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Extended Abstract
Language support for independent feature development and
feature composition is a relatively young research topic, and
the precise requirements of a feature composition operator
are not yet fully understood.
Suppose we are developing a large software system to sup-

port a stock management business. The core functionality
of such a system is simply adding items to the stock, remov-
ing items and retrieving an inventory of the actual stock -
or a subset thereof. The essence of the business is based on
charging fees for the core services, starting with charging for
stocking items. Such a business model requires features for
customer (user) management, for tracking the cost of manip-
ulating the stock and for authenticating and billing clients
that use our services. Furthermore, to avoid planning prob-
lems, such as one of our clients running out of stock, we
support features that implement di�erent planning and or-
dering strategies. Additional features could be: monitoring
the availability of certain items in the stock, sending a noti-
�cation when the availability reaches a certain level and so
on.
In the context of the example, the need for di�erent kinds

of feature composition arises: some features should be ac-
tivated only when certain clients use our application, some
features must always be composed (eg. the authentication
and billing features), other features may be composed dy-
namically (to change the ordering strategy, for example),
some con�ict (you may only select one ordering strategy)
and again others are optional (the noti�cation feature can
only fully function when the monitoring feature is available,
but the composition may still be legal when the noti�cation
feature is composed without the monitoring feature).
The above examples indicate some of the requirements of

a composition operator. In many cases, and especially in
the development of large software systems, the use cases for
feature-composition can be summarised as follows: there are
a number of core abstractions (objects such as a stock item,
a client, the warehouse,. . . ), which may be enriched dynam-
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ically by di�erent features (billing, authentication, monitor-
ing,. . . ) to cater for the needs of individual clients, without
a�ecting the identity of those objects.
To elaborate, the identity of an object should not change

when composed with a feature instance: a monitored stock
item is still the same item. On the other hand, di�erent
clients accessing the same object often require the object to
be composed with di�erent sets of features, so there should
be a mechanism to distinguish di�erent views on the same
object.
Furthermore, the exact set of features that are composed

with a certain object is not known statically, but a lower
and upper bound may be computed. A lower bound may be
based on statically known dependencies whereas the upper
bound is simply determined by the deployment of the appli-
cation: the available set of features is typically �xed at that
time.
We call this kind of composition �client-speci�c run-time

customisation�. Customisation, because features may only
be selected from a certain �xed set, client-speci�c, because it
should be easy for clients to customise the same object with
di�erent features, depending on the preferences of the client
(ie. the caller of a method) and run-time, because the exact
set of features is determined at run time. This kind of com-
position is at the core of the Lasagne approach to feature
oriented programming, and has been implemented in mid-
dleware, and in a Java-based programming language [7, 3,
2]. Technically, the composition is realised through feature-
based method dispatch: the set of activated features travels
as metadata with every client invocation and in�uences the
method dispatch process.
The fact that lower and upper bounds of features are

known statically makes it possible to design a static type
system, and this is the main contribution of this paper. We
present a formalisation of a small Java-like language that
supports feature-based dispatch, we design a static type sys-
tem for that language, and prove its soundness. To the best
of our knowledge, this constitutes the �rst statically checked
language construct to support dynamic, client-speci�c fea-
ture composition.
To illustrate our results, two appendices are attached to

this extended abstract. In the �rst appendix, we illustrate
our language informally by means of a simple example ap-
plication. In the second appendix, we formally de�ne the
syntax of the language, and describe the essence of the op-
erational semantics and the static type system.
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APPENDIX

A. EXAMPLES
In this appendix we will illustrate our language using a

simple example. We consider a program to be a composition
of features: a core feature and a set of re�ning features.
The program of �g. 1, a model of a library, contains three
such features: a core feature called DigitalLibrary, which
provides the basic abstractions needed to model a library,
and two wrapping features, which enrich the core with a
rating and a billing system. Feature names � also called
feature identi�ers � must be unique.
The core feature, DigitalLibrary, consists of two core

interfaces that model the basic abstractions: BookCopy and
BookManager. These interfaces are implemented by BookCopy-
Impl and BookManagerImpl. Wrapping features, such as Rating
and Billing, consist of interfaces that expect an interface
from the feature they re�ne. An interface that expects an-
other interface is similar to a Java-interface that extends
another interface. In addition, this expects relation guides
class-composition: in our example, RatedBookCopyImpl, which
implements the RatedBookCopy interface, may be composed
with BookCopyImpl since the latter implements BookCopy,
which is expected by RatedBookCopy. We call RatedBookCopy-
Impl the �wrapper� and BookCopyImpl the �wrappee�.
A wrapper may extend the wrappee in two ways: (1) It

c o l l a b o r a t i o n Dig i t a lL i b r a ry {
i n t e r f a c e BookCopy {

St r ing g e tT i t l e ( ) ;
}
i n t e r f a c e BookManager{

L i s t searchBooks (Query q ) ;
}

c l a s s BookCopyImpl
implements BookCopy{

St r ing name ;
S t r ing getName ( ) {

t h i s . name
}

}
c l a s s BookManagerImpl

implements BookManager{
L i s t searchBooks (Query q ) {
// query and return l i s t

}
}

}

Figure 2: The DigitalLibrary feature (the core)

may provide additional methods. As shown in �g. 2, Rated-
BookCopy o�ers an additional method called getRating. (2) It
may override a number of the wrappee's methods. The over-
riding method can call the overridden method using inner,
much like super-calls in Java. For instance, RatedBookManager-
Impl overrides the method search in order to return a rating-
sorted list. See �g. 3.
We strive to enforce encapsulation by separating a type

and its implementations, but we will not discuss this in more
detail1. Without loss of generality, we assume a one-to-one
relation between an interface and the class that implements
it. A combination of an interface and the class that im-
plements it, may tentatively be thought of as a Java class,
except that object-based inheritance is used [4].
Static composition selects the set of deployed features and

maps each core interface to a class composition that imple-
ments the functionality of the deployed features. Classes �
to be thought of as mixins � are composed using the mixin-
like operator +, according to the structure imposed by the
expects-relation. For example, a rated, billed book is an in-
stance of the composition BookCopyImpl + RatedBookCopy-
Impl + BilledBookCopyImpl. The expected interface of a
class must be implemented by a class that occurs to the left
of that class (in the composition expression). For exam-
ple, RatedBookCopyImpl is composed after (to the right of)
BookCopyImpl as RatedBookCopy expects BookCopy. Meth-
ods override synonymous methods in classes that are speci-
�ed to the left in the composition.
An object is an instance of a complete composition of

classes, but this is shielded from the programmer by the
mapping de�ned by the deployment. Thus, a programmer
may write new BookCopy and, based on the deployment in
�g. 4, an instance of BookCopyImpl + RatedBookCopyImpl

1Fundamentally, interfaces de�ne types and a class is purely
a way to implement one or more interfaces. One interface
may have di�erent implementations, which are interchange-
able without a�ecting the typing of a program.



DigitalLibrary

BookManager

+search(query:String): List

BookCopy

+getTitle(): String

Rating

RatedBookManagerRatedBookCopy

+getRating(): int

BookCopyImpl

+title: String

+getTitle(): String

BookManagerImpl

+search(query:String): List

RatedBookCopyImpl

+rating: int

+getRating(): int

RatedBookManagerImpl

+search(query:String): List

Billing

BilledBookCopy

+bill(client:Client)

BilledBookCopyImpl

+bill(client:Client)

Figure 1: A model for a digital library with two features: Rating and Billing. The dashed arrows denote the implements-
relation; the full arrows the expects-relation.

+ BilledBookCopyImpl will be created. This allows classes
to remain private to a feature and the deployment, which
increases the potential for reuse.

A.1 Consistency
When a client creates a new book manager (see the main-

method in �g. 4) and then searches for a certain book,
only the DigitalLibrary feature will be active by default.
Now, if the client activates Rating on a reference to the
book manager, a call to search on that reference will sort
the results according to the rating (this behaviour is imple-
mented in RatedBookManagerImpl). During the execution
of this search method, the book manager will have to call
the getRating method on the book copies it searches. At
the level of the type system this means that a method in
the Rating-feature in one class should be allowed to call a
method from the Rating-feature on another object. Because
of this, the programmer does not have to insert explicit casts
to be able to use a feature that is statically known to be ac-
tivated. To ensure that the necessary features will always be
activated at run time, the set of active features is propagated
automatically.
This propagation is achieved as follows: whenever a method

is called on a reference f , the set of features that are acti-

vated on f or on the current this-reference are also acti-
vated on the new this-reference that is seen by the body of
the called method. In other words, the set of features that
are activated on the new this-reference corresponds to the
union of the features of f and those of the old this-reference.

A.2 Preventing Inconsistencies
It is clear that removing features from the set of active

features of a reference may lead to inconsistencies. What
is not immediately obvious however, is that even activating
features may cause inconsistencies: suppose a feature f is
activated by a feature g in the middle of the control �ow
of a method, causing the next method that will be called
to be handled by a method in the newly activated feature
f . If this method assumes that the feature it is de�ned in
has been active since the beginning of the current control
�ow, it may fail since this is not the case. To avoid this,
feature activation must be restricted to occur only on clear
boundaries between di�erent systems. For now, we only
consider two systems: the system (think of the application
as a service running on a server) and the main method (the
client that uses the service). Hence, feature activation is
restricted to the main method, as this is the only place we
can statically distinguish as �on the border�.



c o l l a b o r a t i o n Rating{
i n t e r f a c e RatedBookCopy

expects BookCopy{
i n t getRating ( ) ;

}
i n t e r f a c e RatedBookManager

expects BookManager{}

c l a s s RatedBookCopyImpl
implements RatedBookCopy{
i n t r a t i ng ;
i n t getRating ( ) {

t h i s . r a t i ng
}

}
c l a s s RatedBookManagerImpl

implements RatedBookManager{
L i s t searchBooks (Query q ) {

l e t book l i s t = inner ( q )
in book l i s t . s o r t ( . . . )

}
}

}

Figure 3: The Rating feature

deploy {
BookCopy = BookCopyImpl +

RatedBookCopyImpl +
BilledBookCopyImpl ;

BookManager = BookManagerImpl +
RatedBookManagerImpl ;

}

// example main method ( t y p i c a l l y developed
at the same time the deployment i s

determined )
main {

BookManager mgr = new BookManager ;

// d e t a i l s omitted

L i s t r e s u l t s = mgr . searchBooks (
someQuery ) ;

L i s t s o r t edResu l t s =
mgr@Rating . searchBooks ( someQuery ) ;

}

Figure 4: Deployment (The Billing feature is not shown, it is
included in the deployment for completeness.)

B. FORMALISATION OF FEATURE-BASED
DISPATCH IN JAVA

We are working on a full formalisation of a subset of
Lasagne/J, based on ClassicJava [1]. The current draft is
available as a technical report [5]. In this appendix, we
highlight the aspects that are relevant to feature-based dis-
patch.
We deviate from the ClassicJava approach by not using

type elaboration in the static semantics. Instead, we rely on
an implied preprocessor tool. In ClassicJava, the dynamic
semantics uses term rewriting to reduce an initial expression,
which represents the program, to a value, the result of the
program. The only information that is used in this reduction
is the expression to be evaluated and the store, which models
the heap. This allows for a straightforward formulation of
the dynamic semantics, but it requires expressions to carry
information that is redundant in the context of the static
semantics, but essential to the dynamic semantics.
Type elaboration is thus normally employed to enrich the

expressions written by the programmer, so that they contain
the information needed by the dynamic semantics. Although
understanding the extra information is quite easy, the actual
elaboration complicates the static semantics. We decided
to assume the programmer (or a simple preprocessor tool)
writes the already elaborated expressions. For example, an
inner-call that occurs in the method foo, should be written
as this.inner@foo(bar) instead of inner(bar), because oth-
erwise, the operational semantics cannot derive the enclosing
method (foo) from the expression it is rewriting, nor does
it have a separate modelling of the this-pointer, since we
do not model stack frames. The enclosing method and the
current object are clearly needed to evaluate the inner-call,
however.

B.1 Grammar
Figures 5 and 6 describe the context-free grammar and

the meta-variables used throughout this paper. In essence,
a program consists of a number of collaborations, the deploy-
ment and �nally a main-expression. Collaborations consist
of interface and class de�nitions. An interface is de�ned by
the methods it declares and it may also specify an expected
interface. A class speci�es a number of �elds in addition
to implementations for methods declared in the interfaces it
implements. Finally, the deployment maps each core inter-
face to its corresponding class composition.
Note that this grammar was devised as a vehicle to con-

vey our formalisation, the full language's grammar might,
for example, provide syntactic sugar to hide the di�erence
between classes and interfaces.

B.2 Essence of the Static Semantics

B.2.1 Type structure
A feature-dependent type is a natural way of typing a

feature-annotated reference: it consists of a set of features
and a simple type. For example, a reference to a book that
has Rating enabled, would be typed as {DigitalLibrary,
Rating}.BookCopy. In general such a type has the form
F.T , where F is a well-formed set of features and T is a well-
formed type. Feature-dependent types are a lightweight kind
of dependent type that do not depend on a value. Therefore,
they do not induce the same type system complexities as full
dependent types.



program = collab_def∗ deployment main { e }
collab_def = collaboration f { if_def∗ class_def∗ }

if_def = interface I [expects I] { md_decl∗ }
md_decl = F.T md( arg∗ )

arg = F.T var
class_def = class C implements T { fd_def∗

md_def∗ }
fd_def = F.T fd
md_def = md_decl { e }

e = new F.I
| this.inner.md@C(e∗) | e.md(e∗ )
| e@f
| var | null | let vn = e in e
| this :C .fd | this :C .fd = e

F = { f∗ }
var = vn | this

deployment = deploy { type_def∗ }
type_def = I = C+. . .+C

Figure 5: Context-free grammar (Underlined parts are gen-
erated by a preprocessor.)

vn, fd, md variable-, �eld- and methodnames

f a feature identi�er

I an interface name, which represents a simple type

T a simple type or a new type constructed from simple
types (not discussed in this paper)

F.T includes all types which T stands for, plus feature-
dependent types

Tmeth a method-type

C a classname

C+ a classname (C) or a class composition (such as C1+C2)

Figure 6: The meta-variables and their meaning

Subtyping is standard for interfaces; for feature-dependent
types, it corresponds to the superset relation on the set of as-
sociated features. More precisely, F.T is a subtype of F ′.T ′

if F ⊇ F ′ and T ≤ T ′.

B.2.2 Dependencies
When an interface I expects an interface de�ned in a fea-

ture f, I depends on f. An interface also depends on the
feature it is de�ned in. An implementation of a method
de�ned in an interface I may only be executed if all I's de-
pendencies are in the composition policy. This allows us to
statically determine a lower-bound for the composition pol-
icy, which is used to type this as a feature-dependent type
in a method body.
For example, in RatedBookCopyImpl from �g. 3, this is

typed as {DigitalLibrary, Rating}.BookCopy.

B.2.3 Class composition
A class composition is represented as a concatenation of

classnames. For example, A+B+C denotes the composition
of three classes, where a method in C overrides methods
in A and B that have the same names, and so on. This is
quite similar to the mixin-composition of class templates in
the νObj-calculus [6], except that our calculus preserves the
structure of the composition2.
Method dispatch �intersects� the class composition with

the composition policy to derive the maximal class compo-
sition that solely consists of classes that are activated by
the composition policy, that is, whose dependencies are a
subset of the composition policy. We write this as C+ ∩
cp, for example: BookCopyImpl + RatedBookCopyImpl +
BilledBookCopyImpl ∩ {DigitalLibrary, Rating}
= BookCopyImpl + RatedBookCopyImpl.

B.2.4 Well-formedness
A well-formed program must satisfy a number of predi-

cates which are similar to the ones used in ClassicJava [1].
An important check is the well-formedness of the deploy-
ment construct, which must map types to complete imple-
mentations of that type. For simplicity, we assume that
classes, interfaces and collaborations have unique names.
A set of features is well-formed if it does not have any

unresolved dependencies. A type is well-formed if its de-
pendencies are well-formed and if, for every method decla-
ration in that type holds that methods with equal names
have equal signatures. Furthermore, we statically prevent
�accidental overriding� [4].

B.2.5 Expression Typing
Figure 7 lists the typing rules for expressions. We use dif-

ferent kinds of judgements, of which two are relevant to the
subset presented here: P, Γ, F `e and P, Γ, F `sub .
The former types an expression in the context of the pro-
gram P , the typing of variables Γ and the statically inferred
lower-bound of active features F and the latter does the
same up to subsumption.

Call Amethod call is typed by the return type of the speci-
�ed method, if the actual arguments' types conform to
the formal arguments' and if the method is declared
in the type (F t ∪ F ).T t, where the target expression

2Another di�erence with νObj is that a class-composition is
not a value, but this is only a simpli�cation.



P, Γ, F `e et : F t.T t

∀ j ∈ [1, n] : P, Γ, F `sub ej : Fj .Tj

〈md, (F1.T1 . . . Fn.Tn −→ F r.T r )〉 ∈ (F t ∪ F ).T t

Call
P, Γ, F `e et.md(e1 . . . en) : F r.T r

P, Γ, F `sub ej : Fj .Tj (j = 1 . . . n)
P, Γ, F `e this : T c T c expects T ′

〈md, (F1.T1 . . . Fn.Tn −→ F r.T r )〉 ∈ T ′

Inner
P, Γ, F `e this . inner .md@C(e1 . . . en) : F r.T r

P, Γ, F `e e : F ′.T ′

F ′′ = dependenciesOf(f) P `t (F ′′ ∪ F ′).T ′

FeatAct
P, Γ, F `e e@f : (F ′′ ∪ F ′).T ′

Figure 7: Expression-typing

〈md, (Tmeth), (var1, . . . , varm), e〉 ∈rt
� C1 + . . . + Cn ⇔

〈md, (Tmeth), (var1, . . . , varm), e〉 ∈ Ci ∧
∀ j ∈ [i + 1, n] : 〈md, (T ′

meth), (var′1, . . . , var′m), e′〉 6∈ Cj

〈md, (Tmeth), (var1, . . . , varm), e〉 ∈rt
Cs

C1 . . . + Ci + Cs . . .

⇔ 〈md, (Tmeth), (var1, . . . , varm), e〉 ∈rt
� C1 + . . . + Ci

Figure 8: Method lookup: the ∈rt-relation.

has type F t.T t and the features in F are statically
known to be active. F is thus a lower bound for the
run-time composition policy when this call-expression
is evaluated. Similarly, F t ∪ F is a lower bound for
the composition policy that will apply when the called
method's body is evaluated.

The premise 〈md, (F1.T1 . . . Fn.Tn −→ F r.T r )〉 ∈
(F t ∪F ).T t states that a method named md, with for-
mal argument types F1.T1 . . . Fn.Tn and return type
F r.T r must be declared in the type (F t ∪F ).T t. This
means that the method must occur lexically in an in-
terface that is a supertype of that type. In the example
from �g. 2 and 3, 〈getRating, (int)〉 ∈ {Rating, Digital-
Library}.BookCopy, since the latter is a subtype of
RatedBookCopy, which directly declares int getRating().

As an informal indication of the soundness of our ap-
proach, the statically known composition policy is a
lower bound of the run-time composition policy be-
cause:

• method dispatch will never select this method un-
less the actual composition policy of the caller is a
superset of the F we use here � the statically known
composition policy consists of the dependencies of
the class that de�nes this method �

• the statically known F t can only result from feature-
activation, which will never activate fewer features
at run time and

• adding features (at run time) will never cause un-
soundness, since we restrict synonymous methods

to have exactly the same signature within a certain
type hierarchy.

Inner types an inner-call, which is similar to a regular method
call, except that the method must be declared in the
expected interface. This is modeled by the premises
P, Γ, F `e this : T c and T c expects T ′, which en-
sure that T ′ is a type expected by the current class3,
and 〈md, (F1.T1 . . . Fn.Tn −→ F r.T r )〉 ∈ T ′, which
enforces that the method is indeed de�ned in T ′.

Note that the preprocessor tool has generated extra
information that is incorporated in the expression: the
target of the call (always this), the method to be called
(md) and the class in which this expression occurs (C).
This information is used by the evaluation rule OS-
Inner, that evaluates inner-calls.

FeatAct types feature-activation. If a feature f is acti-
vated on an expression with type F ′.T ′, the type of
the whole is (dependenciesOf(f)∪F ′).T ′. To preserve
modularity, feature activation may only be used in the
main-expression, so that it is possible to check whether
the activated feature is actually deployed.

This is not a severe limitation, since the main use case
for feature-based dispatch is client code (represented by
the main-expression here) that activates a feature when
calling a certain method of the software system. This is
related to our notion of consistency, which requires that
a control �ow `within the system' � ie. from the point
where it leaves the main-expression until it returns �
does not change the composition policy.

B.3 Essence of the Dynamic Semantics
The operational semantics is speci�ed as a reduction re-

lation in a fairly standard way. There are three noteworthy
aspects:

• An object reference consists of 2 parts: an object-identi�er
objectid � �the pointer to the object in the heap� � and
a set of features F � the minimal set of features that has
to be activated when a method is called on the object
reference.

• The set of features of the this-reference, explicitly mod-
eled as part of the execution state, is propagated with
each method call.

• Method dispatch takes the currently active set of fea-
tures - the composition policy - into account.

B.3.1 Execution state
The current execution state is represented by three com-

ponents: the expression being evaluated, the store and the
current composition policy. The �rst two are standard, the
latter is speci�c to our extension. The composition policy
is the set of currently active features, which can be thought
of as the set of features associated to the this-reference.
However, we have to model the composition policy sepa-
rately, since the dynamic semantics has no way of knowing
the value of the this-reference.
The store maps object-identi�ers to records specifying

the class-composition of the object and the values of its
�elds. More precisely, the store is a function S that takes

3Since synonymous methods must have exactly the same
signatures if they are de�ned in types that are related by
subtyping, it doesn't matter which type is chosen.



e = · · · | 〈object|F 〉 | e :C .fd | e :C .fd = e
| e.inner.md@C(e∗) | e.md(e∗ )
| return ( cp , e )

v = 〈object|F 〉 | null
Figure 9: Description of the syntactic forms that arise only
during evaluation.

an objectid to a record 〈C+,F〉 describing the correspond-
ing object. F is a function that maps a �eld, denoted by
a (C, fd)-pair, to its value. A value is either an object-
reference or the null reference. An object-reference consists
of an object-identi�er objectid and a set of features F .
During evaluation, expressions deviate from the surface

syntax. For example, they may contain object references.
Hence, we need a slightly extended grammar to represent
the expression being evaluated. The extensions are shown
in �g. 9.

B.3.2 Evaluation Rules
For brevity, we only discuss the rules that are relevant to

feature-based dispatch and we omit the rules for evaluations
that result in an error. The selected rules, that � together
with the omitted ones � de�ne the reduction relation, are
shown in �g. 10.

OS-Call rei�es the call stack by reducing a method call to
a return expression that contains the correct method
body-expression � this and the arguments substituted
by the corresponding values � and the current compo-
sition policy. It sets up the new composition policy
so that the body-expression is evaluated with the cor-
rect set of active features. The evaluation of the return
expression will result in the evaluation of the body-
expression and will reset the composition policy to the
saved one. This makes explicit that the composition
policy is only propagated in the �call-direction� of the
control �ow and not in the �return-direction�.

The ∈rt-relation is used to look up the method body
in C+ ∩ cp′′, the �intersection� of the class-composition
and the composition policy cp′′: the maximal compo-
sition of the classes in C+ that are activated by cp′′.
The ∈rt-relation is a straightforward lookup of the most
overridden method, ie. the method de�ned directly
in the right-most class in the class-composition. The
lookup (�g. 8) has remained simple because we only
model wrapping.

OS-Inner is quite similar to OS-Call, except that the
lookup described above, is strengthened to the right-
most class to the left of the class in which the inner call
occurred.

OS-Return reduces a return statement whose return ex-
pression is a value, to that value. The composition
policy is reset to the stored one.

OS-FeatAct speci�es how feature activation changes an
object reference's set of features. Activating a feature
f on a reference yields a new reference with a set of
active features that is the union of the old reference's
active features and f 's dependencies.

C. SUMMARY OF THE META-THEORY

Below, we have included the formulation of the most inter-
esting de�nitions and theorems. We refer to [5] for outlines
of the proofs. Put very brie�y, they state preservation and
progress: evaluation preserves a program's typing (up to
subsumption) and for every program state 〈e, cp, S〉 of P , e
is either an answer (a value or an error) or an expression
that can be further evaluated.

Definition 1 (Store Consistency). The store is con-
sistent if the �elds of every object it contains, correspond to
their de�nition in the class-composition of the object and if
every non-null value of every �eld references an object in the
store. See �g. 11.

Theorem 1 (Preservation). Evaluation preserves a
program's typing (up to subsumption). If an expression has
type F.T relative to a context Γ and a consistent store S,
performing one evaluation-step will result in an expression
that has the same type (up to subsumption) and a consistent
store.

P, Γ, Sn `sub en : F.T ∧ P `σ Sn ∧ 〈en, cp, Sn〉
↪→ 〈en+1, cp, Sn+1〉

=⇒


P, Γ, Sn+1 `sub en+1 : F.T
P `σ Sn+1

or en+1is an error.

Definition 2 (Final state). A program state 〈e, cp, S〉
is �nal if e is a value (null or 〈object|cp〉) or e is an error

Theorem 2 (Progress). If 〈e, cp, S〉 is a non-�nal pro-
gram state of P such that

P `σ S ∧ ∃ Γ : P, Γ, S `sub e : F.T

then

∃ 〈e′, cp, S′〉 : 〈e, cp, S〉 ↪→ 〈e′, cp, S′〉



S(object) = 〈C+,_〉 〈md, (_), (var1, . . . , varn), e〉 ∈rt
� C+ ∩ cp cp = cpc ∪ cpt

OS-Call
` 〈E

ˆ
〈object|cpt〉.md(v1, . . . , vn)

˜
, cpc, S〉

↪→ 〈E [ return (cpc, [〈object|cp〉/ this , v1/var1, . . . , vn/varn] e)] , cp, S〉

S(object) = 〈C+,_〉 〈md, (_), (var1, . . . , varn), e〉 ∈rt
C C+ ∩ cp cp = cpc ∪ cpt

OS-Inner
` 〈E

ˆ
〈object|cpt〉.inner.md@C(v1, . . . , vn)

˜
, cpc, S〉

↪→ 〈E [ return (cpc, [〈object|cp〉/ this , v1/var1, . . . , vn/varn] e)] , cp, S〉

OS-Return
` 〈E [ return (cp, v)] ,_, S〉 ↪→ 〈E [v] , cp, S〉

F ′ = F ∪ dependenciesOf(f)
OS-FeatAct

` 〈E [〈object|F 〉@f ] , cp, S〉 ↪→ 〈E [〈object|F ′〉] , cp, S〉

Figure 10: Essence of the operational semantics

P `σ S
⇔
( S(object) = 〈C1 + . . . + Cn,F〉

⇒
Σ1 dom(F) = ∪i∈{1..n}{(Ci, fd) | 〈fd, F.T 〉 ∈ Ci}
Σ2 and ref2id(rng(F)) ⊆ dom(S) ∪ {null}
Σ3 and ∀ (Ci, fd) ∈ dom(F) :

(F(Ci, fd) = 〈object′|F ′〉 ∧ 〈fd, F.T 〉 ∈ Ci) ⇒ P, [ ], S `sub 〈object′|F ′〉 : F.T
)

Figure 11: Store consistency (ref2id(〈objectid|F 〉) = objectid)


