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Abstract

Wide area distribted object systems will require mechanisms for creating,
describing, and managing objects. The mechanisms must be scalable and must not man-
date particular policies or algorithms because users wi#l ddferent cost, securifyper-
formance, and functionality demandsgian is a wide area distuilted object system that
supports this requirement using a first-classvactiass system. A Igion class is an
active Lagion object that manages its instancesyides their system-el support, and
defines their beldr. To enable encapsulation and code reuse, and to simplify the
requirements of manLegion programmers, lggon classes can be shared amongidre
objects. © support instances that ou#lithe program that creates them, classes are persis-
tent. 10 enable scalabilifyclasses are distribed throughout the system.

Shared, persistent, agdi distrituted (SRD) class systems kia maly benefits
for wide area distribted object systems such aglan. But supporting traditional class
roles, including instantiation and inheritance, requires ard diferent implementation
solutions. This paper describes oreywo support object-oriented languages and systems
in the Lggion SAD class system. Our method is based on dynamic configurability of
objects and classes. d\describe dynamic configurabilitynotivate the need for me
implementation solutions for a AP class system, describe the implementation of our
solution, and illustrate its functionality with areenple.

1 Introduction

The widespread deplment of gigbit netvorks will effectively shrink the distance
between computing resources and will enable wide area distliland parallel computing sys-
tems. These systems will consist of mpdreterogeneous, disttited, and unreliable resources.

Without significant softare support, users will not be able to manage the caityptd this ervi-

1. This work partially supported by SRPA(Navy) contract # N66001-96-C-8527, DOE grant DE-FD02-
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ronment. Meta-systems sofive [10]—softvare that resides “ale” physical resources and
operating systems and “belbusers and applications programs—is neededidre[8, 12] is one
example of meta-systems sofive. Among Lgion’s maly components will be a run-time sys-
tem, Lagion-avare compilers that tget this run-time system, and programming languages that
present applications programmers with a higiell@bstraction of the system. Thusglan will
allow its users to write programs in theswérite languages, and will transparently create, sched-
ule, and utilize distribted objects toxecute the programs.

Users of meta-systems soétre will require a wide range of services in malifferent
dimensions, including securjtperformance, monetary cost, and functionalg single polig
or static set of policies will satisfyvery userso users should be alled to implement theirvan
solutions and determine theivo trade-ofs as much as possible.dien supports this philosogh
by providing the mechanisms for systenwdé services such as naming, binding, and migration,
and by not mandating these services’ policies or implementatioggon_eequires a certain
object-mandatory functional intexde to all Lgion objects; the implementation of the inéexé is
left up to the object or to the class of the object. Furttegrion specifies the functional intade
to a set of core system object typesamg the implementation of these system objects ailyy
only the minimum set of core member functions that each object type must support is specified by
Legion. Finally (and most importantly for this paper)glan delgates much of what is usually
considered systemyel responsibility to classes, which are specialibe objects. Br instance,
classes are responsible for creating and locating their instances, and for selecting appropriate
security and object placement policies. The core system objectisigommechanisms for user
defined class objects to implement policies and algorithms that best match their requirements in
terms of performance, securitost, and functionality

Since L@gion classes are themse$/Laion objects, the Lgion class system hasveeal
characteristics that distinguish it from the class systems of traditional object-oriented program-
ming languages and databases. In partictharLeyion class system is shared, persistentyacti
and distrimted (SRD), characteristics whose meanings in the cdantd class systems are
described belw.

Shared: A class is shared by twprograms in a traditional language only when the com-
piler and programmerxelicitly cause the class to be local to each program, in which case each

program €efectively has its wn copy of the class representation. Multiple programs only



“share” a class in the sense thatytlkee identical lit separate representations of that class. The
programs can remain pely autonomous, especially if thdo not interact with one anothé&ihat
is, changing the class in one program does not necessardyana effect on the others that
“share” it. But like maly object-oriented database systemgjite allovs multiple programs to
share a singleepresentation of a class. Thus, when the representation changes for one object, it
necessarily changes for the others. This is fundamentdiéyetit from haing multiple copies of
the “same” class.

Persistent: Legion objects, and therefore gien classes, will also ke different persis-
tence characteristics from classes in traditional programming languages, in whichsarefass’
sentation only needs to persist for the lifetime of a program that uses the class. When a traditional
class is changed, programs that use the class are typically recompiled to reflect that change. Thus,
the nev version of the class fefctively replaces the oldevsion in the n& object code onecut-
able. This model cannot easily be supported in thligooeervironment because classegliout-
side—and are therefore independent from—the object code of the programs that usethem. F
instance, as the manager of its instances, a class is potentially responsible for migrating, securing,
and locating them. Therefore, a class object cannot simplydsevatten or replaced indiscrimi-
nately @ery time it changes; doing so could create “orphargide objects. Databases that sup-
port schemawlution encounter a similar problemyjtbcan deal with the problem more easily
because (1) the Database Management System (DBMS) carasea\centralized entity with glo-
bal knavledge of the contents of the system, and (2) database classes are/a@nditiees repre-
sented by processes.

Active: Legion classes can ta at least one thread of control, can accept member function
invocations, and can call the member functions of othgrooeobjects. In traditional program-
ming languages and database systems, classes anepabgy are used by compilers tovgi
appropriate characteristics to instances,this is done via tables and other static constructs that
can be generated directly from the description of the class in the source language. Classes are
objects in a number of other programming languages and systemevedfano language or sys-
tem of which we areveare associates a separate, independent, address-space-disjoint thread of
control with each class, asdien does.

Distributed: The representation of a ¢gien class will not necessarily be “local” to all of

its uses; the class could be running as gidreobject on a diérent machine from the one on



which it is being used. In contrast, the programmers and compilers of traditional languages must
make the class representation local to its use yplecitly including the class description and
implementation in an included header file, or by linking object files or library code into the pro-
gram’s eecutable. Thus, by the time the program is ready to run, ascltagsesentation is local
to the code that uses the class.

These four characteristics challengeayiom-tageting compilers to perform some of their
fundamental responsibilities inwevays. The process oliltdding compilers that taet Legion-
like systems will lead to mgrinteresting and challenging research problems. This paper intro-
duces one mechanisrdynamic configuability, for supporting class creation, class alteration,
instantiation, and inheritance in AP class systems. Section 2 introduces the concept of dynamic
configurability and describes our implementation. SectioxpBas the need for meimplemen-
tation solutions for object-orientation in aAPclass system, and describesvhee use dynamic
configurability to support object-orientation indien. Section 4 presents an illustvatexample

that includes initial performance results, and Section 5 summarizes the paper

2 Dynamic configurability

A dynamically configuable object(DCO) is an object whose implementation can change
incrementally after the object is instantiated and runfig.incremental change can &&ne of
several diferent forms. Br instance, the implementation of a member function in the abject’
public interice can be replaced with afdient implementation. Thisauld allow, for example,
an optimized implementation to be plugged into an object “on-ttiesfithout requiring recom-
pilation of the DCO itself or of the other objects that use it. In general, a DCO is made up of
implementation componensach of which contains the implementation of one or nmbeeface
elementsAn interface element can be either (1) a function in the public aderdf the object, (2)
a private function that is not in the public intece of the objectui that can be called from within
the object, or (3) an instancanable along with the full set of operations that isvedld on that
variable within the object. Thus, an incremental change to a DCO is the addition, alteration, or

removal of one or more of the intexfe elements of that DCO.

2. In this paperunless otherwise stated, the term “object” refers to an object in gi@nlsense: an entity that can be
represented by an agti process with itsvan address space and thread of control.
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The implementation of a DCO hasdwharacteristics that alloit to support dynamic
configurability through incremental change; (1)xperts a core member function namador-
porate() which can be used to add, rerapand alter inteaice element implementations, and (2) it
contains aynamic interface element mapper (DIEM) which maps integce elements to locations
within the running image of the object. Other objects can call a B@@borporate() member
function, which dynamically incorporateswmemplementations into the DC®Yrunning image,
and which alters the DC®DIEM to reflect an implementation change. The DIEM manages the
DCO’s changing intedce. All references to a DC®interice elements—both references from
within the object and references made by other objects via remote member function calls—“go
through” the DIEM, which maps them to the correct addresses within thesD@@iing image.
The anatomy of a DCO is depicted in Figure 1.
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FIGURE 1. The anatomy of a dynamically configurable object

Remawing the implementation of an intede element requires rewog the old imple-
mentation from the running DCO and rerimg the corresponding entry from the DIEM. Adding
a component wolves mapping its implementation into the DCO and updating the DIEM to
“point to” the nev implementation. Finallychanging a componestimplementation is a matter
of removing the old implementation and adding thevrene. These operations are implemented
by the incorporate() member function, whichealkan implementation component as guarent
and returns an inger that indicates the success of the operation. The implementation component
parameter contains a list of intece elements, their implementations in the form of object code,

and the location of the intexée elements within the implementation. If an irtegfelement in the



implementation component parameter is not aready present within the DCO, the element and its
implementation are added to the object. If the interface element is already present, the current ver-
sion is replaced by the incoming version. An existing interface element can be removed by pass-
ing an interface element that has the same name, but that contains an empty implementation.

The creator (or creators) of a DCO builds the DCO in two separate steps.® First, the cre-
ator runs a seed DCO, which contains an empty DIEM and which exports only the incorporate()
member function. Next, the creator configures the DCO by calling incorporate() with new imple-
mentation components. This augments the functionality of the object, causes the DIEM to be
filled in appropriately, and adds functions to the object’s interface. Thus, Figure 1 depicts an
object that started as a seed DCO, and whose incorporate() function was called with implementa-
tion components that included public member function interface elements A and B, and datainter-

face element C.

2.1 Implementation issues

To implement dynamic configurability efficiently as described above, a DCO must meet
two fundamental technical requirements. First, it must be able to incorporate interface element
implementations by dynamically augmenting and shrinking its own code segment, and by loading
and calling new object code at run-time. Second, it must be able to alter dynamically the public

interface that it exports. We address each of these issues in separate sections bel ow.

2.1.1 Dynamic code loading

Severa programming languages contain mechanisms that allow programs to load, access,
and run new executable code in a process that is already running. Examples include Java[1] class
loaders and Kali-scheme dynamic address spaces [5]. Modern operating systems, such as Win-
dows via COM/OLE [4], dso enable this functionality. Most modern Unix implementations
enable dynamic code loading by providing direct user access to the operating system’s dynamic
linking facilities. The dlopen() function dynamically |oads an object file into the process that calls
the function. Internal symbols within the object file can be located using the disym() function,

which returns the address of a symbol that is passed as a parameter. This address can then be cast

3. Theterm “creator” isintentionally vague. DCO'’s can be created by programmers, compilers, classes, other Legion
objects, or some combination of all four. Sections 3 and 4 include a more concrete presentation of the roles that
different Legion object types will typically play in the process of creating DCO's.



to the appropriate type (e.g. a function pointer), and can be used to call or otherwise access the
code in the object file. Our implementation slbin C++ and uses the dynamic linking routines

to run on top of Unix.

2.1.2 Dynamic public interface configuration

An object in a distribted system typically accepts some set of public member functions
that is fixed at the time the object is created. Changing the acethat an objeckports requires
access to the code that dispatches incoming messages to thes algexctéfined functions. The
Legion run-time library [7], which our implementation uses, afiathis leel of access. The
Legion library is designed to be liall into Lejion objects to al them to communicate with
one another and to comply with thegien object model [12]. Since f@®n is intended to support
mary programming models, ddrent levels of security and functionalitetc., the library as
designed and implemented to alldor considerable flgbility and extensibility. In particulay
objects that use the gm®n library can alter their public int@de at run time. The details ofiato

do this is bgond the scope of this papéut can be found in [7].

3 Supporting object-orientation

This section describes the application of dynamic configurability to supporting object-ori-
ented languages and systems on top of tlggobheSAD class system. Waddress class creation,
class alteration, instantiation, and inheritance. fikét describe wha nev implementation solu-
tion for these old features is necessand then discuss Wwove emply dynamic configurability

for one implementation.

3.1 Why a new solution is necessary

This section is designed simply to introduce some of the problems associated with apply-
ing common object-orientation implementation solutions to ADSBlass system, particularly
Legion. W& do not claim to address akigting implementation solutions, noryaparticular sys-
tem in detail. & also do not attempt to introduce all possible alteraatolutions. The primary
purpose of this section is to maite the need for our solution, which is presented in Section 3.2.
We do this by sheing that common »sting implementation solutions canbe translated
directly to a SRD class system, and bymosing the shortcomings of some straightfamv

extensions to thexasting solutions.



3.1.1 Creating and altering class objects

Consider the process of creating a new class in an object-oriented programming language.
Normally, a compiler simply creates a new representation of the class every time the program is
compiled. Thisis safe to do because the class's representation is stored in the object code of the
program, which is either being created for the first time or is completely replacing an earlier ver-
sion. Thisis not true in a SPAD class system. The representation of a Legion class lives in an
active class object outside of the object code of the compiled program. This means that the creator
of a Legion class—presumably a Legion-targeting compiler—must at least cause the executable
program for a new class object to be run. As soon as the class is created, it can be used by other
objects in the system. Therefore, if a class is changed and recompiled, its representation can be
safely replaced by the new version only if no other objects are using the class. Otherwise, the sys-
tem must enact some policy for replacing the class. The policy could be to deny support for
objects that are using the old version, to update all objects that use the class, or some approach in
between.

The problems that Legion class alteration introduces are similar to those that are associ-
ated with schema evolution of database systems. Some database systems support schema evolu-
tion by creating separate views of the database for different users; schema updates only alter
certain users' views. This strategy effectively sidesteps the problem of having a single representa-
tion for al users. Other systems update all instances and references to changed classes in order to
make the system consistent [14]. This solution might be desirable for certain Legion classes, but it
isnot nearly as easy to implement, particularly because a database contains alogically centralized
and authoritative entity (the DBMYS) that has access to all parts of the system. The size and auton-

omous nature of Legion precludes any such entity, so a different solution is necessary.

3.1.2 Creating instances

In traditional object-oriented programming languages, a single copy of a class's member
functionsis created when the classis created. Each time the class is instantiated, only a new copy
of the data is created, not a new copy of the functions. When the member functions are invoked,
they operate on the appropriate object data (in C++, a pointer to the appropriate datais passed via
the “this’ variable). Because Legion classes are distributed, not local to the code that uses them, a

strict trandlation of this implementation solution in a SPAD class system would be inefficient and



inappropriate. If the member functions associated with Legion classes were to reside within the
classes themselves, then invoking a method on an object would result in calling a member func-
tion on that object’s class. Thiswould require that all of an object’s data be accessible to the class
when the member function were invoked. None of the three most straightforward approaches—1)
having the data of all instances reside within the class, (2) having the class query each instance for
its data when a method is invoked, or (3) having the instance pass the class its data with a method
invocation-scales well with the number of instances of a class.

A more sensible solution would be to have each instance contain its own copy of the mem-
ber functions it exports. Since Legion classes are responsible for determining the characteristics
of their instances (as are all classes in object-oriented languages and systems) and for creating
new instances (a unique feature of Legion), the Legion object model prescribes that class objects
logically maintain the executables for their instances. Different executables will exist, for exam-
ple, for different machine architecture types, performance and security characteristics, etc. To cre-
ate a new instance, the class runs an executable that implements the new instance. This is an
appropriate solution, even with monolithic executables that have static code segments (i.e., “non-
dynamically-configurable” objects), for many applications.

However, when classes must be able to change, the solution becomes less adequate.
Changing a class definition would entail replacing the executables that represent the instances. I
instances are up and running at the time of the class change, they become out of date. This causes
problems for a class that needs to answer queries about itsinstances' interfaces, because different
instances could potentially have different interfaces. Out of date instance executables also cause
problems for a class that migrates an instance to a new host by having the instance checkpoint
itself, then running the instance’s executable on the new host, and finally having the instance
restore its own state from the checkpoint.* Supporting this mechanism without any other changes
would at least require that all instances be able to read the checkpoint formats of all supported
prior versions of the class.

One approach to supporting instantiation in the face of class changes includes building
version capability into the class object. The class would associate a version number with every

instance, and would maintain different executables for different versions of the class. Migration

4. Legion uses exactly this approach for object migration.



and interface queries would be handled differently for different instances, with knowledge of the
version number of the instance that is being supported. Again, thistype of class may be appropri-
ate for many applications, but it doesn’t necessarily scale well when the class changes frequently.
Using dynamic configurability to support object-orientation (described in Section 3.2) enables a

simpler solution that scales well.

3.1.3 Inheritance

Object-oriented languages and systems support a wide variety of inheritance semantics
and policies. Interface inheritance allows a subclass to inherit just the interface of its superclass,
while implementation inheritance causes the superclass's implementation of member functions
and data to be incorporated into the implementations of the subclass's instances. Neither form of
inheritance is easy to implement in a distributed class system, because the representation of a
class must be obtained before the class can be used for inheritance. This leads to the problem of
how to represent the interface or implementation. Object-oriented databases can assume that all
objects are built using a single language; thus, the class interface and its instances implementa-
tion can be represented in that language. Distributed object systems, like CORBA, often simplify
matters by not supporting implementation inheritance, and by imposing a single interface defini-
tion language (IDL). Dynamic configurability allows Legion to support implementation inherit-
ance in a SPAD class system without mandating a particular programming language with which

to define and build classes.

3.2 The new solution

In this section, we describe the characteristics and implementation of one style of Legion
class, which is based on dynamic configurability. We do not claim to present the only possible
way of implementing object-orientation in SPAD class systems. The style we present may not be
appropriate for some applications, and thus it is not required in Legion. Legion explicitly allows
other implementations to coexist with the one presented in this paper. We describe a new class
type, and then show how it is created and altered, and how it supports instantiation and inherit-

ance.

3.2.1 Dynamically configurable classes
A dynamically configurable class (DCC) is a class object whose instances are DCO’s, and

which can be used as a superclassin a SPAD classsystem.5 Instead of maintaining a set of mono-
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lithic static executables for its instances, a DCC maintainsnapiementation component store
(ICS) that contains sets of implementation components. Each set comprises one full implementa-
tion for the DCQOS instances. Just as normablan classes could maintain féifent monolithic
executables for diérent architecture types and performance or security trdslieRECs can
maintain diferent sets of implementation components for the same purpasesniplicity, we
will assume that an ICS maintains implementation components that comprise a single implemen-
tation. The anatomy of a DCC is depicted in Figure 2. The meaning of the member functions in

the dynamic configurability inteate will be &plained as appropriate in the sections Wwelo

Dynamic configurability integce \
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I
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1 2
inherit_from(DCC) 3

- _/

FIGURE 2. The anatomy of a dynamically configurable class

3.2.2 Classcreation

A compiler or programmerdilds a nev DCC by first running aeed DCC that initially
contains an empty ICS. The compiler or programmer then configures the DCC appropriately by
calling the member function namadd_component() to augment, alteor shrink the ICS that the
DCC maintains. When add_component() is called, the implementation component parameter is
added to the ICS. The DCC maintains an iatsxfelement table that maps each iat=rfelement
to the implementation component in the ICS that contains that elsmemfementation. &t
each interfice element in the implementation component parameeIDCC determines if the

interface element is in the table. If not, it adds the element and remembers that its implementation

5. The term “dynamically configurable classniat intended to imply that the class object itself can necessarily be
configured on-the-fly with diérent interbice elements for itsam implementation. A DCC is so named because
its instances are dynamically configurable.
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is in the incoming component. If the element is already in the table, its implementation compo-

nent is set to the mecomponent.

3.2.3 Instantiation

The state and contents of the ICS determine the characteristics of the IDE&hces.
The user of a DCC can create avnastance of that DCC by calling itseate_instance() public
member function. DCC class objects will create instances by first running a seed DCO, and then
configuring the DCO appropriately by repeatedly calling the incorporate() member function with
the appropriate implementation components as parameters, as described in Section 2. This causes

the instantiated object to be configured appropriately

3.24 Inheritance

A new subclass DCC can created by deg from an &isting superclass DCC. This is
done by calling thelerive_subclass() member function on the superclass object. In response, the
superclass DCC will schedule anxeeute a subclass DCC that initially maintains ncs @it
that eports the core DCC inteate. The superclass DCC will then transfer an appropriate set of
IC’s to the subclass DCC. This reflects the first step in a typical inheritance process—the subclass
inherits the characteristics of its superclass.

Once the subclass is created to refleeicdy the characteristics of its superclass, these
characteristics can be changed based on the inheritance semantics that are being implemented
This will typically be the job of the lggon-tageting compilerTo add, remwee, or alter intedce
elements, the compiler createsd@ased on the gen program that defines the subclass, and
sends these I€'to the subclass (as parameters to add_component() calfectdle appropriate
change. Each compiler can manage the inheritance process appropriately for the semantics of the
programming language it supportrFexample, C++ uses the “publiciprivate; and “pro-
tected” leywords to determine which member functions get put in the public aratemterace
of the denved subclass. C++ also contains a “scope” operator thatsaidbase classmember
functions to be accessible through thedsticlass. & support C++-lik semantics, it auld be
up to the compilemossibly in concert with the superclass, teeghe appropriate 1€'to the sub-
class, and to name the intré elements appropriately so that the right set are accessible accord-

ing to C++ inheritance rules.
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3.2.5 Multipleinheritance

Multiple inheritance alows a subclass to have more than one superclass. With DCC's, the
subclass will have one primary superclass, and the inheritance process will begin just as it does
with single inheritance; that is, asubclass will be created by its primary superclass and will beini-
tially configured using only the IC’s that it inherits from the primary superclass. With multiple
inheritance, the extensions and alterations to the initial version of the subclass can come from
other superclasses, not just compilers. Thus, to manage multiple inheritance, a Legion-targeting
compiler would obtain the appropriate |C's from all superclasses using the get_component() DCC
member function. It would use these IC’s, and possibly some IC’s that it creates itself, to config-
ure the subclass according to the inheritance rules of the language the compiler supports, and
according to the content of the program it is compiling. A DCC exports the inherit_from() mem-
ber function, which takes the name of another DCC as a parameter, to enable one class to inherit
all the components of another class. Inherit from() is implemented simply by calling
get_all_components() on the superclass (which returns al of the implementation components),

and then adding each component to the local ICS.

4 1llustrative example

This section provides a simple example that is intended to better illustrate the functionality
of dynamically configurable objects and classes. The example is not intended to show the full
power of dynamic configurability, nor is it designed to make particularly appropriate use of the
Legion wide area distributed object system, which we have just begun building. It is aso not
intended to address all of the complications that dynamic configurability introduces. In fact, the
example was chosen for its simplicity and its ability to illustrate in a straightforward manner the
concepts described above. The example has been implemented in C++ on top of the new Legion
run-time library [7]. The example runs over the small prototype Legion system running at the
University of Virginia-hardly wide area, but more than large enough to support the example.
Dynamically configurable objects and classes have been implemented over Legion exactly as
described in Sections 2 and 3.2. However, we have not yet added compiler support to allow pro-
grammers to specify object-oriented operations (e.g. class creation, instantiation, inheritance, etc.)
within a programming language. Therefore, we have hand-trand ated each of these operations spe-

cifically for this particular example application. Below, we'll use the acronym HGCC, for “hand
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generated compiler code,” for the part of our implementation that will typically be carried out by

acompiler.

4.1 ArraySorter example

Suppose a programmer were to build a smple Legion object that sorts an integer array.
The programmer first describes the object’s characteristics by defining its class, which we'll call
ArraySorter. Typicaly (but not necessarily), this will be done within an object-oriented program-
ming language that has a L egion-targeting compiler. The compiler'srole isto use the class defini-
tion to create a DCC whose instances will be array sorters. To do so, the compiler must first create
implementation components that reflect the appropriate characteristics of an ArraySorter, and
then must run a seed DCC and configure it with the implementation components.

In our implementation, the programmer directly specifies what the implementation com-
ponents are by putting each one in a separate file. The interface elements for this application are
(1) acreate_array() function which creates a new array of a specified size within the object, (2) a
randomize() function which fills the array with random integers, (3) an integer data element
named array_size, (4) an integer array data element named int_array, (5) a sort() function which
uses bubble sort, and finally (6) a show() function which returns the contents of the array. Each
interface element is contained in its own implementation component, except for the two dataele-
ments, which share a single implementation component. The public functions all need access to
the data interface elements; therefore, the access must go through the DIEM. Typically, it will be
the job of a compiler to detect references to interface elements and to translate them into refer-
ences that go through the DIEM. For now, this translation is done by hand; we'll call the resulting
code “translated component code.” The HGCC uses aregular C++ compiler to compile the trans-
lated component code into separate object files, each of which then contain external references to
aDIEM. The references eventually resolve to the DIEM in the DCO into which the component is
incorporated. The HGCC then creates implementation components by adding appropriate infor-
mation about internal symbol names and interface element names. For now, the HGCC is hard-
coded to know exactly what the internal symbol names are for this particular application, but
clearly thisisinformation that areal compiler would have. Next, the HGCC runs a seed DCC, and
calls add_component() once for each implementation component. This configures the class to

allow itsinstances to be array sorters.
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Once the class is up and running with an appropriate ICS, the class can be instantiated by
calling the create_instance() member function on the DCC. This process could be triggered by a
L egion-targeting compiler when it compiles a program that includes code to instantiate a Legion
class. It could also be triggered by direct calls from other objects. Our implementation includes a
tool that uses a function provided by the Legion library to create an instance of a named Legion
class object. The instantiation process is carried out exactly as described in Section 2; that is, the
class runs a seed DCO and configures it with the implementation components in the ICS by
repeatedly calling incorporate() on the DCO instance.

Now suppose that the programmer is unhappy with the performance of his array sorters,
and wishes to replace the bubble sort implementation of the sort() function with a quicksort
implementation. The first step is to create an implementation component that includes the quick-
sort function, and that has the same interface element name (e.g. “sort”) as the old bubble sort
implementation. This implementation component is then sent by the compiler to the ArraySorter
DCC, which adds it to its ICS, replacing the old bubble sort implementation. At this point, all
future instances of ArraySorter will contain the quicksort implementation, because the quicksort
implementation component will get passed to the DCO instances when create_instance() is called.
A DCC’s update_instances() member function can be called to make the current instances reflect
the change. To implement update_instances(), the DCC simply calls incorporate() on each of its
instances, passing all implementation components that have changed since the instance was cre-
ated. In response, each DCO instance will replace the bubble sort implementation with the quick-
sort implementation, and all subsequent calls to the instance’s sort() function will be implemented
with a quicksort.

The scenario above is admittedly relatively simple-only the implementation (not the inter-
face) of a single public member function is changed, and the change does not affect any state the
object may have. Other more complicated changes could (1) remove functions from the public
interface, thereby leaving other objects and programs out of date, (2) change the interface to a
data or function interface element that other interface elements within the object require, thereby
“breaking” those elements, or (3) change the implementation of a data component, which could
cause an object to drop its state. Our implementation is general mechanism, and does not yet
attempt to address these important and difficult problems. Ideally, a class or compiler would place

some restrictions on allowabl e operations, such as requiring that all versions of a class be succes-
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sive supersets of the originansion, or ensuring that changes daahersely affect eisting pub-
lic member functions. Wwill address these problems with futurerkv

Getting back to the ArraySortexample, suppose that the programmer wishes to augment
the functionality of array sorters byvgig them the ability to generate statistics about the con-
tained arraye.g.average(), max(), min(), etc. In our implementation, we put the statistics func-
tions in their avn class, called Stats, andvieahe ArraySorter class inherit from the Stats class.
The DCC Stats class iglift in much the same ay that the ArraySorter isubdt; that is, the HGCC
creates appropriate implementation components, runs a seed DCC, and configures it to be a Stats
class. ® male the ArraySorter class inherit from the Stats class, ArraySoitdrerit_from()
function is called with the name of the Stats class as a parameigrcauses the ArraySorter
DCC to get all the implementation components of the Stats class, and to put them in its ICS. Thus,
subsequent ersions of ArraySorter will automatically contain statistics functions, and the
update_instances() function can be used to configusérgy instances to contain statistics func-

tions.

5 Summary

In this paperwe hae identified and described 8P class systems, of which g®n is an
example. V& have described w supporting traditional class roles, including instantiation and
inheritance, in S&D class systems requireswand diferent implementation solutions from
those that are used to support traditional languages and databasedsowintroduced and
described dynamic configurability of classes and objexfdamed hav dynamic configurability
can be used to support object-oriented languages and systengsan, laand illustrated the func-
tionality with a simple array sortek@mple. Our implementation isit in C++ and uses the we

Legion run-time library to runwer the current Unix-basearsion of Lgion.
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