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Much research has been conducted on the formulation of inheritance jatt-@bientedness.
Most proposals retain the semantic relationship between the superclaashatats, but deliberately ignore
the issues of overriding, which plays an important role in object-orientedetiiogl Others use class
inheritance and module inheritance to distinguish between the cases of inberitath and without
overriding, but, as a result, one fundamental concept is partitioned into twdome research
supports overriding, but not transitivity. This thesis addresses thee issfu overriding in
object-orientedness, illustrates how a single inheritance concept can obmalized using
Communicating Sequential Processes (CSP), proposes a refinegtooim@nformance which is transitive,
and demonstrates the practical application of our theory. This projectar@smfavourably with other related
work.

In this thesis, we identify that reflexivity, anti-symmetry, transitivity, ovang] behavioural
compatibility, formality, incrementality and multiple inheritance are the desirableresanf a theory of
inheritance. We formalize the concept of behavioural inheritance ascasind of conformance relation
that links a subclass to its superclass by the Fidge’s priority choice operdging the priority choice
operator, we integrate naturally the concept of overriding into our forew#diz and provide a support
for an incremental development. Transitivity is realized by the introductistrohg conformance which
can be used as a unification of extension and reduction. It also proaitf@snework of reflexivity and
anti-symmetry for the inheritance relation. Through strong conformarmtemMiour compatibilities between
the superclasses and subclasses can be ensured. We also refmspouto support multiple inheritance
and propose a method to resolve ambiguity raised by multiple inheritance. Faafiyeria for generating
an optimal incremental change will be presented.
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Chapter 1

Introduction

1.1 Background

Forget a while about software engineering and look around other liigsp Think about an electronic
engineer designing a circuit board and a mechanical engineer buildieggime and an automobile expert
innovating a new car model. The electronic engineer should firstly capdguirements like voltages,
current and logics required, then draw various circuit diagrams, amalnether those alternatives meet
the requirements based on analogue and digital electronics, build prata@ypefinally fabricate boards.
Likewise, the mechanical engineer captures requirements like the tomquiesictto deliver, the pressure to
withstand and the power of the engine, then draws blueprints to descelgm@ddternatives, analyzes those
blueprints based on theories like mechanics and elasticity, constructs pexdty testing and finally builds
engines. Paradoxically, the automobile expert follows a strikingly similar metbgyg which makes use of
diagrams and theory in the course of design.

Information system development should be no exception. It should letiged as an engineering
process: designers capture the real world, analyze the model gpolpréeasible alternatives, and finally
engineer them. Tools like diagrams and theories should be employed.

The so-called informal methodologies like [Yourdon89] and [Rumbaupp&ly a dominate role in
software development. One of their characteristics is they tend to use ambigtaphical notations to
draw diagrams to represent a software system. It may result in anomalgsietency and ambiguity. For
instance, Figure 1.1 shows a scenario that a manufacturer produocdsmfurniture and paper from fir and
the paper is consumed by Press to print newspapers.

Itis not clear whether the manufacturer should finish all its jobs first brirmr example, two distinct and
yet possible low-level diagrams are shown in Figure 1.2 and Figure lilBisttates that a false perception
may result from looking at the high-level diagrams without examining details.

On the other hand, formal methods are unambiguous, consistent anmskprEor instance, Figure 1.4
and Figure 1.5 shows the corresponding CSP specifications (which wiltdoeluced in Appendix A) for
the diagrams in Figure 1.2 and Figure 1.3 respectively.

Formal methods are mathematical-based techniques. We can reasomanthpreystem. For instance,
we can reason formally that Press cannot start publishing newsgazders there is fir supply.
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white paper
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Figure 1.1: Manufacturer and press.

Manufacturer

fir debris
white paper newspaper

Produce

wooden furniture White Paper

Figure 1.2: Manufacturer before press.

Nevertheless, formal methods are compact and full of jargon, which srteahthey are more difficult
than informal methodologies for lightly grasping the overview of the systeminStance,

Second Refinement = MANUFACTURER || PRESS
should provide less information than the diagram shown in Figure 1.1.
To align with other engineering disciplines, an unambiguous graphical matigyd seems to be a
solution to bridge the gap. For instance, designers can use their familiadit@oBata Flow Diagrams,

State-Transition Diagrams and Entity-Relationship Diagrams to specify systathdranslate their
specification into formal methods for rigorous reasoning.

In fact, bridges exist. Tse [Tse91] integrated structured analysis esigrd[Yourdon89, DeMarco79]
with initial algebra and category theory. Pandya and Hoare [Pandya@@d]Asynchronous Communicating
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Figure 1.3: Press independent of craft furniture.

First Refinement = MANUFACTURER || PRESS

MANUFACTURER = fir — (wooden furniture — SKIP)

|
(fir debris — paper — SKIP)

PRESS = paper — newspaper — SKIP

Figure 1.4: Corresponding CSP specification for the first refinement.

Sequential Processes (ACSP) [Hoare89] to support Jacksonnsyeelopment (JSD) [Jackson82].
Bryant [Bryant90] employed Z [Spivey92] to synthesize and investifeestructured methodologies. As
the object-oriented modelling flourishes, there are more and more effoni$egmating the object-oriented
paradigm with formal method. For instance, Clark [Clark93] propd3igrous Object Oriented Analysis
with a formal language called LOTOS [ISO8807]. Jacobson [Jac@23osuggested new graphical
notations with logic programming as the backbone.

1.2 Theme

The inheritance formalization plays an important role in these object-orientdéttbdsewith formal
backbones. Nevertheless, as shown in the review in Chapter 8, theytdsinmultaneously support
overriding, transitivity and behaviour compatibility . This research aims\aldping a unified inheritance
theory using process algebra so that a more rigorous bridge can\iégutdor software engineering.

1.3 Organization of this thesis

We firstly introduce inheritance and investigate the desirable featuresddaltheory on inheritance in
Chapter 2. It establishes a basis for our own theory and providesr@nek point for comparisons. Chapter



Second Refinement = MANUFACTURER || PRESS

MANUFACTURER = fir — (fir lumber — wooden furniture — SKIP)

|
(paper — SKIP)

PRESS = paper — newspaper — SKIP

Figure 1.5: Corresponding CSP specification for the second refinement.

3 justifies the formal language -€ommunicating Sequential Proces¢€&SP) that we have chosen. In
Chapter 4, we analyze problems in inheritance and propose three t®rsepur tools for formalizing

inheritance. The theory will then be presented in Chapter 5. An accoanbpe will be presented in

Chapter 6 to demonstrate the practical aspect of our theory. We shallaceropr result with those of
CSP-related projects in Chapter 8. Finally, we would draw a conclusiopafite future research.

We assume in this thesis that readers are familiar with the basic concepts.#fl€& refer to Appendix
A for a brief summary, and to Hoare [Hoare85] for further details.



Chapter 2

Desirable features of a theory of inheritance

In the last chapter, we propose to practice software development agyareering process. However,
the concept of inheritance is poorly defined. In this chapter, we aim atifigiag features of inheritance
theory that our formalism should support. Firstly, we will introduce the ephof object-orientedness and,
in particular, inheritance. Then, we will identify the desirable featurestbéary of inheritance.

2.1 Object-orientedness and inheritance

2.1.1 The flourish of object-orientedness

Object-oriented methodologies are direct extensions from object-oripngdamming. However, they
were not mature and popular until the late 80s, when software systemsemsming too complex and
too large to be managed and understood using top-down structured metfieddike [Yourdon89] and
[Jackson82]. The philosophy of structured methodologies is that, tormpe# task/function, we decompose
it into smaller sub-tasks/sub-functions and repeat this process until #iutagion is simple enough to be
implemented right away.

This function-oriented viewpoint of system development incurs additiahallenge to software
maintenance. For instance, to air-freight a shipment from New York to Beifime forwarding agent
should book cargo space with airlines, calculate charges and prdppping documents. A data flow
of the simplified air-freight operation is shown in Figure 2.1. To attract lmssina new method of charges
calculation is made. For example, a prepayment will enjoy discount. To accdatenthis change, the
shipping documents and the method of calculation should take the prepayptiEmt imto account. In
other words, this piece of information, prepayment option, should beconmgat of Calculate Charges
andGenerate Shipping Document. However, this information should come froBook Space and hence a
change irBook Space is required. Imagining a complex system of over 1,000 processes andltienge
of each design decision potentially ripples through the whole system, whiclamvkardly manage.

To tackle the problem of unmanageability of structured methodologies, pstapl¢o shift the emphasis
from function-orientedness to object-orientedness, which breakseugyitem and views components as
individual objects Besides, object-oriented analysis and design give the developmerspra more stable
base. For instance, the whole development is based on a single unif§iwgrgoconcept- what objects
are rather than how it is usedthroughout the development process. As pointed out in [Rumbaugh@él] an
[Booch94], this type of objects are more stable than their function-orieraedterparts in the long run.
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Figure 2.1: A data flow diagram for air-freight forwarding.

A bank account example

To serve as an illustration, we introduce a bank account example andrettpgaobject-oriented features
and inheritance properties through the use of this example.

Every bank account should have d&alance We can perform transactions likeithdraw money and
depositcash. To attract more capital, the banker introduces accounts with intdtdstdone through
calculating interestand then depositing the amount into the savings accounts. For insfaieeholds a
savings account which has a balance of $3,000. In this case, an irgE$d$H0 payable to him at the end
of a year. On the other hand, a credit account requires the accoladrho pay service charge for any
overdraft. We picture the scenario in Figure 2.2.

Account

Savings Credit
Account Account

Figure 2.2: Bank accounts.

Object and class

In object-orientedness, a system is composed of a number of autonontiigs €ommunicating with
one another by the exchange of messages. These entities areotgdletsand similar objects sharing the
same infra-structure are represented by a template calied For instance, an account may be abstracted
as an entity with elements like balance, withdraw money and deposit cash. aldneldmenbalanceis

6



called anattribute of Account And the function elementsyithdraw and deposit are calledmethodsof
Account

Account <+ Class name
balance } Attributes
account code
withdraw
deposit } Methods

Figure 2.3: Class with attributes and methods.

Encapsulation

To separate the external aspects of an object from the internal detalseés, attributes are protected
from arbitrary access. They can only be modified or inquired throughmé#hods of the class. This
feature is calledEncapsulation According to [Booch94], "encapsulation is the process of compartthent
elements of an abstraction that constitute its structure and behaviour;sefatam serves to separate the
contractual interface of an abstraction from its implementation.” For instéinge want to deposit money
into a bank account, we should apply tiepositmethod ofAccountrather than a direct increment of the
attributebalance (In our abstraction, it means the balance of the account is increastét mount of
deposit.)

Polymorphism

Another object-oriented concept polymorphism It refers to operations sharing the same calling
interface, yet performing distinct functions (in different classes)r iRstance Accountwill not charge
customers when h&ithdraws a large amount of money. However, customers are required to payieeser
charge for each withdrawal transaction o@redit Account

2.2 Inheritance

Inheritance links a class with its refined version. The refined class is d¢aexlibclassand the class
being refined is called th&uperclassA classX inherits from another classif X is a subclass of having
special properties. For instancgavings Accountan be made to be a subclassAafcount so that it has
access to all the operations and attributes defineAarountlike balance and withdravand the special
methods of its own likealculate interest

A subclass may also redefine some methods inherited from the superctassstBnce, as shown in
Figure 2.4,withdraw is redefined inCredit Account superseding that inherited frofkccount It means
wheneverwithdraw is activated inCredit Account only the new definition (the one defined @redit
Accounj will be applied. This feature is calledverriding



Account

balance
account code

withdraw
deposit

A

Savings
Account

calculate interest

Figure 2.4: Inheritance: Savings Account as a subclass of Account.

However, overriding is too powerful if one may inherit any class andrale all inherited properties.
For example, one may inheritstackto form aqueueby redefining thgpushoperation to append a new
element at the end of a list rather than at the head position. This kiad bécoverriding does not respect

Stack

A

|

Queue

Figure 2.5: An abuse of inheritance.

the semantics relationship between the superclass and subclass. Oite other classes merely for the
convenience of implementation. Hence, it is referred to as the inheritanogptdmentation. A rule of
thumb is never to override unless it is consistent with the original semanticsi@matture [Rumbaugh91].

2.3 Desirable features

2.3.1 General metrics for a theory of inheritance

Based on the above general understanding of inheritance, we prfpo®llowing as the general desirable
features of a theory of inheritance.



Behaviourally compatible We would expect the behaviour among subclasses and superclasses to b
compatible, particularly during analysis, so that we can apply our knowledined from the superclass

to its subclasses. Hence, an instance of a cBagifigs Accouis a polymorphic instance of its superclass
(Accounj.

Incremental Features like attributes and operations of a superclass are sharedimjass. For example,
Savings Accouninherits the attributdbalanceand the operationwithdraw and depositfrom Account
Subclasses not only inherit features from a superclass, but alsoemddr redefine existing features. For
example Savings Accourdadds a new operatioralculate interestvhich is not available il\ccount

Automatically propagated Any change or addition of features of the superclass should be autoliyatica
propagated to its subclass. For instance, if we modifywthiedraw operation of theAccount the effect of
this change should automatically be reflectedSavings AccountWhen adding a new attributaurrency

to Account the new feature should automatically be a featur&av¥ings Accountunless it is explicitly
suppressed.

Redefinable The inheritance machanism should support overriding.
Reflexive In theory, a class may inherit itséif

Anti-symmetric A class should not simultaneously be a superclass and a subclass @ratistinct class.
For instance, we do not expeBavings Accourtb be the superclass éiccount

Transitive The inheritance relation is transitive. It refers to the class membershipiiegamong objects
in the inheritance class hierarchy. An instance of a class should simulgpdmuian instance dall its
(direct or indirect) superclasses. For exampantage Accounis a subclass oBavings Accounand an
instance ofAccount

2.3.2 Formalism

We would like to provide a formalism for inheritance. We feel that the tool itsetfuld be clear and
well-defined; otherwise designers can hardly use it effectively foratiting. For instance, we would like
to know whichwithdraw operation of theCredit Accountis called without ambiguity. We should further
want to know whether two classes can form an inheritance relation whiseiptiag the semantics and
compatibility.

2.4 A summary of desirable attributes
An inheritance mechanism for analysis should be behaviourally compaténdy enodified, formal,

incremental, redefinable, reflexive, anti-symmetric and transitive. Iip@h&, we will compare our result
with some related work.

IHowever, the inheritance mechanism will degenerate to a trivial caseteré were no such inheritance relation defined. In
practice, designer would never define (or show) this kind of trivialiiitéwece explicitly.



Chapter 3

Justification of using CSP

Models essentially capture important characteristics (both structuralyanashc properties) of real world
systems and these can then be understood by human through effectiymilatzon of components like
decomposing them into simpler and smaller sub-models. In this researchppgsprito us€ommunicating
Sequential Process€€SP) [Hoare85] to model inheritance, a major concept in object-orieassd CSP,
developed by Professor Tony Hoare, is a formal language specidbrezbncurrency study. A brief
introduction of CSP can be found in Appendix A.

We choose CSP as our modelling language for various reasons as likted be

(1) Strong concurrency modelling
Theoretically speaking, autonomous peer objects interact with one airotdigect-oriented systems.
Process algebras like CSP [Hoare85], CCS [Milner86], Asynchrer@SP [Hoare89] and LOTOS
[ISO8807], are particularly strong in modelling systems of concurrentlynmanicating
objects [Car90].

(2) Popular formal language
CSP, a dominant process algebra, has been widely and successfsllyibdd distributed
communication protocols. This proven track record immensely distinguishg$ref the rest.

(3) Excellent reasoning power
CSP has a formal syntax and semantics by which designers can unamhbygeassn on a system.
The language is simple and expressive enough to model a wide rangelich&pns.

(4) Enforcing class reuse discipline
Class reuse is a key feature in object-oriented development. Enforcimggdper discipline in the
description of classes greatly improves the re-usability of these classes.

(5) Hardware support
CSP has a successful hardware implementation — transputers. Speci§icateomeady to be
transformed taeal programs.

(6) Resemblance between object-orientedness and CSP features

(a) Message passing, a mechanism for exchanging messages amantg} abjg synchronization, a
mechanism for synchronizing events among processes, are inteectid@@ almost all context.

(b) The similarity between the notion of processes and the notion of objexdtadily reduces the
semantics gap between the two categories.

10



(c) The principle of information hiding [Par72] resembles that of abstradticCSP. Both aim at
defining a hidden and inaccessible infra-structure when necessary.

(d) Class identification is very similar to process equivalence. Classegeict-ariented systems are
unique. Any two arbitrary processes of identical semantics have begadto be equivalent
and can be rewritten to an identical syntax.

(7) State transitions and history
An object changes states in response to receiving and sending nmedeaying its old states as
history. In CSP, a process (in a state) exactly behaves as if it wereeamottess (a new state) after
synchronizing an event and records the action as its trace.

There are various research projects in translating CSP specificaticihgtarmdels like Rewriting Logic
[Meseguer92], or defining new CSP-based languages such as&@F08807]. We feel it would be more
attractive to carry out our project in a language which has various dimka to other languages so that our
findings can readily be applied elsewhere.

11



Chapter 4

Tools for formalizing inheritance

Having explored the desirable features of a theory of inheritance int€h2apwe aim at identifying the
tools required to support these features. Firstly, we introduce a coafae relation to serve as a basis for
our theory. We will then investigate its problems (with respect to the desirabtares) and propose two
auxiliary tools — priority choice operator [Fidge93] and weak conforneanc

4.1 Cusack conformance

A concept of conformance in terms of CSP notions has been introduc€diga¢k91a). We reproduce the
formal definition below. Further explanation will be given after the definition

Definition 1 (Cusack Conformance) A process @onforms toa process P if and only if
Q) aQ=aPb;
(2) (s,X) € failureg Q) and sc tracegP) = (s, X) € failuregP);
(3) se divergences(Q) traces(P)= s € divergences(P).

The alphabet of a proceBds denoted aaP. Itis also known as the signature of the procéssan only
communicate with other processes through event symbols defined in theetipHance, the first condition
of the definition means that conforming processes should have identioatsigs which serve as a basis
for the comparison of traces, failures and divergences among themcAitr& SP is a sequence of events.
When these events are synchronized among processes, communicapipaa.hWe imagine processes in
CSP being objects in object-oriented systems, and events being messhges/néhronization will then
be the invocations of services (methods) of objects in a system. Thus,eadfracprocess is actually a
record of a sequence of operations acting upon an object. At the samemémeterpret a failuregX)
of a proces$ as an object going into a state/fs) that it cannot surly proceed further by communicating
any message offered by the environm&nt The second condition means that, given a common trace, a
conforming process should have a smaller (if not the same) set of fatheiasthe original process. The
third condition distinguishes the chaotic situation from others. The set efginces is a set of traces such
that the process will diverge or become a chaotic situation where it cdeniote whether to accept or refuse
any more event.
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SimpleStack(()) = push?x — SimpleStack((x))
SimpleStack({x)"y) = pop!x — SimpleStack(y)

O

push?z — SimpleStack((z)"(x)"y)

Figure 4.1: A simple stack.

For instance, Figure 4.1 shows a CSP specification of a simple stack. kattieis empty, it can only
accept theoush operation; otherwise we can apply thésh or pop operations upon the stack.

A simple stackSimpleStack(()), initially empty, undergoes a sequencepagh andpop operations, say
3 pushes and then 3 pops. It will then come to a state that there is no immuaxlidtebe allowed. In other
words, the current state of the stack can be represented as follows:

SimpleStack(())/{push?1,push?2,push?3,pop3,po2,popl) = SimpleStack(())

As the stack does not support tte@ operation, a failure associated with the trgpash, push, push, pop,
pop, pop will be

((push, push, push, pop, pop, poppop,to)

(if top is in the alphabet of the stack). It means in this case that the stack camuii¢ bafurtheipop or top
operation.

4.1.1 Redefinition of services

We intrepret the redefinition of services as the ability of a subclass in objexited systems to change
the content of services which have been inherited from a superclasscawfurther imagine a service
consisting of a sequence of operations. Thus, we model it as a tracdPirAG&definition of service alters
original traces to form new ones (or even new failures or diverggndée role of conformance is to define a
semantics relation between the original and new traces so that the sulaclasaiotain compatible services
with respect to the superclass.

Suppose a vending machine always gives a coke if a coin is insertedyeariteaks down if two
consecutive coins are accepted. The CSP definition is as shown below.

Coke Machine = coin — coin — STOP
O

coke — Coke Machine

We may want to improve the performance of Guwke Machine by replacing it by a new vending machine
— Conforming Coke Machine. When two consecutive coins are inserted, the latter machine will return one
coin instead of crashing.

Conforming Coke Machine = coin — L X e ( coin — ( return coin — X)
O

coke — Conforming Coke Machine)

13



The originalCoke Machine does not provide a coin rejection facility, and hence will crash after the
sequencécoin,coin). A set of refusing communications (a refusal) associated with the tair, coin)
will be the set{coin, return coin, coke In other words, after inserting two coinSpke Machine cannot
handle any further request of accepting another coin, returning tomdecoin or even giving a bottle of
coke. HoweverComforming Coke Machine will return a coin if two consecutive coins are inserted. An
associated refusal of the latter with respect to the ti@o@, coin) will be the set{coin,cokg. We can
generalize the situation as a refusaldake Machine associated with the trad&coin,coir) for some trace
t is {cain, return coin, coke Coke Machine will crash whenever there are two consecutive insertions of
coins irrespective to the history. However, this set will never be a aéhfonforming Coke Machine.
Furthermore, we can easily check that, according to the definition of moaface,Conforming Coke
Machine conforms toCoke Machine.

4.1.2 Section summary

To summarize, a conforming process behaves polymorphically as the bpgicass with respect to some
common traces. It allows the redefinition of services in a conforming pso®¥s feel it is strikingly similar
to a subclass which behaves as if it were the superclass but overvishedsherited methods. Nevertheless,
as we will present, the notion of Cusack conformance is not transitivereder, Cusack conformance
cannot the mathematical support incremental development.

4.2 Problems of Cusack conformance

4.2.1 Transitivity

An obvious problem in Cusack conformance is that it cannot guararaesitivity, which can be
demonstrated as shown in the following example.

Ideal Account Anideal accountis an account that can perfaehbit andcredit operations. Since itis ideal,

no maintenance is required. We model itdealAccount. A debit in IdealAccount will first check the balance
(checkBalance) and then either draw monegefluceBalance) or reject the operatiorrdjectDebitRequest).
However, we may not know in advance when it rejects the request (@mhat criteria it is based). We
therefore model it as an internal decision (using the internal cheite Similary, IdealAccount increases

the balanceifcreaseBalance) whenever there is a credit requesteglit). After performing eitherebit

or credit operation,ldealAccount will then be ready to accept the next request. The CSP specification of
IdealAccount is shown in Figure 4.2.

IdealAccount = ( debit — checkBalance — ( reduceBalance — IdealAccount
I

- rejectDebitRequest — IdealAccount)

credit — increaseBalance — IdealAccount)

Figure 4.2: An ideal account

Maintainable Account However, besidesredit and debit services, a non-ideal system needs routine
services without any notice in advance. The CSP specificatiomaiftainableAccount is shown
in Figure 4.3.
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MaintainableAccount = ( debit — checkBalance —
( reduceBalance — MaintainableAccount
[
DrejectDebitRequest — MaintainableAccount)

credit — increaseBalance — MaintainableAccount)
M
service — MaintainableAccount

Figure 4.3: A maintainable account

Real Account Unfortunately, in real-life, some accounts cannot resume the daily operaen after
on-schedule services. It means the account terminates its life. We ceomod! whether termination
happens or not. Hence, we model the situation using an internal choide the RealAccount. A CSP

specification oRealAccount is shown in Figure 4.4.

RealAccount = ( debit — checkBalance — ( reduceBalance — RealAccount
[l

- rejectDebitRequest — RealAccount)

credit — increaseBalance — RealAccount)
O

service — (STOP 1 RealAccount)

Figure 4.4: A real account

We can easily check thadealAccount conforms toMaintainableAccount, and RealAccount conforms
to IdealAccount. However, RealAccount does not conform taMaintainableAccount. For instance, after
service, RealAccount may not be allowed to perfornfebit whereasMaintainableAccount can perforndebit
successfully. It means that the behavioural property of a process®the carried to the third process
through Cusack conformance. (Hence, Cusack conformance isamsitive.) Fortunately, there are two
common special cases of conformance that preserves transitivity. @heyknown asextension
andreduction

Special case # 1: Extension

Extension is similar to conformance except that it requires the extendexgzrdo have a larger
(inclusively) set of traces than the original process. Formally, it is ddfas follows:

Definition 2 (Extension) A process xtendsa process P if and only if
(1) Q conforms to P;
(2) traces(P)C traces(Q).

For instanceRealAccount extendddealAccount.

We interpret that if a proces® extends a procedB, it is equivalent to purely adding new features
to a superclas® to form a subclas€). Furthermore, one can easily prove that extension is reflexive,
anti-symmetric and transitive. In short, the extension relation provide a Ipartiar relationship among
a set of extension-connected processes. Thus, if we do not remerride any feature (method) inherited
from superclasses to form subclasses, the inheritance relation will lne &ytension hierarchy.
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Nevertheless, extension does not allow any trace of the superclagsi@mal process) to be removed
in the subclass (the extended process). It means that it only supports d lovéteiding because we cannot
remove any unwanted behaviour from the being extended procesdefeating the purpose of overriding.
For instance, a generic account may performtthesfer operation aslebiting the account andrediting
another one in either sequences. This can be specified as shown ie &igur

GenericAccount = transfer — ( credit — debit — GenericAccount
1
debit — credit — GenericAccount)

Figure 4.5: A generic account

If pure extension is used as an inheritance link, we cannot construdtcéass ofGenericAccount that
only contains

credit — debit — GenericAccount
without
debit — credit — GenericAccount.

In other words, under all circumstancésansfer, debit, creditmust be a valid trace of any extended process
of GenericAccount.

Special case # 2: Reduction

Another kind of conformance which provides a partial order relation @pyocesses is reduction. It
eliminates unwanted failures from a process to form a reduced protleegormal definition of reduction
is shown in Definition 3.

Definition 3 (Reduction) A process Qeducesa process P if and only if
(1) Q conforms to P;
(2) traces(Q)C traces(P).

Reduction only allows the reduced process to remove failures and eivezg (if any) from the original
process. The definition of reduction is similar to that of extension excepthbaset extension of traces
is replaced by set inclusion. For instantdgalAccount reducesMaintainableAccount. Nevertheless, we
cannot define new methods in the subclass (the reduced procesd),isvhit unacceptable outcome from
an object-oriented point of view.

From the above discussion, we see that a more general notion than eitdwesien or reduction is
required. It should allow a removal of unwanted behaviour, an addifiorew services and a redefinition
of services. At the same time, the notion should preserve the partial ayaénmocesses. In Chapter 5, we
will propose a relation supporting this general notion.

4.2.2 Incrementality

Cusack conformance gives us a formal relation between two proceldsagever, it does not provide
an incremental approach such that a subclass (a conforming proeedsg constructed stepwise from the
superclass while preserving behavioural compatibility.
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4.2.3 Section summary

Moreover, to be incremental, conformance should also include a syntactiodimleen the superclass and
subclass. In the following section, we will investigate what additional tools lwélp to support these
requirements.

4.3 Priority choice operator

We would like to apply, as a second leg, the priority choice operator defif&itlge93], which allows the
process tgick outa high priority operand to communicate with the environment if both the high and low
priority operands® and Q respectively) can perform the communication. The semantics of this priority
choice operator is defined in CSP as follows:
tracesP O Q) = tracesP) U ( tracesQ) \ {t € tracesQ) : 3 u:tracesP) e
to=upAto¢ refusalsP)}).

We illustrate the effect of the priority choic&® by a Savings Account example.

Consider a basic account that suppartslit anddebit only. After performing acredit operation, the
balance of the account will be increased by the credited amount. Similarly, afteoimeirig the adebit
operation, the balance of the account will be decreased by the debitathanithe CSP specification of
BasicAccount is shown in Figure 4.6.

BasicAccount(Bal) = credit?amount — BasicAccount(Bal + amount)
O

debit?amount — BasicAccount(Bal — amount)

Figure 4.6: A basic account.

We can then build &avingsAccount on top of theBasicAccount such that a successful debit can be
performed only if there is sufficient money. This is shown in Figure 4.7.

SavingsAccount(Bal) = ( interest?rate — calculate interest!rate!Bal?NewBal —

- SavingsAccount(NewBal)

debit?amount — if Bal > amount
then SavingsAccount(Bal — amount)
elseSavingsAccount(Bal))
O
( credit?amount — SavingsAccount(Bal + amount)
O

debit?amount — SavingsAccount(Bal — amount))

Figure 4.7: A savings account
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If an event is not accepted by both the high and low priority operandeatime time, the effect of the
priority choice operatorﬁ” is about the same as that of the conventional general choice opekrtan “
CSP. For instance, the eventerest?rate will only communicate with the high priority operand, while the
eventcredit will communicate with the low priority operand.

However, the situation is different if an event offered by the envirorineiacceptable by both the
high and low priority operands. The high priority operand (the left oparavill then have the privilege
to be selected for communication. For instance, if users watlid a SavingsAccount, the high priority
operand will be chosen. Moreover, since the high priority operandatsays successfully perform the
debit operation, thelebit in the low priority operand will never be selected. HerngayingsAccount can be
viewed as if it were as shown in Figure 4.8.

SavingsAccount(Bal) = interest?rate — calculate interest'rate!Bal?NewBal —

- SavingsAccount(NewBal)

debit?amount — if Bal > amount
then SavingsAccount(Bal — amount)

- elseSavingsAccount(Bal)

credit?amount — SavingsAccount(Bal + amount)

Figure 4.8: A stand-alone Savings Account specification.

We feel that this property — the ability to select an operand in the case @ifater of the priority
choice operator suits our needs in overriding. For instance, we willidenthe low priority operand as
the superclass and the high priority operand as an incremental changevettela new specification of a
subclass. Using the Savings Account example, the superclass is

( credit?amount — SavingsAccount(Bal + amount)
O
debit?amount — SavingsAccount(Bal — amount))

and the incremental change is
(interest?rate — calculate interest!rate!Bal?NewBal —

- SavingsAccount(NewBal)

debit?amount — if Bal > amount
then SavingsAccount(Bal — amount)
elseSavingsAccount(Bal))

Further subclasses can be incrementally constructed as shown in Figure 4

4.4 Weak conformance
We purpose, as the third leg, a modified notion of conformance. We calbi wenformance.
Definition 4 (Weak conformance) A process P weakly conforms to a process Q if and only if

(1) aP =aQ;
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SubSubClass = incremental change’
]
incremental change
g

superclass

Figure 4.9: An incremental development of a subclass

(2) For any non-empty s traces(Q), if (sX) € P, then (sX) € Q;

(3) For any non-empty s divergences(Q) traces(P), s= divergences(P).

The conformance relation between a superclass and subclass candeteomined until both the
superclass and subclass are specified. However, this does not d@hghevphilosophy of the incremental
approach which suggests that the subclass should be the result ohgpglgnodification to an existing
class (its superclass). Weak conformance relaxes the constraint tHiltive inclusion associated with
an empty trace. With this relaxation, we can model the incremental changeskeezaveakly conformed
process is not required to re-model the existing behaviour (traceslune) of the original process. For
instance, as shown in the previous section, the incremental changavfogsAccount weakly conforms to
BasicAccount which the behaviour ofredit service is not required to repeat in the incremental change.

Lemma 1 (Modifier composition) If both the processeqd; and 4, weakly conform to a process Q, then
the processf; O 4,) weakly conforms to Q.

Proof: Consider a failureg, X) of (41 O 45) such thasis also a non-empty trace §f. We have 3 cases:

1. sis atrace of4; but not that of4,
(s, X) will be a failure of 4;. Since,4; weakly conforms t®, (s, X) should also be a failure @.

2. sis only a trace of4, but not that of4;
Similarly to the first case s(X) should also be a failure @).

3. sis an non-empty trace of; and 4,
From the definition of the general choice operatof,(s, X) should either be a failure of; or 4, or
both. Given that bottd; and4, weakly conform tdQ, it follows that &, X) should also be a failure of
Q.

Moreover, any non-empty divergend®f 4; O 4, is a divergence of eithefl; or 4,. Since both4; and .4,
weakly conform taQ, d should also be a divergence @f d

Lemma 2 (Superclass composition)f a process A weakly conforms to both the processes Q and R, it
weakly conforms to the process [QR).

Proof: Given a failure ¢, X) of A such thasis also a non-empty trace d@(C R). SinceA weakly conforms

to bothQ andR, (s, X) should be either a failure @ or R or both. From the semantics of the general choice
operator 137, (s,X) should also be a failure o O R). Similarly, any non-empty divergenckof A should

be a divergence d or R, which means thal should be a divergence d@(C R). g
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4.5 Summary

We have investigated the possibility of using Cusack conformance, exteasibreduction to formalize

inheritance. We identified problems such as non-transitivity and nonarertlity. Fidge’s priority choice

operator seems a promising candidate to support overriding. In thehegptier, we will discuss how we can
improve on the notion of conformance and, together with the notions of prichitice operator and weak
conformance, it helps us to define a theory of inheritance which satisetetirable features.
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Chapter 5

A Theory of Inheritance

Having explored some tools like Cusack conformance, weak conformamdethe priority choice
operator, and having identified some desirable features like formalityikétje anti-symmetry, transitivity,
incrementality, behavioural compatibility and multiple inheritance, we would like tgrate these tools to
form a theory which supports the desirable features. Firstly, we prasgmonger notion of conformance
which allows the addition of new services and a redefinition of serviceposts overriding and preserves
the partial ordering of processes. Then, we propose a theory ofiteniiee and prove some properties
to support an incremental development. Following that, we generalize oagepbto form the notion of
multiple inheritance and the optimization of modifiers. Finally, we profile how theryhsopports the
desirable features.

5.1 Strong conformance

Cusack conformance allows the addition of new services and the rembualhanted behaviours, but
does not support transitivity; whereas reduction and extension Bupaositivity but not the addition or
removal of services. There should be a kind of conformance whigbostgpall of three features. We call it
strong conformance and define it below. The idea is: besides a comfoemelation among processes, the
conforming processes should not define any trace that has beenaginothe original process with respect
to yet another process. Our aim is to apply strong conformance to inheritettich supports a partial order
relation among classes.

Definition 5 (Strong Conformance) A process P strongly conforms to a process Q if and only if
(1) P conformsto Q,

(2) whenever Q strongly conforms to some process R, traces{flaies(R)C traces(Q).

Firstly, we prove that strong conformance is a partial order relation. thed, we will show that extension
and reduction are its special cases.

5.1.1 Partial order relation
Lemma 3 (Reflexivity) Strong conformance is reflexive.

Proof: Trivial. O

Lemma 4 (Anti-symmetry) Strong conformance is anti-symmetric.
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Proof: SupposéP andQ are processes such tHastrongly conforms t&®@ andQ strongly conforms td°.
Consider a tracs of P. According to the second condition of Definition $should also be a trace &)
becaus&) strongly conforms td® too. However, we have assumed tRatonforms toQ. It means a failure
(s,X) of P should also be a failure @; otherwiseP cannot be a conforming process@flt follows that all
failures ofP should be failures o. Similarly, we can conclude that all failures @fshould also be failures
of P. Furthermore, failure equivalence implies trace equivalence betRemad Q. Hence, according to the
divergence condition of conformance, any divergencP should be a divergence €, and vice versa. It
means thaP andQ should have identical sets of traces, failures and divergences eaicdis equivalent
to Q. O

Lemma 5 (Transitivity) Strong conformance is transitive.

Proof: Supposé’, Q andR are processes such tlastrongly conforms t@ andQ strongly conforms tér.
Consider a failureg X) of P such thasis a trace oR. If sis also a trace o, then €, X) should be a failure
of Q becausdP strongly conforms t&. Moreover, given thas is a trace ofR, it further infers that ¢, X)
should also be a failure & becaus&) strongly conforms tdR. On the other hand, & is not a trace of,
according to the definition of strong conformansshould not be a trace &, otherwiseP cannot strongly
conform toQ. Moreover, ifsis a divergence oP, thensis also a divergence @. Similarly, s should also
be a divergence dk. O

Theorem 1 (Partial Order Relation) Strong conformance is a partial order relation.

Proof: It follows directly from Lemmas 3, 4 and 5. O

5.1.2 Extension and reduction

(1) Extension: By Definition 2, a proceBextends a proces3if tracesP) C tracesQ). Hence, Condition
2 of Definition 5 will trivially be satisfied. Thus, extension is a special cdstrong conformance.

(2) Reduction: Similarly, reduction is another special case of strongomaince.

5.2 Inheritance

We first propose our theory of inheritance and then show that thereei$osane correspondence relation
between the superclass-subclass relation and the superclass-meldifienr Based on this correspondence,
we then propose an incremental technique. The definition of inheritanbewsdelow.

Definition 6 (Inheritance) A process P inherits a process Q if and only if
(1) P strongly conforms to Q and
(2) P behaves like the process@Q for some process A. A is called a modifier for the said inheritance.

As both the notions of strong conformance and priority choice operatar fartial order relations, our
definition of inheritance can be easily shown to be reflexive, anti-symmaeitii¢ransitive. Moreover, if we
consider a superclass as the point of origin and a subclass as a paéstiofition, a modifier will represent
a path linking up the origin and the destination.
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Moreover, we would like to show that an inheritance relation between tweepses will imply a weak
conformance relation between the superclass and a modifier.

Lemma 6 If a process AT R behaves like a process P, and P conforms to R, then A weakly confoRms to
Proof: Consider a tracs of P. SinceP behaves likeA T R, s should be a trace of eithéror R or both.

1. Supposes is a trace ofR but not that ofA. sis irrelevant toA, and hence does not affect the weak
conformance relation betweénandR.

2. On the other hand, supposés a trace ofA but not that ofR. Similarly, it does not affect the weak
conformance relation betweénandR.

3. Lastly, suppossis a trace of botlA andR. We have two cases:

(i) Supposesis an empty trace. Weak conformance does not impose any constraint emgyg
trace of a weakly conforming process. Hence, itis also an irrelevant ca

(i) Supposes is a non-empty trace. A failures(X) of P will be either a failure ofA, or R or
both. Moreover, according to the semantics of the priority choice opesdttne failures ofA
associated with non-empty traces will also be failureB.dt means that any failures(Y) of A
should also be a failure &. As P conforms toR, (s, Y) should be a failure oR.

0

Moreover, our inheritance relation is a special kind of strong confocaarich, in turn, is a special kind
of conformance relation. Thus, we can state that inheritance implies a waédtrmance relation between
the superclass and a maodifier.

Corollary 1 If a process P inherits a process R and A is a modifier for the inheritanes, &) A weakly
conforms to R.

Proof:
It follows directly from Lemma 6 and the definition of strong conformancefititeon 5). 0
Furthermore, we would like to prove that if there is a weak conformanceaelbetween a modifier and
the superclass, then we are guaranteed to have a conformance rettiveethe superclass and subclass.

Lemma 7 A process P conforms to a process R if P behaves likeR\for some process A such that
(1) A weakly conformsto R and
(2) R respects the immediate divergence of A.

Proof: Consider a failureg X) of P such thasis also a trace oR.

1. Supposes is an empty trace. From the definition of the priority choice operaﬁB'r, the failures
((), X) of P are the common failures & andR. It means that((, X) should also be a failure @.

23



2. On the other hand, supposes not an empty trace. A failures(X) of P should be a failure of either
A or R or both. Moreover, we know tha& weakly conforms tdR. It follows that &, X) should be a
failure of R.

Furthermore, suppost is a divergence oP. d should be a divergence @f or R. Given thatA weakly

conforms toR, so any non-empty divergenag of A should also be a divergence Bf Moreover, the

condition of immediate divergence enforces tha)ifs a divergence oP, it should be a divergence &

Hence P conforms toR. O
Lemma 7 can be further strengthened to handle strong conformance.

Lemma 8 A process P strongly conforms to a process Q if P behaves likeQ\for some process A such
that

(1) A weakly conformsto Q,
(2) Q respects the immediate divergence of A and
(3) whenever Q strongly conforms to R, traces(Ajaces(R)C traces(Q).

Proof: By Lemma 7,P conforms toQ. All traces ofP should be traces of eithé, Q or both. Moreover, if
A does not define any trace which is a trace of s&neut not a trace o, thenP should satisfy the second
condition of strong conformance. It follows thHatshould strongly conform t®. O

Based on the above lemmas, we can conclude that there is a one-to-dirensklp between the
superclass-subclass relation and the superclass-modifier relation.

Theorem 2 A process P conforms to a process R if and only if P behaves likeRAfor some process A
such that

(1) A weakly conformsto R and
(2) R respects the immediate divergence of A.

Proof: It follows directly form Lemmas 6 and 7. d

Theorem 3 (Incremental Theorem) A process P inherits a process Q if and only if P behaves like@
for some process A such that

(1) A weakly conforms to Q,
(2) Q respects the immediate divergence of A and
(3) whenever Q strongly conforms to some process R, tracesifares(R)C traces(Q).

Proof: It follows directly Definition 6, Corollary 1 and Lemma 8. O
Theorem 3 suggests that we can construct a modifier to create a subklassover, our notion is
transitive, and hence the process can be repeated to generateiinmgieasls of subclasses. Besides, the

lemma on Modifier Composition can be considered as an approach to combinedmétto a modifier.

The lemma on Superclass Composition, on the other hand, provides us witipaeh to integrate two
different behaviours patterns to form a single superclass. Finally, ifiexe the Incremental Theorem as
vertical reuse, then Modifier Composition and Superclass Compositiordpravmeans of horizontal reuse.
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debit— ---
O
credit— - -- | check balance- - --
O ]
check balance- - -- O R debit—s - .-
g o
debit— - -- credit— ---
O
credit— ---

Figure 5.1: Modifier is not unique.

Remark A modifier of a class is not unique. It is up to designers to specify the redjurodifier. For
instance, as illustrated in Figure 5.1, an account may inherit anotherra@liyet override every inherited
method and attribute; alternatively, it may simply add a new featiexk balance).

On the other hand, in the object-oriented notion, we would like to manage thdexdypy considering
individual services in a class and then combine these services togetbemta fnodifier. In fact, we have
shown in the last chapter when we are discussing the notion of weakromarioe that two modifierd; and
4, can be combined intg; O 4>.

5.3 Multiple inheritance

Multiple inheritance opens up the possibility of specification reuse for mora tre superclass.
Nevertheless, it also creates new challenges to the formalization of inloeritan

5.3.1 Problem

A problem associated with multiple inheritance is that the inherited behavioarsufclass from different
superclasses may interfere with one another. For instance, we may haethadM in a procesx that
conflicts withM in another procesR. In other words, the failures &fl in Q does not agree with those bf
in R. As a result, the failures of a methddlin the subclas® cannot conform to both of the methollkin
Q andR simultaneously.

5.3.2 Alternatives
To resolve the conflict, there are at least two strategies : redefinitioreanading.

(1) Redefinition
The first alternative redefines the methods of conflict in the subclasgetdm the transitivity of
the conformance relation, the new definition of these conflicting methods shonfdrm to their
overridden counterparts. For instance, the subd&eastsould define a conforming method, ddy, to
override both the methodd inherited fromQ andR respectively. Redefinition is the recommendation
of OMT[Rumbaugh91].
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(2) Renaming
Another alternative is to rename the methods of conflict such that no moflectaill further arise.
For instance, we may rename (a change of symbol in CSP termindibgyRto M’, so that only the
other methodM in Q is inherited taP using the required signature. Nevertheless, it does not guarantee
that the subclagB8 will conform to its superclas® andR. For instanceP will not conform toR since,
in the specification oP, it does not consider the effect bf in R but simply substitute it byv’.

5.3.3 Our proposal

As we are interested in the formalization of OMT methodology and the renamipgagh does not
guarantee conforming subclasses, we will choose the first alternative.

An inherited feature will appear in a subclass unless it is overridden. ©othier hand, we use the latest
definition of a method whenever it has been overridden. It means thattéss dfinition of features should
always be accepted. If we consider services as events, it leads tahlusion that the redefined events
should not be refused, even if there is a conflict among the inherited medilooaslifferent superclasses.
We formalize the idea as follows.

Theorem 4 (Conflict Resolution) A process P conforms to both the processes Q and R if P behaves like
AT (Q O R) for some process A such that

(1) Aweakly conformsto Q and R

(2) A always synchronizes with any initial event common to both Q and Rhekhetically,
(e) € traces(Q)N traces(R)= ((),{e}) ¢ failures(A)

(3) Q and R preserve the immediate divergence of A.
Proof: Consider a failureg X) of P.

1. Supposeis an empty trace.s(X) will be a common failure oA andQ O R. Hence, §,X) will be a
failure of Q O R, which further implies that it will be a failure of boi andR.

2. Supposeis a non-empty trace. Let, be the first event af. Moreover, supposs, is also an event
refused byA. The second condition of the theorem implies that; > should not simultaneously be
a trace ofQ andR; otherwise it should not be refused ByWe have 5 sub-cases:

a. Suppossis a trace of bottA andR, but notQ. Since (),{s}) is a failure ofA, (s, X) can be a
failure of A or R. However,A weakly conforms tdR. Hence, §, X) will be a failure ofR.
b. Suppossis a trace of bot® andQ, but notR. Similarly to case 2as(X) should be a failure of

Q.
c. Suppossais a trace of neitheA nor R. Hence s should be a trace @; otherwises cannot be a
trace ofP. Moreover, the failureg, X) of P should be due t@.

d. Supposeis not a trace of bot andQ. Similarly to case 2¢,9 X) should be a failure dR.
e. Otherwise,g X) should be irrelevant tQ andR and hence does not affect the result.

26



3. Similarly to case 2, suppose tlss a non-empty trace and the first evefof sis not refused by
Based on the definition of priority choice operator, the high priority opkrawill synchronize with
S. It means thatg, X) of P should be a failure od; otherwises cannot be a trace &. SinceA weakly
conforms to bottQ andR, it follows that &, X) should be a failure of or R depending whethesis a
trace ofQ or R, respectively.

Moreover, consider a divergendef P. It d should be a divergence & Q or R. We have 3 cases:

1. Supposdl is a trace ofQ but notR. Then,d should be a non-empty trace. dfis also a trace of
A, it should be a divergence & or Q. SinceA weakly conforms tdQ, it means thatl should be a
divergence of because the divergence®f&hould come from eithek or Q. On the other hand,
is not a trace oA, it should strictly be a divergence QX

2. Supposél is a trace oR but notQ. Similarly to case 1d should be a divergence &

3. Supposeé is a trace of botl andR. If d is a non-empty trace, then it should be a traca;ajtherwise
the second condition of the theorem will be violated ahchnnot be a trace d@?. It further means
that the divergence of P should be due to the divergenceffMoreoverA weakly conforms botl®
andR. Therefore, a non-empty divergend¢ef P should also be a divergence of b&andR. On the
other hand, supposkis an empty trace. It should be a divergencé&pbtherwiseP cannot diverge
immediately. It meand should be a divergence of bohandR according to the third condition of
the theorem.

0

5.3.4 Optimizing modifiers

A modifier for multiple inheritance can be further simplified. Our prime goal is tpkbe conformance
relation between a subclass and its superclasses. It means that we naay sisue traces of a modifier as
long as the relation holds. Moreover, as we only discard traces, thageoadition of strong conformance
should automatically be satisfied. We formalize the idea as a criterion for optinsizimedifier as follows.

Optimizing criterion  If there exists processés P, Q andR such thaP multiply inheritsQ andR, andA
is a modifier for the inheritance, we can construct a progéssich thatP behaves liked' d (QOR) (and
henceP still multiply inheritsQ andR) if

(1) traceg2’) C traceg 4),
(2) failures(2 0 (Q O R)) = failures(4’ T (Q O R))and
(3) divergencesq T (Q O R)) = divergences?’ T (Q O R))
Moreover, the modifier is optimized if the following condition is also satisfied:
AA" e
(a) traceg2") C traces 4'),

(b) failures(2' T (Q O R)) = failures(2” T (Q O R)),
(c) divergences2” O (Q O R)) = divergences2' T (Q O R))
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Finally, we define the multiple inheritance as a special kind of inheritance melati®re a subclass
should inherit all superlasses and are linked to superclasses thraughdtity choice operator.

Definition 7 (Multiple Inheritance) A process P multiply inherits distinct processes-@ ,Qp if and only
if

(1) for every@, in the range, P inherit£}, and

(2) there is a process A such that the process &1 Q;) behaves like P.

5.4 Evaluation
We evaluate our theory according to the desirable features of a theiyesftance identified in Chapter 2.

(1) Incremental
The notions of modifiers and weak conformance provide a quality frankewbrincremental
modification of an inheritance hierarchy. Designers can specify the mottifiexisting classes to
derive new classes.

(2) Behaviourally Compatible
The notion of strong conformance provides a framework for subdded® behaviourally compatible
to its superclasses.

(3) Formally defined
Definitions 6 and 7 formalize single and multiple inheritance under the CSP frarkew

(4) Reflexive, Anti-symmetric and Transitive
Theorem 1 guarantees that the definition of inheritance is reflexivesymtinetric and transitivity.

(5) Overriding
The priority choice operator incorporated with the notion of weak confanma&nables us to override
existing behaviours while maintaining the compatibility of subclasses.

(6) Automatically propagated
Given an inheritance hierarchy in our theoretical framework, if we adevafeature, say a method,
to a superclass, the feature will automatically appear in its subclassesitirdassrridden.
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Chapter 6

An Account Example

6.1 Introduction of an account example

Account Forget about the inheritance theory for a while and pay attention to ajgttheg we come across
in daily life. It is bank account. Generally, weithdraw money from an accountiepositmoney in it, and
checkthe account balance. Moreover, once the account is open, welaseit if required. However, an
account may be frozen for some reason and we should wait until themdsaeactivated to continue our
business upon the accotint

Savings account Basically, a savings account is an account with interest. It means thateb@sonetary
transactions, we should have interest from time to time. Nevertheless, imaylksnly give interest to those
savings accounts with a balance over $1000.

Credit account We can also open a credit account which is another kind of accountevmwwhenever
we use our credit card to purchase our favourite products, a setvacge will be levied by the credit agent.
Moreover, if we use the overdraft facility in a credit account, we shpalgdthe overdraft charge.

Vantage account To have the advantage of a savings account for interest and thatredlida account to
allow overdraft, we may introduce a new kind of accounvantage Account.

6.2 An overview of the relations among accounts

We summarize the relations among accounts in the Object Model of OMT [RighBal Basically,
both Savings AccourdandCredit Accountare subclasses éfccount wheread/antage Accouns a subclass
of both Savings AccourandCredit Account

In Account we define methods likeeposit withdraw, freeze reactivateand closeand an attribute
balance whereas, a new methadlculate interests added tdsavings AccountThis method is applicable
only if the balance of the account is at least $1000. On the other ha@edit Accountwe override the

1Some people feel thatansfering money from one account to another should be an operation ofcamuic Paradoxically,
it (transfel involves at least two accounts, and if one of them has been destrityettansfer operation among these accounts
will become invalid. It shows thatansfershould be an association (in OMT terminology) between two accounts amte et a
method or an attribute of an account class.
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withdraw operation inherited fror\ccountand add a featureharge overdraft This feature is applicable
only if the account is being overdrawn.

Account
| |
Savings Credit
Account Account
Vantage
Account

Figure 6.1: The account example : Object Model

6.3 Name substitution

We link OMT and CSP and introduce a syntactic construct which we call nabsgitution. We substitute
a process by another process. For instance, when we write:

Q=a—b—0Q

P=c— STOP
|

Q[Q/P]
it is a short cut to iteratively mean:

P=c— STOP
Od

a— b — P[Q/P]

However, name substitution is not a special kind of change of symbols.chidmege of symbols is a
one-to-one function such that the symbol for an event is changed tbearsymbol, while the semantics of
the processing are still maintained; whereas name substitution may replazzeagby an entirely distinct
unrelated process: there may not be any semantics relationship betwesigihal process and the new
one. Nevertheless, the link between OMT and CSP is not formally defireesttanslate a OMT specification
into a CSP specification by our craftsman skills.

6.4 Account

We will concentrate our discussion on the control aspect of the example.
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An account starts its life once a deposit is made, and it enterblonmal state. When a message is
received, it will trigger a state transition. For instance, in response tvieg thewithdraw message, it
will perform the function to debit the account and then return toNlbemal state. However, ifreezeis
received, it will enter thé&rozenstate. It will wait until the account ieactivated In the later case, it comes
back to theNormal state. We can also apply the check balance method to check our acctangebarhe
Dynamic Model ofAccountis shown in Figure 6.2.

check balance

w freeze

Account
Frozen J reactivate

deposit(money)
balance:= credit(money,balance)

Figure 6.2: Account: Dynamic Model

We translate the Dynamic Model éfccountinto a CSP specification, which is shown in Figure 6.3.
Starting from the black dot in Figure 6.2Account receives adeposit(money) message and enters the
AccountNormal state. We model it as

Account = deposit?money — AccountNormal(money).

In the normal stateAccountNormal can receivecheck balance?, deposit(money), withdraw(money),
freeze. We model it as a choice combination. The triggered actionshikence:=debit(money,balance)
triggered bywithdraw(money) are modelled as events following the triggering event. For instance, we model
the withdraw operation as

withdraw?money — debit!money!balance?newbalance
— AccountNormal(newbalance).

Similarly, the messageeseze will drive the account into the Account Frozen state and the messagéate
will active the account again and bring it back to the Normal state. We moa! it

freeze — AccountFrozen(balance)
AccountFrozen(balance) = reactivate — AccountNormal(balance)

The account will terminate if we close the account. In the Dynamic Model, itnetdel by an arc connected
to a circle with a black dot inside. Since it represents a successful termmiraftian object, we use the
processSKIP to represent the situation in CSP.

close — SKIP
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Account = deposit?money — AccountNormal(money)

AccountNormal(balance) = deposit?money — credit!money!balance?newbalance

- — AccountNormal(newbalance)

withdraw?money — debit'money!balance?newbalance

- — AccountNormal(newbalance)

freeze — AccountFrozen(balance)
Od
check balance? — check balance!balance

- — AccountNormal(balance)

close — SKIP

AccountFrozen(balance) = reactivate — AccountNormal(balance)

Figure 6.3: Account: CSP specification

6.5 Savings account

Savings Accountefines theAccountNormal state into two separate substat&igibleForinterest and
NotEligibleForInterest. If a savings account is in th#igibleForinterest state, we can applalculate interest.
The Dynamic Model oSavings Accouris shown in Figure 6.4.

Account Normal

[balance >=1000] [balance < 1000] /.

[balance < 1000]

Eligible For
Interest

Not Eligible
For Interest

[balance >=1000]

calculate interest(rate)

balance := compute interest(interest,rate)

Figure 6.4: Savings Account: Dynamic Model

Similarly, we present the CSP specificationS#vings Accounn Figure 6.5. Since the normal state
of a savings account is the normal state of an account. We refer toSiaviisysAccountNormal. From
the Dynamic Model, there are two entry points: one goes NttkEligibleForinterest and the other goes
into EligibleForinterest. We will consider these two substates as incremental changes acting wgon th
AccountNormal. Hence, we can apply our theory to firstly combine the two incremental eh@igdifier
Composition) and then link them witlccountNormal using the priority choice operatoﬁ‘“.
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SavingsAccountNormal(balance) =

([0 < balance < 1000] — NotEligibleForInterest(balance)
O

[balance > 1000] — EligibleForinterest(balance))
]
AccountNormal(balance)[SavingsAccountNormal/AccountNormal]

For theNotEligibleForinterest state, there is a newly defined transition which causes the account to enter
theEligibleForinterest state. Since it is also an inherited substataéabuntNormal, we also apply our theory

to form:

NotEligibleForinterest(balance) = [balance > 1000] — EligibleForInterest(balance)
]

AccountNormal(balance)[SavingsAccountNormal/AccountNormal]

Similarly, we translate thEligibleForinterest state into a CSP process.

EligibleForinterest(balance) = ([0 < balance < 1000] — NotEligibleForInterest(balance)
O

calculate interest?rate — compute interest!rate!balance?newbalance

— EligibleForInterest(newbalance))

O

AccountNormal(balance)[SavingsAccountNormal/AccountNormal]

Savings Account = Account[SavingsAccountNormal/AccountNormal]

SavingsAccountNormal(balance) = ([0 < balance < 1000] — NotEligibleForinterest(balance)
O
[balance > 1000] — EligibleForinterest(balance))
g
AccountNormal(balance)
[SavingsAccountNormal/AccountNormal]

NotEligibleForInterest(balance) = [balance > 1000] — EligibleForinterest(balance)
O
AccountNormal(balance)
[SavingsAccountNormal/AccountNormal]

EligibleForInterest(balance) = ([0 < balance < 1000] — NotEligibleForInterest(balance)
O
calculate interest?rate
— compute interestlrate!balance?newbalance
— EligibleForInterest(newbalance))

O
AccountNormal(balance)[SavingsAccountNormal/AccountNormal]

Figure 6.5: Savings Account: CSP specification
We would like to give a few remarks here:

(1) Incremental and reuse

We build Savings Accourtn top ofAccount Hence, we can reuse the existing specification.
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[balance <= 1000]

Eligible For Not Eligible

Interest For Interest

[balance >=1000]

Figure 6.6: Problematic state transitions.

(2) Weakly conformed
In specifying EligibleForinterest, its modifier does not contain all the methods inherited from
AccountNormal. NeverthelessligibleForinterest still conforms toAccountNormal.

(3) Behaviourally compatible
Savings Accourtonforms toAccount

(4) Anti-symmetric
Moreover,Accountdoes not conform t&avings Accountor instanceAccountwill refuse to engage
in calculate interest even if the balance is well over $1000. On the other h&a¥jngs Accounill
synchronize with this event.

(5) Reflexive
In addition, instead of refiningAccountNormal, we keep it intact. It means that if no
NotEligibleForinterest or EligibleForinterest is defined, SavingsAccountNormal is equivalent to
AccountNormal, thus:

SavingsAccountNormal’ = STOP
O

AccountNormal[SavingsAccountNormal’/AccountNormal]

= AccountNormal[SavingsAccountNormal/AccountNormal]
= AccountNormal

SavingsAccountNormal(balance) = ([0 < balance < 1000] — NotEligibleForinterest(balance)
O
[balance > 1000] — EligibleForinterest(balance))
O

NotEligibleForinterest(balance) = [balance > 1000] — EligibleForinterest(balance)
O

EligibleForInterest(balance) = ([0 < balance < 1000] — NotEligibleForinterest(balance)
O

Figure 6.7: A problematic specification.

(6) Error Detection
If the transition conditiorjbalance < 1000] is changed tdbalance < 1000] (Figure 6.7), the OMT
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specification will become that shown in Figure 6.6. We can hardly detect the
problem of infinite inter-state transitions. However, if we translate to this OMT
specification into a CSP specificatioBavingsAccountNormal will be as shown in Figure 6.7. If
thebalance is $1000 SavingsAccountNormal will behave likeCHOAS, since the transitions between
NotEligibleForInterest andEligibleForinterest are always satisfied..

6.6 Credit account

Similarly, we refineAccountinto Credit Account We overridewithdraw to include service charges and
add a featureharge overdraft to compute the service charges. The Dynamic Modelefdit Accounts
shown in Figure 6.8.

Account Normal

[balance < 0] [balance >= 0] /.

[balance < 0]

Positive

Overdraft
Balance

[balance >=0]

charge overdraft(rate)
balance := compute charge(interest,rate)

withdraw(money)
balance: = deibt(money,balance)
service charge

Figure 6.8: Credit Account: Dynamic Model

We also apply the technique described above to translate the Dynamic Mddieddit Account into a
CSP specification, which is shown in Figure 6.9.

Remark

Overriding
In CreditAccountNormal, the methodvithdraw is redefined. The previous definition (the one with no
service charge) is concealed by means of the priority choice opeitor “

6.7 Vantage account

Vantage Accountultiply inheritsCredit AccountandSavings Accountt means that methods likéeposit
andwithdraw are inherited twice. According to Theorem 4, we should redefine theseodseihVantage
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Credit Account = Account[CreditAccountNormal/AccountNormal]

CreditAccountNormal(balance) = ([balance > 0] — PositiveBalance(balance)
O
[balance < 0] — Overdraft(balance))
]
AccountNormal(balance)[CreditAccountNormal/AccountNormal]

PositiveBalance(balance) = [balance < 0] — Overdraft(balance)
]
AccountNormal(balance)[CreditAccountNormal/AccountNormal]

Overdraft(balance) = ([balance > 0] — PositiveBalance(balance)
O
charge overdraft?rate — compute charge!rate!balance?newbalance

- — Overdraft(newbalance)

withdraw?money — debit'money!balance?newbalance
— (Overdraft(newbalance) ||
service charge — SKIP))

O
AccountNormal(balance)[CreditAccountNormal/AccountNormal]

Figure 6.9: Credit Account: CSP specification

Account Moreover, the two superclasses should be composited by the geimeicd operator” according
to the definition of multiple inheritance (Definition 7). The Dynamic Model and Ggecification of
Vantage Accourdre shown in Figures 6.10 and 6.11 respectively.

Credit Savings
Account Account
Normal Normal

Figure 6.10: Vantage Account: Dynamic Model

(1) Behaviourally Compatible
VantageAccounbehaves compatibly wit@reditAccountand SavingsAccourginceVantageAccount
conforms to bottCreditAccountandSavingsAccount

(2) Transitive
Moroever, VantageAccounbehaves compatibly witccountsince VantageAccountonforms to
Account

(3) Multiply inherited
VantageAccourmnultiply inheritsCreditAcccounand SavingsAccourdespite the name substitution.
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VantageAccount(balance) = (deposit?money — credit'money!balance?newbalance

- — VantageAccount(newbalance)

withdraw?money — debit'money!balance?newbalance
— (VantageAccount(newbalance) ||
([oalance < 0] service charge — SKIP
O

- [balance > QO]free service — SKIP)

freeze — AccountFozen(balance)[VantageAccount/Account]
O
check balance? — check balance!balance

- — VantageAccount(balance)

close — SKIP)

g

(CreditAccount O SavingsAccount)
[VantageAccount/CreditAccount,VantageAccount/SavingsAccount]

Figure 6.11: Vantage Account: Initial CSP specification

VantageAccount(balance) = withdraw?money — debit!money!balance?newbalance
— (VantageAccount(newbalance) ||

([balance < 0] service charge — SKIP

O

[balance > Q]free service — SKIP))
d
(CreditAccount O SavingsAccount)
[VantageAccount/CreditAccount,VantageAccount/SavingsAccount]

Figure 6.12: Ventage Account: Optimized CSP specification

(4) From the OMT Dynamic Model of Vantage Account, we do not know thiathave to redefine
withdraw. The theory, however, tells us that we have to.

(5) Optimized modifier
We can apply the optimizing modifier criterion dantage Accourto yield another CSP specification
as shown in Figure 6.12

6.8 Summary

We have illustrated an application of our theory using the bank accoumpea It demonstrates its
capability in

e reuse, where a substate is built on top of another state. For instance, omsruct
SavingsAccountNormal on top ofAccountNormal.

e error discovery. For instance, a collection of simple and trivial stateitiams, as shown in the
problematic Savings Account example, will causeHAOS situation. This kind of error is harder to
be discovered using diagrams.
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e multiple inheritance. We have shown that a simple diagram like the Dynamic Mdédéntage
Account, in fact, contains, ambiguities. We have to resolve these ambiguitiesdo/gid subclass.
Our theory suggests to redefine inconsistent services and optimize temertal change.

The example gives us an insight on a formal link between OMT and CSPréese to further develop
this link in our future research.
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Chapter 7

Discussions and suggestions

Formalizing inheritance may be challenging, exciting and fruitful, but therenésthing it never is.
Formalizing inheritance is never complete. After investigating other relatedm&sand the painful struggle
that we passed, we would like to share our opinion with you.

This is what the following sections are about. We have formally given th&asiio and semantical
concepts of inheritance. Semantics relation is defined by strong confoemdusing the technique of
incremental modification and the priority choice operator, it (inheritandeldi syntax too. Nevertheless,
challenges are still there: generalization may conflict with exceptions;nraral modification reverses
the process of generalization; the priority choice operator facilitategidivey but is constrained by the
conformance relation. How about other aspects of inheritance? Infe@itaf implementation (with or
without semantics relation)? Every solution may have its problems.

7.1 Generalization, exceptions and transitivity

Generalization links classes to their refined version. It helps designeesison about the inter-class
relations and facilitates reuse. Incidentally, formal methods put their strémgeasoning, and refinement
solidifies abstract classes to concrete versions. We find that it is a Ifatémemalize generalization.

Nevertheless, designers model and capture similarities in objects andzer¢faem in an inheritance
hierarchy for simplicity. Usually, in a generalization hierarchy, a subdtaasefinement of the superclass.
To have an easy life, some disappointed non-refined classes are tadtded hierarchy. Designers use
the technique of exceptions to handle these disappointments. For insta@ceuacan be considered
as aStackexcept that the push operation of tB#ackclass is overridden by the “append” operation of
the Queueclass. Because of the presence of exceptions, subclasses may riagmhdthout a transitive
relation. Any subclass of th@ueueclass cannot be considered as a kind of stack semantically. Knowledge
from superclasses apply (to those exceptional subclasses) but guaanteed. We assume we have
last-in-first-out (LIFO) in theStackclass, but we cannot guarantee this in@weueclass which, is actually
first-in-first-out (FIFO). If we have a subclass of both tB&ackclass andQueueclass, it will confuse
designers and users. Thus we do not support exceptions in ourlimmaOn the other hand, are we
modelling reality?
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7.2 Generalization and refinement

Designers sometimes start with a class and incrementally refine it into differbolasses for different
purposes, and sometimes generalize classes to form a superclassojftsqudresses the former situation
(using the technique of incremental modification).

7.2.1 Generalizing classes: the superclass

We draw an analogy between optics and generalization. Telescopereraftaake lenses and mirrors.
Physicists developed the principles of optics to explain these phenomenawisék we are looking for
a similar generalization. Most software designers today are still craftsthep:construct the mysterious
superclass by experience, like the telescope craftsman who manipulates de mirrors without realizing
the principle of optics. In fact, if we can formulate a theory, some unwgedgproblems may be avoided.

From the theoretical point of view, our inheritance relation is reflexivéi-symmetric and transitive.
Given two classes, we can find a process to represent the more Igdassageneralization) since theory
suggests that the more general form should always exist in this situation.

For instance, the superclass of

P=a—b—P and Q=za—b—-Q
O O
¢ — d— CHAOS e—f—0Q
O
g — CHAOS

isT=z=a—b—T.
ConverselyP can be constructed froihas

P=c—d— CHAOS
g
T[T/P]

and, similarly, for proces®.

There are, however, many questions concerning the constructiopefcsasses and modifiers:
(1) DoesT represent the least upper bound of the partial order set of sugsgslaP andQ?

(2) Given a set of classes C, is there any systematic and incrementaliqeehio produce a
generalized superclass and modifiers to represent them?

(3) Can the construction be automatic?
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7.3 Overriding

We unavoidably redefine inherited features (attributes and methods) theuieed of subclasses. For
instance, adistory Stackmay inherit aStackbut extending th@ushandpopoperations to record the history.
However, it may confuse and hampers the designers’ reasoning itagieel extreme. For instanc®ueue
may inheritStackbut override theoushoperation to append items at the end rather than at the beginning.
The latter kind of overriding is, as discussed earlgst,hocand should be discouraged; otherwise a third
party may assume the effect of applyipgshon Queuevery similarly to that ofStack and hence may build
a subclass based on this wrong assumption.

Queue = push — append item at the end — Queue
O

Stack[Stack/Queue]

Stack = push — concatenate item at the beginning — Stack
O

pop — return the first element — Stack

Figure 7.1: Improper inheritance.

On the other hand, although we use strong conformance to achieve pregpeding,ad hocoverriding
should not be totally discouraged. For example, in the implementation stagetdanbe of implementation,
a kind ofad hocoverriding that shares the implementation of classes regardless of the mesitibecome
more important. Instead of strictly insisting a modifier to be weakly conforming taparslass, we can
relax the definition merely allowing a non-conforming modifier to be used. ,Jddikocoverriding can be
allowed at the expense of a theoretical concern for transitivity.

7.4 Different kinds of inheritance support

Our result, however, solves only half of the problem. The other half imdudeneralization with no
semantics support and inheritance of implementation with semantics suppdet7Thbummarizes those 4
combinations and cells with a ticl are those we have addressed.

-

Generalization| Inheritance of implementatio
With semantics V
Without semantics vV

Table 7.1: Possible combination of inheritance support.

7.4.1 Generalization without semantics support

Generalization without semantics support can be considered as aldermaraf inheritance, and suggests
that the subclass may not be a refinement of that superclass. For ésasimpleCopy will copy a stream
bit by bit. New Copy want to know the end of the stream by reading three consecutive 0s.anktieh
this situation, the original stream will be inspected, and if two consecutiad@sopiedNew Copy will
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generate a 1 before copying the next bit; otherwise it will function as if leveenormalCopy. We do not
support this kind of generalization because an important asset of woaliem, namely transitivity, cannot
be guaranteed under these circumstances.

7.4.2 Inheritance of implementation with semantics suppdr

Another combination is thaheritance of implementation with semantics relatioe feel that this
option resembles closely the conceptd#legation which means that an unrelated class (outside the
inheritance hierarchy) is made to have an ability to behave like a class in thitanke class hierarchy.
Designers keep the distinction for various reasons: security, integdtpalitics, to name a few.

7.5 Conclusion

A theory of inheritance should not only tackle mathematical niceties suchrestiviy, not only selected
practical issues such as overriding. It would also be nice to have a reasra theory to unify the four
combinations of inheritance support. Clearly, the concept of inheritanoetisully defined and fully
generic. However, given the fact that

e exceptions will conflict with transitivity;
¢ mathematical definitions may not fully capture the real-life practice and;
e a general theorem prover does not exist,

a totally formal definition of inheritance may not be feasible if not impossible awestill in the dark age
when the Periodic Table is the only means to organize chemical elements aotsréfeir similarities and
differences.
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Chapter 8

A comparison with CSP-related Inheritance
formalizations

8.1 Introduction

Over the years, much research has been conducted in formalizing tiieinbe relation. As a comparison
with these research, we have taken some CSP-related approacheslaatied them using the desirable
features of a theory of inheritance identified in Chapter 2. We will then suimenétre evaluation and
compare them with our project.

8.2 Review

8.2.1 Cusack approach

Cusack [Cusack91a] illustrates the idea of inheritance as the confoemalaton and realizes itin the CSP
framework. A brief review of Cusack conformance has been giverhaper 4.

CoffeeMachine = coin — coffee — CoffeeMachine
TeaAndCoffeeMachine = coin — x:{coffee,tea} — TeaAndCoffeeMachine

Figure 8.1: An example of conforming process.

For example, th@eaAndCoffeeMachine, as shown in Figure 8.1, conforms to tbeffeeMachine because
the former simply extends the latter to produce a cuigahs an alternative.

Cusack addresses the issue of behavioural compatibility as a confamedaton. Nevertheless, rather
than formalizing the object-oriented inheritance, it tackles the class-bdseitamce where properties like
methods and queries cannot be propagated to a conforming processaris that a conforming process
should duplicate those properties in its process specification, and henapptoach does not provide an
incremental development mechanism.

Although conformance relation is reflexive and anti-symmetric, it is unfatelg not transitive as
illustrated in Chapter 4. We can redefine the process behaviour in thergon§ process. For instance,
TeaAndCoffeeMachine can be viewed as an extension of the propertieSaifeeMachine. Nevertheless,
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we cannot reuse the original specification GoffeeMachine, to redefine those properties that need to be
modified. Because of a lack of a process construction operator (likesthefithe priority choice operator
“T” in our formalism) to link up the conforming process and the original pracessrriding cannot be
supported explicitly.

8.2.2 Rudkin approach

Rudkin [Rudkin92] proposes an inheritance hierarchy with incremergakldpment in the LOTOS
framework. To summarize Rudkin’s work:

e It is based on the notion aéxtensioh, which ensures that a class hierarchy forms a subtyping
hierarchy, since extension is reflexive, anti-symmetric and transitivererfeless, as we note in
Chapter 4, extension does not provide the necessary mechanisnefadimg and redefinition since
the formalism requires that the extending process should only add newibeh Furthermore, the
very first event of these new behaviours cannot be in common with atyefient of the superclass
(the original process). For instance, the very first event ofoiféeeMachine is coin, and hence, the
TeaAndCoffeeMachine should not have any behaviour which starts vettin. Thus, the definition of
TeaAndCoffeeMachine stated in Figure 8.1 is invalid according to this approach.

o It facilitates an incremental modification approach using the choice opgf&dmk up a superclass
and a subclass under a few constraints.

¢ In addition of the standard processgsp andexit, it adds a procesself as a primitive process to
denote a source of redirection. However, the semantisslois not formally defined in the paper.

¢ It adds a new modifier to denote the redirection operator to identify the destination initiated by the
self process.

For example FlushableBuffer is a subclass of thuffer as shown in Figure 8.2 (where symbab™
denotes the inheritance operator). In this way, methods likemnd out need not be repeated in the
specification oFlushableBuffer. Moreover, LOTOS enables the definition to be formal.

process Buffer [in, out] (q:queue): noexit:=
in?x:integer; Buffer[in,out](x appends q)
[
[q ne empty] -> out!hd(q); Buffer[in,out](tl(q))
endproc

process FlushableBuffer [in, out, flush] (q:queue): exit(nat) :=
Buffer[in,out](q)
®
(flush; FlushableBuffer [in, out, flush](empty)
endproc

Figure 8.2: Inheritance example of Rudkin’s View

1See Section 4.2.1 of this thesis.
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The approach restricts the initial communication of the modifier (subclass tenfdate distinct
from the initial communication of its superclasses. Hence, there cannemgoverriding or redefinition.
Multiple inheritance is not addressed.

8.2.3 Clark approach

In Rigorous Object-Oriented Analysis [Clark93], two proposals for iithece, namely pure extension and
inheritance with redefinition of services, are presented.

Proposal #1: Pure extension

A subclass extends its superclass if it only adds new features withouwirggnany original behaviour.
The subclass should be behaviourally compatible with its superclass. Bagbd transitivity of simple
extensions, transitive relation among classes in the inheritance hieramstheqyuaranteed. The proposal
employs incremental modification technique in constructing subclasses. oladtfresses the multiple
inheritance. Services in superclasses can be readily used by sebcldsawever, as the name implies,
no redefinition or overriding is allowed. More general concepts like monédnce and exceptions are not
addressed.

process Account[g](bal:Money) : exit(Money) :=
g'deposit?m:Money;exit(Credit_Account(bal,m))

g'getbalance;exit(bal)

g!withdraw;exit(Debit_Account(bal,m))

endproc

process RedefineChequeAccount[g](bal:Money, cards:Card) : exit(Money,Card) :=
g'deposit?m:Money;exit(any Money, Card_Op(cards))

g'getbalance;exit(any Money, cards)

g'withdraw;exit(any Money, cards)
endproc
process ChequeAccount[g](bal:Money, cards:Card) : exit(Money,Card):noexit :=
(((Account[g](bal) >> accept newbal: Money
in exit(newbal, any Card))
| [9] | RedefineChequeAccount[g](bal,card))

g'print_statement;exit(bal,card))
>> accept update_account: Account, update_card:Card
in ChequeAccount[g](update_account,update_card)
endproc

Figure 8.3: Inheritance in ROOA
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Proposal #2: Inheritance with redefinition of services

The second proposal isheritance with redefinition of servicesA simplified bank account example is
shown in Figure 8.3 Account allows users taleposit, get balance andwithdraw money. ChequeAccount
redefines the servicdeposit by allowing user to use eard too. In this approach, a redefinition process
is required for specifying the interface of the services to be inherite@ pracess is then made to have
a parallel composition with the superclass, as shown in the figure, to forantafthe ChequeAccount
specification.

This approach demonstrates an incremental modification technique. Howeamssitivity and
behavioural compatibility are not supported. It does not presentadatefinition of inheritance. Moreover,
the redefinition of services is advised by means of a low-level techniqeeau&e of the requirement to
repeat the inherited methods (interface) in the redefinition processeserhees of the superclass cannot
be used easily by the subclasses. Extension, conformance and exsepémot explicitly supported.

8.2.4 Summary

We summarize the review presented in this section in the following table. Thelastitis the comparison
of this project. In the tableROOA andROOA are the proposes one and two of Clark’s approach respectively.

| | Cusack| Rudkin | ROOA | ROOA | This Project |

Incremental Vv Vv v vV
Behavioural Compatible vV Vv Vv vV
Formal vV Vv v/
Transitive vV vV
Re-definable V V V
Overriding Vv v
Automatically Propagated v 4 vV
Multiple Inheritance 4 v vV
Extension Guaranteed v Vv Vv vV
Conformance Guaranteed +/ vV
Exception vV
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Chapter 9

Conclusion

This thesis proposes a theoretical framework for inheritance. We laweafized the concept of
behavioural inheritance as a special kind of conformance relation thkatdirsubclass by Fidge’s priority
choice operator to its superclass. With the priority choice operator, wergésprated naturally the concept
of overriding into our formalization. Our definition is reflexive, anti-symmedind transitive. Thus, classes
form a partial ordering in an inheritance hierarchy. Guidelines for mergal modification of a superclass
to form subclass is also proposed to facilitate reuse.

We have studied the effect of an inheritance with more than one supetbleisénterference and impacts
on the subclass. Based on our study, we have proposed theories @ tteelbehaviourally conflicting
superclasses and generalize our results to multiple inheritance.

The research compares favourably with other related work. Our apipn@inforces the transitivity of
behavioural compatibility while others either ignore the issue, require pafrstiscipline of users in the
specification process, or support only extension which is a specialafasur formalism. Moreover, we
have successfully demonstrated a simple application of our theory in anra@@mple using the Object
Modeling Technique (OMT) [Rumbaugh91].

In short, this research focuses on the formalization of a key concepjenteorientedness — inheritance
— and also successfully tackles the issue of overriding. At the same timdingéseconformance into a
transitive relation. Furthermore, it provides great potential for furtleelopment of a formal framework
behind OMT methodology using the elegant theory of CSP.
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Appendix A

A CSP Overview

A.1 Introduction

Communicating Sequential Process€SP, was developed by Tony Hoare in late 70s to early 80s. In this
research, we use the definition of CSP together with the notation and behkvis given in [Hoare85].

CSP is a kind of process algebra that specialize in concurrency mod€liednasic concept isfocess
The interactions between a system and its environment are modelled mathemasialgnts.

A.2 Processes

A system is described in CSP as a set of communicating processes. $emees black boxes and
communicate through their externally observable behaviours with otheegses. Hence, a system is
specified by defining the temporal relationships among these interactionsuse#t a synchronous
communication. Asynchronous communication can be established througketlué bufferred processes.
Events are atomic actions and an event takes place only if all the compoifiensystem are ready to
synchronize that event. For example, in the event:

channel.data

“channel” is the channel of communicationdéta” is the actual information for synchronization in that
channel. The data can be a variable; synchronization causes thémglesmto instantiate. Table A.2
summarizes the three types of synchronizations.

ProcessP ProcessQ Interaction Type | Effect

channel!data channelldata Value matching | Events synchronize

channel!data channel?x Value passing Synchronization occurs and “x” wil
be instantiated to “data”

channel?y channel?x Value generation | After synchronization, “y” = “x”

Table A.1: Three synchronization types.

Semantically, every procefshas a signature called the alphabet, a failure set and a divergencéeset. T
signature is donated yP.

STOP andCHAOS are two fundamental processes in CSP. The former represents thé l[dadpan
of processes and the latter, as the named implies, denotes the most nanirdstiersituation where the
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process may or may not refuse or accept any event. CSP introdues®rin/ to represent a successful
termination of a process and use the pro@&SH> to denote

SKIP = / — STOP

A.3 Operators

In the following sections, we will give the basic ideas of some operatorsaddpt the following convention:
e ais an event.
e P andQ are processes.

e Cis a set of alphabet.

A.3.1 Prefix

(a — P)is pronounced as “a then P”. It describes a process that firsgyeadgaan everd and then behaves
exactly likeP. For instance, when we use our bank card to withdraw cash, we fiest ihe card, and then
key in the password and the amount required. Finally, we get some chstwhole situation is abstractly
captured by the following process.

insert card — key-in password — key—in amount — get cash — SKIP

A.3.2 Recursion

Although the prefix notation can be used to describe the entire behaviaysrotess that eventually stops,
it will be impossible to write out the full behaviour of any non—terminating psscé-or instance, a simple
CLOCK will tick and thertick again forever. We use

CLOCK =tick — CLOCK

to provide a recursive definition f@LOCK. In general, a recursion is an equati®r f(P).

A.3.3 Or

(P11 Q)is pronounced as “P or Q". It describes a process that behaves eitictly likeP or exactly likeQ,
where the selection is made arbitrarily not within the control or the knowletifee@xternal environment.
For instance, to change a $10 note to coins, a change-giving machiagsalives the right change in one
of two combinations as shown in next page.

Ch10 = (in10 — ( (outl — out2 — out2 — out5 — Ch10)
1
(out5 — out2 — out2 — outl — Ch10))
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A.3.4 Choice

(P O Q) is pronounced as “P choice Q". It describes a process that alloventhimnment to seled® or Q
by exercising the very first action. For example, we are allowed to selget @ coke or an apple juice after
we insert a coin in a vending machine.

insert coin — ((coke — STOP) O (apple juice — STOP))

However, if some of the very first actions are sharedPtandQ, then the choice betwedhandQ among
those common actions will become non—deterministic.

A.3.5 Concurrency

(P || Q) describes a process that behaves as if the system is composedexfgm®candQ interacting in
lock-step synchronization.

For instance, a greedy customer of a vending machine is happy if he oattfise or a chocolate free
of charge. However, if he has to pay, he would insist on getting a chiecola

Greedy Customer = ( (toffee — Greedy Customer
M
chocolate — Greedy Customer)

O
coin — chocolate — Greedy Customer)

A well-designed vending machine should request the customer to insert bafore it gives a toffee
or a chocolate.

Vending Machine = coin — ( (chocolate — Vending Machine)
O

(toffee — Vending Machine))

When the greedy customer comes to this vending machine, his greed istédsace the machine
does not allow anything to be extracted before payment. Hence, the agedhe customer has is to insert
a coin and then get a chocolate.

(Greedy Customer || Vending Machine) =
coin — chocolate — (Greedy Customer || Vending Machine)

A.3.6 Interleaving

(P ||| Q) is pronounced as “P interleave Q™ Unlike theeombinator]|| introduces a possibility of a system
of non-interacting components with the same alphabet. For instance, wédacarpndependent vending
machines together on a street.

Vending Machine ||| Vending Machine ||| Vending Machine ||| Vending Machine
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A.3.7 Concealment

(P\C) describes a process that behaves Rlexcept that each occurrence of any event in C is concealed.
Hence, those concealed events becomes internal actions and repnéseral communication among
components oP.

For instance, a noisy vending machine naéigk for inserting a coin andlunkfor dropping a toffee.

Noisy Vending Machine = coin — clink — toffee —
clunk— Noisy Vending Machine

The noisy vending machine can be placed in a soundproof box. Thiéimggurocess is equivalent to a
simple vending machine.

Simple Vending Machine = Noisy Vending Machine \ {clink,clunk}
= coin — toffee — Simple Vending Machine

A.4 Failure—divergence model

In failure—divergence model, a process is represented by a tuple jAR&e “A’ is the alphabet set, “F”
is the set of failures and “D” is the set of divergence.
A.41 Trace
A trace of a process is a sequential record of the behaviour of the¢ gsaip to some moment in time.
A complete set of all possible traces of a prodesés denoated by traceR).
For example, tracegénding Machine) denotes the complete set of traces of the process
Vending Machine = coin — coke — SKIP

and is{ (), (coin), (coin,coke, (coin,coke /) }.

A.4.2 Failures

Suppose a procegscan engage in a sequence of events denoted by thesrand then fails to proceed if
the environment is prepared to engage in any event in 4.sehe tuple §, X) will be known as a failure of
P. We use failuredf) to denote the set of possible failures d?.a

For example, the set of failures ®&nding Machine is {({),{coke}), ({(coin),{coin}), ({(coin,coke,
{coin,cok&), ((coin,coke+/),{coin,cokeg }.
A.4.3 Divergence

A divergence of a procesB is defined as any traceof P after whichP behaves chaotically. We use
divergencel) to denote the set of possible diverging traces. Since a divergenceasea divergencé))
should be a subset of tracB3(
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A.4.4 Other models

The failure—dievergence model of CSP uses the traces, failures em@e@hce to attach a meaning to a
process. We can extend the model to other models. For instance, by incthdineal-time consideration,
we would have the real-time specification language TCSP [Davies93].

A5 Summary

CSP has a rich set of operators and encourages users to definenthedsperators. The following table
summarizes the basic operators and the priority choice operator.

| Name | Syntax | Meaning |

Prefix (a— P) A process that firstly engages in an evardand then
behaves exactly like.

Recursion P=f(P) Describes recursive behaviour patterns.

Choice POQ A process that allows the environment to choBser
Q by exercising the very first event.

Or POQ A process where the selection Bfand Q is internal
and non—deterministic.

Priority Choice PO Q Similar to the choice operator, bBtis given a higher|
preference.

Concurrency PlQ P parallels with Q. interacting in a lock—step
synchronization.

Interleaving Pl Q P interleaves withQ non—interactively.

Concealment P\C A process which behaves likB, except that any
alphabet in C would be concealled.

Table A.2: A summary of basic operators in CSP.
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