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ABSTRACT

This thesis presents a survey of the literiture of three open 15sues in object-oriented

programming:

1. Leaming Methods. The difficulties that beginners face in object-oriented
proegramming are summarized. Technigues for surmounting these problems are
presented.

2. Object Decomposition. Decomposition techniques for abstracting and
representing a problem domain are placed within four categories according to
their method of object formation. The effecnveness of the techniques are
compared and contrasted,

3. Inhenitanee and Reuse. Forms of reuse are identified. Object-oriented
mechanisms for obtaining code reuse ure presented. Inheritance is shown 1o be
difficult to use effectively. Advantages and disadvantages of single and

multiple inheritince e discussed.



ACKNOWLEDGMENTS

[ wish to thank a number of individuals who have given their time, effort, and
support in making this thesis possible.

[ would like to thank Dr. John B. Smith for his guidance in such a difficult task
and for his years of support during my graduate career.

| wish o acknowledge the helpful criticism of Dr. James M. Coggins,
especially regarding the material on inheritancée and reuse.

[ would also like to thank Dr. Susanna Schwab for her support and comments

in the preparation of this document

I gratefully acknowledge my parents. Nancy, John, Don, and Elaine. for their

encouragement and support of myv many quests.

Most importantly, [ wish to thank my best friend and wife, Elizabeth, for her
vears of support. kindngss, devotion, and tenacity (as well as her wonderful editing

Job), I'm a better person because of her,

Ll



TABLE OF CONTENTS

bt o B T S s s s s SR e A e D T S S S S vi
E T O o 0 i s S T S B A o e T B T S S TR R B B s ]
ABnemenr},rof(mecI OanLd Programiming e maenusnmaansnaa g
Voeabularysssainnasnmnm s T G P R P05 !
Chaprer 1ileaming Methods: coasissmrmnninnaig e SN ansnissansmaia 6
Eehinguishing Process-0Orrented Thinking oo dinidiiiaiaaaiaii i i f
Contusion Bevaean'QObjects and CIasses S s sl i i s siisiini X
O S A Oy T s o g S R B S R G BB S S i vm s am b

Message Passing...... e S L TARAT R e e e — 11

EIBIECE LI COTEIINIBITION . L .o a0 im0 51 o 1 im0 8 AT T T AT oA R T e 11

TS 8§ 14

Chapter 2: Object DeCOMPOSTHON. ..ovmetieieetieeetierecrieeerererreasereeasesrentenerrseersese: 17

DT 3 o S N 15

Guidelines for the Evaluation and Development of Object Decomposition ............ 18

Evaluation of Object DeComposition ..o cue e e ciieieercie e acieeinaeen 13

Development of Good Object Decomposition.. ... s sssmammnies e 9

Methods: Available for £hject DeCOMBOBINION ..« vruvmisss e vy asmsms vesgsnsmatisasnr 20

L T L T 20

et Onented AnAMYSIR . . oo e S S R

IO RON MOUETITG i vimn s so s wsiiioins s s o SR N S S S (TS B

Tt AHRLYEE MEHOAE  covvvimsmme s s s e s B R R A T O

Besponaniiny-Dirver) MO w e cummmmmivmiras i i o oo

Besponsibility-Daven Desiinc. , sanmsea s i s iy s 23

R A e e i s S o A A R B A

PR At s s e e s 3
Strugtired Analysis Extraction Methodsqananenamssminaraiiis Al

Object Oriented Requirements Specification.. ... oo i i, 31

Pt et 7 v 62n 1A IE R b U DY e o R U4V DO O OU I R SR I -

Object Oriented Structured DthLn_"E

Modified Structured versus Ohject-Oriented Analvsis and Design.. ..., - 35

Chapter 3: Inheritance and Reuse........o..... e B AR R A e A

BB . oot ettt e et et et e s a e ae e v 38

Reuse 0f Cote it e et e e 39

Object-Onentéd MecChanisms for Code REUSE . v ovip i o psnvmissusinsss ssnszesisninsr 39

EIRRE IO 4 i e o i e s Y S S A S P o 39

BRI e i 0 S B A R A s L 10

Contommnee g ENNRNCEMBNL covommmms st S sy e s e H)

PR BB RIS o oo e o R o o G e I S P S A R s A0

Whip Inheriames (6 TIFIRR oo s s A e S A e e S R 41

Tnadeyuate Support lar [nheritance by Object Decomposinon Methods .. 4]
The Conflict Between Inhentance for Definition and Inheritance for

B TIRE & s S R S S R S T e 42
The Conflict Between Inheritance and Data Hiding. ..o i 43

. The Conflict Between Generalizaton and Specralization . ..o, 44
Issues Orthogonal 1o Object Onented Programming ........oooovviiiiiniiininannn, 43
Description of Inhertance Hierarchies ... oo eieaienans 46

Advantages and Disadvantages of Inheritance Hierarchy Tvpes v ee v ievvenenes 4



Single Inheritance/Single Tree . oot e 46

Siple TaReAaCEMVHMNPIE TRER o . o conar e gemerr e por s sse cosmmresmpen somnsnse 4%
Multiple Inheritinee .o s 49
4T (1 O O &

The Future of Structured and Object-Oriented Programming.......cocovveecnecee. 34



¥1

LIST OF FIGURES

Figure 1.1; Part-of versus Is-a Relationships. ..o 14
Fizure 2.1: Object Oriented Analvsis DIAETENIS oo e evarmrams srasnesameeas 2]
Figure 2.2: Information Structure Design ... ieiae e 25
Figure 2.3: Dverview Information Structure DIESI2 M. . vovevinrasesvsve s svnsvesss s vasissss s 25
b G D L T T—— 75
Figire 2.5 Ot Oriented Stuc et EYESEEN i vrvanme seacsnmm sy s s vuis S s isi a i RE!
Fiaee 3. T Evpes ot INBETIIER oo v s s s i s S e 47

Figure 3.2 Multiple Inhenitanice oo S e S S IR e



INTRODUCTION

With the sdvent of object-oriented languages has come the need to teach or
retrain these who hope to use them. There is much disagreement over how this should
be done. Addinonallv, mest techniques are anecdotal in nature and their effectiveness
ts unknown. Identifyving the problems that novices encounter is necessary if effective
and formal strategies for teaching the principles of object-oriented programming are to
be developed. Chapter One summanzes the most difficult problems beginners face in
object-oriented programming and reviews techniques for surmounting these difficulties.
[t also provides atme frame for employving the weehnigques.

Chapter Two exiamines the tusk of object decomposition. Object decomposition
15 the process of examining 4 problem domain, abstracting the entities that interact
within that domain, and determining how best w encode those abstractions. The
considerable advantages of high quality object decomposition warrant 4an in-depth look
at this task. A number of echniques that have been used with a higher rate of success
are presented and contrasted. The decomposition techniques are shown to be lacking in
formality of ransformation and expression,

Chapter Three exanunes different tvpes of reuse and the object-onented
rechanisms [or obtaining code reuse and then examines inheritance in greater detail.
[nheritance 15 shown o be difficult to use because of 4 number of conflicts. including
the conflict between inheritance and encapsulation. between inhenting for definition and
reuse, and between specialization and generalization. The chaper closes with an
examination of the advantages and disadvantuges of single and multiple inheritance.

The conclusion summarizes issues of particular importance to the future of
object-oriented programming. These issues demand further attention (and resolution ) if
object-oriented programming is w deliver on the promises that its proponents have
made. Iteloses with a brief view of what the future may hold for both struetured and
ohiect-onented programmin g,

In the remainder of this section, a bnef history of object-oriented programming
14 presented o provide context for discussion of these ssues, Additonally, kev werms

used in the discussion e defined.



A Brnef History of Object-Ornented Prosmammins

During the 1940s and early 19305, all programming was performed through the
use of machine codes. Typically, coding involved the physical setting of wires or
switches. These "first generation” machine codes forced the user to think about how
the computer performed operations. In the mid-1950s, a number of "second
generanon” assembly codes began to appear. Through the assignment of mnemonic
names to operatons, assembly codes helped tree the user from thinking solely in terms
of wires and switches. In a real sense, assembly codes marked the beginning of a
ransiion from the use of machine language o the development of programming
languages with increasing resemblance to human communication.

Although assembly codes offered same freedom for the user, an extensive
knowledge of the computer architecture was still required. This prompted the
development of "third generation” or “high-leve!|" programming languages. Although
these languages also pluced emphasis on procedure and little on data structure,
languages like FORTRAN. Lisp, Algol. and Cobol allowed the user 1o think less abour
how computers performed their operations and more about the operations that were
required. Cobol contmbuted the concept of the record dara swucture. This allowed the
user o define their own data types to augment those predefined in a language. User-
defined data types gave greater emphasis to the description of the data used by the
processes. It also provided o more effective way to group related data, encouraging
modularity and data hiding. This separation of the descrniption of data from the program
statements was the beginning of what wis o be liter known as “data-oriented”
progrimming,

The 1960s and 19705 saw the development of a flurry of specialty languages,
A major goal of the developers of these lanyuiages was to allow users to think more
about what they wanted the computer to do ruther than how the compurter carried out s
operations. These languages are wypically referred to as "fourth generation” or
declarative languages. One such language, Stmulu, was designed and implemented in
1962 by Kristen Nyguard and Ole-Johan Dahl [[Danl70], Simula allowed the user to
simulate 4 system by modeling it a8 a set of interactive processes, where each progess
modeled an ghdey within the real svstem. [0 1967, Simulu67 introduced the concepr of
4 class as 4 method of desenbing a group of similir entity absiractons.  Simula and
Simula67 turther encouraged modularity by direcily supporting the grouping of related
data und procedures. During this same period. languages such as Ada and Modula-2
placed greater emphasis on the support of modules. The need to support modularity

grew out of 4 realization that modules generallv favilitated the decomposition of a



problem domain into a set of independent sub-components, making programs easier
understand and mintiin, Medules contributed heavily to the creation of absmract dara
lypes.

The first "object-oriented"” language was developed in 1972 by Daniel Ingalls.
Ingalls rewrote the software component known as Smalltalk for Alan Kay's Dvnabook
|Goldberg83]. The language was called "object-oriented" because it was the first
System 1o be complerely composed of abstract data types instantiated as objects. The
mnfluence of Smalltalk on the rest of the object-oriented world cannot be
underestimated. The late 19705, 19805, and early 1990s has seen a barrage of object-
oriented languages. Flavors |Cannons(l, Moon6], Objective-C [Cox84], C++
| Stroustrupa4 |, Eiffel [Mevera®], Modula-3 |Cardelli92]. and Actor [Borkoles9()] are
Just a few of them.

With these languages has come a variety of mechanisms to support the
definition and creation of abstract data tvpes. The most common mechanism is
inheritance. The ability to define abstract dara tvpes by reusing those previously
defined has introduced 4 number of difficult and unresolved issues.

For more information, see |Friednum@1, Stroustrup88, Shawg4]

Mocabulary
Many of the technical terms tound in the object-oriented programming literature

are used interchangeably, differently, or erroneously by many authors. This is oneof
the first difficulties encountered by novices when attempting to leamn the principles of
object-oniented programming. This section defines kev terms used throughout the
remainder of this paper.

The term process-onented programiming refers to the style of programming in
which the processes that make up a problem domain arg the primary components to be
abstracted. Additionally, the term is frequently used to describe the actual encoding of
process abstractions: it is often used interchangeably (and incorrectly) with structured
programming. structured programming refers to the practice of coding procedures as
block-like structures of programming stiternents. These statements are executed in

sequence, with conditional constructs, and without zoto statements, Qhbject oriented

programming refers to the sivle of programming where the data and their associated
functions are the primary entities to be abstracted. This term is often used to deseribe
the phase of programming in which the actual encoding of entity abstractions is

performed.
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The process of programming is often divided up into the three somewhat
distinct phases of analysis. design, and implementation. Analysis invelves examining

the problem and its domain and ereating a set of abstractions which adequately

represent the problem domain. In process-oriented analysis, emphasis is placed on the

analvsis, the entines

processes that comprise the problem domain. In
that exist, interact, and relawe within the domun are emphasized.

The second phase of programnung is design. In design, the set of abstracnons
that were extracted during the analysis phase are refined into a new set of entities which
are supported by a programming language, Process onented desien refers to the
refinement of process abstractions so that they are supported by a procedural language.

Object oriented design refers to the refinement of entity abstractions so that they are
supported by an object-ortented funguage. The disuncton between analysis and design
can be somewhat diffuse and both are frequently referred 10 as decomposition. Process
decomposition refers to process-oriented analyvses and design while object
decompesition refers o object-oriented analysis and design.

The third phase of programming 1s implementation. This refers to encoding the
process or entity abstractions produced through analysis and design, in a given
programming language.

An gntity 15 anvthing in the real world that has both state and behavior.
Examples of entites mnclude people, automaobiles, checking accounts, and the weather.
Upon analysis and design, an entity is mapped 1o o class. A class 18 an encapsulation,
or description of 4 se1 of entity abstractons. A class provides a uniform set of instance
variables and methods, including a description of how to creale new instances of the

class. An instance or object is 4 single instunuation of 4 class. For a given class. there

may be a large number of mstances: The terms object and instance are equivalent,
Although an object is an instance of a class. the term obyject 15 often mistakenly used
interchangeably with cliss in much of the literature,

Instance vamables: ulso known us gt members or atributes, embody the state

of an object. These vauriables are common to all instunces of o given class. For

example. the class House might have the atribute NumberOfRooms. Euach instance of
cluss House would have the instunce variuble NumberOfRooms and s own privaie

value for that vanable. Methods, also anown as member functions or services, define

the behavior of un gbject. Methods implement the behaviors common o all instances of
a gwven class. For example. the ¢lass Frog might have the method Jump. Each
nstance of class Frog would shure the conmmon behuvior defined by the method Jump.

In order fora method 1o be mvoked, an ohect muost receive a message. Each method



defined for a class 18 assocted with 4 corresponding message. When an object
receives a message, it invokes the corresponding method. A message is similar o a
procedure invocation. All interaction between objects oceurs through the passing of
messages and the subsequent invocation of methods,

The maost important contributions of object-onented programming are the
support of encapsulaton and nhertance. The principle of gncapsulation requires thit
gach component of a program must either embaocdy @ problem domain entity or hide 4
single design decision. The unit of encapsulation for most object-oriented languages is
the class. As such, 4 class encapsulates all state information and operations necessary
for instances of that class. The inertace for each class is defined to reveal as lntle as
possible about its inner workings [Oxford®6]; this is also known as data hiding.

Instances of different classes may respond differently to identical messages.
This characteristic is known as polymorphism. For example, instances of class Car.
Frog, and Planet might ail respond to the message Mowve but in different ways because
each type of object associmes a different method for that message, This is necessary
hecause the three objects move differently, Inheritance is a mechanism through which
polymorphism can be achieved, [t also simplifies the definition of classes similar o

ang or more classes previously defined by "reasing” those class definitions and

augmenting or modifving them is desired, The term reuse is frequently associated with

inheritance since one can view the effect of inheritance as reusing the definition of a

class for the definition of nthers,

The definition of these concepts are fairlv straightforward. but learning to use

them effectively isa challenue.

Ly



Chapter One:
LEARNING METHODS

Novices encounter many difficulties when trving 10 learn objecr-oriented
programming. Some difficulties are conceptual such as relinquishing process-oriented
thinking and distinguishing between objects and classes. Other concepuual difficulties
are related o encapsulation. messige passing, object decomposition, and class
relationships. Additionally, there are technical difficulties associated with many of
these concepts. Moreover, many of the concepts that underlie these difficulties are
related, making it difficult to understand one concept without understanding a number
of them.

Identifving these difficulties is necessary it effective technigues for leaming
object oriented programming are to be developed. Currently, the techniques for
overcoming these difficulties are anecdotal in nature and formal study on their efficacy
is lacking. The sections that follow each describe one of the difficulties encountered by
novices. Techniques for solving these problems and a rime frame for emploving them

are presented from i survey of the lireriture.

Relinguishing Process-Oriented Thinking

Descniption. Perhaps the most difficuit problem that novice programmers tace
15 shifting focus tfrom a process-onented o an “entity” onented approach. There 15
disagreement regarding the relatuonship between object-oriented and process-orienteil
programming, Some view object-oriénted programming as a revolutionary advance
reyuinng o compiete mental reraining | Becks®, Gibson¥ 1|, while others view itas
natural evolution or exiension of process-oriented programming requiring only minor
technical adjustments | Wybolt9), DeNuataleM), MooY1]. Despite these differences. it is
clear that object-oriented programming reguires & different focus than process-onented
Programnung,

[n process-onented programming, the primary focus is on the processes which
compnse 4 problem domain. Passive data are passed back and forth by processes that

manipulate them [n order o manipulate data properly. processes must know the



representation of the data. Processes may interact with many tvpes of data, therefore a
great deal of information on the representation of those data may need to be available o
a process, and thus avuilable o the programmer of the process.

In object-oriented programming, greater emphasis is placed on the daa, Instead

of dirgctly manipulating the data, processes send requests 1o the data objects which
then, conceptually, "munipulite themselves”, A class. therefore. includes a user-
defined data type and the procedures that operate upon it. Thus, users of a class need
only require knowledge about the messages an object ¢an receive and need never know
the details of the duta representation.

The 1dea that "objects” know how to mampulate themselves and actively interact
with other objects is confusing to many programmers. Some have labeled this problem
“relinquishing global control thinking” and believe that it is one of the first and maost
difficulr coneepts to be learned |Beck89|. Others have argued that it is so difficult to
overcome, that individuals with little or no programming experience have less difficulty
in overcoming this prohlem than more experienced programmers because they have not
vet become indocrrinated in the process-oriented approach [McKenna88|. There is.
howewver, only anecdotal evidence 1o support this ¢laim.

Potential Solutions. To overcome process-oriented thinking, many experts

advise a submersion technique [Beck89, Gibson91]. The novice is introduced to
abject-oriented programming concepts through a purely object-oriented language like
Smalltalk and allowed to struggle until the conceprs are absorbed. It is virually
impossible o do anything in Smalltalk until some understanding is reached of many of
the basic concepts of object-orented programming,

Orthers argue that this sink-or-wim echnique is both unnecessary and
impractical. Many companies that employ Lirge aumbers of programmers often find it
more effective to inmroduce object-oriented concepts in 4 more evolutionary, rather than
revolutionary, manner | Wybolt), DeNatale9t), Moo91|. Novices are introduced o
object-onented concepts through u hybrd lunguage such as C++ that supports both
process-orented and object-onented programming, This allows them o gradually
adopt the new concepts of object-oriented programming. Purists argue that this
approach is not as effecuve in ransmiting the necessary undersianding of basice
concepts simpiy becise the user s not torced o contront the basic ssues of abject-
oriented programming. Because hvbnd languages allow the user o contnue
program using structured programming technigues. it 15 drgued that novices have no
reason, or tind it difficult, to come 1o grips with the concepts of object-oriented
programming [Henderson®1, Gibson9 |, Beck8E|



Still others assert that the best way to learn object-oriented programming is not
through the use of a language at all. They claim thar any language, pure or hybrid.
colors the novice's thinking about whit object-oriented programming is and how it can
best be done: They arzue that object-criented programming is not defined by a
particular language but is a way of examining a problem. They concluded that language
independent semtings ure best [OSheasd, Lieberherrsb |,

Time Frame for Learning. Most experienced trainers find that perceiving the

difference between protesses and entities in u problem demain, and comprehending the
idea of objects manmipulating themselves can ke from a few weeks o a few months
[Meyer93, Whiting93|, Of the technigues described above, nong has been shown to he

superior in either regard,

Confusion Between Objects and Cliadses

Description, Class and object are two distinet concepts. Novices often meat
class and object as interchangeable concepts. In fuct the literature often uses the words
erroneously. This confusion can result in difficuities understanding other concepts of

object-oriented programming.

Potential Solutions. When introducing the concepts of classes and objects: itis
often helpful with experienced programmers to use the analogy of wypes and variables.
The type of a variable provides information to both the user and the compiler about the
structure and behavior of the variable, Fora given type, there may be a number of
instiances (variables) of thut rype. euch following the rules for that type. [n object-
oriented programmung, @ cliss 15 used 1o describe the sructure and behavior of
instances (objects) of that cluss. For o given class: there may be 4 number of instances
fobjects) of that cluss. All instances (ohjects) of o given cluss have the same atinbutes
and the same methods. A cliss, therefore: can be viewed as-a desenption of the
aurtbutes and methods an instance of that class will have.

Time Frame for Learning, Leaming the distinction berween class and object

15 elusive for many, Ditferent tratners indicate thar it takes o few moments 1o a few
hours. Mever beligves that much of the popular literature is so confusing that it can
tike rmonths for o reader o ovércome this grobiem | Meyer92)], Cerainly for

experienced programmers, the unalozy above shonld shorten the leaming penod.

Ercapsulation
Jescription. The encapsulation of an entity refers to the combination of state

informaton needed o express the entity with the operations needed to support that
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information. The mechanisms for encapsulation are perhaps the most important
contribution that object-oriented programming has to offer. Frequently, novices have
difficulty understanding what procedures should be combined with data. and
determining which classes should contain the data.

One funcrion of encapsulation is to isolaie modules that interact with an
encapsulated object from obtaining knowledge about its implementation. If knowledge
about an implementation is gained and relied upon by other modules and that
implementation changes, then that knowledge becomes invalid and errors result,

When attempting to encapsulate an entity. novices often make three errors.
Frequently, there is a failure 1o properly encapsulate all of the necessary components of
an entity, giving access to inappropriate information. These components may exist at
varving levels of abstruction. A component may be ot a lower level and involve
instance variables or methads defined for the internal maintenance of an object. For
example, a user attempting to encapsulate a stack might implement the stack as an array,
and provide a method for updating the stack pointer. The manipulation of a stack
nointer is the sole responsibility of the stack and no other class should be given access
to such a method. If such access 1s allowed. other modules and objects may directly
manipulate the stack pointer and compromise the integrity of the stack.

Other design decisions that can be encapsulated improperly are of a higher level,
A user might encapsulate an entity and improperly disclose the "philosophy"” of the
obiect, Such disclosure should alwayvs be explicit. Had the user wished o disclose
this information, it might be done more properly by incorporating it into the ¢lass name
or by providing a method which returns the desired information. For example, a user
wishing to encapsulate a SortedCollection mav improperly disclose that the class uses a
particular algorithm 1o sort its members. Another cliss, requiring the same algorithm
{possibly because of space or time [imitations ). might employ the SortedCollection 10
sort its members.  Because there is no explicnt indication of the algorithm used by
SortedCollection. other classes may behave unpredictably if the algorithm is changed at
a later-time;

A third problem 15 thut novices are often unsure how general or specific 1o make
an encapsulanon. Generalization and specialization are competing goals and finding a
balance is often very difficult. Objects should be general énough to be reused in future
projects, but not sa general as wy make their intended use incomprehensible or
inefficient. ’

Porential Solutions. Many argue that the presentation of object-oriented

PIOZEIMmMING as an extension or evolution of provess-oriented programming makes the
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concept of encapsulation much easier to comprehend. Beginning with the principles
underlying the concept of a module often provides a good transition point between
process-oriented and object-oriented programming. In process-oriented programming.
modules are used to model processes, but are frequently used to model entiues as well,
Modules were developed in an atempt to divide large programs into smaller
components. The use of these smaller components offers two distingt advantages,
particularly when they abstract single design decisions, First, modules facilitate
conceptual understanding: Secondly, modules can be more thorough tested because
they have fewer input values than a svstem that has not been divided into sub-
components. This makes the component easier to test for errors and increases
reliabtlity [Dijksma68].

Parnas offers o number of reasons why the abstracaon of data representation 15
supertor to the abstraction of processes |Parnas? 2u|. He argues that data
representations are far more likely to chunge than the processes that act upon them.
Thus, each nme a data representation changes, every module that interacts with that data
must be modified 1o incorporate the change. Giwven that data representations change
with relative frequency, corresponding procedure modifications would be needed often.
The greater the number of modules and processes that interact with the daza, the more
fikely that an update will not be performed properly.

The use of abstracted data representations results in a much different scenario.
When a data representation changes. only the module (class) that implements that
representation needs 1o be modified. Modules only have knowledge about the
imterfaces of other modules, and such knowledge 1s much less likely to change. This
insulates other procegsses and modules from requiring madification whenever data
representation changes,

Parnas proposes that 4 reasonable course of action is to begin by generating a
tist of difficult design decisions and design decisions that are likely o change. Itis
further recommended that each module be desioned w hide decisions from the other
mixdules,

Time Frame for Leaming, The advantages of encapsulation have been

understond by siructured programmers for many vears, Mever argues that
mexperienced programmers can understand the need for encapsulation within a few
minutes | Meyery 3|, Many state, however, that both structured programimers and
novices will require a number of weeks of experience with a few small projects before
learning how o effectively employ the encapsulicion mechanisms that object-oriented
linguages pravide [Meyver9: Whiting93|.



Message Passing

Description. Objects are encapsulations of entity abstractions and respond 10
requests made by other objects via message passing. When an object receives a
message, it invokes the method asseciated with that message. These messages are
formally specified and comprise the interface to the object, The interface to an ohject is
the only informarnon that other objects should have o know about. As specified in the

section entitled Relinguishine Pr ing, this method of

communication is often difficult for novices o ¢onceptualize.

A more technical problem that novices often have with message passing is a
concern about performance penalties | WilsonRE, Parnas72a). Encapsulation introduces
anew level of indirection. Processes can no longer directly manipulate data. Instead,
an object must be sent a message to perform the desired operation. Upon receiving
such a message, the object may invoke multiple methods upeon itself in order to perform
the desired action, Concern about performunce penalties can make the user grant other
ohjects direct access to instance variables and methods used for internal support. Such
access Is almost invariably a mistake because it violates encapsulation.

Potential Solutions. The literature provides very litle information that

addresses the conceptual difficulties of messuge passing. A set of diagrams, developed
by Cunningham and Beck, have been used to teach over 100 students the ¢oncept of
message passing [Cunninghami6|. Cunningham ind Beck anribute their success to the
amission of "object stare” and "message sequence” from their iechnique. This
amission, they argue, facilitates understunding of the relationships berween ciasses as
indicated by the messages,

When performance is a primary concern. more etficient languages mav be the
only solution: This chapter does not compare the cfficiency or speed of process and
object-oriented languages.

Time Frame for Leaming, Both Meyer and Whiting believe that the concept of

messige passing can be learned within i few minuies o a few hours [Meyer93,
Whiting93[. Whiting believes thar more experienced structured programmers may
require addinonal rime for learning the concepr of message passing than their
inexperienced counterparts. There is no formal evidence to support this claim.
Ohject Decomposinion

Deseription. When attempting object decomposition, novices frequently

encounter 4 number of difficulties. Users who have not relinquished process-orented



thinking, often transform procedurul abstractions directly into objects {Henderson91,
OShea86]. In other words, an attempt is made 1o turn a process into an object.
Consgquently, the processes that act on the data. instead of the daa themselves,
become the objects, While this is possibie, it 1s almost always a bad idea. Pamnas
argues that the data representitions are most likely to change and should be
encapsulated |Parmas72a|, There are certain application areas. however, where
processes change at least as often as the data representations on which they act. These
include expernimental, computational, and utility processes. In these cases, it mayv be
More appropriate to abstract the processes themselves [CogginsY3].

Novices may be tempied to use this idea as an excuse to map all procedural
abstractions to abjeets. Given the fundamental impornance of overcoming process-
oriented thinking, it may be prudent to avoid inroducing the concept of procedure
abstraction until after object-oriented thinking has been mastered,

When attempting to define 4 new class, novices huve been observed grouping
entities by state attributes of lesser importance while ignoring more important attributes
or behaviers. Gibson illustrates with the following exercise. On a sheet of paper, list
the features of an apple. Upon completing this list, record a second list of fearures of
an imitation apple. Most individuals who complete this exercise, find the two lists are
virtually identical except that the second list might include "inedible” or "for display
only". Although the roles of two objects mayv be uite different, novices may group
them due to their similar state [Gibson1|. A simpler example 1s that of a house and a
person. Both u house and u person have an address and. therefore. share some
common state. Given the degree of dissimlarity between the two objects, it is probably
noL APPropriate © iy wrepresent them m one ¢lass. Experts recognize the necessity of
examining those qualities that distinguish an entite from others when créating a
potential class.

The lack of tools to help progranmimers pertorm analysis and design hinders
object decomposition, Currently, implementation resources include editors, compilers.
iinkers, debuggers and ¢lass browsers: While these ools are helpful during the
implementation phase of a softwire system, sccess w tools that help with analysis and
design are needed. Such wols could potendally prevent the acceptance of contlictng
requirements, ensure (he completeness of encapsulanon, and verify that design
decisions can be implemented with-a specified progranmmung language. The availabdity
of such wols 15 limited

Novices are usually inwoduced o programming concepts through a popular

language. In the case of object-oriented prouramming, the language is typically



Smalltalk, C++, or Eiffel, while in the case of process-oriented programming it is
usually C, FORTRAN, or BASIC, Novices are rarely introduced to programming

through training for process or object-oriented analysis and design [Coggins®{a

Most universities and corporadons trust that the user will learn these skills through
experience. Gibson argues that a pattern similur 1o what occurred during the early years
of structured programming is reemerging. The novice is first introduced toa language
and over ume realizes that his or her implementation strategy 1s fawed as a result of
poor design. The novice seeks out and adopts techniques to help with design and, after
time. realizes that a poor understanding of the original problem is responsible for
design flaws. Gibson believes that this patern of implementation, design, and analvsis
is extremely common and is not confined w novices [Gibson91|.

Potential Solutions. There are a numberof techniques available for performing
object-onented analysis and design, These are described in the following chapter,
Only a few of them are identified as being suited for use by novices. One such method
has been propased by Beck and Cunninghany | Beck8Y], who report successfully
teaching object-onented thinking, analysis, und design 1o over 1) students using CRC
cards and an exercise consisting of "what-it"” scenarios. Through this exercise, novices
are allowed to gradually build on their Knowledze of a given problem domain. During
this process, analysis and design questions are raised. The instructor provides the
students with assistance in these decisions, CRC cards have also been used
successfully in indusiry |Coplien91]. This technigque will be discussed more
thoroughly in the next chapter.

Another apparently useful rechnique is that of play acting. In play acting,
students "become” objects and attempt to interact with one another untl they are able 10
identify their responsibilities and relanonships, This technigue seenis particularly
useful for demonstrating that instances of o class have the same methods and auributes
{but possibly different values for those attributes). Additionally, it appears w help
students determine whit different types of relationships among objects are possible
[Pugh88, Whiting0), Rosson8Y]. This technigue will be discussed more thoroughly in
the next chapter,

Wilson has successtully utilized a third rechnique [Wilkon88]  The instructor
first designs a small program using structured unalysis and design methods: Next the
students are quided in rewriting the progriom using object-oriented analysis and design

methods:
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Descnption. Novices often attemnpt to use inheritance (is-a) relationships when
client-of, server-of, or part-of relationships might be more appropriate [Pugh8g]. For
example, a novice might mistakenly create a class TextEditor by inheriting from class
MemoryManager. An instance of class TextEditor might contact an instance of class
MemoryManager and request 2 needed amount of memory. In this example, a
TextEditor might require essential services from a MemoryManager, but that doesn't
mean that a TextEditor is a MemoryManager so inheritance is not appropriate. Given
this context, a client-of relationship is more suitable.

Instances of two different classes may also have a part-of relationship. For
example, an instance of class Car might have an attribute (state variable) that is an
instance of class Engine. Class Engine should not inhent from class Car because
engines do not behave like cars. An Engine is a part of a car and inheritance is not
warranted in this case.

The literature appears to be at least partially responsible for the confusion
regarding the possible types of relationships among objects. This is particularly true in
many articles that atempt to justify the use of multiple inheritance [Meyerg8,
Booch%1a]. One of the more well known examples of this is the food, fruit, spice,
apple, cinnamon, apple pie example (figure 1.1).

In this example, the use of multiple inheritance is promoted in an attempt to
demonstrate that an apple pie can inhérit the qualities of both apple and cinnamon,

saving the
food
fruit spice
apple cinnamon
apple pie
Figure 1.1

Apple Pie



user from creating duplicate code. The problem with this example and with most
similar examples is that an apple pie is neither a fruit, an apple, a spice, or cinnamon.
An apple pie contains those irems but that does not mean it should inherit from them,
Certainly, a part-of relationship would be more appropriate.

(Once novices become reasonabdly adept at constructing inheritance relanonships.
they begin to construct larger. more complex inheritance hierarchies. Since analysis
and design are usually iterative. the novice begins to introduce new anributes and
methods into the class hierarchy. Because it is often difficult to decide where to place
new attributes and methods, novices often place auributes and methods in an
inappropriate class within the hierarchy, This can reésult in poor corréspondence
between the abstraction and the different levels of the hierarchy [OSheal6].

Eventually, an incomprehensible hierarchy is produced. Poor abstractions are often the
result of not understanding how general or specitic a given class should be
[Sandbergia].

A related problem invelves the technical difficulnies that exist in large and
complex hierarchies, Often. hierarchies are so immense that it is difficult for the novice
to determine which classes are the most appropriate 1o use [OShea86, Beck§8,
Linton87]. Future tools for examining class libraries may help alleviate this problem
[Fontana9l1, deChampeaux¥1, OShea86|. Although Mever asserts that this complaint
15 exaggerated [Meyer®(}], most would agree that it is imponant to understand the lavers
of abstraction in a library before attempting to use i, and that such tools dre necessary
to help understand the abstractions a library encapsulates | BeckB8].

An issue related more 1o reuse than inheritince is the reluctance by both novices
and experts to reuse code written by other individuals. This resistance to “outside”
code Is likely the resull of many programmers’ desire to control the software product as
much us possible [ McKenna88. Fontana¥ L, GrissY1|. This problem is perpetuated by
many managers who will not purchase solfiware from outside sources because they
pelleve It is easier and/or cheaper o write m-nouse. Most de not realize how diificult it
15 10 develop ruly good software |Grisst 1 [ Fear may be the primary reason that reuse
1snotdone on a larger scale.

Potennal Solunons. Technigues tor learmmg object-oriented programming are

remarkably silent on the subject of inhernance. Shater cliims that design for reuse iy
difficult, and even more difficult 1o each | Pugh88]. This argument is generally
supported by the literature, It may be possible t use Wilson's method of teaching by

exampie. 1o convey the medning and use of inhentines o novices. This technique.



howewver, requires the availability of a qualified teacher. Unul more techniques are
available. novices without teachers will likely resizn themselves o the study of existing
class hierarchies as a means of learning inheritance. A good set of class browsers or a
rich environment such as Smalltalk's would be helpful in this effort.

Time Frame for Learning. Many claim that the concept and purpose of

inheritance can be learned in a tew hours to a few days [Meyverb3]. Others claims that
the proper use of inheritance can 1ake months or vears of experience. During this ume.
he states, a user will develop a personal philosophy on how to employ inhenitance

based on the advantages and disadvantagzes of the mechanism [Whiting93].

Slltﬂl’l'li]l".-'

While there is a great deal of advice on the best ways for beginners to overcome
the difficulties of object-oriented programming, there is little formal study. A
universally aceepted recommendation is that novices should determine how experts
learn these concepts and tryv to mimic them [Gibson91]. The difficulty in applving this
“technique” is that experts cannot always explain how they learned the necessary
concepts. Often, experts can only describe the products of their learning but not the
underlying process of their learning,

Because languages are taught more frequently than programming concepts,
there is more data available for gauging the length of time necessary to learn a particular
progrumming language. Many claim that Smulltalk can be leamed in a couple of davs.
Such claims do not ke 1nto asccount the more difficult aspects of how o use
encapsulation and inhentance effectively. Some cliam thur the leaming curve for C++
is approximately 6 months while Jossman states that i is one vear [Jossman90]. These
claims appear 0 conform with the literature,

Beck concludes that inertia, lack of experience and a lack of teaching tools and
methodologies are preventing object-onented programong from being effectvely
disserninated | Beck®6|. While time wall undoubtedly solve the problems of inerma and
inexperience. it is'more difficult o predict how the luck of ools und methodologies will
be resolved. and how their ahsence will uftect the umlines of those using object-

orented languages.
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Chapter Twao:
OBIECT DECOMPOSITION

Frequently. an attempt to map a problem domain to a set of abstractions is made
under the false assumption that the problem domain is understood at a level necessary
for implementation, As the implementation progresses, unexpected dependencies in the
problem domain are discovered and the original abstractions are modified to handle
these "exceptions”. Upon completion, the abstructions poorly represent the problem
domain. The class library is virwally incomprehensible, cannot be reused, and
ultimately 15 discarded.

Object decomposition is an iterative process. Since refinement of the model of
the problem domain is unaveidable, one must expect the abstractions that represent it
and the implementation of the abstractions 1o change. Relationships and interactions
evolve in this manner [Fontana91]. [f 4 clags library is to withstand the demands of
future needs, abstractions must be designed and implemented with change in mind.

The problem of evolving classes and their relationships is further compounded
by the lack of easy to use formal analysis and design technigues. Many programmers
and managers view programming as an art. and conclude that it is unnecessary to teach
the fundamentals of analvsis and design to students and emplovees. Many individuals
atso assume that other programmers will understand a problem domain as they do and,
therefore, decompose 1 problem domain as they would, Additionally, the same
problem domain is frequently broken down into different abstractions by different
individuals, As a programmer gains experience with object-oriented programming, the
preferred style of decomposition may change, The différence between a poor system
and an gxceprional one depends upon how the absiractions are developed and related.
The process of determining how a set of abstractions relate and interact leads 1o further
retinement of the onginal set of abstractions,

This chuprer presents a set of criteriy for guiding both the process of object
decomposition and the evaluation of completed decompositions. It then reviews and
compares a number of methods for the decomposition of problem domains. It

concludes with a brief discussion on the advantnges and disadvantages of using



technigues that transform structured analvsis and design results to ohject orented
design specifications.

There are many arguments over the effectiveness of these methods due 1o their
informality and failure to address such basic issues as inheritance and maintenance.
Formality can be expressed on two levels. The formality of the heurnistic used to
decompose a problem domain is important because it can aid users in deriving a
supertor set of classes with which to represent the problem domain. The formality of
the expression of the discovered classes 1s important in relaving information to clients
and in the implementation of analysis and design results. This chapter shows that most

object-onented decamposition methods lack both qualities.

Definitions

Object Decomposition, Object decomposition refers o a three part process.
First, the problem and its domain are examined. Next, a set of entities which
adequately represent the problem domain are extracted. Finally, the set of extracred
entities are refined into a new set of entities which are supported by a programming
language.

Obiject-Oriented Analysis. Object onented analysis refers to the first two parts

of the object decomposition process. No thought 15 given 1o the implementation of the
abstractions. As stated by Coad and Yourdon, analysis is "the process of extracting the
needs' of a system - what the system must do o satisfy the client, not how the svsiem
will be implemented” |Coad91a].

Object-Oriented Design Object onented design refers o the third part of the
object decomposition process. Coad and Yourdon write. "design is the practice of
taking a specification of externally observable be havior and adding details needed for

actual computer system implementation” [Coad® 1h.

lines for the Evaluation and Developm

Two topics are discussed in this section, First, a number of criteria are
identitied by which the quality of object decomposition can be evaluated, Next,

suidelines for the development of good object decomposition are outlined.

Evaluation of Object Decompaosition

There are many charactenstics of a good software product. However, object-

oriented programming addresses only charactenistics related to modularity. The



modularity of a svstem can be evaluated using five criteria which are as follows:
modular decomposability, medular composability. medular understandability, modular
continuity, and modular protection [Mever88].

Modular Decomposabilitv. The decomposition of the problem domain

decomposes the problem into several subproblems whose solutions may then be
pursued separately (divide and conguer).

Modular Composability. The decomposition of the problemn domain produces
software elements which may be freely combined to produce new systems, possibly in
an environment guite different from the one in which they were initially developed.

produces software elements which can be understood individually by the user.

Maodular Continuiry. A small change in a problem specification resulis in a

change of only a few modules.
Modular Protection. The effect of an abnormal condition occurring at run-time
in-a module will remain confined to that module. or at least will propagate to only a few

neighboring modules.

Deveiopment of g Qsiion

There are a number of guidelines for the development of good object
decomposition. Some characteristics can be checked during the development phase.
These characteristics include the following: information hiding, understandability,
completeness, few couplings. weak couplings, explicht couplings. sufficiency, and
primitiveness.

Information Hiding. All information about 4 module should be private to the

module unless 1t 1s specifically needed and declared public | Mevers8, Parnas72a,
Stroustrupa8|.

Understandability. Modules must correspond to svnactie units in the language
used [Meverss).

Compleeness, The interface of the module is general enough to be used by any

client | BoochYla, Stroustrupss |,

Few Couplings. Every module should communicare with as few others as
nossible [ Meverssl.

Weak Couplings. I uny two modules communicate at all, they should

exchange as frtle information ds possible [ Meversd. Booch41a. Pamas72al.
Explicit Couplings. Whenever two modules A and B communicate, it must be
obvious from the textof A und B | Meversy|,

I
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Sufficiency. The module captures enough characteristics of the abstraction to
permit meaningful and efficient interaction | BoochY1al.

Primitvgngss. High level operations may be better accomplished through a set
of lower level operations (this must be balanced with efficiency) [Booch91al.

There are a vanety of methods availabie to aid the user in object decompositon.
Four groups of methods are discussed; guideline methods, text analysis methods,
responsibility driven methods, and structured analysis/exiraction methods, The first
three groups are primarily based on object-oriented techniques, while the last group is
composed of modified process-oriented techoigues,

Guideline Methads

Guideline methods typically provide a list of the kind of objects the user should
look for within the problem domain. In addition. they otten provide guidance for
testing the validity of the candidate objects. Two examples of guideline methods are
object-onented analysis and information modeling,

Object Onented Analysis. This method wus developed by Coad and Yourdon.
It is presented as a technigue which builds upon information modeling [Fichman92].
with the addition of the concepts of inheritance, methods, and messages
[deChampeaux92], Object decomposition is described in terms of five phases: class &
object discovery, structure formation, subject description. arribute formation, and
method formaton, For class and object discovery. the user (s given a set of concepls
for which the problem domain must e exununed, The tvpes of relationships among
classes are determined during the structure formition phase. During the subject
description phase, the discovered classes are segregated into groups of related classes.
The purpose of this phase is not 10 determine relationships among classes, but to help
the user group poenually large aumbers of ciusses into a smaller set of subjects. This
helps 10 provide an overview of the absmacnions of the probiem domain. The final two
phases involve the idenuficanon of atgbutes and methodds, respactively, A different
diagram s used o express resuits ateach of the five phises of object decomposition
tfigure 2.1).

In the first phase. users discover clusses within the problem domain by looking
for structures, other svstems, devices. things or events remembered, roles played.

operational procedures. sites, and organizational units, Structures are defined as either



generalization-specialization (is-a) or whole-parnt (part-of) relationships. Since Coad
and Yourdon believe this to be the best area in which to search for potenual classes, it 15
discussed in greater detail in the second of the five phases. Other systems are those
entities outside the problem domain that interact with entities within the problem
domain. This ambiguous definition of other systems suggests that the technique does

not provide much guidance in determining the boundaries of a problem domain.

1 1
Class-&-Object Class
Class-&-Object MName (top section) Class
Artributel ) Attribute1
Attribute? Attributes (middle section)| Attributa?
Servicel ’ ; Service
Sarvicen Services (bottom section) | sonicas
Ganeralization Whole
T.m 1.m
Gen-Spec Structure 1 Whale-Part Structure
. 1 1
Specialization Specialization? Part? Part2
Class-&-Objectt Class-&-Object?
1 lnstance Connection
1m
Sender Receiver
M&ssage Connection
————
] 1
Subject {may be expanded or coliagsed) Wote: in addition, DOA vses Object State Diagrams

and Service Charts lor specibying Senaces.

Frgure 2.1
Object Oriented Analyvsis Diagrams [Coad%1a]



Devices are defined as anv system within the problem domain and are,
consequently, poorly defined. Things or events remembered are records of
rransactions within the system or records of historical events within the system. Roles
played are the responsibilities thut different components within the domain have.
Operational procedures are responsibilities that the examined system must provide over
time. Sites are the physical locations of the entities of the problem domain. Finally,
organizational units are the structural components that people impose upon themselves
and other entities.

The authors provide a list of hints on how 1o find classes within the problem
domain, These include observing the problem domain first hand and actively listening
1o people who work within it. Interviews can help to determine exactly how the
domain functions. Reading about the problem domain is necessary. Checking results
obtained by others modeling the same or similir domains is also invaluable; this is also
an almost completely ignored form of reuse. Further candidare classes may reveal
themselves when the user begins 1o prototvpe.

Once a set of candidate classes is obtained, it must be tested for validity. The
authars provide the following questions for testing potential classes:

= Do instances of this class need to be referred to over time?

» Does the class provide a behavior necessary 1o the problem domain and the
solution?

+ Dioes the candidate class have mulnple auributes?

« [s there more than one instance of the class?

+ Are the attributes and methods applicable for all instances of the class?

» Does the candidate class fulfill an actual requirement of the system?

According 1o this method. 2 candidare class that passes these tests is probably
valid.

In the structure formation phase. the user examines the set of classes for is-a
and part-of relationships. The technigue does not offer much guidance as 1o how this
task might be accomplished. The user examines euch cluss in tum to determine if one
class is a specialization of another. For determining part-of relationships, the authors
recommend looking for assembly-part. container-contents, and collection-member
relationships between classes. With this information, a set of class hierarchies

emerges.



During the subject description phase, the root class of each structure is
identified, and each class not in a structure is identified. The identified classes are
designated as subjects. Coad and Yourdon describe a subject as "a mechanism for
guiding a reader (analvst, problem domain expert, manager, client) through a large,
complex model. Subjects are also helptul for orgunizing work packages on larger
projects based upon intnal object-oriented analvsis investigatons” [Coad91al.

During the fourth and fitth phases, atnbutes and methods are identified. The
authors suggest the exanunation of previous object-oniented analysis results but provide
limited guidance in how the vaiidity of an atnbute or method may be tested. [tis then
determined whether instances of a ¢lass behave ditferenty according to the value of
their atributes. [ so, additional methods may be required. Method discovery is
accomplished primarily through the determunation of the necessary services that a class
must provide for both iself and other classes. and the necessary services thart the class
receives from other classes.

This technigue has both sirengths and weaknesses. Although the five phases
are accomplished primarily through a set of informal hints and tests, it is a well
thought-out and relatively coherent technigue. Additionally, the object diagrams
provided in ¢ach of the five phases do lend themselves towards greater formality than
mtost methods. For further information about this technique. the reader is referred o
the work of Coad and Yourdon [Coad91a, Coad91b].

Information Modeling. Simiiar to object-onented analysis. informaton
modeling us developed by Shiaer and Meilor |Shlaer®8] provides a set of concepts
which can be used in the examination of 4 problem domain. [t also provides a set of
questions for westng the validity of a cundidate class and u ser of diagrams to aid in the
formalization of analysis resuits. [t also attempts 1o address the 1ssue of inhentance
with 4 set of entity-refationship diagrams. Finaily, it provides greater support in
attribute discovery.

Informanon modeling provides several concepts 1o aid with object formauon:
these include wngible things. roles. incidents. interactions. and specification objects.
Tangible things are cupable uf being touched. Roles are functons that define a
particular object, Incidents arc used o represent an occurrence o a specilic event.
[nteraetions, or interacuon objects, generally have o "mansaction” or “contract” quality.
and relate objects in the model. Specificanon objects have the quality of a standard or a
definition of other objects.

Upon obtaining 4 set of candidate clusses. a written description of each class is
made. The description consists of o name and a short. informative statement. This



staternent allows one o determine whether a particubiar real world entity is an instance of
the class as conceptualized. Once descriptions huve been written for each class. they
are tested for validity using a series of ests: The uniformity test requires each instance
of a class to have the same characteristics and to be subject w the same rules, The
more-than-g-name test states that if a candidate class has no atnbutes and no
charactenistes other than its name, it is probably not a class but an auribute. The OR
test states tharif the ¢lass description uses the word "or” in a significant way, then it is
probabiy not a class but a group of classes, Finally, the more-than-a-list test states that
if the class description is merely 4 list of all the specific instances, it is probably not a
class.

Once the user has written desenptions of each candidate class, the process of
attmibute definition is initlated. The Shlaer and Mellor method of object decomposition
15 more helpful than the Coad and Yourdon method in the creation of attributes. Unlike
many of the methods presented in this chapter. this rechnique places great emphasis on
what should be and should not be an atribute. For example. the authors state that
atributes should be murually independent in order 1o prevent conflicting internal state
vilues. They should be complete enough to express all possible internal states of the
clags. They should also capture separate aspects of the object abstracdon. Each
atribute, like each class, is given a description, This description consists of a short
statement of purpose for the attribute and a specification of the domain or range of
vilues that a given atrribute might have, The domiin of un atribute can be specified by
enumeration. cianon, acceprance rules. range. "samie.as”, orusing 4 special "see
above" explanaton.

Once all armbure descriptions hitve been written. the user begins descnibing the
relationships of the classes o one ancther through the use of graphic and text diagrams.
These diagrams. in order of use. are: Information Structure Design (an entity-
relationship diagram with attnbutes included - figure 2.2), Overview Information
Structure Design (another entity-relationship diagram without attributes - figure 2.3,
Chject Specificaton Document Gl class and attmbute deseriptions), Relanonship
Specification Document (indicates all relationships), and Summary Specifications
Hindicates all atmbuates. methods, and relationshipsi.

Like Coad and Yourdon, Shider and Mellor provide u set of diagrams in an
dtempt o formalize 4 description of the resulting class structure, but offer Little
gurdance for the actual determination of cliss sirueture, Further, there is little guidance

for methed discovery.
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Information Structure Design [Shlaer88]
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Figure 2.3
Overview [nformation Structure Design [Shlaer88)

Text Analvsis Methods

Unlike the guidance methods presented above, text analysis methods require the
user 1o examine text descriptions of both the problem domain and a solution strategy.
Nouns and verbs within the text descriptions are identified and mapped to objects and
methods. A number of similar techniques are available. Rather than present each one
individually, they are presented as a composite with atmbutes unigue to a particular
technique noted.

This method, first proposed by Abbott [Abbon83], requires the user to state the
problem in clear, ranscribed English. The user then reads the textual description of the
problem and extracts candidate objects and methods from the nouns and verbs used in
the problem description. This technique was minimally expanded by Booch for Ada
users [Booch91a] while Sincovec and Wiener added the use of modular design chars
[SincovecS84l.

This kind of tecimique typically consists of three iterative phases. In the first
phase, an informal textual description of the problem domain and the solution strategy
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i5 developed. The deseription of the solution strategy used to solve the problem must
use the same terminology as that found in the deseription of the problem domain.
Upon completing the two informal descriptions, the textual description of the solution
strategy is formalized. During this second phase, the user identifies data types, objects,
operators, and control constructs within the text description. Common nouns become
candidate classes. Proper nouns and direct references become candidartes for instances
of a class. Verbs, predicates, or descriptive expressions become candidates for
methods. Adjectives become candidates for atributes. Control structures are often
implied by the structure of the English deseniption. During the identification of these
clements, the original text descriptions may be refined. The final phase consists of the
segregation of the discovered classes, attributes. and methods into two groups: those
that formalize the problem domain and those that formalize the solution strategy, The
elements placed into the latter group constitute the classes to be implemented.

As Abbott and Booch point out, this is really an iterative process [Booch83].
Neither believes that the process of formalization in the sécond phase is so mechanical
as to make the transtormations automatic. As the user formalizes the classes, methods,
and atributes discovered through this process. additional items emerge. Often, these
newly discovered items have no corresponding noun. verb, or adjective in either the
problem description or the solution strategy. Furthermore, it is often difficult to
formalize some language bevond a certuin point.  Abbott concedes that some
transformations can be difficult.

An advantage of this technique is that users can determine how formal 1o make
the problem and strategy descriptions. For exampie, Abbott asks the user o
distinguish between common nouns, proper nouns, direct references, mass nouns. and
noun phrases. The user is given formal guidance on handling verbs, attributes.
predicates, and descriptive expressions. Although this technique is inidally
intimidating, most users are adequately adept at the identification of nouns, verbs, and
adjectives, to use it effectively. Moreover, users cun decide the level of formality they
wish 1o use. One potential disadvantage of this fTexibility occurs when group members
and chients disagree as to how formal to make descriptions and ransformations.

Another potential problem with this technigue involves the relationship between
linguage and thought. Since language and thought are intertwined. the words chosen
i describe a problem domain are often a good wiy © communicate a problem to
others. The words. therefore. can be extremely valuable as class, method, and auribute

names. Frequently, however. conceptual probiems expressed in words do not closely



parallel the original problem and dependence on a specific description may preclude a
superior solution based on a different intuitive foundanon.

An additonal difficulty with this technigue involves the imprecision of human
language [Ladden89]. Many of the definitions of common nouns and verbs are
difficult to articulate. Addinonally, nouns are often applied to concepts that are not
fullv formed. Nouns ure used 10 express such intangible entities as mass, units of
measure, and other elusive concepts. Henderson-Sellers and Constantine
[Henderson91| offer the example of TextEditor, a noun whose semantics encompass
both an abstract noun und an operation, While techniques are provided for
distinguishing between these different tvpes of nouns, confusion about how to handle
even the most common cases accurs readily, Ladden argues that this technique
"inherently lacks nigor due 10 the impreciseness of the English language.”

Unlike the guideline methods presented in the previous section, this technique
provides a more formal method of object discovery. Rather than suggesting a set of
concepts by which a problem domain may be examined. a set of formal transformations
in finding classes. auributes. and methods through the process of identifying the
components of sentences, are provided. This ability makes it noteworthy and itis
unfortunate that the entities to which this formal set of mansformation are applied are so
unavoidably ambiguous. Although Sincovec and Wiener have added the use of
diagrams in an effort to further formalize the technigue, they do not appear 1o address
the issue of inheritance. This may be due to the authors’ emphasis on the Ada

programming language,

Res ibilitv-Diriven Merhod

This group of metheds 15 the most poorly defined. All of them decompose a
problem domain according to the responsibilities of entities within it. Three response-
driven methods are discussed below: responsibilitv-driven design. CRC cards. and
play acting.

Responsibility-Dnven Design. Of the methods described in this section, Wirfs-
Brock's Responsibilitv-Dnven Design 15 the most rormal | Wirfs¥(0a). In this
techmgue. the problem domuun s examined tor client/server relationships, and the client
and server entities are iransformed into objects, 11 is argued that this approach
maxtrnizes information hiding and encapsulation by deferring implementation issues
untii after 2 model of clusses and thetr interactions is in place. [t is also asserred that by

focusing on object behavior. rather than object structure, rework is minimized. The



process 1s divided into two phases: the exploration phase and the hierarchy construction
phase.

The exploration phase involves three steps. First, the user determines an initial
set of candidate classes and atributes, by extracting the nouns and adjectives within a
text description. Although these elements are found through text analysis, it is not the
most noteworthy characteristic of this technique for object discovery. In step two,
responsibilities within the system are assigned o ¢lusses that contain related
information. Discovered responsibilities are evenly distributed across all ¢lasses within
the system. In step three, the responsibilities for each class are examined, and the
classes which are needed for collaboration in order to fulfill each responsibility are
determined. A card is used to describe the responsibilities and collaborators for each
class. These cards were originally proposed by Cunningham and Beck [Beck89| and
are discussed below.

The hierarchy construction phase also involves three steps. First, the methods
are placed as high as possible within the hierarchy. “Contracts” are then developed
between classes. A contract is an agreement between two classes and specifies what
types of requests a client may make and how the server should respond to each request.
The concept of a contract has its roots in the client/server model and is helpful in
specifyving the actions for which an entity is responsible. [t is also helpful in
determining what information a given entity shares. Secondly, a collaboration graph
for the system of classes is created. The colluboration graph is used to identify those
groups of classes that interact in a frequent and complex manner. These groups of
classes are designated as subsystems, Classes within a subsystem should be strongly
interdependent and support a small and strongly cohesive set of responsibilities. The
coneept of 4 subsystem 1s-similar to Coad and Yourdon's Subjects concept, and can be
helptul in making a svsem with a large number of classes more comprehensible The
collaboration graph 15 ulso used to identify areus where encapsulation is violated and in
detenmining refationsnips that are unnecessarily complex. Finally, design specifications
tor classes, subsystems and conmracts are written and the signatures for all methods are
specified,

A weakness of this method is that the user 15 provided very little guidance for its
use, One poential advantage w this weehnigue is it 1L mmay provide for more
comprehensible abstractions. Specifically, it emphasizes the dynamic relationships of
classes rather than the staue relationships that many object decomposition echniques
emphasize [Fichman®] and this emphasis may result in more comprehensible

abstractions. However. this conclusion is highly speculative,



CRC Cards. Class, Responsibility, and Collaboration (CRC) Cards were
developed by Cunningham and Beck [Beck89, Cunninghamg6] in an attempt to teach
the basic concepts of object-oriented analysis and design to novices. This method
consists of three steps. First, the user determines a couple of the "obvious” entites of
the problem domain using any available method. In the second step, a CRC card is
created for each entity by dividing a 4 by 6 inch card into three regions (figure 2.4).

A—mﬂt- Transaction
Keeps balance RemoteDB
and traffic.
Danzacion. CardReader
Validate & perform Dispanser
maney. Sansier. RemoateD8
| Keep audit info. Action
Account
Figure 2.4

CRC Cards | Beck89]

The first region is designated for a class name. The user must determine an
appropriate name for the class although the methed provides no assistance in this task.
The responsibilities of a class, stated in short verb phrases, are listed in the second
region. Collaborators are listed in the third region. Collaborators are other classes of
objects with which the given class of objects must interact in order to accomplish their
responsibilities. )

Upon completing the cards, the user presents a number of "what-if" scenarios
related to the problem domain. These scenarios involve the classes already created, as
represented by their corresponding CRC cards. When a scenario calls for a
responsibility that 18 not covered by one of the classes already created, that
responsibility must either be added to one of the existung classes, or a new class, and
new CRC card, must be created that can address the new responsibility. In this

manner, the decompagitian of a problem domain progresses from the knowns to the
unknowns.



Cine of the benefits of this method is that 4 user can quickly determine whether a
class is becoming too "clutiered” with responsibilities and collaborators by examining
the lists on a given card. If an object interacts "too much™ with other objects, it is
probably due to poor design |Beck®Y|. Excessive numbers of responsibilities may be
suggestive of a poorly defined class, in which case it must be broken into components
with the responsibilities dismbuted among them.

Another advantage is that the cards can be held by the user as physical entities.
The authors of this merthod argue that this makes objects more "real” 4 novice and
facilitates thought about responsibility and collaboration. The authors demonstrate this
ability in the following:

We had videotaped experienced designers working out a problem [..]. Our
cameras’ placement made cards and the designers’ hands visible but not the
writing on the cards. Viewers of the tape had no rouble following the
development and often asked thar the tape be stopped so that they could express
their opinions. The most telling moments came when a viewer's explanation
required that he point to a blurry card in the frozen image of the screen
[Becks9].

Another advantage of this method 15 that the cards can be placed on a wable or
wall within spatal relanon o each another 1o indicate is-a, part-of, client-of, and server-
of relationships. As refinement progresses, cards can easily be added, updated, or
discarded, The authors have stited that the ability to see cards spatially has revealed
holes within the decomposition. Thev report designers repeatedly referring 1o cards
they intend to write by pointing to where they will put them when completed.

Although this methed does not claim to be & complete methodology, it has been
used successtully by a number of individuals and has been incorporated into other.
more complete techniques. such as Wirfs-Brock's responsibility-driven approach.
Unlike the diagrams used by other methods: CRC cards are not static and more
prainstorming may result. Because the method provides litle support for-inheritance or
for the generation of the scenurios used in the third step. its use as a tool to be
meorporated into other, more comprehensive methods may prove the most beneficial.

Play Acring Play ucting involves members of an object decomposition team
pretending 0 be instances of classés which they tre attempting to refine. A person
agempting W understand the purpose or responsibility of a class acts our 4 scenario
highlighting the responsibility in question with another member. For example, a group
member attempting to determine i responsibility of 4 TextEditor may tum o a member

and say. "OK. I'm a test editor and you are the disk management module. If T give vou
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a tag identifier, am [ responsible for the formut of that tag, or are you? Or maybe the
tag should be responsibie for itself.” The person addressed might then respond, "I
think that should be the tag's responsibility. | shouldn't know anvthing about tag
formars.”

In this exchange of words, people frequently gesture with hands to portray the
passing of informanon [tom one object |person) w unother object (another person ).
rrequently, the people invaived will address the other people us the class with which
they want the other person to be identified, [n this manner, the person becomes an
instance of a class.

The method of play acting is the most informal of all the responsibility-driven
methods. It provides no mechanism for object discovery, no notation for expressing a
swstemn of classes, and no facilites for inhentance. With a few modifications, if could
probably be used for precess-oriented decomposition. However, play acting has
demonstrated its usefulness. It can be very helpful in the refinement of classes already
discovered. Addinonally, the behavier of play acting has been observed frequently in
group members of object decomposition teams, Like CRC cards, this technique is

probably most helpful when incorporated into other methaods.

ion Methods
Structured analysis extraction methods all involve two distinet phases. In the

Structured Analvsis Ex

first phase, structured analysis and design rechmiques are applied to a problem domain.
[n the second phase. the results of the first phase are transformed n order 10 extract the
Information necessary 1o ¢reate an object-oriented design specificaton.

There are a great number of techniques of this stvle available. This section
examines a few of them. The techniques reviewsd are Object Oriented Requirements
Specification Method | Bailing9], Object Oriented Design [Seidewitz86], and Object
Oriented Structured Design Method [Wasserman8®], These methods provide a good
cross-section for this style of methodology. For un insightful discussion on the
mregration of soructured and object-orented dnafvsis and design techniques, see

| HendersonU1].

specificanon. This methed, first proposed by
Budin | Bailin8Y. Ward89|, depends on structured analysis und design techniques to
create 4 setof daw-flow diagrams desenbing the problem domain. Classes are
extracted trom the data-tlow diagrums and used to construet an entity-relationship
diagram. This entitv-relationship diagram is used o indicate clusses and their

relationships and is helpful in finding opportunities for inheritance aithough it does not



provide any formal assistance in this task. Although the methodology offers little
concerning the discovery of classes, it does provide a mechamsm for refining classes.

This method consists of seven iterative steps, The seven steps are divided into
two phases; the first phase (steps | - 3) determines an initial set of candidate classes; the
second phase (steps 4 - 7) refines those candidate classes and adds additional classes
when approprie.

In the tirs: step, Kev probicm domain classes are wenufied by creating dawtiow
diagrams and extracting the nouns from the process names. These names are used us
candidate classes. In step two, actve classes are distinguished from passive classes.
Active classes possess operations that describe system requirements. Passive classes
possess operations which can be deferred until the design phase. This is an important
but somewhat ambiguous distinction. During step three. dataflows are established
between active classes by constructing an object-dutaflow diagram (called Entity
Dataflow Diagrams) where active classes becomes process nodes and passive classes
become etther dataflows or data stores.

In the second phase, classes and their methods are decomposed into sub-classes
and sub-methods. A class is composed of sub-¢lasses if the methods of a given class
define a set of classes, New object data-flow dingrams are recursively created for each
sub-class identified. In step five, the object duta-Flow diagrams are examined to verify
that all methods are addressed by existing classes. If not, new classes may be required.
In step six, all methods that are performed by or on new classes are identified. Classes
mayv be redesignared as active or passive at this point. In step seven, all classes are
relegated 1o a specific applicaton domain. Domains are collections of collaborating
classes, These individual domains are then represented by an entity-relationship
diagram that can be used to help specify clisses and thelr interactions and for giving an
overview of the sysiem.

This method offers litle guidance for the discovery of an initial set of classes.

It does, however. provide two tests which the user can employ to help refine classes.
The first deiermines whether every known funcuional reguirement 15 met by one of the
emtines. The second delermunes whether the internal stue of the svstem is adequately
represented by the states of the entites. The manner by which this information is
determined 15 not explained.

One disadvantige 1o (his system s that it fails 10 effectively incorporate the
concept of inheritance. The enuty-relationship diugrams produced in step seven can be
helpful even though the merhod does not provide anv guidance for this process.
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Abstraction Analysis. This technique, proposed by Seidewitz and Stark
[Seidewitz86], uses abstraction analysis to transform structured analysis results into a
diagram from which classes, objects, and their relationships can be extracted. Like
Bailin's Object Oriented Requirements Specification method, this technique begins with
the description of a problem domain as u set of data-flow diagrams. Entities within the
diagram are identified and transformed into objects through the process of abstraction
analysis.

Abstraction analysis consists of three phases. During the first phase, the data-
flow diagram 1s examined for a "central entity”. A cenmal entity is defined as the
abstraction that best represents the system being decomposed. To locate the central
entity, the user examines the data-flow dingram lor 4 set of processes and data stores
that are "the most abstract”.

In the second phase, enutes thar support the central entity are identified by
following the data flows away from the central ennity. The processes and data flows
that emanate from the central entity are then grouped together in supporting entities.
The data-flows emanating from the supporting entities are then examined in a similar
manner. This process is repeated until all processes and data stores are associated with
an entity, When all entties have been determined. they are placed within an entity
eraph.

In the third phase, entities are transformed into classes. These classes are
further refined by dividing or combining the entities identified into a set of classes that
balance the levels of abstraction with complexity of design. This method provides no
formal mechanism for achieving this refinement. [t is also during this phase that the
operations provided and used by gach class are defined. These operations are identified
by examining the processes that were incorporuted into those entities found during the
second phase.

This technique. like Bailin's method described above, provides a more formal
mechanism for object di:;:::ov::ry and refinement. Unfortunately, this method abandons
its formality during the crucial first and second phases when the processes and data
stores are combined into central and supporting enuties. Like many object-oriented
wechnigues, this method simply provides the user with a set of guidelines for

determiming the types of abstractions that are best suired 1o object-onented

programming.
Obiect Onented Soucmired Design. It was the intention of Wasserman, Pircher,

and Muller 10 create a design methodology that could be used for both structured and

object-oriented programming [Wasserman®9)]. The result was not a mechanism for



performing decomposition but a set of notations for expressing decompositions. A
series of object-oriented structure charts are used to express objects, classes, methods,
instantation, exception handling, inheritance, and concurrency.

Using Structured Design as a base, this method begins with a diagram created
as the end result of structured analysis and design. This diagram is used to indicate
modules and their interconnections as well as their calling structures and parameter
passing. Classes are indicated simuilarly to processes. To differentiate classes from
other processes within the diagram, the rectangles representng classes are modified to
indicate the methods defining a class's interface and its instance variables (figure 2.5a).
Instantiation is indicated in a similar fashion, Thick arrows can be placed between
modules to indicate visibility, a term intended to mean that the compilation of one
module depends upon the compilation of another module.

Inheritance relationships are indicated with thick arrows that emanate from the
superclass and point to the subclass, In order to distinguish inheritance from visibility,
the superclass's rectangle is dashed (figure 2.5b).
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Figure 2.5
Object Oniented Structured Design Example [Wasserman89]

This "method" provides a set of formal notations for describing different styles
of decompositdon, but it provides no mechanism for object discovery or refinement.
Similar to the CRC cards described previously. this notation is probably best used as a

100l for other analysis and design methods.
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The advantages of the modified structured techniques are easier to understand
than their potential disadvantages. One advantage is that they require little or no
retratning of those individuals who already use them. Another advantage 1s that many
of them are quite formal and can be used to validate system requirements
|deChampeaux¥1|. This s imporant in large projects, where different individuals are
responsible for the development of components thar must be integrated into a larger
svstem. It is also imponant for svstems whose correctness and reliability is of a more
critical natre (ie. life support systems, surgical guidance systems, elevator conmols,
heavy equipment control svstems, ete.), Formality is also important when presenting
analysis results o ¢lients in order o verify thar the clients’ or reviewers' needs have
been miet [LiskovT5].

The potential disadvantages, however, are numerous, Some argue that object-
oriented programming is 4 fundamenially different programming strategy [Gibson91.
Henderson91]. Given that structured techniques emphasize processes and the
interactions among processes. they may not provide the necessary information for
object-oriented programming [Booch86, deChampeaux9)]. Some believe that the use
of structured techniques will further discourage the user from addressing the technical
and conceptual difficulties presented in Chapter 2. These problems include a tendency
to map procedural abstractions directly into object absractions |[OShea86] and the
tendency to focus on data rather than on processes [Beck89). Additonally, it is argued
that most structured techniques do not address the issues of data abstraction and
information hiding and are not responsive to changes in the problem space [Booch86].
Moreover. few of the modified structured rechmques uddress inheritance. Based on
these weaknesses. many conclude that object-oriented code produced with structured
analysis and design rechnigues does not adequately employ inheritance or allow for
rapid development and will not be easily modifiable or comprehensible |Gibson91 .

It has also been argued that object-onented programming more closely mirrors
the actual world | BoochB6. Goldberg®3| and thar object-oniented techniques are.
therefore, more intuitive. easier to learn, and more responsive to changes in the
problem domain, Rosson. however. points out thut no formal analysis supports these
clatms |Rossond9|, Additonadly, it 1s argued that vhiect-oriented rechniques better
dddress the issues of encapsulation and da hiding. making code produced with these
wechniques easier to understand and simplifving maintenance.

On the other hund. many have argued that purely object-onented analysis and

design techniques are rare and thar those thar do exist are <eriously lacking in formality



[Wilson8s]. Most have no formal notation, do not cover the endre life-cycle, are not as
ngorous or comprehensive as their more siructured counterparts [deChampeaux91,
Ladden89]. Due to this lack of formality, it is impossible to validate systems against
requirements. Industry standards are lacking on object-oriented analysis and design
techniques and are, therefore, likely o change. Surprsingly few object-oriented
techniques address inheritance |GrssY1]. [n additon. most object-oriented
methodologies have little 1 say about reuse and usvally assume a clean slate when
beginning an analysis or design activiey [Griss9 1], Because of this, potental reuse of
analysis and design results 15 lost.

Another group of individuals believe that stuctured and object-oriented
techniques can be integrated. Because there are so many different structured analvsis
and design techniques. it 15 impossible to make general statements, Individual
techniques must be exumined [Ward89|, Henderson and Constantine suggest using
striet object-onented technigues to determine ¢lasses and therr relationships and then
developing the methods for those classes using structured techniques [Henderson91],
Seidewitz and Stark suggest that structured analysis should first be used to develop the
specification of a system and then abstraction analysis can be applied to make the

ransition to an object-oriented design [Seidewitz#6].

:EH!T T

Many claim that the informality of object oriented decompositon methods
prevents them from being effective for lurge projects and that structured analysis and
design technigues should be used. There are two levels of formalitv being sressed in
these arguments. The firstis a formality of notation for expressing the results of
design. The second level is the formality of the mechanism for decomposing 4 problem
domain into a set of classes. While 1t 1s mue that all of the object oriented methods for
transforming the problem domain are informal. cliims that process-oriented analysis
and design rechnigques are more formid are weak. Of those process-onented rechmgues
investigated, ali fail 1o provide an algonthm for decompesing a domain into a set of
prokess-abstractons,  What neuristics they do provide are little more than advice and
wests which can be applied 10 a candidate decomposinon. This fatiure mayv not be
acknowiedged due to the tamilianiy of process-onented programming. Most
programmers ure so indoeminated in structured programming that they forgert that
decomposition is inherently ambiguous and that o set of rules cannot. in itself. claim to

reduce 4 problem to a superior set of abstrictions,



On the other hand. the structured analysis and design techniques do appear 1o be
superior in their formality of expression. Structured programming has existed for
many vears and has the benefit of numercus formal noations. It seemns obvious that
the lack of such formal tols for object-oriented programming will be solved over tume.
Indeed, the notation provided by Wiasserman, Pircher, and Muller seems 1o be a siep in
this direction.

The fact that none of the object-oriented techniques presented in this chapter

adequately addresses inheritance or the issue of maintenance is, however, a real failing.



Chapter Three:
INHERITANCE AND REUSE

Inhenitance is a powerful mechanism that supoorts polymorphism. It also
provides the ability 1o define abstract data types in terms of other data types and places
them within a hierarchical structure. This chapter shows that inheritance can be difficult
o use effecuvely due to conceprual and technical problems. It also shows that the
relationship between inheritance and reuse is ambiguous.

Open issues related to inheritance and reuse are discussed in this chapter. First,
several potential candidates for reuse are identified. Next, a number of techniques
related 1o object-oriented programming that help users reuse code are discussed. These
include delegation, genencity, conformance, enhancement, and inheritance. Inheritance
15 then discussed in greater detail, with particular emphasis on the issues that can make
its effective use difficult. Finally, the advantiges and disadvantages of single and
multiple inheritance are outlined.

According to Jones, only 15 percent of new code serves an original purpose
[Jones84]. Many individuals initially approach object-oriented programming with the
expectation that it will result in more reuse of code und shorten the development cycle.
While it is true that object-oriented programming has this potential, there is no
guarantee that more reuse will occur in the long term. Furthermore, object-oriented
programming does not address many other types of reuse. Reuse can also include code
templates and libraries. Cutting and pasting segments of code from one place to
another can be done, although many argue that this form of reuse propagates errors
|'Wybolt90]. Others argue that the design of class interfaces should be reused as thev
are often more important than the classes, themselves [Gnss91, Yakemovic90], There
are many products of analvsis and design that are potenual candidates for reuse. These
include specifications, requirements, and diagrams. Additonally, the transference of
personnel from project 10 project is a form of reuse | Meyer87]. The term reuse, in the
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object-oriented programming world, refers to a very limited form of its more general
meaning and only addresses the reuse of code [Lewis91].

Reuse of Code

There is a great deal of evidence that object-oriented programming and reuse
increase productivity, Lewis. Henry, Kafura, and Schulman [Lewis91] conducted a
formal study and found that object-oriented programming substantially improved
producuvity. The authors conclude that a significant portion of this productivity was
due to reuse and that object-oriented programming provides for greater reuse than
process-oriented programming, Wybolt cluims that new software products created
through the mechanism of inheritance allowed for a code savings of 85 percent over
process-oriented solutions [Wybolt90|, Such claims are common although others claim
that these levels of reuse are rare but can be duplicated if the practice of reuse is
encouraged [WoodfieldR7].

Code reuse has been suggested as a way of obtaining faster prototyping through
less work. The following mechanisms provide greater flexibility in the creation of
encapsulated entities based upon those previously defined and-in implementing the

concept of polvmorphism. Both of these provisions can lead to greater code reuse.

Delegaton

Delegation is used in both class-based and non-class-based object-oriented
languages. In most languages that support delegation. objects are defined by stating
how they differ from protwtype objects. The prototype objects encapsulate default
behavior. When an object recetves a message, it either performs the requested action or
delegates a prototype object to accept the requesi. Delegation differs from inheritance in
that determining which prototype should accepr o request is a dvnamic process.
whereas inheritance 15 stane. For example. it an ohject is defined from several
prototypes. each of which possesses a method numed methedX, an object can decide
dynamically which prototype shouid receive the request. No such mechanism is
available in inhentance, Some claim that delegation can simulate inheritance by
disallowing dynamic delegauon and that inheritance cannot be made to simulate

delegarion, thus making delegation the more powerful consiruct [ Booch91a,



Lieberman86, Wegnersd7, Blair89]. While more flexible than inheritance, the use of
delegation may result in objects whose behavior is more difficult to predict and control.

Cenbrlciry

While genericity is not strictly an object-oriented technique, it is frequently used
in conjuncuon with object-oriented programming languages. Many assert that it
provides better reusability and extendibility. Genencity provides for the creation of
procedures and methods that can operate on several different types of objects. This is
accomplished by specifving the "type” of the objects as a parameter to the procedure or
method, allowing it to operate correctly on the other parameters and, thus, simulate
polymorphism. A proposed strength of genericity 15 that it seeks to remove the burden
of type checking, binding, and behavior sharing from inheritance [Blair89]. It is often
used to make untyped languages more robust and strongly typed languages more
flexible. Mever argues that since genericity can be simulated by inheritance but not
vice-versa, inheritance s a4 more powerful mechanism [Meyer86].

anformance ; i4n

Conformance 15 0 mechanism used in some ¢lass-based programming languages
to implicitdy derive a class hierarchy and, through enhancement, provide
polymorphism. Under this system, classes that "conform” to other classes can reuse
methods defined by those classes. A set of rules is used to indicate whether one class
conforms o another. A class P conforms to class Q if P provides all of the methods
defined by Q. Each method argument and return value defined under P must also
confonm to those arguments and return values detined under the equivalent method of
(. Finally, the arguments and return values of € must conform to those of P,

While conformance does not provide coxle sharing. the additional mechanism of
enhancement allows conforming classes to indicate which class contains the shared
code. When used in combinatien, these mechanisms impose a class hierarchy and
provide polvmorphism. For more information on these mechanisms, readers are
directed o the work ot Black. Hutchinson. Levy, Carter | Black87], and Hom
[ Horms7],

nnentani:e
Inhentance is the most popular mechanism lor polvmorphism and code reuse in
class-based object-onented programnung languages. It supports the creation of classes

through the "modification” of other pre-existing ¢lasses, Modificatons can be
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expansions and/or contractions of pre-existing classes. This allows users to "borrow”
auributes and methods from superclasses and o modify those attributes and methods o
suit the needs of the newly defined class without affecting the superclasses.

The hierarchy created through the mechanism of inheritance provides
pelymorphism because it helps to ensure that subclasses of a particular class can
respond to a particular message defined under that class. This stems from the fact that
classes inherit methods defined under superclasses, While a class is allowed to
redefine a message, most ohject-oriented programming languages do not allow a class
to ignore an inherited message.

Both polymorphism and inhentance have been simulated using structured
programming languages. This is generally done by abstract data types keeping track of
arrays of pointers to functions. When an abstract dura type receives a message, the
array of pointers associared with it is examined, [f the appropriate function resides in
the array, it is invoked. If the function does not exist, a pointer is followed to an
abstract data tvpe that represents a parent of that type and its armay of function pointers
is examined. Because this technique is prone to error. few people use it. The
mechanism of inheritance greatly simplifies this stvle of programming by removing
from the programmer any responsibility to keep track of function and superclass
pointers.

Why Inheritance is Difficult

Although inheritance has been used successfully, it still has not provided the
ievel of reuse that proponents originally claimed. Many novices find inheritance to be a
difficult mechanism to use effectively. There are a number of reasons why inheritance
is difficult. These include the following: inadequate suppon for inheritance by object
decomposition methods, the conflict between inhenting for definition and inheriting for
reuse, the conflict between inheritance and dat hiding, the conflict between
generalization and specialization, and a number of other issues orthogonal to object-

oriented programming. Each of these issues will be discussed in the following

SECLIONS.

Most techniques for object decomposition do nor address inheritance. Those
methods that do provide mechanisms for discovering or expressing inheritance

relationships are inadequate. Because of this, programmers often atempt to ascertain



inheritance relationships using informal and ambiguous methods. This can result in

hierarchies that are difficult 1o understand and reuse.

Two common reasons to use inheritance are at times in contlict [Wirfs90a|. For
example. a user may define a new class by inheriting from another class to reuse the
methods defined under the pre-existuing class. The user inherits with less regard 1o
“program structure”, differences in class responsibilities, or levels of abstraction within
the inherited classes. Reuse of code is the overriding factor in determining from which
¢lasses to inherit. This form of inheritance i1s more frequently found in languages that
support multiple inheritance but is also found in single inheritance examples. Itis often
referred o as inheriting for reuse. Proponents of this type of inheritance claim that it
maximizes reuse [Meyer88], Some point out that this form of inheritance may
encourage subclasses that may not be compatible with ancestors and may change
method arguments making inherited methods incorrectly typed [Johnson89]. Sull
others argue that the end result of inheritance for reuse is a class hierarchy that is
impossible to understand, maintain, or reuse. Others assert that inheritance for reuse is
difficult because it is unclear which behaviors of 1 ¢lass are "essential” and should not
be redefined among subclasses [ Stemple&Y].

Inheritance is most frequently used to indicate an is-a relationship between a
new class and a pre-existing class. Here, the purpose is to inherit the anributes and
methods from a given class to indicate similurity between the two classes [Korson90)].
This is often referred 1o as inhenung for definition, One viewpoint argues that coherent
and well souctured class hierarchies are the primary factor behind maximum reuse
[Coggins93]. They argue that the prmary benetit of inheritance 1§ not reuse, but
modulanity and understandability [Micallet8%]. which is more likely to arise from
inheritance for definition. Coggins states that the chief contribution of object-oriented
programming is not reuse, but raising the level of ubstraction implemented in libraries
10 a level where clients can effecnvely contribute to the design of the software they need
[Cogginst0a). One implication of this view is that undue emphasis is placed on the
reuse of code.

Unfortunately, both ol these technigues are frequently used in conjunction, in
spite of the fact that their principles are contradictory, The conflict between the
technical goal of maximizing reuse and the conceptual goal of a creating a conceptually

ntuitive hierarchy produces class hierarchies that are difficult 1o comprehend. Eriksson



sugeests splitting the mechanism of inheritance into two mechanisms; one supporting
inheritance for definition, and the other supporting inheritance for reuse | Eriksson90)].

The greatest ditficulty in the effective use of inheritance likely arises from the
contlict berween inheritance and encapsulation. Through data hiding, encapsulation
helps create a system that is easier to understand and maintain. Data hiding minimizes
dependencies among classes. Inheritance allows descendent classes 1o rely on the
implementation of ancestor classes. Many object-oriented programming languages
allow descendent classes to directly reference instance variables within ancestor classes,
call private operations on ancestor classes, and refer directly to superclasses of their
parent classes [Liskova7|. These abilities are what gives inheritance its power, Many
feel it is also a liability. According to Booch | Booch91a],

There is o very real iension between inheritance and encapsulation. To a large

degree, the use of inheritance exposes some of the secrets of an inherited class.

Practically, this means that to understand the meaning of a particular class, vou
must study all of i1s superclisses, sometumes including their inside views.

An is-a relationship 1s a "contract” between an ancestor and a descendant. It
restricts the kind of changes the designer of an ancestor class can make. Renaming.
removing, or reinterpreting an instance variable or method can adversely affect
descendants [MicallefS8]. Many argue that as classes evolve [Scharenberg91], making
such changes becomes more difficult. As concepual modifications are made to classes.
the 1s-a relationships between descendants and ancestors may be altered, causing
unexpected behavior in descendent classes |Stemple8%]. For those whose primary goal
1s inheritance for reuse, there is the additional issue of implementation evolution. When
the reuse ol a particular implementation is the primary goal for inheriting from a class,
descendent classes may behave unpredictably when that implementation is alered.

Others argue that inheritance compromises encapsulation by scattering related
functons among ancestors and descendants, creanng unnatural dependencies
[WeboltH)]. A number of ruies have been proposed o help minimize the dependencies
barween ancestors and descendants. These miles senerally treat ancestors and
descendants as unrelaed classes man atempt o nsulate descendants from the
evolution of ancestors, One of the more common sets of rules 18 known as the Law of
Demeter. The stronger version of this law states that, for all classes C and all methods
M anached 1w C, all obiects o which C sends i message must be instances of the
argument classes of M (including C) or the “explicit” instance variables of C. This

prevents classes from directly referencing mherited instance variables.  Instead.



inherited instance varinbles must be accessed through methods provided by ancestors.
Thus, if an instance variable name in an ancestor is changed or it is removed 10
determine the value dynamically, descendant classes would not be affected. For more
information, refer to | Lieberherrds, Licberherr®Y, Sakkinen8, Snyderi6).

lizanon and

Class merarchies typically have more general classes owards the top of the
hierarchy and more specific classes owards the bottom, In the construction of a
hierarchy, the designer must frequently balance immediate usage needs of a class,
which are usually more specific. with the more general need of ensuring the ease of
reuse of that class at a future time. Associated to this conflict is the conflict between
inheriting a few "large" clusses and many “smuller” classes. While more general
classes and abstract classes may be important in defining interfaces for descendants and
easier to reuse. there potential for reuse may be small when compared to larger, more
specific classes. This is used as an argument by some for top-down design. The
opposing argument is that more specific classes are harder 1o reuse and that bottom-up
design should be used 1o ensure smaller, more general, and more reusable classes, It is
unknown which technique has greater potential for reuse.

Determining how general or specific to make a class can be difficult. Beck
points out that a minor modification to an ancestor class may eliminate the need for
many descendent classes but it may also alter the levels of abstraction for a hierarchy
and make it more difficult to understand | Beck8#% ). Mever argues that it is impossibie
10 derect commonalities early enough 1© move them to the proper classes within the
hierarchy and that developers must resign themselves 10 accasional reorganizations of
the hierarchy [ Meyerd(l].

In an effont to resolve this 1ssue. some huve emphasized the distinction berween
abstract classes that are defined soiely to be subclussed but are not instantiated. and
classes that are instantisted but never subclassed. Others advocate abstract classes that
are not instantated. but do not insist that instantiated classes are not subclassed. These
general classes are used as “contracts” between denved classes and users {Rao93].
Subelusses of these abstract classes must tul il all requirements detined under the
abstract classes. Many have argued that absiract clusses cin be more easily reused and

are often more valuabie than the implementaton underlving these contracts [Griss91].



SSUES yaonal ] i ing

When object decomposition and inheritance have been done "properly”, or at
least consistently, there are still a number of issues that can negatively impact the use of
inheritance. These issues were onginally raised in the structured programming world
and remain unresolved. Most object-oriented methodologies never address these
issues, These include the error handling, argument validation, composite object
handling, control and communication, group and compound operations, and a number
of "stylistic” issues.

Eror Handling. Error hundling refers to how a particular object or process
responds to errors. There are a variety of ways that an error can be handled and no
single way has emerged as the clearly superior method. Although a standard, non-
resumptive exception mechanism currently exisis in C++, few languages have
addressed the issue of error handling. This can seriously limit the collaboration
between classes and the amount of reuse. Classes may provide for similar levels of
abstraction but employ incompatible techniques for error handling, making it difficult 10
combine them.

Argument Validation. Similar o error handling, argument validation requires
cooperation between abjects within u system. [If objects handle argument validation
differently, class interaction may become difficult to integrate and prone to error.

Composite Ohject Handling. Composite objects refers 1o the combination of a
number of objects into one. Group and compound operation difficulties arise when
classes abstract a domain at different levels. In other words. classes in one library may
embody larger concepts. while classes in another library may break down those larger
concepts into smaller sub-components. While neither decomposition is incorrect, the
different levels of abstraction can cause incompanhilities in how operations are
performed upon these composite objects,

Conrrol and Communication. This refers to the general problems involved in
determining which objects within a system are in control and how communication is to
be established between objects defined in different libraries.

Stvlistic Differences. Styvlistic differences include the level of functionality that
classes may provide. optimizations for speed. ease of use. code or data space
requirements. and debugging facilities.

For further information on these 1ssues. the reader is referred to the works of
Berlin [Berlin®)] and Cohen [Cohen®1],

J
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There are different tvpes of inheritance hierarchies supporied by object-oriented
programming languages. These include single inheritance/single wee. single
inheritance/multiple tree, multiple inheritance/single tree, and multiple
inheritance/multple tree. These last two forms of inheritance will be discussed
together.

Single inheritance/single tree is a form of inheritance where all classes are
descendants of a single root class and each class has only one parent class (figure
3.1a). The class hierarchy provided by Smalltalk is an example of a single
inheritance/single tree. In single inheritunce/multiple ee inheritance, the user is
allowed to have more than one inheritance tree. In this situation, each class still inhents
from only one superclass but more than one tree exists, each with its own root class.
The trees remain disjoint (see figure 3.1b). Multiple inheritance allows different trees
to become intertwined by allowing classes to inherit from more than one parent class
(figure 3.1¢).

Many object-oriented languages support all three styles of inheritance. Itis up
to the user to decide which form of inhentince to employ. Knowing the potential costs
and benefits of all three stvles will allow the user 1o mike an informed choice when

deciding which style and language to use,

# "

Single Inheritance/Single Tree. The pnmary advantages of single inheritance

are both its technical and conceptual simplicity. A programmer investigating a

particular class can easily determine a class's ancestors, making it easier 10 determine its
inherited behavior and definition. This simplicity extends to the definition of objects.
Technically, single inhenitance provides o more stuble inital set of auributes and
methods with which o define an object. [t 1s not necessary for the user to search
through a variety of inheritance hierarchies in order to determine the origin of a
particular method or atribute. Conceptually, single inhentance makes understanding the
purpose of the object easier. The user is freed from frequently confusing cases in
which clusses are defined from the combination of conceptually disjoint classes.

The most obvious disadvantage of single inheritance/single tree environments is
that it inhibits the use of hierurchies developed by others. Another problem is that
conceptually unrelated entities may be forced into unwanted relationships. In other
words. classes that encapsulate unrelated entities must be placed within the same class

hierarchy. Since an inheritance hierarchy implies an is-a relationship between classes
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(a) single inheritance/single tree (b) single inheritance/muitiple trees

(c) multiple inheritance

Figure 3.1
Types of Inhenitance

within it, the relanonship implied by the hierarchy may not be valid. If the useris
forced 1o place the classes within a single tree and does not remember that there is no
conceptual relationship berween the classes, an unwanted relationship may develop as
the hierarchy evolves. Although Smalltalk provides some of the best tools for class
browsing of any objeci-oniented language, it s often difficult to discover dependencies
within the hierarchy.

Placing large numbers of classes within one wee also results in the creanon of
libraries that are too large. If all classes must be placed within one tree, the library will
become increasingly large as it develops from project to project, thus making navigation
of the hierarchy more difficuit und use of the library more expensive in computer and

user effort.
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Another problem caused by placing too many classes in one tree is the inability
to separate applications and tools from the environment in which they were developed.
The author and his colleagues encountered this difficulty while developing a
client/server project in Smalltalk. It was decided to creare the client and server modules
within the same hierarchy (image). This was done with the belief that once debugging
was completed. the two moduies could be pulled apar and placed within their own
hierarchies in order to decrease the size of the hierarchy. While developing the two
modules within the same hierarchy served to speed development time, it made the
separation of the modules nearly impossible. It was extremely difficult 1o determine
how the code was divided between the two modules. The “tightness” of a single-tree
hierarchy further magnified the problems brought ahout by our poor engineering,

Some members of our group compluained that it was often difficult to distinguish
between classes developed to support the client/server modules and classes developed
for the tools we had constructed. Others argued thar the sysiem was engulfed by
excessive amounts of unrelated code. The removal of unrelated code was not possibie
hecause we did not know whether code was being used by the environment itself. The
developers became concerned that the removal or modification of code would break the
system. These phenomena have also been reported by Wirfs-Brock and Wilkerson
| Wirfs#8].

Another disadvantage involves the employment of reuse. Advocates of multiple
inheritance argue that single inheritance cannot sufficiently employ reuse. They argue
that single inhenitance is not sufficienty flexible tor class defimnon and that much reuse
that could be obrained using multiple inhentance is lost.

Smuie [nheritunce/Multiple Tree. One advantage of single inheritance/multiple
trees 1s that the user is free o incorporate externally-supplied libraries with his/her own
libraries. Moreover, given that not all classes are descended from the same class. it is
easier to avoid the situation described in the previous section, where the user is forced
to place all. potentially unrelated, classes together in one wree. With this form of
inhentance. conceptually related absauctions can be placed 1o their own inhentance wee:
Thus, inhermance can be emploved exclusively 1o represent valid is-a relationships
ruher thin o impose J srucrure on unrelated clivsses.

An additional techmeal advantage ol single inheritunce/muluple trees is that
individuals on a developmenr team can be responsible for different inhentance mees.
This can eliminate much of the concern thut changes made by an individual programmer

may inadvertently result in changes in the definitions of other classes.



One disadvantage of multiple trees is that determining relationships between
classes is more ditficult. With multiple trees, a user cannot assume common ancesiry
for different classes. The behaviors and interactions of classes that belong to different
trees may be more difficulr to determine.

Multiple Inheritance. One advantage of multiple inheritance is increased
flexibilitv. Multiple inheritance does not constrin inheritance to one parent class. This
may be beneficial if the user desires to inhent a number of atributes and methods from
different, even unrelated, classes. A user can inherita particular atiribute or method
from any number of pre-existing classes and avoid the duplication of the code
necessary to implement the arribute or method, within the newly defined class. In this
mianner, multiple inheritance can facilitate the reuse of code [Linton87, Borning82).
Moreover, others argue that it allows the user to remove a rigid. hierarchical view of the
world that single inheritance imposes [Wirfs88, Meyer83|.

Although multiple inhenitance is frequently used for inheritance for reuse. itcan
be used to inherit for definition. This can occur if a number of related entities can be
divided into two conceptually overlapping groups. Coad and Yourdon give the
example of planes (figure 3.2). In this example, the class Plane 1s subclassed into two
groups: type of craft and use of craft. Type of craft can be either jet or propeller, while
use of craft can be either civilian or military |Coad%1a]. Another proposed advantage is
that multiple inheritance encourages modulanty by allowing classes 10 be built from a
vanety of component classes [Moon86].

There are a number of disadvantages of multple inheritance. One of the most
difficult problems is that of additonal complexity. This may occur in a variery of
wiys. First, there is the technical problem involving inheritance from two or more
classes which have a method or instance vaniable name conthet [Carre90], These
¢lashes occur whenever u descendent class s defined as mhentng from at least two
classes, where each has a method or instance vanable with the same name. For
example. a class C might inherit from the classes A and B. each of which has a method
entitied methodX. When class C is defined. rhe user must determine which methodX
should be inherited.

This problem is typically handled trom a technical. rather than conceptual,
standpoint by most object-orented programming languages. Some languages force the
user to rename at least one of the offending methads or instance variables. This
necessitates the modification of descendent classes even though their interfaces may not
have changed |MeverxR, Micallef88]. When auributes or methods are renamed, it can



become difficult to find particular behaviors or atributes, because the user is forced 10
create new names that are less inwitive than the original names.

Arcrah

MilstaryAircrah Crvihandicratt Jetaurcrafl Propisrerat

MidaryJelAxrcraft MiltaryPropircralt CrnanJetaurcratt CiwvilianPropAercrali

Figure 3.2
Muluple Inhentance |Coad91a]

Scme languages reguire the user to specify the order in which ancestor classes
are inherited so that the appropriate method is determined. With this method, classes
may behave differently if the specified order of inheritance in changed in any ancestor
classes, even though the descendent class’ interface has not changed. This method has
the additional problem that it does not support situations where two or more ancestor
classes have multiple clashes and the descendent class requires default methods or
instance variables from one ancestor and some from another ancesior. Users must also
remember the order in which classes are inherited. which may not be intuitive and,
some argue, violates encapsulation.

A third group of languages require the user to specify at invocaton dme which
of the offending methods should be used. If evolution occurs, all three methods force
the user to change the intertace o one or more classes. Changing the interface of a
class often requires changes to other classes that interact with it. Thus, multple
inheritance can require the user to spend additional time on code maintenance and mayv

make clean encapsulation more difficuit to achieve.



Problems also arise when multiple paths exist between two classes. This is
known as repeated inheritance and causes different problems for different languages.
Such cases generally require language specific solutions. Because the problems and
solutions of repeated inheritance are language-spevific, this chapter does not address
this issue. For more information, refer o [Cargill9(, Mever88, Booch91al.

Another difficuity involves definition. When writing or maintaining code. it 15
important 1o understand what a class represents. Multple inhentance can make this
rask more difficult. Does the proposed abstraction differ from all other enunes to the
extent that it must be described by two potenually unrelated classes” What are the
implications of using multiple inheritance to borrow behavior from potentially unrelated
classes? How can this uffect our comprehension of a particular class?

The most serious disadvantage of mulnple inheritance is shared by single
inhenitance. Given that every class within a hierarchy depends directly on all ancestors
for definition and implementation, any modification of ancestors may change the
behavior and definition of all descendants. With mutltiple inheritance, this problem is
magnified due to the expenential growth in the number of inheritance paths between
ancestors and descendants. any one of which may affect descendent classes. Since
classes may be defined much further down the inheritance hierarchy from a modified
ancestor class, the user may remain unaware of the modifications.

Cargill points out that the use of muluple inhentance is fairly easy to avoid
[Cargill90]. When the inhenance of methods or atiributes from a number of parent
classes is desired, one can mnhent directly from one parent class and place within the
new class attributes whose values are instances of each of the other "parent” classes.
Thus. the new class becomes u composite cluss, Access 1o the methods and artributes
of the additional "parent” classes can be abtained through the use of the anmbutes in the
newly created class.

If the use of muitiple inheritance 1% for derinition rather than for reuse, the
technigue outlined above may create a class that is less comprehensible than a class
created using muluple inhenmance. For example. if 3 user wishes 10 create a class
Cyvborg by inheriting from class Man and cluss Robot. placing an instance of class
Robot inside an instance of class Man could he very contusing because 1T sets up 4 par-
ol relationship when un 1s-4 relanonship s more conceprually satisfying.

Multiple inhersance s, by defimuon. more flexibie than single inheritance. [t
allows users to treely inhent from any class. Many argue that it camies immense
potential for misuse [Henderson91 |, and some argue that most examples of multple

inhentance in the literature are contnved | Enkkson'™X)| or indicate an error in analvsis



and design [Cargill90]. Users must give careful consideration 1o the use of multiple
inheritance. weighing cosis against benefits for each situation.

Classes are the mechamism that support encapsulation. The need for
encapsulation has grown out of many vears of structured programming expernence. As
such, the goals and advantages of encapsulation are well-undersiood. Inheritance is a
mechanism that supports polvmorphism. Like encapsulation, polymorphism has also
grown out of a programming need. It allows newly created absmact data types to reuse
unmodified code. Without polymorphism, code often requires large sets of conditional
statements that test the tvpe of an object and call the appropriate function. Every nme
an abstract data type is created, a new conditionil must be created.

The mechanism of inheritance. however. has not grown out of a well-
understood programming need. Although it supports polymorphism, inheritance also
supports the definition of abstract data tvpes in terms of other data types and places
them within a hierarchy, allowing the reuse of cade defined by ancestors. While this
ability 1s powertul, there appears to be no consensus on what fundamental problem of
programming it was created to solve. What problem does this power address? What
are the implications of defining one class in terms of others and placing classes within a
hierarchy of shared code? Itis asif inheritance were some strange item discovered in
the attic and for which evervone 1s now cliaming 10 know the proper use.

Unlike encapsulation and polvmorphism. the goals and advantages of
inheritance are unclewr. Because of this. it 15 explored from the opposite direction. The
end results of its use are examined first and then an attempt 1o surmise its functions are
made. This confusion can be seen in the arguments over single and multiple
inheritance. Most of these arguments consist primarily ol end-result advantages and
disadvantages of the mechanisms rather than the theory underlying them.

Through all this contusion over the principles behind inhenitance comes those
grasping the banner of code reuse. Reuse of code 15 an exmremely important goal bur
using inheritance stretly for code reuse may be like using @ shoteun w hune flies.
While it can be used, 1t may not be effecuve without proper smdelines, Additionally, it
provides a great deal more power than the reuse of code. Understanding this power
and learming how best to apply it are mteresting challenges.



CONCLUSION

In discussing the issues of learning object-oriented concepts, object
decomposition, and inhentance and reuse, 2 number of questions have arisen.

The first issue was vocabulary. There are a multitude of terms in the literawre
used to describe similar concepts. Additionally, many of them are used to describe
multiple concepts. This makes deeper discussion of some issues difficult.

Another issue was learning the basic concepts of object-oriented programming.
Learning from expers seems to be a universally accepted idea even if no one knows
how to do it at this time. It seems apparent that some sort of language independent
setting can be helpful, especially in helping the user disunguish between languages and
language principles. It is also important that academia and industry take a more
aggressive role in teaching the why of programnung rather than just the how of
programming as they have traditionally done,

There is a great need for evaluation of the effectiveness of object-oriented
analysis and design techniques. Why are these techniques so informal? Does this well
us something about the nature of programming? Why don't more of them properly
address the issue of inhentance? Why don't more of them cover the software life
cyele? How can these informal techniques possibly be used on projects involving 10.
30, or 200 people? Can structured techniques be integrated with object-oriented
techniques” Should they? If object-oriented programming is supposed to provide for
easier reuse, why aren't there more object-based libraries available? If they are
available, why aren’t more people using them?! Methodologies that cover the entire life-
cvcle, especially the most lengthy, expensive. and overlooked phase of mainienance,
must be developed o wid developers in hierarchy construction and maintenance. Object
onented analysis and design cannot have 4 significant impact on software construction
untl these issues ure resolved.

[t hias been claimed that the two most important contributions of object-oriented
programming are encapsulaton and inheritance. Encapsulation is 4 principle whose
usefulness 15 gasily grasped even if its erfective use is more elusive, Inheritance, on the
other hand, is not a pnncipie. It is a mechanism that is used to aid in the definition of

entity abstractions and in the reuse of code. These goals are often contradictory.



Mechanisms like delegation and generieity that share some of the same goals as
inheritance should also be examined more thoroughly for their usefulness and power.
The desire to inherit for reuse and definition has not been resolved. Are these two
different mechanisms? s one better than the other?

The type of reuse provided by inheritance and other mechanisms in most object-
onented languages is only one kind. s it really fair 1o expect object-oriented
programming 1o help in the quest for reuse when most of the techniques available are
the same techniques that have been available (and ignored) for decades? It seems
unlikely, Neither a philosophy (like object-orientation) nor a language mechanism (like
inheritance) can overcome its poor use by a programmer.

Finally, the questions surrounding multiple inheritance are numerous, with
passionite proponents on both sides of the issue. Whether or not muldple inheritance
ts eventually judzed good or bad seems moot. [t 15 here now and is being used by
many. Perhaps more research should be done on how o use i1 effectively in order 1o

limit its disadvantages.

gramming

Object oriented programming attemnprs to solve many of the problems
discovered in structured programming. It provides mechanisms superior to most
structured programming languages for higher-level concerns such as encapsulaton and
reuse. [tdoes not, however, address any of the lower level issues that have plagued
structured programming sineg its inception. Error handling and validation of arguments
are examples of lower-level design decisions that are not handled well by either
method. Because it does not address these 1ssues. object-oriented programming, by
itself, will not provide the levels of reuse that many have claimed.

Some have suggested that the future of programming languages resides in logic
programming, functional programming, knowledge-based systems, multi-paradigm
systems, and many others, The competing concerns of efficiency, understandability,
und flexibility will most likely prevent any one language or methodology from replacing
all of the others. As the computing community expands and becomes more integrated
through networks, the need (or wals that support distributed, asynchronous computing
hecomes more important. Object oriented programming languages are notoriously
weik for dealing with asynchronous communication. While some research is being
done 1o overcome this weakness, stndards remain distant.

As lower-level issues are addressed and the needs for integration, efficiency,

understandability, and flexibility are undersiond. ohject-oriented languages will most



likelv splinter into numerous groups, each with their own set of solutions to the
problems at hand. The concepts that underlie object-oriented programming will
undoubtedly become incorporated into future programming methodologies,
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