An Open S ystem for SPMD Progr amming

Nenad Stankovic

FSJ Inc., Daiwa Naka-Meguro Bldg. 5-8F, 4-6-1 Naka-Meguro

Meguro-ku, Tokyo 153-0061, Japan nstankov@ics. mq.edu.au

Abstract

Wepresent her eour work aimed at developing an open, net work based visual soft wareengineer ing environment for parallel processing called

Visper. It is complet ely implement ed in Java and supports themessagepassing model. Java offers thebasic platformindependent services needed to int egratehet erogeneous hardwareinto a sea mless computational resource. Easy installation, participation and flexibilit y areseen as key properties when using thesyst em. Webelievetheapproach taken simplifies thedevelopment and test ing of parallel programs by enabling modular, object orient ed t echniquebased on our ext ensions to t heJava

API.

Keywords: MPI, PVM, message passing, perfor mance, Java

1. Intr oduction

Wide and localarea networks represent an important comput ing resource for parallel processing communit y. The processing power ofsuch environments is deemed huge. One ofthe problems is that theyare made up ofheterogeneous hardware and so ftware. In this paper we focus on descr ibing a novel metcomputing environment named Visper. The aim ofthe project is to allow a programmer to make an efficient use ofnetworked comput ing resources byemplo ying techniques such as visual programcomposit io n and analysis, checkpoint ing and fault tolerance. Visper is implemented in and for Java [16] that, due to its platfor mindependence and unifor minter face to systemservices, simplifies the implementation ofSPMD parallelapplicat ions and the systemsoftware needed to support them.

1.1 Native Message-Passing Systems

A number oftools and librar ies have been designed to foster the use ofnetworks to run parallelprograms. In the message-passing domain, products like the MPI [19] and the

PVM [15] transfor mheterogeneous networksofworkstations and superco mputers into a scalable virtualparallel co mputer. While MPI is focused on message passing aspects,

PVM acts as a runtime system. The aimo fboth is to provide a standard and portable programming inter face for severalhigh level languages. Theyhave been adapted to a var iet yofarchitectures and operating systems. Both systems require programmers to build a different executable for each target architecture or operating systemand programs must be started manually. The insufficient secur it yand dependence on shared file system limits their use for large or widely distributed applicat ions. For example, while it is possible for a PVM process to run code that is loaded fro mother network nodes, the virtualmachine provides no protection for its hosts against malicious or errant behavior fro mthe downloaded code.

To enable message-passing programming across intranet boundar ies, on a global scale, a number ofsystems have been developed. Globus [14, 21] is a popular toolkit that compr ises a set ofinterrelated components for wide area comput ing. As part ofthe project, the MPICH-G libr ar ywas developed to run MPI on a wide area network using the same standard MPI commands. Nexus [12] is a communicat ion librar ythat enables transparent accessibilit yo fremote computers with support for lightweight threading, communicat ion, synchronization and address space management. Legion [18, 21] is a powerfulsystemthat provides both greater throughput and improved response time via parallelexecut ion. It builds systemco mponents on a distr ibuted objects model. Unlike many other systems, secur it yis an integralco mponent ofthe metacomputing core, providing users with mechanisms to select policies that meet their needs without jeopardizing localadministrative requirements.

1.2 Java Programming Model

Java is an object-oriented (OO) language whose syntact icalstructure is similar to C++.

The language model, though somewhat limited, finds its strongest point in its simplicit y.

Wit h the advent ofJava and the Internet the world ofcomput ing has been enr iched by a new programming technique that is inherent ly dr iven byplat for mindependence. This explains why Java should not be recognized merely as yet another programming language but rather as a concept or an environment. Java is a sequent ial programming language that features object-oriented concepts and preempt ive mult ithreading, where thread methods offer a set ofsynchronizat ion pr imit ives based on the monitor paradigmby

C.A.R. Hoare [20]. In Java, the synchronized- wait-notify construct provides such a highlevel mo nitor.

Java threads, however, do not have built- in po int-to-point communication pr imit ives needed for message-passing parallel programming. Instead, the API provides general concepts for implement ing communication pr imit ives that are ver yflexible. Thus created freedo mallows var ious kinds ofco mmunicat ion facilit ies to be used. Java binar ies are shipped across a network and executed on client machines. Secur it yis therefore a crit ical issue and strongly enforced in Java. A Java interpreter executes binar ies at client side.

Hence, the modelis safe since the sent bytecodes are ver ified at the client that prevents corrupted or evil classes fro mcausing problems [41]. Based on these premises we can extend the network OO programming fro mthe proceduralone based on RPC or RMI [40] to the class one based on the fact that classes and objects can be sent over a network rather than plain data or a method invocation. Moreover, it is possible to preserve object´s state, to init ialize it, etc. We can think ofclasses (threads) that are distr ibuted over networks, rather than just methods that execute on remote hosts.

While being a concurrent mult it hreaded language with dynamic (remote) loading and linking capabilit ies, Java offers litt le help for distributed programming. Objects and classes in Java are mobile. They maybe unknown to the receiver upon reception, but since new classes can be added to a running program, objects downloaded fromnetwork can be reso lved and linked in at runtime. Thus, dynamic linking can be emplo yed to implement elegant lymo bile code systems allowing, for example, dynamic system configuration or programming. However, Java threads are not mobile, since thread migration is not supported. This means that both data and code can be moved or transmitted fro mone machine to another at anypoint in time, but not the current state of execution, ifany, associated with the object.

1.3 Motivation

Distr ibuted and parallelprogramming have been a topic ofactive research for some t ime with the main areas ofinterest being networking and architecture related issues. In 1995 the Pasadena Working Group #7 has drawn out the fo llowing recommendations regarding tools for high-per for mance comput ing environments [26]. Efficient support for (objectoriented) programming on parallelarchitectures in particular requires elaborate programming tools. The aim ofthe research is to support high-bandwidth, low-latency messaging, and transparent marshaling and demarshaling ofmessage content. The abilit y to instant iate or schedule processes (threads) on shared and distributed memor y architectures with low overhead is also important, together with support for the right divisio n ofwork between var ious so ftware layer s and emplo yed machines. This work needs to be progressivelyextended to address the more generalissues ofan infrastructure for parallelobjects in an environment that is not dedicated to one application and is controlled by externalagents, and therefore extensible. In our research, we have fo llowed the Pasadena Workshop recommendat ions.

Even though Java was not designed for parallel programming, it is not hard to ident ifythe reasons to implement a parallelapplication in Java. As an OO language, Java provides us with strong typing, and the objects every where feature that has as few implementation dependencies as possible. Java code is co mpiled to a for mthat runs on anyarchitecture that implements the Java VirtualMachine (JVM) [23]. Therefore, with Java, the architecture dependent problems o fmetacomput ing have been resolved since the environment and the API are inherent lyarchitecture independent. However, the price for that has been in slow execut ion speed o fJava programs. This problem has been addressed bythe just- in-time and HotSpot compilation techniques, with some encouraging results being reported [36]. The Java Nat ive Interface [38] and support for CORBA [37] enables interoperabilit y wit h nat ive code for better perfor mance or reuse. Securit yis part ofthe language as well as ofthe environment. The lack ofpointer arithmet ic and garbage collect ion allows fast prototyping. The missing support for parallel processing can be implemented either byadding new keywords to the language, or byextending the API.

The implementation ofthe missing funct ionalit yto enable efficient group operations (e.g.

controland method invocation) and message-passing parallel programming while explo it ing the advanced features ofpure Java is another aspect ofour research.

Visper is conceived as an integrated metacomput ing environment that provides ser vices to design, develop, test and run parallelprograms. It provides an MPI like communication libr ar y, and features to spawn and controllightweight processes fro mwithin the environment. In this paper we willexpand upon the ment ioned points. Section 2 descr ibes the organization and the main ser vices supported bythe environment. Section 3 descr ibes the API and the programming model, while Sect ion 4 provides var ious per formance data.

Section 5 infor ms on the related metacomput ing work in Java. A descr ipt ion ofo lder systems can be found in [2]. The paper concludes with Sect ion 6 .

2. Visper

Visper is an interactive, object-oriented environment implemented in Java, with a set of tools for construction, execut ion and testing o fSPMD applicat ions. It is conceived as a toolfor research into parallel and distributed Java programming, and as an efficient, reliable and plat formindependent environment that produces useful results. It can be used bymult iple users and run mult iple programs concurrent ly. Figure 1 shows the tool architecture and the main co mponents. Visper consist s ofa frontend ( i.e. conso le) and a backend ( i.e. systemser vices). The purpose ofthe frontend is to implement the graphical user interface and to encapsulate as much ofthe syntax ofthe modelas possible. The backend implements the semant ics ofthe modelindependent ofthe front design. The overallsystemoperation can be descr ibed in ter ms ofthe two components.

Na ming Service

Console

Session

Console

Session

Worker

Visper

Da emon

Worker

Visper

Da emon

TCP/IP iBus

TCP/IP

Class files

RT

Figure 1 Architecture

Visper is built on top oftwo communicat ion techniques: a reliable po int-to-point

(TCP/IP), and an intranet mult icast (iBus [31]). Bothtechniques can be used simultaneously, wit h iBus being optional. We have enhanced the iBus with a routing subsytemthat transfers iBus messages across domain boundar ies. Each user starts a conso le that represents the frontend to the system. The conso le provides the means to compose, start and analyze parallelprograms. The user than creates one or more sessio ns, where each sessio n runs only one parallel programat a time. A sessio n is an ordered collect ion ofhosts and represents a virtualparallel co mputer. It allows controland data collect ion ofa running program. It can dynamically grow or shr ink while a programis running, since hosts can jo in or leave ( i.e. crash). The host that dynamically jo ins a session, remains part ofit unt ilmanually removed bythe user.

The backend consists ofthe services to run parallel programs and generate debugging and runtime data. The naming service represents a database ofavailable resources, sessio ns and acts as a port-mapper and detector of fault y machines for point-to-point mode. Each machine that is part ofa Visper environment must run a Visper daemo n. Each daemon forks one worker process per session that runs parallelprograms, and maintains workers’ state (e.g. active, dead). To minimize the start-up cost, each sessio n maintains its set of workers as long as active. As presented in Figure 1 , workers can run mult iple remote threads (RT). To allow locat ion transparent programming and more efficient loading of

Java class files ( i.e. active and passive objects), the user can define mult iple loading points, and different access modes (e.g. http:// ¼ , file:// ¼ ).

2.1 T he Console

To a programmer, the console is the onlytangible co mponent ofthe tool. The purpose of the console is to enable user-to-systeminteract ion and to implement the syntax ofthe programming modelor programspecification. Its main strength is in the visual paralle l programco mposit ion and in the visualizat ion ofprogramexecution. Thus, it is the conso le for the systemin which the user constructs a parallel program, then exercises it through an interface.

Figure 2 Frontend Components

Figure 2 shows var ious frontend co mponents. For example, the frontend provides a visual

programming environment with a pallet ofmodelpr imit ives that can be placed on a canvas and which can be interconnected using arcs to create a Process Communicat ion

Graph (PCG), details o fwhich can be found in [32, 34]. The frontend also generates a

structured internal representation ofthe model, perfor ms syntactic analys is ofthe graph

the programmer is constructing, and translates the graph into a Java program. Finally, the

frontend is the user interface to the backend that allows programexecut ion, controland

debugging.

To run a program, the user first connects to a Visper daemon, fromwhere the currently

available hosts are obtained. In a group dialog, the user then creates one or more sessions.

Hosts can be shared between sessions, as each session has its own set ofworkers. Then, a

systemwide path is defined that instructs the workers where to look for the applicat ion

class files. Finally, in an execut ion dialog, the user defines input arguments and starts a

programwit hin a selected sessio n. These operations do not require special scr ipts or valid

user accounts on the invo lved hosts. When running a program, the run-time data

collect ion can be switched on and off, and later analyzed in a space-time diagram(so me

init ialresult s have been reported in [22]). To help wit h debugging, the systemalso

intercepts the except ions generated bythe parallel programand displays it in the conso le.

Iftheyare systemrelated, theyare displayed in the top right window, and ifprogram

related, then in the bottomwindow where programoutput gets displayed. The top left

window displays backend messages init iated byuser actions (e.g. J+ means the host has

jo ined the session). Conso le does not yet provide a systemwide inter face to jdb.

2.2 T he Backend

The backend consists ofa naming ser vice and a set ofVisper daemons, resource

manager s and workers running on a network or networks ofcomputers ( Figure 3 ). The

backend reacts to direct ives froma conso le, then notifies the frontend ofthe changing

programstatus as the execution process takes place. At a direct ion froma frontend, the

backend willreport infor mat ion regarding programact ivit yand host allocat ion per

session, and generate space-time diagramdata.

C

o

n

s

o

l

e

Visper

Daemon

Workers

Naming

Service

Resource

Manager

Figure 3 Backend Control Flow

Visper is built on top ofthe socket API that comes with Java and the iBus intranet

middleware. Java sockets provide the basic reliable point-to-point communicat ions by

TCP/IP protocol, and localintranet or subnet boundar ies do not affect their scope. The

problemwit h this approach is its limited scalability. Ethernet and Token ring based

networks allow efficient hardware mult icast facilit ies. However, in Java theyare not

reliable and therefore we use iBus that enables a modelo fspontaneous networking, where applicat ions can jo in and leave reliable multicast channels dynamically. Alo ng

with the mult icast capabilit ies, iBus also provides a simple inter face to receive

membership changes and failure detection. When a view change occurs, either due to a

new node jo ining or leaving the channel, the iBus membership protocoldetects it and

delivers a view change notificat ion to the registered listeners.

2.2.1 Visper Daemon

A Visper daemo n (or just daemon for short) is a standalone Java process that enables its

host machine for processing in Visper. Upon startup, each daemon registers with the

naming ser vice, and forks one worker that is init ially not assigned to anysessio n. Ifthe

daemon is designated as an iBus router, it creates a thread that forwards iBus messages

across domain or subdomain boundar ies to the designated daemons via TCP/IP channels.

After that, the daemon is readyto accept requestsfro ma console or other backend

components. Requests are processed bya daemo n agent, installed at startup. The default

agent can be replaced without restarting the daemon.

When a user creates a sessio n, the conso le broadcasts the user-defined group ofhosts into

the environment. Each affected daemon assigns the non-assigned worker to the sessio n,

and then forks a new non-assigned worker to speed up future new sessio n requests.

Daemons use the java.lang.Process class to controland co mmunicate to the workers. To

simplifythe design, conso le-to-worker communicat ion is directed through a parent

daemon.

2.2.2 Resource Manager

Each Visper daemon is acco mpanied bya resource manager. Similar to the Visper

daemon, the resource manager implements onlythe basic synchronous and asynchronous

message-passing ser vices, and a message handler that understands system-related

messages. Resource managers are configured bythe agents that implement different

resource allocat ion policies. Bydefault, each resource manager offer s two allocat ion

policies: the rando mand the round robin. New policies can be added dynamically, at

runtime. When a resource manager adds a new host to a session, the parent console gets

infor med about the change.

2.2.3 W orker

A worker is a standalo ne Java process that executes remote threads. Fromthe system’s

perspective, a worker represents a virtualprocessor with memor y. Workers are persistent,

meaning that as long as the sessio n theybelo ng to is act ive, theyremain act ive, too.

Therefore, theyare capable ofstoring the bytecode locally across mult iple execut ions.

Workers load bytecodes bya customized class loader. There is only one class loader per

worker. It extends java.lang.ClassLoader byallowing mult iple loading modes and points.

When testing a program, the user can reload the stored classes wit hout restarting the

worker, bycreating a new loader. Workers can execute concurrently mult iple remote

threads, ifthose threads belo ng to different groups. Ifnot, theyare executed as a FIFO.

Each worker provides a default communicat ion channel for the parallelprograms it runs,

which eliminates the need for an init ial synchronizat ion amo ng a group ofrunning remote

threads (see Section 3.6.2 ).

3. Programming M odel

A programin Visper is a unio n ofthree (orthogonal) entit ies: the code, the hosts, and the

class files location. Fro mthe programmers’ perspect ive, Visper provides a simple API

that enables object communicat ion and paralle lprocessing. In Figure 4 , the dashed lines

designate inher itance, and the solid lines represent aggregation. The system-levelclasses

are prefixed with a V ( for Visper), and the user-level classes with a RT (for remote

thread). Most RT classes are just wrappers for the corresponding V superclasses. Their

purpose is twofold. Fir st, to abstract awayimplementation issues by providing a simple

and coherent API. Second, to present the API as just one package ( visper.rt ), rather than

the programmer having to dealwit h the internalpackage structure.

A RTSession is an object allocated bythe systemthat keeps track ofall the resources

allocated bya program, and contains infor mat ion about the current session status and

configuration. For each run, there is only one session object. The RTComms is an MPI

like librar ythat provides point-to-point, collect ive, synchronous and asynchronous

communicat ion and synchronization pr imit ives. The group and process package

implements classes to group remote threads, to provide co mmunicat ion scope, and to

create and controlthemfro mwit hin a program. VProcess is a systemclass that represents

a controllable virtualprocess. RTRemoteProcess and RTRemoteGroup provide methods

to spawn and controlone or more remote threads. The RTGroup ( VGroup ) class of

objects provides pr imit ives to order processes. It is unique within its sessio n, represent ing

the smallest unit ofprocess organizat ion in Visper. The RTCheckpoint class implements

checkpoint ing.

1+

RTGroup

VAgent

RTSession RTComms

RTRemote

Process

RTRemote

Group

1

1

1+

VProcess VGroup

RTCheckpoint

Figure 4 API

As a metacomput ing environment, Visper is a collection ofdaemo ns that are dynamically

configured and controlled byagents. Allagents are derived fro mthe VAgent class.

Agents are system- level, self-contained, interactive and autonomous objects. They

communicate by(a)synchronous messages that are offered by the system. Upon arrival,

the host daemon allocates a Java thread for the agent to run on, and infor ms the agent

about its message queue.

3.1 Message-Passing Primitives

At the applicat ion level, Visper provides a TCP/IP based co mmunicat ion class called

RTComms that enables dir ect process-to-process communicat ions in pure Java. The

RTComms st yle fo llows the MPI standard, but in its implementation is dr iven by the

features ofand ser vices provided by Java. Unlike MPI, allthe pr imit ives take a user

defined tag. We allow intergroup collect ive co mmunications. The design is part iallya

cho ice o fsimplicit y over efficiency. While the Java Object Serializat ion [39] enables

simple programming, it is reportedlyslow [4, 28] (also Section 4.2 ). Further, RTComms

hides the addressing and co mmunicat ion mechanisms fro mthe programmer. Issues, such

as the establishing ofcommunicat ion channels and the handling ofnetwork except ions

are perfor med internally, therefore making the programmer ’s code smaller than the

corresponding socket version. For brevit y, we list below so me ofthe implemented

methods. (For performance reasons, buffered MPI pr imit ives were not implemented.)

public class RTComms{

public Object[] AllGather(RTDataGroup dg,Object data);

public Object[] Al lGather(RTDataGroupInter dg,Object data);

public Object[] AllReduce(RTDataGroup dg,Object data,RTDataOpreduceOperation);

public Object[] AllReduce(RTDataGroupInter dg,Object data,RTDataOp reduceOperation);

public Object[] AllToAll(RTDataGroup dg,Object data);

public boolean Barrier(RTDataBarrier db);

public boolean Barrier(RTDataBarrier db,int count);

public Object Bcast(RTDataBroadcast db,Object data);

public boolean Cancel(VData d);

public Object[] Gather(RTDataGroup dg,Object data);

public Obje ct[] Gather(RTDataGroupInter dg,Object data);

public void Probe(RTDataSend ds);

public boolean Probe(RTDataSend ds);

public boolean ProbeAsync(RTDataRecv dr);

public boolean ProbeAsync(RTDataSend ds);

public Object Recv(RTDataRecv dr);

public RTDataR ecv RecvAsync(RTDataRecv dr);

public Object Reduce(RTDataGroup dg,Object data,RTDataOpreduceOperation);

public boolean Send(RTDataInter dr,Object data);

public boolean Send(RTDataSend ds,Object data);

public RTDataSend SendAsync(RTDataSend ds,Object d ata);

public boolean SendInter(RTDataInter di,Object data);

public Object SendRecv(RTDataSendRecv dsr,Object data);

public Object Test(RTDataRecv dr);

public boolean Test(RTDataSend ds);

public Object[] WaitAll(RTDataRecv[] dr);

public boolean[] Wait All(RTDataSend[] ds);

}

RTComms supports blocking and non- blocking point-to-point and collect ive message-

passing pr imit ives in a raw and trace mode. Messages can be sent within a group or

among different groups. The synchronizat ion capabilit ies are represented bythe barr ier

method. There are two var iants, one that waits for all processes in a group and the other

that releases the block after the specified number ofprocesses have made the call. Allthe

methods follow the same pattern, where fir st argument represents the message envelope,

and second argument represents the data. Similar to MPI, the programmer is reasoning in

terms oftransparent process ident ifiers, rather than IP names and ports. However, the

RTComms is an object based co mmunication libr ar ytaking advantage ofthe Java Object

Ser ializat ion mechanism, method over loading, and it does not support direct lynat ive data

types. The benefit ofthis approach is that the programmer does not have to define the type ofthe data being sent to the system. The drawback is that the programmer must use

a wrapper object to send nat ive t ypes.

As in MPI, the following attributes define a message envelope: the tag, the process

ident ifier, and the group. Theyare combined into an object ofthe VData class. Figure 5

presents the (simplified) hierarchy ofenvelope classes used by the communicat ion

methods.

VData

RTDataSend RTDataGroup RTDataBcast

RTDataGroupInter

RTDataBarrier RTDataInter

RTDataScatter

RTDataSendRecv

RTDataOp

RTDataRecv

Figure 5 Envelopes

VData is an abstract class that defines methods to match itself against other envelopes.

public abstract class VData implements java.io.Serializable,Cloneable {

VData(int tag,int sendToID,String sendToGroup,int recvFromID,StringrecvFromGroup);

public abstract boolean Match(VData d); // exact match

public abstract bo olean MatchAnySource (VData d);

public abstract boolean MatchAnyTag(VData d);

public abstract boolean MatchAnyTagSource(VData d);

}

The constructor takes a message tag and 4 arguments that fullydefine the scope. For an

intragroup message the RTDataSend defines the tag and the sendTo* part, while the

RTDataRecv defines the tag and the recvFrom* part (see Section 3.6.1 ), and the system

adds the missing data, bydefault. Each subclass imp lements the match methods,

depending on the desired behavior. For example, the RTDataBcast class returns false for

allthe MatchAny* methods, allowing onlythe exact match to return a valid result. On the

other hand, a point-to-point send allows matching based on allthe cr iter ia. For intergroup

messages the RTDataInter requires all the 5 arguments to be coded. RTDataOp defines

the reduction operation for Reduce methods.

3.2 Remote T hread

Remote threads are the basic building blocks when programming in Visper. Theycan be

descr ibed as protocoland plat formindependent components that dynamically extend the

funct ionalit yavailable at remote hosts. Similar to applets theyare Java applicat ion

components that are downloaded, on demand, to a part ofthe environment where theyget

scheduled to run on a Java thread allocated bythe worker. Remote threads have the Java

advantage: memor yaccess vio lat ions and strong typing vio lat ions are not possible, so that

fault yremote threads will not crash processes the waythat is co mmo n in most C

language environments. A remote thread is any class that implements the RTRunnable

inter face:

public interface RTRunnable extends java.io.Serializable {

public void Run(String[] args,RTThreadGroup rttg,RTSession rts);

}

This so lution has been chosen to promote code reuse, since Java does not support

mult iple inher itance. It allows any Java class to be turned into a remote thread simplyby

implement ing the interface, rather than forcing the programmer to inher it fro ma remote

thread class. Therefore, a remote thread is a class, but not allthe classes that a remote

thread makes use ofor reference are remote threads. They, nevertheless represent this

remote thread context. Upon creation and init ializat ion bythe system, such an object

executes its Run method. This method defines the remote thread script or body: the

sequence ofact ions that it executes while alive. It takes three arguments. The fir st

argument contains the input arguments ( ifany) defined by the user. The second argument

is used in those cases when the programmakes use o fJava threads. Allthe spawned Java

threads should belo ng to that thread group for the systemto block before allo fthem jo in.

The third argument represents the sessio n on which the programexecutes. When Run

terminates, the remote thread terminates, too. Remote thread termination is unified wit h

garbage co llect ion, making it unreachable.

3.3 Remote Process and Remote Group

Remote threads provide us with the basic mechanismfor parallelism that makes a Java

class runnable in Visper. However, we stillneed a structured and constrained parallel-

programming modelthat will allow remote instant iat ion, execut ion and controloftasks.

Object-oriented software development methods dealwith concurrencyaccording to either

the implicit concurrencymodel or the explicit concurrencymodel. In the implic it model,

the objects themselves have concurrent execut ion capabilit ies. Each object represents an

autonomous unit that perfor ms a requested service concurrent lywith other objects. In the

explicit model, there are two abstraction concepts: processes and objects. Objects are

encapsulated inside processes, the latter providing concurrent execution capabilit ies by

allocat ing the resources the objects willmake use of.

Due to the design ofJava descr ibed in Sect ion 1.2 our concurrency modelis explicit.

Alo ng with being explicit, our modelcan be classified as sequent ialsince each process

has only one (remote) thread ofcontrol. Consequent ly, there is a one-to-one mapping

between remote threads and processes. As shown in Figure 4 , the modelco mpr ises four

classes. VProcess is a systemclass that defines methods to controla remote thread. The

methods are simple as theyonlyreturn controlprotocolobjects. It has three attributes: the

group, the remotethread class name, and the input arguments.

class VProcess implements java.io.Serializable {

VMessage Invoke(ja va.lang.reflect.Method method,Object[] args);

VMessage IsAlive();

VMessage Join();

VMessage Migrate(int pr ocessID);

VMessage Resume();

VMessage Start();

VMessage Stop();

VMessage Suspend();

}

RTRemoteProcess and RTRemoteGroup allow asynchronous creation ofremote threads.

Remote threads are started automat ically when scheduled for execut ion, byinvoking their

Run methods. Both classes implement the same inter face together with the

communicat ion mechanisms between a parent thread and a child thread or threads.

RTRemoteProcess uses TCP/IP, and RTRemoteGroup uses iBus mult icast ifnot talking

to an individualremote thread. RTRemoteProcess has two attributes: the VProcess, and

the process ID. RTRemoteGroup has two attributes: the VProcess, and the list ofprocess

IDs relative to the group, ifnot homogeneous.

public class RTRemoteProcess implementsjava.io.Serializable {

public RTRemoteProcess(Class rtclass,String[] args,RTGroup rtg,int processID);

public boolean Invoke(java.lang.reflect.Method method,Object[] args);

public boolean Invoke(String method,Object[] args);

public boolean IsAlive();

public boolea n Join();

public boolean Migrate(int processID);

public boolean Resume();

bool ean Start();

public boolean Stop();

public boolean Suspend();

}

The RTRemoteProcess constructor takes three arguments. The processID defines the host

relat ive to the group on which to spawn a new remote thread. When an object owns a

reference to a remote process or a group ofprocesses it is able to control it byinvoking

methods. To simplify programming, allthe inter face methods return a true or false status.

For example, to test ifa remote process is st illalive (eit her active or suspended), we use:

IsAlive()

Explicit synchronizat ion with remote process terminat ion is provided bythe Join method.

It blocks unt ilthe processes or the group ofprocesses co mpletes its execut ion, i.e. exit

Run. The Invoke method enables method invocat ion on remote threads. This mechanism

is based on the Java Reflect ion API [35], which is an example ofstructuralreflect ion that

gives us an insight into structuralaspects ofthe classes and objects in the current JVM. If

the secur it ypolicy per mit s, the Reflect ion API can be used to construct new class

instances, invoke methods on objects and classes, etc. A more transparent modelo f

method invocation would require a preprocessor similar to the one used by Java and RMI.

It, nevertheless, allows invocat ion ofmethods on processes as wellas groups. Also, any

process that holds a reference to another process may invoke methods on it. A subset of

the methods defined bythe VProcess class is imple mented bythe conso le to control

programs on a world basis (e.g. Stop, Resume).

3.4 Group

A group is an ordered set ofprocesses. It is the smallest formofresource organization in

Visper. A process is instantiated as a member ofa group. Groups can be static ( i.e.

defined at compile time) or dynamic ( i.e. allocated bya resource manager). Groups are

unique, meaning that within a sessio n no two groups can share the same name. They are

system-wide objects, meaning that ifa host crashes, allthe groups that reference that host

willget notified. RTGroup exports the group size, name, and process ID relat ive to itself.

Bydefault, each sessio n has a group called RTWorld ( Figure 6 ), that compr ises all the

processes emplo yed bythe sessio n, whether allocated statically or dynamically. This

differs fro mthe MPI-2 [24] modelin which an intercommunicator binds a dynamically created group to the static. Groups may have a virtualtopology, represented bythe

RTGraph and RTGrid classes (not implemented yet).

Visper provides two more groups to simplifyprogramming wit h RTRemoteProcess and

RTRemoteGroup constructs. The idea is to have a programming modelthat does not

depend on a specific naming convent ion, or forces the programmer to pass configurat ion

infor mat ion when allocating new processes. One group is called RTParent , and has only

one member that is the process that has created the remote process or the remote group of

processes. The other group is called RTLocal and is an alias for the actualgroup the

process belongs to. Both classes are pseudo groups, since theydo not allocate resources.

RTGroup

RTWorld

RTGrid RTGraph

RTParent

RTLocal

Figure 6 Groups

For example, in a master-worker scenar io, a process P1 from Group1 creates a group

called Group2 , and populates it with processes ( Figure 7 ). The RTRemoteGroup object is

used when referencing the remote threads it has spawned. After the workers from Group2

perfor mso me calculat ions, P1 collects the results via an intergroup gather.

Group1 Group2

P1

RTParent

RTLocal

RTRemoteGroup

Figure 7 Local and Parent Group

The fo llowing programexcerpts implement the master part:

RTGroup Group2 = newRTGroup(rts); // create newgroup in this session (rts)

RTRemoteGroup rg = n ewRTRemoteGroup(Worker.class,null,Group2);

Object[] obj = comms.Gather(newRTDataGroupInter(10,P1,Group1,Group2),null);

and the worker part:

public class Worker implementsRTRunnable {

Object result = ¼ ; // calculate result

RTGroup parent = newRTParen t(rts); // get parent, i.e. P1 of Group1

RTGroup local = newRTLocal(rts); // get local group, i.e. Group2 comms.Gather(newRTDataGroupInter(10,0,parent,local),result);

}

The Gather primit ive reads as: co llect all the results with tag 10 from Group2 at process

P1 of Group1 . Process P1 does not add anything to the result as null is passed into the

gather. At the worker, the systemautomaticallymaps group local to Group2 , and process

0 ofgroup parent to process P1 of Group1 .

3.5 Remote T hread Migration and Checkpointing

In distr ibuted programming, process migration is important since it allows processes to be

restarted froma known state in a different address space. Depending on the applicat ion, it

can be used eit her to offload the host, or to intentionally cont inue execut ion on a new

host. Remotethreads can migrate only within the same group. Before a migrated thread is

restarted, all the systemwide references to it must be updated automat ically. I n a parallel-

programming environment where programs take long t ime to complete, we are also

interested in the abilit yto recover the application in the case ofa failure. For a standalone

remotethread that is idle or wants to migrate itself, the scenar io is simple since its state is

known at the time ofmigrat ion, and the migration can be per formed immediately. For a

communicat ing/interact ive remote thread, however, we can only restart the thread froma

preserved state, not the current since it is unknown.

To support migrat ion and fault tolerance, Visper provides a checkpo int ing mechanism

that allows saving state ofan object periodically. Checkpoint ing is implemented at high

level as an API class called RTCheckpo int, since the specificat ion ofthe JVM prohibits a

migrated object to be restarted fro mthe last executio n point transparent ly. Checkpo ints

are inserted at appropriate places in the code, and the already co mputed operations must

be skipped over when the remote thread resumes execut ion froma snapshot state in a new

worker. Mult iple checkpo int objects may be created, each with a unique name. Each

checkpointed object must have a unique name that is used to recover it. Bycalling

commit, the checkpo int is marked as co mplete. Subsequent calls to write for ma new

checkpoint.

public class RTCheckpoint {

public RT Checkpoint(RTSession rts,Stringname);

public boolean Commit(); // mark checkpoint as complete; also a hint to save checkpoint

public boolean Initialize(); // initialize checkpoint

public boolean Recover(); // get last consistent program checkpoint

pub lic boolean RecoverLast(); // get last process checkpoint

public Object Read(String name);

public boolean Write(String name,Object obj);

}

To accommodate for the standalone case, the complete remote thread is checkpo inted

upon a request for evacuation, by default. To minimize the cost in t ime, the process is

synchronous and unbuffered, since the mechanis mdoes not make or maintain in-process

copies ofthe checkpo inted objects. The data are passed locally, through a socket, to the

parent Visper daemon that implements the optimist ic checkpo inting po licywhere each

process takes checkpo ints independent ly [10]. The daemon mayeither buffer in memor y

or save checkpo ints to file. A message is sent to flush the buffers when the process they

belo ng to terminates. Upon recover y, the systemtries to construct a consistent program

state fromthe files. Both, the checkpo inting and the evacuat ion are based on the Object

Ser ializat ion mechanismand streamco mpression filter s, and theyrequire that all objects registered with the fault tolerance mechanismare ser ializable. Objects are ser ialized to a

byte arrayto relive the daemon fro mdownloading the class files when reading ( i.e.

deser ializing) the passed data.

3.6 Example Programs

Visper console provides two modes ofexecut ion: the MPI mode and the dynamic RT. In

the MPI mode, the systemexecutes a requested remote thread bysending it to all the

workers in a sessio n ( i.e. World). This resembles the static SPMD style as in MPI 1. In

the RT mode the conso le sends requests only to the first process in a session (the one with

ID 0 relative to the World). That remote thread actslike a bootstrap. To populate other

processes in a sessio n, we use a RTRemoteProcess or a RTRemoteGroup. It is important

to notice that when wr it ing a program, these modes are not relevant. Theyare simply

pr imit ives provided by the conso le to simplifyprogramdeplo yment.

Here, we present a simple example program. It consists oftwo processes, one that sends a

message and the other receives it. The receiving process sends a message to the console

that displays the number being sent.

3.6.1 The MPI Execution Mode

The MPI execut ion mode versio n consists ofonlyone class called SendReceiveMPI . It

implements onlythe Run method as dictated bythe RTRunnable inter face.

import visper.rt.*;

public class SendReceiveMPI implements RTRunnable {

public void Run(String[] args, RTThreadGroup rttg,RTSession rts)

{

RTComms comms = newRTComms(rts); // use default communications

RTWorld world = newRTWorld(rts); // use def ault group

if (world.HostID() == 0) {

RTDataSend ds = newRTDataSend(10,1,world);

comms.Send(ds,newInteger(5)); // blocking send

} else if (rts.HostID(world) == 1) {

RTDataRecv dr = newRTDataRecv(10,0,world);

Integer msg = (Integer)comms. Recv(dr); // blockingreceive

rts.Out(msg.toString()); // send to console

}

}

}

The programfir st creates a RTComms called comms , and a default group called world .

Theyare both registered with the sessio n ( rts ). Similar to MPI, we use group-based

process ident ifiers to ident ify individualprocesses. In the example, process 0 sends an

Integer object, while process 1 receives it. Both processes use blo cking pr imit ives. The

send envelope defines a message tagged as 10 , to process 1 ofgroup world . The receive

envelope defines a message tagged as 10 , fromprocess 0 ofgroup world .

3.6.2 The RT Execution Mode

This program, when wr itten for RT mode, requires two remote threads, fo llowing the

producer-consumer pattern. The producer (i.e. boot) thread is called SendReceiveBoot . It creates a new remote thread called SendReceiveEcho on process 1 and sends a message to

it. We will extend the programby using a dedicated communicat ion port.

import visper.rt.*;

public class SendReceiveBoot implements RTRunnable {

public void Run(String[] args, RTThreadGroup rttg,RTSession rts)

{

RTComms comms = newRTComms(rts,2000); // use dedicated port

RTWorld world = newRTWorld(rts);

RTRemoteProcess rtrp = newRTRem oteProcess(SendReceiveEcho.class,null,world,1);

rts.GetComm s().Barrier(world); // synchronize

RTDataSend ds = newRTDataSend(10,1,world);

comms.Send(ds,newInteger(5));

}

}

public class SendReceiveEcho implementsRTRunnable {

public void Run(String[] args, RTThreadGroup rttg,RTSession rts)

{

RTComms comms = newRTComms(rts,2000); // use dedicated port

RTWorld world = newRTWorld(rts);

rts.GetComms().Barrier(world); // synchronize

RTDataRecv dr = newRTDataRecv(10,0,world);

Integer msg = (Integer)comms.Recv(dr);

rts.Out(msg.toString());

}

}

Since we do not use the default communicat ion port, the systemwillnot buffer the

message. Therefore, due to the asynchronous nature ofexecution, we fir st synchronize at

the default communicat ion port ( rts.GetComms() ), before sending a message.

4. Performance

We have measured the basic per for mance ofVisper using: 7 UltraSparc/Solar is2.5 with

256MB RAM, three Pentium200 wit h 64 MB RAM and two Pentium400 with 128 MB

RAM/NT 4.00.1381, and two HP A9000-780/HP-UX B.10.20 with 512MB RAM

connected with a 10 Mbps Ethernet. On the HP nodes we have used HP-UX Java

C.01.15.05, on the Sun nodes Sun JDK1.1.6, and on the PCs Sun JDK1.2. Since the

Solar is versio n does not support just- in-time co mpilat io n (JIT), the just-in-t ime compiler

was disabled for the test, except were noted. We have also used MPICH 1.1.1 [25] and

PVM 3.4 [29], built with Sun’s C/C++ 4.2 compilers. The non-JIT results are included to

compare Visper (Java) to MPICH (C) on the same hardware.

4.1 Speedup

The speedup test represents a simple Jacobi iterat ion with 2000 columns and 300 rows

with a maximumo f100 iterations. The graph in Figure 8 displays the average execut ion

time and speed-up over 8 runs for different number ofnodes ( from1 to 10). For a 500 by

500 matrix, the best speedup value was only2.7 and it peeked at 7 nodes. This is due to

the fact that the computation time was not significant ly greater than the communicat ion

time. It is interest ing to compare these speedup values to the one obtained by a similar C

programwr itten for MPICH. For the 2000x300 example, the speedup was 2.11 on the 7

UltraSparc machines, and for the 500x500 example it was 2.27. For 1 node, the

computation times were 15.162 seconds (2000x300) and 5.094 seconds (500x500). For 7

nodes, the 2000x300 example took 7.183 seconds to complete, and the 500x500 example

took 2.242 seconds.

0

100000

200000

300000

400000

500000

600000

700000

1 2 3 4 5 6 7 8 9 10

Nodes time(ms)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 speedup

time

speedup

Figure 8 Time and Speedup (2000x300)

The graph in Figure 9 displays the average execut ion time and speed-up over 8 runs for a

matr ix mult iplication problemwit h 1000 rows and 1000 columns. The PC values were

collected onlyon the five PCs wit h JIT, therefore showing significantly better execut ion

times. The NOW values were collected onlyon Unix. The speedup lines, however, are

similar, as the problem is course grain.

0

50000

100000

150000

200000

250000

300000

1 2 3 4 5 6 7 8 9

No d e s tim e ( m s )

0

1

2

3

4

5

6

7

8 s p e e d u p

PCTime

Now Time

PcSpeedup

Now Speedup

Figure 9 Time and Speedup (1000x1000)

4.2 Point-to-Point Communication

Generally speaking, to send a message, the fo llowing steps are required:

· Address reso lution,

· Data marshaling, and

· Data Transfer.

Wit h message-passing systems, the address resolutio n invo lves conversio n ofa logical

process ident ifier with respect to a communicat ion group into the actualIP address and

port. The data marshaling invo lves the conversio n ofthe data fromthe localhost format

into the network (i.e. architecture independent) format, and back. The data transfer takes

place over a network, the characterist ics ofwhich usuallyhave large impact on the

overallper for mance ofparallel programs. These three steps were included in the time

cost benchmark, below.

Here we present the test results for the COMMS1 (i.e. Ping-Pong) [9] test performed on

the mentioned librar ies. The purpose ofthis benchmark is to measure the basic

communicat ion properties o fa message-passing environment: latencyand unidirectional

bandwidth. The master process sends a message to the slave process, and the slave

immediatelyreturns it to the master. Messages are ofa var iable length, and it is assumed

that the amount oftime to send a message fromthe master to the slave is equalto the time

required for a return. The testswere performed for messages o f1, 100, 1000, 10000,

100000, and 1000000 bytes in length. The latency and bandwidth values were calculated

bya linear funct ion via a least squares linear regression.

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 1 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0

B y t e s S e n t ms

H P + J I T

P C + J I T

S u n

P V M

j P V M

M P I C H

Figure 10 COMMS1 Times (ms)

As a reference, in Figure 10 (and Table 3 in Appendix) we present the COMMS1 results

taken for 3 native systems: the PVM, the MPICH and the jPVM [43], collected on Sun.

As expected, the PVM and MPICH times are ver ys imilar. The jPVM times are

marginallyinfer ior to the PVM times, due to the two causes ofoverhead: an addit ional

call to switch between Java and C, and the cost ofthe Java to native data types

conversio n. Figure 10 also shows the RTComms t imes ( HP+JIT , PC+JIT , and Sun

curves) for the three target platfor ms. The tests were perfor med between 2 computers of

the same t ype. The HP and PC results were obtained by using JIT. It is interest ing to

notice that although RTCo mms was built direct lyon top ofthe Java Object Serialization mechanis m[39], so the impact ofthe introduced bytecode is minimal, it is two orders of

magnitude behind jPVM for smallmessages. This is due to a high socket startup and

ser ialization cost, and threads scheduling in Java. As messages were getting larger, the

impact ofJava on the overallper formance has decreased. The slower node dominated the

cross-architecture results. For example, the Sun-to-PC test yielded results similar to the

Sun curve in Figure 10 , while the PC-to-HP test produced results slight lybetter than the

HP curve.

Table 1 Communication Cost (ms)

jPVM MPICH Sun HP+JIT PC+JIT

Latency 0.784 0.905 81.554 51.249 5.782

Time/Byte 0.00098 0.00097 0.0016 0.0013 0.0012

Table 1 shows the communicat ion costs for jPVM and MPICH on Sun, and RTComms

on the three target architectures. The RTComms values reflect the high cost of

networking in Java for small messages. jPVM and MPICH have outperformed Java on

Sun by two orders ofmagnitude, but it is interesting to notice that JIT has significant ly

reduced the PC latency, while on HP the impact was onlymarginal. Good time-per-byte

values can be explained bythe fact that as messages were getting larger, the differences

in t imes were getting smaller, for all the three JVMs.

0

0 .2

0 .4

0 .6

0 .8

1

1 .2

1 1 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0

B y t e s S e n t

MB/s

j P V M

P C + J I T

S u n

M P I C H

H P + J I T

Figure 11 Bandwidth (MB/s)

As a result ofthe rather poor latencies, the effective bandwidth is reduced for small

messages in RTCo mms co mpared to jPVM and MPICH byone to two orders of

magnitude ( Figure 11 and Table 4 in Appendix). Again, the HP results are rather

surpr ising regarding the fact that allthe tests were performed wit h JIT compilat ion. On the other hand, our implementation and tests have proved that a pure Java message-

passing librar y, though infer ior in per for mance to the systems based on nat ive code, is a

viable option. A more detailed presentation and discussio n can be found in [33].

5. Related Java S ystem s

The WWW has the potentialto be the infrastructure in integrating heterogeneous and

remote computer systems into a global co mput ing resource. There is a growing bodyof

workon how to utilize best this new techno logy. Metacomputing systems, even on a local

area network, are complex so ftware and hardware structures and their development is a

difficult, but challenging task. The issues that have to be addressed compr ise scalabilit y,

heterogeneit y, secur it y, resource management, fault-tolerance, mult i-language support,

extensibilit y, interoperabilit y and ease ofuse. While the systems ment ioned in Sect ion 1.1

address so me ifnot allo fthese issues, the research work in Java has been progressing in

three direct ions. One direct ion, represented bythe so-called Java-enabled systems, has

taken advantage ofthe Java Nat ive Inter face to enable execution o fJava programs on top

ofa nat ive system. This way, a parallelJava programtakes advantage ofthe entire

under lying infrastructure, while ut iliz ing the platfor mindependence and portabilit yo f

Java. For example, NexusJava [13] provides Java bindings for Nexus, for creating and

exchanging glo balpo inters and per for ming remote service requests to methods defined in

objects referenced by these global po inters. The binding also allows interoperabilit yo f

Java and Nexus programs wr itten in other languages. The efforts to enable message-

passing librar ies like the MPI and PVM to run under the JVM include jPVM [43] and

MPI Java [6]. Similar to NexusJava, theyboth provide wrappers for the C-calls. Because

Java types do not map easily to native t ypes (e.g. C), the Java-MPI API [3] has been

defined in an effort to standardize the interoperabilit y. The approach ofNetsolve [5] is

somewhat different, but rather than implement ing a new message-passing system, it

opens up the exist ing resources to public. Netsolve implements a Java based systemfor

exporting computational resources and librar ies ofpreconfigured modules to solve

computationallyintensive problems. The user communicates with the systemvia a GUI

that provides a set ofavailable modules, an input window to specifythe input data and an

output window to view the results. Upon receiving the problem name and input data, the

Netsolve systemautomaticallyallocates resources to carryout the computation and sends

back a result.

The second direct ion is represented bythe ear ly pure Java systems taking advantage of

Java applets running in WWW browsers to achieve distribut ion and parallelism. For

example, Knitt ingFactory[2] is an infrastructure to facilitate building collaborative and

parallelcomputations on the WWW. Load balancing and fault masking are provided by

the runtime systemtransparent to the programmer. Due to the Java secur it ypo licy of

host-of-origin , direct applet-to-applet communicat ion uses Remote Method Invocation

[40]. In Javelin [7] there are three components: brokers, clients and hosts. A client is a

process that seeks comput ing resources to solve a task. A host is a process offer ing

comput ing resources. A broker is an HTTP server that coordinates the supplyand

demand for computing resources, based on the registrations ofintent ions by hosts and

tasks byclients. All co mmunicat ion must be routed through the server, which makes a

single server a bottleneck. This modelis suitable for solving large, decomposable problems such as the RSA factoring [30]. The main dr ive behind these projects was the

recognit ion ofthe write once run many capabilit yo fJava.

The third direct ion is represented by the Java systems that do not rely on the WWW

browsers and Java applets, but rather implement standalone parallel environments. Such

systems are built either byextending the language with new keywords [27], or by

providing a pure Java API for parallelprocessing. While these systems are relat ively new,

theyare better descr ibed as prototypes or ongoing work than co mplete when co mpared to

the nat ive systems ofSection 1.1 . We concentrate here only on pure Java systems amo ng

which we classify Visper, since new keywords require nonstandard Java components.

JPVM [11] is a PVM librar ywr itten in Java, but misses so me important PVM features,

e.g.: dynamic process group, group broadcast and barr ier synchronizat ion. JPVM utilizes

Java mainly for heterogeneit y, since it lacks the abilit yto download applicat ion code

fro mnetwork, and fault tolerance is weak. Consequent ly, its applicabilit yis limited to

local networks. IceT [17, 21] is also a PVM like environment for parallel processing, but

enhanced with classes for collaborative work where mult iple users can work together.

DOGMA [8] is a metacomput ing systemdesigned for running parallel programs on

networks and supercomputers (IBM SP/2) based on the MPI model. It provides a

communicat ion librar y, the MPIJ that implements MPI completelyin Java. Unlike the

RTComms in Visper, the MPIJ implementation ofMPI is based on the MPI C++

bindings as much as possible, and the programming st yle in DOGMA resembles closely

the one found in MPI. There is no support for passing objects, since the authors have

concentrated on native t ypes and efficiency. Ninflet [42] is a Java based global

comput ing environment that builds on the exper ience acquired by the Ninf system.

Similar to Javelin, Ninflet is a three-tier architecture that comprises the dispatcher, the

server and the ninflet. A ninflet is a schedulable client programthat executes on the

Ninflet system. Ninflets interact byinvoking methods based on the RMI. None ofthe

systems has referenced the Pasadena Workshop recommendatio ns [26].

Table 2 Comparison

Feature DOGMA JPVM IceT Ninflet Visper

Scalabilit y N N Y Y

Scheduling Y N N Y Y

Load Balancing N N N Y N

Fault-Tolerance N N N Y Y

Extensibilit y N N N N Y

Interoperabilit y N N Y N

Migrat ion N N Y Y Y

Data Scheme Y N N N N

Clusters Y N N Y N

Table 2 summar izes the more important features imp lemented so far. It is based on the

list ofruntime goals and programming interface that DOGMA seeks to meet. Ninflet is

included pr imar ilyas a fair ly co mplete parallel processing system, as it lacks message-

passing pr imit ives. Scalabilit y in DOGMA and JPVM is questionable, since both systems

use persistent communicat ion channels to improve per for mance. While the per formance

results ofMPIJ just ifies the approach, in JPVM they depend ver ymuch on thread scheduling [33]. In pure Java, load balancing is an open issue due to a rather limited

inter face to the OS and, depending on the approach, mayrequire so me native code.

Interoperabilit yrequires reso lving two main problems. One is the init ialization o fthe

nat ive PVM or MPI virtual machine fro mthe Java systemand vice-versa, and the other is

in the data representation. As a proofofconcept, IceT managed to soft-install C-based

MPI processes on remote environments and dynamicallyinstall FORTRAN-base PVM.

The support for clusters in DOGMA is part ofits hierarchical systemtopology. In Visper,

the network is a flat resource that is organized into sessions. However, allthe nodes can

be manuallyordered in a group dialog ( Figure 2 ) ifthe user wants to group themin a

particular order. In allthe systems secur it y, if addressed, is based on the

java.lang.SecurityManager class. While all the ment io ned systems have been tied to the

ideas and the st yle ofthe nat ive parallelprocessing that theyfo llow, Visper is perceived

pr imar ily as an environment that allows different programming st yles, models and

applicat ions to be exercised within the same extensible framework. Therefore the support

for parallelprocessing in Visper is just a service, not the ult imate goal.

6. Conclusion

Visper is a novel, pure Java based toolfor SPMD parallelprogramming. It combines the

novel features provided by Java with the standard practices and techniques pioneered by

systems like the MPI and PVM. It allows remote execution ofJava bytecodes, by

transforming a network ofmachines into a virtualparallelco mputer. A parallelprogram

executes as a group or groups ofasynchronous remote threads that communicate by

sending messages. In the shared var iable paradigm, processes co mmunicate bywr it ing to

and reading fromshareable memor ylocat ions. This paradigmalt hough simple vio lates,

however, the principles ofabstraction and encapsulat io n, making it difficult to implement

large systems reliably[1]. The problems with such implementations include the mutual

exclusio n, the condit ion synchronizat ion and the lack ofcontrolover communicat ion

modes for better performance. On the other hand, remote threads are autonomous,

interact ing comput ing elements that encapsulate data and procedure. Theycan be

dynamically created and configured, thus providing flexibilit yin organizing their act ivit y.

Visper is designed as a three- layer system, where systemser vices and system

configuration are cleanlydecoupled fromthe message-passing API. It provides secure,

object-oriented, peer-to-peer message-passing environment in which programmer s can

compose, run and test parallel programs within persistent sessio ns. The co mmunicat ion

pr imit ives represented bythe RTComms class fo llow the primit ives ofthe MPI standard.

Theyprovide synchronous and asynchronous modes ofcommunicat ion between

processes. The programmer can choose between point-to-point and co llect ive

communicat ions. Visper supports synchronous and asynchronous modes ofexecut ion and

pr imit ives to controlprocesses and groups ofprocesses as iftheywere realparallel

computers. The performed tests have showed that Java is a viable option for parallel

processing, especiallywhen enhanced at runtime by a JIT compiler. Visper will be made

available fro mthe fo llowing site: http://www.comp. mq.edu.au/~nstankov .

Refer ences

[1] Agha, G. A., and Jamali, N. Concurrent programming for Distr ibuted Artificia l

Intelligence. In Weiss, G. (ed.). Multiagent Systems: A Modern Approach to DAI. MIT

Press, 1998.

[2] Baratloo, A., Karaul, M., Kar l, H., and Kedem, Z. M. Knitt ingFactory: An

Infrastructure for Distributed Web Applicat ions. TR1997-748, Department ofComputer

Science, New York Universit y, New York, NY, 1997.

[3] Carpenter, B., Getov, V., Judd, G., Skjellum, T., Fox, G. MPI for Java: Position

Document and Draft API Specificat ion. Technical Report JGF-TR-03, Java Grande

Forum, November 1998. http://www.javagrande.org/

[4] Carpenter, B., Fox, G., Ko, S. H., and Lim, S. Object serialization for Marshaling

Data in Java Inter face to MPI. ACM 1999 Java Grande Conference, San Francisco, CA,

June 12-14, 1999. http://www.cs.ucsb.edu/conferences/java99

[5] Casanova, H., and Dongarra, J. J. Netsolve: A Network Solver for Solving

Computational Science Problems. TechnicalReport CS-95-313, Universit y ofTennessee,

Knoxville, TN, November 1995.

[6] Chang, Y-J., and Carpenter, B. MPI Java Wrapper Download Page, March 27, 1997.

http://www.npac.syr.edu/user s/yjchang/javaMPI

[7] Chr ist iansen, B. O., Cappello, P., Ionescu, M. F., Neary, M. O., Schauser, K. E., and

Wu, D. Javelin: Internet-Based ParallelComput ing Using Java. Concurrency: Practice

and Exper ience, Vol. 9, No. 11, November 1997, pp.1139 - 1160.

[8] DOGMA: Distr ibuted Object Group Metacomput ing Architecure. September, 1998.

http://zodiac.cs. byu.edu/DOGMA

[9] Dongarra, J. J., Meuer, H-W., and Strohmaier, E. The 1994 TOP500 Report.

http://www.top500.org/

[10] Elnozahy, E. N., Johnson, D., and Zwaenepoel, W. The Per formance ofConsistent

Checkpo inting. In Proceedings ofthe 11th Symposium on Reliable Distributed Systems,

IEEE Computer Societ y, Houston, TX, October 1992, pp.39-47.

[11] Ferrari, A. JPVM. http://www.cs.virginia.edu/~ajf2j/jpvm. ht ml

[12] Foster, I., Kesselman, C., and Tuecke, S. The Nexus Approach to Integrating

Mult ithreading and Communicat ion. Journalo fParalle land Distr ibuted Computing. Vol.

37, 1996, pp.70-82.

[13] Foster, I., and Tuecke, S. Enabling Techno logies for Web-Based Ubiquitous

Supercomputing. In Proceedings ofthe 5 th IEEE InternationalSymposium on High

Perfor mance Distr ibuted Computing (HPDC-5), Syracuse, NY, August 1996, pp.112-

119.

[14] Foster, I., Kesselman, C. Globus: A Metacomput ing Infrastructure Toolkit. The

InternationalJournal ofSupercomputer Applicat ions and High Per for mance Co mput ing.

Vol. 11, No. 2, 1997, pp.115-128.

[15] Geist, G. A., et al. PVM 3 User´s Guide and Reference Manual. Technical Report

ORNL/TM-12187, Oak Ridge NationalLaboratory, 1993.

[16] Gosling, J., Joy, B., and Steele, G. The Java Language Specificat ion. Addiso n

Wesley, 1996.

[17] Gray, P., and Sunderam, V. The IceT Project: An Environment for Cooperative

Distr ibuted Computing. http://www.mathcs.emor y.edu/~gray/IceT.ps

[18] Grimshaw, A. S., and Wulf, W. A. The Legion Visio n ofa Wor ldwide Virtual

Computer. CACM, Vol. 40, No. 1, Januar y97, pp.39-45.

[19] Gropp, W., Lusk, E., and Skjellum, A. Using MPI, Portable Parallel Programming

with the Message-Passing Interface . The MIT Press, 1994.

[20] Hoare, C. A. R. Monitors: An Operat ing SystemStructuring Concept.

Communicat ions ofthe ACM. Vol. 17, No. 10, 1978, pp.549-557.

[21] Java Grande Working Group on Concurrency/Applicat ions. Status: November 1998.

Notes ofthe 1 st Internat ionalWorkshop on Desktop Access to Remote Resources.

http://www.javagrande.org/

[22] Kranzlmüller, D., Stankovic, N., and Volkert, J. Debugging ParallelPrograms with

VisualPatterns. In Proceedings ofVL´99 - the 15th IEEE International SymposiumOn

VisualLanguages, Tokyo, Japan, September 1999, pp.180-181.

[23] Lindho lm, T., and Yellin, F. The Java VirtualMachine Specificat ion. Addiso n

WesleyDevelopers Press, Sunso ft Java Ser ies, 1996.

[24] Message Passing Inter face Forum. MPI-2: Extensio ns to the Message-Passing

Interface. Universit yo fTennessee, Knoxville, TN, July 18, 1997.

[25] MPICH-A Portable I mplementation ofMPI.

http://www-unix. mcs.anl.gov/mpi/mpich

[26] Pasadena Working Group #7. DRAFT: Message-Passing and Object-Oriented

Programming. In Proceedings o fthe Second Pasadena Workshop on SystemSoftware

and Tools for High Per formance Comput ing Environments, 1995.

http://cesdis.gsfc. nasa.gov/

[27] Philippsen, M., and Zenger, M. JavaPart y- Transparent Remote Objects in Java.

Concurrency: Practice and Exper ience, November 1997, pp.1225-1242.

[28] Philippsen, M., and Haumacher, B. More Efficient Object Serializat ion. In Parallel

and Distr ibuted Processing, International Workshop on Java for Paralleland Distr ibuted

Comput ing, LNCS Vol. 1586, San Juan, Puerto Rico, April 12, 1999, pp.718-732.

[29] PVM: Parallel VirtualMachine. http://www.epm.ornl.gov/pvm/pvm_ho me. html

[30] RSA Factoring-By- Web project. http://www.npac.syr.edu/factoring.ht ml

[31] SoftWired AG. Programmer ’s Manual. Version 0.5. August, 20, 1998.

http://www.softwired.ch/ibus.ht m

[32] Stankovic, N., and Zhang, K. Visual Programming for Message-Passing Systems.

InternationalJournal ofSoftware Engineer ing and Knowledge Engineer ing (IJSEKE),

Vol.9, No.4, August 1999, pp.397-423.

[33] Stankovic, N., and Zhang, K. COMMS1 Benchmark and Java. TechnicalReport

C/TR99-05, Macquarie Universit y, Sydney, NSW, Australia, June 1999.

[34] Stankovic, N., and Zhang, K. A Parallel Programming Environment for Networks. In

Polychronopoulos, C., Joe, K., Fukuda, A., and Tomita, S. (eds.). High Per formance

Comput ing. Proceedings ofISHPC’99 - the 2 nd Internat ional Symposium, LNCS Vo l.

1615, Kyoto, Japan, May1999, pp.381-390.

[35] Sun Microsystems, Inc. Java Core Reflect ion, API and Specificat ion. Februar y4,

1997.

[36] Sun Microsystems, Inc. Java HotSpot Performance Engine. http://java.sun.co m/

[37] Sun Microsystems, Inc. Java IDL. http://java.sun.com/products/jdk/1.3/docs

[38] Sun Microsystems, Inc. Java Nat ive Inter face. http://java.sun.com/docs/index.ht ml

[39] Sun Microsystems, Inc. Java Object Serializatio n Specification. Revisio n 1.4, July 3,

1997. http://java.sun.com

[40] Sun Microsystems, Inc. Java Remote Method Invocation Specificat ion. Revis io n

1.42, October 1997.

[41] Sun Microsystems, Inc. Java Secur it yArchitecture (JDK 1.2). Revisio n 0.7, October

1, 1997. http://java.sun.com

[42] Takagi, H., Matsuoka, S., Nakada, H., Sekiguchi, S., Satoh, M., and Nagashima, U.

Ninflet: a Migratable Parallel Objects Framework using Java. ACM 1998 Workshop on

Java for High-Per for mance Network Comput ing, Palo Alto, CA, pp.151-159.

[43] Thur man, D. JavaPVM. http://homer. isye.gatech.edu/chmsr/JavaPVM

Appendix

Table 3 presents numer icallythe values drawn out in Figure 10 .

Table 3 COMMS1 Times (ms)

Bytes Sent HP+JIT PC+JIT Sun PVM jPVM MPICH

1 12 8 63 0.563 0.95 0.603

100 13 8 60 0.766 1.1 0.709

1000 13 8 60 2.363 2.65 2.203

10000 106 18 121 10.41 10.8 10.21

100000 237 118 236 95.84 97.6 103.1

1000000 1089 1192 1230 966.3 985.05 1026

Table 4 presents numer icallythe values drawn out in Figure 11 .

Table 4 Bandwidth (MB/s)

Bytes Sent jPVM MPICH Sun HP+JIT PC+JIT

1 0.001 0.002 1.60E-05 8.30E-05 1.30E-04

100 0.091 0.145 0.002 0.007 0.013

1000 0.377 0.465 0.017 0.077 0.125

10000 0.926 0.986 0.083 0.094 0.556

100000 1.024 1.018 0.424 0.422 0.847

1000000 1.015 1.036 0.813 0.918 0.839

NENAD STANKOVIC received a B.S. in electrical engineer ing fromtheUniversit y of Zagreb,

Croatia in 1983 and a M.S. degreein comput er sciencefrom MacquarieUniversity, Australia in

1997. Currently heis employed wit h FSJ Inc., and also wor king towards his Ph.D. in comput er

scienceat MacquarieUniversit y. Prior to coming to MacquarieUniversit y heworked on differ ent

projects in comput ing. His research int er est is in theareas of parallel programming environment,

parallel and distribut ed syst emand archit ectur edesign and artificial int elligence.