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Abstract

Java offersinterestingopportunitiedor parallelcomputing.ln par
ticular, JaraRemoteMethodinvocationprovidesanunusuallyflex-
ible kind of RemoteProcedureCall. Unlike RPC,RMI supports
polymorphismwhich requiresthe systemto be ableto download
remoteclassesnto a runningapplication.Sun’s RMI implementa-
tion achieresthis kind of flexibility by passingaroundobjecttype
informationandprocessingt atruntime, which causessmajorrun
time overhead.Using Suns JDK 1.1.40n a PentiumPro/Myrinet
cluster for example thelateng for anull RMI (withoutparameters
or areturnvalue)is 1228psec,whichis aboutafactorof 40 higher
thanthat of a userlevel RPC.In this paper we study an alterna-
tive approactfor implementingRMI, basecdbn native compilation.
This approachallows for betteroptimization,eliminatesthe need
for processingf type informationat run time, and makesa light
weightcommunicatiorprotocolpossible We have built aJasasys-
tembaseddn a native compiler which supportshothcompiletime
and run time generationof marshallers. We find that almostall
of the run time overheadof RMI canbe pushedto compiletime.
With thisapproachthelateng of anull RMI is reducedo 34 usec,
while still supportingpolymorphicRMIs (andallowing interoper
ability with otherJVMs).

1 Introduction

Thereis agrowing interestin usingJava for high-performancear
allel applications.Jasa’s cleanandtype-safeobject-orientedro-
grammingmodelandits supportfor concurreng male it anattrac-
tive ervironmentfor writing reliable,large-scalgarallelprograms.
For sharedmemorymachinesJava offers a familiar multithread-
ing paradigm For distributedmemorymachinesuchasclustersof
workstations Java provides RemoteMethod Invocation,which is
an object-orientedsersionof RemoteProcedureCall (RPC).The
RMI model offers mary adwantagesfor parallel and distributed
programmingjncluding a seamlesséntegrationwith Jasa’s object
model,heterogeneityandflexibility [30].

Unfortunately mary existing Java implementationfiave infe-
rior performancef bothsequentiatodeandcommunicatiorprim-
itives,which is a seriousdisadwantagefor high-performanceom-
puting. Much effort is beinginvestedn improving serialcodeper
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formanceby replacingtheoriginal bytecodeinterpretatiorscheme
with just-in-timecompilers pative compilers andspecializedhard-
ware[17, 22, 25]. Thecommunicatioroverheadof Java RMI im-
plementationshowever, remainsa majorweaknessRMI is orig-
inally designedor client/serer programmingn distributed (web
based)systemswherelatencieson the order of several millisec-
ondsaretypical. On moretightly coupledparallelmachinessuch
latenciesareunacceptableOnour PentiumPro/Myrinetcluster for
example,Suns JDK 1.1.4implementatiorof RMI obtainsa two-
way null-lateng (the lateny of an RMI without parameter®r a
returnvalue)of 1228microseconds;omparedo 30 microseconds
for auserlevel RemoteProcedureCall protocolin C. (A null-RMI
in Suns latestIDK, versionl.2beta,is evenslower.)

Part of this large overheadis causedby inefficienciesin the
JDK. The JDK is built on a hierarchyof streamclasseghat copy
dataandcall virtual methods. Serializationof methodarguments
is implementeddy recursvely inspectingobjecttypesuntil primi-
tive typesarereachedandtheninvoking the primitive serializersa
byteatatime. All of thisis performedatruntime, for eachremote
invocation. In addition, RMI is implementedon top of IP sock-
ets,which addskerneloverheadandfour context switcheson the
critical path).

Besidesinefficienciesin the JDK, a secondand more funda-
mentalreasonfor the slovnessof RMI is the differencebetween
theRPCandRMI models.Java’s RMI schemas designedor flex-
ibility andinteroperability Unlike RPC,it allows classesinknavn
atcompiletime to be exchangedetweera clientanda sener and
to be downloadedinto a running program. In Java, an actualpa-
rameterobjectin anRMI canbea subclas®f the methods formal
parametetype. In polymorphicobject-orientedanguagesthe dy-
namictype of the parametenbject(the subclassshouldbe used
by the method,not the statictype of the formal parameterWhen
the subclasss not yet known to the recever, it hasto be fetched
over the network from a remoteprocessand be downloadedinto
therecever. This high level of flexibility is the key distinctionbe-
tweenRMI andRPC[30]. RPCsystemssimply usethe statictype
of theformal paramete(therebytype-cowertingtheactualparam-
eter), and thus do not supportpolymorphismand breakwith the
object-orienteanodel.

The key problemis to obtainthe efficiengy of RPCsand the
flexibility of Java’s RMI. This paperdiscussesa new compiler
basedlava systemcalled Manta® whichis designedrom scratch
to implementpolymorphicRMIs efficiently. On our Myrinet clus-
ter, for example,Mantaobtainsa null-lateny of 34 psec,afactor
of 36 improvementover the JDK 1.1.4. Table1 shavs two-way
null-RMI latenciesand throughputof Manta, Suns JDK (a byte
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codeinterpreter) SunsJIT (ajust-in-timebytecodecompiler),and
Panda(a corventionalRPCin C), on two differentprocessorand
two differentnetworks. Thetableshavs thatMantais substantially
fasterthanSuns RMI, andcloseto a PandaRPC.(The difference
betweerPanda3.0and4.0is explainedin Section3.)

MantareplacesSun’s run time protocolprocessingasmuchas
possibleby compile time analysis. We usea native compilerto
generateefficient serialcodeandspecializedserializationroutines
for serializableagumentclasses.The generatecerializersallow
a simplerRMI protocolthatavoidstypeinspectionat run time al-
together Sincetypeinformationis knowvn at compiletime, it suf-
ficesto carrya simpletype-idin the protocol,insteadof elaborate
type descriptions.In this way, almostall of the protocoloverhead
hasbeenpushedio compiletime, off the critical path. The prob-
lemswith this approachhowever, arehow to interfacewith other
Java Virtual Machines(which is requiredfor interoperability)and
how to addresslynamicclassloading (requiredto supportpoly-
morphism).To interoperatewith other(non-Manta)JVMs, Manta
supportghe standardSunRMI andserializationprotocolsin addi-
tion to its own fastprotocols. Dynamicclassloadingis supported
by compilingmethodsandgeneratingerializersatruntime.

The Manta systemcombineshigh performancewith the flex-
ibility and interoperabilityof RMI. In a metacomputingapplica-
tion [10Q], for example,someclusterscanrun our Mantasoftware
and communicatenternally using the fast Manta RMI protocol.
Othermachinesmay run other JVMs (containing,for example,a
graphicaluserinterface program)and Mantacommunicatesvith
thesemachinesusing the standardSun RMI protocol. The ma-
chinesrunning Mantaandthe JVM canboth invoke eachothers
methods Mantaimplementsalmostall otherfunctionalityrequired
for Java RMI, including heterogeneitymultithreading,synchro-
nizedmethodsanddistributedgarbagecollection.

The main contritutions of this paperareasfollows. First, the
papershavs thatJaszaRMI canbeimplementeckfficiently andcan
obtaina performancecloseto that of RPC systems.On Myrinet,
a null-RMI takes 1228 usecfor Suns JDK, and 34 psecfor our
system,only 4 psecmorethana C-basedRPC.Secondwe shav
thattheefficiengy improvementcanbeachievedwithoutsacrificing
polymorphicRMIs andinteroperability

The restof the paperis structuredasfollows. The designand
implementationof the Manta systemare discussedn Section?2.
At the time of this writing, mostof the systemis up andrunning,
thoughsomepartsof theinterfaceto SunJDK RMIs arestill being
finished;Section2.4 reportson theimplementatiorstatus.In Sec-
tion 3 we give a detailedperformanceanalysisof our system. In
Sectiord we look atrelatedwork. Section5 presentgonclusions.

2 Design and Implementation of Manta

This sectionwill discusghedesignof theMantasystem(including
theunimplementegbarts)anddescribethe currentimplementation
statusof the system.We will focusonthe MantaRMI implemen-
tation.

2.1 Manta Structure

SinceMantais designedor high-performancearallelcomputing,
it usesa native compilerratherthana JIT. The mostimportantad-
vantageof a native compileris thatit cando moreaggressie op-
timizationsandthereforegeneratéettercode.To supportinterop-
erability with otherJVMs, however, Mantaalsohasto be ableto
procesghe byte codefor the application,and containsa run-time
byte-code-to-nate compiler

The Mantasystemis illustratedin Figurel. The box in the
middle describeghe structureof a noderunning a Manta appli-
cation. Sucha nodecontainsthe executablecodefor the applica-

tion and(de)serializatiorroutines both of which aregeneratedby
Manta’s natve compiler A Mantanodecancommunicatavith an-
otherMantanode(thebox ontheleft) throughafastRMI protocol
(usingManta’s own serializatiorformat);it cancommunicatevith
anothelVM (theboxontheright) througha JDK-compliantproto-
col (usingSuns serializatiorformat). Determiningwhich protocol
to useis donewith aninitial probeRMI, whichis only recognized
by a Mantaapplicationnotby a JVM.

A Manta-to-MantaRMI is performedwith Mantas own fast
protocol,whichis describedn detailin thenext subsectionThisis
the commoncasefor high performanceparallelprogrammingfor
which Mantais optimized. Mantas serializationand deserializa-
tion protocolssupportheterogeneity

A Manta-to-JVMRMI is performedwith aslower protocolthat
is compatiblewith Suns RMI standard.Mantausesgenericrou-
tinesto (de)serializethe objectsto or from Sun’s format. These
routinesuseruntimetypeinspection(reflection),andaresimilarto
Suns protocol. Theroutinesarewrittenin C (asis all of Mantas
runtime system)andexecutemoreefficiently thanSun’s protocol,
whichis written mostlyin Java.

A Mantaapplicatiormustbeableto work with bytecodedrom
othernodes to implementpolymorphicRMIs with JVMs. When
a Mantaapplicationrequests byte codefrom a remoteprocess,
Manta will invoke its byte code compilerto generatethe meta-
classestheserializatiorroutines,andthe objectcodefor themeth-
ods(asif they weregeneratedby the Mantasourcecodecompiler).

Thedynamicallygeneratedbjectcodeis linkedinto theappli-
cationwith thedlopen() dynamiclinking interface. If aremote
noderequestdbyte codefrom a Mantaapplication,the JVM byte
codeloaderretrievesthe byte codefor the requestecdtlassin the
usualway througha sharedilesystemor throughan http daemon.
RMI doesnot have separatesupportfor retrieving byte codes(see
alsohttp://sirius.ps.uci.edu/"snti@el/rmi.htn). Sun’s javac com-
piler is usedto generatéhe byte codeat compiletime.

Two Mantaapplicationscanalsoimplementpolymorphismby
exchangingthe Java sourcecodeinsteadof the byte code. In this
case(notshawvn in Figurel), the native Mantacompileris invoked
during runtime, resultingin betterobjectcodethanwith the byte
codecompiler Mantaapplicationsmuststill be ableto compile
byte codeshowever, sincea classmayoriginatefrom anon-Manta
JVM, in which casethe sourcemaynotbeavailable.

The structureof the Manta systemis more complicatedthan
thatof aJVM. Much of thecompleity of implementingViantaef-
ficiently is dueto the needto interfacea systembasedon a native-
codecompilerwith a byte code-basedystem.Thefastcommuni-
cationpathin our system however, is straightforvard: the Manta
RMI protocoljust calls the compilergeneratedserializationrou-
tinesandusesa simpleschemeo communicatavith otherManta
nodes.

2.2 Serialization and Communication

RMI systemsanbe split into threemajor componentsiow-level

communicationtheRMI protocol(streanmanagemergndmethod
dispatch) andserialization.Below, we discusshow Mantaimple-

mentsthis functionality

Low-level Communication

Java RMI implementationsre built on top of TCP/IR which was
not designedor parallel processing.Mantausesthe Pandacom-
municationlibrary [1], which hasefficient implementationsn a
variety of networks. On Myrinet, Pandausesthe LFC communi-
cationsystem[4, 5]. To avoid the overheadof operatingsystem
calls,LFC andPandarun in userspace.On FastEthernet,Panda
is implementecbn top of UDP. In this case the network interface



System \ersion Processor Network Latency Throughput
(Bs)  (MByte/s)

SunJDK 1.1.3 300MHz SparcUltra10 FastEthernet 1630 1.0
SunJIT 1.1.6 1210 4.1
SunJIT 1.2beta 1311 3.0
Manta/Rnda3.0 338 7.4
Panda 3.0 328 8.7
SunJDK 1.14 200MHz PentiumPro FastEthernet 1711 0.97
Manta/Rnda3.0 233 7.3
Panda 3.0 228 10.3
SunJDK 1.14 200MHz PentiumPro Myrinet 1228 4.66
Manta/Randa3.0 34 20.6
Manta/Rnda4.0 39 51.3
Panda 3.0 30 55.7
Panda 4.0 31 59.4

Tablel: Two-way Null-RMI Lateny andThroughput
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SocketStream Serialization and Dispatch
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JDK RMI structure Manta RMI structure
Figure2: Structureof SunandMantaRMI; Grey indicatescom-
piled code

is managedy the kernel,but the PandaRPCprotocolsrunin user
space.

ThePandaRPCinterfaceis basenanupcallmodel:concep-
tually a new threadof controlis createdvhena messagearrives,
which will executea handlerfor the message.The interfacehas
beendesignedo avoid threadswitchesn simplecasesUnlike ac-
tive messagdandlerg[29], upcall handlersin Pandaare allowed
to block in a critical section,but a handleris not allowed to wait
for anothermessagédo arrive. This restrictionallows the imple-
mentatiorto handleall messagessingasinglethreadandto avoid
contet switchesfor handlerghatexecutewithoutblocking[19].

The RMI Protocol

Theruntime systermfor the MantaRMI protocolis writtenin C. It
wasdesignedo minimizeserializatioranddispatchoverheadsuch
ascopying, buffer managementragmentationthreadswitching,
andindirectmethodcalls. Figure?2 givesanoverview of thelayers
in our systemandcomparedt with thelayeringof the JDK system.
Theshadedayersdenotecompiledcode while thewhite layersare
interpreted(or JIT-compiled)Java. Mantaavoids the streamlay-
ersof the JDK. Instead RMIs areserializeddirectly into a Panda
buffer. Moreover, in theJDK thesestreamayersarewrittenin Java
andtheir overheadhusdepend®nthe quality of theinterpreteror
JIT. In Manta,all layersareeitherimplementeciscompiledC code
or compilergeneratedhative code. Also, Mantaapplicationscan
call RMI serializerdirectly, insteadof throughthe (slow) Java Na-
tive Interface. Heterogeneitypetweenittle-endianandbig-endian
machineds achieved by sendingdatain the native byte order of
thesenderandhaving therecever do the conversion,if necessary
Anotherimportantoptimizationin our RMI protocolis to avoid
generatinganew threadatthereceving node. The Mantacompiler
determinedor eachremotemethodwhetherit is guaranteedo ex-
ecutewithout blocking (whetherit may executea “wait()” opera-
tion). If themethodwill never block, it is executedwithout doing
athreadcontet switch. The compilercurrentlymakesaconsera-
tive estimationandonly guaranteeshe non-blockingpropertyfor
methodghatdo not call othermethods.

TheMantaRMI protocolcooperatesvith thegarbagecollector
to keeptrackof referencesicrossmachineboundariesMantauses

a local garbagecollector basedon a mark-and-sweeplgorithm.
Eachmachineruns this local collector using a dedicatedthread
thatis activatedby theruntime systemor the user Thedistributed
garbagecollectoris implementedn top of thelocal collectors,us-
ing areferenceountingmechanisnfor remoteobjects(distributed
cyclesremainundetected).

The Serialization Protocol

The serializationof methodargumentsis an importantsourceof

overheadf existingRMI implementationsSerializatiortakesJava
objectsand converts (serializestheminto an array of bytes. The
JDK serializationprotocolis written in Java andusesreflectionto

determinghetype of eachobjectduringruntime. With Manta,all

serializationcodeis generatedby the compiler avoiding the over-

headof dynamicinspection.Serializationcodefor mostRMI calls
is generatect compiletime. Only serializationcodefor polymor

phic RMI calls that are not locally availableis generatedby the
Mantacompiler at run time. The overheadof this run time code
generations incurredonly once thefirsttime thenew classis used
asa polymorphicamgumentto somemethodinvocation. For sub-
sequentuses,the fast serializerobject codeis then available for

reuse.The overheadof run time serializergeneratioris on the or-

der of secondsat worst, dependingmostly on whetherthe Manta
compileris residentor whetherit hasto be pagedn over NFS.

To accomplishfast serializationwith correctJava semantics,
the compiler generatespecial(un)marshallmethods. For every
methodin the methodtable,a methodpointeris maintainechere
to dispatchto the right (un)marshallefor thatmethod. A similar
optimizationis usedfor serialization:every objecthastwo pointers
in its methodtable to the serializerand deserializerfor that ob-
ject. Whena particularobjectis to be serializedhe methodpointer
is extractedfrom the objects methodtable andinvoked. On de-
serializationthe sameprocedureas applied. The serializationand
deserializatiortodeis generatedby the compilerandhascomplete
informationaboutfieldsandtheir types.Whena classto be serial-
ized/deserializets marked “final”, the costof the virtual function
call to theright serializer/deserializes optimizedaway, sincethe
correctfunctionpointercanbe determinecat compiletime.

The Manta serializationprotocol performs optimizationsfor
simpleobjects.An arraywhoseelementsareof a primitive typeis
serializedby doinga directmemory-cop into the messagéuffer,
which saves traversingthe array Serializationproducesa deep
copy. In orderto detectduplicateobjects,the marshallingcode
usesa hashtable containingobjectsthat have alreadybeenserial-
ized. If the methoddoesnot containary parametershat are ob-
jects, however, the hashtableis not created which againmales
simplemethodgaster Also, the hashtableitself is not transferred
over the network; instead the tableis rekuilt on-the-flyby there-
ceiver. Compiler generationof serializationis one of the major
improvementof Mantaoverthe JDK.

2.3 Generated Marshalling Code

Figures3, 4, and5 illustratethe generatednarshallingcode.Gen-
erationof metaclassesindmarshallerss describedn moredetail
in [28]. Considerthe “RemoteMonky” classin Figure3. The
“foo()” methodcanbe calledfrom anothemachine thereforethe
compilergeneratesnarshallingandunmarshallingcodefor it.

The generatednarshallerfor the “foo()” methodis shavn in
Figure4 in pseudocode. Becauseéfoo()” hasa String asparam-
eter which is an objectin Java, a hash-tablas createdto detect
duplicates. A specialcreatethread flag is setin the headerdata
structure.Thisis donebecauséfoo” containsamethodcall (“Sys-
tem.out.printin()”")andmightthereforepotentiallydoa“wait()”, or
block on a similar synchronizatiorstatementWhena remoteex-



import java.rmi.x;
import java.rmi.server.UnicastRemoteObject;

public class RemoteMonkey extends UnicastRemoteObject
implements RemoteMonkeyInterface {
int value;
String name;

synchronized int foo(int i, String s) throws RemoteException {

value = i;
name = s;

System.out.println("i = " + i);

return ixi;

Figure3: A simpleremoteclass.

ceptionis thrown, the hashtableis reusedto detectduplicatesin
the exceptionobject. The programmemay definehis own excep-
tionsin Java, soit is notguaranteethatthethrown exceptiondoes
not containa cycle. The writeObjectcall will serializethe string
objectto the buffer at the currentposition. TheflushFunctiordoes
theactualwriting outto thenetwork buffer. It is alsousedtogether
with thefillFunction, for fragmentation.

marshall__foo(RemoteObject *this, int i, class__String *s) {

allocBuffers(&inBuffer, &outBuffer);
hashTable = createHashTable();

writeHeader (%outBuffer, this,

OPCODE_CALL, CREATE_THREAD, flushFunction);
writeInt (&outBuffer, i, flushFunction);
writeObject (%outBuffer, s, flushFunction, hashTable);

// Request message is created, now write it to the network.
flushFunction(outBuffer);

clearHashTable (hashTable) ;

// Receive reply.
fillFunction(&inBuffer);

opcode = readInt(&inBuffer, fillFunction);
if (opcode == OPCODE_EXCEPTION) {

class__Exception *exception =
readObject (&inBuffer, fillFunction, hashTable);

freeBuffers(inBuffer, outBuffer);
killHashTable (hashTable) ;

THROW_EXCEPTION (exception) ;
} else {
int result = readInt(&inBuffer, fillFunction);

freeBuffers(inBuffer, outBuffer);
killHashTable (hashTable) ;

RETURN(result);

Figure4: Thegeneratedanarshallerfor the“foo” method.

Pseudocodefor the generatedinmarshalleis shavn in Fig-
ure5. The headeris alreadyunpacled whenthis unmarshalleis
called. Becausdhe createthread flag in the heademwas set, this
unmarshallewill runin a new threadstartedby the runtime sys-
tem. Themarshalleitself doesnot know aboutthis. Note thatthe
this parameters alreadyunpacled andis a valid referenceor the
machinetheunmarshallewill runon.

unmarshall__foo(class__Object *this) {
allocBuffers(&inBuffer, &outBuffer);
hashTable = createHashTable();

int i = readInt(&inBuffer, fillFunction);
class__String *s = readObject(&inBuffer,
fillFunction, hashTable);

result = CALL_JAVA_FUNCTION(foo, this, i, s, &exception);
hashTable = clearHashTable();
if (exception) {

writeInt (&outBuffer, OPCODE_EXCEPTION, flushFunction);
writeObject (&outBuffer,
exception, flushFunction, hashTable);

} else {

writeInt (&outBuffer, OPCODE_RESULT_CALL, flushFunction);
writelInt (%outBuffer, result, flushFunction);

}

// Reply message is created, now write it to the network.
flushFunction(outBuffer) ;

freeBuffers (inBuffer, outBuffer);
killHashTable (hashTable) ;

Figure5: Thegeneratedinmarshallefor the“foo” method.

2.4 Implementation status

Our work on an efficient Java RMI startedout as an attemptto
male a fastversionof JavaParty [24]. JavaParty doesnot usea
registry, and usesa syntaxthat differs slightly from SunRMI. It
usesthe keyword remote for classegshatcanbe calledremotely
For example,the RemoteMonky classdeclarationfrom Figure3
would be written aspublic remote class RemoteMonkey {.
The Mantasystemis how beingextendedto alsosupportthe stan-
dard SunRMI syntax. Furtherextensionsneededo interoperate
with SunJVMs are supportfor the SunRMI registry, supportfor
the SunRMI wire protocol,andthe ability to work with byte code
files. Someof theseextensionsarealreadyworking, althoughthe
efficient Myrinet implementationof polymorphicremotemethod
callscurrentlyonly worksfor the JasaRarty syntax.

TheMantacompilerandfastRMI protocolareoperationahnd
have beenusedto run severalapplications.The compilercurrently
generatesodefor thePentiumandSparcarchitecturesTheManta
run time systemsupportsseveral networks (including UDP/IP net-
works and Myrinet). On Myrinet, the userlevel communication
systemwe use(LFC) offersno protection sothe Myrinet network
canbe usedby a singleprocesonly. (This problemcanbe solved
with otherMyrinet protocolsthatdo offer protection4].) TheFast
Ethernetimplementatiorusesa kernel-spac& DP/IP protocoland
doesnot have this problem.

In addition,we arefinishingtheimplementatiorof thedynamic
byte codecompiler which includesthe ability to generateserial-



ization routinesfrom byte codes. We have implementeddynamic
sourcecodecompilation which canbeusedfor polymorphicRMIs
betweerntwo MantanodegseeSection2.2). Thelinking of dynam-
ically generatedbjectcodeworkson Linux andSolaris.On BSD
3.0 (oneof the operatingsystemsusedfor our Myrinet cluster)it

doesnot work becauseof a bug in BSD 3.0’s implementatiorof

dlopen(). Interoperabilitywith SunRMI, including polymorphic
RMI, poseghelargestengineeringchallengesAt thetime of this
writing, we have run a small mixed Sun/MantaRMI application,
andwe have run a small applicationcompiledby the Mantabyte
codecompiler Currently interfacingwith SunJVMs, andthe abil-

ity to usethe SunRMI syntaxover the fastMyrinet protocol,are
beingfinished.

3 Performance Measurements

In this section,the performanceof Mantais comparedagainstthe

SunJDK 1.1.4. Experimentsarerun on a homogeneouslusterof

PentiumPro processorsEachnodecontainsa 200 MHz Pentium
Pro and 128 MByte of EDO-RAM. All boardsare connecteddy

two differentnetworks: 1.2 Ghit/secMyrinet [6] andFastEthernet
(100 Mbit/sec Ethernet). The systemrunsthe BSD/OS (Version
3.0)operatingsystenfrom BSDI andRedHatLinux version2.0.36.
Timing differencedetweerBSD andLinux aresmallto negligible.

Exceptwhereotherwisenoted the numberseportedarefrom runs
on BSD. Both Mantaand Suns JDK run over Myrinet and Fast
EthernetWe have createda smalluserlevel layerthatimplements
soclet functionalityin orderto run JDK RMI over Myrinet, ontop

of lllinois FastMessage&-M) [23]. FM’sround-triplateng is 4 us

higherthanthatof LFC.

3.1 Latency

For the first benchmarkwe have madea breakdan of the time
that Manta spendsin remote methodinvocations,using zero to
three(empty)objectsasparametersandnoreturnvalue. Themea-
surementsvere doneby insertingtiming calls, usingthe Pentium
Pro performanceounters.Thesecountershave a granularityof 5
nanoseconds heresultsfor Mantaover Myrinet (usingPanda3.0)
areshavn in Table2.

The simplestcasels anemptymethodwithoutary parameters,
the null-RMI. On Myrinet, a null-RMI takesabout34 ps. Only 4
microsecondareaddedto the lateny of the PandaRPC,whichis
30ps. Whenpassingrimitive datatypesasaparameteto aremote
call, thelateny grows with lessthanamicrosecongberparameter
regardlessof the type of the parametel(this is not shawvn in the
table). Whenone or more objectsare passedas parametersn a
remoteinvocation thelateng increasesvith severalmicroseconds.
Thereasonis thata tablemustbe createdby the run time system
to detectpossiblecycles and duplicatesin the objects. Separate
measurementshav thatalmostall time thatis takenby addingan
objectparameteis spentattheremotesideof thecall, deserializing
thecall reques{notshavn). Theserializatiorof therequesbnthe
calling side,however, is affectedlessby the objectparameters.

To comparethe overheadof the JDK andManta,we have per
formedthe samebreakdavn of thesetwo systemsn PentiumPros
connectedby FastEthernet We useFastEthernetatherthanMyri-
netfor the comparisorbetweerthe JIDK andManta,sowe canrun
the JDK “out-of-the-box”(without makingary changedo it). The
resultsaregivenin Table3. Onthe JDK andtheJIT, thecommuni-
cationtimesstill includea smallamountof Java overhead Pipelin-
ing effectsin the communicatiodayerscomplicatemeasurements,
whichis why thetimingsin the columnsin thetabledo notaddup
exactly to themeasuredaverall runtime. Thetimingson FastEth-
ernetarelessconsistenthanon Myrinet, which may be the cause
of smalldiscrepancies thetable.

A null-RMI for Mantaover FastEthernettakes233 microsec-
onds,while a JDK RMI takes 1711 microsecondsMantathusis
7.3timesfaster Thetableshavs how expensve Suns serialization
andRMI protocol(streamanddispatchoverheadpre,comparedo
Manta. With 3 object-parameter$or example thetotal difference
is afactor60 (2036pus versus34 uis).

Part of the overheadof the JDK 1.1.4is causedby the usage
of aninterpreter To determinethe impactof a JIT compilerwe
have alsorun testswith the SunJIT 1.1.6just-in-time byte code
compiler We wereunableto run Suns JIT on BSD/OSor Linux;
we usedUltraSparcs-1Qrunning Solaris)for thesetestsinstead.
(OtherJITs, suchas Kaffe, do not yet supportRMI.) The results
areshavn in Table4. As canbeseentheperformancgapbetween
the JIT andMantais lower thanbetweerthe JDK andManta, but
the gapis still large. Part of the differencein the communication
timesis dueto Mantausing Panda,which runson UDP, whereas
SunRMI usesTCP Also, the differencebetweenMantaandthe
JIT in serializationandRMI-protocol overheads still large. With
3 object-parameterfyr example thedifferences afactor25(1170
US versus46 us).

Finally, we alsomeasuredhetimeto createa new threadfor an
incominginvocationrequestwhich Manta usesfor methodsthat
potentiallyblock. On the PentiumPro, startinga new threadfor
an invocationcosts16 ps with the Mantarun time system,so a
remotecall thatis executedby a new threadcostsatleast50 s (on
Myrinet). Our optimizationfor simple(nonblocking)methodghus
is useful.

3.2 Throughput

The secondbenchmarkwe useis a Jaza programthat measures
the throughputfor a remotemethodinvocationwith anarrayof a
primitive type asargument,andno returntype. Thereply message
is empty so the one-way throughputis measured.In Manta, all
arraysof primitive typesare serializedwith a memorycopy, so
the actualtype doesnot matter The resultingmeasurementsere
shavn in Tablel in Sectionl.

The table also shavs the measuredhroughputof the Panda
RPC protocol, with the samemessageize asthe remotemethod
invocation. Two versionsof Pandaareshavn. The basicversion,
with which almostall measurement this paperare performed,
is Panda3.0. On Myrinet we have alsoperformedmeasurements
with Panda4.0,whichsupportsa scatter/gathenterface. Thisscat-
ter/gatherinterfacemalesit possibleto remove somecopying of
userdatafrom the critical path,resultingin animproved through-
put. Unfortunatelydereferencinghe scatter/gatherectorinvolves
extraprocessingwhichincreaseshelateny somevhat. Panda3.0
achivesathroughputbof 55.7 MByte/son Myrinet, whichis much
higherthanthe throughputfor Manta(20.6 MByte/s). The differ-
enceis dueto two extramemorycopiesthatMantaRMI needsor
serialization(atthesendingside)anddeserializatiorfat therecev-
ing side). Sincememory-copiesre expensve on a PentiumPro
[8], they decreasehroughputsignificantly For largerarraysizes,
the memory-to-memorgopieshave a largerimpacton the perfor
mance.On Panda4.0the extra copying is avoided,andwe achieve
a throughputof 51.3 MByte/s, comparedo 59.4 MByte/s of the
raw Panda4.0.

For the SunJIT throughputs significantlyless,andevenmore
sofor the JDK. On UltraSparcs-1@vith FastEthernetMantaob-
tainsathroughpubf 7.4MByte/s,theJIT obtains4.1 MByte/s,and
the JDK obtainsonly 1 MByte/s.

3.3 Manta versus Sun Protocol

Sun’s RMI protocolcontainstype informationoverhead;Manta’s
RMI protocolis substantialljjeaner We have measuredhe com-



empty 1object

2 objects 3 objects

Serialization -
RMI Overhead 4
Panda 30
Total 34

7 13 19
5 5 5
32 33 33
44 51 57

Table2: Breakdevn of MantaRMI on PentiumProandMyrinet; timesarein s

Manta SunJDK
empty lobject 2objects 3objects| empty 1object 2objects 3objects
Serialization - 11 17 24 - 667 879 1088
RMI Overhead 5 10 9 10 907 947 942 948
Communication| 227 232 235 243 799 795 797 862
Overall 233 254 262 278 | 1711 2409 2619 2899

Table3: Breakdevn of MantaandSunJDK 1.1.4on PentiumProandFastEthernettimesarein ps

municationtraffic of the two protocols.Theresultis shavn in Ta-
ble 5. Thetableshavs the numberof bytesfor a null RMI, for an
RMI with asingleintegerargumentwith a100elementrrayof in-
tegeramument,andonewith a singleobjectcontaininganinteger
anda doubleasargument. The table also shavs the communica-
tion timesin microsecondspn a 200 MHz PentiumPro over Fast
Ethernet,including the serializationand RMI protocolprocessing
overheadfor MantaandtheSunJDK 1.1.4.

The JDK protocol sendsonly moderatelymore datathanthe
Mantaprotocol,yetthe JDK spends considerableamountof time
in processingand communicatinghe data. Most of this time is
spentin analyzingtypeinformationandmanagingstreamsManta
shaws thatthis runtime overheadccanbereducedsignificantly

3.4 Application Performance

In additionto the low-level lateny and throughputbenchmarks,
we have alsousedthreeparallelapplicationgo measurehe perfor
manceof our system.The applicationsare Successie Overrelax-
ation (a numericalgrid computation)Traveling SalespersoRrob-
lem (acombinatoriabptimizationprogram),andlterative Deepen-
ing A* (asearctprogram).For TSPwe useda 15 city problem for
SORa2048x 512matrix, for IDA* we solved arandominstance
of asliding tile puzzle(with solutionlength56). The applications
aredescribedn moredetailin [20]. We have implementedhepro-
gramswith SunRMI 1.1.4(on FastEthernetandManta/Rinda3.0
RMI (on FastEthernetand Myrinet). Figure 6 shavs run times,
in secondsfor the serialprogram andfor runsof the parallelpro-
gram,on 1 and 16 processorsNote the differentscalefor the 16
processorun. The programsarerun onthe PentiumProson BSD.

PerformancedifferencesbetweenSun and Manta can be at-
tributedto differencesn serialexecutionspeedinterpreternversus
compiler)andto differencesn the RMI runtime systemwhichis
why we shav the speedf the serialcodein additionto singlepro-
cessoperformancef the parallelcode.Furthermorewe have run
the serialcodeswith the Kaffe just-in-timecompiler to give some
ideaof how Mantacompareso aJIT.2

Themeasurementshav thatMantais substantiallyfasterthan
the Sun1.1.4 JDK. Both for the serialandthe parallelrun times

2The parallelcodescannotbe run sinceKaffe doesnot yet supportRMI. We tried
Kaffe version0.92and1.0b3,0on Linux andBSD. SORandIDA* worked with Kaffe
1.0b3on Linux, TSPworked with Kaffe 0.92on BSD. We wereunableto getother
combinationsto work. Kaffe's long run time for IDA* is dueto its slow garbage
collector

the differenceis large, aboutan order of magnitude. Thesepar
ticular applications/problensizesgeneratea communicatiorpat-
ternthatis relatively coarsegrain. Mantas performancedvantage
is thereforemostly due to higher speedof the serial codeof the
Mantacompiler For finer graincommunicationthe adwantageof
Manta’s fasterRMI implementatiorwill becomemore prevalent.
Even so, therelative differencein performanceébetweenSunJDK
andMantais largeron 16 processorthanon 1 processqiindicating
thatMantas fasterRMI subsystendoesmale a difference.

4 Related Work

Marny projectsfor parallelprogrammingn Jasa exist (see,for ex-

ample, the JavaGrandeweb pageat http://wwwijavagrandeorg/).

Titanium[32] is a Java basedanguagédor high-performancpar

allel scientificcomputing. It extendsJava with featureslike im-

mutableclassesfastmultidimensionakrrayaccesandan explic-

itly parallelSPMD modelof communication.The Titanium com-
piler translatesTitaniuminto C. It is built on the Split-C/Active
Messageback-end The JavaParty systen{24] is designedo ease
parallel clusterprogrammingin Java. In particular its goal is to

run multi-threadedprogramswith aslittle changeas possibleon

a workstationcluster JavaParty is implementedon top of Java
RMI, andthussuffersfrom thesameperformancegroblemasRMI.

Jara/DSM [33] implementsa JVM on top of TreadMarkg16], a
distributed sharedmemorysystem.No explicit communicationis

necessaryall communicationis handledby the underlyingDSM.

No performancelatafor Java/DSM were availableto us. Breg et
al [7] studyRMI performancendinteroperability Krishnasvamy
et al [18] improve RMI performancesomeavhat by using caching
andUDP insteadof TCP. Sampemanetal [27] describenov RMI

canberun over Myrinet usingthe socletFactoryfacility. Gokhale
etal [11] discusshigh-performanceomputingissuesor CORBA.

Hiranoetal [12] provide performancéiguresof RMI andRMI-lik e
systemsn FastEthernet.

Our systemdiffers by beingdesignedrom scratchto provide
high performanceboth at the compilerandrun time systemlevel.
For the non-polymorphicRMI part, Mantas compilergenerated
serializationis similarto Orcasserializatior[2]. Thebufferingand
dispatchschemaes similarto thesingle-threadedpcallmodel[19].
Small,non-blocking proceduresirerunin theinterrupthandleyto
avoid expensve threadswitches.Optimistic Active Messagess a
relatedtechniquebasedon rollback at run time [31]. Insteadof
kernel-level TCP/IR MantacanusePandaontop of LFC, a highly



seconds

Manta SunJIT
empty lobject 2objects 3objects| empty 1lobject 2objects 3objects

Serialization 16 23 34 - 304 404 432
RMI Overhead 9 10 9 12 708 733 767 738
Communication| 327 333 330 330 500 473 496 511
Overall 337 359 364 377 | 1210 1513 1670 1685

Table4: Breakdovn of MantaandSunJIT 1.1.6on SparcUltra 10 andFastEthernettimesarein ps

Manta SunJDK
‘ empty linteger int[100] 1object‘ empty linteger int[100] 1 object
Bytes 28 32 456 56 64 68 488 97
Microsecond| 233 234 313 254 | 1711 1750 3322 2725

Table5: MantaProtocolversusSunJDK 1.1.4Protocolon PentiumProandFastEthernet
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efficient userlevel communicatiorsubstratg5]. Lessondearned
from theimplementatiorof otherlanguagegor clustercomputing
were found to be quite useful. Theseimplementationsare built
arounduserlevel communicatiorprimitives, suchasActive Mes-
sages29]. Examplesare Concert[15], CRL [13], Orca[l, 2],
Split-C[9], andJad€26]. Otherprojectson fastcommunicationn
extensiblesystemsare SPIN[3], Exo-kernel[14], andScout[21] .

5 Conclusion

We have built anev compilerbasedlava system(Manta)thatwas
designedfrom scratchto supportefficient RemoteMethod Invo-
cationson parallelcomputersystems Performanceneasurements
shav thatMantas RMI implementationis substantiallyfasterthan
the SunJDK andJIT. For example,on FastEthernetthe null la-
teng is improvedfrom 1711ps (for theJDK) to 233 s, onMyrinet
from 1228 us to 34 ps, in both casesonly a few microseconds
slower thana C-basedRPC.The gainin efficiengy is dueto three
factors:the useof compiletime typeinformationto generatespe-
cializedserializersamorestreamlinegndefficient RMI protocol;
andthe usageof fastercommunicatiorprotocols.

RMI is originally designedor flexible distributed(client/serer)
computing andallows subclasseto be downloadednto arunning
program.Sun’simplementatiorhandlesserializationdispatchand
buffer managemenat run time. It is designedor flexibility, not
speed.Our systemusescompiletime informationto make therun
time protocolasleanaspossible sothatprocessingt will befast.
Flexibility is achieredby recompilingclassesindgeneratingerial-
izersasandwhenthey areneededOurimplementations designed
for speedyet preseresthe polymorphismof RMI.

Wefind thatwith theright combinatiorof userevel messaging,
compiletime type information, and run time compilation, Java’s
RMI canbe madealmostasfastasa C-basedRPCimplementa-
tion while retainingthe flexibility of RMI, making Java a viable
alternatve for high performanceparallelprogramming.
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