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Abstract

Networksof workstationsarea dominantforcein thedistributedcomputingarenadue
primarily to the &cellent price/performance ratio of such systems when compared to
traditionally massiely parallel architectures. It is therefore critical toalep
programming languages andve@nonments that capotentiallyharness the va
computational peer availab

le on these systems. In this article, we presemN@WV (Java on Networks of
Workstations), a da based franveork for parallel programming on netwks of
workstationslt createsvirtual parallelmachinesimilarto the MPI (Messagédassing
Interface)model,andprovidesdistributedassociatie sharednemorysimilar to Linda
memory model bt with a flxible set of primitve operations.

JaraNOW provides a simple yet peerful frameavork for performing computation on
networksof workstationsin additionto theLindamemorymodel,it providesfor shared
objects, implicit multithreading, implicit synchronization, object datafend
collectve communications similar to those defined in MPNaBBOW is also a
component of the Computational Neighborhood [63] va-&mabled suite of services
for desktopcomputationasharing Theintentof JavaNOW is to presenainervironment
for parallel computing that is botlxgressie and reliable and ultimately can deli
good to &cellent performance. As\aNOW is a work in progress, this article
emphasizetheexpressie potentialof the JasaNOW environmentanddoesnot present
performance results at this time.
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Intr oduction

Java is rapidly being adoptedas one of the preferredlanguagesfor writing distributed
applicationgdueto its excellentsupportfor programmingon distributed platforms.Recently a
number of distributed framewvorks have beendevelopedby Sun, such as Remote Method
Invocation(RMI, aclient/senrerremoteproceduresalling frameawvork), JaraSpacegatuplespace
framework), andJini (a directoryandservicedrameawvork). Perhapghe greatesbenefitof Java
is its portability; a Java applicationcan be run on ary machinewith Java supportwithout
recompilationSimultaneouslyvith theemegenceof Javaasapreferredanguagédor distributed
programminghasbeenthe emegenceof networks of workstationsasa preferredplatform for
distributedcomputation.The primary reasonworkstationclustershave becomeso importantis
the excellentprice/performanceatio of suchsystemswhencomparedo traditionalmassvely
parallelmulti-computers.It is thusnaturalto explore approacheby which Javacanbeusedto
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form a virtual parallelmachineusingordinarynetworksof workstations.JaszaNOW is onesuch
attempt.

While usingnetworksof workstationsasavirtual parallelcomputeiis notacompletelynew idea,
therearemary featureof JasaNOW which make it unigueamongmessageassingystemswvith
similarfeaturesJasaNOW is apureJava-basedystenthatcanexecuteonary architecturavith
Java Virtual Machine (JVM) supportwithout recompilation.This is in contrastto othermore
traditionalnetwork-basedramenorks,suchasMPI [43], PVM [59], Network Linda System6],
andMemo[17] thatrequire architecture-specifibinarylibrariesandexecutablego beinstalled
on eachmachineon which thevirtual parallelcomputer will executeln additionto traditional
systems, there are a number of competing pure-Jaa framavorks (most notably Sun
JavaSpaces™jhat have also beeninspiredby the Linda tuple spacemodel; however, these
systemshave not beendesignedwvith high-performancelistributedcomputingin mind andare
missing some key featuresthat would enable higher performance,including actve tuple
evaluation and collectve communication facilities. Additionally, most network-based
frameworksarebasedon hearyweight processesyhile JaraNOW supportshoth process-based
and thread-basedomputation.Furthermore,most other network-basedsystemsare strictly
message-passingystems,while JasraNOWN provides both a message-passingodel and a
Linda-like distributed sharedassociatie memory for interprocesscommunicationand for
mutually exclusive accesgo distributedsharedobjects. JasaNOW extendsthe Lindamodel(in
a significant way) by providing a rich set of collectve communicationand computation
primitivessimilar to thosefoundin MPI. Finally, JaxaNOWV augments$oth Linda and MPI by
supporting a data filw model of computation.

In thispaperwe provide adetaileddiscussiorof thedesignandimplementatiorof the JaraNOW
computationalframevork. We begin by comparingJavraNOW to other network-basedand
Linda-like framewnorks. We thendiscuss the distributed sharedassociatie memoryat the core
of JasraNOW, andshav how it canbe usedto supportMPI-like collective communicatiorand
computation, a dataflow modelof computationandsynchronizatiorprimitivessuchaslocks,
barriers,and semaphoredrinally, we presentinformation aboutstatusand availability of the
implementation.

Overview of JavaNOW and its Relation to Linda, PVM and MPI

In mary respects,JaraNOWN can be viewed as a hybrid system:somePVM (Parallel Virtual

Machine[59]), someLinda [13], someMPI (MessagePassinglnterface[44][46]), andsome
experimentalcomponentsFrom a usagestandpointJaraNOW provides a simple facility for

starting tasks that is reminiscentof the PVM software. From a programmingstandpoint,
JaraNOW hasmuchin commonwith Linda and MPI, having a smallnumberof primitivesto

supportproducer/consumestyle communication(asfoundin Linda) andcollective operations
that can be performed on shared objects (as found in MPI).

JavaNOW supportsthe notion of virtual processorsa techniquefirst usedin data-parallel
computinglanguagessuchasC*, PVM andMPI. This approachs still usedin otherprojects,
suchasGlobus[24] andLegion [34], andthus hasprovenvaluein the communityto this day
(A virtual processois emulatedasa process--among group of processes--thare spavned
prior to actuallydoingcommunicatiorusingthemessage-passimgimitivesof JavaNow.) Thus,
atthecore,JavaNOW supportsa SPMD modelof computationlt shouldbe notedhoweverthat
thedecisionto useJavain factenableghe possibilityof anMPMD style of programmingsince
a Java programcandynamicallyload classesat anytime. This possibility will not be discussed
furtherin this paper dueto spaceconsiderationandbeingslightly beyondtheintendedscope.
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It shouldalsobenotedthatthedaemorprocessem JavaNOW spawn light-weightthreadgather
than hewmy-weight processes thus piding parallelism in a much morefigfent manner

Distrib uted Logicall y-Shared and Associative Memor vy

Application processescoordinateand communicatethrough distributed associatie shared
memorysimilar to the globaltuple spacemodelfoundin Linda. We emphasizehatit is only a

similarity sincethereare significantdifferencesas discussedelow. In JavaNOW, the shared
objectsarereferredto asEntitiesandtherepositorywheretheseobjectsarestoredis termedthe

EntitySpaceEachEntity in the JaraNOW systemconsistsof two componentsthe nameof the

Entity andits value.It is importantto notethathnameandvalueboth denotelava objectswhich

unlike Linda objects, carry both state and drainformation.

We choseto incorporatanto JazaNOW a Linda-like memorymodelfor threereasons:First, the

Linda memorymodelhasbeenavailablefor a numberof yearsandhasbeenprovento provide

powerful semanticsfor writing parallel applications.Secondly it is widely acceptedthat
programmingin a sharedmemory systemis easierthan programmingin a messageassing
system.Thirdly, aLinda-like sharednemorymodelcanbeimplementednuchmoreefficiently

andprovide betterperformancehantraditionaldistributedsharedmemoryarchitecturesThisis

becausdraditionaldistributedsharednemorysystemsmplementsharingat the level of a page
which can lead toallse sharing and prohibig communication costs [52].

However, the JasraNON memorymodelis distinctfrom the tuple spacemodelfoundin Linda.
Onedifferences thatJavaNOW allows multiple EntitySpacesatherthanthe singletuple space
supportedy Linda. Thisallowslocalizednamespaceg$or sharedlataandthecreationof private
channeldor inter-processommunicationAlso, thedistribution of theEntitySpaceén JavaNOWN
is quite distinctfrom the implementatiorof the tuple spacein Linda. ConceptuallyJaszaNON
emplgys adistributedhashtableabstractiornto implementatransparensetof entity spacesilt is
importantto notethatakey differencebetweerthe JaraNOW abstractiorandadistributedhash
table doesexist—the entriesof the hashtable are unomdered queuesof objectsand a single
instanceas found in the Java Hashtableclass.JasraNOW also provides excellent supportfor
placementcontrol, which allows for preciseplacementof distributed data structures.This
placementcontrol can be achieved to a large extent becausehe Java languageObject class
provides a default definition of a hashcode()method,which guaranteeshat ary intrinsic or
userdefined class that is usedto create objects will producea hash value, albeit not a
well-conditionedhashvalue.Preciseplacementontrolcanbevery easilyachiavedin JaraNOW
dueto adesigndecisionthatwasmadeto clearlyisolatethekey from therestof thetuple,which
wasfirst donein previouswork publishedby oneof the authorson the Memo system[17][18].
Theway preciseplacementontrolis achieved (discussedn detaillater)is to provide a custom
hashcode(function that can be usedto compute(mod the numberof contets) the precise
destinatiorfor an entity. Linda implementationgienerallyreplicatethe tuple spaceamongthe
available processorghus incurring the high costsof coherenceprotocolsand unpredictable
lateng for even the most basic communication prives.

We stressthat JasaNOW is not “yet anothertuple space”implementationor “yet another
languagé. It occupiesauniquespacen its ability to supportanumberof othermessag@assing
“personalities. Programmeifamiliar with MPI, PVM, and Actors-dernved systems(suchas
Charm++)will find a numberof familiar featuresthat make the systememinentlyusable We

alsostressthatthe choiceof tuple spacesn partis validatedby Sun’s decisionto incorporate
similar principlesin their JaraSpaceandJini designshowever, theseofferingsfrom Sundo not

appeato be a soundbasisfor high-performanceomputingasmary functionsclearly missing
from the original Linda specificationactive tuples)andMPI (collective operations)Emulating
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these missing operationsis somavhat difficult without primitives that support overlapped
computationand communication,which is directly supportedby active entities, which we
discuss in detail in Sectigh2.

Mutual Exc lusion, Bloc king and Non-Bloc king Primitives

Similarto Linda, MPI, andPVM, the JavaNOW ernvironmentprovidessupportfor blockingand
non-blockingprimitives.In particular JasxaNOW defineswo operationsputandget,thatallow
aproducer/consumeelationshipto be establishedetweernwo tasks.Thereis botha blocking
andnon-blockingform of thegetoperationIn theblockingform, thegetoperatioris guaranteed
to blockforeverif acorrespondingutmethods never postedin thenon-blockingform, the get
operation will return immediately if no corresponding put operation has been performed.

All  put and get operationsthat manipulatethe sameEntity are guaranteedo be mutually
exclusive freeing the programmerfrom concernsrelated to the synchronizationof the
EntitySpaceWhile a detaileddescriptionof theimplicit synchronizatiormechanisms beyond
the scopeof this paper we notethatit is basedon an abstractiorcalled a shareddirectory of
unorderedjueueqashareddatastructurehatguaranteemutualexclusionandhasentrieswith
mutually-eclusive access)which wasdiscussedh two of our earlierpaperson Memo[17] and
Enhanced Actors [62].

Collective Comm unication and Computation Operator s

JavaNOWN supportscollective communicationand computationoperatorssimilar to those
definedin MPI. Suchoperationsare arguably amongthe mostimportantfeaturesof the MPI
framevork and are supported in MPI by the foliog two features:

1. collective operators — communication + an operation to be performed.

2. communicators — an abstraction thatwha group of processes to participate in a
collective operation.

A predefineccommunicatgrMPl_COMM_WORLD, existsto allow all processe$the normal
casein MPI programming)o participatein a collective operation A numberof primitivesexist
to allow new communicatorsto be defined to include/exclude processesin/from a
communicatar

JavaNOW takes a different approachand supportscollective communicationusing what are
termedactive Entities. An active entity (classActiveEntity in the JaraNOW library), which is
very similar to the notion of a future in dataflow languagesjs an object that performsa
computation(a detachedask) and then corverts itself into a passiveEntity (or result). We
emphasizethe word similar; as defined here, futures should not be confusedas being
semanticallyequialentto lazy evaluationandclosures(We do have plansto supportthisin a
future implementatiorof JavaNOW. Christopherand Thiruvathukal—oneof the authors—are
discussinguturesin a forthcomingbook on High Performancelara Computing.)The active
entity is similarin principleto a futurein therespecthatareadercanblock on the future until
thevaluehasbeenwritten; however, thedifferencds thatthevaluecanbewritten multiple times,
which does not follow the establisheddefinition of futures describedin the functional
programmingliterature.Using active entities, collective operationscan be easily defined.For
example,thereductionoperatorcanbe implementedasa taskthat awaits a certainnumberof
Entities. As the Entities are computed,the ActiveEntity can consumethem one at a time to
producea curried result. When the resultis finally computedthe ActiveEntity becomesa
passve Entity (whosevalueis thefinal result)andis insertedinto the EntitySpace.It shouldbe



2.4

2.5

notedthat this exampleis basedon the commonuseof reduce which supportscommutatie

operationssuchasaddition. A slight modificationis requiredfor non-commutatie operations
which can also be implementedasynchronouslyand efficiently. JaxaNOW also supports
collectve communicatioroperationsuchasreduce scattergather andbarrier all of whichare

implemented using the same notion of\aetntities.

Abstract Pr ovider Ar chitecture

Similar to the MPI implementatiordevelopedat ArgonneNationalLaboratory JavaNOWN uses
abstracfactoriesallowing JavaNOW to belayeredontop of any communicatiormechanismln
JaraNOW however, the designallows the decisionof the underlyingcommunicatiorschemeo
bedeferreduntil runtime. Thisis similar to whatis donein the MPICH implementatiorof MPI
with its AbstractDevice Interface.Our early experienceswith this mechanismhave included
TCP/IP soclets, Java RemoteMethod Invocation (RMI), and the Common Object Request
Broker Architecture (CORB).

Data Flow

JavaNOW alsosupportdeatureshatarenot availablein eitherLinda, MPI or PVM. Onesuch
exampleis a coarse-grainedlataflav model of computation.In this model, operationsare
executedvhentheirdatabecomeswvailableratherthanwhendictatedoy controlflow statements.
This supportfor dataflow also comesfrom the conceptof the ActiveEntity which, as noted
above, is very similar to the notion of a future. This similarity is importantsincefutureshave
beenshaown to be usefulin mary programmingparadigmgeven outsideof high-performance
computing)suchas suspendedvaluation,lazy evaluation,task graphs,and other commonly
used techniques for high-performance parallel and digéibcomputing.

Other Related W ork

Severalotherprojectsareusingnetworksof workstationdor building parallelapplicationsMost
of thenetwork-basegarallelprocessingystemsarebuilt ontop of amessagpassindayersuch
asPVM [59] or MPI [43]. SuchsystemsncludeORCA[3], Piranhg30] andLegion[34]. Other
systemsarebasednaglobaladdresspaceor distributed-sharedhemoryandincludelvy [42],
Munin [12] andTreadMarkg40]. Thesesystemsallow networkedworkstationdo betreatedas
a multiprocessosystemwith the underlyingsoftware providing coherentmemory However,
suchsystemssuffer from pageshuttling,falsesharing the needfor distributedlocking, andthe
lack of fault tolerance [20].

Other parallel framavorks basedon Linda and the sharedtuple spaceinclude C-Linda [48],

Glenda[55], andJaraSpace$61]. C-Lindais a C basedmplementatiorof Linda. Glendais a
Linda implementationon top of PVM. Memo is a C library thatimplementsLinda like data
structuredor storingassociatie-sharednemory None of thesesystemgexceptJaszaSpacess
discussed bel) take adwantage of the poer and fleibility of the Java language.

JavaSpacess a Linda-inspiredframavork written in Java. JavaSpacesisesa sener objectto
managea space(whichis similarto atuple spaceor EntitySpaceand,similar to the JasraNOWV
system, allows the creationof multiple spaceshowever, JavaSpacesloesnot offer the concept
of anactive entity anddoesnoteasilysupportalternatve transporiprotocolsto Remoe Method
Invocation(RMI). Additionally, JavaSpacesupportsvenfewer communicatiorprimitivesthan
Linda, the mostnotablebeingprimitivesfor non-blockingcommunicationJavaSpaceslsohas



the limitation that actualobjectsarenot storedin the tuple spacelnstead userdefinedclasses
mustmale useof publicinstancevariableshatarethenclonedandenterednto the spaceThis
canbearguedto beanimplementatiordetail; however, it is arathersloppy designdecisionthat,
ironically, is not nearlyasclean,elegant,andsimpleasthe original Linda C implementations.
Requiring classesdo exposemembervariablesviolates mary of the principlesof the object
paradigmandcannotbe considerednuchdifferentthat programmingwith globalvariablesin,
say FORTRAN or C. Finally, JasraSpacesloesnot supportmary of the mostusefulfeaturesof
JavaNOW, mostnotablyplacementontrolandcollective communicationwhich areof proven
valuein high-performanceomputingapplicationswritten usingthe MessagédPassinginterface
(MPI) library.

There are a numberof other Java-basedframenorks for parallel computing.Most of these
framewvorks can be separated into five different categyories. The first cateory consistsof

framavorks that use Jara as a graphical based coordination systemto submit parallel
applicationgo specializechardware. Thesesystemsaregenerallybuilt ontop of eitherPVM or

MPI andinclude JavaDC [15], and SARA [1]. The secondcatagory usesJava aswrapperfor

existing framewvorks. Thesesystemsinclude Jasza/DSM [65], JavaPVM [64], and the Java

wrapperfor MPI [47]. Thethird cateyory consistof Java basedanguagesndframeavorksthat
extendthe Javalanguageavith new keywords.Someof thesesystemsaiseapreprocessao create
Java code, othersuse their own compiler to createJava byte code, and still otherscreate
executablgorogramghatlosethe portability of Java. TheseJava basedlanguagedncludethe E

languagd?22], JavaRarty [51], andTitanium[54]. Thefourth cateyory of Java-basedramewnorks

consistof systemghatareWeb orientedanduseJava appletsto executeparalleltasks As Java

appletsexecute under strict security requirementsmost of thesesystemsuse a broker for

inter-processommunicationSuchWeb-basedframevorksaremostlytagetedfor large-grained
parallel applicationssince network lateny betweenmachinesconnectedover a Wide Area
Network (WAN) is significantly higherthanthe lateny for machinedocatedon a local area
network. Thesesystemsinclude ParaVeb [9], Bayanihan[53], IceT [33], Javelin [16] and
Javelin++ [49] and KnittingRctory [5].

The authorsbelieve web-basedomputingis an interestingdirectionthat presentsnteresting
problems;however, for web-basedcomputingto becomeviable, the quality of web browser
implementationswill needto increasesignificantly Most web browsers(including the best
implementationswhich all run on the Windows™ operatingsystem)are crashsuddenlywhen
running Java and embeddedscripts, except for the most trivial computations. Unix

implementation®f Netscapecrashfrequentlywhen doing somethingas mundaneasreading
e-mail,let alonewhenrunningJava. And virtually all implementation®f web browsersdo not
supporithe latestversionsof the Java DevelopmentKit, andthisis notlikely to changedueto

businesgolitics. JaraNOW is not currentlya web-basedpproachhowever, thereis nothingin

its fundamentatlesignthatwould precluddts useto supportweb-based¢omputing(in particular
thesener side).We have no immediateplansto supportweb-basedomputingusingJasaNOWN

until the issues described in this paragraph aescome.

The fifth cateyory, andthe onein which JavaNOWN would be placed,consistsof Java-based
frameworks that use pure Java libraries to supportparallel and distributed applications.This
catagyory also includes ¥aSpaces [61], JPVM [23], Ninflet [45], and/d4. [10].

Fundamental Abstractions

In the previoussectionwe introducedsomeof thekey ideasbehindthe JavraNOW systemin this
section, we present each of these abstractions in greater detail with some claxéyipies.



4.1

4.2

Entity

Probablythe mostfundamentatoncepin JazaNOW is the Entity. An Entity is the basicunit of
storagen the JavaNOW systemandis storedin the associatie andlogically-sharedepository
termedthe EntitySpaceEntitiesconsistof a key andavalueasa pair, whereboththe key and
value canbeaninstanceof ary (serializable)Java object. A usercreatesan Entity instanceas
follows:

Integer i = new Integer(10);

String s = new String(“Data component”);
Entity t = new Entity(i, s);

In above code,anEntity is definedwith thekey equalto theintegervalue“10” andavalueequal
to thestring“Datacomponent”Whenthereis aneedo subsequentlyetrieve this Entity, thekey
field (thelnteger“10”) is all thatwould beneededo matchandretrieveit. It shouldbenotedthat
the abwe code just creates the Entity and does not add it to the EntitySpace.

We provide a few wordsaboutthe semanticof creatinga key, suchasnew Integer(10) in the
fragmentof codeshavn above. Java’s Objectclassprovidesafunctioncalledhashcode(which
is usuallydefinedonaperclasshasisandis intendedor placinginstancesn ahashedollection,
suchasa Hashtable We usethe hashcodeto determinea destinationfor the Entity having a
particularkey. On average(from previouswork on Memo)the distribution achieved by usinga
hashingschemetendsto be nearly uniform in practice.The approachof having a particular
destinatioris transparento usershowever, ary userdefinedEntity canoverridethehashcode()
function to customize preciselyWwdhe ley is mapped to a destination virtual processor

Active Entities

An ActiveEntity is derived from an Entity and definesan abstractmethodexecute()that is
overriddenwith userdefinedcomputation.An ActiveEntity is executedas a consequencef
executingthe eval() operationdiscussedbelav. An instanceof an ActiveEntityis passedo the
eval function,indicatingthatthe ActiveEntityis to beexecuted Onceits executionis completed,
the ActiveEntity instancebecomesa (passve) Entity, and the result of the userdefined
compuation is stored in the EntitySpace in association with the spe@fied k

Thefollowing codeshavstheuseof subclasset createanew kind of ActiveEntitycalledTask.

public class Task extends ActiveEntity {
public Object execute(Object arg, JavaNOWAPI api) {
Object o;
int myid = ((Integer)arg).intValue();

return o;
}
}

This code fragment sins hav to evaluate an ActieEntity:

ActiveEntity task = new Task(new Integer(10));
GetJavaNOWAPI().eval(new EntitySpace(“ESKEY”), task, new Integer(1));
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Thesemantic®f active entitiesareabit involved. TheActiveEntitydiffersfrom anEntity in only
onemajorrespectit hasanexecute()method whichrepresentthe“active” aspecbf the Entity.
We faced two design choices:

« After theexecute()methodhascompletedexecution justleave theentireobjectbehindas
the result. (i.e. the AateEntity instance itself)

< Alternatively, return the result (an Object) and use it to createvabmdity.

Ultimately, we optedfor the latter option. Our experiencewith Actors-derved systemsandthe
concepbf areplacementperatioried usto theconclusiorthatanin-placeoperationis alargely
unfamiliar programmingtechnique,especiallyin scientific programming,where procedural
abstractionremainsthe norm, and programmersare more comfortablewith the notion of an
invocationhaving areturnvalue.lt is entirely possibleto supportbothdesignshowever, we are
hoping to gain more experiencewith actual applicationsbefore adding more featuresthan
necessary

Entity Space

An EntitySpacestoressharedEntities and is accessedy a unique key which can be ary
(Serializable) Java object. (We enforce the Serializable restriction, becauseour current
implementationrelies on Jasa Object Serializationand RMI for communication.)As noted
above, thereis no limit to thenumberof EntitySpaceshatcanbedefined JaszaNOW distributes
the contentsof an EntitySpaceamongthe hostsparticipatingin computationusinga simple
hashingscheme Note that the EntitySpaceitself doesnot provide the actualstoragefor the
Entitiesbut ratherlinks themontolists calledfolders. Whenanentityis insertedor retrieved,the
EntitySpaceéhashedts key into anumberthatdetermineshefolderinto which the Entity will be
linked.WheneeranEntity is insertedyetrievedor removedfrom afolderit is lockedto support
the mutual rclusion principle discussed earlier

JavaNOWApplication

A JavaNOW applicationmustbe derived from the JasaNOWApplication class,which storesa
JavaNOWNAPI handle as a member This handleis accessedy the user application. The
JavaNOWApplicationclassdefineghetwo following abstractnethodghatareoverriddenby the
user:

void master()
void slave(int id)

Given N processeghe processwith ID 0 invokesthe master() method, andthe other (N-1)
processesnvoke the slave() method.Note that additional hearyweight processesannotbe
dispatchedh thepresentlesign However, additionaltaskscanbecreatedatary time by creating
aninstanceof an ActiveEntitywhich, whenpassedo theeval operatorwill createanew thread
to execute the useadefined computation.

The following code demonstrates the use of theN&@WApplication class:

public class AnApp extends JavaNOWApplication implements java.io.Serializable {
public static void main(String args]]) {
AnApp app = new AnApp(args[0]);

public Hello(String propertyFile) {
super(PropertyFile);
/I local initialization



applicationlsReady();

public void master () {
..

}
public void slave(int myid) {
...

}

Theabove codecanbe construedasa skeletonof the minimumcodeonewould needto createa
JavaNOW application. After the application completes its initialization, the
applicationlsReady() methodis invoked andtheJastaNOW Spavner(discussedbelow) is used
to create a virtual processor on each host specified by the user

JavaNOW Architecture

JaraNOW is a component-basearchitecturewhereineachcomponenis designedisinga set
of JavainterfacesThis designwaschoserto facilitatedifferentimplementatioroptionsfor the
same component.One example of this capability was noted above: the Abstract Provider
Architecturecanbe implementedusing a variety of communicatiormechanismsThroughout
thedesignof JavaNOW, similar decisionshave madeto facilitatedesignchangesndto support
performance tuning.

The primary component®f JavaNOW include a lightweight ObjectRequesBroker (ORB), a
virtual processofVP) factory thespavner, virtual processeshekernel,andtheapplicationand
userinterfaces.The overall structureof JaraNOW is shawvn in Figure1 andwe discusseachof
these components in the follng sections.
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Lightweight ORB Component

The RemoteMethod Invocation(RMI) framework provides a simple and elegant solution for
creatingand accessingemote objectsand is one approachsupportedin JavaNOW. In this
implementation, JavaNOW usesthe RMI programminginterfacesto register and discover
remoteseners. In the soclet-basedmplementation, lower level soclets are usedto build a
lightweight ORB that providesinterfacesto registerandlookup remoteobjects(similar to the
designausedin RMI andCORBA). As notedabore, JasaNOW canbe extendedo supportother
transport mechanisms as well.

Factor y Component

TheFactoryComponents startedon eachmachinethatwill participatein the computatiorand
definesaninterfaceto registerandstartavirtual procesgVP) onthelocalmachinesin theRMI
implementatiorof JasraNOW, whenthefactorycomponents startedt registersitselfin the RMI
registry. In thesoclet-basedmplementationtheregistrationtakesplacein acustomizedegistry.

Spawner Component

Whenausersubmitsanapplicationto JasraNOW, the Spavner Componengathersinformation
abouttheuserapplicationincludingthenumberof applicationprocesseandthelist of machines
on which theapplicationprocessewvill be executed.The applicationis thenassigned unique
identifier Next, the Spavnerlooksfor the factoryon eachparticipatingmachineandsendst a
requesto startthe VPsthatwill executeon thatmachine.The numberof VPs spavnedby the
JaraNOW Spawvneris equalto thenumberof processespecifiedoy theuser(which mayinvolve
multiplexing morethanoneVP on a given processor)EachVP is thenassigned logical host
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number(muchthe sameasdonein MPI andothersystems}hatis usedto uniquelyidentify the
VP within theapplication.Theapplicationid andVP id canbeusedto establistauniquecontext
identifier (somethingthat is useful when running multiple applicationsthat may needto
coordinatebeyond the “boundary” of a running application). Finally, a Kernel processis
spavned on each processovatved in the computation.

Kernel

The Kernel Componentdefines an interface to support the core primitive operationsof
JavaNOW. (It is at this low-level that JavaNOW appeargo be very similar to Linda.) The
following is the list of core operations supported in tieeriel Component:

1. put—InsertsanEntity into anEntitySpaceRecallthatanEntity consistof two contained
objects key andvalue. Multiple valuescanbe storedin associatiorwith acommonkey.
(Recallfromtheearlierdiscussionthattheentity spacds animplementatiorof theshared
directory of unordered queues abstraction, which is a 1 to N asgecr&p that has a
distributed implementation.)

2. eval—The eval operation starts a thread to perform aa&finmed operation
asynchronouslyThe operation is defined bytending the ActieEntity class and
overriding theexecute()method. The ActieEntity instance is run (usualigs a separate
thread) and leges the result of the operation after ke@ution is complete.

3. get/getlfExists—RemaesanEntity from agivenEntitySpacelf theEntity is notpresent
in the EntitySpace, thget operation blocks until another threats the Entity in the
EntitySpace. ThegetlfExists function tries to remee an Entity from the EntitySpace
without blocking. If the Entity does noxist a \alue of null is returned.

4. readreadIfExists—The read and readIfExists operations are similar to get/getIfExists

except that instead of remimg the Entity from the EntitySpacecapyof the Entity is
returned.

5. size—The size operation returns number of Entities in the EntitySpace.
6. clear—The clear operation remes all Entities from the EntitySpace.

User Interface (Ul)

The UserInterfacecomponentlefinesa setof operationdo manageshareddataandcreatenewn
computationtasks.It providestheseservicesby utilizing the Kernel Component.The User
Interface is discussed in detail belo

User Application

The UserApplicationis not exactly a componenbut actsasan abstracbaseclassfor deriving
ones own JaszaNOW applications. As notedabove, it definestwo abstractmethodsthat are
implemented by the user: master() ande(a

JavaNOW User Interface
The JaraNOW Userlnterfacedefinesa setof operationghatapplicationsuseto manipulatehe

EntitySpace(sandto startnew threadgo performuserdefinedcomputationTheUserInterface
in turn callsontheserviceof theJaraNOW Kernelto performtheseprimitive operationsGiven
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the importanceof the User Interfaceit is worth while to elaborateon the mary servicesit
provides.

Defining EntitySpaces and Entities

The usercandeclaremultiple EntitySpace®achof which is identifiedby a uniquekey, where
the key canbe ary serializableJava object. As an exampleconsiderthe following program
fragment:

EntitySpace ts = new EntitySpace(new “JOBJAR”);

In this example,JavaNOW createsan EntitySpacets with the key “JOBJAR”. An Entity is
created in a similar manner:

Entity e = new Entity(“KEY”, “VALUE");

In this ekample an Entity with & “KEY” and value “VALUE" is created.
Inserting an Entity in the EntitySpace

TheJaraNOW Userlinterfacedefinesa put operatiorto insertanEntity into anEntitySpaceThe
prototype of theput operation is:

void put(EntitySpace es, Entity e)

This operation could be used as folfo

EntitySpace es = new EntitySpace(*SHARED DATA");
Entity e = new Entity(“KEY”, new Integer(100));
getJavaNOWAPI().put(es, e);

ThegetJaaNOWAPI() methodis definedin theJavaNOWApplicationclassandreturnsahandle
to the JasraNOW User Interface. The machineon which the insertedEntity will resideis
determined by a simple hashing function aviossly discussed.

Retrie ving an Entity fr om the EntitySpace

A usercaneitherretrieve andremove anEntity from anEntitySpaceor simply retrieve acopy of
the Entity. (Retrieving a copy dependson whetherthe operationis determinedo be local or
remote--transparei theuser In thecaseof local adeep-clonés performedptherwise Object
Serialization is used to serialize and deserialize the object from its remote location.)

The follonving form of the get function actually rewes the Entity:

Entity get(EntitySpace es, Entity e)

Thegetfunction can be used as folis:

EntitySpace es = new EntitySpace(“SHARED DATA");
Entity ek = new Entity("KEY");

Entity e = getJavaNOWAPI().get(es, ek);

Integer | = (Integer) e.getEntityValue();

Theabove codedefinesan EntitySpacewith thekey “SHARED DATA” andattemptdo remove
anEntity with thekey “KEY” from thatEntitySpaceThegetoperationis ablockingoperation,
soif theEntity doesnotexistin theEntitySpacdheoperationwill blockuntil theEntity becomes
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available.If, on the other hand,thereare multiple Entities matchingthe Entity key, the get
operation will return the Entity in FIFO order

The JaraNOW User Interface also provides a non-blockingversionof the get operationthat
returnsthe Entity if it existin the EntitySpaceandotherwise returnsnull. Hereis the prototype
for the non-blockingyet operation:

Entity getlfExists(EntitySpace es, Entity e)

The following code illustrates the use of thetlfExists operation:

EntitySpace es = new EntitySpace(*SHARED DATA");
Entity ek = new Entity(“KEY");
Entity e = getJavaNOWAPI().getlfExists(es, ek);
if (e = null) {
Integer | = (Integer) e.getEntityValue();
}

In this example, the getlfExists function tries to find an Entity with the key “KEY” in an
EntitySpace with thedy “SHARED DATA” and returns null if there is no matching Entity

Anotherusefuloperatiordefinedin JavaNOW is thereadoperationwhichreturnsa copy of the
requestedEntity but doesnotremoveit from the EntitySpaceTheprototypefor thisoperations:

Entity read(EntitySpace es, Entity e)

The followving is an &ample of hav thereadoperation can be used:

EntitySpace es = new EntitySpace(“SHARED DATA");
Entity ek = new Entity(“KEY");

Entity e = getJavaNOWAPI().read(es, ek);

Integer | = (Integer) e.getEntityValue();

The read operationis a blocking operation,soif the soughtafter Entity doesnot exist in the
EntitySpace, the caller will block until the Entity becomesilable.
The JaaNOW User Interlce also defines a non-blockingrsion of theeadoperation:

Entity readIfExists(EntitySpace es, Entity e)

ThereadlfExists operationis usedin a manneranalogougo the read operationexceptthatit
does not block is the Entity does namise.

Using an ActiveEntity to Create Ne w Threads of Ex ecution

JavaNOW provides theeval operation to span a thread toxecute usedefined computation:

void eval(EntitySpace es, ActiveEnttiy e, Object arg)

Theuserdefineghecomputatiorby providing theexecutemethodwithin the ActiveEntityclass.
The eval operationis thenpassedin instanceof ActiveEntity which containsthe userdefined
method. The follwing example illustrates he a nev thread is created andexuted:

public class ATask extends ActiveEnttiy {
public Object execute(Object arg, JavaNOWAPI JavaNOW) {
/...
return someObject;
}
}

EntitySpace es = new EntitySpace(“SHARED DATA");
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ATask task = new ATask(“KEY");
GetJavaNOWAPI().eval (es, task,"USER ARGUMENT");
Integer | = (Integer) getJavaNOWAPI().get(es, ek).getEntityValue();

Theabove codecreatesaninstanceof the ActiveEntity classandpasseshatinstanceto theeval
operation.The eval operation createsa threadto procesghe userdefinedexecutemethodand
thenstoresthe resultasthe valueof that Entity. The userthenretrievesthe resultby issuinga
blockingget operation.

Data flow

The JavaNOW User Interface provides operationsthat simulate a data flow model of
computationln a dataflow computationanoperationis executedassoonas its databecomes
available. The prototypesfor the two dataflow operationsprovided in JavaNOW are shovn
below.

void putDelayed(EntitySpace esl, EntitySpace es2, Entity e)
void evalDelayed(EntitySpace esl, EntitySpace es2, Entity e, ActiveEntity task)

TheputDealyed methodperformsa blockingget operationto retrieve someEntity e from some
EntitySpace esl, and after retiigy Entity e stores it in EntitySpace es2.

TheevalDelayed methodwaitsfor someEntity e in someEntitySpacees2,to becomeavailable.
Whenit arrives, the operationremovese from es2.Next, theeval operationis called with an
AactiveEntity object(denotedby taskin this example), usingEntitySpaceeslandpassinghe
value of e as the gument to theval operation.

Collective Comm unication and Computation

TheJavaNOW UserlInterfacealsodefinesasetof collective communicationendcomputations
across EntitySpaces. In this section, we briefly describe these operations.

Thebroadcasbperatiorallows aninstanceof anEntity to bedepositedn multiple EntitySpaces.
The scatteroperationtakesas parametersin array of EntitySpacesind anarrayof Entities. It
removesthenth Entity from the Entity arrayandinsertsit in thenthelemenof theEntitySpaces
array The gather operation providesthe ability to retrieve multiple Entities from a set of
EntitySpaces. It takes as parametersa destination EntitySpaceand an array of source
EntitySpacesThe operationtakesthe nth Entity from the nth EntitySpacd(i.e. Entity onefrom
EntitySpaceone,Entity two from EntitySpacdwo andsoforth) andplacesthat Entity into the
destinatiorEntitySpace.The concatoperationdakesan arrayof Entitiesandcopiesthatarray
into multiple EntitySpacesFinally, the User Interface provides an index operationwhich is
similar to the transpose operation on a matrix.

JavaNow alsoprovidesa reduceoperatorto facilitate collective computationThis operationis

effectively equivalentto performinganeval operatioronasetof Entities. Thecombineoperation
is similar to the reduceoperationexceptthatit storesits resultin multiple EntitySpacesThe
prefix operationis also similar to the reduceoperationexceptthatit storesa partial resultin

multiple EntitySpaces.
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Other Operations

In additionto the operationgliscussedibove, the JaraNOW UserInterfaceprovidesa barrier
routineto block a procesauntil somespecifiednumberof processebave similarly executecthe
barrier, aroutineto determinghenumberof active processeandaroutineto haltthe execution
of all processes.

Distrib uted Idioms and P atterns in Ja vaNOW

Overthecourseof theyearsof researchin parallelanddistributedsystemsa numberof idioms
and patternshave been developed to promote interprocesscommunicationand the safe
manipulationof shareddatastructuresOur goal is notto re-irventtheseusefultechniquesut
ratherto incorporatetheminto the JavaNOW frameawork. In this section,we demonstratéow
some of the classical IPC mechanisms can be incorporatedvatéQA.

Inter -process Comm unication

JavaNOW differs from MPI and PVM in that it does not provide direct point-to-point
inter-processommunicatior{lPC) primitivesbut ratherprovidesa producer/consumenodelof
IPC.Thisis muchthesamemodelthat is supportedn the CommunicatindgsequentiaProcesses
(CSP) model defined by C. A. R. Hoare (the seminal research on the topic of IPC).

To supportlPC, an Entity is createdwith a key agreeduponby boththe senderandrecever (
thisis similarto thenotionof anamedchannebr anamedpipefoundin operatingsystems)The
valuesto be communicatedre placedin the valuefield of the Entity. The sendercanissueas
mary sendcalls asdesiredcreatingan Entity instancefor eachobjectto be transmittecto the
recever. Therecever maypostasmary getoperationsasdesiredallowing for the possibility of
multiple communications.

The follonving code illustrates this form of IPC inva@NOW.

/I Sending Process

EntitySpace esk = new EntitySpace(“ESKEY");
Integer n = new Integer(100);

Entity e = new Entity(“key”, n);
getJavaNOWAPI().put(esk, e);

/I Receiving Process

EntitySpace esk = new EntitySpace("ESKEY");
Entity e = new Entity(“key”);
String msg = (String) getJavaNOWAPI().get(esk, e);

Locks, Mute xes, and Binar y Semaphores

Although Java providesa monitorlik e abstractionas part of the languageproper)thatcanbe
usedto supportthe synchronizatiorof threadsthe semanticof this abstractiorarelocal rather
than distributed. Thus, datathat is sharedbetweentwo threads(or processesgxecutingon
different processors cannot be easily protected.

JavaNOW guaranteestomicoperationsat thelevel of an Entity. Thusa givenkey canbe used
to supportabasiclock discipline.For example,aninitialization procesgthe mastericandeposit
anEntity into anEntitySpacewhichreflectsalock thatcanbeusedanywherein theapplication.



Theprocesghatneedgo performalock operationwill simply issuea blockinggetoperatiorto

acquirethe Entity (representinghe lock) from the EntitySpaceOncethe procesgeturnsfrom

the get operationit entersinto its critical section.Whenleaving the critical sectionthelock is

releasedor returned)to the EntitySpacevia amatchingput operationIf anothemprocesseeds
thelock, it mustalsoissuea blocking get operationforcing it to wait until the processwhich

controlsthe lock performsthe matchingput operation.Otherpopularlock semanticgsuchas
thetrylock primitive foundin pthreads)arealsopossible usingthe non-blockingput andget

primitives defined in JaNOW.

Note that this framework supportsan unboundechumberof locks sincelocks are nothing but
Entitieswith pre-definedandagreedipon)commorkeys. Thefollowing exampleillustratesthe
use of locks in 3@aNOW.

public void initLock() {
EntitySpace esk = new EntitySpace(“SYNC");
Entity e = new Entity(“mutex”, new Object());
getJavaNOWAPI().put(esk, e);

}

public void lock() {
EntitySpace esk = new EntitySpace(“SYNC");
Entity e = new Entity(“mutex”);
getJavaNOWAPI().get(esk, e);

}

public boolean tryLock() {

EntitySpace esk = new EntitySpace(“SYNC");

Entity e = new Entity(“mutex”);

return (getJavaNOWAPI().getlfExists(esk, €) != null);
}

public void unlock() {
EntitySpace esk = new
EntitySpace(“SYNC");
Entity e = new Entity(“mutex”, new Object());
getJavaNOWAPI().put(esk, e);
}

7.3 Semaphores

Semaphoreare anotheruseful synchronizatiormechanisnthatis supportedn JazaNOW in
muchthesamemannerasthelock mechanismThe primarydifferencebetweerthelock andthe
semaphorés in the initialization. In particular N Entities (whereN is the semaphoreount),
ratherthana singleEntity, aredepositedn the EntitySpaceThedown andup operation®onthe
semaphorareperformedisingthegetandput operationsespectiely usingthesemaphoré&ey.
Here is anxample of hav semaphores can be created and used/aNIA/V.

public void initSemaphore(int n) {
EntitySpace esk = new EntitySpace(“SYNC");
for (int i=0; i<n; i++) {
Entity e = new Entity(“mutex”, new Object());
getJavaNOWAPI().put(esk, e);
}
}

public void down() {
EntitySpace esk = new EntitySpace(“SYNC");
Entity e = new Entity(“mutex”);
getJavaNOWAPI().get(esk, e);

}



public boolean tryAllocateSemaphore() {

EntitySpace esk = new EntitySpace(“SYNC");

Entity e = new Entity(“mutex”);

return (getJavaNOWAPI().getlfExists(esk, e) != null);
}

public void up() {
EntitySpace esk = new EntitySpace(“SYNC");
Entity e = new Entity(“mutex”, new Object());
getJavaNOWAPI().put(esk, e);

}

7.4 Producer/Consumer

The Producer/Consumeroblemis oneof the mostfundamentakynchronizatiorproblemsin
computerscienceandmary problemsn parallelcomputingdegeneraténto a specialcaseof a
producer/consumerelationshipamongtasks. Here is a solution to both the boundedand
unbounded producer/consumer inaldOW.

/I Unbounded Producer Process

void unboundedProducer() {
EntitySpace esk = new EntitySpace("BUFFER”);
while (true) {
Object data = produceData();
Entity e = new Entity(“key”, data);
getJavaNOWAPI().put(esk, e);
}

}

/I Bounded Producer Process
void boundedProducer(int maxBuffer) {
EntitySpace esk = new
EntitySpace(“BUFFER");
while (true) {
while (getJavaNOWAPI().getSize(esk)
== maxBuffer) {
synchronized (this) {
try {
wait();
} catch (InterruptedException e) {}
} /I synchronized
} /I while buffer exceeds bound
Object data = produceData();
Entity e = new Entity(“key”, data);
getJavaNOWAPI().put(esk, e);
} /1 while forever

}
/I Unbounded Consumer

void unboundedConsumer() {
EntitySpace esk = new EntitySpace("BUFFER");
while (true) {
Entity e = new Entity(“key”);
String msg = (String) getJavaNOWAPI().get(esk, e);
}
}

/I Bounded Consumer
void boundedConsumer(int maxBuffer) {
EntitySpace esk = new EntitySpace(“BUFFER”);
while (true) {
Entity e = new Entity(“key”);
String msg = (String) getJavaNOWAPI().get(esk, e);
if (getJavaNOWAPI().getSize(esk) == maxBuffer-1) {



synchronized (this) {

notify();
}
Yiif
} /I while
}

8 Significance and Conc lusions

This paperhas presentedlavaNOW, a framework for enablingboth a message-passinand
shared-memorymodel of computation.JasaNOW is designedprimarily for networks of

workstations,and provides a framevork to harnesgshe (relatively cheap)raw computational
power available on suchsystemsAlthough written in Java, a relatively youngandunproven

languagen mary respectsJavaNON hasnot beendesignedn a vacuum.Marny of the ideas
presentedn this papergo back asfar asthe late 19605 and 1970%, when actorswere first

introducedasa modelof computation.The emegenceof Java hasmadeit possibleto bring a

practicalimplementatiorio ideassuchascoarse-grainedctorsanddataflav. Theuseof Jasahas
alsomadeit possibleto compactly implementa powerful androbustlibrary of communication
primitives. In fact, the current version of JazaNOWN numbers in the low thousandsof

non-commented lines of code (NLOC).

JavaNOW bringsto the JavaandHigh-Performanc€omputingcommunitya framewvork thatis
reminiscentof the MessagePassinginterface(MPI). However, mary aspectf MPI arenot
necessaryn a Java ervironment,suchasderived datatypesanddetachegrocessessinceJava
alreadysupportdheseconceptsquitewell. Of courseanimportantissuefor ary suchframewvork
is the level of supportprovided for the interoperabilityof existing codes.Our view is that
CORRA (the CommonObjectRequesBroker Architecture)providesamuchbettermechanism
thanthe MPI framawork for suchinteroperability In particulayf CORBA addressethe difficult
issuesof mappingdatastructurepetweerndissimilarlanguagesnuchbetterthantheframewvork
introduced by MPI. (MPI derived datatypes,for example, cannot handle aggreation of
heterogeneoudatastructuresvery well.) Having said that however, JasraNOW provides full
supportfor the collective communicatiorand computationoperationgrovided by MPI, which
are often agued to be among the major research camiohs of the MPI dbrt.

A questiorremainsWho would useJavaNON? We believe JasraNOW will beof greatestiseto
two general classes of programmers:

* Peoplewhowantto useJavato developcompletelynen codesandmake useof all of the
modern featuresvailable in the language.

« People who h& «isting kernels (FORRAN and C) and wish to usevdOW as a
coordinatiorervironmentthusenablinghereuseof alreadyprovencodesAs anexample,
we have an actie project underay to use JaNOW as a coordination language for
existing CFD codes. Whave found that using the vl Native Interfaice (INI), it is
relatively straightforvard to support suchdacy codes.

All said,JavaNOW is very muchawork in progressilt is, muchlik e therestof Jasatechnology
aprototype.Thuswe have been carefulin this paperto focuson theinnovationsandflexibility
of theJaraNOW modelof computatioratherthanmakingclaimsabouthigh performancef the
currentsystem(althoughwe hopeto beableto do soin thefuture). A numberof improvements
are planned for the regeneration of 3J&NOW, including the follaving:



CompletenessA valid concernhasbeenraisedduringthereview procesghattherehave been
few, if ary, assurance®f the completenesof the APl in terms of what is neededfor
high-performanceomputing.The JavaNow systemhasbeenderived from the Linda and MPI
systemsWe have includedall of the programmingnterfacesfoundin theseernvironmentsand
addeda numberof new elementswith the emphasion supportingobject-orienteccoordination
in a Java-only context. Thusa numberof featuresn MPI, suchasderived datatypeshave been
omitted, becauselava (and otherobjectlanguagesyupportderived datatypesasa part of the
language We have employed object-orienteddesignthroughoutthe processof developing
JavaNow and(in makingdecisionshave reliedonatechniqueknown asfactorizationfo reduce
functionalcompleity (withoutlossof expressve potential)andbetterexploit the Javalanguage
itself. We stresghatclaimsabout‘languageequivalence”and“completenessbftendegenerate
into formally undecidablgoroblemsandthus have madeno suchclaimsin this paper We do
claim, however, thatourapproactof acoherensmallsetof functionscertainlylendsitself better
to practical use.

Performance Thecurrentreleaseof JavaNOW is implementegrimarily asa proof of concept,
andwe have yet to pursueary significantperformanceauning. Performancassueswill be of

paramounimportancen future releasesln retrospectmary of our designdecisionssuchas
supportinghe easyplug-and-playof differenttransporiayers,a component-basearchitecture,
etc.do comeat a cost.It may be the casethat, in order to optimize performancewe have to

retro-fit servicesback into the kernel in much the sameway that hasbeendonein some
Microkernel operating systems such amiféws NT.

Dynamic resouice management The current releaseof JavaNOWN requiresthat the user
statically specifythe list of machineson which the applicationwill run. In the next release,
JavaNOW will allow usergo add/deletemachinesiynamically Thisis animportantstepin the
integrationof JavaNOW with anotherframavork we aredevelopingtermedthe Computational
Neighborhood CN) (see[63] for a thoroughdiscussiorof this proposedramewvork). The CN

supportsdynamicresourcediscovery andallocationin adrag-and-dropnannerallowing jobsto

be started, seamlessly and transpargeatia collection of resources.

Dynamic load balancing: The currentreleaseof JavaNOW usesa simple hashingschemefor

load balancing While this approactseemdo work well for thelimited numberof applications
we have testedthusfar, we do notyetknow if it will work well in the generalkcaself not, then
we will be forced to implement a dynamic load disttibn scheme in the future.

Fault tolerance As thenumberof machinegarticipatingin aJaxaNOW applicationincreases,
the probability of a networking or other type of failure also increases.The current
implementatiorof JavaNOW, similar to othermessage-passirgystemsdoesnot recover from
such errors.

Availability : JasraNOW is available from the Jara and High-PerformanceComputingGroup,
http://wwwjhpc.og. For moreinformationon JHPC pleasecontactGeogeK. Thiruvathukalat
the e-mail or postal address mentioned on the first page.

Acknowledgments

We wish to acknavledge the reviewers for their mary constructve comments.We have
ende&oredto incorporateevery suggestiormadefor improvementwith the hopeof producing
anatrticle of high quality. We alsowish to thankNina Wilfred, JohnShakee andArti Singhfor
their help in reiewing and editing the finalersion of this paper



Bib liograph y

1

2

10

11
12

13

14

15

16

17

18

19

G. Aloisio, M. Ca#ro, P Messina, and R. lNlams, “A distributed Web-based metacomputing
ervironment; Proceedings of HPCN ‘Q¥ienna, Austria, April 1997.

T. E. AndersonD. E. Culler, andD. A. Patterson“A casefor NOW,” IEEE Micro, Februaryl1 995.
H. E. Bal and M. FKaashoek, “Object-Distriltion in Orca using Compileifhe and Run-ime
Technique$,Proceeding®f Object-Oriented’rogrammingSystemd,anguayesandApplications
(OOPSLA '93) pages 162-177, &ghington, D.C., 1993.

J. E. BaldeschwieleR. D. Blumofe, and E. A. Bveer, “ATLAS: An Infrastructure for Global
Computing, Proceeding®f 7th ACM SIGOP Europeanhbrkshop:Systensupportfor Worldwide
Applications, Connemar Ireland September 1996.

A. Baratloo, M. Karaul, H. Karl, and Z.é€lem, An Infrastructure for Netark Computing with
Java Applets] Proceeding®f ACM Workshopon Javafor Scienceand EngineeringComputation
February 1998.

R. Bjornson, C. Klb and A. Sherman, “Rayrdcing with Nevork Linda; SIAM Nevs, 1(24),
January 1991.

R. Bjornson,‘Linda ondistributedmemorymultiprocessor$,Ph.D.Thesis,Yale University, 1992.
YALEU/DCS/RR-931.

R. D. Blumofe, C. FJoeg, B. C. Kuszmaul, C. E. Leiserson, H. Randall, and&ou, “Cilk: An
Efficient Multithreaded Runtime SysteniProceedings of thett6ACM SIGPLAN Symposium on
Principles of Rrallel Programming 1995.

T. Brecht, H. Sandu, M. Shan, and dlbbt, “ParaV\eb: Towards Vrld-Wide Supercomputing,
Proceedings of the 8enth M SIGOPS Euwpean Wrkshop on System Support fooNgiwide
Applications 1996.

D. Caromel W. Klauser J.Vayssiere;Toward Seamles€omputingandMetacomputingn Java;
Concurreng: Practice and Experience ed. by G. 6x,FSeptembeNovember 1998, Wey, pp.
1043-1061.

N. Carriero, and D. Gelerntdtinda in Contat, CACM, 32:4, Apr 1989.

J. B. Carter and J. K. Bennett and ZWaenepoel, “Implementation and Performance of Minin,
Proceedings of the 18ACM Symposium on Opting Systems Principlepages 152-164, Oct.
1991.

N. Carriero and D. Gelerntddow to write paallel programs The MIT Press, Cambridge,
Massachusetts, pp. 45-49.

B. CarpenterG. Zhang, G. &x, X. Li, and Y Wen, “HPJaa: Data Rrallel Extensions to vya;
Proceeding®f ACM Workshopon Javafor Scienceand EngineeringComputationFebruary1l 998.
Z. Chen, K. MalyP. Mehrotra, R. K. ¥naala, and M. Zubajr'Web Based Frameork for
Distributed Computing,Proceedings of @M Workshop on dva for Science and Engineering
ComputationLas \egas, NV June 1997.

B. O. Christiansen,.Zappello, M. Flonescu, M. O. Neayand K. E. Schauselavelin;
Internet-Based &allel Computing Usingalva In Proceedings of 8M Workshop on Ja for
Science and Engineering Computation, Lagag, NV June 1997.

W. T. O'Connell, G. K. Thiruathukal, and TW. Christopher“Distributed Memo: A
Heterogeneouslydrallel and Distribted Programming Esronment; Proceedings of the 23rd
International Conference oraRallel Processing, August 1994.

W. T. O'Connell, G. K. Thiruathukal and TW. Christopher“The Memo Programming
Languagé, Proceedings of the International Cordece on Brallel and Distrituted Computing
SystemsOctober 1994.

P. E. CrandallandM. J. Quinn.Data Partitioning for Networled Parallel ProcessinglEEE Press,
1993, pp. 376-379.



20

21

22
23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41
42

P. Dasgupta, Z. Kdem, and M. Rabin, dPallel processing on nebrks of workstations;
Fault-toleranthigh performancepproach, Proceedingsf 15" IEEE InternationalConferencen
Distribute Computing Systems, 1995.

J. Donarra, A. Geist, R. Manchek, and Sunderam, “Intgrated PVM Framgork Supports
Heterogeneousetwork Computing; Computesin PhysicsApril 1993Vol. 7,No.2,pp166-175.
The Original-E Extensions to\i http://www.erights.og/.

A. Ferrari,"JPVM: Network ParallelComputingin Java;” Proceedingsf ACM Workshopon Jara
for Science and Engineering Computation, February 1998.

I. T. Foster and C. Ksselman, “The Glals Project,http://www.globus.og/.

G. C. Fox and K. Dincer“Using Jaa and JeaScript in the Wtual Programming Laboratory: A
Web-Based & allel Programming Bfronment; Concuriency: Pactice and Experienge
9:485-508, 1997.

G. A. Geist and VS. Sunderam. “Netwk Based Concurrent Computing on the PVM System,
Journal of Concurency: Pactice and Experiencd, 4, pp 293--311, June, 1992.

G.A. Geist and \5. Sunderam, “The Blution of the PVM Concurrent Computing Systém,

Proceedings of 26th IEEE COMPCON Symposipm 471-478, San Fransisco, February 1993.

D. Gelernter“Generatve Communication in LindaACM TOPLAS 7:1, Jan. 1985.

D. Gelernter“Multiple tuplespacesn Linda; In E. Odijk, M. RemandJ.C. Sy, editors, PARLE
'89: Parallel Architectuies and Languges pages 20-27. Spring®ferlang, Lecture Notes in
Computer Sciencedlume 366, 1989.

D. Gelernter and D. KamisngK'Supercomputing out of Rgcled Garbage: Preliminary
Experience with PiranHaProceedings of Sixth@GM International Confernce on
Supecomputing Washington D.C., July 1992.

G. K. Thiruvathukal, An Enhanced Actors Model foaPallel and Distriited Computing,
Proceedings of iFst International Confamce on Brallel Computing (HiPC) 1994Banglore
India, December 1994.

G. K. Thiruvathukal,"An EnhancedictorsModelfor ParallelandDistributedComputing, Ph.D.
Thesis, lllinois Institute of @&chnology Chicago, IL, 1995.

P. A. Gray and VS. Sunderam, “Ice Distributed Computing and va;’ Proceedings of BM
Workshop on dva for Science and Engineering Computatitume 1997.

A. S. Grimshav and W A. Wulf, “The Legion Mision of a Wrldwide Mrtual Computef
Communications of theGM, pp. 39-45, vlume 40, number 1, Januafyp97.

S. C. Hupfer“Melinda: Linda with multiple spacésTechnical Report XLEU /DCS/RR-766,
Yale Uniersity, 1990.

L. V. Kale and J. M. ¥lon, “Threads for Interoperablaiallel Programming,Proceedings of
Languages and Compilerfor Rarallel Computing 1996.

L. V. Kale, M. Bhandarkaiand T Wilmarth, “Design and Implementation oaRillel Jaa with
Global Object SpaceProceedings of &allel and Distrituted Pocessing @hnology and
Applications Las \&gas, Neada, 1997.

L. V.Kale,M. BhandarkarR. BrunnerandJ. Yelon.“MultiparadigmMultilingual Interoperability:
Experience with Corersé, Proc. ofSecond Wkshop on Runtime Systems fard#el
Programming (RTSPRPMarch 1998.

H. Karl, “Bridging the Gape between Diswiied Shared Memory and Messagass$ing,
Proceeding®f ACM Workshopon Javafor ScienceandEngineeringComputationFebruary1l 998.
P. Keleher A. L. Cox, S. Dvarkadas, and WZwaenepoel, “TeadMarks: Distribted Shared
Memory on Standard @kstations and Operating Systehiroceedings of the 1994ikter
Usenix Confegnce pages 115-132, January 1994.

LAM/MPI — Local Area MPI http://www.mpi.nd.edu/lam/

K. Li, “IVY : A SharedVirtual Memory Systemfor Parallel Computing, Proceeding®f the 1988
International Confegnce on Brallel Processingpages 11:94-101, Aug. 1988.




43

44

45

46

47
48

49

50

51

52

53

54

55

56

57
58

59

60

61

62

63

64

B. Gropp, R. Lusk and.Bkjellum,Using MPI: Portable Rarallel Programming with the
Entity-Passing Interface1994.

L. Clarke, 1. Glendinning, and R. Hempel, MPI: A Messagasding Inteidice Standardihe
International durnal of Supextomputer Applications and HigreFormance Computing@(3),
1994.

H. Takagi,S.MatsuokaH. NakadaS. SekiguchiM. SatohU. NagashimaConcurreng: Practice
and Experience ed. by G. G0 SeptembeNovember 1998, Wey, pp. 1063-1078.

MPI-2: Extensions to the MessagasBing-Interdice,

http://www mpi-forum.og/docs/mpi-20-html/mpi2-report.html

MPI-Java Home Rge,http://www.npac.syedu/projects/pcrc/HPYa/mpiJaa.html

J. Narem. An Informal Operational Semantics of C-Linda V2.3 Eechnical Report 839,ale
University Department of Computer Science, Dec. 1990.

M. O.Neary S.P. Brydon,P. Kmiec,S.Rollins,P. Capello,"Javelin++: Scalabilitylssuesn Global
Computing; Proceedings of the BM Java Grande 1999 Conference, June 12-14, 1999, San
Francisco, California.

S. W Otto, M. Snirand D. Wlker “An Introduction to the MPI Standard” In J. Dang,
CS-95-274, January 1995.

M. PhilippserandM. Zenger“JavaParty: TransparenRemoteObjectsin Java; Proceeding®fthe
ACM PpoPPWbrkshopononJavafor SciencendEngineeringComputationLasVegas,NV, June
1997.

M. C.Rinard,D. J.ScalesandM. S.Lam,“Jade:A High-Level, Machine-Independehianguage
for Parallel Computing,IEEE Computer1993.

L. F. G. Sarmenta, S. Hirano, and SaM/ “Towards Bayanihan: Building an Extensible
Framevork for \blunteer Computing Using Ja& Proceedings of the"2Intl. Confeence on
Worldwide Computing and its ApplicationBsukuba, Japan, March 1998.
http://www.cag.lcs.mit.edu/bayanihan

K. Yelick, L. Semenzato, G. Rk C. Miyamoto, B. Liblit, A. Krishnamurth P Hilfinger, S.
Graham, D. GayP, Colella, and A. Aikn, “Titanium: A High-Performance Ja Dialect;
Proceedingef ACM 1998WorkshoponJavafor High-PerformanceNetworkComputing Stanford,
California, February 1998.

Se/farth, J. Bickham and S. Arumugha®@ienda
http://sushi.st.usm.edu/~darth/research/glenda.html

A. Sinha and L. VKale, ‘A Load Balancing Straggy For Prioritized Excution of Bsks)
International Symposium oraRillel ProcessingNewport Beach, CA, April 1993.

Ahuja, Sudhiy Carriero, and GelerntéiLinda and Friend$,|EEE ComputerAug. 1986.

V. S.SunderamPVM: A Frameavork for ParallelDistributedComputing Concurency:Practice
and Experience2, 4, pp 315--339, Decembhé@®90.

G. A. Geist and VS. Sunderam, “Netwk Based Concurrent Computing on the PVM System,
Journal of Concurency: Pactice and Experiencé4), pp. 293-311, June 1992.

V. Sunderam, J. Doagra, A. Geist, and R Manchek. “The PVM Concurrent Computing System:

Evolution, ExperiencesandTrends), Parallel ComputingVol. 20,No. 4, April 1994,pp531-547.
Sun MicroSystems, IncJavaSpaces Specificatidmttp://java.sun.com/productsfiaspaces/

G. K. Thiruvathukal, “Toward non-en Neumann Computation: An Enhanced Actors Model for
Parallel and Distribited ProcessingProceedings of theifst HIPC Confeence (Wirkshop)
Bangalore, India, 1994.

G. K. Thiruvathukal,B. CameronT. ChristopherL. Oliveira,andJ. Shafiee, The Computational
NeighborhoodProceeding®fICSWorkshoponJava,RhodesGreeceTo appeain aspeciaissue

of FGCS, edited by \Geto.

D. A. Thurman JavaPVM: The dva to PVM InterfaceDecemeber 1996.
http://www.isye.a@tech.edu/chmsr/jPVM




65 W.YuandA. Cox."Java/DSM:A Platformfor Heterogeneou€omputing, Proceeding®f ACM
Workshop on dva for Science and Engineering Computatiosms \égas, NV June 1997.



