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Abstract

Although abstract data types are the foundation of object-oriented
programming, the use of application independent ADTs as compo-
nents for other ADTs is surprisingly difficult. No existing language
allows the ADT's of high-level elements like associations, bounded
values, graphs, ...to be reused conveniently as components. As a
result, their instance variables and methods are implemented over
and over again.

To allow such elements to be reused, we raise the abstraction level
of the language by introducing a new multiple inheritance mecha-
nism with two relations: is-a and has-a. The is-a relation is for
subtyping and code inheritance, and is tailored for classification.
The has-a relation is for code inheritance only, and is tailored for
composition of ADTs. Using this inheritance mechanism, the imple-
mentation of the foundation of a program becomes a trivial task.

A case study shows a 22% decrease in the size of the code, while
the second best inherit ance mechanism gets no further than 5%.
In addition, the mechanism reduces the dependenc y between the
implementation of a class and its hierarchy.

We present a formal model of the inheritance mechanism, along
with a proof of type soundness.

Keywords : Multiple inheritance, abstract data type, component.
CR Subject Classification : D.3.3, D.3.1, D.2.13
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1. INTRODUCTION

In current object-oriented programming languages, implaing even a simple applica-
tion can be a difficult task. Take for example the applicatioirigure 1. Designing its
high-level model using well-known high-level charactécis like associations, bounded
values, graphs,...is a trivial task. Implementing the &pibn, however, is quite expen-
sive.

The ADTs and implementations of the characteristics mugtd@porated in the appli-
cation classés Their feature$are given names that are meaningful in the context of the
application class, and part of their functionality may bedplized. But aside from the
specialized part and renaming, both the ADT and the impleatiem remain essentially
unchanged. Consequently, both should be reused, and dastbmhere necessary. But
it turns out that even with the best object-oriented inla@ée mechanism, reusing such
characteristics is far from trivial.

From Figure 1, it is clear that inheriting the charactecists impossible in most lan-
guages. First of all, a separate code inheritance reladioaquired because, for example,
an account is not an association. Second, because an dipplickass can have multiple
characteristics, possibly of the same kind, we need regéalteeritance. This eliminates
all languages forbidding repeated inheritance, like J&74, [C# [30], Scala [61], Cecil
[18], traits [74], .... Third, we need renaming to solve nacoeflicts, and give the fea-
tures meaningful names, ruling out C++ [80] and Timor [44hlyJanguages similar to
SmartEiffel 2.2 [20] and the upcoming ECMA-367 version off&i[62] remain.

But even these languages are not suitable for reusing thiacteastics via inheritance.
First, massive renaming is required because every featust lo@ renamed individually.
Second, care must be taken to completely separate the tdristics since the default
policy of these languages is to share features. Third, feryemethod that a characteristic
must invoke on another characteristic, an abstract methed be added because the final
name of the invoked method is not known in the definition offtrener characteristic. The
inheriting class must then dispatch the invocation to theexd method. Third, methods
involving multiple instance of a characteristic cannoté&esed for the characteristics of the
application classes because there is no subtyping rela¢itmeen them. Fourth, providing
a lot of functionality in the characteristics forces the eéleper of the application class to
resolve many conflicts, and either provide a bloated intesfar hide the functionality from
external clients, preventing reuse. Fifth, their mecharfisr allowing non-conformance
in absence of subtyping is not modular. This leaves us withtgtmands .. .

Our case study shows that this overhead cancels out most shtted work. As a result,

Iwe focus on classes, but the paper also applies to prototypes
2A feature of a class is an instance variable or a method.
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Figure 1: High-level design of an application.

the application is typically built by implementing the ADD$ the characteristics from
scratch for each class, as done in Figure 23 for the bank atc®his not only costs a lot
of time, but is also error-prone.

In [61], Odersky and Zenger identify three abstractionsréanoving hard references
from components to increase their reusabiligbstract type memberselftype annota-
tions andmodular mixin compositianAbstract type members and selftypes specify the
required services of a component, and mixins perform theposition. But while these
abstractions are scalable with respect to the size of th@ponents, they are not scalable
in the way components are used. The problem is that botlyge#t and mixins as used in
Scala, prohibit any compaosition involving multiple comgais of the same kind, or com-
ponents containing features with the same name. So althtbeghuthors claim that these
abstractions can lift an arbitrary assembly of static paogparts to a component system,
they already fail for the application in Figure 1, which igl& more than an assembly of
four kinds of static program parts.

In this paper, we introduce an inheritance mechanism tlatslgeneral purpose classes
to be reused conveniently as building blocks for other elgss3o achieve this, we intro-
duce renaming parameters and first-class code inheritatat®ns. Using this inheritance
mechanism, the implementation of the application in Figlteecomes as simple as its
high-level design.

Overview

In Section 2, we present ttmomponent relationwhich is used for code inheritance. In
Section 3, we present the impact on subtyping relation. We gh implementation of

Figure 1 in Section 4. To evaluate the inheritance mechgnignpresent a case study
in Section 5. We present a part of the formal model, and thefprbtype soundness

in Section 6. Related work and future work are discussed gti@e 7 and 8, and we

conclude in Section 9.

2. THE COMPONENT RELATION

In this section, we present tlmemponent relatioffior building classes using general pur-
pose classes as building blocks. Whereas other code iahegitelations are nearly iden-
tical to subtyping relations, the component relation hasesamportant differences. The
new features of the component relation are a result of tagat for composition of ADTSs.
Traditional code inheritance can of course also be achjéugicsince that is already well
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Figure 2: Creating classes from components.

documented, we focus on composition of ADTs. The comporedation is denoted by the
symbol<, while the subtyping relation is denoted ky.

Not all proposed language constructs are required to bédapplication of Figure 1
using components. We distinguish two kinds of construaiastructs that are essential for
composition of ADTs, and constructs that can further inseezode reuse. As mentioned
before, a separate code inheritance relation, repeatedtamhce, and renaming are existing
essential language constructs.

2.1 Composition of ADTs

Figure 1 illustrates the example that will be used througltio@ rest of this section. The
application contains classes for persons, bank accoumisbank cards. The rectangles
inside a class are the characteristics of that class. Thehigh-level elements used to
create the high-level design of the application. An accbasta balance, which is a number
that lies between the credit limit and an upper bound. Intamidiit has a unidirectional
association with its account number, and a bidirectionabeiation with its owner. A
person has a unidirectional association with his or her name: bidirectional associations
with his or her parents, children, and bank accounts. Thec&sdsons for the parents
and children form a graph offering different iteration sdgies. As shown by the dashed
arrows in the figure, there are dependencies between thaatbestics. For example, the
owner characteristic of an account must know the name ofsteet er method of the
account s characteristic of a person in order to keep the associatosistent. Since
these characteristics are general and frequently used,amétev turn them into classes,
and use them as components to create other classes.

Figure 2 shows the class diagram fBankAccount. The solid lines represent
subtyping relations, the dashed lines represent compaomdaiions. The inherited
classes are used as components for implementing the iinigedtass. We have cre-
ated classBi di Associ ati on- 1- Si de for the 1-side of a bidirectional association,
Uni Associ at i on for unidirectional associations, ambundedVal ue for bounded
values, to make them reusable. Cl@ssikAccount inherits them through component



relations. The actual componentsBankAccount have typedBoundedVal ue’ and
Bi di Associ ation-1-Si de’,andUni Associ ati on’, which are subtypes of the
inherited classes. This is because features of the inHeritsses can be overridden in
BankAccount . These subtyping relations, however, are not part of the ctitey are
implicit.

ClassChecki ngAccount additionally has an association with a bank card, and thus
has another component relation wlh di Associ ati onl to implement this charac-
teristic. The resulting component é@mpletely separatetfom the component for the
association with the owner of the account.

What is important is that we no longer use instance variaoelsmethods as primitives
to implement the characteristics of a class, or create a alegulage construct for a charac-
teristic like e.g. full-blown relationships in [8], or evisrin C# [30]. Instead, we reuse the
characteristics by encapsulating them in a class. As suethawe raised the abstraction
level of the programming language.

2.2 Syntax

Figure 3 shows the syntax of the component relation. It ctesof the keyword
conponent followed by the name of the inherited class, including angege parame-
ters. After the inherited class, there can optionally beraaéor the component relation,
component parameters, and a configuration block. Both th#ar and the name can have
an access modifier.

The name and access modifiers of the component relation andareent parameters
will be discussed in Section 2.5. The configuration blockisilar to that of Eiffel: it
consists of a comma-separated list of configuration clauses assignment is used for
renaming, theindef i ne clause for selecting an implementation in case of conflibts,
overri de clause if a feature is overridden, and t#eport clause for changing the
visibility of a feature. Theadi r ect andi ndi r ect clauses are used to determine how a
feature is inherited , and are discussed in Section 2.5.2.

Figure 4 shows the component relations for the class of baoumts. They
state that the class of bank accounts has a compooamer that behaves
like a Bi di Associ ation-1-Si de, a componentbal ance that behaves like
a BoundedVal ue, and a componentaccount Nurber that behaves like a
Uni Associ ati on. The inheritance names, component parameters, and assiggim
in the configuration blocks are discussed in the remaindgri®kection.

2.3 General Semantics

The component relation is essentially a code inheritarledioa. This means that i has

a component relation witB, A inherits the features @, but not its type. For example, the
class of bank accounts inherits all features of a boundageydlut a bank account is no
bounded value.

As a result, it is allowed for a class to have a componenticglavith a final class,
while it is not allowed to have a subtyping relation with tltédss. The features of the
final class, however, cannot be overridden in the inheritiags. Forbidding a component
relation with a final class makes no sense because it is dgotta manually forwarding
all feature calls to an object of the final class. You can rglisenot override, the code, so
the essence of tHe nal modifier is respected.

Instance variables are properties that, unless decfare@l , can be overridden and



ComponentClause:

AccessModifie? conponent Type Config
Config:

Name CompParam® ConfigurationBlocR
Name:

AccessModifie? Identifier
CompParams:

“(" Identifier(, ldentifien* “)”
ConfigurationBlock

“[” ConfigurationClausé€, ConfigurationClausg “”
ConfigurationClause

Identifier= Identifier

undef i ne “{” IdentifierList"}”

override “{" IdentifierList"}"

export AccessModifiet {" IdentifierList"}"

di rect “{" IdentifierList"}"

i ndi rect “{” IdentifierList"}”

Figure 3: Grammar for the component relation.

componentBidiAssociation-1-Side Account,Persox
owner (accounts) [X=Owner]
componentBoundedValue:long> balance
[X=Balance,LOW=LowerLimit,HI=UpperLimit];
componentUniAssociatior<int> accountNumber
[X=AccountNumbergexport private {setAccountNumbei

Figure 4: Examples of the component relation.

merged. Even though this requirestablelookup for an instance variable due to multiple
inheritance and renaming, it is not less efficient than Jah&re getter and setter methods
used to encapsulate instance variables also require apooku

Duplication. If a feature is inherited via different inheritance pathghaice must be
made to decide if the feature is inherited once, or multipfees. The default policy for
features inherited via a component relation is duplicatienause, generally, the compo-
nents will not overlap. This means that if a feature is integrivia a component relation
and again via another inheritance relation, there is a @bnéliven if the definitions are
the same. This conflict must be resolved explicitly via meggdr renaming. As a result,
features inherited via a component relation do not pasdteipn the rule-of-dominance
used for subtyping in Section 3.2. In Section 3.2, we diseussduplication is forbidden
for subtyping. To avoid an explosion of the number of renanifauses, we introduce
renaming parametens Section 2.4 an¢hdirect inheritancan Section 2.5.2.

As in SmartEiffel, binding of features in inherited methaslglone within the inheri-
tance relation through which they are inherited. This isunegl to allow separation of the
components. In Figure 2, for examplghecki ngAccount inherits the getter method of
Bi di Associ ati on- 1- Si de twice: once for the association with the owner, and once
for the association with the bank card. Both getters musbofse use the instance variable



SekTO> getXs;

void addX(TO x);

void removeX(TO x);

void replaceX(TO x, TOy);
boolean isValidX(TO x);
boolean containsX(TO x);

Figure 5: Name pattern of associations.

of their own component.

Conformance For the external clients of a class, it is not a problem ifdieas inherited
via a component relation are overridden in a non-conformiagner, e.g. by narrowing
the argumenttypes of a method. Such clients cannot ace=ssfémature using the interface
of the inherited class since they are not part of a subtypéagion, so their expectations
cannot be broken. The features of the inheriting class, tiexyare also invoked by method
of the class that is inherited via the component relationd,they expect them to behave
according to their original definition. As a result, we cuntig require that the signatures
of an overriding method conform to the signatures of all adelen methods. Providing a
different, non-conforming signature to external cliemgains future work. In Section 2.6,
we discuss how such non-conformance could be obtained wigiletaining modularity.

2.4 Renaming Parameters

Without intervention, using duplication as the default foe component relation would
force a developer to explicitly rename almost every methioith® component. The case
study in Section 5 shows that renaming is a significant prapéd thus renaming param-
eters are also an essential language construct for conguosit ADTs. We introduce a

lightweight macro system to minimize the effort of renamieatures.

The names in the features of characteristics often exhditems. For example, the
names of the methods of the N side of an associationgateX, addX, r enoveX,
repl aceX, contai nsX, .... To avoid these patterns from getting lost in the imple-
mentation, we introduceenaming parametersThey can be written in the names of non-
private features, and allow an inheriting class to renaménabier of features with a single
renaming declaration.

A renaming parameter is a parameter of a class and is wrigeween square brackets.
It can be given a default value; otherwise its name will sexsghe default value. The
parameter can be used in feature names by writing its nameebettwo % characters.
An inheriting class can then assign a value to the parametéei configuration block of
the inheritance relation. The value of the parameter campesiaing that is valid for all
feature names containing the parameter — which are alllgisithe inheriting class.

Figure 6 illustrates the use of renaming parameters. Class
Bi di Associ ati on-N-Si de contains a renaming parameter to customize the
names of the methods. ParameXas used as the name of the other end of the association.
ParameteiXS represents the plural of and by default equals the value ¥fappended
with an 's’. For thechi | dr en component ofPer son both parameters are assigned
because the default value X8 is not appropriate.

The name of the renaming parameter itself must be uniqueh&irdiass but may be



classAssociatiorc FROM,TO> ... [X] {
boolean isValid%X%(TO x);
boolean contains%X%(TO x);

classBidiAssociation-N-Side.FROM, TO> . . . [X,XS=%X%s] {
subtypeAssociation< FROM,TO> [X=%X%)] {
Sek TO> get%XS%{.. .}
void add%X%(TO x). ..}
void remove%X%(TO x). ..}
void replace%X%(TO x, TOyf...}

-

classPerson
componentBidiAssociation-N-Side:Person, BankAccount
accounts ... [X=Account]
componentBidiAssociation-N-Side:Person, Person
parents ... [X=Parent]
componentBidiAssaociation-N-Side:Person, Person
children ...[X=Child,XS=Children]

(.3

Figure 6: Using renaming parameters.

equal to a renaming parameter of a parent class. The nameatsadbe different from
the names of the methods in that class to avoid ambiguiti#eeiconfiguration blocks of
subclasses. In addition, no conflicts may occur when eacdnmry parameter is assigned
its default value.

In order to propagate the value of a renaming parameter tersiggses, the parameter
can be used in the right-hand side of the assignments of agewafion block. To avoid
conflicts when a class uses a renaming parameter with the same as a renaming pa-
rameter in the superclass, parameters in the left-handoé$itiee assignment are resolved
in the superclass, while parameters in the right-hand sieleesolved in the current class.

In Figure 6, clasBi di Associ ati on- N- Si de uses a renaming paramebemwith
the same name as a renaming parameter of its parent classe tomfiguration block,
the left-hand side of the assignment references the remgpairameter of the parent class,
while the right-hand side references the renaming pararoftiee current class. The effect
of this assignment is that the renaming parametékssfoci at i on has the same value
as the renaming parameterRifdi Associ at i on.

Methods whose names contain a renaming parameter can beedhoth by assigning
a value to a renaming parameter and by renaming the methectlgiirIn order to avoid
ambiguities, explicitly renaming an individual method lpa®rity over the renaming that
would be done by an assignment to a renaming parameter. Ttdwmust be renamed
as if the renaming parameter had its default value. The andehich both declarations
are written in the configuration block is irrelevant.

In the body of the class declaring a renaming parametercatians features containing
that renaming parameter must also contain the renamingnedea if the target of the



classBankAccount
componentBidiAssociation-N-Side:BankAccount,BankCars. . .
[X=BankCard, addX=attachBankCard]

Figure 7: Priority of renaming.

invocation ist hi s. If the target is another object of that class, the defadlieséor the
parameter must be used since the value of the parameterafootifect may be different.
More general, a feature containing a renaming parametet Imeusccessed with the most
specific value known at the site where it is accessed.

Renaming parameters cannot be filled in during object coatstn. If the class of which
an object is being constructed has renaming parametensjlttEssume the default value.
Because the object can only be used using the type of its dasese of its super classes,
the renaming could never be visible anyway.

Figure 7 illustrates the priority during renaming. ClaggankAccount
now uses the renaming parameted to rename all methods inherited from
Bi di Associ ati on- N-Si de except for theaddX method, which is individually re-
named tcat t achBankCar d.

When overriding a method whose name contains one or morenieggarameters,
there are two options. For the first option, the name of theraiag method is equal to
the name of the overridden method, including renaming patars which have the same
values as the renaming parameters in the overridden meffardthe second option, the
method must be renamed to its new name. Otherwise, the ciimmbetween the methods
would be lost.

2.5 First-Class Component Relations

In this section, we solve four remaining problems. First,nugst write a lot of low-level
code to resolve dependencies. Second, not all feature nam&sn renaming parameters.
Third, we must make a trade-off between the size of a classrenprovided functionality.
Fourth, the lack of a subtyping relation prevents a compttodme used as an object of the
inherited type. These problems can be solved by turning cowpt relations — and thus
components — into first-class citizens.

A component relation can have a name, which typically represthe role of the
component in the inheriting class. Figure 8 illustrates flor classedankAccount
and Per son. The Bi di Associ ati on-1-Si de component ofBankAccount is
namedowner , and theBi di Associ ati on- N- Si de component oPer son is named
account s. The renaming clauses are not displayed, they are discusSeittion 2.4.

Note that aside from the component relation having a naneigicompletely different
from named inheritance relations in Timor [44]. This is dissed with other related work
in Section 7.

Component relations can also be abstract if the inheritiagsds abstract. In this case,
concrete subtypes must either override the componeniaelaimplement all abstract
methods inherited via the component relation, or a comtainaif both. If a component
relation is declared &si nal , it cannot be overridden. Overriding of component relaion
is presented in Section 3.3.

In the remainder of this section we explain how the problenestioned above are
solved using the names of component relations. We will usmtto connect components,



classBankAccount
componentBidiAssociation-1-Side:BankAccount,Persan owner. ..

classPerson
componentBidiAssociation-N-Side:Person,BankAccoupt accounts . .

Figure 8: First-class component relations.

access additional functionality, and use components agyfwere separate objects.

2.5.1 Component ParametersSome characteristics depend on other characteristics.
Examples of such dependencies are the methods to set upeaiddmwn bidirectional as-
sociations, as shown in Figure 9. Thet Omer method ofBankAccount must know
whichr egi st er method to invoke on th@er son to keep the association consistent.
Ther egi st er Omer method needs annr egi st er method to correctly remove the
old back-pointer, anget Account s is needed in the specification s€t Owner . Be-
causePer son has multiple associations, these dependencies cannadigeed automat-
ically. The developer oBankAccount must connect these methods to the appropriate
methods irPer son.

If the association characteristic is not reused, as in Ei@® of Section 4, the appro-
priate methods are invoked directly sret Oaner . Figure 10 shows how the association
is reused with traditional code inheritance techniquesusts tha nsert relation of
SmartEiffel for code inheritance. Thget Thi s method is discussed in Section 2.6.1.
Abstract methods are introduced for each dependency. Theti®ods are then used by
the implementation oBi di Associ ati on- 1- Si de to invoke methods on the other
component. The actual resolution of the dependencies is dginheriting classes. They
must rename and implement the abstract methods, and fotiveuahll to the appropriate
method.

As is shown by Figure 10, and confirmed by our case study, thisa ivery
cumbersome practice. In addition, if more internal depentks are added to
Bi di Associ ati on-1-Si de, all inheriting classes must be adapted, even though they
will be connected to methods of the same association as liee dependencies.

Using Eiffel agents or C# delegates, it is possible to renmtbeeabstract methods at
the cost of a bigger memory footprint. The association otassuse a delegate for every
dependency, but this requires an extra object and a refefemcevery dependency of
every characteristic of every object. For tRer son class of our application that would
resultin eleven additional references and eleven deleipggets for everyer son object,
even with just three dependencies per bidirectional agtoni and two dependencies for
a graph. Sharing the delegate objects reduces the memayg,Uusat barely reduces the
code size.

To resolve these dependencies in a more elegant mannergwleausames of the com-
ponent relations. Figure 11 shows what we want to achieve.wdfe to connect the
owner characteristic oBankAccount to theaccount s characteristic oPer son and
vice versa with a single high-level connection on each side.

A class can have a number of formmmponent parametersvhich are usednly at
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BankAccount Person

owner accounts

setOwner(Person)
getOwner()

addAccount(Account)
getAccounts()
registerAccount(Account)
unregisterAccount(Account)

registerOwner(Person)
unregisterOwner(Person)

Yyy.

children
getChildren()
registerChild(Person)
unregisterChild(Person)

Figure 9: Traditional dependency resolution.

classBidiAssociation-1-Side FROM,TO>
subtypeBidiAssociation<c FROM,TO> {
protected abstractvoid otherRegister(TO to, FROM from);
protected abstractvoid otherUnregister(TO to, FROM from);
protected abstract FROM otherGetX(TO to);

public void setX(TO other)

otherRegistdpther,getThis());

public void registerX(TO other]

otherUnregistdpther,getThis());

-

classBankAccount .. {
insert BidiAssociation-1-Side BankAccount, Persan
renameotherRegisteasregisterAccount
otherUnregisteas unregisterAccount
otherGetXasgetOwnerAccount

protected void registerAccount(Person person, Account account)
{person.registerAccount(account);

protected void unregisterAccount(Person person, Account account)
{person.unregisterAccount(accouht);

protected Account getOwnerAccount(Person person)
{return person.getAccount();

Figure 10: Implementing traditional dependency resolutia.
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compile-time They are declared after the generic parameters of a classde parenthe-
ses, and have the forih — C name. In this declarationT — Cis a constraint on the
component relation passed through the paraméterthe type containing the relation, and
Cis the target type of the relation. Finallyane is the name of the parameter.

Figure 12 illustrates the declaration of a component patamein
Bi di Associ ation-1-Si de. The formal parameter expects the name of a rela-
tion thata) is a relation of the class at the other side of the associgfi@), andb) is
a Bi di Associ ati on representing an association in the opposite directionm(ff®
to FROM. Take for example the component relations of Figure 8. Ifsubstitute the
generic types, we see that component relatiener requires the name of a component
relation with typeBi di Associ ati on<Per son, BankAccount > that is contained
in Person. Since theaccount s component ofPer son satisfies these constraints,
we can connect thewner component to theccount s component. Similarly, the
owner component satisfies the constraints of éiteount s component. The high-level
connection of both components is shown in Figure 13. ©wmer component of
BankAccount is connected to theaccount s component ofPer son, and vice
versa. Note thaBi di Associ at i onl does not require the components to be mutually
connected. Such constraints are not in the scope of thig.pape

A component parameter can be used to invoke methods on, esadields of, the
actual component passed through the parameter. Methoadtiweaos and field ac-
cesses are performed using the following expressiexgr @ par am n{ ar gs) and
expr @par am f . In such expressionexpr must be of typd’, andmorf must be appli-
cable to typeC. We use a symbol different from the dot to emphasize thergiffee with a
regular invocation. In addition, this avoids confusion atihe meaning oéxpr . par am
if a feature with name@ar amis added tdr.

Theset X method in Figure 12 shows how the component parameter istasadoke
methods. Instead of using an abstraegi st er & her method to let the other end of
the association set its reference to the current objectomeuse the component parameter
to invoke ther egi st er method directly. The invocation ofegi st er is applied to the
ot her End component obt her . The method that will be invoked, is threegi st er
method of the actual component relation passed through dremgeter, which may be
overridden or renamed in the actual cla€3 In the example of Figure 13, tlseet Oaner
method inherited bBank Account will invoke ther egi st er Account method inher-
ited byPer son.

Currently, component parameters are not part of the typectdss, unlike generic pa-
rameters. Consequently someConponent ) andA( ot her Conrponent ) have the
same type:A. Incorporating component parameters in the type of a clagsther with
wildcards remains future work.

An important additional advantage of component paramet¢hsit dependencies can be
added without modifying the inheriting classes. For exanike can add ansSi bl i ng
method toBi di Associ at i onto check if some object is its sibling. This method would
invoke thecont ai ns method on the other end of the association, introducinghemot
dependency. Inheriting classes (clients), however, dmeet! to be modified.

By comparing the code in Figure 10 with that of Figure 13, itdraes clear that first-
class component relations and component parameters aetiab$or composition of
ADTs. Like Odersky and Zenger in [61], we identiéipstract type membeis generic
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parametersas existing essential language constructs. Without onéexet constructs,
component parameters lose a lot of flexibility.

Technically, component parameters can be replaced by coempoeferences and dele-
gates or agents, but that would make componentreferenessantial language construct.
A drawback of that choice is that the connection is not madewshould be made: at the
class level. Instead, the connection would be made at trexblgjvel. In addition, using
delegates and component references, it is possible to elthegconnection at run-time,
which seems to make little sense for connections of chaiatits.

2.5.2 Direct and Indirect inheritanceln this section, we use the name of a compo-
nent relation to solve two remaining problems. First, reimgnparameters alone are not
yet sufficient to get rid of all renaming conflicts. Second, tieveloper of a class typically
balances the size of its interface to limit its complexity btill provide enough function-
ality for the anticipated use of the class. But by doing this,may deprive clients from
important functionality.

Reducing Name Conflict&£ven with renaming parameters, the inheritance mechanism
will become practically useless if we do not intervene. Nbtaethod and field names
will contain renaming parameters, and even if that is thecagch methods and fields
are not necessarily interesting for the inheriting class. éxample, even a small number
of features in top-level classes, likgual s andhashCode, would cause an explosion
of the number of rename clauses. These methods would have tenlamed for every
component relation. Figure 14 illustrates this for clBssik Account . It inherits four
different definitions oequal s andhashCode. But usually, the definitions inherited via
the components are not interesting for the inheriting ¢haststhey still cause conflicts that
must be resolved.

Interface Bloat vs. Reusénother problem is the size of the class interface. To improv
the understandability of an application class, it is déd@#o keep its interface simple. But
to increase code reuse, it is desirable to provide as mudifunality as possible.

This is illustrated in Figure 15. In order to maximize codege, it is desirable to
put many features in the association classes. Examplegatgireg some action to all
referenced elements, a universal and an existential digaydiccumulation, validation,.. . .
But if all these features must be inherited Bgr son, either its interface get bloated, or
the developer oPer son must do a lof of work to hide the functionality. Of course the
argument of the uninteresting name conflicts applies henels

Indirect Inheritance.To solve both problems, we can take advantage of the fact that
code inheritance and subtyping are not tied together. Becalcomponent relation does
notimply a subtyping relation, itis not mandatdoy the interface of the inheriting class
contain all features of the inherited class. As a result, areroake a distinction between
directly and indirectly inherited features. A directly inherited feature is presanthe
interface of the inheriting class, while an indirectly imited feature is not, and thus cannot
cause a conflict.

Technically, the extra renaming can be avoided by usingmémgaparameters in every
feature of a class representing a characteristic, eveisifidt appropriate. As such, indirect
inheritance is not an essential construct for compositioRTs, but it can significantly
increase code reuse while maintaining simple interfaceth&application classes.
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An indirectly inherited feature, howevercan still be accessedf the compo-
nent relation has been given a name. The feature can then \mketh as
myQbj ect . i nheritanceNane. f eat ur e. As such, the client resolves the conflict
by using the name of the component relation. Nevertheless,still the responsibility
of the programmer to provide a balanced interface for thesclgith meaningful names.
Using inheritance names to access features should not statidard way of using a class.

Figure 16 illustrates this for clagr son. For thechi | dr en component, only the
add, r enove, andget methods are inherited directly. Thp@ar ent s component ad-
ditionally inherits ther epl ace andi sVal i d methods. The other methods must be
invoked indirectly via the name of the inheritance relation

Directly inherited features are accessible via either rtr@éinple name, or via
the inheritance name and their original name. Both expsassbf course invoke
the same method. Super calls in the inheriting class must dréoqmed using
i nheri tanceNane. super .f eat ur e. More about super calls is presented in Section
3.4.

The inheriting class must specify which features are intérilirectly. This is done in
the configuration block by either including them witldiar ect declaration, or renaming,
selecting, or merging them. All other features are inhdritelirectly.

To facilitate selecting directly inherited features, tleatires of a class can be put in
groups as in Eiffel, Smalltalk, and C# (using theegi on directive). This way, inheriting
classes can directly inherit an entire group of methods littte effort. For example, the
basic functionality of a class can be putinto a single grohjpeamore advanced functional-
ity can be put in other groups. To select which features ongs@re inherited directly, the
programmer can us@éi r ect andi ndi r ect declarations in the configuration block of
the componentrelation. They can be used with both featangpgrand individual features.
For an individual feature, the final name of that feature ergferforming the renaming —
must be used. Features are only inherited directly if theyliated in adi r ect declara-
tion, and not listed in ahndi r ect declaration. Every component relation automatically
has adi r ect declaration for the group namebkf aul t . To avoid ambiguities, group
names are put in the same namespace as method and field ndma@sedhanism can still
be made more flexible, but that is outside the scope of thispap

Figure 18 illustrates simple use of indirect inheritancasSBank Account is a sub-
type of bj ect , and uses a component relation wghdi Associ at i on for its bidi-
rectional association with cla®er son. Becausdi di Associ ati onis also a subtype
of Qbj ect, it also has arequal s method, which can for example be used to check
whether two ends of associations reference the same sefaftab Since thequal s
method inBi di Associ ati on is notin thedef aul t group and there are rdi r ect
ori ndi r ect declarations, it is inherited indirectly BBank Account . It is not present
in the interface of the class, but can still be invokedaseAccount . owner . equal s.

Figure 17 illustrates the use of the selection mechanismth Bee chi | dr en and
par ent s components inherit thget , add, andr enove methods, which are in the
def aul t group. Thechi | dr en component ofPer son excludesr epl aceChi | d
from the direct interface since it is barely useful in thahtext, and would otherwise
be inherited since it is in thdef aul t group. Thepar ent s component additionally
includes thd sVal i dPar ent method, which may contain conditions for the adoption
of a child, in its interface.
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2.5.3 Alternative ApproachesAt first sight, using the name of an inheritance relation
to access a feature may seem identical to using manual dielegd-or this technique,
there is a reference to an object of the type of the compoheantcan be used to access
the functionality. There are some important disadvantagieis technique, however. First,
you cannot easily provide direct access to the functionafithe component. You need
to do this because e.g. a client wants to query the owner oteouat by invoking the
get Omer method, not by invokingwner . get @t her , which is more difficult to read
and write. Second, it is impossible to override methodseftitmponent if it is not explic-
itly designed for such use. Last, this technique resultgdfficient programs. For every
component of every object, a separate object is needeeasicg the number of memory
lookups.

Automatic delegation as offered by delegation based itdrezé mechanisms offer no
alternative either. They fall in the same category as otlemschased inheritance mecha-
nisms since they put every inherited method in the interéddke inheriting class.

First class subtyping relations and reuse variables of Titaonot be used to achieve
direct and indirect inheritance. Reuse variables only ip@methods needed to implement
the types of a class, leaving other methods unavailablei¢atsl First class subtyping
relations can only resolve naming conflicts by prependiegiiime to the method. Direct
access using a different name is impossible. In additiodirach subtype relation, or even
adding a method to an inherited type can break existingtsligithout warning since the
direct name automatically is removed from the class intexfa

2.5.4 Visibility. By default, component relations are public because thetypieally
used for the characteristics of a class. A public client @ntheir name, type, and con-
figuration. The reason for this default choice is undersahiliy. If a programmer knows
the behavior of clas€, he also knows the behavior of a component of tgo8ut if the
relation is not visible, must study the contracts of the iited features again in order to
understand their behavior. If the component relation isluse traditional code inheri-
tance, e.g. to implement& ack using anAr r ay, it should be hidden from the client.
Restricting visibility can be done at different levels: theme, the type, and the individual
features can be given different visibilities. If the typetloé relation is invisible to a client,
the name is also invisible to that client. If the name of tHatien is visible to a client, all
features that are visible to that client can also be invokdldely are inherited indirectly.
This is discussed in Section 2.5.2.

2.6 Object Identity

Since features are bound within the component relationugitiovhich they are inher-
ited, thet hi s reference in the implementation of such features can be asenrefer-
ence to a subobject. For example, when a methdsi afi Associ ati on- N- Si de is
executed in the context d®er son, thet hi s reference can be interpreted as a refer-
ence to the subobject representing Biedi Associ ati on- N- Si de component, e.g.
this.children. Aslong ag hi s in Bi di Associ ati on-N- Si deis used only as
the target of a method invocation or field access, no probleansarise because of the
conformance requirements for overriding, which ensuressuitability. But an important
guestion is what happens whehi s is used as a separate expression, since there is no
subtyping relation between the inheriting class and theriitdd class.

If t hi s can be used as a separate expression in a class inheritedosigp@nent rela-
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tion, it not only can be thought of as a reference to a subblifeeallyis a reference to a
subobject. As such, it can be passed as an argument to ofeetsyland stored in variables
of the type of the inherited class. We will call such refeswmponent referencder
the rest of this discussion.

Component references are not an essential language adristraomposition of ADTS,
they offer additional possibilities for reusing code. Gl8sundedVal ue, for example,
has arequal s method to check if its value, upper limit, and lower limit @gual to that
of anotheBoundedVal ue. With component references, it is trivial to check if the-bal
ance component of one account is equal to that of anotheuatesingny Account
. bal ance. equal s(your Account . bal ance). Moreover, all operations involv-
ing multiple BoundedVal ue objects can be reused without any limits. You can use
them withBoundedVal ue components of different classes or separate objects of clas
BoundedVal ue. Without component references, such code cannot be reesade the
inheriting class is no subtype 8bundedVal ue. A drawback of component references
is their impact on object aliasing and non-conformance.

Component references can cause additional problems wjglctaddiasing [41]. This is
illustrated in Figure 19. In the scenario on the left, valead references a subobject of
the object referenced Hy. In the scenario on the right, the variables reference rdiffe
subobjects that have a shared state because they were rimeifgedomponent relations. In
both scenarios, side-effects of operations on referanoay be visible through reference
b and vice versa, which can be unexpected. This can also hapiteout component
references, but in that case it is less likely that concekésdounded values get aliased
because they would typically be implemented over and ovainag

The presence of component references also affects thyabiiompletely remove fea-
tures inherited via a component relation, or to overridertire a non-conforming manner
as discussed in Section 2.3. For exampl8ahk Account wants to remove the method
for modifying the lower limit of the balance, it can inhetitet method indirectly, and make
the componentrelational ance inaccessible to its clients. But if claBsundedVal ue
has methods that leak théi s reference, the hidden setter method can still be accessed.

Component Classesf non-conformance or removal of features is allowed in pree
of component references, or if component references aoidfiden, it is important to pre-
ventt hi s from being used as a separate expression in the inheritesl dla achieve this,
a class that is explicitly designed as a reusable compoaenise theonponent modi-
fier. Within the body of such a class, itis not allowed to ibé s as a separate expression.
As a result, the component cannot leak a reference to itSait hi s expression, how-
ever, can still be used as a target of method invocations lordiecesses. Subtypes of a
component class must also be component classes since irgsrasp to the clients. A
possi bl e_conmponent modifier indicates that the class itself satisfies the prgreof
a component class, but does not promise anything abouthtymes. This modifier is
needed for the top clagshj ect since both component and non-component classes are
subclasses dibj ect , and the component classes need the non-leaking guarantee.

In addition, the name of a component relation with a compbokass cannot be used
as a separate expression if features are removed. Simildrite in a component class,
it can still be used as the target of method invocations and fiecesses if they are still
accessible after taking tfexpor t clauses of the relation into account.

In SmartEiffel, safe non-conformance is achieved by typeeking the implementation
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of a class inherited via aimsert relation. If a classA inserts clas$B, non-overridden
features oB are type-checked as if they were writterAinThe problem with this approach,
however, is that it is not modular. A change in the implemgataof classB can break
classA.

Note that having component classes is not the same as hawompletely separate
concept for components, as with traits. Component classestil be classified and in-
stantiated.

2.6.1 This. Some characteristics need a reference to the object thatthem as a
component. For example, the bidirectional associatiogsels must pass an object of type
FROMto the other end of the association. But since the class isalyp inherited via a
component relation, they cannot uslei s to obtain that reference. Théi s expression
has the type of the association class, FROM

A first solution is to store a reference to tRROMobject. While simple and effective,
this solution requires an additional reference for evelgoamtion of every object that
simply references the outer object.

A more efficient solution is to use an Eiffel type anchor tadduce afinal method
get Thi s with typel i ke Current in classANY, the default but not mandatory super
class. This is shown in Figure 20. The method simply returreference to the current
object. A component class that needs a reference to the obitect is not a subtype of
Any, but of Gener al , the mandatory top-level class. It introduces an absgeatfrhi s
method with the appropriate type which it uses to get a refar¢o the outer object. In the
application class, both features are merged. Becausecdtiph is the default behavior for
component relations, an optional modifsrar ed can make a feature shared by default.
Otherwiseget Thi s would have to be merged for every component relation thatires
get Thi s. IntheBi di Associ at i onl class of Figure 24, this construction is used to
obtain a reference to the object at this side of the assoniati

A third solution is to use a construction similar to self tgjye Scala. A class could put a
constraint on the classes that inherit from it using e.gcthrestrainout er T. An inher-
iting class must then either have the same constraint, orsodtype ofT. The reference
to the object of the class satisfying the constraint can bessed using. t hi s.

Choices For A Language DevelopeBelow, we present a number of possible choices
for a language developer regarding component referenagE@mponent classes. We
prefer choice 3 because of its flexibility.

(1) The language has no support for component references.option prevents the ad-
ditional aliasing issues, and non-conformance as disdiss®ection 2.3 is allowed.

(2) The language has component references and no compdagseg< This option for-
bids non-conformance.

(3) The language has component references and componssgglaA class can have
component relations with any class. For a component relatith a non-component
class, non-conformance is not allowed. For a componertigalavith a component
class, it is allowed.
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3. THE SUBTYPING RELATION
3.1 Syntax

Figure 21 shows the syntax of the subtyping relation. It ®ia®fthe keywordubt ype
followed by the name of the super type, including any genpaiameters. There can
optionally be a name for the relation, component parameésid a configuration block.
The name of the relation is discussed in Section 3.4.

3.2 General Semantics

The subtyping relation is tailored fofassification Because we use the component relation
for code reuse, we can simplify the subtyping relation.

The subtyping relation has the same meaning as in SmattEiffee inheriting class
inherits both the implementation and the type of the inbdritlass.

As with the component relation, inherited features can hameed. A first use of renam-
ing for classification is providing better names for featuréherited from general classes.
For example, theyet Par ent method in the top-level class of our metamodel can be
renamed tayet Met hod for the clasd npl enent at i on. In addition, renaming is re-
quired to solve conflicts and merge similar features whewriting from independently
developed classes. Without renaming, reusability of sletses is severely decreased. In
addition to method and fields, component relation can alset@med. Indirectly inherited
features are then accessed using the new inheritance name.

To ensure consistency, component parameters passed tartfeecdass via different
subtyping relations must be identical. This is similar te thle for generic parameters in
Eiffel and SmartEiffel.

Just as in SmartEiffel and Cecil, duplication of features Hre inherited via a subtyping
relation is forbidden because it is confusing for classiiftcg hereby avoiding the diamond
problem for subtyping. For example, it makes perfect semseaZebr a is a special type
of Hor se, but being 1.7 times Blor se does not. An object is either a horse, or itis nota
horse. In more technical terms, if duplication is allowedymne of the duplicated features
can be used on an object of typler se. The other feature is actually a new feature that
is introduced inZebr a. This should be done via code inheritance, not subtypinga As
consequence, features with the same origin that are ielerid subtyping relations must
be given the same name.

For the subtyping relation, we use a rule-of-dominanceiike++ [80]. If one definition
of a feature inherited via subtyping overrides all othenst tdefinition is inherited and
there is no conflict. Since the subtyping relation is nomiaat conformance is enforced,
behavioral subtyping is preserved. For overriding methttesstandard conformance rules
apply. For overriding instance variables, which are propesrthe type must be preserved.
Overriding of component relations is discussed in Secti8n 3

Features can be merged by giving them the same name. Thiedga¢o inherit from
independently developed classes that share a conceptodseh definition, either a new
one can be provided, or an existing definition can be seldayedndefining the others.
The final feature must of course conform to all inheriteddesg. Merging of component
relations is discussed in Section 3.3. Contrary to Smdei:iive do not forbid merging
instance variables. Method groups [79] or data groups [ah]le used to prevent sepa-
rating dependent instance variables [70] by e.g. dupligatnly one of them. This topic,
however, is not in the scope of this paper.
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For constructors, either the approach of C++ or Eiffel/Stalid can be chosen. In C++,
the most specific class must invoke both the constructorseoflirect super classes, and
the constructors for every virtually inherited class. Ifféiand Smalltalk, a constructor is
a regular method without special requirements.

3.3 Overriding and Merging Components

A component relation can be overridden in a subtype if theyrext declared i nal as
illustrated in Figure 22. Th8i di Associ ati on’ component irB overrides the Only
the subtyping relations represented by the solid arrowstleadomponent relations rep-
resented by the dotted arrows are in the code, the dasheghsubtelations are implicit.
There are two rules that must be satisfied by the overridingpoment.

First, standard subtyping conformance is required. Therrimieg component
(Bi di Associ ati on’ ) must not only be a subtype of the target class of the comgonen
relation Bi di Associ at i on), but also of all overridden componen#socat i on’).
Because of this subtyping hierarchy of the overriding congot, we again use the rule-of-
dominance to minimize the number of methods that must beriodden in the overriding
componentBi di Associ ation’).

Second, conformance of the component interface is requliieid means that every fea-
ture that is inherited directly in an overridden componefdtion must be inherited directly
in the overriding component relation. The features of arrridden component are auto-
matically renamed to the corresponding new names defineldebgwterriding component.
Renaming of features within the type hierarchy of the congmoiis of course taken into
account. This is illustrated in Figure 22.det Xis renamed ilAssoci ati on’ tox, in
Bi di Associ ati ontoy, andinBi di Associ ati on’ toz, thenx will automatically
be renamed ta in the subtyping relation betwednandB.

Note that overriding a component relation does not causgastylems for super con-
structor calls to that relation. In Figure 22, the constoucall toAssoci at i on remains
valid since memory allocation has already been done, andviaiding component con-
forms to the overridden component.

Corresponding component parameters of the overriding oot do not have to be
equal. For the association classes, such a constraint eamrsgtural, but it is not always
appropriate. Suppose that we ad&aph component to the elements of our metamodel to
represent the lexical structure of the elements. In subetashis component will typically
be overridden with @ssoci at i onG aph component that is linked to the associations
of that class that are part of the lexical structure. In fertsubclasses, even more associa-
tions can be added to the structure. Nevertheless, cldkedbé association classes may
wish to impose such constraints in addition to consistemystraints. Such constraints
remain future work.

Component relations can also be merged. As with merging tfiogs and fields, either
an existing component must be selected, or an overridingpooent must be defined. The
final component must satisfy both rules mentioned above. i#ls averriding, the names
are automatically mapped to the corresponding names ofrtakcomponent.



BankAccount Person
owner accounts

setOwner(Person) addAccount(Account)

getOwner() getAccounts()

registerOwner(Person) registerAccount(Account)

unregisterOwner(Person) unregisterAccount(Account)

children

getChildren()
registerChild(Person)
unregisterChild(Person)

Figure 11: High-level dependency resolution.

classBidiAssociation-1-Side FROM, TO>
(TO — BidiAssociationrc TO,FROM> otherEnd)
subtypeBidiAssociatiorck FROM,TO> {

private TO other;
public void setX(TO other)

other@otherEnd.registégetThis());

.

protected void register(TO other].. .}

Figure 12: Component parameters.

classBankAccount
componentBidiAssociation-1-Side BankAccount,Persq; owner

(accounts). . -
== - - — -
~
- T~a
-~ =~ ~
classPerson e S~
. et .
componentBidiAsspefation-N-Side:Person,BankAccount accounts
-~

(owner). ..

Figure 13: Implementing high-level dependency resolution
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Object
equals()
hashCode()
A
UniAssociation Bounded BidiAssociation-
Value 1-side
equals()
hashCode() equals() equals()
A hashCode() hashCode()

BankAccount

Figure 14: Uninteresting methods cause conflicts.

Person

accounts

accumulateAccounts(...)
applyToAccounts(...)
filterAccounts(...)
iteratorAccounts()
reverselteratorAccounts()
canAddAccount(...)

BidiAssociation-N-side

accumulate%XS%(...)
applyTo%XS%(...)
filter%XS%!(...)
iterator%XS%!()
reverselterator%XS%()
canAdd%X%(...)

children

accumulateChildren...)
applyToChildren(...)
filterChildren(...)
iteratorChildren()
reverselteratorChildren()
canAddChild(...)

Figure 15: Interface bloat.

,parents// BidiAssociation-N-side'
/ equals()

hashCode()

Person addoX%(...)
o A 5 remove%X%...
BidiAssociation-N-side’ replace"/jX“/:((...))
parents 9et%XS%()
addParent(...) accumulate%XS%(...)
removeParent(...) QpplyTo%XS%(...)
replaceParent(...) filter%XS%(...)
getParents() iterator%XS%()

isvalidParent(...) isValid%X%(...)

BidiAssociation-N-side" e SERaEEmIE
children ﬁq“ﬁ‘s(z

addchild(...) ag;%c)?%?.(.).)

removechild(...) remove%X%(...)

getChildren() replace%X%(...)

get%XS%()

\ accumulate%XS%(...)

applyTo%XS%(...)

filter%XS%(...)

\ | iterator%XS%()

children \ | isvalid%X%(...)

-

Figure 16: Indirect Inheritance.
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classBidiAssociation-N-SideFROM,TO> ... . [X,XS=%X%s]
boolean equals(Object othef). . }
int hashCode(J...}
group default {
Sek TO> get%XS%{. ..}
void add%X%(TO xX...}
void remove%X%(TO x...}
void replace%X%(TO x, TO yf...}
}
group advanced
isValid%X%(TO x){...}
applyTo%XS%(CommandTO>) {...}

}
}

classPerson
componentBidiAssociation-N-Side:Person,Person children (parents)
[X=Child,XS=Children,indirect {replaceChild]
componentBidiAssociation-N-Side:Person,Persan parents (children)
[X=Parent direct{isValidParen}]

Figure 17: Selecting directly inherited features.

classObject{
boolean equals(Object other);

}

classBankAccount
subtypeObject
componentBidiAssociationcBankAccount,Persan
owner [X=Owner]
}

Figure 18: Indirect inheritance.

Q L]

Figure 19: Object aliasing.



Any BidiAssociation1
getThis():like Current getThis():FROM

L)

BankAccount

Figure 20: Reaching the outer object viaget Thi s() .

SubtypeClause:
subt ype Type Identifie? CompParam® ConfigurationBlocR

Figure 21: Grammar for the subtyping relation.

— — —#=Association

|
|
[ A
A | ,,'"[getX=><]
Association’ 1
== [getX=y]
name
A
A __ | Bidi
I[x=z] : ‘r /7 |Association
| L/
B | |
! ‘ ‘ly=2]
BidiAssociation'| |-}/
name

Figure 22: Overriding components.
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3.4 Reducing Hierarchy Dependencies

In [74], it is argued thasuper calls in class-based languages with multiple inheritance
increase the dependency of code on the class hierarchyctiredanguage, multiple meth-
ods with the same name can be inherited by a class, so in ordevambiguate super calls
to such methods, they must be qualified with the name of tleetiuper class containing
the method that must be invoked. Examples of languages tisia@pproach are C++,
Cecil, Trellis/fOWL, Eiffel, and SmartEiffel. This probledoes not occur with inheritance
mechanisms that linearize the class hierarchy, or in thtyjpe-based language Self [19],
where super calls can be directed to a named parent slot.

These additional dependencies can be removed by also giviragne to a subtyping
relation. The name of a subtyping relation is private singly the inheriting class can in-
voke super calls. If a subtype relation has a name, it is ples qualify a super call using
the name of that inheritance relation instead of the namleeo$tiper class. Consequently,
the call remains valid if the actual super class for thatti@hais changed, as long as an
appropriate method is available in the new super class. i$lsisnilar to directed resends
in Self. For our inheritance mechanism, a super call is eitingjualified, or qualified by
the name of an inheritance relation.

Technically, reuse variables in the class-based languemer®lso reduce this depen-
dency, but in their paper [44], the authors do not preseatitisight.

4. EXAMPLE

In this section, we show how the application of Figure 1 islenpented using our inher-
itance mechanism. Although the example is extreme in theestirat the program does
not contain much application specific behavior, it illugtsawhat can be achieved with the
component relation. Section 5 presents a realistic casg.stu

Figure 23 shows the Java implementatiorBahk Account . It has characteristics for
the balance, the owner, and the number of an accountiifhegi st er is needed in order
to be able to connect to ahassociation end. Note that inlining the auxiliarggi st er
method does not make the code shorter, and additionallyresgacont ai ns method to
prevent an infinite loop of setter calls.

Figures 24 and 25 show basic versions of two associatiosedasvhich are in a li-
brary. Advanced functionality like validation, sendingesents, . ..is not shown for rea-
sons of space. Such additional methods do not impact theoihe application classes
since they are not in theéef aul t group. Clas®i di Associ ati on-1-Si de uses a
Uni Associ at i on for the reference to the other end, and the correspondingrgaid
setter methods. The setter method is overridden in ordezdp khe association in a con-
sistent state. The invocations of thegi st er X andunr egi st er X methods on the
component parameters do not contain %X% because they mayble@n renamed using
a different value for the renaming parameter, hence theuttefalue of the parameter is
used. Note that thenr egi st er X method takes the object to be unregistered as an argu-
ment. This signature is inherited from the super cBisdi Associ at i on, and must be
general enough to allow different multiplicities.

Figure 26 shows thentireimplementation of Figure 1. The implementation can be done
almost completely by configuring existing components. Qhé/constructors are actually
implemented. This is a very important result, because itmadhat the implementation
can be made by simply drawing a class diagram, and filling inesparameters.



classBankAccount{

public BankAccount(int numberj
this.creditLimit = -1000;
this.upperLimit = 1000000;
this.accountNumber = number;

}

private Person owner;

public Person getOwner()
return owner;

public void setOwner(Person ownef)
if (this.owner != owner)
registerOwner(owner);
if (owner != null)
owner.registerAccoufthis);
}
}
protected void registerOwner(Person ownefr)
if (this.owner != null)
this.owner.unregisterAccouf)t
this.owner = owner;
}

protected void unregisterOwnerQ
owner = null;

}

private long balance;
private long upperLimit;
private long creditLimit;

public long getBalance(]
return balance;

public void deposit(long amount)
if ((@amount> 0) &&
(balance<= Long.MAX_VALUE - amount) &&
(balance + amount.= upperLimit))
balance +=amount;

public void withdraw(long amount]
if ((amount> 0) &&
(balance>= Long.MIN_VALUE + amount) &&
(balance - amount= creditLimit))
balance -= amount;

public long getUpperLimit(}
return upperLimit;

public long getCreditLimit()}{
return creditLimit;

}

private final int accountNumber;

public int getAccountNumber(]
return accountNumber;

}

}

Figure 23: The Java version ofBankAccount .
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component clasBidiAssociation-1-Side FROM, TO> [X,XS=%X%s]
(TO — BidiAssociationc TO,FROM> otherEnd)
subtypeBidiAssociatiorc FROM, TO> [X=%X%]
componentUniAssociatiorc TO> [X=%X%, override set%X%)]
{
group default {
public abstract shared FROM getThis();
public void set%X%(TO other]
if (this.other%X% != other)
register%X%(other);
if (other !'=null)
otherf@otherEnd.registerfcFROM this);
}

}
}

protected void register%X%(TO other}
if (this.other%X% != null)
this.other%X%otherEnd.unregistergfROM this);
this.other%X% = other;
}
protected void unregister%X%(TO other)
this.other%X% = null;

}

Figure 24: Library class Bi di Associ ati on- 1- Si de.

On top of that, the high-level concepts of the diagram cagebtost because they are
directly presentin the code. In current CASE tools, suctcepts are lost because they are
translated into low-level code, leading to synchronizatiwoblems. The library classes
for the characteristics are component classes, so we capletaty remove methods. For
classBankAccount , the setter methods for the balance, the credit limit, thgeajfimit,
and the account number are removed. The constructors of@wEnprelations are invoked
using asuper call qualified by the inheritance name for reasons of clarity

The entire implementation of Figure 1 using high-level edaits is not only (a bit)
shorter than the traditional implementation of the sindéesgBankAccount , but it is
also significantly less complex. The component version dols a bit of trivial work like
renaming and excluding methods. The Java version, howeuest itself ensure consis-
tency of the bidirectional associations, and protect a&jamerflow and underflow in the
wi t hdr aw anddeposi t methods. While this code may seem simple, we must note
that even Meyer’s implementation of bi-linkable elememspage 597 of [58] is wrong.
The old back-pointer is not set ¥oi d when a bi-linkable element is attached to a new
element. This cannot be fixed in tpat _| ef t method that he leaves as an exercise to the
reader, since the reference to the inconsistent objecstisTiis bug can be hard to find in
areal program.

In languages without repeated inheritance, such resuitaatabe achieved because
a class often has more than one characteristic of a certath kirhis is the case for
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component clasdJniAssociatiorc TO> [X]
subtypeAssociatiorc TO> [X=%X%]

{
protected TO other%X%;

group default {
public TO get%X%(){
return other%X%;

public void set%X%(TO other)
this.other%X% = other;
}
}

Figure 25: Library class Uni Associ ati on.

BankAccount . BothUni Associ ati on andBi di Associ ati onl are subtypes of
Associ ati on. In SmartEiffel, the components can be reused, but thers@many
methods to be renamed for clarity and conflict resolutiohriast of the reduction in code
size is lost. Nevertheless, the result would still be fag lmsmplex than the Java code since
renaming is much simpler. More about the effects of renansiniiscussed in Section 5.

5. CASE STUDY

We compared our inheritance mechanism with manual detagasind the inheritance
mechanisms of Java, SmartEiffel, and a version of traite vépeated inheritance [66], by
comparing their impact on the size of an application. We useang87], our metamodel
for Java, andChameleon87], our framework for metamodels of programming langsage
Together they contain 9763 lines of Java code. The detaildedound in the technical
report [90].

We modified the Java programs using our inheritance meamdésd then calculated
the size for the other techniques based on the overheadarhiag, dependency resolution,
encapsulation of state, and manual delegation for eachitpod.

To study the impact of the size and the nature of extensiortheotomponents, we
repeated the experiment for two simulated code bases. Ifirtheone, all associations
send events when they are modified. This extension is apiplicendependent because
managing the listeners and invokimgt i f y is always the same. In the second one,
the associations also check the validity of the elements.ttis extension, the validity
condition is application specific and must be overridder|evbther supporting code can
be reused.

We do not take specifications into account in the study. Werassthat the average
specification of the removed methods and variables equalwbeages for the entire pro-
gram. Consequently, the relative gain will not differ whekihg the specifications into
account.

3We must note that the resulting code does not currently derbpicause our compiler is not yet complete.
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classBankAccount

componentBoundedValue:long> balance
[X=Balance,LOW=CreditLimit,
HI=UpperLimit,increaseBalance=deposit,
decreaseBalance=withdraw,
export private {setUpperLimit,setLowerLimit,setBalange

componentBidiAssociationk BankAccount,Persan owner
(account$ [X=Owner]

componentUniAssociatior<int> accountNumber
[X=AccountNumber,
export private {setAccountNumbeéi

public BankAccount(int accountID}
balancesuper(0,-1000,1000000);
accountNumbesuper(accountID);
}
}

classCheckingAccount
subtypeBankAccount
componentBidiAssociation-1-Side:CheckingAccount,BankCard
bankCard (account) [X=BankCard]
{

public BankAccount(int numberj
super(number);

}

classPerson
componentBidiAssociation-N-Side:Person,BankAccount
accounts (owner) [X=Accounts]
componentBidiAssociation-N-Side:Person,Person
parents (children) [X=Parents]
componentBidiAssociation-N-Side:Person,Person
children (parents) [X=Children]
componentUniAssociatior< String> [X=Name]
componentGraph<Person- family (parents,children)
{
public Person(String name, Person mother, Person fafher)
setName(name);
addParent(mother);
addParent(father);

}
}

classBankCard
componentBidiAssociationk BankCard,CheckingAccount
account (bankCard) [X=Account]
componentUniAssociatior<int> [X=PinCode]

{

Figure 26: Implementation of Figure 1.
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Standard Code Base Java Components SmartEiffel Traits Delegation
1. Size (LOC) 9763 7672 9326 10521 8712

2. Reduction (LOC) N/A 2091 437 -758 1051

3. Reduction (%) N/A  21.42% 4.48% -7.76% 10.77%

4. Added Cost Java (%) N/A  27.25% 4.69% -7.20% 12.06%

5. Share of Characteristics N/A  87.57% 40.50% 100.00% 100.00%

6. Share of Multiple Inheritance N/A  12.43% 59.50% 0.00% 0.00%

Figure 27: Results for the standard code base.

Events Code Base Java Components SmartEiffel  Traits Delegation
1. Size (LOC) 11683 7672 9966 12121 9672

2. Reduction (LOC) N/A 4011 1717 -438 2011

3. Reduction (%) N/A 34.33% 14.70% -3.75% 17.21%

4. Added Cost Java (%) N/A 52.28% 17.23% -3.61% 20.79%

5. Share of Characteristics N/A 93.52% 84.86% 100.00% 100.00%

6. Share of Multiple Inheritance N/A 6.48% 15.14% 0.00% 0.00%

Figure 28: Results for the events code base.

Validation Code Base Java Components SmartEiffel Traits Delegation
1. Size (LOC) 12406 7992 10877 13032 10520

2. Reduction (LOC) N/A 4414 1529 -626 1886

3. Reduction (%) N/A 35.58% 12.32% -5.05% 15.20%

4. Added Cost Java (%) N/A 55.23% 14.06% -4.80% 17.93%

5. Share of Characteristics N/A 94.11% 83.00% 100.00% 100.00%

6. Share of Multiple Inheritance N/A 5.89% 17.00% 0.00% 0.00%

Figure 29: Results for the events and validation code base.

Counting LOC

We count the LOC using the sloccount utility of David WheeRgcause import statements
and lines containing only braces are automatically geedray modern programming en-
vironments like Eclipse [38], we ignore them in the line cbufhey do not represent work
done by a programmer. We subtracted such lines from thetsesiuthesloccountutility
because itincludes such lines.

Note that this is in our own disadvantage for the first resaeittsuse the methods that will
be removed are very short. As a result, such lines make uméisant part of the LOC
that are removed using the sloccount numbers.
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Figure 31: Reduction.

We also chose to ignore import statements because theyl arg@natically generated
by the IDE when performing autocompletion. Selecting thegrapriate type from a drop-
down box — if required at all — will not take more effort thanitivig the type name. There
are about 1900 import statements in the code base, whictdvmoake up almost 20% of
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the original code base.

Lies, Terrible Lies, and Statistics

For all our result we give two numbers. The percentage ofadeer of the original code
base, and the percentage of increase that is required tothekew code base as big as the
original one. While both numbers are valid conclusions,fitst precentage will always
be smaller than the second one. For percentages up to 10%ffdrence is small, but for
20% and above, the difference is significant.

The Original Code Base

In the original code base, we used manual forwarding to impl& bidirectional associa-
tions. For a 1-side of an association, that means forwarchtigo get andset, 2 LOC
each, and 1 LOC for the instance variable for the object miagabe association, giving
a total of 5 LOC for each 1-side. For an n-side, we need to fatget , add, r enove,
andr epl ace. Note that the epl ace method cannot be substituted by callsatod
andr enpve because this would not respect the order of elements in adiles, which is
not acceptable for statements and still annoying for metheariables, and inner classes.
Actually, the code would need additional checks fond | reference, but we will ignore
them since they are not present for every association aedisepl ace is also missing
most of the time. Taking that into account, we conclude tmafieerage an n-side uses 9
LOC. The code base uses 84 1-sides, and 25 n-sides, whictsrtfedirthe associations
make up 645 LOC.

The Standard Code Base

If we had used standard techniques for implementing thedmtional associations, our
code base would have been larger. For the unidirectionat&g®ns we already used the
standard technique.

The general implementation for a 1-side of a bidirectiorsab&iation contains 14 LOC
as shown in Figure 32. For an n-side, that is 21 LOC as showngar& 33. The
r egi st er methods are required for modifying the other end of an aatioai.

If we would use this technique for associations, the assoom would take up 1991
LOC, which is 1046 LOC more than in the small code base. Thalteeare displayed in
Figure 27.

The Events Code Base

We are currently building and Eclipse editor for Chameldwat bperates independent of
the actual object-oriented programming language of thecgdile. For this, it is essential
that the user interface elements such as the text file anduttieeoremain synchronized
with the underlying metamodel instance. A common technfquachieving this is using
the Observer pattern [34]. Every time an object of the maslehodified, it notifies the
listeners to trigger updates of the user interface. If weagseponent to model all associ-
ation, unidirectional and bidirectional, we can get thisdtionality for free by using the
appropriate components. If we add this functionality to skendard model, that would
require 1 LOC for the collection of listeners, 3 LOC faddXLi st ener, 3 LOC for
renoveXLi st ener (both including a call to the method for lazy creation of tiodiex-
tion), 3 LOC for lazy creation of the collection of listengasd at least 2 LOC for notifying
the listeners using an iteration, giving a total of 12 ext@Q per association.
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private T other;

public T getX() {
return other;

}

public void setX(T other)
if (this.other != other){
register(other);
if (other != null){
other.registethis);

}
}
}

void register(T other)
if (this.other != null){
this.other.unregister();

}

this.other = other;

}

void unregister(}
other = null;

}

Figure 32: Standard implementation of a 1-side.

For a total of 160 associations, this results in an additi®®30 LOC.

SmartEiffel

For SmartEiffel, the methods of the associations must bame to resolve the conflicts,
and abstract methods must be renamed and implemented ébringsdependencies. For
a 1-side, this results in an additional 14 LOC (5 renaming €@shdencies). For an n-side
this is 16 LOC (7 renaming + 3 dependencies).

If events are added, this costs an additional 4 renamingh@gacteristic.

Discussion

Figure 30 shows the code size for the different techniquelscanle bases. Figure 31
shows the reduction in size compared to Java. Almost all @féduction is obtained in
the domain model, which takes up 70% of the software. Ther@b& consists of input
and output algorithms.

First of all, we must note that the reduction in code sizeatthe same as the reduction
in complexity. Renaming clauses and manual delegation ashrsimpler than the reused
methods.

Both figures clearly show that our inheritance mechanismit®m a much bigger reduc-
tion than other approaches. The difference is caused bydtfieanal overhead mentioned
above. Manual delegation and code inheritance in SmaglE#tluce the size much less



32

private SomeOrderedSet;T¢, others;

public SomeOrderedSet;T¢, getX()
return new SomeCaollectioniT¢ (other);

}

public void addX(T other}
if (other != null) {
other.registetfis);

register(other);

}

public void removeX(T other)
if (other = null){
other.unregistetkis);

unregister(other);

}

public void replace(T original, T replacemenrt)
int index = others.indexOf(original);
if((index !=-1) && (original != replacement))
others.set(index, replacement);
replacement.registeh(s);
original.unregistetis);
}
}

void register(T other)
others.add(other);

}

void unregister(T otherj
others.remove(other);

}

Figure 33: Standard implementation of a 1-side.

than our mechanism, but are still a big improvement over #va Jersion. Using traits,
however, the code size even increases. The additional gettesetter methods — traits
cannot contain state — cause so much additional overheadhthapplication becomes
bigger than the original Java application.

An important result is the impact of adding functionalityaths not overridden in the
application. Adding support for sending events requivesmodificationof the version
using our inheritance mechanism. The renaming paramet@mgonent parameters, and
indirect inheritance avoid the need for additional codd ifreethods and variables added to
thedef aul t group contain existing renaming parameters. With all obenniques, code
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P == Te

L == class C(a)STSC{FKM

a ==T—-C

0 = ali

ST ::= subtype C(3) [ =0]

SC::= conponent C(§)i [M=0]

M == C mCx){returne; }

e == x|i|e.fle.i |eQale.m®) |new C(€) |(Ce

Figure 34: Syntax.

must be added to the applications for renaming clauses, ahdelegations, dependency
methods, or state encapsulation. The more functionalfigred by the component, the
more modifications are required by other techniques. Th&\vsry important practical
result. A first consequence is that the developer of a compiar@a now add functionality
without breaking any client code. A second consequenceatiihcan now provide lots of
functionality without putting a huge burden on his clients.

Another important result shows up if validation is added#®associations, and specific
validation rules are implemented in the applications. Taesion using our inheritance
mechanism is the only one in which less code must be addedrittbe Java version, as
shown by the gradients in the right part of Figure 30. This msehat it is still beneficial
to reuse small components, or small parts of bigger comgenesing our inheritance
mechanism. Using the other techniques, the additionah@ast makes reuse unattractive
in these scenarios.

6. FORMAL MODEL

In this section, we present a part of our formal model. Moreitkecan be found in the
technical report [90]. Our model is based both on Class&[l3%] and Featherweight Java
[42]. Because our inheritance mechanism supports renathiagtatic type of the target is
required to determine the invoked method or accessed fieddud&' the type elaboration of
ClassicJava to incorporate that information in the prograhe rest of the model is based
on Featherweight Java because of its simplicity.

To model the essence of our inheritance mechanism, we addéiblm inheritance,
separation of subtyping and code inheritance, named taineg relations, component pa-
rameters, component references, indirect inheritancksimmple renaming to the Feather-
weight Java model. Other elements have been omitted to keemaodel simple. In case
of a conflict, the conflicting elements must be overridden mea definition. Because
we do not model component classes, non-conformance andddating are not allowed.
We assume that all component relations have been given a, reardehat classes with
component parameters are abstract.

6.1 Syntax

The syntax of the language is shown in Figure 34. The diffe@erwith Featherweight
Java are the component parametershe two inheritance relations, and the expressions
e.i for component references am@« for invocations on component parameters. The
subtyping relation cannot have a name. Variahlanges over both component parameters
and inheritance names.
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C<«:C

C<:D D< E
C<E

classC...subtypeD...{...}
C<:D

Figure 35: Subtyping

C<cC

C<:D
C<D

C<D D<E
C<E

classC...component D...{...}
C<D

Figure 36: Subclassing

6.2 Type Elaboration

Because methods can be renamed, we must perform type dlahpes done in [33] for
static methods. They combine the elaboration rules and tefermedness rules. The
elaboration rules for our model are almost the same as tlarsgléssicJava. The only
difference is that we also elaborate the static type of thgetaof a method invocation
while in ClassicJava this is done only for instance variabl&e do not repeat them here.
The only effect is the insertion of the static type of the &rgf a method invocation or
instance variable access.

e.m(args) = e: I'(e). n(args)

e.f =>eT(e).f

The typing of the non-elaborated program is almost idehta#éhat of the elaborated
program except that the actual type are used instead ofatie stpes in rule§” — field,
T — Comp, T — Comp — Param, andT — invk.

The well-formedness rules are written separate from tHeoegdion.

6.3 Subtyping and Subclassing

The subtyping rules and subclassing are shown in Figurea®3@. The subtyping rules
come straight from Featherweight Java[42]. The subclgssites are similar. Note that
the second judgment declares that the subtyping relatipliemthe subclassing relation.
The subtyping relation is represented by therelation, the subclassing relation by the
relation.

6.4 Class Well-formedness

Figure 37 shows the class well-formedness rules. Ruldo-ST-LoopsndV-No-CO-
Loopsensure that no cycles are present in the inheritance retatiNote that/-No-CO-
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E=class C(a) STSC{FKM

VYsubtype T<é> [A=p] € ST:-T<:C

E NO ST-LOOPS OK (V-No-ST-Loops)

E=class C(@) STSC{FKM
Vconponent T<é> i [n=p] € ST:-T<:C

Vconponent T<§> i [n=p] € ST:-T<C

E NO CO LOOPS OK (V-No-CO-Loops)

E=class C(a) STSC{FKM
VT,V STq,ST, € ST
ST, <: TAST, <: T = params(STq, T) = params(STy, T)

E COVPONENT- PARAM OK (V-Component-Params)

E=class C(@) STSC{FKM
VX, YE componentNames(C) U fields(C) U methods(C) :
X #Y = name(X) # name(Y)

E NAMESPACE OK (T-Namespace)

componentNames(C) = {i|component(i,C) = X CO}

E=class C(a) STSC{FKM

velass T(®) ... :
ST; =subtype T(3)... =3 <
5 5

VST; = conmponent T(J)...:
E COW PARAMS K

(T-Inherited-Classes)

a=T—C §=i component(i,T) =S — D D<:C T<:S
i<

a=T—C §=S—D D<:C T<:S
d<a

Figure 37: Class Well-formedness.

Loopshas an extra judgements to forbid cyles mixing both kindsetdtions. RulgV-
Component-Paramgnsures that if component parameterse are passed to theygaane
via different inheritance paths, the values are the sametimd¢ases. This is similar to the
rule for generic parameters in Eiffel and SmartEiffel. Rl®&lamespaceut all named
elements of a class in the same namespace and demands tizathe$ are unique within a
class. Rulg€T-Inherited-Classegjemands that the types and component parameters of all
inheritance relations are valid.

These rules must be conjugated together with the rules fdsfend methods, which are
discussed further on.

6.5 Components

Figure 38 shows the lookup rules for components.
Figure 40 shows the rules for overriding components. Figilreshows the relations
between components.
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E=class C(@) STSC{FKM component T <@> [n=p] i € SC
component(i ,C) = Cconponent T <G> [n=p] i

E=class (@) STSC{FKM
subtype T [n=p] s €ST

conponent T <B> [n=p] i ¢ SC

component([n/ p]i,T) =X conponent Y [U=V] X
component(i ,C) = X conponent Y [U=V] X

component(i , subtype T <M =P > [...]j ) = component([p/N]i,T)

Figure 38: Lookup of components.

params(class T<a>ST,T,0)=a

params(cl ass T < @& > ST,S,8) = params([3/a]ST,S)
T; <:S E = class T; <a> STSC{FKM
params(subtype T <3 > [n=p],S) = params(E, S, (5, @))

a=T—-C 0=i
o(d,a) =T.Ii
a=T—-C §=S—D
o(d,a) =46

Figure 39: Component parameters.

E=class C(a@) STSC{FKM

ST; = subtype T<§> [0=p]
SC; = component ¢ S<y> [ men]

component([p/o]c,T) = U conponent V<> x [0=T]
C SC;j overrides U conponent V<> x [Q=T]

C Foverrides D G D Goverrides E H

C FoverridesE H
E=class C(a) STSC{FKM

SG = conponent S<3> [0=(q] s
VX, SCr =conponent T<é> [n=p] t :
C SC; overrides X SCr = S<: T
C S; OVERRI DE K

Figure 40: Component overriding.

JE O: (C Moverrides E O) A (D Noverrides E O)
C MrelatedtoD N

C Moverrides D N
C Mrelated toD N

Figure 41: Component relations.
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E=class C(a) STSC{FKM

C SC OVERRI DE &K
E COVPONENT OVERRI DE OK

(T-Comp-Override)

E=class C(a) STSC{FKM
vn :|{i|component(n,ST;) =... } > 1=
3j : SC; = conponent T<...> [...]
E COWPONENT SELECT OK

(T-Comp-Select)

E=class C(@) STSC{FKM

Vi ,j ,Ny,No
component(ny, ST;) related to component(nz,ST;) = N1 = Na
E NO COVPONENT DUPLI CATI ON OK

(T-No-Comp-Duplication)

Figure 42: Component well-formedness.

6.5.1 Component Well-formednesBigure 42 shows the well-formedness rules for
component relations.
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6.6 Fields

6.6.1 Field Lookup.A field is represented @& F, whereF is the definition of the field,
andP s its enclosing class. This is needed to determine therooia field. Indirect inher-
itance is modeled by giving indirectly inherited fields themei nheri t anceNane. f .

Figure 43 shows the definition of th&elds function. Rules 1 and 2 are trivial. Rules
3 and 4 determine which fieldsre inherited by the subtyping and component relations
respectively. The difference between both functions is #ha,; incorporates the rule-of-
dominance. It ignores definitions that are overidden by andiefh inherited via another
subtyping relation. In addition, if the same definition ilémited more than once via sub-
typing with different names, the type rules demand that etsions are given the same
name. This makes them syntactically equal, after which #ialsfinition merges them.
This is not the case for the component relation, where dafidin is the default policy.
Rules 5 and 6 determine which fieldan beinherited via a specific subtyping or compo-
nent relation. They take the fields of the inherited class, apply the renaming,; and
Teo- These functions are defined in rules 7-10 and 11-12 respéctiTher,; function is
divided in four parts. Inrules 8 and 9, no renaming is donde Ruleals with the renaming
of an individual field, while rule 10 deals with renaming asoagequence of renaming a
component relation. Note that the latter rules change thenpalass of the method to the
inheriting class. Rules 11 and 12 do the same for the compaeakation , but they also
change thé hi s reference by hi s. i nherit anceNane.

Figure 44 shows thégield function, which is used to find a field, given its name and
the static T) and actual €) types of the target. Rule 13 covers the case where the name
of the requested field is ifiields(T"). Rule 14 covers method that are inherited directly,
but are accessed indirectly. They are not present direatlfiélds(T"), but there is a
trail of overrides and same as relations between the requested method and a method
in fields(T). Renaming of component relations is taken into account biifg up the
actual relation, which may have a different name thaad.

Theowverrides relation is shown in Figure 46. Rule 15 describes the staholagrriding
relation for subtyping. Rule 16 for the component relat®similar, but it inserts the name
of the componentrelation before the name of the overridadoht disinguish it from other
inheritance instances of the same field. In addition, ibidtrces indirectly inherited fields
in the inheriting class. If the field is inherited directlgetindirect version can still be used,
and is dynamically bound because of therrides relation. Rule 17 makes theerrides
relation transitive, and rule 18 takes thene as relation into account. Conformance of
fields is enforced by rule 19, and rule 20 determines if a fieloMerridden in a class.

The same as relation is shown in Figure 47. Rules 21 and 24 state thatdhec as
relation is reflexive and transitive. Rules 22 and 23 statt dlrenamed feild is the same
as the field with the previous name. As for overriding, the eafithe component relation
is added for fields renamed in a component relation.

Figure 45 shows the field type lookup.

6.6.2 Field Well-formednessFigure 48 shows the field well-formedness rules.



E=class C<a>STSC{FKM
fields(C) = fields(E)

(€0

E=class C<a >STSC{FKM
fields(E) = CFUinhyf o (E) Uinhf oo(E)

@

inhy o(E =class C<a>ST SC{FKM}) =
{U G-Goverridden in EAU G€ fields(ST,C)A ®3)
AV O¢€ fields(ST,C) : V O# U GAV Ooverrides U G}

inhy c.o(E =class C<a>STSC{FKM}) =
{U G—-Goverriddenin E AU Ge fields(SC,C)} (4)

fields(T) =CF
fields(subt ype T<é> [n=p],D) = 7s:(n =p, D,CF)

®)

fields(T) = CF

- ——(6)
fields(component T<é> i [N=Pp],D) = 7eo(i ,M =P,D,CF)
_ fen .
7st(M=p,T,CDf)=T D [p/nf
fgn . ¢f
7 £ ®)
7st(M=p,T,CDf)=CDf
fegn f =head.tail . ¢head head ¢n )
rt(M=P,T,CDf)=CDf
fegn f =head. tail . ¢head head en (10)
7st(M=p,T,C D f)=T D ([p/nhead). tail
_ fen a1
Teo(i ,M=P,T,CDf)=T D [p/n|f
fgn (12)

Teo(i ,M=P,T,CDf)=T Di.f

Figure 43: Fields of a class.

fields(T) = WOg name =g,
V F € fields(C)
V Foverrides W U; g; VV Fsameas W U; g;
field(name, T,C) = F

(13)

component(head,C) = X conponent Y<é> i [nN=p]
name = head. tai | UT tail € fields(Y)
. ¢ head V F € fields(C)
V FoverridesX T i.tail VV FsameasX T i.tail
field(name, T,C) = F

(14)

Figure 44: Field lookup.
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field(f ,T,C)=UD g
ftype(f , T,C) =D

Figure 45: Field type lookup.

ST, = subtype T<é> [0=p]

E =cl ass C<5>§§{F KM cl ass T<E> .
75t(8,0=p,5,C,D A g)=CAf; D A g€ fields(T) .
C F; overrides D A g (15)
ST, = conponent T<é> i [0=p]
E =class C<a>ST SC{FKM class T<B> ...
Teo(T, 6,1 ,0=p,3,C,LD Ag)=C A f D A g € fields(T) 16
C Fj overridesD Ai.g (16)
C FoverridesD GV C F sameasD G
D Goverrz:des E H 17)
C FoverridesE H
C FoverridesD G D GsameasE H (18)
C FoverridesE H
B=Tf
VC D=C U g:A BoverridesC D=T=U
A B OVERRI DE K (19)
E =class C<i>STSC{FKM geF (20)
D g overridden in E
Figure 46: Field overriding.
C FsameasC F (1)
E =class C<i>STSC{FKM
ST, =subtype T [0=p] i D A g € fields(T)
7s¢([0=p] ,C,i,D G =C A h —h overridden in E -
C A hsameasD A g (22)
E =class C<i>STSC{FKM
ST; = conponent T [0=p] i D A g € fields(T)
Teo([0=P] ,i ,C,D G =C A h —h overridden in E 03
C A hsameasD Ai.g (23)
C FsameasD G D GsameasE H (24)

C FsameasE H

Figure 47: Field equivalence.



E=class C(a) STSC{FKM
VD N E O€ fields(ST,C) : D NrelatedtoE O = n=o0
E NO FI ELD SUBTYPI NG DUPLI CATI ON

(F-No-Subtyping-Duplication)

E=class C <i > ST SC {F K M}

o, ( (NP D glg=0 A U NE (inhs o (B))} > 1
’ =3dBoeF

——— (F-Select)
class C <i > ST SC {F K M} F-SELECT K

E=class C(@) STSC{FKM
SC; = component S <7 > j|[y=2Z]
VX, CO = componentT < 3> [G=F] i :C SC; overrides X CO=
YU N€ fields(ST,C),V O€ fields(T) :
U NrelatedtoX ...i.o(...) {...}=
V C Pe fields(SC;,C) :
C PrelatedtoB=W...j.s(...) {...}A field(o,T,S)=B=
n=p

41

(F-Component-Override-Renaming)
E COVPONENT FI ELD OVERRI DE RENAME OK

E=class C<a> ST SC {F KM
C FOVERRI DE XK
class C <i > ST SC {F K M} FI ELD OVERRI DE OK

(F-Override)

Figure 48: Field well-formedness.
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6.7 Methods

6.7.1 Method Lookup A method is represented & M whereMis the definition
of the method, andP is its enclosing class. This is needed to determine theroafia
method. Indirect inheritance is modeled by giving indikeatherited methods the name
i nheritanceName. m

Figure 49 shows the definition of theethods function. Rules 25 and 26 are trivial.
Rules 27 and 28 determine which methagksinherited by the subtyping and component
relations respectively. The difference between both fionstis thatnh,, incorporates the
rule-of-dominance. It ignores definitions that are oveeidldy a definition inherited via
another subtyping relation. In addition, if the same dabniis inherited more than once
via subtyping with different names, the type rules demaiad il versions are given the
same name. This makes them syntactically equal, after wthigtset definition merges
them. This is not the case for the component relation, whepdiahtion is the default pol-
icy. Rules 29 and 30 determine which methads beinherited via a specific subtyping
or component relation. They take the methods of the inliedl@ss, and apply the renam-
ing, and substitution of component parameters by usipng@ndr.,. These functions are
defined in rules 31-34 and 35-36 respectively. Thefunction is divided in four parts. In
rules 32 and 33, no renaming is done. Rule 31 deals with theewamg of an individual
method, while rule 34 deals with renaming as a consequenpenaiming a component
relation. Note that the latter rules change the parent datise method to the inheriting
class. Rules 35 and 36 do the same for the component reldtigirthey also change the
t hi s reference by hi s. i nheri t anceNane. Finally, ther function in rules 37 and
38, substitutes the component parameters. If the replatteisia component parameter,
the @ symbol must be kept. If the value is the name of an actual compirelation, it is
replaced by a dot.

Figure 50 shows therethod function, which is used to find a method, given its name
and the staticT) and actual ¢) types of the target. Rule 39 covers the case where the
name of the requested method isimthods(T'). Rule 40 covers method that are inherited
directly, but are accessed indirectly. They are not predieattly inmethods(T'), but there
is a trail ofoverrides andsame as relations between the requested method and a method
in methods(T'). Renaming of component relations is taken into account bkifg up the
actual relation, which may have a different name thaad.

Theoverrides relation is shown in Figure 53. Rule 41 describes the staholaerriding
relation for subtyping. Rule 43 for the component relatisrsimilar, but it inserts the
name of the component relation before the name of the owamidhethod to disinguish it
from other inheritance instances of the same method. Irtiaddit introduces indirectly
inherited methods in the inheriting class. If the methodhiserited directly, the indirect
version can still be used, and is dynamically bound becatiseecwverrides relation.
Rule 42 makes theverrides relation transitive, and rule 44 takes theme as relation
into account. Conformance of methods is enforced by rul@d8 rule 46 determines if a
method is overridden in a class.

The same as relation is shown in Figure 54. Rules 47 and 48 state thatdhec as
relation is reflexive and transitive. Rules 49 and 50 stas shrenamed method is the
same as the method with the previous name. As for overrittiegyame of the component
relation is added for methods renamed in a component relatio

Figure 51 shows the method type lookup, and Figure 52 shausnidihod body lookup.
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Both rules are ftrivial.

6.7.2 Method Well-formedness.

6.8 Auxiliary functions

6.8.1 Abstract. Since we the formal model demands that inheritance parashate
filled in by a subclass, we make classes with inheritancenpatiers abstract.

6.9 Expression Typing

Because fields, methods, and inheritance relations cannaened, we need to perform
type elaboration as done in [33].

Because there is notype far b if b is an inheritance relation, there can be no ambiguity
forexpr.f incase ofe.ga. b. c. d. e. If b andc are variables, the only valid match is
expr=a. b. c andf =d. e.

Note that there are no reduction rules 1o Comp — Field andT — Comp — Invk
because they cannot occur in a running program. Types whtbritance parameters are
abstract, and all parameters must be filled in by subclasses.

Because the formal model allows references to subcompsneamust add a condition
to T — Field andT — ink to ensure that only a single rule can be applicable at a time.
Otherwise, there would be two possibilities fof. f ande.i.m(), being either(e.i). f and
(e.i).m() or (e).i.f and(e).i.m(). The same goes fe@si. f ande@i.m().

6.10 Reduction Rules

Note that theA environmentis not needed because it is only required foctnepile-time
type-check. Also note that there is no rule éa¥i because the parameter will be substituted
during method selection by the actual component name. $igsiven in Lemma 6.9.

Also note that there is not even a rule {orif 7 is an inheritance relation. The expression
will remain unchanged until it is the target of a method irstan or field access. In both
case only one rule applie&).i. f and(e).i.m().
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E=class C(a) STSC{FKM (25) E=class C(a) STSC{FKM
methods(C') = methods(E) methods(E) = CF U inhg (E) Uinheo (E)

(26)

inhs(E =cl ass C(a)STSC{FKM) =
{U NI-Noverridden in EAU N & methods(ST, C)A (27)
AV O€ methods(ST,C) : V O# U NAV Ooverrides U N}

inheo(E =cl ass C(a@) STSC{FKM) =
{U N|-Noverridden in E A 28)
U N¢& methods(SC,C)}

class T(a) ... methods(T) =PM
methods(subt ype T(3) [A=0],C) =7«(5,M=0,a& CPM)

(29)

class T(a) ... methods(T) =PM (30)
methods(conponent T(8) i [N=0],C) = 1..(T,5,i ,i=0,aCPM

me
n=0,a,C,CP B m(B X) {return e;})=
C B [o/AmB X) {return 7(5,@,e);}

(1)

m¢gn . €m
7¢(8,M=0,a,C,P B m(B X) {return e;}) =
PB mBX) {return 7(5,a,e);}

(32

m¢gn m= head. t ai | . Zhead head¢gn
7¢(6,M=0,@ CP B m(B X) {return e;}) =
PB mMBX) {return r(5,ace);}

(33)

m¢n m= head. t ai | . ¢head headen
7(6,M=0,@,C,P B m(B X) {return e;})=
C B ([o/nlhead).tail (B X) {return 7(d,@,e); }

(34)

men
,i,i=0,a,CP B mMBX) {return e;})=
o/n] x) {return [this:Ci /this:Tr(5a,e); }

(35)

m¢gn (36)
Teo(T,8,i ,M=0,& CP B m(B X) {return e;})=
CBi.mBX) {return [this:Ci/this:T]7(5,ace);}

J=T—>C d=
7(6,,€) = [@F/Qale (37) 7(6,,€) = [.6/Qale (38)

Figure 49: Methods of a class.



methods(T) =VN  nane =n; U M€ methods(C)
U Moverrides V; N; VU Msame as V; N;
method(nane,T,C) =M

(39)

name = head. tai l
. ¢ head

component(head,T) = X conponent Y(9) i [N=0]
N=Bi.tail(Bx) {...}
UB tail (B X) {...} € methods(Y)
(U Moverrides X NV U Msame as X N)
U M€ methods(C)
method(nane, T,C) =

- (40)

Figure 50: Method lookup.

method(mT,C) =U B n(BX) {return e;}
mtype(mT,C) = B — B

Figure 51: Method type lookup.

method(mT,C) =U B n(BX) {return e;}
mbody(mT,C) =X.e

Figure 52: Method body lookup.
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ST; = subtype T(4) [0=p] class T<B> ...
E=class C(a) STSC{FKM N=A n(AX){return e;}
75¢(6,0=p,3,CD N)=C A m. .. D N¢& methods(T) 1)
C M overrides D N
D NoverridesE O
C MoverridesD NV C Msame as D N 42)
C Moverrides E O
SC; = conponent T(4) i [0=p] class T<B> ...
E=class C(@) STSC{FKM N=A n(A X){return e;}
Teo(T,0,i ,0=p,3,CCD N)=C A m. .. D N & methods(T) 43)
C M overridesD A i.n(A X){return e;}
C Mowverrides D N D NsameasE O (44)
C Moverrides E O
M= B mB X){return e;}
VD NEA n(AY){...}:C MoverridesD N= (B<:AAB=A)
C M OVERRI DE K (45)

E=class C(a) STSC{FKM meM
B m(B X) {return e;} overriddeninE

(46)

Figure 53: Method overriding.



C FsameasD G D GsameasE H

(47)

C MsameasC M C FsameasE H

E=class C(a)STSC{FKM
ST; = subtype T(4) [0=p]
75¢(8,[ 0=p],5,C,D N)=C A h(A X) {return e;}
class T(f)
N=A n(A X){return e; })
D N € methods(T)

=h overridden in E (49)
CAh(AX){return e;}sameasD N

E=class C(a) STSC{FKM
SC; = conponent T(d) i [0=p]
Teo(T,0,i ,[0=p],3,C,D N)=C A h(A X) {return g; }
class T(B)
N=A n(A X){return e;})
D Ne& methods(T)

—h overridden in E

(48)

CAh(AX){return g; } sameasD A i.n(A X){return e;}

Figure 54: Method equivalence.

JFE O: (C MoverridesE O) A (D Noverrides E O) C Mowerrides D N

(50)

C MrelatedtoD N (51)

C MsameasD N
C MrelatedtoD N

(53)

Figure 55: Method relations.

C MrelatedtoD N

47
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E=class (@) STSC{FKM
VD N,E O€ methods(ST,C) : D NrelatedtoE O = n=o

E NO VETHOD SUBTYPI NG DUPLT CATI ON (M-No-Subtyping-Duplication)

E=class C <i > ST SC {F K M}

Vo: [{N=T A n(Ay){return f; }In=0 A U NE€ (inheritedMethods(E))}| > 1
o = 3B o(BX){return e; } €M

class C <i > ST SC {F K M} METHOD SELECT OK

(M-Select)

E=class C(a) STSC{FKM
SC;, = component S <7 > [y=Z] ]
VX, CO = componentT < B> [g=F] i :C SC; overrides X CO=
VU N € methods(ST,C),V O€ methods(T) :
U NrelatedtoX ...i.o(...) {...}=
Vv C P€ methods(SC;,C) :
C PrelatedtoB=W...j.s(...) {...}Amethod(0,T,S)=B=

n=p

(M-Component-Override-Renaming)
E COVPONENT METHOD OVERRI DE RENAME OK

E=class C <a> ST SC {F K M
C MOVERRI DE X
class C <i > ST SC {F K M} METHOD OVERRI DE OK

(T-Override)

E =class C<a> ST SC {F KM
C MI MPLEMENTATI ON OK

- (T-Implementation)
class C <i > ST SC {F K M} | MPLEMENTATI ON OK

X:Cthis:Chkeg:Ep Ey <: Co
C ComCX) {return ey} | MPLEMENTATI ON OK

Figure 56: Method well-formedness

E=class C<a>ST SC{FKM a#0
Cabstract

Figure 57: The abstract judgement.



- (T-var)
AT EX:T(x)
A;THeg: G field(f ,T,Cy) =Dg L f )
ATrey:T.f :D (T-Field)
component(i ,T) = conmponent D<B> [n=p] j (T-Comp)

A;THeg:T.i : D

A(a)=T—C
A;T'Fep: TQa -

C (T-Comp-Param)

A;THeo:C miype(mT,C) =D —C A;THE:C C<:D .¢gm

T-Invk
A;T'Feg:Tme) : C ( )
—Cabstract A fields(C) =TDf A;THE:C C<:D
— (T-New)
A;T'Fnew C(e) : C
A;T'Heg:D D<«:C
i1 €o <% (T.ucast)
A;T'H(Qep:C
A;T'Hep:D C<:D C#D
T-DCast
ATF(Qey:C (T-DCasy
A;T'Hep:D C«:D D«£:C stupid warning (T-SCast)

A;TH(CQeg:C

Figure 58: Expression typing.

field(f ,T,.C)=Dg fields(C) =UDg g=09;
new ¢(g) : T.f —e;

mbody(mT,C) = X.eq
new C(®):T.nm(d) — [d/X,new C(€) /t his]eg

(R — Invk)

C<:D
(D) (new C(€)) — new C(€)

Figure 59: Computation Rules.
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eo — €

eo:T.T —el:T.f

ey — e,

(RC — Field)

eo:T.me) —ep:T.nme)

(RC — Invk — Rev)

(Qeo—(Qe

eiﬂeé
(RC — Invk — Arg)
eo:T.n(...,€;,...)—eo:T.n(...,€}...)
e; — e
(RC — New — Arg)
new C(...,e;...) —new C(...,e},...)
ey — e/
0 9 (RC — Cast)

Figure 60: Congruence Rules.
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6.11 Proof of Type Soundness

We prove the type soundness of our model by isolating thengssons made in the proof
of Featherweight Java, and proving that our inheritanceaieism satisfies those assump-
tions.

6.11.1 Subject Reductionin Lemma 6.6, we must make a change becauseaype
function has an extra argument, being the static type ofatget. In the proof, the lemma
is used to prove that the type of a method invocation is a gdfter substitution. In other
words, it suffices to prove that for a given static type, a neprecific actual type will result
in a more specific return type.

LEMMA 6.1. Thecomponent judgement defines a function.
PrRoOOF This follows directly from ruleél’ — Comp — Select. O
LEMMA 6.2. Themethod judgement defines a function.

PrRoOOF From the definition ofnethod, it follows that it is a function ifmethods is a
function. RuleT — Namespace ensures that for methods directly defined in a class
there can only be one match for a given name. The other methodsthods(C) come
from eitherinhg; or inh.,. But because these functions remove methods with the same
name as a method i@, there can never be more than one resulf.

LEMMA 6.3. Every methodm in a supertype or component of clagsis either
in the set of methods df, or an overriding or equal method is present in that set.
E=class C(@) STSC{FKM AU N e methods(ST;) Umethods(SC;)

3V O€ methods(C) : V Ooverrides U NVV OsameasU N

PrROOF The only reason a methadof a supertype or component of claSsan be
absent from the set of methods®fs that it has been removed by either thé,; or inh,,
function.

Forinh,;, this means that the method is either overridden in the dised$, or an over-
riding method has also been inherited. In both cases theae ®verriding relation be-
tween the removed method and a methodriethods(C) according to the definition of
overrides. If the method is not removed, thame as relation holds.

The proof forinh,, is similar. O

LEMMA 6.4. The field judgement defines a function.
PrROOF Similar to that of Lemma 6.2

LEMMA 6.5. Every fieldf in a supertype or component of claBss either in the set
of fields ofC, or a field overriding it is present in that set.
E=class C(a) STSC{FKM AU D g € fields(ST;) U fields(SC;)
I
IV E h € fields(C): V E hoverridesU D gVvV E hsameasU D g

ProOF Similar to that of Lemma 6.3.]

LEMMA 6.6. If mitype(mT,C) = B — By then miype(mT,D) = B —
Ep with By <: By forall S<: T,D<:
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PROOF FromLemma 6.3, it follows thatiethod(m, T, D) selects a method that either
overrides or is the same agethod(m,T,C). As a result, this lemma follows from the
OVERRI DE K judgement. (O

Because we also allow overriding of fields, we must have alaifémma for the type
of a field. The only difference is that the type of a field carctwinge.

LEMMA 6.7. If ftype(f,T,C) =Bthen ftype(f ,T,D) =B forallS<: T,D<: S
PROOF Similar to the proof of Lemma 6.601

Lemma 6.8 needs to be modified from the Featherweight Jagiondsecause we have
two new type expressions.

LEMMA 6.8. If A;I,Xx : BFe : D andI' - d : Awhere A <: B, thenl' -
[d/X]e : C for some C <:D.

Proor Cased — Var,T — New, T —UCast,T — DCast, andT — SCast remain
unchanged. Cask — Invk only requires a syntactic modification to pass the statie typ
from the type elaboration to Lemma 6.6. CéaBSe- Field become nearly identical to
T — Invk because of the possible overriding.

CaseT-Comp.e=e(:T. i

The actual type ok is not used in the type of,:T. i , hence the type oé will not
change under substitution. Safety is guaranteed by immuctihe component relation will
exist.

CaseT-Comp.e=e(:TQa«

Again, the actual type &, is not used in the type &,:TQ«, hence the type af will not
change under substitution. Safety is guaranteed by inoluciihe component relation will
exist. [

LEMMA 6.9. The expressioe: TQa will not be encountered during evaluation of a
program.

PrROOF Classes with component parameters are abstract and thnetdze instanti-
ated. From the fact that all parameters must be filled in byyggand component clauses,
and the substitution of component parameters imth&hods function, it follows that such
expressions cannot occur in methods of concrete classesprobf follows from the fact
that a program is of the formew C(€) and must be well-typed.C]

LEMMA 6.10. IfA;T'+e:C, then A;T',x : DFe: C
PROOF Straightforward. O

LEMMA 6.11. The transformation of the method body of a method inherii@d v
subtyping relation is type safe.
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class T(a) ... A
@:B-Dx:Xthis:TFe:EAd<aA
class S(fB) ... subtype T(9)

J

x:Xthis:SF7(5,@e):FAF<E

PROOF The lemma follows directly from the definition of thefunction and Lemma
6.8. O

LEMMA 6.12. The transformation of the method body of a method inherii@d v
component relation is type safe.

class T(a) ... A
7¥:GX:Xthis:TFe:EAd<an
class S(fB) ... conponent T(4) i
3
X:Xthis:Sk[this:S i /this:T|r(,@e):FA
F<:E

PROOF Because of rul& — Comp, the type oft hi s: C. i isT, so the lemma follows
from Lemmas 6.8 and 6.111

For Lemma 1.4 of the Featherweight Java proof, we providéferdnt lemma because
the method body is altered when inherited instead of duhieget/aluation.

LEMMA 6.13. I fmtype(mT,C) = D— D, and mbody(mT,C), thenX : D,t hi s :
CrFe:CwithC<:D

PROOF. In casemethod(m, T, C) is defined inC, ruleT — Implementation proves
the Lemma. In caserethod() is inherited either through a subtype relation or a compbnen
realtion, we must prove that the altered method body maistaivalid type. This follows
directly from Lemmas 6.11 and 6.12[]

THEOREM 6.14 (SUBJECTREDUCTION). For a well-typed expressioa of an elabo-
rated program:
IfTHe:Cande — €', thenT'¢e':C for someC <:C

PROOF The proof is nearly identical to the proof of Theorem 2.4f Featherweight
Java. O

6.11.2 Progress

THEOREM 6.15 (FROGRESS. Suppose is a well-typed expression in the evaluation
of an elaborated program.

(1) Ifeincludesnew Cy(€). f asasubexpression, theelds(Cy) = CTf andf € f
for someC, T, andf .

(2) If eiincludesnew Co(€). n(d) asa subexpression, themody(m Cy) = X.eo and
#(X) = #(d) for somex andey.

PROOF. Because component parameters cannot occur in the eelwdtn elaborated
program (Lemma 6.9), and operations performed on compaeérences are treated as
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method invocations and field accesses, the proof is the sarti@Bof Theorem 2.4.2 of
Featherweight Java except that it now uses Lemmas 6.2, 8,3a16d 6.5 to prove thah
andf are present.

6.11.3 Type Soundnes§he domain of values is the same as that of Featherweight
Java.

vV 1= new C(V)
THEOREM 6.16 (TYPE SOUNDNESS. Suppose e is an expres-
sion of an elaborated program. f + e : C and e —*

e’ with €’ in normal form, then €’ is either a value V with ) = v : Dand D <:
C, or an expression containing ( D) new C(€) whereC <: D.

ProOFR Immediate from Theorems 6.14 and 6.15]

7. RELATED WORK

In [61], Odersky and Zenger identify three scalable compbabstractions for removing
hard references from components to increase their reitgalibstract type memberself-
type annotationsandmodular mixin compositianAbstract type members and selftypes
specify the required services of a component, and mixinfoparthe composition. But
while these abstractions are scalable with respect to #eeadithe components, they are
not scalable in the way components are used. The probleratibtih selftypes, and mix-
ins as used in Scala, prohibit any composition involvingtiplé components of the same
kind, or components containing features with the same n&raspite the claim that these
abstractions can lift an arbitrary assembly of static paogparts to a component system,
they already fail for our simple example application, whiglittle more than an assembly
of four kinds of static program parts. The authors arguerating of classes is essential
because otherwise, the amount of wiring would become satistaThis contradicts our
findings. In this paper, we built an application using comgras without using nested
classes. So while nested classes provide certain benkéisate not a requirement for
component composition. In both approaches, componentdaages, and the result of the
composition of components is again a class.

In [88], we introduced anchored exception declarationgtoave hard references from
the exceptional specification of a component. They allowetkeeptional specification of
a method to be declared relative to other methods. Thisaseseboth the adaptability and
reusability of code using checked exceptions. More spedlifichey simplify the reuse of
higher-order functions by taking the exceptional behagfdhe actual function parameter
into account instead of providing an inflexible upper boumat forces the programmer to
write many inconvenient and dangerous error handlers.

ArchJava [2] uses ports to connect components. A comporegiaies the methods
provided and required by a port. Composition of componentkoine by connecting ports
to each other. The difference with our approach is that imdawa, ports are used to en-
force communication constraints, while component refetiare used to compose an ADT
from other ADTs. In our approach, a port corresponds to alaegiiass which is then
used in a component using a component relation that inedtifsatures indirectly. The
class representing the port can declare its requiremeintg irsstance variables, abstract
getter methods, or component parameters. So as a compasiéohanism, our inheri-
tance mechanism is more flexible, but it does not enforce aanization constraints. Our
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componentCTodoModularis compose{
provides IQueue q;
provides ISupervisor su;
intro CTodoExtension toDo;
intro CList list;
plug list.list into toDo.list;
plug todo.q into q;
plug toDo.su into su;

Figure 61: The ComponentJ version of CTodoModular.

classCTodoModular
componentCTodoExtensior CTodoModular> (list) [direct{q,su}]
componentCList list

{

Figure 62: Our version of CTodoModular.

mechanism for preventing component references — using opemt classes — is simpler
and more effective than that of ArchJava. In ArchJava, theeccomplished by prohibiting
the use of the type of a component in the ports and publicfaxtes of a component type,
and types of instance variables. In addition, an exceptidhrown if a cast to a compo-
nent type is thrown. We prevent the uset @i s, and names of component relations as a
separate expressions for component classes.

ComponentJ[76] only uses ports for composition of comptsyemd thus is less flexible
than our approach. In addition, it is more verbose, as showhigures 61 and 62. In
Figure 62, theCTodoExt ensi on component is connected to ti@i st component
using a component parameter. Another alternative is to ns@stance variable or an
abstract getter method.

In [8], the authors present a language construct for fissckull-blown relationships.
Such a language construct is also advocated by RumbaugBJin\ldth our inheritance
mechanism, this language construct can be replaced by amnpalasses. In this pa-
per, we used relationships without attributes, but a corapbifor full-blown relation-
ships can be built on top of them. An example implementatsogiven in Figure 63. A
Passi veBi di Assocati on is aBi di Associ ati on that cannot be modified from
that end of the association. This is necessary to ensuréstemsy of the relationship.

In the 1997 version of Eiffel [58], the inheritance relatisrused both for subtyping and
code inheritance. It is possible to duplicate features whkeeriting more than once from
the same class, which is confusing for classification puep@s argued in Section 3.2.
The resulting diamond problem for repeated inheritancdtenaconsidered to make the
language more difficult [11; 70]. In addition, a subclass aaa covariant argument types
for a method, or even remove features, which makes a wholgramoanalysis required
to ensure type safety. In SmartEiffel 2.2 [20] and the nevieEgpecification [62], the in-
heritance mechanism has been extended with non-confoiintiegitance. In SmartEiffel
2.2, duplication of features and narrowing their visigilis no longer permitted. Using
covariant argument types, however, remains possible. t&iffat ensures type-safety by
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public abstract class RelationshigFROM, TO,
KIND extendsRelationshipcFROM, TO,KIND> >
[FromName, ToName]
(FROM — PassiveBidiAssociaticnFROM,KIND> from)
(TO — PassiveBidiAssociationTO,KIND > to)
componentBidiAssociationk KIND,FROM>
(from) [X=%FromName%,
override unregister%FromName%)]
export private {set%FromName%,register%FromNarmig%
componentBidiAssociationk KIND, TO >
(to) [X=%ToName%,
override unregister%ToName%,
export private {set%ToName%,register%oToNamgPg
public Relationship(from,to)
set%FromName%(from)
set%ToName%(to)
}
protected void unregister%FromName%(FROM fror)
super(from);
set%ToName%lull);
}
protected void unregister%aToName%(TO tg)
super(to);
set%FromNameall);

}
.

public classAttends
subtypeRelationshigcStudent,Course,Attengds(courses,students)
[FromName=Student, ToName=Course]
componentUniAssociatiorcint> [X=Mark] {...}

public classStudent
componentPassiveBidiAssociationSeStudent,Attends courses

public classCourse
componentPassiveBidiAssociationSeCourse,Attends students

Figure 63: Full-blown relationships.

type-checking the code of an inserted class in the contettteoinheriting class, but this
violates the modularity principle, as argued in Section Bécause sharing is the default
policy for theinsertrelation, accidental merging of components is possible. @ik can
mainly be thought of as an extension of the SmartEiffel iithace mechanism to allow
convenient composition of abstract data types.

Sather [84] and Timor [44] separate types and classes, anldtions between them.
Types can inherit from multiple other types, and classesmandeother classes for code
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inheritance. In addition, classes can implement types. Weat favor the mandatory
separation of types and classes since it always requiresvg\weight solution.

Timor has support for named subtyping relations [44] to suppepeated inheritance.
We think this is a bad idea because it does not fit in the claasidin metaphor. We think
it is very confusing for an object to be 1.9 time<assett ePl ayer, as in their ex-
ample. They also use the inheritance names to disambigoatkcting names, but for
reusing characteristics this approach is not practicaleverse problem with their mech-
anism is that name conflicts are automatically resolved hyokéng direct access to the
involved methods. As a result, adding a subtyping relattoreyven adding a method to an
inherited type can break existing clients without even anivey because conflicts can be
introduced. The names of subtyping relations can be useaglaganent references. Timor
also has support fareuse variablesFeatures of the classes referenced by such variables
are inherited if they are needed for the types implementethbyclass. If they are not
inherited, however, they are not available to clients stheg are not part of the types via
which the class can be used. The mechanism can be seen aatideldiy-value. Reuse
variables also reduce the dependency of the implementattiaclass on its hierarchy, but
the authors do not present this insight.

Traits [74] not only use a separate relation for code inhade, but also a separate
concept — drait — for a set of methods that can be reused via code inheritdockke
traits, we do not have a separate concept to represent a cemipd is just a class. If the
component relation could only be used with special buildifagcks, unanticipated reuse
would be impossible. On top of that, programmers must dethl an extra concept which
is just a degenerate abstract class. Another motivationdorchoice is the possibility to
instantiate characteristics. We see no reason to forbidbgrammer to create an object
that represents a bounded value. In addition, classifitai@haracteristics is necessary.
To reuse almost any kind of association, it is necessarygatera hierarchy of association
classes. The relation between classes capturing chokeemlitability, arity, ... and class
Associ ati on is a subtyping relation, not just a code inheritance refatidethods
inherited via traits automatically override methods iriteer from classes although there is
no relation between them. This form of structural subtymiag lead to bugs that are hard
to find. In addition, dependencies of traits must be resalveididually, and repeated trait-
inheritance is not possible. As such, traits allow far lesdecreuse than our inheritance
mechanism. In [10], traits are used to refactor the Smhlttallection classes. The authors
report a 12% reduction in code size.

In [66], Reppy and Turon present trait-based metaprogrampmirhey add renaming
and hiding to traits to allow using a trait more than once iteax. Similar to SmartEiffel,
name conflicts and dependencies must be resolved one at .a Bewause traits cannot
contain state, the overhead is larger than in SmartEiffel.

Languages like CLOS [25], most mixin-based [11] languates3cala [61], and many
others use linearized multiple inheritance. The linedioraof the class hierarchy, how-
ever, complicates its use [78; 19; 74]. Itis not possiblediedmine the meaning of a single
inheritance relation of a class without looking at the othieecause some of its methods
may be overridden by methods of other classes that happeavtothe same name. This
makes it easy for methods to be overridden by accident [7&peRted inheritance, which
is essential language for composition of classes is implesgn these languages. The
abstract super class of a mixin, however, allows for rewsasfinements, which cannot
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easily be created using our approach. More research isresljid decide how abstract
super classes should be integrated in our inheritance micha

Cecil [18] supports multiple inheritance. Repeated irthede, however, is forbidden,
and name conflicts result in compilation errors. The langussges properties for instance
variables, making it possible to override them. Subtypind eode inheritance relations
can be used both separately or combined.

In Self [19], inheritance relations are given a priority.rFelations with identical prior-
ities, name conflicts result in an error. For relations witffiedent priorities, conflicts are
resolved automatically by inheriting the feature of thatiein with the highest priority.
The Sender Path Tiebreaker Rulesolves additional conflicts by giving priority to meth-
ods within the same inheritance path in case of ambiguitResiaming is not supported.
Directed resends do not increase the dependency betweénglenentation and the in-
heritance hierarchy because they are sent to named sloitsh ¥8hvery similar to using
named inheritance relations.

C++ [80] has limited support for repeated inheritance. Asslaannot inherit from the
same base class more than once, making it unsuitable fatimgitlasses from compo-
nents. In addition, it has no support for renaming, forcilents to resolve name conflicts.
The language supports separation of subtyping and codeitaainge through public and
private inheritance.

The Sina/ST language [1] offers amterface predicatdo determine how calls to an
object are dispatched. The type can dispatch calls to themuobject or to an object
declared in its interface. The predicatési( get . net hod( ar gs) ) are matched from
left to right. If a call matches the name and argument typesmedicate, it is dispatched
to its target. The predicate, while providing a lot of flekitlyj also brings with it a lot
of complexity. Dynamic binding, however, must explicitlg designed in the super class
using aser ver call.

There are several mechanisms for building hierarchies odritance hierarchies [63;
64; 32; 60; 61]. In these approaches, a hierarchy of clagsebe extended by extending
the existing classes and introducing new classes. Wittatdby inheritance, extensions
to a class of a hierarchy are visible to all other classes @fhilkrarchy. This approach
is complementary to ours: multiple inheritance cannot Edue achieve the benefits of
hierarchy inheritance and vice versa. Adding such a meshato ours will result in an
even higher reusability of code.

In Jigsaw [12], inheritance is presented as an operation @tuies. The authors de-
fine a number of basic operators to model multiple inheriganaixins, instantiation, and
other techniques. Contrary to their approach, we define tgliyspecialized operators to
match the classification and building block metaphors. Taehour inheritance mecha-
nism in Jigsaw, operators must be added to model e.g. indmeeritance and component
parameters. Another difference is that their approach imlsngechnical, while ours is
more focussed on methodology by focussing on easy to uraerstetaphors.

In [70], Sakkinen argues that with the possibility of shgror duplicating state, it is
possible that dependent state variables are split bechegete not all shared or dupli-
cated. Data groups [51] or method groups [79] can be usedetgept this problem. All
state within a group should either be shared or duplicatgdgtation of this functionality
in our inheritance mechanism remains future work.

In [86], Tobin-Hochstadt and Allen present a calculus ofanktsses which allows them
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to build arbitrary hierarchies witimstance ofrelations. This allows them to capture aspects
of the world that cannot otherwise be expressed [93]. Intamdio theextendgelation
for subtyping and code inheritance, they uskirad relation to declare that a class is an
instance of another class.

The Java Syntactic Extender [5] is a complete macro systedaf@ [37]. Our renaming
parameters provide only an extremely basic macro systenghwdan only be used to
conveniently rename features of a class.

8. FUTURE WORK

An important task is to finish our compiler and create a liprafr reusable components.
These include, but are not limited to, a hierarchy of assiotialasses allowing choices
like multiplicity, value or reference semantics, mutaljlconstraints. With these associ-
ations, graphs can be built to reuse any iteration over agcbbjructure by incorporating
Joost Visser's work on visitor combination and traversaitool [91].

The error handling strategy of a class is fixed at this momdfar example, class
BoundedVal ue must choose how to deal with invalid input: use precondgjdhrow
exceptions, or provide a default behavior. That means tharavide all choices to an
application developer, we need three versions of the saar@cteristic. It would be more
interesting to have a single version that provides a numbstrategies for dealing with
errors, and allowing the application developer to choose on

The abstract super classes of mixins allow a developer &temeusable refinements
— classes that wrap their super class to customize its bahawhis is not possible with
our inheritance mechanism. More research is needed toalboia abstract super classes
should be integrated in our inheritance mechanism.

9. CONCLUSION

We have shown that current object-oriented programminguages do not offer the ab-
straction level required to easily compose an ADT usingoftigTs as components. This
prevents a developer from reusing high-level conceptsdésociations, bounded values,
graphs, ....

Our inheritance mechanism is the first to make this kind oSegpractical. By using
renaming parameters and making component relations fass-citizens, we eliminate
the problems encountered in current languages. They allpvogrammer to easily ex-
ploit name patterns, connect components, provide both plsialass interface and lots
of functionality, and use components as if they were sepanjects. Together, these im-
provements raise the abstraction level of the programnginguage, since it is no longer
required to create a new language construct or write lotsvafiével wiring code to reuse
a characteristic.

The case study confirms that our inheritance mechanismsyeicth better results (21%
to 36% reduction) than other mechanisms (4% to 15% reductiMoreover, it shows
that only using our mechanism, components can be extendedwiithe need to modify
inheriting classes. In addition, it is still beneficial taise small components, or small parts
of big components with our inheritance mechanism, conti@tiie other techniques.

To allow even easier and more code reuse, we identifieadponent references an ex-
isting construct, and introduced two new constru€smponent classasodularly restrict
access to features of components in presence of compoffiergrrees.
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We have made a formal model for our inheritance mechanisthpeoved that it is type
sound.
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