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Abstract

First-class composition inheritance is a significant improvement
over other inheritance techniques with respect to reuse. It allows a
class to be used as a component to build other classes, enabling a new
kind of reuse. Frequently used characteristics and collaborations,
such as bounded values and associations, can be encapsulated in
classes and reused conveniently to build other classes.

In this paper, we present the Oz calculus, which supports first-
class composition inheritance. It models multiple subclassing inher-
itance, first-class composition inheritance, renaming and merging,
direct and indirect inheritance, subobject references, and compo-
nent parameters. Our approach differs from existing calculi in that
O, is parametric in its inheritance mechanism. We define a signature
for the inheritance mechanism that captures its required functions
and axioms. The type soundness proof must not be reverified if the
inheritance mechanism is modified or replaced, as long as it imple-
ments the inheritance signature.
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Abstract

First-class composition inheritance is a significant improent over other inheritance tech-
nigues with respect to reuse. It allows a class to be used ampanent to build other classes,
enabling a new kind of reuse. Frequently used charactesiatid collaborations, such as bounded
values and associations, can be encapsulated in classesussdl conveniently to build other
classes.

In this paper, we present th@, calculus, which supports first-class composition inheri-
tance. It models multiple subclassing inheritance, fitas€ composition inheritance, renaming
and merging, direct and indirect inheritance, subobjefdremces, and component parameters.
Our approach differs from existing calculi in th@s is parametric in its inheritance mechanism.
We define a signature for the inheritance mechanism thatieagpits required functions and ax-
ioms. The type soundness proof must not be reverified if theritance mechanism is modified
or replaced, as long as it implements the inheritance sigeat

1 Introduction

A class often consists of application specific functionality written on top of méée code that is
written over and over again. Examples of such boilerplate code arei@$siog, constrained values,
and infrastructure for managing event listeners. In an object-orientegtgmming language, one
would expect that such concepts can be encapsulated in classesysed to build other classes.

First-class composition inheritance [47] is the first mechanism to make this kirelse prac-
tical. It is essentially a code inheritance relation — callemmponent relation — that is tailored for
composition of classes. The crucial difference with other inheritanceaesais the first-class nature
of the component relation. A component relation can be given a name, whirded for a number
of purposes. First, it can be used to access functionality that is notitedhdry the reusing class.
Second, it can be used to access the part of an object correspoodirtpmponent as a real object.
Third, it can be used to create high-level connections between comgodenomponent relation is
a class member just like a method or field, so it can be overridden, renantechesiged. In addition,
member names can be parameterized to exploit name patterns, drasticalipgetiecamount of
work needed for renaming.

The main contribution of this paper is the formalization of first-class compaeéation and the
corresponding multiple subclassing inheritance relation. @healculus models overriding, renam-
ing, and merging of class members including component relations, diredndindct inheritance,
subobject references to treat subcomponents as separate objéatsngonent parameters for con-
necting components. The formal semantics of first-class composition intoerigna important for a



number of parties. First, developers of compilers need them for creatibes and other run-time
support mechanisms. The lack of formal semantics can lead to differemtilens implementing dif-
ferent semantics, as is the case with C++ [48]. Second, language elssitgged them to improve
the mechanism or port it to another language, or even another prograrparagigm. After all, the
principle of first-class composition inheritance is based on composition tthabdata types, not just
classes. To port the construct to the functional or logic programmingligeing, its precise semantics
are important because it must be adapted to fit in with existing languagewdssind practices.

The second contribution is the creation of an object-oriented calculus tipatrasnetric in its
inheritance mechanism. Adding a new expression and the accompanylagt@rarule to existing
object-oriented calculi is relatively easy. The work mostly consists of gdalicase to the proofs for
preservation and progress, and some of the auxiliary lemmas, as thely ust@ve induction on
the structure of the expression. Changing the inheritance mechanismyerpvegjuires a thorough
verification of the entire type soundness proof. Type soundnesséspobexisting calculi of object-
oriented languages are full of implicit assumptions about the inheritanceamieain InO-, we make
all assumptions about the inheritance mechanism explicit by defining a sigraiuhe inheritance
mechanism. By only using the functions and axioms in this signature, the typdrsess proof must
not be reverified if the inheritance mechanism is changed or replacedongsas the signature is
implemented correctly, the type soundness proof remains valid. This is antampogsult since it
makes it easier to formalize a new inheritance mechanism, which is a cruciablig@gonstruct for
an object-oriented programming language.

Overview

First, we briefly explain first-class composition inheritance in Section 2. \&sgnt the base of the
O calculus in Section 3, and the concrete inheritance module for first-clagsosition inheritance
in Section 4. We discuss related work in Section 7, and conclude in Section 8.

2 First-class Composition Inheritance

We start with a short introduction to first-class composition inheritance. Weotlgive detailed
arguments about the advantages of the approach and the underlyingtiontas these are not the
focus of this paper; these are presented in the paper that introdstedds composition inheritance
[47]. As such, we use a simpler but less compelling example to save space.

The first-class composition relation is essentially a code inheritance relatiocathéde used to
build a class using other classes as components. It will be catled@onent relation in the rest of the
paper. The relation can be used to compose all kinds of abstract dasalyppeve focus specifically
on classes. As such, a component is just a class that contains gamp@decode. Typical widely
used components are associations, bounded values, management tif@reers, etc. The goal is to
allow as much code reuse as possible with as little effort as possible.

The left part of Figure 1 shows how the component relation is used téecaeelass of radios.
The dotted lines represent the component relations. A radio has a volure faequency, which
are both values that must be kept within certain bounds. Instead of implegéotin characteristics
from scratch, we encapsulate the concept of a bounded value irBdassledValue , and reuse it
in Radio . The Figure 1 also shows how a programmer thinks oRhadio class. Conceptually, it is
a class “containing” two separate copies of BmundedValue component. Itis as if the methods
of BoundedValue were each implemented twice in claRadio : once for the volume, and once
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Figure 1: Building a radio with components.

for the frequency. The right part of Figure 1 shows the corresipgncbmponent relations of class
Radio .

Members inherited through a component relation are treated as new memgtaablt, since
components are typically used to insert code and usually do not overlapothién components.
Therefore, it is a conflict if the same member is inherited via multiple componéaitores, since
they are treated as different members with the same name. The programmeemaumsé or merge
them to solve the conflict.

Renaming parameters [47] provide a very simple macro system to exploit the patterns in the
names, which makes renaming much easier. Although they save a lot ofwedqg not model them
in Oy because they do not influence the program behavior.

A component relation can have a name, which makes it a class member just likecglmoea field.
The name allows clients to access indirectly inherited members (Section 2.1¢ $olusomponents
as if they were separate objects (Section 2.2), and to connect comptmeath other (Section 2.3).
In the example, the components are nameldme andfrequency

The subclassing relation of the inheritance mechanism is similar to that of SrfelrfEd]. It
is a multiple inheritance relation that supports renaming, overriding, and rgesficlass members,
but forbids repeated inheritance. The rule-of-dominance is used to sinaplifflict resolution as in
SmartEiffel and C++ [43].
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Figure 2: Direct and indirect inheritance.

2.1 Direct and Indirect Inheritance

To prevent interface bloat and unwanted conflicts in the inheriting classnake a distinction be-
tweendirect andindirect inheritance. A directly inherited member is part of the interface of the
inheriting class, while an indirectly inherited member is not, and thus cannsé ddoat or conflicts.
An indirectly inherited member, howevean still be accessed by using the name of the component
relation. This is illustrated in Figure 2. The frequency range is not aitdegtirectly in Radio ,
but can be obtained by invokingyRadio.frequency.getValueRange() . Of course invok-
ing radio.volume.getValue() is the same as invokingadio.getVolume() , even if the
method is overridden iRadio .

Determining how features are inherited is done usitdjrect anddirect clauses in the
configuration block of a component relation, as shown in Figure 2. Mesrdzar be placed in groups
to directly or indirectly inherit entire groups with a single declaration. Membethe default
group are inherited directly by default. Member groups have not beeelswh theO, calculus.

2.2 Subobject References

With indirect inheritance, a component is usegif it were a separate object. To allow even more
reuse, we also allow it to be actually used as a separate object that casdesl @mround. The name
of the component acts as a reference to the corresponding subolojglet; ®© casts in C++.

For example, to use thequals method ofBoundedValue to check if both the volume
value and limits of one radio are equal to that of another, we must pass fotle dounded
values as an object to thequals method of BoundedValue . This is done by invoking
myRadio.volume.equals(yourRadio.volume)

2.3 Connecting Components

Sometimes, classes must collaborate to do their job. To reuse such a caitahore encapsulate
the different roles in classes, use them as components in the participaiags;land connect them to
each other. We illustrate component connections using a simple collaborationriect an external
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Figure 3: Connecting components.

classAssociatiorc FROM, TO> - - -
(otherSide TO— Associatiorc TO,FROM>) { void setObject(AudioDev other)
FROM getOuter(y. ..} registerObject(other);
void setObject(TO otherj othel .line-out .registerObject(getOuter());
registerObject(other); } o 4
othel @otherSide .registerObject(getOuter()); ’
}
) void setObject(Radio other)
classRadio K o
componentAssociatiorcRadio,AudioDey> line-in (line-out) registerObject(other);
. othel .line-in .registerObject(getOuter());
classAudioDev . 4
componentAssociatiorcAudioDev,Radio> line-out (line-in)-------...... |~} .-

Figure 4: Declaring and using component parameters.

audio device AudioDev ) to ourRadio with a bidirectional association, which we encapsulate in
classAssociation

Since the components collaborate to keep the association in a consistenthstatéepend on
the names of each other’s methods. For exampleséi&udioSource method ofRadio must
invoke theregisterRadio method ofAudioDev to set up the association in the other direction.
But since there are quite a few of such method dependencies, it becovbénpatic to resolve them
all individually. You must provide an abstract methodAissociation  for each dependency, and
override itinRadio andAudioDev to delegate the call to the appropriate method of the other class.
Note that we cannot use subobject references because we neetbeconnections.

To solve this problem, we usfermal component parameters which are functiong U — U’
that map an object of typ& to one of its subobjects of typé’. We then use parametgrto select
the appropriate subobject to invoke a method on which the class depenmdactdal component
parameter is the name of either a component relation or a formal componameatar. If it is a
component relation, if must be a component relation of dlasspossibly inherited from a superclass
— that inherits fromlJ’ or one of its subclasses. If it is a formal component parameter, the left-han
side of the constraint must be contravariant, and the right-hand side moevariant.

Figure 4 shows the corresponding code forAlssociation , Radio , andAudioDev classes.
ClassAssociation has two generic parameters representing the types at each end ofdbie ass
ation. It uses a formal component paramedtrerSide to connect to anothehssociation
component which points in the opposite direction — as indicated by the reverder of the generic
parameters.

To connect theline-in component of theRadio to the line-out component of the
AudioSource , their names are passed to each other as actual component paranseshewa



in the bottom part of Figure 4.

To invoke a method on the connected component, we start from an objggiedf O and apply
@otherSide to select the connected component. Then, we use the result as a tarfggipe o
Association  <TO,FROM- to invoke the method. This is illustrated in the example by the call to
registerObject . In this paper, we assume that the outer object at this side of the asso@ation
obtained usingjetOuter

The boxed methods in Figure 4 show how the method works at run-timRaitio and
AudioDev . The component parameter is substituted by the actual component pargaeted
to theAssociation ~ component.

3 The Base Q Calculus

In this section, we present the base ofdhecalculus, which models the component relation presented
in Section 2 and its associated subclassing relation. The calculus models muhigiiéeince for the
subclassing relation, repeated inheritance for the first-class competesidn, renaming, overriding
and merging of members (including component relations), direct and inditeeritance, subobject
references, and component parameters. It does not model renaanarggiers and member groups.
It also does not model super calls, as we want to focus on the novatdsaand how members are
inherited. On top of that, the different constructs to support super salth, asuper calls [9, 44],
inner calls [20, 29], and method combination rules [11] need knowledge of therete inheritance
mechanism, which we want to parameterize.

The O calculus is based on Featherweight Java [24] and ClassicJava [a&. t§e focus of this
paper is the inheritance mechanism, the expressions are taken fromrizegghéJava. Adding state
and assignments as in ClassicJava allows modeling of more realistic prognanasidis too much
complexity for the purpose of this paper.

To make the calculus more manageable, we simplify it some more. First, we do det pava-
metric polymorphism, as it would only make the calculus more complicated withouidprg a
benefit in the context of this paper. Second, all component relationshmausta name. Third, for
component relations, only members that are renamed are inherited direatlsth Fall fields must
be inherited directly to simplify the definition of the constructor. Fifth, merging memnis done by
giving them the same name, and overriding them instead of selecting oneroéthbers. Finally, a
class cannot directly rename or override members of components thatsiee more than one level
deep.

3.1 Modularity

To allow the inheritance mechanism 6% to be replaced by another, e.g. for traits or mixins, we
defined an signature that must be implemented by a concrete inheritancenieeth@he signature
defines the signatures of the main lookup functions, and their properties fortin of axioms. The
base calculus can only rely on these signatures and axioms to perforapfook

This does not work the other way around, though. The inheritance mddpénds on some of the
definitions presented in this section. It is possible to also put these defiriitiappropriate modules
to encapsulate them, but that falls outside the scope of this paper. Thiusatcuonstructed such
the inheritance mechanism can be changed without requiring reverificdtiba soundness proof, as
long as the signatures of the inheritance interface remain unchangets ardms hold.



x ::= variable name body ::= { ctr def } class body

p ::= component parameter name ctr := C(X z){this.f = z;} constructor
z,¢, f, m ::= simple member name def ::= path val member definition
C,T,U,V ::=type namd Object val =T, field
P = (s, t) program T(X z){t; } B method
component T () conf component relation

cls ::= class T (@) sub body class
tu=s|e term

ax=pT —T' formal comp. param. _ _
su=wvar |new T(5)|s.f|sm(s) | (T)s

sub ::= subclass T (§) conf subclass relation

|s*c subobject reference
du=plec actual comp. param. |s@p component param
conf = [z = 2] renaming clauses var =z | this variable
path ::= z | path © path’ member name Pu=0|l,var : T typing environment

Figure 5: Syntax fo0s.

References to elements of the inheritance signature will be marked by dagkground in this
section.

3.2 Syntax

Figure 5 shows the syntax @},. Formal component parameters) (have a name and a constraint
expressing the type containing the componérit 4nd the type of the componerit’j. Subclass
relations can specify a number of actual component parameters whiglassed to the super class
and a configuration block for renaming. An actual component param@ter €ither the name of a
formal component parameter which is passed on, or the name of a cocangbenent relation. The
configuration block contains a list of assignments for renaming class menthedsft-hand side is
the old name and the right-hand side is the new name. The name of a class manies Either a
simple nameZ) or a composite nameth < path’).

The constructor initializes all fields, as in Featherweight Java. A membaitaeficonsists of its
name, which can only be a simple name in the surface syntax, plus a valud, izleither a field,

a method, or a component relation. A component relation is syntactically similastib@assing
relation. Because of the walef is defined, the name comes before the keywarhponent in the
calculus.

A term is a surface expression)(or an elaborated expressio#).( Elaborated expressions in-
corporate static type information and are defined in Section 3.4. Aside frefRaatherweight Java
expressions, there are two additional expressions: subobjeatmeéesr : T' x ¢ and component pa-
rameter accessaT : p, which were discussed in Sections 2.2 and 2.3.



new Radio()##
new Radio()#volume

Radio
getVqume M ::=T path val member
setVolume § =T field
volume Ma=T(X z){¢t; } method
_etMinVqume ¢ ::= component T (§) conf component
g Y T =TT - T member type
BoundedValue' e u=wvar | new T(e)#ref elaborated expression
| (Te|e:T.f|e:T.m(3)
volume ¢|getValue le:Txcle@T:p
volume 9| setValue ref::= 0 | path subobject reference
volume ¢|_value v = new T(v)#ref values
volume ¢|getMinValue
volume ¢ getMinVaIue T e 7 select member type
. T(T;)=T field type
volume ¢|_minValue TTX D) =X =T method type
J(component T (§) conf) =T component type

Figure 6: Representation of components, members, and elaboratedséspse

3.3 Component and Member Representation

Directly inherited members are present in the interface of that class. &opg, in Figure 6, method
getValue from BoundedValue is inherited aggetVolume . The field_value is inherited as
_volume .

To represent the component itsedl] members of the component are added to the inheriting
class using the name of the component relation as prefix, essentially flattericgmponent. To
prevent name conflicts, @symbol is inserted between the member name and the prefix. Since all
members, including component relations, must have different namespfctsowith other compo-
nents can occur. For examptgetValue isindirectly inherited byRadio asvolume ogetValue
The lookup mechanism ensures that the lookups of a directly inherited memdbeine correspond-
ing indirectly inherited member always always return the same result. TergétVolume and
volume ogetValue , and_volume andvolume <_value will always be the same. As a result, the
volume component has typBoundedValue’ , an anonymous subclass of BoundedValue, since
changes such as more specific return typdRaddio show up in thevzolume component. Prefixing
is applied recursively to support deeper nested component, for example c.

The right part of Figure 6 shows the internal representation of membdmmamber definitions. A
member is represented by the name of its enclosing class, its own hame, ahgkitSee parent type
is required because of the support for renaming. The shortcuts fonehger values of component
relations, fields, and methods are meant to save space in some type ra@eseier type selection
function is used to hide the syntax of the component relations outside of thetarite module. The
typing and evaluation rules only need its type.

The values are based on those of Featherweight dava (v), but We add a subobject reference:
new T(v)#ref. The subobject reference (sif it references the actual object, and the name of a
component relation — which may be a composite name — if it references ajectdior example, a
Radio objectand itwolume are represented aew Radio()# () andnew Radio()#volume
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PltenewT(s)=>new T (e)#0: T

Figure 7: Type elaboration.

3.4 Type Elaboration

Because ClassicJava supports syntactic overloading [30] for fieldsed type elaboration to insert
static type information into the program before executing it. We need the sahmedgee because we
allow renaming of class members, which means that the we need both the statymantic type of
the object to which a message was sent.

The type elaboration function inserts static type information into surfacesgjons. Elaboration
starts at the level of a program, and traverses down the lexical stractimally elaborate the method
bodies. Of course, the program expression is elaborated too. Thietaptraversal from the program
to the method bodies is trivial. Note thiat, adds the formal parameters and ttgs variable to
the typing environment for method bodies. The function performs static member lookup and is
defined in the inheritance module. Rules READ, EL_CALL, andEL_CREFinsert the static type of
the receiver into the expression. RuEe_CPAR inserts the type of the enclosing class; in this case
the static type of the receiver can be derived from the types in the comigtféhe formal component
parametep;, of classC. RuleEL_NEW only accepts constructor calls for a classes that have no formal
component parameters; classes with formal component parametersisideced to be abstract. The
rule append$ to the object to translate the call to the internal representation of the calculus.
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Figure 8: Typing rules for elaborated expressions.

P,I'tse:T| esubsumed inP,T

I.P,T'Fe:U
22PFU<: T
(71) ————m
PI'ktse: T

Figure 9: Subsumption for elaborated expressions.

3.5 Evaluation Rules

The evaluation rules ab, are similar to those of Featherweight Java and are shown in Figure 10. To
keep the rules readable, we assume that the class table is stored in a gi@idéy and the program
consists of the class tablés and the left-hand side expressienf the evaluatiore — ¢/. Because
the type soundness theorems deal with elaborated programs, we nedgpirey(P,I" - e : T)
and subsumption®{, T" -, e : T) relations for elaborated expressions, since fundtipin Figure 7
types and elaborates only non-elaborated expressions. These figraxtioshown in Figures 8 and 9.
Remember from Section 3.3 that values have the form= new T'(v)#ref .

The subobject reference tracks the (sub)object that is currentlyein Tise rules for accessing
fields and invoking methods are similar to those of Featherweight Java.af@eyly modified to use
the dynamic lookup functioZp of the inheritance module. The rule for casts is the same as that of
Featherweight Java, except for some details of the notation. The rudedrating subobject refer-
ence expressions is new. It changes the subobject reference imartteepath) of the component
relation ofactual type C' that corresponds to the component relation with narmestatic typeT'. If
we would useref ¢ ¢ as the new subobject reference, we would have to incorporate the spaif ty
into the subobject reference as well, unnecessarily complicating the \lthescalculus.

Note that there is no evaluation rule f@®7 : p. A well-formedness rule forbids occurrences of
e@T : p in the program expression, and well-formedness must be maintained theiegecuting. It
is the job of the inheritance mechanism to properly substitute such expression

10
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v:T.m(v] g IEl ) — v T.m(v] ,ei,?j7€2"")
1. el — el
[C-ARG2] L1 —
new C (v] ‘ e '761“n) # ref — newC(v] Y ey, e]’.'762“n)#ref

Figure 10: The evaluation relation.

3.6 Well-formedness Rules for Type Soundness

Figure 11 shows the well-formedness rule that must hold to prove typelsess. Well-formedness
rules that only affect the proofs of the theorems of the inheritance misthame split off and moved
into the inheritance module.

The rules are similar to those of Featherweight Java. A first differente igse of thér (M) to
make the type soundness proof mostly independent of the syntax of th@cenipelation. Accord-
ing to its definition in Figure 6 the only relevant part of the syntax is the type.adtual component
parameters and configuration block are only needed by the inheritantanigm. A second differ-
ence are the additional rules for th@T : p expression. The formal component parameters must all
have different names and the types in their constraints must exist. In additigh: p is not allowed
in the program expression since there is no evaluation rule for thatssipre

Figure 11 also shows the conformance relation for class members. Itgidefia used in the
soundness proofs to derive properties about the members return lopking functions.

3.7 Type Soundness

Type soundness is proved using the standard preservation aneégs@pproach for the elaborated
program [49]. The proof is presented in Section 5.

Theorem 3.1 (Type Soundness)f surface program P’ = (cls’, s) elaboratesto P = (cls, e) and
WF(P)and P,T F e : T and (cls; ,e) —* (cls; , ') with ¢’ anormal form, then either ¢’ isa value
vwith P, T ¢ v : T or ¢ containsaninvalid cast (U) new C(e)#ref with P,T" - new C(e)#ref :
T and T’ £: U.

The Subject Reduction theorem is slightly modified compared to that of Feetiggat Java: we
explicitly demand that the program remains well-formed. In Featherweight tlas follows trivially
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WF(P) | P iswell-formed

L. WFsound(P)
2. WFin(P)
WF(P)
WFSDu’Ild(P) P WFB,sound(Cls)
l-i: (cls, ) _ l.cls =classT (p U—U’) subiiel“n{ctrdief}
2. cls = classT (@) sub body 2.-T = Object o
'54T1:T_7'<:>7;:7j Ii.(pi:pjﬁiZj)/\U,U/EP
L. P+ WF sound(cls) 1.n>0
5.P,0kFe: T 5.ctr = T (X z){this.f = z}
6.=3e’,p', T : ’QT" : p' € e 6.f=TA(z; =3 &1 = j)
WFsound(P) 7.PF WFm,saund(T def)

P WFm,sound(M) Pr WFc,sound(ClS)

1.7 eP .U, XeP 2.z;=3;4i=3j 3.P,,z: X,this: Tkye: U
P WFm,sound(Tf S) P WFm,sound(Tm U (X aj) {e;})
1.9(¢) € P

P WFm,sound(T c C)

PEM <M | M conforms toM’

LI(3) = 9(3)
P C path § < C' path’ §'

LT =X—->TATO)=X—>T'
2.PFT < T
P C path M < C’ path’ 9

I.PFTJ(¢) <: T(¢)
P C path ¢ < C’ path’ &'

Figure 11: Member well-formedness and conformance.

from the well-formedness of the program, but we must require and ghasexplicitly in order to
avoid dependencies on the definitions of the lookup mechanism so we caamizg the latter.

Theorem 3.2 (Subject Reduction)If P = (cls; ,¢) and WF(P) and P,T e : T and (cls; , ¢) <
(cls;',¢/)then P,T ¢ : Tand WE((cls; ,¢')).

The progress theorem is essentially the same as that of Featherwemghiultathe progress theo-
rem of the latter is actually a lemma that captures the non-trivial conditions trsitaayproven for the
progress theorem to hold. We chose to write the progress theorem inirihefd@d9] since otherwise
a part of the proof of progress simply moves to the proof of type sowssinehich would no longer
trivally from subject reduction and progress.

Theorem 3.3 (Progress)If P = (cls,e) A WF(P) then either ¢ — ¢’ or e isa value, or e isor
containsan invalid cast (U)new C(e”)#ref with P,T" F new C(e")#ref : T'and P+ T" &£: U.

3.8 The Inheritance Signature

The inheritance signature defines how the inheritance mechanism of tbtusddehaves. Figure 12
shows the main functions of the inheritance mechanism and axioms that cygurgroperties. A
concrete inheritance module must provide the functions, and must pravénéhaxioms hold. The
base calculus only relies on the signatures and axioms of Figure 12.

As aresult, any concrete inheritance mechanism can be plugged in widgpiiring reverification
of the type soundness proof, provided that the axioms still hold. Thexsghthe component relation
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<: P X T xT — boolean Theoreml;: Subtyping is transitive

L D PXTxzxT—M Theoremls: Result of lookup is well-formed
Z s PxTxrefxzxT—M Theoremls: Lookup successful and conform
memp :: P X T — mem Theoremly: All fields initialized

Figure 12: The signature of an inheritance mechanism.

PF Ty <: Ty | T subtype ofT>

L. Tep I.LPF Ty <: To I.classT (@) sub body € P
PI; T < T 2 PFETy < T3 2.subclass C (8) conf € sub
< PFTy<:Ts PFT<:C

Figure 13: The subtyping relation.

can be changed as long the member typing function of Figure 6 is updated. tidd inheritance
mechanisms without support for subobject references can simply silveaff and remove expressions
e:Tocande@T : p.

The first axiom states that the subtyping relation must be transitive.

Axiom I; (Subtyping Transitive) (WF(P)A PFTy<:To A PFTy<:T3) = PHTy <:T3

The second axiom demands that the member resulting from a lookup hasrnmidyclass as
its parent, is in the members of that same class, and is well-formed with respbetpartial well-
formedness conditions in Figure 11.

Axiom I, (Lookup Well-Formed) WF(P) A (Zp(C,ref,2,T) = MV Lp(C,2,T) = M) = (M =
C path val ANM € mem,(C) A WEp, souna(M))

The third axiom states that if a lookup on an outer object succeeds, l@&osucceeds if that
object is used as a subobject, and the result of the latter lookup is unidueaforms to the result of
the former lookup as defined by in Figure 11.

Axiom I3 (Lookup Successful and Conform) (WF(P)ALp(U,z,T) = MAP,T s new C(e)#ref :
U)= M :ZLp(C,ref, 2, T)=M)AN(ZLp(C,ref,z2,T) <M)

The fourth and last axiom states that all fields of a class, whether déatatt®at class or inherited
through subclassing or component relations, must be initialized in the cotastru

Axiom I (All Fields Initialized) (class C (a) sub{C (X z){this.x =z}def} € P A
ZLp(Cref,z,T)=C pathU;) = (path = z; NU = X;)
4  An Inheritance Module for First-class Composition Inheritance

In this section, we present the concrete inheritance modul® dhat implements first-class compo-
sition inheritance. Figure 13 shows the subtype relation, which is reflexigidransitive.

4.1 Member Lookup

The lookup procedure consists of tree steps. The well-formednessalutbe inheritance module
ensure that there are no ambiguities.
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1. Calculate the collection of members of the class, including those of the cemggon
2. Define relations between the members to impose an order on them.

3. Select the most specific member.

4.1.1 Collecting Class Members

Figure 14 shows the definition of theem,, function, which computes the members of a given class.
Rule MEMBERS states that the members of a class are those that are defined locally in thamdass
the members inherited through subclassing and component relationsvBRuB&RS, ;... covers the
top clasObject , which has no members.

A subclass relation inherits a member (rulemBeRs,,) if it is potentially inherited through sub-
classing and not overridden, redundant, or dominated.

A subclass relatiompotentially inherits all members of the inherited class (ral@eTeEnTIAL,,).
Since all members in a subclass relation are inherited directly, they areomaesf bydir,, in rule
DIRECT. Thedir, function renames the members and substitutes the formal component pasameter
and thethis variable. Becausthis does not require substitution in a subclass relation, however,
it is substituted with itself.

A component relation inherits a member (rulemBers,,) if it is potentially inherited through
components and not overridden. A membéis overridden if the inheriting class contains a member
with the same name, or a component relation whose naimehe first part of the name d¥(. In
the latter case, componenibverrides an enclosing component)df so we inherit the members of
component instead.

A component relation potentially inherits all members of the inherited class itlgfiraa also
directly if they are renamed (rulTENTIAL,,). Directly inherited members are transformedday,,
in rule pirecT. Indirectly inherited members are transformedihy, in INDIRECT. Theind, function
also substitutes the formal component parameters arttlighe variable, but additionally prefixes the
name of the member with the name of the component relation. In both directly d@retihdinherited
members, théhis  variable is substituted with a subobject reference that selects the sutrejpjex:
sented by the current component relation, dispatching all internal $islte#he flattened component.
The relations introduced in Section 4.1.2 ensure that such calls are dispatmtiectly, even if these
methods are overridden.

A memberM is redundant (rule REDUNDANT) in two cases. First, it is redundant if an equivalent
memberM’ is already inherited via a subclass relation that is defined before thentuetation. In
this case, the name and valuevéfandM’ are equal according to the well-formedness rules, so we can
remove all versions except the one inherited through the left-most sabrelagion that inherits the
member. Second, it is redundant if an equivalent member is inherited theopagmponent relation
of the subclass. In this case, that component relation overrides the nentp@lation wherév(
originated from. Because the component relation through whi¢hs inherited potentially uses
different actual component parameters, we M8and mark\ as redundant.

A member isdominated (definitionboMINATED) if the class already inherits another member that
overrides that member. In this case, it is safe to use the definition of thedimgrmember and
discard the overridden members. As in the redundancy rule, membergedterough component
relations are also taken into account.
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l.classT (@) sub { ctr def } € P

MEMBER
[ 57l memy(T) = T def Umemyp s¢(T)U memp,co(T)
MEMBERS,p ;
[ ovject] memp(Object) = 0
@) sub 2. sub = 6
[MEMBERS,.] 1.classT (@) sub body € P 2. sub = subclass C () conf

memp st(T) = {dir, (M, T, this, §;, conf,;)|M € pot, (T, sub;) A inhp (M, sub;, T)}

POTENTIALsc —
[ ] pot,, (T, subclass C (0) conf) = memp(C)

l.classT (@) sub { ctr zval } € P Az wal = z1 €Uz3 FU 23 M
2. M = {MW|W € poty, oo(Ty 215 €) AM = T path’ val' A
(—path’ = z;) A (—path’ = z1 ;0 path’)}
memyp, co(T) = M
M = {M|C path val € memy(C) A (path = z; V path = z;o path’)A
diry (C path val, T,this: To ¢, 8, [z = 2']) = M’}
T, c component C (3) [z = 2']) = ind,(memy(C), T, z €) uM

[MEMBERS.,]

[POTENTIALco]

pOtp,co(

1.classT (e) sub{ ctr zval } € P

2. ((—path’ € 2) A (—mdomyp (T path’ val’, T))) A (—redy (T path’ val’, sub;, T))
inhp (T path’ val', sub;, T

l.classT (@) sub{ctr 21 € 225 z3M} € P

2. (M € pot,, (T, subp) Nk < i) VI € pot, .,(C,z1: &) A PEM=M

[INHERITED,.]

[REDUNDANT]
redy (M, sub;, T)
I.classT (@) sub{ctr 21 € 20§ z3 M} € P
[DOMINATED] 2.(M" € pot,, o (T,sub) VM € pot, .,(T,2z1: &) A PEM >M

domy(M, T)

1. rename(path, [z = 2]) = path’ 2. transform,, (T, val, C, e,6) = val
diry (C path val, T, e,d,[z = 2']) = T path’ val’
L. transform,,(T', val, C, this: To c,6) = val’

indp(C path val, T, c component C (8) conf) = T co path val’

[DIRECT]

[INDIRECT]

Figure 14: Class members.
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rename(path, conf) = path’

REN_BASIC REN_COMP;
[ ] rename(z;, [z = 2']) = 2, [ ] rename(z; ¢ path, [z = 2']) = z/o path

1.2 €z 1.-z"" ez
m [REN_.COMP_NO]

[REN_BASIC_NO]

rename(z",[z = 2']) = 2 rename(z" ¢ path, [z = 2']) = 2"/ ¢ path

transform, (C, val, T, e,8) = wval’ | walin T becomewal’ in C, after substitution ot ands

I.classT (p V — V') sub body € P 2.[5/P] c[e/this|t = "

[rR-m] transform,,(C, U (X z) {t;}, T, e,8) = U (X z) {t";}

_ [rR.q] I.classT (p V— V') sub body € P
tTanSfOTmp(Cv 37 T7 €, 6) = 3’ - transformp(c’, €, T7 e,g) = [a/ﬁ]@

[6/lct =t'| replacingp with § of classC in t givest’

l.classT (p U— U’) sub body € P
2.0, =c [FORMAL]

[6/plce@T : py, = [6/Plce: Uyoc

[TR_F]

1.0y = pj
[0/PlceQ@T : pp = [6/P]ce@C : p]

[ACTUAL]

Figure 15: Member transformation.

Transformation of Members

Figure 15 shows the functions that transform members when they arétéchethey take care of
renaming the members, and substituting formal component parameters ahnid thgariable.

The renaming function performs two kinds of renamings. First, it giveswamame to mem-
bers that are renamed (rukeEN_BASIC). Second, it gives a new nhame to members of a compo-
nent if that component is renamed (rutben_comp). For example, if in a subclass &adio
the volume component is renamed tooisiness , thenvolume ¢getValue is renamed to
noisiness o¢getValue . If there is no match (ruleeen.sBasic_.No and REN_.cOMP_NO), nothing
is changed.

Functiontransform, substitutes formal component parameters andtise variable. In method
bodies (rulerr_m), a regular substitution is done for ttieés  variable, and a special substitution for
invocations on component parameter@{" : p) is delegated to thg /p]¢ function. Fields remain
unmodified (rulerr_F), and in component relations, a regular substitution replaces the formglazo
nent parameters with the actual parameters (rele).

Function[§/p] ¢ performs substitution of formal component parameters in expressiomgit@n
interesting rules are displayed to save space; the other rules simply destetheir child expres-
sions. If the actual component parameter is the name of a component reldétida AcTuaL), the
expression is changed to a subobject reference [h addition, the elaborated type is changedio
which is the left-hand type of the constraint of the substituted formal conmpgra@ameter. If the
actual component parameter is the name of a formal component pararoeteh& inheriting class
(rule FormAL), a regular substitution is done and the elaborated type is updated. Thiemmediedness
rules on actual component parameters ensure that type soundnesseived.

4.1.2 Member Relations

To filter the methods inherited through an inheritance relation and to select stespmxific method
in the typing and evaluation relations, we must impose an order on membergling adlations
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. BoundedValue | *--. Property BoundedValue | --... Property
- ——. val -—— == val -
’ setX~. YR W setX - = getX\ -------- . getX
frequency A \.\ R 2 / frequency.-'. ~a R 4
l i . > 7y <—""" min/ | i A <~ min
\

L T~ - -
Radio - e Radio /
ypowerOff ! / @ getVolume ~ @

/ @ /
' setFre‘ijenc{/ folume | A volume
. i I
| @ | SmoothBoundedvalue 1@ \ SmoothBoundedValue
\ volume. . ¥| setx ! volme getX
{SmoothRadio |~ SmoothRadio |-~~~
(a) Four kinds of overrides relations. (b) Four kinds of ‘inherited as’ relations.

Figure 16: Relations between members.

between them. There are two base relations, and two relations built on tognof Bigure 17 shows
the definitions. To simplify the rules, we ignore the order of the member déoclaseaof a class.

The base relations af&l; overrides Mo (P H M1 >> Ms), andMy, is inherited as My (P H
M; «— Ms,). The relations are of course mutually exclusive, and in both casemiegaan be
performed.

An overrides relation is mainly introduced in four different situations. FeglBa uses an arti-
ficial example to illustrate the four different situations. Overrides relatioashown by the mixed
dashed and dotted arrows. In the example,sttie method of the frequency component is overrid-
den assetFrequency , and lowers the volume when changing the frequency to prevent unpleas-
ant surprises when switching channels.SAoothRadio uses a special volume control that can
only make smooth changes. It therefore overridesvfieme component with a more specialized
SmoothBoundedValue which only allows gradual changes. In addition, it overrigesverOff
to turn down the volume if the radio is turned off. The value and boundafiBswndedValue are
programmed usingroperty components which provide a field, a getter, and a setter. The labels in
Figures 16a and the rule names in Figure 17 match those in the description below

For the overrides relation, the main cases are:

1. Subclassrelation : within a subclass relation, a class member val overrides another mem-
ber M’ if M’ would have been inherited with name In Figure 16a, this rule ensures that
SmoothRadio.powerOff  overridesRadio.powerOff

2. Component relation : within a component inheritance relation, a class meniberval over-
rides another membé&t copath’ val’ if the member with namgath’ would have been inherited
with namen. The rule does not introduce a relation withpath’ val’ of the inherited class be-
cause that relation cannot encode the inheritance path. This would |leadbiguities because
the component relation supports repeated inheritance. Instead, it ioé®durelation with the
corresponding member of the flattened component by prefixing with the nathe compo-
nent relation and a. In Figure 16a, this rule ensures thRddio.setFrequency overrides
SmoothRadio ofrequency.setX

3. Copying for inheritance relations : all overrides relations between the members of the target
class of a component relation are copied to the flattened component. This sitaetiors
if the target class of component relation has components. In Figure li6aute ensures
thatSmoothRadio ovolume.setX overridesSmoothRadio ¢volume oval.setX .Such
relations are also copied for members that are inherited through subglassin
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4. Copying for component content : if a component relation overrides another component re-
lation, overrides relations between members of both target classes desl ¢opthe cor-
responding members of the flattened components. In Figure 16a, this rsleesnthat
SmoothRadio ovolume.setX overridesRadio ovolume.setX

An ‘inherited as’ relation is added in situations similar to that of the overridiegioa. The
relation is illustrated in Figure 16b by the dashed arrows.
For the ‘inherited as’ relation, the main cases are:

1. Subclass relation: for a subclass relation, all members that are not overridden are consid-
ered to be renamed even if their name does not change. In Figure 16hylthensures that
Radio.getVolume s inherited assmoothRadio.getVolume

2. Component relation: for a component relation, all indirectly inherited members in the flattened
component are inherited as their corresponding directly inherited membéns inheriting
class if they are not overridden. In Figure 16b, this rule ensurestdip ovolume.getX
is inherited afkadio.getVolume

3. Copying for inheritance relations: all ‘inherited as’ relations between the members of
the target class of a component relation are copied to the flattened cormponien
Figure 16b, this rule ensures th&moothRadio ovolume oval.getX is inherited as
SmoothRadio ovolume.getX . Such relations are also copied for members that are inher-
ited through subclassing.

4. Copying for component content: if a component relation overrides another component relation,
equivalence relations between members of both target classes are translated to ‘inlastited
relations between the corresponding members of the flattened compondgitpurie 16b, this
rule ensures thaRadio ovolume.getX is inherited asSmoothRadio <volume.getX
Note that we must use an equivalence relation between the original memkeggér the
REDUNDANT rule in Figure 14 if the overriding component has the same type as the alenrid
component, and all members of the inherited class are thus equal. The same i§ttiere is
an ‘inherited as’ relation between both components.

The relationM equivalent to M’ (P + M = M) is the reflexive and symmetric closure of the
‘inherited as’ relation.

The relationM related to M’ (P = M «~ M) specifies when two members are related in a
subclass hierarchy. This relation is the symmetric closure of the ‘inheriteshd®verrides relations
— the latter is not symmetric.
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PEMEM >>| MoverridesM’

[o-sC]

1.classT (@) subclass C (3) conf { ctr zo valp } € P
2. M € memp(Cy)
3. dir, (M, T, this, §, conf) = T z;, valy

[o-cO]

N =

Pr Tz valy, > M

.classT (@) sub { ctr zg valp } € P A c component C (8) [2/ = 2”"] € 2 valg

C z} valy € mem,(C) B
diry(C 2} valy, T, this: To ¢, 6, [z = 2""]) = T zg, vala

[0-SCcopy]

[O_CONTENT 0py]

[O0-TRANS; ]

1

2. sub; = subclass C; (8); conf; 5 ——
3. My, Mz € memy(Ci) 2. ¢c component C (§) conf € def
4. inhp(Ms, sub;, T) A PE Mz — My

5

PH TZOk ’Ual()k > TCOZ; vah

.classT (a) sub body epP | classT (a) m{ Ctj‘dief} ep

3. C pathy valy € memy(C)

3
o : 1. C pathy valy € memy,(C)
inhp (M, sub;, T) A P My < Mz 5. P+ C pathy valy >> C pathy vala
6. PF My 2> Ma [0-COcopy] PF T co pathy valy > T co pathy val
PE M3 > My path, 1 pathg vata

1. PE Tq pathy €1 >> T pathy €2
2. J(€1) pathsz valz € memy(T(€1)) A T(E2) pathy valy € mem,(T(€2))
3. P+ J(€1) paths valz >> T(&2) path, vals

Pt Ty pathq¢ paths valy > Ts patho¢ path, valy

1.PE DMy > M 1.PF DMy = My 1L.PE DM > Mo

2. P+ 2. Pk : 2. PH =
—M2 2> My [O-TRANS2] —M2 2> M [0-TRANS3] —M2 My

PE M1 > M3 P M > M3 P M > M3

P M« M | M isinherited asV

1.classT (@) subclass C (3) conf body € P
2. M € memy(C;) B ’14P|— My — Mo
3. diry (M, T, this, §, conf) = M [ TRANg] —o 0 M2 = Mg
4. inhp (M, sub;, T) - P M; «— M3
[1-sc]
PEM—M
1.classT (@) %{ ctr zo valg } € P A c component C ) [z = 2"] € z0 valp
2. C z} valy € mem,(C) B
3. dirp(C 2z} valy, T, this: To ¢,d,[2' = 2"]) = T z2 vala
4.4 Z0
[i_cal z2 € 20
PE Tz valy — T co 2} valy
L.classT (@) sub body € P I.classT (@) sub{ ctr def } € P
2. sub; = subclass C; (9); conf - < -7
My My € mem () ' i 2. ¢ component C () conf € def
'1' Pl17M12<— Ny AT 3. C pathq valy € memy(C)
O.inhp (M, subi, T) A P Mz — My rl) glfaé’h;aizbvilmin%’(gz)th vala
6. inhp(Ma, subs, T) A PF My — Mp [1-COcopy] — 1 2
[1-SCeopy] PEVG — G Pt T co pathy valy < T co pathy vala
3

[I_CONTENTcopy]

1. PF T1 pathy €1 > To pathg € V PF Ti pathy €1 «— T2 pathy €
2. T(€1) paths valz € memy(T(€1)) A T(€2) pathy valy € mem,(T(€2))
3. P+ J(&1) pathg valz = T(€2) path, vals

Pt T1 pathy o pathg valy < T2 pathy< pathy valy

PEM=M | WMisequivalent tdv’: symmetric and reflexive closure &f M «— M’
Pk M« M | Mis related taVl’: symmetric closure o+ M = M and P+ M >> M’

Figure 17: Member relations.
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Static Typing | BoundedValue

getValue Lp(C,z, T) =M
setValue \

\
. . . T z val € memy(T)
Run-time Evaluation \ 2. M € memy(C)
3.PEM>» TzvalV P-M= T zval
i STATIC
AR O) gl L0 1) =20
getVolume (O =
setVolume p(Coref,z 1)
@ BoundedValue' [Empry] PG T) =M
volume ¢|getValue Zp(C,0,2,T) =M
volume ¢|setValue l C path componen:: U (/5) conf € memy(C)
J 2.Lp(U,2,T)=U % val
volume 9 3. M € mem,(C)
I. PF M e~ C patho 2’ val”
[PATH] 5.AM € memy(C) : (PEM > MV PEM — M)
ZLp(C,path,z, T) =M
Figure 18: Member lookup.
4.1.3 Lookup

We can now describe