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Abstract interacting classes can only be extended individually; inheritance

Class sharing is a new language mechanism for building extensible]fjoest.nOt lstupport Ctht?ngsz tzat‘t s%z?m {nulpple C'?‘f.ses-lsecoﬁ‘tf; nctew
software systems. Recent work has separately explored two dif- '/nctionaiity cannot be added to objects of an existing class withou

ferent kinds of extensibility: first, family inheritance, in which an mo;j_igying lt.he. class dﬁﬁ”itig”_"vhégh WO”:jd not be mIOdtl)“ar' ’
entire family of related classes can be inherited, and second, adap- ese limitations have been addressed separately by two lines

tation, in which existing objects are extended in place with new ©f research. In the first, the ability to extend classes as a group is
behavior and state. Class sharing integrates these two kinds of ex.Provided byfamily inheritancemechanisms, which provide inheri-

tensibility mechanisms. With little programmer effort, objects of tance at the granularity offamily of related classes rather than on
one family can be used as members of another, while preserving'nd'v'd”al classes. Family inheritance mechanisms include virtual

relationships among objects. Therefore, a family of classes can beClaSS%S.[Zh“' 18, 10],2n§ixi3rz)la§|/_ehrs (41], vgriant path t)l(pes [f22]' and h
adapted in place with new functionality spanning multiple classes. NeSted inheritance [28, 30]. The second, separate line of researc

Object graphs can evolve from one family to another, adding or 1S explc?lred tlﬁnguagelsupré(é(: mﬂa?tfatlort{ Adalt.[i')tattlon me(.:ht-.
removing functionality even at run time. anisms allow the modular addition of functionality to an existing

Several new mechanisms support this flexibility while ensuring class, without any change to the original class definition. Objects

type safety. Class sharing has been implemented as an extension t8f _the class are au_gmc_anted with new operations or state. Mech-
Java, and its utility for evolving and extending software is demon- anisms for adaptation include open classes [11], expanders [50],
stratéd with realistic systems. classboxes [3], and aspect binders [26]. Typically, adaptation oper-

ates on individual classes; it does not support coordinated changes

Categories and Subject DescriptorsD.3.2 [Language Classifi- while preserving relationships among augmented objects.

cationg: Object-oriented languages; D.3I3dnguage Constructs This paper integrates these two distinct approaches to extensi-
and Featurep Classes and objects, frameworks, inheritance, mod- bility for the first time. The result is a powerful new capability:
ules, packages interacting objects from a family of classes can be adapted with

new functionality, while preserving the identities of objects and the
relationships among them. A single operation can cause an entire
Keywords family inheritance, views, masked types data structure to be augmented in place with new behavior.
The key new idea islass sharingdifferent families can have
. classes that are shared between the families. An object that is an
1. Introduction instance of the shared class in one family is also an instance of
It has long been observed that much of the difficulty of building the corresponding class in any family that shares the class. Objects
reliable software systems arises from their size and complexity [5]. can then be viewed from either family. Class sharing supports
Language mechanisms for modular and object-oriented program-bidirectional adaptationnot only can objects of a base family be
ming have helped make large systems easier to build and to rea-adapted into a derived family, but those of the derived family can
son about. However, it remains challenging to extend, evolve, and be adapted to the base family.
update software systems. Incremental updates to software systems Class sharing has been realized in a languagg(@@®nounced
may require coordinated changes to state and behavior that spartjet-ess”), an extension of the Java language that adds class sharing
multiple software components. We posit that new mechanisms areto the language J& [30]. In J& each object reference provides a
needed to enable software to be reused and extended in a modularviewthat dynamically determines the family and thus the behavior
scalable, safe way. of the object when used through that reference. The view of an
Inheritance does provide a modular way to extend existing code object also transitively affects the behavior of other objects reached
with new behavior, which helps explain why large software systems via that object reference, because it determines which family to
are often built using object-oriented languages such as Java orinterpret those objects with respect to. An expliciéw change
C++. But ordinary inheritance has two serious limitations. First, produces a reference with a new view, while preserving object
identity.
Class sharing enables new ways to extend software systems:

General Terms Languages

Permission to make digital or hard copies of all or part of this work for personal or ¢ Family adaptationNew funCtiona"ty Spanning multiple classes
issi igi i is wi . S . . .
classroom use is granted without fee provided that copies are not made or distributed can be added to an e_ntlre fam”y In_place’ adaptlng ObJeCtS with
for profit or commercial advantage and that copies bear this notice and the full citation new state and behavior.

on the first page. To copy otherwise, to republish, to post on servers or to redistribute : . -

to lists, requires prior specific permission and/or a fee. * Dynamic ObJeCt evolution.

PLDI'09, June 15-20, 2009, Dublin, Ireland. The family from which an object is viewed is determined dy-
Copyright© 2009 ACM 978-1-60558-392-1/09/06. ... $5.00. namically by its reference, so collections of interacting objects



can be updated with new behavior at run time, without chang- class AST { class TreeDisplay {
ing the interface to existing clients. This allows running servers ~ ¢lass Exp {...} class Node {

to be evolved with new state and behavior. class Value void display() {...}
extends Exp {...} }

¢ In-place translationln-place translation is the transfer of data class Binary class Composite extends Node {
structures from one family to another without creating new extends Exp Node getChild(int i) {...}
objects for shared classes and without side effects. We have { Exp 1, r; } 3

class Leaf extends Node {...}

used this approach to build compilers: an abstract syntax tree . - -
from one language can be translated to another language while? ¥
updating only the nodes that require it. Figure 1. An expression family and a GUI family

Despite all this expressive power, J& type-safe—programs
never create run-time errors—and type checking is modular. Be- 1 class ASTDisplay extends AST & TreeDisplay {
cause the behavior of an object depends on the family from which 2 class Exp extends Node { void display() { ... }}
itis being viewed, designing a sound type system is challenging. To 3 class Value extends Exp & Leaf { ... }
accomplish this, J&usesview-dependent typés ensure that late- ~ 4~ class Binary extends Exp & Composite
bound type names belong to consistent families, and msesked f{d"°111d ?;Splag'(i { s i'dtf?l;y(); e b1
types[35] to control access to fields that are not shared between } voic SRONASER S e-ciepraytls
families. The key features of J&ave been formalized in an object
calculus, and the type system has been proved sound. The details oFigure 2. Mixing display into expressions, with nested inheritance
the formalization and the proof are available in a companion tech-
nical report [36].

The rest of the paper proceeds as follows. Section 2 describes
how class sharing works in the new language,J&d gives ex-
amples of its use. Section 3 shows how to safely support unshare
state within shared classes. Section 4 sketches the formalization o
J&s and the soundness theorem. The implementation gisléle-
scribed in Section 5. Section 6 shows that the performanceggJ&
reasonable and describes its use to build realistic systems. Section
discusses related work, and Section 8 concludes.

and expression classes are further bound to inherit GUI classes in
addition to their original superclasses, and to override GUI meth-
dods with appropriate rendering code. As #t®w method in Fig-

re 2 demonstrates, expression classes in the new family support
the addediisplay method.

Two mechanisms are essential for nested inheritance to work:

pte binding of type nameandexact typesThese mechanisms are
also important for class sharing.

Late binding of type names. Late binding of type names ensures

2. Sharing classes relationships between classes are preserved in the derived family.

When the name of a class is inherited into a new name-
space, the name is interpreted in the context of the new name-
space. For example, inside the famlgTDisplay, the typeExp
refers toExp in ASTDisplay. Consider the field, which is de-
clared inAST.Binary with type Exp, and then inherited by the
classASTDisplay.Binary. When inherited, its type is thBxp
2.1 Family inheritance of ASTDisplay, not the original type. This late binding makes
the call1l.display () on line 5 legal. Similarly, the superclass of
ASTDisplay.Binary iS ASTDisplay.Exp, NOtAST.Exp.

Two mechanisms make the late binding of type names type-safe:
dependent classemnd prefix types The dependent clagsclass
represents the run-time class of the object referred to byinhé

The new class sharing mechanism insJ&a safe, modular mech-
anism that relaxes the disjointness of class families. A family of
classes may not only inherit another family (and hence all its nested
classes), but may alsharesome of the classes from the family it
inherits from. This enables new kinds of extensibility.

J&s builds on the family inheritance mechanisms introduced by

Nystrom et al.: nested inheritance [28] and nested intersection [30].
Nested inheritance is inheritance at the granularity ohme-

space(a package or a class), which defines a family in which re-

lated classes are grouped. Nested inheritance supports coordinate ccess path pA final access path is either a final local variable
changes that span the entire family. When a namespace Inherlt%ncludingthi.s and final formal parameters, or a field access ’
from _another (base) namespace, not on_Iy are fields and methOd%\/herep is a final access path arfdis a fin'al field. In general,
|nhgr]ted, but also namespaces nestec_i in the base namespace. ltrflne class represented Ipyclass is statically unknown, but fixed.
addition, the derived namespace aaerride or further bind[25] prefix type PLT] represents the enclosing namespace of the
inherited namespaces, changing nested class declarations. Neste ass of interfacd that is a subtype of the namespdgd.e., the
inheritance does not provide adaptation, however. Nested classeﬁa\min at the level ofP that containsT [28]. In Figure 2' |f one

e e o meteBl g WTIeS ST [t cLase), L 1cers 10 eheaST f ASTDS sy,
depending on the run-time class of the value storeghits.

basl\?eg?é?jei?ﬁ:rcszction supportsmposingamilies with general- Type names that are not fully qualified are sugar for members
PP P 9 of prefix types that depend on the current classs.class, and

ized intersection type$39, 12]. Given classeS and T, their in- . h s . : X -
tersectiorS& T inherits all members o andT. When two name- in an inheriting family, they will be reinterpreted. In Figure 1, the

spaces are intersected, their common nested namespaces are thertrlf-peEXp inside clasST is sugar forAST [this.class] Exp.

selves intersected, i.€$&T).C = (SC)&(T.C). Exact types. Both dependent classes and prefix types of depen-
Figure 1 shows an example with two families of classes. Class dent classes arexact typeg6]: all instances of these types must

AST contains a family of classes for representing expressions, andhave the same run-time class.

classTreeDisplay contains a family of classes for graphically vi- Simple types may be exact too. Afis a class, the exact type

sualizing trees. Figure 2 shows the skeleton of code that imple- Al represents values of the run-time classEven if classB in-

ments the functionality of displaying an expression as a tree— herits fromA, neitherB nor B! is a subtype ofAl. Exactness ap-

without changing the existing familieaSTDisplay inherits both plies to the entire type preceding “!", so supertypes of a sim-

AST and TreeDisplay, and therefore inherits all nested classes ple exact type can be obtained by shifting the exactness outward.

from both of them. The GUI classes are implicitiBTDisplay, For example ASTDisplay.Exp! is not a subtype oAST.Exp!,



1 class ASTDisplay extends AST & TreeDisplay {

2 class Exp extends ... shares AST.Exp { ... }

3 class Value extends ... shares AST.Value { ... }
4 class Binary extends ... shares AST.Binary

5 { void display() { ... l.display(); ... } }

6 void show(AST!.Exp e) sharing AST!.Exp = Exp {
7 Exp temp = (view Exp)e;

8 temp.display();

9

10 ¥

Figure 3. Using class sharing to adaftp to TreeDisplay

but it is a subtype ofSTDisplay! .Exp, which is a subtype of
ASTDisplay.Exp.

Adaptation can improve the example code from Figures 1 and 2.
AlthoughASTDisplay in Figure 2 provides expression classes ex-
tended with the ability to display themselves, this new function-
ality is not available for instances of the original classedsm.

This is unfortunate, because instances of the original classes might
be created by existing library code or deserialized from a file. We
can avoid this limitation by using class sharing as shown in Fig-
ure 3. Hereshares clauses cause the two famili@STDisplay

and AST to share all the expression classes. Instancdssdfex-
pression classes are also instances of correspondirmisplay
expression classes.

Because of sharing, expression objects fromagiefamily can
possess GUI display operations, even if the implementersaf
was not aware offreeDisplay or ASTDisplay; client code—

Exact types also restrict the subtyping relationships of nested for example, a visualization toolkit, which expeatseeDisplay

types. For exampleASTDisplay! .Binary is not a subtype of
AST! .Binary, even thoughiSTDisplay.Binary is a subtype of
AST.Binary. Therefore exact types can mark the boundary of a
family: classes nested kBTDisplay! form one family and those
nested imST! form another. Non-dependent exact types provide a
locally closed worldat compile time, one can enumerateclasses
that are subtypes @f!.C, without inspecting subclassesAfExact
types are important for the modularity of J€Section 2.5).

2.2 Sharing declarations

J&s introduces shared classes wgharing declarationsn the
derived family, such as the declaraticghares A.C” in this code:

class A { class C ... } // the base family

class B extends A { // the derived family
class C extends D shares A.C { ... }

}

This sharing declaration establishesharing relationshipetween
classesi.C andB.C. Sharing declarations induce an equivalence

relation on classes that is the reflexive, symmetric, and transitive
closure of the declared sharing relationships. If two classes have

objects—would obtain the ability to handle existiagT objects.
Thus every expression class in #&TDisplay family becomes an
adapter[19] for the corresponding class KST; the ASTDisplay
family providesfamily adaptatiorfor AST.

Given a tree of expression objects frarsT, family adaptation
ensures that the whole tree is safely adaptetSEDisplay. The
adaptation preserves the original tree structure, and the relation-
ships between objects in the tree. This contrasts with prior adap-
tation mechanisms that work on individual objects, which do not
guarantee safety or the preservation of object relationships. With
prior mechanisms such as the adapter design pattern [19], one
might forget to adapt the left child of Binary object, and the
call1.display () on line 5 would fail.

In Figure 3, every expression class has a sharing declaration,
which could be tedious to write. J§rovides theadapts clause as
a shorthand for adding sharing declarations to all inherited member
classes. For exampléSTDisplay may be declared with the fol-
lowing class header, without any individual sharing declarations:

class ASTDisplay extends ... adapts AST { ... }

a sharing relationship, they have the same set of object instances2-3 Views and view changes

However, subclasses of the two shared classes are not automaticallyiews. If two classes are shared, a single object might be treated
shared, unless the subclasses also have appropriate sharing declas an instance of either one. Each class is a distilest of that
rations. Therefore, the sharing relationship established in the abovegbject. A J& object can have any number of views, all equally
example can be represented as a relationship between two exacyalid. This contrasts with an ordinary object-oriented language like

types, writtemA.C! < B.Cl.

Jé&s requires that only an overriding class in a derived family
(e.g.,B.C) may declare a sharing relationship with the overridden
class in a base family (e.a, C). This restriction helps keep shared
classes similar to each other.

Sharing vs. subtyping. The J& language keeps subtyping largely
separate from sharing. Adding a sharing relationship does no
change the subtyping relation. In the above exantple,is a sub-
type ofA.C, andB! .Cis not a subtype of! . C due to the exactness,

whether there is a sharing declaration or not. The sharing relation-

ship does not make.C a subtype oB.C, nor does it create any
subtyping relationship between .C andB! .C.

Since sharing is not subtyping, it is in general not allowed to ASTDisplay.Binary!,

Java (or even J&), where an object has exactly one view: its run-
time class.

In J&s, an object reference is not just a heap location; it is
essentially a paif¢, T) of a heap locatiof and a typeT, where
T is the view, represented as a non-dependent exact type. The view
T determines the behavior of the object when accessed through that

t reference.

For example, the methodisplay in Figure 3 cannot be di-
rectly called on an object created as an instance of the class
AST.Binary, because the reference has the VST .Binary!.
However, when the object obtains a new reference—for exam-
ple, by storing the object in a local variable—with the view
it also obtains a new behavior—the

directly treat an object of a shared class as an instance of the othefMethoddisplay becomes available through the new reference.

class in the sharing relationship; an explicikw changemay be
required (see Section 2.3 for more details).

Family adaptation. Sharing solves the problem object adapta-
tion [50], in which the goal is to augment existing objects with new
behavior or state. Adaptation is different from inheritance, where
only objects of new classes have the new behaviorgisihe first
language to fully integrate family inheritance with in-place adapta-

Moreover, methods that are available through the original reference
might behave differently when they are called through the new ref-
erence. See Section 2.4 for an example.

View changes. J&s has aview changeoperation (view T)e,
which generates a new reference with the same heap location but
a different view. On line 7 in Figure 3, the metheHow contains

a view change expressiqiview Exp)e, the result of which is a

tion that preserves object identity. Moreover, because sharing is anreference that still points to the same objectdsut with a new

equivalence relation on classes,s}upports bidirectional, transi-
tive adaptation.

view that is a subtype dixp. (Recall from Section 2.1 that within
ASTDisplay, Exp is sugar forASTDisplay [this.class] .Exp).



View changes support late binding. Although the expression Package service; package logService extends

(view T)ehas a statically known typ€, the actual run-time view class SomeService { service;

. - ; - void handle(Packet p) {...}| class SomeService shares
of the result is a subtype of that is shared with the run-time 3 service.SomeService {...}
view of the value ofe. For example, in line 7 of Figure 3, if
e evaluates to a value with the viemS8T.Value!, then within class Dispatcher { class Logger {...}
the family ASTDisplay, the expressiorfview Exp)e produces a SomeService s; class Dispatcher shares
value with the viewASTDisplay.Value!, which is a subtype of void dispatch(Packet p) { service.Dispatcher {
ASTDisplay! .Exp, and shared witAST. Value. switch (p.kind) { Logger logger;

A view change(view T)e looks syntactically like a type cast case 0: s.handle(p); void dispatch(Packet p) {
(T)e, and it does have the same static target tfipebut it is logger.log(...);
actually quite different. First, a type cast might fail at run time, but ) ¥ ) T
view changes that type-check always succeed. Second, no matter }

whether it is an upcast or a downcast, an ordinary cast only works
if the target type is a supertype of then-timeclass of the object. Figure 4. Evolution of a network service package
However, a view change has in general a target type that is neither a

supertype nor a subtype of the current view of the object, but from

another family. For example, if familiesandB share the class, Method dispatching in J&differs from that of nonvirtual meth-
together with all its subclasses within each family, the following 0ds in C++ [44], and from the statically scoped adaptatiosn
code is legal: panders[50]. For nonvirtual methods in C++, the static type of

the receiver acts as a static view that selects the method to call. By
contrast, the view change operation inscJfects method dispatch-
ing, but still allows late binding, since the tyfein a view change

A!'.C a = new A.CQ);
B!.C b = (view B!.C)a;

The initial view of the created objectis C!. The target typ@®! .C (view T)eis a supertype of the statically unknown run-time view.

in the view change is neither a supertype nor a subtype. of. Expanders dispatch methods within the same family dynami-
Of course, if the type in a view change is indeed a supertype of the cally, but unlike with class sharing, the choice between original
current view of the instance, the view change is a no-op. code and expander code is static. Expander methods can be invoked

Third, a type cast checks run-time typing information, but has only when expanders are in scope, and therefore the behavior of
no other effects at run time. By contrast, a view change can affect existing code written before the expanders cannot change. Since
the behavior of the object. expansion is1otinheritance, expander methods can oowerload

original methods rather thaverridingthem.
View-dependent types.Nested inheritance uses the dependent 9 Iding

classp.class to indicate the family that the object referenced by Dynamic object evolution. View-based method dispatching en-

p belongs to. J& generalizep.class to beview-dependensince ables a new form of dynamic object evolution, in which existing ob-
an object may be a member of multiple families. For example, sup- jects are updated with different behavior without breaking running
poseASTDisplay contained the following code: code. It is more powerful than object adaptation, which generally

only adds new behavior to existing objects, whereas evolution can
also make objects change behavior, even in a context that does not
mention the updated classes.sJupports evolution at the family

AST!.Binary a = new AST.Binary();
Binary b = (view Binary)a;

At run time, a.class would denoteAST.Binary!, andb.class level, evolving interacting objects consistently to the new family.
would denoteASTDisplay.Binary! . This example shows that in For (:,xxar'ﬂpk:".l Figure 4 shows a packmvice that imp|e_

J&s, the dependent classes associated with different aliasasd( ments several network services, and a dispatcher that calls different
b in this example) are not necessarily equal; they are interpreted asservices based on the kind of the received packet. The server code
the views associated with the respective references. has a static field storing the dispatcher, and an event loop:

Prefix types of dependent classes are also view-dependent, en- ] ) ) )
suring that late-bound type names belong to consistent families, Static service.Dispatcher disp;
Consider the left child of clasBinary, stored in the field.. The
type of the field isExp, sugar forAST [this.class] .Exp, which
depends on the view of the object that contains the field. Accessing  Suppose the system implemented in tavice family has
the left child witha . 1 returns an object in the familyST, whereas started running, and then an updated pacKagService is de-
accessing it withb.1 returns the same object, but with a view in  veloped that extendservice with logging at various places (Fig-
the familyASTDisplay. In either case, the left child object and the ure 4 only shows the additional logging in theéspatch method).
containingBinary object have views that are in the same family. The goal is to update the system with logging ability, without hav-
This means that for a tree of objects in one family, a single explicit ing to stop it from running.
view change on the root object effectively moves the whole tree to  To evolve the system fromervice to logService, the view
another family, implicitly triggering view changes on child objects of the dispatcher object stored in the static fieidp needs to be
as they are accessed. changed. This could be done in initialization code in the extended

package, as follows:

while (true) { ... disp.dispatch(p); ... }

2.4 Dynamic object evolution via view change

. . . . service! .Dispatcher d =
View-based dynamic method dispatchingln J&s, method calls (service!.Dispatcher)Server.disp; // cast

are dispatched on the curreview of the receiver object, rather Server.disp = (view Dispatcher)d; // view change

than on the receiver itself as in Java. When two references to the

same receiver object have different views, the same method call After this view change, theéispatch method overridden in the
may invoke different code. Therefore, when asJ8ass overrides extended package will be called.

a method inherited from its declared shared class, both versions of More importantly, although just a single explicit view change
the method become available to the object, and the choice is mades applied to the dispatcher object, all the other objects transitively
at run time, based on the view associated with the reference. reachable from the dispatcher, such as through the diglfitype



SomeService, will also obtain new views when they are accessed,
resulting in using the versions of their methods that have logging

enabled. Thus, a single explicit view change causes a consistent

evolution of many objects to the new family. This kind of evolution
is simpler to implement and likely to be more efficient than going
through all the objects and updating them individually.

2.5 Sharing constraints

Sharing relationships between types are not always preserved by class E extends D { }

class A1 {
class B { }
class C { D g; }
class D { }
class A2 extends A1l {
class B shares A1.B {
T £;
}
class C shares A1.C\g { } // shared with a mask
// a new subclass of D

// a new field

derived families, either by design or as the result of changed class}

hierarchy in the derived family. For example, in a family inherited
from ASTDisplay, one might choose not to share any class, or
to share classes froMreeDisplay, and in either case, the new
family no longer shares classes with #&T family.

Therefore, a view-change operation that works in the base fam-
ily might not make sense in the derived family. JJ&oes not try
to check all inherited method code for inapplicable view changes,
but rather makes checking modular gi@aring constraintsA J&s
method can have sharing constraints of the fetraring T) = Ty,
which means that any value of tyffge can be viewed as of type
T,, and vice versa; in other words, the sharing relation3hig- T»
may be assumed in the method body. A view change can only ap-
pear in a method with an enabling sharing constraint. Outside the

scope of sharing constraints, the type checker (and programmer) a1!.B b1
need not be concerned with sharing. Therefore, reasoning about A2!.B\f b2

class sharing is local.

For example, in Figure 3, the methoshow has a shar-
ing constraintAST! .Exp = Exp (line 6), which allows the view
change(view Exp)e to be applied to the variable of static type
AST! .Exp.

To know statically that the view changeiew Exp)e will suc-
ceed, we must know that every subclasa®f! .Exp has a corre-
sponding shared subclass undefDisplay! .Exp. J&s requires
that some prefix of each type in the constraint is exact, and either
non-dependent or only dependent on the paths; thus, we can
check all the subclasses in a locally closed world (Section 2.1),
without a whole-program analysis. In this example, the exact pre-
fixes in question ar@ST! andASTDisplay[this.class].

The type checker verifies that sharing constraints in the base
family still hold in the derived family; base family methods whose
sharing constraints do not hold must be overridden.

Although sharing constraints support modular type checking,
they do introduce an annotation burden for the programmer. Our ex-

perience suggests that the annotation burden is manageable. While

it appears possible to automatically infer sharing constraints, by in-
specting the type of the source expression and the target type o
every view change operation in the method body, we leave this to
future work.

3. Protecting unshared state
3.1 Unshared fields

In J&s, shared classes do not necessarily share all their fields.
Unshared fields are important for greater extensibility, but they
pose challenges for the safety of the language; Ugesmasked
types[35] and duplicate fields to ensure safety in the presence of
unshared fields.

Figure 5. Shared classes with unshared fields

the field £ in Figure 5) would be uninitialized, which may be
unexpected to the code in the derived family.

J&s uses masked types to prevent the possibly uninitialized new
field from being read. A masked type, writtdi\f, is the typeT
without read access to the fietdWe say that the field is masked
in T\f. The mask on a field can be removed with an assignment
to that field. Masked types introduce the subtyping relationship
T <T\f. For the example in Figure 5, a view change fram .B
to A2!.B must have a mask on the target type:

new A1.BQ);
(view A2!.B\f)bi;

Therefore, after this view change, the figlef b2 cannot be read
before it is initialized.

The second kind of unshared field is those with unshared types.
In Figure 5, the fielgs has typeD, and it cannot be shared, because
in the A2 family, g might store an object of clag& When a view
change is applied from the derived family to the base family (for
example, froma2!.C to A1!.C), anA2.E object stored irg would
not have a view compatible with the base family.

Therefore, J& requires that fields with unshared types are
masked in the sharing declaration. A duplicate field with the same
name for the shared class is also generated automatically in the de-
rived family. For example, in Figure 5, it is as if the clasxs C has
its own implicit declaration of fielg;:

class C shares A1.C\g {
D g;
}

An instance ofA1.C andA2.C contains two copies of the field
g, each appearing as a “new” field to the other class. Which copy is

faccessed depends on the current view of the instance through which

the field g is accessed. Field duplication prevents objects of an
unshared class from being accidentally accessed in other families.
Therefore, interacting objects always have consistent views.

When shared classes have duplicate fields, it is up to the pro-
grammer how to keep the copies in sync, or even whether to keep
them in sync. The programmer may choose to construct a corre-
sponding object in the target family, storing it in the duplicate field,
as in the example in Section 3.2, or just to leave the field masked in
the target family.

3.2
Jé&s supports in-place translation of data structures between fami-

In-place translation with unshared classes

Figure 5 illustrates the two kinds of unshared fields. First, new lies in which not all the classes are shared (translation is trivial if all
object fields may be introduced by shared classes in the derivedclasses are shared). As the data structure is translated, some objects
family. Because these fields do not exist in the base family, they in the structure may remain the same, with only a view change,
cannot be shared. In Figure 5, clasgesB andA2.B are shared, and other objects, particularly those of unshared types, are explic-
butA2.Bintroduces a new field that does not exist in1.B. When itly translated. One use of this kind of translation is for compilers,

a view change from the base family to the derived family—for where the data structure is an abstract syntax tree, and many parts
example, fromA1!.B to A2! .B—is applied, the new field (e.g., of the AST do not need to change during a given compiler pass.



package base;

abstract class Exp

{...}

class Var extends Exp {
String x;

}

class Abs extends Exp {
String x;
Exp e;

}..

package pair extends base;
abstract class Exp
{ abstract base!.Exp translate
(Translator v); }
class Pair extends Exp
{ Exp fst, snd; ...}
class Translator {
base!.Abs reconstructAbs
(Abs old, String x,
base! .Exp exp) { ... }

)

Figure 6. Lambda calculus and pair compiler extension

}
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package pair extends base;
abstract class Exp shares base.Exp {
abstract base!.Exp translate(Translator v);

class Var extends Exp shares base.Var { ... }
class Abs extends Exp shares base.Abs\e {
base! .Exp translate(Translator v) {
base! .Exp exp = e.translate(v);
return v.reconstructAbs(this, x, exp);

12 class Pair extends Exp {

13 Exp fst, snd;

14  base!.Exp translate(Translator v) {
15 return new ...; // (AXAY.Af.fxy) [£st] [snd]

16 }
17 ¥
18 class Translator {

19 base!.Abs reconstructAbs(Abs old, String x,

20 base! .Exp exp)
21 sharing Abs\e = base!.Abs\e {

22 if (old.x == x && old.e == exp) {

23 base!.Abs\e temp = (view base!.Abs\e)old;
24 temp.e = exp;

25 return temp;

26 }

27 else return new base.Abs(x, exp);

28 }

29 .

30 }

Figure 7. In-place translation of the pair language

corresponding classes isase (lines 5-6).Pair is not shared,
because it does not existiase.

Consider the two shared clasgesir . Abs andbase. Abs. The
type of their fielde, which isbase[this.class].Exp, is inter-
preted aspair!.Exp andbase!.Exp in the two families. The
two interpreted field types are not shared, because a value of type
pair!.Exp might have run-time classair.Pair, which has no
corresponding shared class in these family. Therefore the two
Abs classes each have their own copies of the feldnd the shar-
ing declaration on line 6 has a masken

Similarly, the sharing constraint on line 21 also has masks,
and so does the view change operation on line 23, wherathe
instance is reused if all its subexpressions have been translated in
place. The sharing constraint, together with the corresponding view
change operation, has a mask on the figlth case it points to an
instance of an unshared subclas€gp, such a®air. The mask
is removed on line 24, after which the type of the variatdep
becomedase! . Abs.

As shown in the above example, J&ses masked types to pre-
vent objects of unshared types, suchpasr, from being leaked
into an incompatible family (heréase). Masked types do intro-
duce some annotation burden. However, class sharing is expected to
be used in practice between families that are similar to each other,
where extensibility and reuse are needed and make sense. In that
case, there should not be many masks.

3.3 Translation from the base family to the derived family

Translations in different directions are not always of the same
difficulty. Section 3.2 proposes a solution for in-place translation
from the derived family gair) to the base familyH{ase). The
complexity of the solution arises mostly because the objects of the
Pair class must be translated away. However, as noted in [13], in-
place translation in the other direction, that is, froase to pair,
should be almost trivial, by simply treating an ASThase as an
AST inpair.

To capture the asymmetry, d&upportdirectional sharing re-
lationships between types that are possibly masked, represented as
T1 ~ Tp, which means that an object of static typemay be ap-
plied a view change with target tyge. In Figure 7, the J& com-
piler may infer the sharing relationshiase! .Exp ~~ pair!.Exp,

(the other directiorpair!.Exp ~~ base!.Exp does not hold, be-
cause of the clasir), and allows a constant-time in-place trans-
lation frombase to pair, by a view change fronbase! .Exp to
pair! .Exp.

Note that in this case, the sharing declaration on line 6 in
Figure 7 actually induces the following two directional sharing

Figure 6 shows the skeleton of a simple compiler implemented relationships:
with family inheritance but without class sharing, modeled on
the Polyglot extensible compiler framework [29]. This example base.Abs! ~~ pair.Abs!
translates thé-calculus extended with pairs, into the ordinary pair.Abs!\e ~ base.Abs!\e
calculus. The packagease defines the target language through
class declarations for AST nodes of thealculus (e.g.Abs for A .
abstractions); the packageir extends the source language with P23T-AP
one additional AST nodeair. Classes inherited frorbase are
further bound inpair with translate methods that recursively
translate an AST fronpair to base. The classSTranslator pro- 4. Type safety
vides the methods AST classes use to (re)construct nodes in the tarThe key aspects of the d&anguage are formalized in an object
get family using translated versions of their child nodes; the method calculus. This calculus has some similarities with other formal se-
reconstructAbs does this for\ abstractions. However, without  mantics that support family inheritance, e.g., Jx [28], Tribe [10],
sharing, the translation fropair to base has to recreate the whole  andvc calculus [18], and especially the J& calculus [30, 31]. The
AST, even for trivial cases likéar, because the two familiésse most notable differences come from adding sharing. The soundness
andpair are completely disjoint despite their structural similarity. of the calculus is proved using subject reduction and progress [51].

By contrast, Figure 7 shows the J&ode that does in-place  Due to the space limit, this section only sketches the formaliza-
translation. Théase family remains the same as in Figure 6, and tion of the language and the proof. See the companion technical
is omitted. Classe¥ar and Abs in pair are declared to share report [36] for details.

rather than just a bidirectional sharing relationghipe.Abs!\e <
sl\e.



4.1 Preliminaries implements the view change operation, and is defined as follows:

A J&s programPr is defined as a set of class declaratibnand (€, PNT) FPN\T<PS\T
an expressioe, modeling thenain method. A class declaratidn _ B (,PN\Ty AP.IFTOT .
contains a superclass declaratiin a shared class declaratidg, view((£,P’\f),PS\T)=¢ "7~ ' =

FPI<PS A

nested classds fieldsF, and method#/: il _
FPINT7 s P\ T

L = class C extends T; shares T, {L F M} _ _
4.3 Static semantics
Type checking is performed in a typing contéxtwhich is a set
of variable type bindings: T, path equivalence constrainpg =
p2, and directional sharing constrainfs ~~ T,. Path equivalence
constraints are used to assert equivalence of dependent types during
evaluation, and unlike previous calculi on family inheritance, paths
M =T m(T X) sharing T; ~ T {€} with different views are not included, even if they are actually
aliases of the same location (see Section 2.3). Sharing constraints
The semantics uses directional sharing constraints and relation-are declared by the current method being checked, and are used to
ships, because view changes are directional. Inference of direc-type-check view change operations.
tional sharing relationships (see Section 3.3) is outside the scope  Since assignments may remove masks, thetyfe system is

The shared class declaration may include a set of mésks
unshared fields. If the class is not shared with any other class, it
is declared to share with itself.

Every method is declared with a (possibly empty) set of sharing
constraints:

of this paper and is not formalized here. N flow-sensitive. Typing judgments are of the fofir e: T, I, where
~ Expressions in J&are mostly standard, with the addition of the [ represents the updated typing environment after evaluating
view change expressidrriew T)e: Aview change expressigiwriew T)etype-checks, if the type of

e i=v|x|ef|xf=e|eame |e:e the source expressiais shared with the target tyge
| newT | final T x=¢y; & FheT' I FET w7
| (viewT)e T

M- (viewT)e:T,I

(T-VIEW)

Valuesv (that is, references) in J& are paif6,S) of a heap
location ¢ and a view, represented as a non-dependent §pe The directional sharing judgmefit- Ty ~ T states that a value
Every field is assumed to have an initializer, and therefore object of type T; can be transformed t@, through a view change. A

creationsnew T do not provide initial values for fields. With the  pjdirectional sharing judgmerit - T; < T, is sugar for a pair of
help of masked types, a distinguishedil1 value is not needed,  djrectional sharing judgments.

simplifying the calculus. Figure 8 shows all the derivation rules for sharing judgments.
) ) In SH-DECL, auxiliary functionshare(P.C) returns the declared

4.2 Operational semantics shared type for clas®C, and fnames(fields(PC) — fields(P’))
J&s is modeled with a small-step operational semantics. A config- gives all the new fields that are not contained in the shared super-
uration consists of an expressiera stacko, a heagH, and a refer- classP’, which are also masked in the generated sharing relation-
ence seR, and evaluation takes the fomo,H,R— €,0’,H'.R. ship, in addition to field§ that are masked in the sharing declara-
The stacko maps variables to valuesv. The heapH is a func- tion.
tion mapping tupleg?,P, f) of memory locations, fully qualified SH-cLs states that for two types to be shared, every subclass c_>f
class names, and field names to value$he classP is included the source type must share a unique subclass of the target type, with
in the domain to distinguish copies of duplicate fields, which have appropriate masks. The uniqueness is necessary for the auxiliary
the same name. The reference Betollects all the references view function to set the type component in the generated reference.
that have been generated during evaluation, and is only used by théVloreover, the two types in Stéi.s have to be both nested in sim-
soundness proof. ple exact types, and therefore we can enumerate all their subclasses

Most evaluation rules are straightforward. The two notable ones in the locally closed worlds. _ o
are RseT and RvIEw for field assignments and view changes, The type system clearly distinguishes sharing relationships be-
respectively: tween types from subtyping relationships.

The subtyping judgmenk + T; < T, means that a value of
type Ty can be directly used as a value ©f. Subtyping rules

o(x) = (¢,PI\T') o = grant(o,x.f) are basically the same as in the J& calculus, with the addition of
H' =H[{¢,fclass(P, f), f) :==V] S-MASK and SSUB-MASK: -
R =R (¢,P\(f —f 1= 12
R ;_f i \( o I)-i’ . (R-SET) MT<T\f (S-MASK) ES AR (S-SUB-MASK)
I =V,0,A,R—V,0, ) -
Subtyping rules in J&do not depend on any sharing judgment.
R =R view(v,S) In particular,l” - Ty ~ T, does notimplyl - Ty <To.
(view SV, o,H,R7—> vie\;v(v, S),0.H.R (R-viEW) Decidability. The static type system of J8is decidable. First,

most of the typing rules are syntax-directed, except for one that

is based on subtyping. Any subtyping relationship can be derived

A field assignmenk.f = v, wherea(x) = (¢,S), not only up- using a given type at most once, and a finite number of types can
dates the heap, but also removes the mask,ahany, in the type appear in the derivation. The number of types that can appear in
S The auxiliary functiongrant captures the mask removal, and a derivation is finite because nesting depth is bounded, and the

fclass(P, f) finds the shared class &fthat introduces the field, static typing environment contains no path equivalence constraints.
or the current copy of, if it is a duplicate field. Second, the flow-sensitive checking of masks reaches a fixed point
A view change(view S)(¢,S) generates a new valug,S’) in finite steps, because there are only a finite number of fields in a

with a new viewS’ compatible withS. The auxiliary functiorview class to mask.
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=T ~>T (SH-REFL) FET, -1 (SH-TRANS) FFheT (SH-ENV) m (SH-MASK)
share(PC) = P'\ T B PS=P/!Ci PS=PC, o B
fnamesIEfLeEZEF\z;:\)% Tlsz(\?) =f (SH-ECL) VP TPl <PS = (3P rﬂ:;é\; Nrjpg!\%PSzA I =PI\~ P\ F7) (SH-LS)
Figure 8. Rules for sharing judgments
4.4 Soundness An implicit class also has an instance class and a class class,

both synthesized by the custom classloader. The instance class
collects all object fields from superclasses. The class class contains
THEOREM4.1. (Soundness) If (L,e) ok, and ® - e: T, and a dispatch method for ee_\ch inherited_s\]ﬁaethod. T_he (_jispatch
e0.0.0 —* &.0.H.R, then either’e; v anél |0,H.R| F v:ﬁ', or method calls the appropriate method implementation in the class
H’eﬂ’ 0’, H' R .7e/ 07H R-e o H R, . class of some explicit J&class, identified by the classloadgr. .
T T I For each set of shared J&lasses, the classloader maintains a
In the theorem,[o,H,R| represents the typing environment reprgsentative instance class that .collects. all the object fields, in-
extracted from a run-time configuration. cluding the duplicate ones. At run time, objects of all these shared
The proof is by showing subject reduction and progress, which classes are created as instances of t'he representative instance class.
are proved respectively by induction on appropriate typing deriva- When a new shared class that contains more object fields is Ic_)aded,
tions and structural induction on expressions. the classlpader updates the representative instance class to |nplude
the new fields. All the existing objects of the old representative
. instance class will be lazily converted to the most up-to-date rep-
5. Implementation resentative instance class. The conversion works because objects

We have implemented a prototype compiler ofJ&the Polyglot qf instance classes are referenced indirectly, as described in Sec-

framework [29]. The compiler is an extension based on the latest tion 5.3.

implementation of the Ix/J& compiler [28, 30], which is itself an 53 Supporting views and view changes

extension of the Polyglot base Java compiler. The d&mpiler ) .

extension has 5,200 lines of code, excluding blank lines and com-A J&s object can be an instance of several shared classes, and

ments. J& also has a run-time system that supports implicit classes €very reference to the object could have a different view. Therefore,

and provides machinery for view changes and run-time type inspec- the J& implementation adds a level of indirection. Each object

tion. The run-time system is written in Java, and has 1,500 lines of iS referenced indirectly throughraference objectcontaining two

code, most of which implements a custom classloader, using thefields: one points to the instance class object; and the other points to

ASM bytecode manipulation framework [8]. aclass class object, WhICh isthe view associated with the reference.
J&s is implemented as a translation to Java. The amount of ~ 1he view determines the behavior of the translated o&-

code produced by the compiler is proportional to the size of the J€ct. Method calls are dispatched on the view rather than on the

source code. The compiler generates class declarations only forobject itself. Prefix types are evaluated with the view. Casts and

explicit classes. For implicit classes, the custom classloader lazily instanceofs check the view. Which copy of a duplicated field is

The soundness theorem is standard:

synthesizes classes representing them at run time. accessed also depends on the view. )
A view change operatiofwview T)e s translated to generating
5.1 Type checking a new reference object with the same instance class object, and a

view compatible withT. The implementation memoizes the result

Because of masks, J&has a flow-sensitive type system. Every 4 the most recent view change operation on any reference object,
method is checked in two phases. The first phase is flow-insensitive, ;4 40id repeatedly generating the same reference object.

ignoring masks, and generates typing information necessary for 5 J&s object might obtain a new view implicitly. Moving an
building the control-flow graph. The second phase is essentially an et from one family to another would implicitly move all the
intraprocedural data-flow analysis, which computes a type binding, giher objects that are transitively reachable through shared fields.
possibly with masks, for each local variable (includirigis) at Implicit view changes are carried out lazily, only at the time when
every program point. objects are accessed through fields.

Reference objects add some overhead for accessing members
of an object. With a lower-level target language, a probably faster
The translation is similar to but more efficient than the J& transla- implementation is possible in which different object views are
tion described in [30], primarily because of the custom classloader. represented as different pointers into the same object, like the

First, masks are erased after type checking. Then, every ex-C++ implementation of multiple inheritance. Since methods are
plicit J&s class is translated into several Java classes and interfacesgispatched on views, the object would contain pointers to several
among which the mostimportant ones areittgtance clasand the dispatch tables, one for each view. Method dispatch should then
class classThe instance class contains all the object fields of the have performance similar to C++ virtual method calls.

Jé&s class. At run time, each object of a J&lass is represented

as an object of the instance class. The class class contains metho
implementations, static fields, and type information needed to im- J&s is mostly backward-compatible with Java. Any Java code with
plement castsinstanceof, and prefix types. The class class also no nested classes is also legalsJ&de. J& programs may use
includes getter and setter methods for all object fields, since un- existing Java code, including libraries that are compiled by a Java
shared fields may be duplicated, and therefore, field accesses areompiler. Of course, precompiled Java code does not enjoy the
also view-dependent. Various interfaces are generated for simulat-benefit of class sharing. The J&eference object forwards method
ing multiple inheritance. calls tohashCode, equals, etc., and therefore J&objects may

5.2 Translating classes

g4 Java compatibility



be passed to Java code, for example, to be storedHushSet.
There is one limitation in the current implementation: & &8ass
cannot be shared if it inherits from any Java superclass other than
java.lang.Object, or if itimplements most Java interfaces. This P Zeil S
is the artifact of using reference objects to support views; a lower- _ / \
level implementation should not have this limitation. pair SO LMy Exe
The J& language currently extends Java 1.4. It does not support {
generics, which seem to be an orthogonal feature. We leave the Pair 5, Abs -
interaction between generics and class sharing to future work.

base Exp

- Abs /’ Case

v .

sumpair Exp

5.5 Concurrency

Class sharing is compatible with multi-threaded code. The J&
compiler ensures that in the generated cegechronized state- - -
ments and methods are synchronized on the wrapped instance clasgigure 9. Lambda compiler structure. Translator and some AST
object, rather than on the reference object. The implementation of Nodes not shown.

the reference object also relays method callgddt, notify and
notifyAll to the underlying instance class object. A view change

operation usually just creates a new reference object that containstra\Ezlgl tzhsaltji?imaé'rzsefjlt?ﬁerﬁu:it;tIvr}'e%{,afﬁa?]dizta}gc;g’stz\ﬁﬂxtgna
a reference to an existing instance class object, without affecting 99 P ges,

existing references, and therefore requires no synchronization. TheeXpIICIt translation that creates new objects in the derived family,

only operation that needs to be synchronized is the lazy conversion%nedttgg r#ﬂg';]ogu:{rﬁ?oﬁ 2Lsgw2?rs1:ttgntch:ir$é itrr;e Ilirclzlittliliec\;/e?r:gg gfs
of an object to the most up-to-date instance class. : P 9

are complete and the new reference objects have been memoized,
traversals execute as fast as a traversal before the view changes.
6. Experience This benchmark does a complete traversal. Since view changes are
lazily triggered, the relative performance of adaptation would look
even better if not all nodes needed to be visited after adaptation.

. pair Abs < Case |

6.1 Jolden benchmarks

We tested the J&implementation with the jolden benchmarks [9] )
to study the performance overhead for code that does not use theS.-3 Lambda compiler

new extensibility features of J& All ten benchmarks, with few  The J& implementation successfully compiles and executes the
changes, are tested with four language implementations: Java, J&ompleted version of the lambda compiler shown in Figure 6,
as described in [30], J& with a classloader similar to that described which compiles\-calculus enhanced with sums and pairs down to
in Section 5.2, and J& Table 1 compares the results. The testing  sjmpleA-calculus.

hardware is a Lenovo Thinkpad T60 with Intel T2600 CPU and  The structure of the lambda compiler is illustrated in Figure 9.
2GB memory, and the software environment consists of Microsoft solid arrows represent class and family inheritance, and dashed
Windows XP, Cygwin, and JVM 1.6.07. ~ arrows represent sharing declarations.

Table 1 shows that the use of a custom classloader greatly im-  The lambda compiler hastase family with classes represent-
proves the performance, comparing the two implementations of jng AST nodes for simplé-calculus. There are two families di-
J&. Unsurprisingly, nested inheritance and class sharing do intro- yectly derived from the base family, extended with sums and pairs
duce overhead. The J&imes show_a 37% slowdown versus the respectively. Theum family and thepair family each share AST
classloader-based J& implementation, and 94% versus the highlyc|asses from thease family, and each implement in-place trans-
optimized Java HotSpot VM. The overhead seems reasonable, esiation to simpleA-calculus, as shown in Figure 6. The last de-
pecially considering that the current implementation works as a rived family sumpair composes theum family and thepair fam-
source-to-source translation to Java, precluding many optimiza-jly, |eading to a compiler that supports both sums and pairs. The
tions and implementation techniques. We expect that a more So-gyppair family sharesibs and other AST classes from the simple
phisticated implementation could remove much of the overhead. ) _calculus with thebase family, and by transitivity, withsum and

Running programs in J&have the latent capability to be ex-  pair. The code okumpair just sets up the sharing relationships,
tended in many ways, so it is not surprising that there is some per-jithout a single line of translation code. The in-place translation
to pay a cost for extensibility, because they often add indirections pairs.
overhead. We believe that J&emoves the need for many such ex- g, in a sophisticated way. For example, families have both shared
plicit extensibility hooks, while making code simpler. For systems  and unshared classes, masked types are used to ensure objects of
where extensibility is more important than high performance [46], new AST classes (pair and sum) are translated away, and the two

the existing implementation may already be fast enough. translations are composed to translate pairs and sums at once. The
lambda compiler example is inspired by the Polyglot framework,
6.2 Tree traversal and it encapsulates most of the interesting issues that arise in

The jolden benchmarks do not use the new features provided by Making Polyglot extensible. The results suggest Polyglot would be
J&s. To study the performance of view changes, especially on large Simpler in J&, but this is left for future work.

data structures, we wrote a small benchmark in which two families
share classes that implement binary trees. A complete binary tree ofo-4 COrONA

a given heightis first created in the base family, and an explicit view Our second significant example shows that the adaptation capa-
change is applied to the root of the tree. A depth-first traversal is bility of J&s can be used to seamlessly upgrade a running server
carried out to trigger all the lazy implicit view changes. The testing and its existing state with entirely new functionality. We ported
environment is the same as in Section 6.1. CorONA, an RSS feed aggregation system [37], t@,Jhd suc-



[ [ bh [ bisort  [em3d [health [ mst [ perimetef power treeadd | tsp [ voronoi |

Java 1.74 0.53 0.17 0.41 0.88 0.22 1.00 0.14 0.12 0.31
J& [30] 13.91 1.77 0.48 8.45 4.43 2.82 2.43 2.20 0.37 7.19
J& with classloaderf 2.02 0.71 0.22 0.71 1.06 0.39 1.14 0.21 0.16 0.59
J&s 2.61 0.88 0.23 1.61 1.54 0.47 1.27 0.45 0.17 0.83

Table 1. Results for the jolden benchmarks. Average time over ten runs, in seconds.

[ Tree height [16  [18 [20 ] panders are similar. They both can extend wrapped classes with
Tree creation 0.110 [ 0.287 [ 1.295 new states, operations, and superinterfaces; no duplicate wrappers
Traversal before view changé®$.008 | 0.027 | 0.105 are created for objects; and dynamic wrapper selection is similar
View changes 0.125 | 0.367 | 1.303 to expander overriding. Wrappers in CaesarJ are less transparent:
Traversal after view changes| 0.006 | 0.025 | 0.099 a wrapper constructor must be called to get a wrapper instance,
Explicit translation 0.145 | 0.622 | 1.669 whereas expander operations can be applied directly to objects.

Multiple inheritance in CaesarJ makes wrapper selection ambigu-
ous; J& disambiguates via views.

Both expanders and CaesarJ wrappers share limitations: it is
impossible to override methods in the original family, and therefore
cessfully used class sharing to update the system at run time with afhere is no dynamic dispatching across families; object identity
new caching algorithm. is not p_reser\_/ed; the use of expa_nders and wrappers is limited to

COrONA is originally an extension of Beehive [38], which is &daptation, since the adapter family cannot be used independently
itself an extension of Pastry [40] that provides a distributed hash O its original family. Class sharing in Jgprovides more flexibility.
table. Beehive extends Pastry with active replication, whereas PC-  The Fickle [14] language has e-classificatioroperation for
Pastry [38] extends Pastry with passive caching. We refactored objects to change their classes. Re-classifications are similar to
the ported CorONA, and composed it with PC-Pastry and Bee- ViEW changes in J& but directly change the behavior of all existing
hive respectively cr’eating two applications (named PCCorONA references to the object; therefore, effects are needed to track the
and BeeCorONA’) with different caching strategies. The system is change. A re-classification might leave fields uninitialized, while
tested by first running PCCorONA for a while, and then evolving Masked types in J&ensure that after a view change, fields are
the running system from passive caching to active caching by com- initialized before use. Ficklg does not support class families.
piling and loading a new package, BeeCorONA. Chaiz [42] allows traits to be dynamically substituted to change

Sharing declarations are added so that classes representing hoﬁ?ect behaviors, similar to view changes insJ&owever.Chaig
nodes, data objects, and network addresses are shared betwe es nc_)t support families, and t_he fa_ct that traits do not have fields
COrONA and its two derived families. Classes for network mes- Makes it harder to support manipulation of data structures.
sages and cache management are not shared. The evolution code SOMe Work on adaptation, including pluggable composite
goes over all the host nodes, which are the top-level objects in the 2dapters [27], object teams [20], and delegation layers [34], also
system, changing their views, and creating new caching managers.nas some notion of families of classes. However, family extensibil-

The amount of code to implement evolution is relatively small 1ty does not apply to the relationship between the family of adapter
(less than 40 lines of code, compared to 8300 for the whole system,classes and the family of adaptee classes. Therefore, these mech-
excluding comments and empty lines). Very little code is needed anisms either do not support method overriding and dynamic dis-
because we only need to change the views of host nodes; all thePatch between the adapter and adaptee families [27, 20], or have a
other referenced objects will have their views changed implicitly WeaKer notion of families in which programmers have to manually
when they are accessed. In the host node class, fields storing the'ire” inheritance relationships between the base family and the
caching managers are not shared, and masked types ensure thé{e_lega_tlon family [34]. These mechanisms all use lifting and low-
they are initialized in the evolved system. With a slightly different €ing, introduced in [27], to convert between adapter and adaptee
configuration, we can actually run the two variants of the system Classes. Lifting and lowering are similar to view changes ig, J&
at the same time, using the same set of host node objects. View-Put are not symmetric and do not support late binding.

dependent types ensure that network messages of correct versions ) . .
are created and accepted for each of the systems. Family inheritance. Several different mechanisms have been

proposed to support family inheritance, including virtual classes,
nested inheritance, variant path types, mixin layers, etc. In all these
7. Related work family inheritance mechanisms, families of classes are disjoint,
Adaptation. The Adapter design pattern [19] is a protocol forim-  whereas with class sharing, different families can share classes and
plementing adaptation. However, this and other related patterns aretheir instances.
tedious and error-prone to implement, rely on statically unsafe type  Virtual classes [25, 24, 16, 18, 10] are inner classes that can
casts, and do not preserve object identity or provide bidirectional be overridden just like methods. Path-dependent types are used
adaptation as J&does. to ensure type safety. The soundness of virtual classes has been
Expanders [50] are a mechanism for adaptation. New fields, formally proved by Ernst et al. [18], and by Clarke et al. [10].
methods, and superinterfaces can be added into existing classes. Nested inheritance [28] supports overriding of nested classes,
Expanders are more expressive tlogen classefll1], which can which are similar to virtual classes. Nested intersection [30] adds
only add new methods. Method dispatch is statically scoped, so and generalizes intersection types [39, 12] in the context of nested
expanders do not change the behavior of existing clients. New inheritance to provide the ability to compose extensions.
state is added by wrapper classes; a map from objects to wrappers Virtual classes suppofamily polymorphisni17], where fam-
ensures uniqueness of wrapper instances. ilies are identified by the enclosing instance. Nested inheritance
CaesarJ [26, 1] is an aspect-oriented language that supportssupports what Clarke et al. [10] callafass-based family poly-
adaptation withwrapperscalledaspect bindersWrappers and ex- morphism where each dependent class defines a family of classes

Table 2. Comparing view changes with explicit translation. Aver-
age time over ten runs, in seconds.
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