects at
run-time and is one of the major reasons for the flexibility of object-
oriented languages. In addition, library support, which is not part
of the language definition but beneficial for object-oriented software
development has been considered.

Clearly, some languages are better fitted than others for object-
thinking. For example, Smalltalk renders transparent ways to work
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within an object-oriented framework only, but Ada may be used in an
object-oriented manner with a few tricks. The main point is how far
a particular language naturally embodies and enforces the properties
of classes, objects and inheritance.

Simula

Many of the ideas behind object-oriented languages have roots
going back to Simula 2!, which introduced the notion of class as a
mechanism for encapsulating variables and procedures. In Simula, a
class X can be a specialization of another class Y. That is, X inherits
all local variables and procedures of Y. Additionally, X can add vari-
ables and procedures of its own. Simula is a general purpose language
that supports abstract data types, single inheritance and dynamic
binding. It is a strongly-typed language but does not afford library
facilities nor multiple inheritance.

CLU

CLU ? was motivated by a desire to support generic mechanisms to
specify abstract data types and make their representation completely
encapsulated, in such a way that user-defined abstract data types are
treated as similarly as possible to built-in types. An abstract data
type in CLU is implemented by a language construct labeled cluster
which identifies a set of data structures and a set of operations to
manipulate these data structures. In this aspect, CLU made a serious
effort towards object-orientation.

Ada

Ada ® is a general purpose language defined primarily to enforce
software engineering principles of abstraction, encapsulation and mod-
ularity. Ada is not really an object-oriented language for the purists.
It has a construct, namely package, which can be used to denote a
class and gives an object-oriented flavour. However, in Ada there are
serious limitations to create additional abstract data types by special-
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izing existing ones. This weakness results in the impracticability of
using inheritance. Ada is a strongly-typed language that performs all
binding at compile-time, but there is a reasonable support for library
facilities.

Smalltalk

Following the introduction of Simula and CLU, a number of lan-
guages that support abstract data types have been introduced. De-
spite earlier languages containing object-oriented ideas, the term
object-oriented itself is generally associated with Smalltalk 2. More
than a language, Smalltalk is a complete programming environment
composed of an object-oriented language kernel, a persistent program-
ming system and a user-friendly interface. Although Lisp influenced
Smalltalk and the notion of class came from Simula, many concepts
were born with it, such as methods to manipulate objects, and message
passing between objects. The radical difference between Smalltalk
and previous languages is that in Smalltalk everything is considered
as objects, from the primitive language types like integers and char-
acters to user-defined types such as graphics and windows.

In Smalltalk, there is one basic unit (i.e. an object) that embodies
variable declarations and method definitions. Every object is an in-
stance of some class. Smalltalk also supports inheritance, permitting
a hierarchy of classes to be built. All variables and methods of an
object are specified in the class of that object, or in its superclasses.
The top level superclass is termed Object. All classes are refinements
of the Object superclass in that they add different methods or allow
new variables in their instances. Classes themselves are objects and as
a consequence instances of other special classes named meta-classes.

Smalltalk objects interact by exchanging messages. In addition to
message passing, different objects of a class can share variables, de-
nominated class variables. Class variables are defined in a meta-class
and are accessible to any method in that class. Smalltalk supports
automatic garbage collection, which means that the lifetime of all
objects is determined not only by the programmers but also by the
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environment. It provides excellent information hiding, dynamic bind-
ing and an extensive library that encourages prototyping and reuse of
existing classes.

Objective-C

Two separate efforts bring the benefits of object-orientation
available to programmers trained in the C programming language.
Objective-C 1! and C++ !? are both hybrid languages, planned as ex-
tensions of the C language and as such have C characteristics such as
efficiency and portability. Although the aims of both languages are
similar, they differ significantly in that Objective-C adds Smalltalk
constructs to C, whereas C++ shows a clear Simula influence. In fact,
Objective-C is a superset of C, that is, it kept C features and included
object-oriented basic concepts. To be more precise, Objective-C puts
the notions of class, inheritance and dynamic binding into C. With
Objective-C the term Software-IC has been introduced as a reusable
software component.

C++

As far as C++ '? is concerned, it is a general purpose language and
also a superset of the C programming language. Objects in C++ are
instances of some class. Variables and functions are referred to as the
members of a class. A member can be public, private or protected. A
public member can be accessed by both members and non-members
of a class. A private member is accessible only to other members of
the class, and protected members are accessible to other members of
the class and its subclasses. A constructor is a special operation used
to create and initialize objects. On the other hand, another special
operation named destructor can be invoked to destroy an object. In-
heritance is used to implement derived classes, which have the refined
commonalities of some other base classes.

Assuming that the learning curve from C to C++ is not steep
but significant, the real hurdle of using C++ has to do more with
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object-oriented programming style * than with language syntax. For
someone who knows C, the real advantage of C++ is that new pro-
gramming features can be learned incrementally (or corrupted gradu-
ally!). This is advantageous for some, but unfortunate for others who
claim that there is a danger of cheating and reverting to procedural
programming using an object-oriented language.

CLOS

In the 1980s a number of languages merged concepts of Lisp
with Smalltalk. Flavors ® and Loops ° were derived from Lisp with
object-thinking built on top, and followed the same ideas praised by
Smalltalk; both renders multiple inheritance, but not library facili-
ties. Through the experience derived from Flavors and Loops, another
object-oriented language called CLOS !'° has been derived. CLOS is
also a Smalltalk-like language based on the notions of class, meta-
class, method and multiple inheritance. A common criticism that
. can be made on these languages is that, due to the strong Lisp influ-
ence, all of them have qualities useful to basically deal with artificial
intelligence applications.

ObjectPascal

ObjectPascal 2 is an object-oriented clone of Pascal, which de-
fines a class as an extension of the record structure. In this language
a module is termed unit. A unit is divided into an interface part
and an implementation part, both can be compiled separately. The
greatest strength of ObjectPascal is its simplicity, which attempts to
streamline the language learning process.

Beta

Beta 8 is a language in the Simula tradition. A program in Beta
is regarded as a simulation of an application modelled by interacting
objects. Beta replaces the class and type notions by another very gen-
eral and abstract concept named pattern, which can also be organized
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into a classification hierarchy by means of sub-patterns. However, Beta
does not support multiple inheritance. An object in Beta is described
by a set of attributes that portrays the properties of the object, and
a sequence of actions. Finally, patterns may be checked at compile
time, even though the binding is done at run-time.

Eiffel

Eiffel 2 is a pure and clean object-oriented language that shares
the best properties of other languages described above by offering
single and multiple inheritance, generic classes and dynamic binding.
Besides, the language combines object-orientation with expressions
for formal program verification such as assertions and invariants. The
language also caters statements for exception handling, that is, treat-
ment of abnormal conditions (exceptions) in order to guarantee soft-
ware fault tolerance. In fact, Eiffel is an environment geared towards
the production of sizable software systems strongly encouraging reuse
of components from its library.

Trellis/Owl

Trellis/Owl ¥ consists of a programming environment called Trel-
lis, glued to an object-oriented language named Owl. Trellis is com-
posed of several user-friendly tools to support editing, compiling and
debugging. Owl enforces abstraction, supports multiple inheritance
and comes with an extensive library of reusable components. Like
Smalltalk and Eiffel, Trellis/Owl affords an excellent support for
object-orientation.

Table 1.1 shows a comparison among the selected object-oriented
languages. In this table, ‘y’
language or environment, whereas ‘n’ indicates that it is absent.

Some of these currently used programming languages support
object-orientation better than others, however, the perspective on the
paradigm is as important as the language statements. In other words,
it is possible to think in object-oriented terms without a language

points that the feature is present in the
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Table 1.1: Comparison among object-oriented languages

Features vs Abstract Single Multiple | Dynamic | All are | Library
Languages | Data Types | Inheritance | Inheritance | Binding | Objects | Support
Simula y ¥ n y - n n
CLU y n n y n n
Ada y n n n n y
Smalltalk y y n y y y
Objective-C y y n y n y
C++ y y Y y n y
CLOS y y y y y n
ObjectPascal y y n y n n
Beta y y n y n n
Eiffel y y y y y y
Trellis/Owl y y y y y y

that enforces the paradigm, however, the main point is not to force
the language to deal with concepts that are not naturally supported.
Although it is possible to adhere to object-orientation even using pro-
cedural languages ?* such as C and Pascal, they are not as suitable
for object-oriented programming as Smalltalk, Eiffel, or C++ are.

A language is said to support a programming paradigm if it pro-
vides facilities that make it easy, safe and efficient to use the paradigm.
On the other hand, a language does not support a paradigm if it takes
exceptional efforts, skills or artifices to follow that paradigm. It means
that support for a programming paradigm must come not only in the
obvious form of language properties which allow straight use of the
paradigm, but also in the more subtle form of compile-time and run-
time checks against unintentional deviation from the paradigm.

It can also be concluded that, despite the possibility of following
object-orientation using those languages (shown in Table 1.1) with
less or more difficulty, direct language support is beneficial in order
to facilitate and encourage the use of an object-oriented way, such as
in Smalltalk or Eiffe]l. Not only do these languages support object-
thinking, but they also enforce it because the main concepts dealt with
are classes and objects. The danger in trying to force object-thinking
into a language (e.g. as in Ada) which does not compel to object-
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oriented ideas is that inconsistent constructions may be produced,
impairing software development and jeopardizing the quality of the
resulting software.

1.4. Characterization of an Object-Oriented Model

Although the object-oriented paradigm has its roots in the 1970s,
there have been lots of discussions about what precisely the term
object-oriented means. It means different things to different people
because it has become very fashionable labeling any modern software
system as object-oriented.

To some authors, the concept of object is merely another name for
abstract data types; each object, like an abstract data type, has its
own private variables and local procedures, resulting in modularity
and encapsulation. To others, classes and objects are a concrete form
of type theory. In this view, each object is considered as an instance
of a class which itself can be related through subtype and supertype
relationships to several classes. To others still, the object-thinking is
a way of organizing and sharing source code; procedures and the data
they manipulate are arranged into a tree structure. Objects at any
level of this tree inherit behaviour of higher level objects; inheritance
is the main structuring mechanism that makes it possible for similar
objects to share source code.

Despite many authors being concerned with finding a precise defi-
nition for the object-oriented paradigm, it is difficult to come up with
a single, generally accepted one. This paradigm is not something
that can be easily cordoned off. In fact, these attempts have been
used as a way to lead the discussions, rather than formally define the
paradigm. Therefore, it would be fairer to characterize an object-
oriented approach for software development, as will be seen later in
this section.

Rentsch 2° and Thomas ?° explain object-oriented programming in
terms of inheritance, encapsulation, methods and messages. Indeed,
they have been influenced by Smalltalk. Objects are uniform in that
all items are objects and no object properties are visible to an out-



Object-Oriented Concepts 23

side observer. All objects communicate using the same mechanism of
message passing, and processing activity takes place inside objects.
Inheritance permits classification, subclassification and superclassifi-
cation of objects, which allows their properties to be shared.

Nygaard % considers object-oriented programming taking as a ba-
sis the notion of objects as in Simula. In that language the execution
of a computer program is seen as the joint execution of a collection
of objects. The collection as a whole simulates a real-world applica-
tion, and objects sharing common properties are said to constitute a
class. Nygaard regards object-oriented programming as a model that
simulates the behaviour of either a real or imaginary part of the real
world. The model consists of objects determined by attributes and
actions, and the objects simulate phenomena. Any transformation of
a phenomenon is reflected by actions on the attributes. The state of
an object is expressed by its attributes and the state of the whole
model is the state of the objects in that model.

Lastly, Wegner 28 defines an object-oriented approach in terms of
objects, classes, inheritance and abstract data types. Objects are au-
tonomous entities which respond to messages or operations and have
a state; classes determine objects by their common operations; inheri-
tance serves to classify classes by their shared behaviour; and abstract
data types hide the representation of data and the implementation of
operations. The characterization of an object-oriented style by Weg-
ner is closest to the one to be presented in this book.

As it has been shown, there are various interpretations of the
object-oriented paradigm. Nevertheless, one thing that all definitions
have in common, not surprisingly, is the recognition that object is
the primitive concept for object-orientation. Therefore, it is better
to characterize what the term object means before starting using it.
Curiously though, it has been notoriously difficult to capture precisely
what is meant by an object. In fact, there are two important aspects
with which the object-orientation deals: the first is an object-oriented
model composed of objects, classes and inheritance mechanism (dis-
cussed in the next subsections), and the second is the philosophy of
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object-oriented design (considered in the next section).

The object-oriented model comprises a collection of principles
which forms the foundation of the object-oriented paradigm. The next
subsections cover the concepts, features and mechanisms commeon to

this paradigm and set the terminology to be used in the remainder of
this book.

1.4.1. Objects

An object is an encapsulation of some state together with a defined
set of operations on that state. An object embodies an abstraction
of an entity in the real world. Hence, it exists in time, it may have
a changeable state and can be created and destroyed. An object
has an identity (which is a distinguishing characteristic of an object)
that denotes a separate existence from other objects. The object’s
behaviour characterizes how an object acts and reacts in terms of
changes in its state. In fact, each object can be viewed as a computer
endowed with a memory and a central processing unit, and able to
provide a service.

1.4.2. Classes

A class is a template description which specifies properties and
behaviour for a set of similar objects. Every object is an instance
of only one class. A class may have no instances (usually labeled
abstract class). Every class has a name and a body that defines the
set of attributes and operations possessed by its instances (objects).
Note that the term object is sometimes used to refer to both class
and instance (especially in languages where a class is itself an object).
However, it is important to distinguish between an object and its
class; here the term class is used to identify a group of objects and
the term object to mean an instance of a class.

Attributes and operations are usually part of the definition of a
class. Attributes are named properties of an object and hold abstract
states of each object. Operations characterize the behaviour of an
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object, which is expressible in terms of the operations meaningful
to that object. The operations are the only means for accessing,
manipulating and modifying the attributes of an object. An object
communicates with another through a request, which identifies the
operation to be performed on the second object. The object responds
to a request by possibly changing its attributes or by returning a
result. An snterface comprises of the set of operations that can be
requested by other objects; the external view of an object is nothing
more than its interface.

Figure 1.4 represents a real-world entity denominated dictionary
mapped in terms of object-oriented concepts. Attention must be paid
to the difference between the DICTIONARY class and one of its pos-
sibly instantiated objects labeled EnglishDictionary. A class serves as
a template for its instances.

Class: DICTIONARY

Attributes:
Number-of-entries

real-world entity

List-of-words and Meanings

! Operations:
! Add-word(Word, Meaning)

Delete-word(Word)

[ el N Rl ¢ S~ N ]

Look-up-word(Word)

Requests:

Add-word(new—wor_d,
a-meanin,
e) Object EnglishDictionary
Delete-word(old-word)

Look-up-word(a-word)

Figure 1.4: Concepts related to the object-oriented paradigm

By using the concepts of classes and objects as stated above impor-
tant characteristics, such as abstraction, encapsulation and modular-
ity are achieved. These features are recognized as being peculiarities
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of good quality software, therefore object-orientation, in theory, en-
courages the development of high quality software.

1.4.8. Inheritance

The inheritance mechanism can be used to represent a relation-
ship between classes. It is a mechanism for sharing commonalities
(in terms of attributes and operations) between classes. Every in-
heritance relationship has parents designated the superclasses and
children denominated the subclasses, and attributes and operations
inherited. When a subclass inherits commonalities from one super-
class only, this is called single inheritance. When a subclass inherits
commonalities from two or more superclasses, this is termed multiple
inheritance. Hence, single inheritance is a particular case of multiple
inheritance.

As an illustration, quadrangles and triangles are special kinds of
polygons. In the same way, squares and rectangles are some sorts of
quadrangles. These relationships are easily captured by inheritance,
portrayed as a hierarchy of classes in Figure 1.5. When the quadrangle
class inherits from the polygon class, quadrangle class is referred to
as subclass and polygon class as superclass. At the highest level, all
polygon objects may have number-of-sides and perimeter as attributes,
and are able to be drawn and scaled, which can be viewed as operations
on polygon objects. These attributes and operations may be described
in the root polygon class and inherited as they are, or even be modified
in the quadrangle class. The quadrangle class may also define the
rotate operation for itself. In this case, the quadrangle class has two
parts, an inherited part and an incremental part. The inherited part
is derived from the polygon class and the incremental part is the new
part detailed in the quadrangle class.

Therefore, classes themselves can be organized into class hierar-
chies. Such class hierarchies allow similar classes to be related to-
gether in such a way that commonalities of one class can be inherited
(reused) rather than duplicated by classes lower in the hierarchy, thus
simplifying the design and implementation of these lower level classes.
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polygon

triangle quadrangle

square rectangle

Figure 1.5: Hierarchy representing inheritance

Problems with Inheritance

Inheritance is a powerful mechanism but gives rise to complex
issues including overriding of inherited commonalities and lack of se-
mantic relationship between classes. The occurrence of multiple in-
heritance is much more complicated than the single one because the
former creates ambiguity between names of attributes and operations;
this increases the likelihood of errors. Moreover, when multiple inher-
itance is used, there is more risk of introducing meaningless and re-
dundant attributes into the subclasses. This can lead to the creation
of a conceptually confusing class hierarchy.

A deep evaluation of inheritance also reveals that it can cause vi-
olation of encapsulation because by using inheritance a subclass may
access or refer to an attribute of its superclass and an operation in a
subclass can call another operation in its superclass. The trouble is
that instead of gathering attributes and operations together, the class
hierarchy scatters them among superclasses and subclasses. There-
fore, rather than isolating the effect of a change in a class hierarchy,
inheritance increases dependencies between its superclasses and sub-
classes. Changes undertaken on superclasses are potentially difficult
to manage because modifications inside a superclass within a class hi-
erarchy affect all subclasses which have that superclass as root. Thus
the use of inheritance does not isolate the effects of changes in at-
tributes and operations. On the contrary, it replicates the effects of a
change. Those more skeptical could say that “inheritance is so good
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that hides all details, even the bugs are complicated to find”.

In addition, inheritance could be misused in a situation where a
superclass is created as a composition of classes, not as a specializa-
tion. To illustrate, a course class might be created as an aggregation
of a student class and a lecturer class, but in the real world, students
and lecturers are not specializations of courses, therefore they should
not be subclasses of a course class. This error is caused by the mis-
understanding of a has-a relationship as a is-a relationship ?°. The
has-a relationship takes place when an entity is part of another, for
example, an airplane has wings. On the other hand, the is-a relation-
ship happens if an entity is a specialization of another, for instance,
a worker is a person.

The use of inheritance is sometimes acceptable but not recom-
mendable when it does not reflect concepts in the real world. As an
illustration, an ellipse determined by two focii and one radius is not a
specialization of a circle defined by one focus and one radius. Actu-
ally, a circle is a specialization of an ellipse because a circle has two
coincident focii. Objects of a subclass should always be objects of
the superclass. The subclass is more specific than the superclass, not
the opposite. This problem can easily occur, as it comes about in the
class hierarchy drafted in Figure 1.5. The square class could have been
placed as a subclass of the rectangle class. Squares are more specific
than rectangles, as a square is just a special rectangle with four equal
sides. Every square is a rectangle but not the other way round. Can
the reader modify Figure 1.5 and include a diamond class?

In the context of this book, inheritance is defined as a mechanism
for a hierarchical classification of attributes and operations at design
level, and resource sharing at implementation level. Since common-
alities can be shared by means of inheritance, a library of reusable
components is typical during object-oriented software development as
will be seen in Chapter 4.
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1.5. Philosophy of Object-Oriented Design

Object-orientation is an idea to software development in which the
design of a software system is based on the creation of collections of
classes that map entities of a real-world application into a software
solution. The real-world entities are subsequently simulated in a com-
puter by corresponding software objects that mirror the behaviour of
their real-world counterparts. The design process, in itself, should be
independent of any particular programming language, and so must be
a general design methodology.

The vast majority of designers are used to thinking in terms of
functional decomposition, which emphasizes functions and processes,
rather than in terms of classes and objects, which characterize object-
oriented design. As a result, when these designers first try object-
orientation, they map the functions they would have created directly
onto objects. They also have other difficulties such as mapping system
behaviour with wrong objects, or creating class hierarchies that poorly
correspond to the real-world application. The problem is that such
designers are not skilled in how to apply object-orientation.

Other designers suggest that a good way to find classes for an
object-oriented software is to start from a natural language descrip-
tion of the software requirements and to underline nouns that will
represent objects. To illustrate, a sentence from a requirements de-
scription of the form “the radar must track the position and speed of
an incoming airplane” would lead a designer to detect the need for
two objects, radar and airplane.

This is just a simple minded technique, and it can merely give
rough first results. For instance, it is not clear if two other nouns
in the sentence, position and speed, should also be identified as sep-
-arate objects or attributes of an airplane object. A better tactic is
to make use of the idea behind abstract data types, that is, an ab-
straction should only be made into a class if it describes a group of
objects marked by purposeful operations and meaningful attributes.
So, should the position of an airplane yield a class or not? If there are
no specific operations on position, then it should be an attribute of
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an asrplane class. Alternatively, if position is a significant entity with
associated operations (e.g. distance to another point or conversion to
another coordinate system) then it is worthwhile defining a position
class.

Despite the importance of creating a model of the software system
during design, current object-oriented design methodologies have not
highlighted how to construct a design model based only on classes, ob-

.jects and inheritance. Designers using these methodologies are often
faced with the following daunting tasks:

e What is the best strategy to decompose a software system?
e Where do classes and objects come from?

o Which operations perform a required functionality?

These questions have been posed to designers of object-oriented
software for a long time. Unfortunately, the consensus among design-
ers has been that it is difficult to find the right classes and objects.
Nevertheless, a design methodology can help answer these questions
because it provides rules and guidelines to build a design model com-
posed of classes and objects, systematizing the whole design process.

Building a design model is an activity of fundamental importance
because the efficiency of the design process and the quality of the
final software greatly depend on the clarity, completeness and consis-
tency of the design model. The representation of a design model may
consist of narrative and graphical descriptions. Certain diagrams are
believed to be useful to describe a design model. For instance, class
diagrams show hierarchies among classes, and object diagrams can
depict communications between objects.

The best way to characterize the philosophy behind object-oriented
design is to centralize the design process on the notions of classes and
objects. That is, similar objects in an application are abstracted as
classes in a software solution; properties of the objects are designated
as attributes and operations, and communications between objects
are denoted as requests. Relationships between classes are reflected
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in class hierarchies; classes with common properties are generalized
into a superclass; classes are specialized into subclasses as well. This
process can be repeated and, as a result, several class hierarchies may
emerge.

The philosophy of object-oriented design is inspired by three dif-
ferent ways in which designers can structure their knowledge about
an application:

1. Classification and instantiation.
2. Generalization and specialization.

3. Decomposition and composition.

Classification and instantiation help organize objects into
classes because a class is a set of objects sharing common proper-
ties; classification of objects leads to classes, whereas instantiation of
classes leads to objects. Typically, classification starts by identifying
properties shared by more than one object in a given design. Iden-
tification of common properties depends on the intended use of the
objects. The objects which share the same properties are grouped
together into classes and regrouping may occur several times until a
set of classes becomes stable.

Generalization and specialization bring out the notions of
superclass and subclass. These closely related concepts provide much
of the power of the object-oriented paradigm. Generalization supports
the exploitation of commonalities between classes. When two or more
classes introduce overlapping sets of attributes and operations, the
commonalities can be factored out of both classes and used to create
a new superclass with those previously overlapping commonalities.
Specialization guides designers in the reuse of existing abstractions
by defining supplementary subclasses that are more specific than the
existing classes. The sequence of creating class hierarchies may vary.
A superclass may be created first and then the subclasses, or vice
versa.



32 * Object-Oriented Software: Design & Maintenance

Decomposition and composition are two important mechanisms
used during the design process. Decomposition divides a large compo-
nent into smaller and simpler components that may then be refined
independently. With object-orientation, decomposition is based on
classes and objects. In contrast, small components can be aggregated
and evolve incrementally into larger components through composition.

During object-oriented design a hierarchy of classes may be built
from general to specific, from specific to general or through a mixture
of both fashions. The first path starts from a general class and through
specialization reaches subclasses, and eventually objects. The second
path starts with objects or subclasses, from which properties are gen-
eralized into superclasses. Classification, instantiation, generalization
and specialization may be used to structure and rearrange existing
classes into new ones or into class hierarchies. In fact, a combination
of these styles is more likely to be used, depending on what designers
know best; whether classes as a whole or some objects. These issues
are further examined in Chapter 4.

1.5.1. Domain Analysis

Domain analysis attempts to identify and classify entities and to
search for interrelationships perceived important within an applica-
tion domain. Such identification and classification of entities may
arise from the vocabulary used in that application domain, usually in
the form of keywords and semantic relationships between those en-
tities. To illustrate, a process control system for a chemical plant is
concerned with the vessels, pipes and valves of the plant, as well as
the flow of liquid and gases, the temperature and pressure at various
points in the plant. A payroll system is concerned with employees,
the pay they earn, the tax they must pay, and the holidays they are
entitled to. The identification and classification of entities help estab-
lish important relationships between them, which can be connected
and organized according to their semantic meaning in that application
domain.

Domain analysis and object-orientation are closely related. The
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domain analysis process can yield an initial set of classes reflecting
the main conceptual entities within an application domain. There-
fore, essential properties of the application domain are captured and
initial candidates for classes emerge. Consider for example the appli-
cation domain of airline reservation systems. Typical entities of these
systems are: seats, flights, crews and passengers; and interrelation-
ships can be: reserve a seat to a passenger, assign a crew to a flight,
schedule a flight, and so on. These real-world entities and interrela-
tionships are likely to become classes or operations in the software
system.

Relatively little work has been done in the area of object-oriented
domain analysis. Perhaps the most significant work has been carried
out within the Ithaca * environment, where a range of object-oriented
tools for early software development has been created. Ithaca aims
at building an environment to support the development of object-
oriented software in a variety of application domains. The environ-
ment includes:

e An object-oriented language with database support.

o A software information database to store and manage knowledge
concerning reusable software and its intended use.

e A selection tool for browsing and querying the software informa-
tion database.

e A variety of application development tools built around the soft-
ware information database.

The main idea behind Ithaca is to make provision for an environ-
ment that supports software engineers in developing and maintaining
software systems in a number of different selected application do-
mains. Instead of focusing on the individual application, the goal is
to produce workbenches containing software components and generic
application frameworks which characterize the software systems of a
particular application domain.



34 * Object-Oriented Software: Design & Maintenance

The components resulted from domain analysis are better suited
for reuse because they capture the essential functionality required in
the application domain. Thus, designers find these components easier
to include in new software systems in that application domain. The
key issue is a careful domain analysis in order to identify the basic
components within the application domain and, if possible, reuse them
from a library of reusable components. Chapter 4 presents a method
for domain analysis that produces a collection of reusable components
specific to an application domain.

1.5.2. Reuse of Software

Reusability is the practice of incorporating existing components
into software systems for which they were not originally intended.
Reusability is an important area of software engineering and holds
the promise of improving software quality and reducing development
costs and schedules; as a result, reusability can bring about great
improvements in productivity. It is likely to be more cost effective
spending some time searching for a reusable component rather than
defining, implementing and testing a new component created from
scratch.

In the past, the idea of reusability was linked with copying source
code or invoking subroutines from a library. Therefore, reuse of soft-
ware has been usually performed at the implementation phase. How-
ever, reuse of source code during the implementation phase is a very
limited kind of reusability. Besides, it is too late to consider reusabil-
ity just at the implementation phase. Greater benefits are obtained
when reusability occurs at more conceptual levels. From the begin-
ning of the software life cycle, designers should be aware of potentially
reusable components as achieving reusability at domain analysis and
design stages will certainly influence the implementation phase. At a
higher level than implementation, reusability involves a classification
of components, which gives the information on components’ func-
tionalities; as well as accessibility, which allows a component to be
searched for, retrieved and hence reused.
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There are many reasons for disappointments regarding design with
reuse. Most of the problems are centered around the difficulties of
classifying software components and searching for potentially reusable
components. Furthermore, reusability is inhibited by a high initial
amount of time required to explore libraries of reusable components
(reusable libraries), which may also involve accessing components and
adapting them if necessary. Components might have a lot of charac-
teristics which need to be understood, and this is, of course, time
consuming. Another relevant factor that hinders reusability is that
many software development environments do not have an automated
support for reusable libraries, and those which have, suffer from a
steep learning curve because the components were not explicitly de-
signed for reuse.

Additionally, there are complications involving the design of com-
ponents for reuse. For example, there is a conflict between the need
to develop components on schedule for use in a particular software
system or to take additional time to make them generic for possible
reuse in future developments. Therefore, reusable components require
further effort to make them generic and robust.

Reusability throughout the entire software life cycle is an idea that
has appealed to software engineers for a long time ®!. Unfortunately,
reuse of software has proven to be a complex task affected by many
factors. The infamous not-invented-here syndrome is particularly ap-
parent when dealing with reuse. Architectural mismatch 32 between
what is needed and what is available. Frakes and Fox 3* ask intriguing
questions about software reuse, and answer them using empirical data
as a basis. Besides, Tracz * exposes some myths about reusability.
Despite all these discussions, the literature presents successful expe-

rience on design for reuse 3° and software development with reuse 3¢,

Reusability during Object-Oriented Design

The ability to support reuse of software is an important aspect of
the object-oriented paradigm. This paradigm encourages reusability
rather than reinvention because it naturally embodies some advan-
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tages such as:

e Classes and objects are good abstractions of concepts present in
real-world applications.

e Classes and objects support modularity and encapsulation.

e Reusable classes can be easily stored in and retrieved from li-
braries.

o Classes can be specialized by subclassifying, and both attributes
and operations can be reused in subclasses.

o Classes can be organized into frameworks to serve as templates
to a particular application domain.

When an existing class is not exactly what is required for a devel-
oping software system, designers should try to customize that class in

a manner to fit its new purposes. There are three ways of performing
such customization:

1. Modify the original class definition.
2. Make a copy of the original class and modify the copy.
3. Modify the original class by augmentation.

The problem with the first solution is that the original class be-
comes more complicated as it is tailored for use in several applications.
The modification usually consists of a case statement that executes a
different path depending on which application is currently using such
a class. This creates classes difficult to understand and to extend,
and it is against object-orientation. As far as the second solution is
concerned, modifying a copy of a class brings an updating problem,
because replicated changes are not usually made automatically to all
copies. The third alternative is achieved with inheritance where a
new subclass is defined by detailing the difference between this new
subclass and its pre-existing superclass, and appending the fresh sub-
class to the old superclass by making the former a specialization of
the latter.
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A good example of reusability can be found within the Smalltalk
community who has no aversion to reusing the system’s components.
Users of the Smalltalk environment often spend as much time brows-
ing the system classes to see whether there are classes which can be
reused as they spend writing new classes. Software reuse in Smalltalk
is prevalent because the Smalltalk language and environment are so
special that it is easier to modify and reuse existing classes than to
create new ones.

Nevertheless, reuse of software is not always straightforward in
practice. In order to make reusability a reality under object-
orientation, designers must create new reusable classes and easily
find potentially reusable ones, already developed. Creating reusable
classes is a complicated task because the class correctness becomes
more critical since errors are replicated whenever and wherever a care-
lessly designed class is reused.

Finding existing classes easily means organizing them in such a
way that they can be rapidly recovered when needed by designers.
One real disadvantage of searching for classes in reusable libraries is
the time that it takes to master large, and not always well organized,
libraries of reusable classes. Traditionally, ways to overcome these
complications have included attempts to provide written documenta-
tion for classes and to develop browsers that facilitate the selection
and reuse of a class. Another major hindrance in creating a large
reusable library is how to interconnect the complex semantic rela-
tionships which may exist between classes in an application domain.
Therefore, there will always be a slow learning curve due to the inher-
ent burden in understanding and relating the classes within a reusable
library. )

These difficulties often turn reusability into a superficial and hap-
hazard process, and the usefulness of a reusable component depends
more on the similarity of two applications, luck, and foresight of
designers rather than on the engineering process. To achieve any-
thing better than this ad hoc process, semantic relationships between
reusable components need to be identified and kept in reusable li-
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braries. A set of fixed relations which can be derived from the method-
ology for object-oriented design put forward in this book, and which
can express links between components will be introduced later.

It should be emphasized that object-orientation is not a panacea
for solving the problems regarding reuse of software. Reusability does
not happen by chance and designers must plan to reuse old compo-
nents, and new ones must be designed for reuse. Tools which facilitate
the selection of potentially reusable components, as well as method-
ologies which encourage reusability are the keys to successful reuse
of software components. Reusability should be enforced as part of a
methodology that gives support for it through pragmatic steps that
help find reusable components. By using the object-oriented method-
ology to be described in Chapter 3, reusability is taken into account
during the design of a software system.

1.5.8. Software Life Cycle Models

Some important issues concerning software life cycle are consid-
ered from now on. It is appropriate to examine different software
life cycle models in general and to point out their strong points and
flaws before an alternative one is proposed. This discussion provides
background for understanding the object-oriented software life cycle
model introduced in Chapter 4.

Life cycle models for software production have long been used by
software engineers. The primary utility of life cycle models is to iden-
tify and arrange the phases and stages involved in software develop-
ment and evolution. They also accrue guidance to the sequence in
which the major tasks to construct and maintain a software system
should be performed.

Waterfall Software Life Cycle Model

The classic description of a software life cycle is based on a model
commonly referred to as the waterfall model 37, which has become
the most prevalent life cycle model. This model initially attempts to
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order phases within software development as a linear series of actions,
each of which must be completed before the next is commenced. Al-
though there are a variety of different names for each of the phases,
they are basically identified as: requirements, specification, design,
implementation and maintenance.

At a gross scale, four phases of the waterfall model are generally
agreed upon: specification, design, implementation and maintenance.
Often the requirements and specification phases are called analysis,
therefore the analysis phase covers the time from the initiation of
software development, through user needs and feasibility study, to
the high level specification of the software system. Design can be di-
vided into early design and detailed design; following from the design,
implementation is carried out. During the maintenance phase, soft-
ware engineers are asked to add new functionalities, fix faults, modify
existing behaviour or enhance performance of an existing software.

The waterfall model is marked by the apparently neat, concise and
logical ordering of the series of obvious phases that must be followed
in order to create a software system. Such a model assumes that the
specification phase must be completed and validated before design
begins, and that the design phase must be completed and verified
before implementation starts, and so on. Therefore, the waterfall
model supposes that software engineers complete an entire step, before
going to the next one.

Further revisions to this life cycle model consider that completion is
seldom absolute and that iteration back to a previous stage is likely to
happen. In an iterative waterfall model, if there is sufficient reason to
do so, software engineers may return to a previously completed step,
introduce a change, and then propagate the effects of that change
forward in the software life cycle, as represented in Figure 1.6.

The waterfall model is frequently based on a view of the real-
world application interpreted in terms of a functional decomposition.
The idea is simple enough: select a piece of the application (initially
the whole application) and determine its main parts, generally based
on the required functionality for the software system. Repeat the



40 * Object-Oriented Software: Design & Maintenance

Requirements \
Specification \
\ Design \
\ Implementation

N

Maintenance

Figure 1.6: The classic waterfall software life cycle model

refinements on each of the subparts until they become well detailed.
Functional decomposition is typically a top-down process and tools
used to support this fashion, which is usually based on functions and
data flow, include data flow diagram editors, structure chart editors,
and data dictionary generators.

It is possible to categorize a functional decomposition approach as
fundamentally top-down. A top-down tactic has the following char-
acteristics:

o It progresses from the general to the specific.

o It decomposes software systems into layers and in each layer there
is a uniform level of abstraction.

e Components at higher level of abstraction treat components at
lower level as black boxes.

e Components at low level of abstraction are unaware of compo-
nents at higher level of abstraction.
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The top-down approach imposes some discipline to software de-
velopment, but it has been criticized as not being totally appropriate
to embrace contemporary software development paradigms, such as
prototyping and object-orientation. However, despite the frequent
criticism of the waterfall model, no satisfactory replacement has ac-
quired widespread acceptance. The main flaws in the waterfall model
can be summarized as follows:

e It takes no account of evolutionary development and prototyping.

o It often characterizes a software system as a single and large high
level function.

e It is based on a functional decomposition strategy, and the data
aspects are often neglected.

e It does not encourage reusability within its phases.

o It does not address the concern of developing similar software
systems.

o It does not consider the previous knowledge that software engi-
neers may have about the application domain.

e It assumes a deceitful uniform progression throughout software
development.

e It attempts to separate software development into distinct
phases, though it is quite common to carry out some of them
in parallel.

The successive phases described in the waterfall model have helped
eliminate many of the problems previously encountered during soft-
ware development, therefore the model has gained great acceptabil-
ity. But even after extensive revisions and refinements of the waterfall
model, its basic scheme has encountered significant opposition, which
has led to the formulation of substitute software life cycle models.
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Spiral Software Life Cycle Model

An alternative software life cycle model, named spiral model %,
has been proposed mainly to speed up software development. A spiral
model, as simply depicted in Figure 1.7, makes software development
more flexible and it is strongly connected to prototyping. This is
a process of creating a software prototype which exhibits some of
the behaviour of the final software. Prototyping allows constructive
feedback from potential users and designers, so that requirements can
be refined and clarified early in the software development.

Design Requirements

@\
NP

Validation Prototyping

Figure 1.7: A spiral software life cycle model

A typical spiral model usually observes the following stages:

1. Identify the basic requirements and objectives of the application.

2. Study alternatives to implement a software system that meets
these requirements.

3. Select one alternative that satisfies partial requirements.

4. Implement a prototype with a minimum effort in order to under-
stand the overall nature of the software system.
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5. Exercise and validate the prototype against the requirements and
objectives, based on the experience from its use.

6. Use the feedback to understand better the design and require-
ments.

7. Go back to the first step.

The idea of producing, as early as possible, a working prototype
is widely accepted in engineering. Similarly, the main idea behind
this life cycle model is to build, cheaply and quickly, a prototype
that partially meets known requirements for a software system, with
a small team of designers. The purpose of a prototype is to construct
an experimental sample, which is essentially a learning device and
supplies feedback to designers, so that the final implemented version
has a better chance of meeting the user requirements.

A big advantage that a prototype can bring to the requirements
definition stage is the capability of bridging the communication gap
which often exists between final users and designers because of their
different background. The potential users experiment with the proto-
type for a period of time and supply feedback to designers concerning
its strengths and weaknesses. Each cycle is completed with a vali-
dation and review of the prototype, and improvements added to the
prototype until a complete software is built.

There are some advantages to this kind of incremental develop-
ment:

e important feedback to designers is provided at the beginning of
software development, when it is most needed and most useful;

o designers could make use of various prototypes, which allow them
to evaluate and take a decision among several alternatives;

e many errors, non-viable and unattractive alternatives can be
eliminated early;

e iterations and feedback are accommodated in the life cycle model;
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e the software interface is defined and tested early;

e designers and users can see results much earlier in the develop-
ment process, giving them a good psychological boost;

e costs are reduced because users do not suddenly change their
requirements late in the development process.

A spiral model caters for an organized way to prototype and even-
tually to full software development. Besides, this model is beneficial in
software deve 'opment where many options are open, and requirements
and constraints are unknown at the beginning. Evolutionary proto-
typing supports incremental development, so that a software system
may be gradually developed and tested, allowing errors to be revealed
and corrected earlier than in the waterfall model, which means that
they are often cheaper to fix.

A prototype is neither intended to be complete nor supposed to be
robust in the sense of a final piece of implemented software. Therefore,
not all aspects of the software system are prototyped. Only the most
important functionalities are emphasized, not the exceptional condi-
tions nor particular special cases. Data validation and error handling
are not as comprehensive in the prototype as they are in the final
software system; performance considerations are frequently ignored
too. Thus, a prototype is usually ineflicient and clumsy because it
has very limited error trapping and recovery procedures. Basically,
the prototype is there to simply show, evolve and test an idea.

Because of these limitations, prototyping can be effective only as
part of a disciplined software development. Without clear and ex-
plicit goals and a commitment to keep progress up to date, this pro-
cess can degenerate into uncontrollable hacking. Consequently, rapid
prototyping can be risky if it is decided to deliver the prototype as
a product rather than discarding it. The construction of a proto-

type follows essentially a bottom-up fashion, which has the following
characteristics:

e It surveys an application and attempts to identify necessary com-
ponents.
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o It gives priority to the discovery or modification of components
over creation of new ones.

e It usually considers components as black-boxes.

e It assembles simple components to form larger and more complex
ones.

o It progresses from the specific to the general.

Nevertheless, a bottom-up strategy is sometimes chaotic, and con-
servative designers might say that it is marked by a code-first-think-
later mentality. Moreover, a purely bottom-up style is not appropriate
for developing large software, thus, the smaller a software system is,
the greater the likelihood that a bottom-up approach is successfully
used.

Other Software Life Cycle Models

There is a significant change to the software life cycle as a resuit
of the way in which object-orientation is applied to software develop-
ment. As a consequence, designers have identified the need for a life
cycle model that accounts for the iterative development and gradual
changes which occur in the production of object-oriented software.
However, only in the 1990s object-oriented software life cycle models
have been introduced.

The fountain model3® proposes a top-down analysis and a bottom-
up implementation of object-oriented software. This is based on the
recognition that the designer’s view of a software system changes con-
tinuously, and software development is rarely well-behaved. The foun-
tain model characterizes a software life cycle in terms of merging and
overlapping the following activities: requirements analysis, user re-
quirements specification, software requirements specification, system
design, program design, coding, unit testing, system testing, program
use and maintenance or further developments. Nevertheless, the foun-
tain model does not state clearly, for example, when one activity fin-
ishes and another starts or what the deliverables of each stage should



46 * Object-Oriented Software: Design & Maintenance

be. Indeed, this model is different from the waterfall model, in that,
it acknowledges natural overlapping between two adjacent phases.

Booch %0 argues that it is not possible to categorize object-oriented
design as a fundamentally top-down or bottom-up fashion, and pro-
poses what is known as “analyze a little, design a lttle and itmplement
a little” approach to software development. However, there are no sys-
tematic phases in this process and it seems to be a kind of design by
trial and error offering an excuse for hacking. Such a tactic might
be viewed as equivalent to a middle-out fashion. This line of thought
makes it difficult to trace software development accurately because
there is no delimited phases whatsoever.

Software life cycle models must provide a methodical framework
for software development in such a way that progress can be effec-
tively monitored with a provision of checkpoints and well-defined
stages. Planning techniques should be efficiently applied and a li-
brary of reusable componénts could be extensively used. An alter-
native software life cycle model suitable for object-oriented software
development and and evolution is put forward in Chapter 4.

1.6. Summary

This chapter has expanded on the background of the object-
oriented paradigm. At first, it has introduced the notions of appli-
cation domains and solution domains, and has showed how object-
orientation brings these domains close together. After, the profile
of current software has been characterized in terms of complexity,
friendliness, extensibility and reusability. Then, the chapter has de-
scribed the road towards object-oriented design and has presented an
overview of well-known programming languages.

Furthermore, this chapter has investigated the main trends in the
object-oriented arena and introduced concepts related to an object-
oriented model (in particular for classes, objects and inheritance) in
order to establish the terminology employed in this book. This has
been necessary because there have been no generally accepted defi-
nitions of what these terms mean even though object-orientation has



Object-Oriented Concepts { 47

its roots back in the 1970s. The terminology is language independent
and not linked with any object-oriented system. In fact, the proposed
terminology has been used as way to characterize an object-oriented
model, rather than give a precise definition of the paradigm.

Additionally, the chapter has presented essential background
knowledge, and the philosophy upon which object-oriented design is
based, by addressing questions such as: How can one design software
systems entirely within an object-oriented fashion? How can one re-
late application domain, reusability and software life cycle models to
object-oriented thinking? By addressing these issues, the most rel-
evant features of object-oriented design have been characterized for
use in subsequent chapters. It is important that an object-oriented
design methodology be general enough to cover these issues.

In parallel with advances in object-oriented programming lan-
guages, several software development methodologies have been emerg-
ing, as well as tools which totally or partially automate such method-
ologies. In particular, various object-oriented methodologies have
recently arisen to support software development based on object-
orientation, as will be seen in the next chapter.

Exercises

1. What factors affect software complexity and why are large soft-
ware systems difficult to develop?

2. What are the basic features of an object-oriented software?

3. Explain in your own words what the concepts of class, object and
inheritance mean.

4. In which sense are the notions of classes and abstract data types
connected?

5. Why modularity and encapsulation are important and how can
they be accomplished under an object-oriented framework?
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10.

11.

12.

13.
14.
15.

16.
17.

18.

19.

20.
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. Write a class definition (including attributes and operations) for

a stack.

Write a set of classes to manipulate graphical elements such as
points, polygons and circles.

Write a set of classes for a software system that controls an ele-
vator.

. Draw a class hierarchy for a root animal class. Keep in mind

that several solutions are possible, depending on the classification
criteria.

Give three examples of class hierarchies where multiple inheri-
tance naturally happens.

Discuss the advantages and drawbacks of single and multiple in-
heritance.

How can the notion of classes, objects, attributes and operations
be emulated in procedural languages such as Pascal or C?

Why hardware seems to be more reusable than software?
Does programming language affect reuse?

Do software engineers prefer to built from scratch or to reuse
software?

What is a software life cycle model?

Why the waterfall model is not a proper reflection of the activities
involved in object-oriented software development?

What is a prototype? When is prototyping most convenient?
Why prototypes should be eventually thrown away?

What features of object-oriented languages contribute to support
rapid prototyping?

“Computing is basically simulation”. Comment.



