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Abstract: Most modern computer applications should run on heterogeneousplat-
forms and, moreover, objects and respective code should be easily interchangeablebe-
tweendistinct platforms at runtime. This paper describesa runtime platform basedon
distributed and cooperating virtual machines named Virtuosi. A uni�ed object model
permits easy inter-operation between applications written on di�eren t languages.All
applications must be compiled to a standard runtime code format so they all can run
on any platform where an implementation of the virtual machine exists. A novel code
format which is entirely basedon instances of the classesthat de�ne the object model
itself is employed. A proper programming language has been de�ned, a corresponding
compiler implemented, a virtual machine that includes a class loader, a code inter-
preter, a single-threaded execution control and a distributed object store implemented
and tested through example applications.
Key W ords: object model, interoperabilit y, virtual machine
Category: C.2.4, D.1.5

1 In tro duction

Most modern computer applications should run on heterogeneousplatforms and,
moreover, their components, including objects and respective code, should be
easily interchangeableat runtime. That is even more critical for peer-to-peer
and ad hoc networks where any kind of hardware platforms and operating sys-
tems may inter-operate.Another important requirement is the absenceof server-
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centered servicesto provide for scalability, permit a 
exible network con�gura-
tion and avoid single points of failure. A number of current research projects
are devoted to adapt standard runtime platforms, such as CORBA-based plat-
forms [Soleyand Kent, 1995], DCE-based platform [DCE, 1992], and the Java
platform, to those new requirements. Also, several academicprojects envisage
a high degreeof portabilit y and interoperabilit y, such as the Virtual Virtual
Machine project [Folliot et al., 1997] [Baillarguet and Piumarta, 1999].

This paper proposesan object model and the architecture of a runtime plat-
form based on distributed and cooperating virtual machines named Virtuosi.
Di�eren tly from traditional virtual machines, such as the Java virtual machine,
where distribution mechanisms are added by meansof library classes,the pro-
posedarchitecture intrinsicly givesdistribution transparencyto applications that
conform to the proposedobject model. In its essence,Virtuosi is similar to the
Microsoft .NET platform, where all applications should be compiled to a stan-
dard runtime code format so they all can run on any platform where an imple-
mentation of the virtual machine exists.Yet, a uni�ed object model permits easy
inter-operation between applications written on di�eren t languages.Neverthe-
less,Virtuosi usesa novel code format which is entirely basedon objects that are
instancesof the classesthat de�ne the object model itself. That permits to build
and maintain referencesto classesand methods acrossmachines, thus making it
easyto implement a code mobilit y mechanism. Another important di�erence is
the way Virtuosi storesobjects and maintains referencesto them: each object is
indexed within the virtual machine where it is stored, soany referenceto an ob-
ject is always indirect, that is, through its corresponding index; when an object
happensto be remote, a proxy entry is usedto refer to the corresponding remote
machine and object index. Such feature permits a simple implementation of a
mechanism for object mobilit y. Thus, only each virtual machine needsa unique
identi�cation in order to allow any object to be accessedanywhere, like in a
distributed sharedmemory where there is a single addressspace.

A protot ype implementation of Virtuosi hasbeendeveloped in order to assess
the proposedobject model, its code format performanceand its abilit y to deal
with distribution and heterogeneity. For that, a proper programming language
hasbeende�ned, a corresponding compiler implemented, a virtual machine that
includes a class loader, a code interpreter, a multi-threaded execution control
and a distributed object store implemented. Moreover, a mechanism for object
and code mobilit y and a mechanism for transparent remote method invocation
were de�ned, implemented and tested through exampleapplications.

The remainder of this paper is structured as follows: [Section 2] gives an
overview of the Virtuosi runtime platform; [Section 3] describes the proposed
core object model; [Section 4] describes { through examples{ a programming
languagefully compatible with the proposedobject model; [Section 5] describes
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a distributed virtual machine architecture that fully supports the proposedob-
ject model and gives transparency to distribution and platform heterogeneity;
[Section6] discussesthe implementation status of Virtuosi; and, �nally , [Section
7] givessomeconclusionsabout the developed research work and discussessome
future work.

2 Run time Platform Ov erview

The Virtuosi runtime platform, initially de�ned in [Calsavara, 2000], is com-
posedof a collection of communicating virtual machines.Each virtual machine is
a user-level processthat emulates a real-world computer, including its hardware
components and corresponding operating system.Thus, each virtual machine is
able to host any typical software systemsthat store and processdata and, as
well, communicate with peripherals.Virtual machinesare grouped in collections
where each virtual machine can be unambiguously addressedand can exchange
messageswith any other in the collection; dynamically, objects are created and
they interact with each other through method invocation. That allowsa software
systemrunning on a certain machine to communicate with a softwaresystemrun-
ning on a di�eren t machine, i.e., a collection of communicating virtual machines
is a runtime platform for distributed software systems. In fact, this runtime
platform can be seenasa middle-ware, similar to systemsbasedon the CORBA
Standard [Soleyand Kent, 1995], since a distributed software system can run
atop a heterogeneouscomputer network. The di�erence, in this case,is that, in
CORBA, distribution is accomplishedby standard serviceswhich applications
haveto awareand make the necessaryoperation callsat the right moment, while,
in Virtuosi, such servicesand calls are done automatically. Also, Virtuosi can
be comparedwith object systemssuch as Oberon [Wirth and Gutknecht, 1992]
and Amoeba [Mullender et al., 1990], where the object-oriented programming
paradigm is fully supported through a programming languague,corresponding
compiler and operating system. Now, the di�erence is that these are real oper-
ating systems,while Virtuosi is basedon virtual machines which can run atop
any operating systems.

2.1 Portabilit y and Mobilit y

A virtual machine sits between applications and the actual operating system;
applications interact with the virtual machine which, in turn, interacts with the
operating system. As a consequence,there must be a speci�c implementation
of the virtual machine for each operating system. Another consequenceis that
a software system that runs on a speci�c virtual machine implementation runs
on any other. In other words, Virtuosi applications are portable: they run on
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heterogeneouscomputers,aslong asthere is proper implementation of the virtual
machine for each di�eren t platform.

2.2 Con trolled Execution

Becausea virtual machine is a software system that controls the execution of
other software systems, it can fully assist in debugging applications; a virtual
machine can keep very precise data about execution context, thus providing
programmers with more accurate information when somebug happens. This is
an essential feature to improve productivit y becauseprogrammers can use de-
bugging to better understand software systems behavior. The solution found
in Virtuosi for the purpose of having full application semantics at runtime is
to represent and store program code in the form of a program tree: a graph of
objects that represents all elements of a given sourcecode, including their re-
lationships [Kistler and Franz, 1996, Franz and Kistler, 1997]. Thus, the virtual
machine loads and interprets program trees which represent classes.Many ex-
amples of program trees and a detailed discussionon how they are loaded and
interpreted by a virtual machine can be found in [Kolb, 2004]. Since there is a
direct mapping betweena program tree and a sourcecode, the rules for building
a program tree are the samefor writing an object-oriented program. Such rules
are establishedby an object model formalized by meansof a classdiagram, as
discussedin [Section 3]; the objects of a program tree are instancesof the those
classes.For each user class,our compiler createsa graph of objects, a program
tree. Thus, for a given application class,there will be an object to represent the
whole class,so there will be an object to represent each method that belongsto
the class,an object to represent each formal parameter of a method, an object
to represent a method call, and so on.

3 Ob ject Mo del

The Virtuosi object model formalizesbasic conceptsof the object-oriented pro-
gramming paradigm which are supported by the virtual machine. It is a core
object model because,except for actions and data blocks, described below, it just
comprisesconceptswhich are rigourously object oriented and normally present
in most traditional programming languages,such as C++, Java, Smalltalk and
Ei�el. The object model is formalized through a classdiagram composedof about
50 classes,with many associations betweenthem. A complete description of the
object model, including a classdiagram in UML [Rumbaugh et al., 1997] can be
found in [Kolb, 2004]. Here, its main classesand associations are discussed.
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3.1 Class

Every application classis represented by an instance of Class. Each application
classhas a unique name and de�nes a scope that may contain:

datablo ck refer ences Referencesto instancesof Datablock (described below).

index refer ences Referencesto instancesof Index (described below).

object refer ences Referencesto instancesof application classes.Each object
referencecorresponds to an attribute which represents either object associ-
ation or object composition.

constructors Operations which are invoked to construct new instancesof the
class.

metho ds Operations which are invoked for a certain instance of the class to
either read or changeobject state.

actions Operations which are invoked for a certain instance of the classspecif-
ically to test object state, according to somecriteria.

3.2 Literal

A literal is a constant string corresponding to the textual representation of some
primitiv e value, such as an integer number, a real number, a character, a string,
a booleanvalue, a bit value, and soon. Literals are necessaryfor programmersto
expressdata directly on the sourcecode and for the virtual machine to exchange
data with the real world through computer peripherals.

3.3 Datablo ck and Index

A datablock is an array of bits. The semantics of a sequenceof bits is givenby the
implementation of its container class, i.e., by the methods that accessthe bits.
For example,a sequenceof bits may represent an integer value, so its container
class should have methods to set the bits to store a certain integer value, to
changethe bits to represent the result value of an arithmetic operation, and so
on. Each bit of a datablock may be addressedin order to call write (either set or
clear) and read operations. A bit of a datablock must be addressedthrough an
index associated to the datablock. An index is a sequential iterator that de�nes
operations to set its value to a certain addressof the associated datablock and to
changeits value forwards aswell asbackwards. If an attempt to changethe value
of an index beyond the limits of the associated datablock is made, an exception
is raised by the virtual machine. There are no other primitiv e data types in
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Virtuosi. Standard primitiv e types,such asinteger, real, char, string and boolean
are available through a separateclass library . All those types and any other a
user may wish to de�ne are built on top of datablock and index. Although such
design brings some performance penalties, all data is independent of machine
representation and, moreover, any data is uniformly handled as objects, so they
can migrate (move) and can be remotely accessedin a transparent way.

3.4 Constructor

A constructor of an application class is an operation called to create a new
instanceof the class.Each classmay have a set of constructors. Each constructor
of a classis uniquely identi�ed through its signature, which is composedof its
name and an ordered list of formal parameter types(the name of a constructor
doesnot needto be identical to the name of the container class).

3.5 Metho d

A method of an application classis an operation called to perform a sequenceof
statements on an existing instance of the class.Such statements have full access
to object state, so they can either read or modify it. A method may return an
object referenceasa result. Each method of a classis uniquely identi�ed through
its signature, similar to a constructor.

3.6 Action

An action of an application classis an operation called to perform a test on an
existing instanceof the class.They correspond to methods that return a boolean
value in traditional programming languages.Here, the real di�erence is that
calling an action is restricted to the context of a conditional branch expression,
i.e., an expressionwhich must be evaluated to decidewhether a statement should
be executed or skipped. A typical use of actions is in if statements, where an
expressionmust beevaluated to decidewhether or not a certain statement should
be executed.Thus, the result of an action must be either execute or skip, and
such result is not directly handled by user programs; instead, it is handled by
the virtual machine to select the next statement to execute. An action is also
implemented by a sequenceof statements which have full accessto object state,
but they are restricted to perform read operations. The execution of an action
�nishes when either a executeor a skip statement is performed.

3.7 Formal Parameter

A parameter of a classoperation (constructor, method or action) must be either
an object referenceor a literal; datablock and index referencesare not allowed
as parametersbecausethey must be always encapsulatedby an object.
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3.8 Exp ortation List

Every class operation has an associated exportation list: a list of classes(be-
sidesthe container classitself ) which have permissionto call that method. This
solution, adapted from the Ei�el programming language, is more general than
speci�c quali�ers, such as private and public, normally found in traditional lan-
guages.

3.9 Lo cal Variable

Every classoperation may de�ne a set of local variables. A local variable can be
an object reference,a datablock referenceor an index reference.Object refer-
encescan be passedas parametersin operation calls, while datablock and index
referenceshave their userestricted within the scope of their de�nition.

3.10 Statemen t

Every class operation has an associated sequenceof statements. The kinds of
statements are the following:

variable declar ation A local variable is declaredwithin a classoperation.

datablo ck cr eation A datablock of a given length is created (which implies
memory allocation by the virtual machine) and its addressis assignedto an
existing datablock reference.

index cr eation An index is created, its addressassignedto an existing index
referenceand it is associated to an existing datablock.

constructor invo cation A constructor of a given classis called and, asa con-
sequence,a new object (instance of that class) is created (which implies
memory allocation by the virtual machine) and its addressis assignedto an
existing object reference.

metho d invo cation A method of a given class is called for an existing in-
stance of that class. If the method returns an object reference,then such
a referenceis assignedto an existing object reference.Methods can be in-
voked in two di�eren t modes: synchronous or asynchronous, like in the SR
language[Andrews and Olsson,1993]. Di�eren tly from typical programming
languages,such mode is not �xed per method: the caller must choose the
mode it desires.Thus, a certain method can be called synchronously at one
moment, while asynchronously later.

refer ence bind An object, datablock or index referenceis assignedto another.
(There is no copy of contents; only an addressis copied.)
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return It may only occur within methods which have a return classspeci�ed.
It returns a copy of an object referenceof the speci�ed classto the caller of
the method.

execute It may only occur within actions. When performed �nishes the action
and returns a signal to the caller to indicate that the test succeeded.

skip It may only occur within actions. When performed �nishes the action and
returns a signal to the caller to indicate that the test failed.

unconditional branch A given statement is immediately executed.

conditional branch An expressioncontaining only testable elements (action
invocation, comparisonof two object references,comparisonof two datablock
referencesand comparison of two index references)structured as a logical
expression(with and and or operators) is evaluated. If the �nal result is
execute then a given statement is executed,otherwise it is skipped.

4 Programming Language

We have designeda new programming languagenamed Aram for the purposes
of validating the object model and the distributed virtual machine architecture.
Although there were good candidatesfor this purpose,such asSmalltalk, Ei�el,
C++, Java and Common Lisp, the proposedobject model mergesconceptsfrom
several programming languagesand, as a consequence,none of them alone fully
supports the object model and, conversely, they all have features which are not
supported the object model. Since our initial purposeis to validate the object
model and the distributed virtual machine architecture at the sametime, for a
while, we found it simpler to de�ne a new language, rather than adapting an
existing one, which we left as a future work. It should be noted, though, that
Aram is very similar to Java and, in fact, it can be seenas a �rst step to adapt
Java to Virtuosi. A detailed description of Aram is out of the scope of this paper;
its useis exempli�ed in the sequel.

4.1 Example 1

The codebelow showstwo application classes:Agentand Boss. The codeat line 3
says that every instanceof Agentreferencesan instanceof String (a library class)
which represents its name; the keyword composition implies that the object of
classString is conceptually part of the object of classAgent. The code at lines
4 and 5 de�nes a constructor namedmakefor Agent which takesa literal n as
argument and can be exported to Boss, i.e., invoked by methods of classBoss.
The constructor's body (line 5) invokesthe constructor makeof classString and
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assignsthe resulting referenceto the object referencename. The code at lines
6 and 7 de�nes a method named work, also exported to class Boss. The class
Boss has a constructor named start (line 12), which is exported to all classes.
Such a constructor is the entry point of this application. So, �rstly , an instance
of Bossis created.During its construction, an instanceof Agent named\James"
(a literal given asa constructor's argument) is created(line 14), next its method
work is invoked (line 15), next the object and its inner object of classString are
migrated to a virtual machine named \Japan" (line 16) and, �nally , the method
work is invoked again, but this time it is a remote invocation since the object
migrated (line 17).

.01 class Agent

.02 {

.03 composition String name;

.04 constructor make( literal n ) export { Boss }

.05 { name= String.make( n ); }

.06 method void work( ) export { Boss }

.07 { // do something useful }

.08 }

.09

.10 class Boss

.11 {

.12 constructor start( ) export all

.13 {

.14 Agent james = Agent.make(''James'' );

.15 james.work( );

.16 james.migrate( ''Japan'' );

.17 james.work( );

.18 }

.19 }

4.2 Example 2

The code below shows four application classes:Patient, Filter and Doctor. There
are also classesnamed Hospital and Nurse which are not shown. Each classis
described separately, as follows.

An instanceof Patient contains an attribute weight (line 3) and an attribute
height (line 4), both of classInteger, a library class.Those attributes are ini-
tiated by the constructor instantiate (line 5) and may be updated through the
methods SetWeight (line 8) and SetHeight (line 11); the constructor can be in-
voked by classHospital, while the two update methods can be invoked by class
Nurse. The action named NonStandardWeight (line 14) implements a criteria
to test whether a patient's weight is out of a certain range; if that is the case,
the action answers execute (line 16), otherwise it answers skip (line 17). Sim-
ilarly , the action named NonStandardHeight (line 18) implements a criteria to
test whether a patient's height is out of a certain range. Those two actions can
be invoked by classFilter .
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.01 class Patient

.02 {

.03 composition Integer weight;

.04 composition Integer height;

.05 constructor instantiate( Integer weight, Integer height )

.06 export {Hospital}

.07 { this.weight = weight; this.height = height; }

.08 method void SetWeight( Integer weight )

.09 export {Nurse}

.10 { this.weight = weight; }

.11 method void SetHeight( Integer height )

.12 export {Nurse}

.13 { this.height = height; }

.14 action NonStandardWeight( Integer min, Integer max )

.15 export {Filter}

.16 { if ( weight.lt( min ) || weight.gt( max ) ) execute;

.17 else skip; }

.18 action NonStandardHeight( Integer min, Integer max )

.19 export {Filter}

.20 { if ( weight.lt( min ) || weight.gt( max ) ) execute;

.21 else skip; }

.22 }

An instanceof Filter contains attributes LowerWeight (line 2), UpperWeight
(line 3), LowerHeight (line 4) and UpperHeight (line 5). They are initiated by
the constructor instantiate (line 6), which can be invoked by classHospital (line
8). The action accept (line 13), which can be invoked by class Nurse, takes
a referenceto an instance of Patient as an argument and invokes its actions
NonStandardWeight (line 15) and NonStandardHeight (line 16); if one of them
answers execute , then the action answers execute as well (line 17); otherwise,
it answers skip (line 18).

.01 class Filter {

.02 composition Integer LowerWeight;

.03 composition Integer UpperWeight;

.04 composition Integer LowerHeight;

.05 composition Integer UpperHeight;

.06 constructor instantiate( Integer LW, Integer UW,

.07 Integer LH, Integer UW)

.08 export {Hospital}

.09 {

.10 LowerWeight = LW; UpperWeight = UW;

.11 LowerHeight = LH; UpperHeight = UH;

.12 }

.13 action accept( Patient patient ) export {Nurse}

.14 {

.15 if ( patient.NonStandardWeight(Low erWeight, UpperWeight) ||

.16 patient.NonStandardHeight(Low erHeight, UpperHeight) )

.17 execute;

.18 else skip;

.19 }

.20 }

An instance of Doctor has an associated instance of Patient (line 3). The
constructor instantiate (line 4), which can be invoked by Hospital, initializes
such attribute asnull (line 5). The method treat (line 6), which can be invoked
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by Nurse, takesa referenceto an instanceof Patient asan argument and assigns
it as the currently associated patient (line 7). The action CurrentPatient (line
8), which can be invoked by Hospital, checks whether a certain patient is the
patient currently associated to the doctor; the test at line 10comparestwo object
references:the method's argument and the class'attribute, both namedpatient.

.01 class Doctor

.02 {

.03 association Patient patient;

.04 constructor instantiate( ) export {Hospital}

.05 { patient = null; }

.06 method void treat( Patient patient ) export {Nurse}

.07 { this.patient = patient; }

.08 action CurrentPatient( Patient patient ) export {Hospital}

.09 {

.10 if ( patient == this.patient ) execute;

.11 else skip;

.12 }

.13 }

4.3 Example 3

The code below shows an application class named Image2D whosepurpose is
to illustrate the use of data blocks and how they serve to create new classes.
An instance of Image2D encapsulatesa data block referencedby bitmap (line
3). The two dimensions of the image stored by the data block is de�ned by
the attributes width (line 4) and height (line 5). The constructor make (line 6),
which can be invoked by all classes,takestwo referencesto instancesof Integer
and, if their values are greater than zero (line 8), use them to set the stored
image's width (line 10) and height (line 11) and to allocate memory spacefor
the datablock (line 12). The method set (line 15), which can be invoked by all
classes,set a speci�c bit of the data block, according to the coordinates x and y
given as arguments. If they are valid coordinates (lines 17 and 18), the position
of the corresponding bit is calculated, so that the resulting instance of Integer
is assignedto the local variable p (line 20). An index, referencedas i, is created
by invoking the method makeIndex through referencep (line 21); that is, the
index value is set as the same integer value stored by the Integer object. The
newly created index referencedas i is then bound to the data block referenced
as bitmap. Finally, the bit of the data block indexed by i is set (line 23) and
the method returns an instance of Boolean, a library class,containing the value
true.

.01 class Image2D

.02 {

.03 datablock bitmap;

.04 composition Integer width;

.05 composition Integer height;

.06 constructor make( Integer width, Integer height ) export all

.07 {
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.08 if ( width.gt( 0 ) && height.gt( 0 ) )

.09 {

.10 this.width = width;

.11 this.height = height;

.12 bitmap = datablock.make( width.multiply( height ) );

.13 }

.14 }

.15 method Boolean set( Integer x, Integer y ) export all

.16 {

.17 if ( x.geq( 0 ) && x.lt( width ) &&

.18 y.geq( 0 ) && y.lt( height ) )

.19 {

.20 Integer p = x.multiply( height ).add( y);

.21 index i = p.makeIndex( );

.22 i.bind( bitmap );

.23 bitmap.set( i );

.24 return Boolean.make( true );

.25 }

.26 else

.27 return Boolean.make( false );

.28 }

.29 }

5 Distributed Virtual Mac hine Arc hitecture

The proposedarchitecture described here makes it possible to run code which
conforms to the described object model and gives support to code and object
mobilit y and to remote method invocation. Every virtual machine is composed
of a ClassSpace,an Object Spaceand an Activit y Space,detailed in the sequel.

5.1 Ob ject Space

A collection of objects which are instancesof application classesavailable at the
local Class Space.All objects are referencedthrough a structure called object
table, similarly to the handle table implemented by DOSA (Distributed Object
SystemArchitecture) [Hu et al., 2003]. [Figure 1] illustrates how objects are ref-
erencedboth within a virtual machine and betweenvirtual machines.The virtual
machine named Alpha stores objects identi�ed as 12 and 17, while the virtual
machine namedBeta storesobjects identi�ed as45 and 67. An object table is an
array of entries of two types:entry for local object and entry for remote object;
this allows to distinguish local operation calls from remote ones.Thus, for each
object there is an entry in the object table of the machine where the object
resides.For instance, the object 12 is referencedby entry 0 of Alpha. An object
cannot directly referenceanother; an object can only referencean object table
entry in the samemachine. For example, object 12 referencesentry 1 of Alpha,
which, in turn, referencesobject 17; conceptually, object 12 referencesobject 17.
An object may also conceptually referencean object that residesremotely. For
example,object 17 { that residesin Alpha { referencesobject 45 { that residesin
Beta. This is implemented through the entry 2 of Alpha, which referencesentry
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0 of Beta. Therefore, an entry for local object must contain an object reference,
while an entry for remote object must contain a virtual machine name and an
object table entry index.

17 67

1

45

0 2

VM Beta

Object

Reference to local object

Entry for local object

Entry for remote object

Reference to local entry

Reference to remote entry

12

0 1 2

VM Alpha Key:

Figure 1: Example of object table

5.2 Class Space

A collection of application classes,a classtable and a method table. Each class
has a corresponding entry within the classtable, and each method of each class
has a corresponding entry within the method table. A classA referencesa class
B when it contains an object referenceof type B. According to the object model,
that may happen in the following situations: (i) A has an attribute of type B;
(ii) some method of A has either a formal parameter of type B or a return
of type B; (iii) some method of A de�nes a local variable which is an object
referenceof type B. Anyway, a classreferencesanother through the classtable.
If class A referencesclass B, it does not matter whether or not A and B are
located in the same machine becausede class table makes it transparent to
refer to remote classes.Similarly, everywhere there is a method call, the object
that represents such a call referencesan entry of the method table, instead of
referencing the (object that represents the) method directly. Again, this gives
transparency to code distribution becauseit doesnot matter whether a method
call has as its target a local method or a remote method (with respect to code,
which is independent of object placement). An object may exist within a certain
machine as long as its corresponding class is also there. Thus, it may happen
that a classgets replicated everywhere its instancesexist.
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5.3 Activit y Space

An activit y is the execution of a method. Virtuosi runtime system employees
the traditional stack-basedexecution schemeto control activities: each element
of the stack is an activit y and each stack of activities correspond to a thread.
Thus, the Activit y Spaceis a collection of threads. There are two important
details, though. Firstly , activities can be either synchronous or asynchronous,
thusrequiring speci�c management: every time a synchronousmethod invocation
occurs, a new activit y is pushedonto the caller activit y stack, while every time
an asynchronous activit y is initiated, a new stack of activities (a new thread) is
created. Secondly, Virtuosi aims at giving total transparency to remote method
invocation, so an activit y on one machine can start a new activit y (actually, a
new stack of activities) on a remote machine. Again, the runtime system must
take care of the dependenciesbetween such activities, including the necessary
messageexchangeand fault tolerance measures.

5.4 Ob ject and Co de Mobilit y

Objects can migrate (move) from one virtual machine to another. Typically, an
object migrates for e�ciency and accessibility purposes,such as in applications
where mobile devicescarry somesoftware. In Virtuosi, object migration can be
programmed by using a set of operations de�ned according to [Jul et al., 1988],
as follows.

move Movesan object to a certain machine.

�x Fixes an object on the machine where it resides,so it cannot migrate until
it is un�xed.

un�x Undoesa previous �x operation, so that the object can migrate again.

re�x Atomically, movesan object to a certain machine and �xes it there.

lo cate Returns the identit y of the virtual machine wherea given object resides.

When an object migrates, the object table of the source machine and the
object table of the destination machine must be updated. In the destination ma-
chine, a new entry must be inserted: an entry for a local object. In the source
object table, the existing entry for local object must be replaced for an entry
for a remote object that referencesthe newly created entry in the destination
machine. As an object migrates to a di�eren t machine, it may be possible to
perform someoptimizations on the object table: if the object is referencedby an
entry for remote object, then such entry is replacedby an entry for local object.
For the moment, it is not possibleto migrate an object while it is active. Thus,
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the migration mechanism brings someconstraints to object behavior: an object
cannot migrate while it performs any activit y and, conversely, an object cannot
initiate a new activit y while migrating. Composedobjects must migrate all to-
gether, that is, the whole and its parts. As a consequence,the moveoperation
may be not applied to an object that is part of another. Also, an object cannot
migrate if it contains any object that is �xed.

Finally, when an object migrates to a certain machine, the migration mecha-
nism must check whether or not the corresponding classis already there. If not,
the class itself must be replicated (copied) to the target machine, thereby re-
quiring update on classtable and method table: a new entry for local classmust
be inserted in the classtable of the new machine; a new entry for local method
must be inserted in the method table of the new machine for every operation
of the class; all referencesthe class used to make to other classes(due to ob-
ject referencesthat represent attributes, local variables and formal parameters)
and operations (constructor, method and action invocations) have to have new
entries for remote classand remote operation in the tables of the new machine.

5.5 Remote Metho d In vocation

The remote method invocation mechanism is totally transparent in Virtuosi.
Like any Remote Procedure Call (RPC) mechanism [Birrel and Nelson, 1984],
there must be parameter marshalling, messageexchangeand somelevel of fault
tolerance. The object table helps identifying whether a method invocation is
either local or remote, thus providing access transparency: a programmer does
not needto concernabout distinguishing local and remote calls. Also, the object
table helps �nding an object when it happens to be remote, thus providing
location transparency. The marshalling processis automatically done by using
the information provided by program trees, which are available at runtime. In
other words, there is no needto preparestub code in advance.Sometypical faults
that may happen include: remote machine disconnection from the network and
messageloss.Such faults are properly handled by the mechanism.

6 Implemen tation Status

We have implemented a single-threadedversion of the Virtuosi virtual machine,
a compiler for the Aram language and a debugger. The compiler transforms
classescoded in the Aram languageinto program treeswhich can be loadedand
interpreted by the virtual machine. The debuggeris a graphical tool that permits
usersto executecode step-by-step and watch the state of the virtual machine,
i.e., it is possibleto set breakpoints, step into methods, examinevariables(object
space),as well as the activit y stack. All the implementation has been done in
Java, just to easy the portabilit y of the virtual machine implementation itself.
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As a consequence,a simple strategy to represent program trees in intermediary
format (between the compiler and the virtual machine) was to employ Java's
object serialization scheme.Only a few conceptsde�ned by the object model are
not implemented by Aram yet, including classinheritance. The virtual machine
implementation hasbeentested through a seriesof about 70 applications classes
which fully veri�es the proposedobject model.

Object state and code migration is also implemented by the virtual machine,
while object activit y migration is under development [da Costa CesarFilho, 2004].
The implementation hasbeendoneasa natural extensionto the virtual machine
kernel, since its structure (Object Spaceand Class Space) is intrinsically pre-
pared for distribution. However, the migration primitiv es(move, �x, un�x, re�x
and locate), though supported by the virtual machine implementation, needsto
be implemented by the Aram languageand compiler yet.

Remotemethod invocation hasbeenimplemented separatelyfrom the virtual
machine kernel, by employing the TCP/IP protocol to exchange messagesbe-
tweenvirtual machines[Noda, 2005]. Our experiments haveshown that a remote
method invocation takesabout 340msin averagein the casewhere the invoked
code is present at the samemachine as the caller code; otherwise this time can
reach about 2,300ms.The mechanism is currently being re-implemented by em-
ploying the Sun MicrosystemsJXTA peer-to-peerprotocol and, then, integrated
to virtual machine kernel. The purpose is to evolve Virtuosi as a platform for
developing peer-to-peer applications.

7 Conclusion

We have intro duced a new runtime platform named Virtuosi for building dis-
tributed object systems.It is basedon virtual machine and object-oriented pro-
gramming concepts. A previous work [Calsavara and Nunes,2001] has shown
that the main designprinciples of Virtuosi are feasible.Currently , a full-
edged
version of the platform is under development. To date, we have developed a
programming languageand corresponding compiler, a protot ype version of the
virtual machine kernel, a mechanism for transparent remote method invocation
and a mechanism for object and code mobilit y. That showed that our object
model and our designof distributed virtual machine architecture work well. The
main contribution of our research work, so far, is to show that is possible to
build a virtual machines which are intrinsicly distributed and cooperate to pro-
vide for transparency to such distribution, including interoperabilit y between
applications which run atop heterogeneoussystems.

In the near future, we expect to implement a mechanism for multi-threaded
execution and respective concurrency control proposed in [Nunes, 2005]. That
is going to allow building complex applications and further validate our ob-
ject model and distributed virtual machine architecture. Also, a mechanism for
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event-baseddistributed programming is under development, asan alternativ e to
remote method invocation for communication betweenobjects. That is, actually,
a �rm step towards evolving Virtuosi into a platform for developing peer-to-peer
applications. Another critical work to do is to implement compilers for di�er-
ent programming languagesin order to further assessthe object model and also
verify how applications developed by using distinct programming languagein-
teroperate.
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