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Javaoffersinterestingopportunitiesfor parallelcomputing.In par-
ticular, JavaRemoteMethodInvocationprovidesanunusuallyflex-
ible kind of RemoteProcedureCall. Unlike RPC,RMI supports
polymorphism,which requiresthesystemto be ableto download
remoteclassesinto a runningapplication.Sun’s RMI implementa-
tion achievesthis kind of flexibility by passingaroundobjecttype
informationandprocessingit atruntime,whichcausesamajorrun
time overhead.UsingSun’s JDK 1.1.4on a PentiumPro/Myrinet
cluster, for example,thelatency for anull RMI (withoutparameters
or a returnvalue)is 1228µsec,which is abouta factorof 40higher
thanthat of a user-level RPC.In this paper, we studyan alterna-
tiveapproachfor implementingRMI, basedonnativecompilation.
This approachallows for betteroptimization,eliminatesthe need
for processingof type informationat run time, andmakesa light
weightcommunicationprotocolpossible.Wehavebuilt aJavasys-
tembasedon a native compiler, which supportsbothcompiletime
and run time generationof marshallers.We find that almostall
of the run time overheadof RMI canbe pushedto compiletime.
With thisapproach,thelatency of anull RMI is reducedto 34µsec,
while still supportingpolymorphicRMIs (andallowing interoper-
ability with otherJVMs).
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Thereis agrowing interestin usingJava for high-performancepar-
allel applications.Java’s cleanandtype-safeobject-orientedpro-
grammingmodelandits supportfor concurrency make it anattrac-
tiveenvironmentfor writing reliable,large-scaleparallelprograms.
For sharedmemorymachines,Java offers a familiar multithread-
ing paradigm.For distributedmemorymachinessuchasclustersof
workstations,Java providesRemoteMethodInvocation,which is
an object-orientedversionof RemoteProcedureCall (RPC).The
RMI model offers many advantagesfor parallel and distributed
programming,includinga seamlessintegrationwith Java’s object
model,heterogeneity, andflexibility [30].

Unfortunately, many existing Java implementationshave infe-
rior performanceof bothsequentialcodeandcommunicationprim-
itives,which is a seriousdisadvantagefor high-performancecom-
puting.Mucheffort is beinginvestedin improving serialcodeper-
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formanceby replacingtheoriginalbytecodeinterpretationscheme
with just-in-timecompilers,nativecompilers,andspecializedhard-
ware[17, 22, 25]. Thecommunicationoverheadof Java RMI im-
plementations,however, remainsa majorweakness.RMI is orig-
inally designedfor client/server programmingin distributed(web
based)systems,wherelatencieson the orderof several millisec-
ondsaretypical. On moretightly coupledparallelmachines,such
latenciesareunacceptable.OnourPentiumPro/Myrinetcluster, for
example,Sun’s JDK 1.1.4implementationof RMI obtainsa two-
way null-latency (the latency of an RMI without parametersor a
returnvalue)of 1228microseconds,comparedto 30 microseconds
for auserlevel RemoteProcedureCall protocolin C. (A null-RMI
in Sun’s latestJDK, version1.2beta,is evenslower.)

Part of this large overheadis causedby inefficienciesin the
JDK. The JDK is built on a hierarchyof streamclassesthat copy
dataandcall virtual methods.Serializationof methodarguments
is implementedby recursively inspectingobjecttypesuntil primi-
tive typesarereached,andtheninvoking theprimitiveserializersa
byteata time. All of this is performedat run time,for eachremote
invocation. In addition,RMI is implementedon top of IP sock-
ets,which addskerneloverhead(andfour context switcheson the
critical path).

Besidesinefficienciesin the JDK, a secondandmore funda-
mentalreasonfor the slownessof RMI is the differencebetween
theRPCandRMI models.Java’sRMI schemeis designedfor flex-
ibility andinteroperability. UnlikeRPC,it allowsclassesunknown
at compiletime to beexchangedbetweena client anda server and
to be downloadedinto a runningprogram. In Java, an actualpa-
rameterobjectin anRMI canbea subclassof themethod’s formal
parametertype. In polymorphicobject-orientedlanguages,thedy-
namic type of the parameter-object(the subclass)shouldbe used
by themethod,not thestatictypeof the formal parameter. When
the subclassis not yet known to the receiver, it hasto be fetched
over the network from a remoteprocessandbe downloadedinto
thereceiver. This high level of flexibility is thekey distinctionbe-
tweenRMI andRPC[30]. RPCsystemssimply usethestatictype
of theformalparameter(therebytype-convertingtheactualparam-
eter), and thusdo not supportpolymorphismand breakwith the
object-orientedmodel.

The key problemis to obtain the efficiency of RPCsand the
flexibility of Java’s RMI. This paperdiscussesa new compiler-
basedJava system,calledManta,1 which is designedfrom scratch
to implementpolymorphicRMIs efficiently. On our Myrinet clus-
ter, for example,Mantaobtainsa null-latency of 34 µsec,a factor
of 36 improvementover the JDK 1.1.4. Table1 shows two-way
null-RMI latenciesand throughputof Manta, Sun’s JDK (a byte

1A fast,flexible,black-and-white,tropicalfish,thatcanbefoundin theIndonesian
archipelago.
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codeinterpreter),Sun’sJIT (ajust-in-timebytecodecompiler),and
Panda7 (a conventionalRPCin C), on two differentprocessorsand
two differentnetworks.ThetableshowsthatMantais substantially
fasterthanSun’s RMI, andcloseto a PandaRPC.(Thedifference
betweenPanda3.0and4.0is explainedin Section3.)

MantareplacesSun’s run time protocolprocessingasmuchas
possibleby compile time analysis. We usea native compiler to
generateefficient serialcodeandspecializedserializationroutines
for serializableargumentclasses.The generatedserializersallow
a simplerRMI protocolthatavoidstypeinspectionat run time al-
together. Sincetype informationis known at compiletime, it suf-
ficesto carrya simpletype-id in theprotocol,insteadof elaborate
typedescriptions.In this way, almostall of theprotocoloverhead
hasbeenpushedto compiletime, off the critical path. The prob-
lemswith this approach,however, arehow to interfacewith other
Java Virtual Machines(which is requiredfor interoperability)and
how to addressdynamicclassloading(requiredto supportpoly-
morphism).To interoperatewith other(non-Manta)JVMs, Manta
supportsthestandardSunRMI andserializationprotocolsin addi-
tion to its own fastprotocols.Dynamicclassloadingis supported
by compilingmethodsandgeneratingserializersat run time.

The Mantasystemcombineshigh performancewith the flex-
ibility and interoperabilityof RMI. In a metacomputingapplica-
tion [10], for example,someclusterscanrun our Mantasoftware
and communicateinternally using the fast Manta RMI protocol.
Othermachinesmay run otherJVMs (containing,for example,a
graphicaluserinterfaceprogram)andMantacommunicateswith
thesemachinesusing the standardSun RMI protocol. The ma-
chinesrunningMantaandthe JVM canboth invoke eachother’s
methods.Mantaimplementsalmostall otherfunctionalityrequired
for Java RMI, including heterogeneity, multithreading,synchro-
nizedmethods,anddistributedgarbagecollection.

The maincontributionsof this paperareasfollows. First, the
papershows thatJavaRMI canbeimplementedefficiently andcan
obtaina performancecloseto that of RPCsystems.On Myrinet,
a null-RMI takes 1228µsecfor Sun’s JDK, and 34 µsecfor our
system,only 4 µsecmorethana C-basedRPC.Second,we show
thattheefficiency improvementcanbeachievedwithoutsacrificing
polymorphicRMIs andinteroperability.

The restof thepaperis structuredasfollows. Thedesignand
implementationof the Manta systemare discussedin Section2.
At the time of this writing, mostof thesystemis up andrunning,
thoughsomepartsof theinterfaceto SunJDK RMIs arestill being
finished;Section2.4 reportson theimplementationstatus.In Sec-
tion 3 we give a detailedperformanceanalysisof our system. In
Section4 we look at relatedwork. Section5 presentsconclusions.
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Thissectionwill discussthedesignof theMantasystem(including
theunimplementedparts)anddescribethecurrentimplementation
statusof thesystem.We will focuson theMantaRMI implemen-
tation.
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SinceMantais designedfor high-performanceparallelcomputing,
it usesa native compilerratherthana JIT. Themostimportantad-
vantageof a native compileris that it cando moreaggressive op-
timizationsandthereforegeneratebettercode.To supportinterop-
erability with otherJVMs, however, Mantaalsohasto be ableto
processthe bytecodefor the application,andcontainsa run-time
byte-code-to-native compiler.

The Mantasystemis illustratedin Figure1. The box in the
middle describesthe structureof a noderunning a Manta appli-
cation. Sucha nodecontainsthe executablecodefor theapplica-

tion and(de)serializationroutines,bothof which aregeneratedby
Manta’s nativecompiler. A Mantanodecancommunicatewith an-
otherMantanode(theboxon theleft) throughafastRMI protocol
(usingManta’s own serializationformat);it cancommunicatewith
anotherJVM (theboxontheright) throughaJDK-compliantproto-
col (usingSun’sserializationformat).Determiningwhichprotocol
to useis donewith aninitial probeRMI, which is only recognized
by aMantaapplication,not by aJVM.

A Manta-to-MantaRMI is performedwith Manta’s own fast
protocol,whichis describedin detailin thenext subsection.This is
thecommoncasefor high performanceparallelprogramming,for
which Mantais optimized. Manta’s serializationanddeserializa-
tion protocolssupportheterogeneity.

A Manta-to-JVMRMI is performedwith aslowerprotocolthat
is compatiblewith Sun’s RMI standard.Mantausesgenericrou-
tines to (de)serializethe objectsto or from Sun’s format. These
routinesuseruntimetypeinspection(reflection),andaresimilar to
Sun’s protocol. The routinesarewritten in C (asis all of Manta’s
run time system)andexecutemoreefficiently thanSun’s protocol,
which is writtenmostlyin Java.

A Mantaapplicationmustbeableto work with bytecodesfrom
othernodes,to implementpolymorphicRMIs with JVMs. When
a Mantaapplicationrequestsa byte codefrom a remoteprocess,
Manta will invoke its byte codecompiler to generatethe meta-
classes,theserializationroutines,andtheobjectcodefor themeth-
ods(asif they weregeneratedby theMantasourcecodecompiler).

Thedynamicallygeneratedobjectcodeis linkedinto theappli-
cationwith the JLKAMONLP�Q�R6S dynamiclinking interface. If a remote
noderequestsbytecodefrom a Mantaapplication,the JVM byte
codeloaderretrievesthe byte codefor the requestedclassin the
usualway througha sharedfilesystemor throughanhttp daemon.
RMI doesnot have separatesupportfor retrieving bytecodes(see
alsohttp://sirius.ps.uci.edu/˜smichael/rmi.htm). Sun’s TVU�W#U#X com-
piler is usedto generatethebytecodeatcompiletime.

Two Mantaapplicationscanalsoimplementpolymorphismby
exchangingtheJava sourcecodeinsteadof the bytecode. In this
case(notshown in Figure1), thenativeMantacompileris invoked
during runtime,resultingin betterobjectcodethanwith the byte
codecompiler. Mantaapplicationsmuststill be able to compile
bytecodes,however, sinceaclassmayoriginatefrom anon-Manta
JVM, in whichcasethesourcemaynotbeavailable.

The structureof the Manta systemis more complicatedthan
thatof aJVM. Muchof thecomplexity of implementingMantaef-
ficiently is dueto theneedto interfacea systembasedon a native-
codecompilerwith a bytecode-basedsystem.Thefastcommuni-
cationpathin our system,however, is straightforward: theManta
RMI protocol just calls the compiler-generatedserializationrou-
tinesandusesa simpleschemeto communicatewith otherManta
nodes.
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RMI systemscanbesplit into threemajorcomponents:low-level
communication,theRMI protocol(streammanagementandmethod
dispatch),andserialization.Below, we discusshow Mantaimple-
mentsthis functionality.
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Java RMI implementationsarebuilt on top of TCP/IP, which was
not designedfor parallelprocessing.Mantausesthe Pandacom-
municationlibrary [1], which hasefficient implementationson 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 implementedon top of UDP. In this case,thenetwork interface
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System Version Processor Network Latency Throughput
(µs) (MByte/s)

SunJDK 1.1.3 300MHz SparcUltra 10 FastEthernet 1630 1.0
SunJIT 1.1.6 1210 4.1
SunJIT 1.2beta 1311 3.0
Manta/Panda3.0 338 7.4
Panda 3.0 328 8.7
SunJDK 1.1.4 200MHz PentiumPro FastEthernet 1711 0.97
Manta/Panda3.0 233 7.3
Panda 3.0 228 10.3
SunJDK 1.1.4 200MHz PentiumPro Myrinet 1228 4.66
Manta/Panda3.0 34 20.6
Manta/Panda4.0 39 51.3
Panda 3.0 30 55.7
Panda 4.0 31 59.4

Table1: Two-way Null-RMI Latency andThroughput
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Figure2: Structureof SunandMantaRMI; Grey indicatescom-
piledcode

is managedby thekernel,but thePandaRPCprotocolsrun in user
space.

ThePandaRPCinterfaceis basedonanupcallmodel:concep-
tually a new threadof control is createdwhena messagearrives,
which will executea handlerfor the message.The interfacehas
beendesignedto avoid threadswitchesin simplecases.Unlike ac-
tive messagehandlers[29], upcall handlersin Pandaareallowed
to block in a critical section,but a handleris not allowed to wait
for anothermessageto arrive. This restrictionallows the imple-
mentationto handleall messagesusingasinglethreadandto avoid
context switchesfor handlersthatexecutewithoutblocking[19].
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Therun timesystemfor theMantaRMI protocolis written in C. It
wasdesignedto minimizeserializationanddispatchoverhead,such
ascopying, buffer management,fragmentation,threadswitching,
andindirectmethodcalls.Figure2 givesanoverview of thelayers
in oursystemandcomparesit with thelayeringof theJDK system.
Theshadedlayersdenotecompiledcode,while thewhitelayersare
interpreted(or JIT-compiled)Java. Mantaavoids the streamlay-
ersof theJDK. Instead,RMIs areserializeddirectly into a Panda
buffer. Moreover, in theJDK thesestreamlayersarewrittenin Java
andtheiroverheadthusdependson thequalityof theinterpreteror
JIT. In Manta,all layersareeitherimplementedascompiledC code
or compilergeneratednative code. Also, Mantaapplicationscan
call RMI serializersdirectly, insteadof throughthe(slow) JavaNa-
tive Interface.Heterogeneitybetweenlittle-endianandbig-endian
machinesis achieved by sendingdatain the native byte orderof
thesender, andhaving thereceiver do theconversion,if necessary.
Another importantoptimizationin our RMI protocol is to avoid
generatinganew threadat thereceiving node.TheMantacompiler
determinesfor eachremotemethodwhetherit is guaranteedto ex-
ecutewithout blocking (whetherit mayexecutea “wait()” opera-
tion). If themethodwill never block, it is executedwithout doing
a threadcontext switch.Thecompilercurrentlymakesaconserva-
tive estimationandonly guaranteesthenon-blockingpropertyfor
methodsthatdonot call othermethods.

TheMantaRMI protocolcooperateswith thegarbagecollector
to keeptrackof referencesacrossmachineboundaries.Mantauses

a local garbagecollector basedon a mark-and-sweepalgorithm.
Eachmachineruns this local collector, using a dedicatedthread
thatis activatedby therun timesystemor theuser. Thedistributed
garbagecollectoris implementedon topof thelocalcollectors,us-
ing areferencecountingmechanismfor remoteobjects(distributed
cyclesremainundetected).
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The serializationof methodargumentsis an importantsourceof
overheadof existingRMI implementations.SerializationtakesJava
objectsandconverts(serializes)theminto an arrayof bytes. The
JDK serializationprotocolis written in Java andusesreflectionto
determinethetypeof eachobjectduringrun time. With Manta,all
serializationcodeis generatedby thecompiler, avoiding theover-
headof dynamicinspection.Serializationcodefor mostRMI calls
is generatedat compiletime. Only serializationcodefor polymor-
phic RMI calls that arenot locally available is generated,by the
Mantacompiler, at run time. The overheadof this run time code
generationis incurredonly once,thefirst timethenew classis used
asa polymorphicargumentto somemethodinvocation. For sub-
sequentuses,the fast serializerobject codeis then available for
reuse.Theoverheadof run time serializergenerationis on theor-
der of secondsat worst, dependingmostly on whetherthe Manta
compileris resident,or whetherit hasto bepagedin overNFS.

To accomplishfast serializationwith correctJava semantics,
the compiler generatesspecial(un)marshallmethods. For every
methodin the methodtable,a methodpointeris maintainedhere
to dispatchto the right (un)marshallerfor thatmethod.A similar
optimizationis usedfor serialization:everyobjecthastwo pointers
in its methodtable to the serializerand deserializerfor that ob-
ject. Whenaparticularobjectis to beserializedthemethodpointer
is extractedfrom the object’s methodtableand invoked. On de-
serializationthe sameprocedureis applied. The serializationand
deserializationcodeis generatedby thecompilerandhascomplete
informationaboutfieldsandtheir types.Whenaclassto beserial-
ized/deserializedis marked“final”, thecostof thevirtual function
call to theright serializer/deserializeris optimizedaway, sincethe
correctfunctionpointercanbedeterminedatcompiletime.

The Manta serializationprotocol performsoptimizationsfor
simpleobjects.An arraywhoseelementsareof a primitive typeis
serializedby doinga directmemory-copy into themessagebuffer,
which saves traversingthe array. Serializationproducesa deep
copy. In order to detectduplicateobjects,the marshallingcode
usesa hashtablecontainingobjectsthathave alreadybeenserial-
ized. If the methoddoesnot containany parametersthat areob-
jects,however, the hashtable is not created,which againmakes
simplemethodsfaster. Also, thehashtableitself is not transferred
over thenetwork; instead,the tableis rebuilt on-the-flyby the re-
ceiver. Compiler generationof serializationis one of the major
improvementsof Mantaover theJDK.
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Figures3, 4, and5 illustratethegeneratedmarshallingcode.Gen-
erationof metaclassesandmarshallersis describedin moredetail
in [28]. Considerthe “RemoteMonkey” classin Figure 3. The
“foo()” methodcanbecalledfrom anothermachine,thereforethe
compilergeneratesmarshallingandunmarshallingcodefor it.

The generatedmarshallerfor the “foo()” methodis shown in
Figure4 in pseudocode. Because“foo()” hasa String asparam-
eter, which is an object in Java, a hash-tableis createdto detect
duplicates. A specialcreatethread flag is set in the headerdata
structure.This is donebecause“foo” containsamethodcall (“Sys-
tem.out.println()”)andmightthereforepotentiallydoa“wait()”, or
block on a similar synchronizationstatement.Whena remoteex-
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Figure3: A simpleremoteclass.

ceptionis thrown, the hashtable is reusedto detectduplicatesin
theexceptionobject. Theprogrammermaydefinehis own excep-
tionsin Java,soit is notguaranteedthatthethrown exceptiondoes
not containa cycle. The writeObjectcall will serializethe string
objectto thebuffer at thecurrentposition.TheflushFunctiondoes
theactualwriting out to thenetwork buffer. It is alsoused,together
with thefillFunction, for fragmentation.
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Figure4: Thegeneratedmarshallerfor the“foo” method.

Pseudocodefor the generatedunmarshalleris shown in Fig-
ure 5. The headeris alreadyunpacked whenthis unmarshalleris
called. Becausethe createthread flag in the headerwasset, this
unmarshallerwill run in a new threadstartedby the runtimesys-
tem. Themarshalleritself doesnot know aboutthis. Notethatthe
this parameteris alreadyunpacked andis a valid referencefor the
machinetheunmarshallerwill runon.
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Figure5: Thegeneratedunmarshallerfor the“foo” method.
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Our work on an efficient Java RMI startedout as an attemptto
make a fast versionof JavaParty [24]. JavaParty doesnot usea
registry, andusesa syntaxthat differs slightly from SunRMI. It
usesthe keyword »#P)¼�MO½#P for classesthat canbe calledremotely.
For example,the RemoteMonkey classdeclarationfrom Figure3
would be written as NV¾V¿4KVÀVXÁ»#P)¼�MO½#PÂXAKVUVÃVÃÅÄLP)¼�MO½#P�Æ4MOQ�Ç4PAÈÊÉ .
TheMantasystemis now beingextendedto alsosupportthestan-
dardSunRMI syntax. Furtherextensionsneededto interoperate
with SunJVMs aresupportfor the SunRMI registry, supportfor
theSunRMI wire protocol,andtheability to work with bytecode
files. Someof theseextensionsarealreadyworking, althoughthe
efficient Myrinet implementationof polymorphicremotemethod
callscurrentlyonly worksfor theJavaPartysyntax.

TheMantacompilerandfastRMI protocolareoperationaland
have beenusedto runseveralapplications.Thecompilercurrently
generatescodefor thePentiumandSparcarchitectures.TheManta
run time systemsupportsseveralnetworks(includingUDP/IPnet-
works and Myrinet). On Myrinet, the user-level communication
systemwe use(LFC) offersno protection,sotheMyrinet network
canbeusedby a singleprocessonly. (This problemcanbesolved
with otherMyrinet protocolsthatdooffer protection[4].) TheFast
Ethernetimplementationusesa kernel-spaceUDP/IPprotocoland
doesnothave thisproblem.

In addition,wearefinishingtheimplementationof thedynamic
byte codecompiler, which includesthe ability to generateserial-
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ization routinesfrom bytecodes.We have implementeddynamic
sourceË codecompilation,whichcanbeusedfor polymorphicRMIs
betweentwo Mantanodes(seeSection2.2).Thelinking of dynam-
ically generatedobjectcodeworkson Linux andSolaris.On BSD
3.0 (oneof the operatingsystemsusedfor our Myrinet cluster)it
doesnot work becauseof a bug in BSD 3.0’s implementationofJ#KVMONLP�QnR�S . Interoperabilitywith SunRMI, includingpolymorphic
RMI, posesthelargestengineeringchallenges.At 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,andtheabil-
ity to usetheSunRMI syntaxover the fastMyrinet protocol,are
beingfinished.

i f�: %0B0/L% = & - ( : C : &V"m24% :#=@:V- $�"
In this section,theperformanceof Mantais comparedagainstthe
SunJDK 1.1.4.Experimentsarerun on a homogeneousclusterof
PentiumProprocessors.Eachnodecontainsa 200MHz Pentium
Pro and128 MByte of EDO-RAM. All boardsareconnectedby
two differentnetworks: 1.2Gbit/secMyrinet [6] andFastEthernet
(100 Mbit/secEthernet). The systemruns the BSD/OS(Version
3.0)operatingsystemfromBSDIandRedHatLinux version2.0.36.
Timing differencesbetweenBSDandLinux aresmallto negligible.
Exceptwhereotherwisenoted,thenumbersreportedarefrom runs
on BSD. Both Manta and Sun’s JDK run over Myrinet andFast
Ethernet.Wehavecreatedasmalluser-level layerthatimplements
socket functionalityin orderto run JDK RMI overMyrinet, on top
of Illinois FastMessages(FM) [23]. FM’sround-triplatency is 4µs
higherthanthatof LFC.

i�FG* ^A&A$ :V- ([Ì
For the first benchmark,we have madea breakdown of the time
that Manta spendsin remotemethodinvocations,using zero to
three(empty)objectsasparameters,andnoreturnvalue.Themea-
surementsweredoneby insertingtiming calls,usingthe Pentium
Properformancecounters.Thesecountershave a granularityof 5
nanoseconds.Theresultsfor MantaoverMyrinet (usingPanda3.0)
areshown in Table2.

Thesimplestcaseis anemptymethodwithoutany parameters,
the null-RMI. On Myrinet, a null-RMI takesabout34 µs. Only 4
microsecondsareaddedto thelatency of thePandaRPC,which is
30µs. Whenpassingprimitivedatatypesasaparametertoaremote
call, thelatency growswith lessthanamicrosecondperparameter,
regardlessof the type of the parameter(this is not shown in the
table). Whenoneor moreobjectsarepassedasparametersin a
remoteinvocation,thelatency increaseswith severalmicroseconds.
The reasonis that a tablemustbecreatedby the run time system
to detectpossiblecycles and duplicatesin the objects. Separate
measurementsshow thatalmostall time thatis takenby addingan
objectparameteris spentattheremotesideof thecall,deserializing
thecall request(notshown). Theserializationof therequeston the
callingside,however, is affectedlessby theobjectparameters.

To comparetheoverheadof theJDK andManta,we have per-
formedthesamebreakdown of thesetwo systemsonPentiumPros
connectedby FastEthernet.WeuseFastEthernetratherthanMyri-
netfor thecomparisonbetweentheJDK andManta,sowecanrun
theJDK “out-of-the-box”(withoutmakingany changesto it). The
resultsaregivenin Table3. OntheJDK andtheJIT, thecommuni-
cationtimesstill includeasmallamountof Javaoverhead.Pipelin-
ing effectsin thecommunicationlayerscomplicatemeasurements,
which is why thetimingsin thecolumnsin thetabledo notaddup
exactly to themeasuredoverall run time. Thetimingson FastEth-
ernetarelessconsistentthanon Myrinet, which maybethecause
of smalldiscrepanciesin thetable.

A null-RMI for Mantaover FastEthernettakes233microsec-
onds,while a JDK RMI takes1711microseconds;Mantathus is
7.3timesfaster. Thetableshowshow expensiveSun’sserialization
andRMI protocol(streamanddispatchoverhead)are,comparedto
Manta.With 3 object-parameters,for example,thetotal difference
is a factor60 (2036µs versus34µs).

Part of the overheadof the JDK 1.1.4 is causedby the usage
of an interpreter. To determinethe impactof a JIT compilerwe
have also run testswith the SunJIT 1.1.6 just-in-timebyte code
compiler. We wereunableto run Sun’s JIT on BSD/OSor Linux;
we usedUltraSparcs-10(runningSolaris)for thesetestsinstead.
(OtherJITs, suchasKaffe, do not yet supportRMI.) The results
areshown in Table4. As canbeseen,theperformancegapbetween
theJIT andMantais lower thanbetweentheJDK andManta,but
the gapis still large. Part of the differencein the communication
timesis dueto MantausingPanda,which runson UDP, whereas
SunRMI usesTCP. Also, the differencebetweenMantaandthe
JIT in serializationandRMI-protocoloverheadis still large. With
3object-parameters,for example,thedifferenceisafactor25(1170
µs versus46µs).

Finally, wealsomeasuredthetimeto createanew threadfor an
incominginvocationrequest,which Mantausesfor methodsthat
potentiallyblock. On the PentiumPro, startinga new threadfor
an invocationcosts16 µs with the Manta run time system,so a
remotecall thatis executedby anew threadcostsat least50µs (on
Myrinet). Ouroptimizationfor simple(nonblocking)methodsthus
is useful.

i�FY8 b!c3%0/�2#<3c > 2V$
The secondbenchmarkwe useis a Java programthat measures
the throughputfor a remotemethodinvocationwith an arrayof a
primitive typeasargument,andno returntype.Thereplymessage
is empty, so the one-way throughputis measured.In Manta,all
arraysof primitive typesare serializedwith a memorycopy, so
theactualtypedoesnot matter. Theresultingmeasurementswere
shown in Table1 in Section1.

The table also shows the measuredthroughputof the Panda
RPCprotocol,with the samemessagesizeasthe remotemethod
invocation. Two versionsof Pandaareshown. Thebasicversion,
with which almostall measurementsin this paperareperformed,
is Panda3.0. On Myrinet we have alsoperformedmeasurements
with Panda4.0,whichsupportsascatter/gatherinterface.Thisscat-
ter/gatherinterfacemakes it possibleto remove somecopying of
userdatafrom thecritical path,resultingin an improved through-
put. Unfortunately, dereferencingthescatter/gathervectorinvolves
extraprocessing,which increasesthelatency somewhat.Panda3.0
achievesa throughputof 55.7MByte/son Myrinet, which is much
higherthanthe throughputfor Manta(20.6MByte/s). Thediffer-
enceis dueto two extra memorycopiesthatMantaRMI needsfor
serialization(at thesendingside)anddeserialization(at thereceiv-
ing side). Sincememory-copiesareexpensive on a PentiumPro
[8], they decreasethroughputsignificantly. For largerarraysizes,
thememory-to-memorycopieshave a larger impacton theperfor-
mance.OnPanda4.0 theextracopying is avoided,andweachieve
a throughputof 51.3 MByte/s, comparedto 59.4 MByte/s of the
raw Panda4.0.

For theSunJIT throughputis significantlyless,andevenmore
so for the JDK. On UltraSparcs-10with FastEthernet,Mantaob-
tainsathroughputof 7.4MByte/s,theJIT obtains4.1MByte/s,and
theJDK obtainsonly 1 MByte/s.

i�FYi CE& - $�& aO: %0"�2#"�HÍ2 -Îf %0/L$�/�(O/ ?
Sun’s RMI protocolcontainstype informationoverhead;Manta’s
RMI protocolis substantiallyleaner. We have measuredthecom-
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empty 1 object 2 objects 3 objects
Serialization - 7 13 19
RMI Overhead 4 5 5 5
Panda 30 32 33 33
Total 34 44 51 57

Table2: Breakdown of MantaRMI on PentiumProandMyrinet; timesarein µs

Manta SunJDK
empty 1 object 2 objects 3 objects empty 1 object 2 objects 3 objects

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: Breakdown of MantaandSunJDK 1.1.4onPentiumProandFastEthernet;timesarein µs

municationtraffic of thetwo protocols.Theresultis shown in Ta-
ble 5. Thetableshows thenumberof bytesfor a null RMI, for an
RMI with asingleintegerargument,with a100elementarrayof in-
tegerargument,andonewith a singleobjectcontaininganinteger
anda doubleasargument.The tablealsoshows the communica-
tion timesin microseconds,on a 200MHz PentiumProover Fast
Ethernet,including the serializationandRMI protocolprocessing
overhead,for MantaandtheSunJDK 1.1.4.

The JDK protocolsendsonly moderatelymoredatathan the
Mantaprotocol,yet theJDK spendsaconsiderableamountof time
in processingandcommunicatingthe data. Most of this time is
spentin analyzingtypeinformationandmanagingstreams.Manta
shows thatthis run timeoverheadcanbereducedsignificantly.
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In addition to the low-level latency and throughputbenchmarks,
wehavealsousedthreeparallelapplicationsto measuretheperfor-
manceof our system.TheapplicationsareSuccessive Overrelax-
ation(a numericalgrid computation),Traveling SalespersonProb-
lem(acombinatorialoptimizationprogram),andIterativeDeepen-
ing A* (asearchprogram).For TSPweuseda15city problem,for
SORa 2048 Ï 512matrix, for IDA* we solveda randominstance
of a sliding tile puzzle(with solutionlength56). Theapplications
aredescribedin moredetailin [20]. Wehave implementedthepro-
gramswith SunRMI 1.1.4(onFastEthernet)andManta/Panda3.0
RMI (on FastEthernetandMyrinet). Figure6 shows run times,
in seconds,for theserialprogram,andfor runsof theparallelpro-
gram,on 1 and16 processors.Note the differentscalefor the 16
processorrun. Theprogramsarerun on thePentiumProson BSD.

PerformancedifferencesbetweenSun and Manta can be at-
tributedto differencesin serialexecutionspeed(interpreterversus
compiler)andto differencesin theRMI run time system,which is
why weshow thespeedof theserialcodein additionto singlepro-
cessorperformanceof theparallelcode.Furthermore,wehave run
theserialcodeswith theKaffe just-in-timecompiler, to give some
ideaof how Mantacomparesto aJIT.2

Themeasurementsshow thatMantais substantiallyfasterthan
the Sun1.1.4JDK. Both for the serialandthe parallel run times

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

the differenceis large, aboutan orderof magnitude. Thesepar-
ticular applications/problemsizesgeneratea communicationpat-
ternthatis relatively coarsegrain.Manta’s performanceadvantage
is thereforemostly due to higherspeedof the serial codeof the
Mantacompiler. For finer graincommunication,theadvantageof
Manta’s fasterRMI implementationwill becomemoreprevalent.
Evenso, therelative differencein performancebetweenSunJDK
andMantais largeron16processorsthanon1processor, indicating
thatManta’s fasterRMI subsystemdoesmakeadifference.

º d�:#? &�$ : 1´ÐÑ/L%tÒ
Many projectsfor parallelprogrammingin Java exist (see,for ex-
ample,the JavaGrandeweb pageat http://www.javagrande.org/).
Titanium[32] is a Java basedlanguagefor high-performancepar-
allel scientificcomputing. It extendsJava with featureslike im-
mutableclasses,fastmultidimensionalarrayaccessandanexplic-
itly parallelSPMDmodelof communication.TheTitaniumcom-
piler translatesTitanium into C. It is built on the Split-C/Active
Messagesback-end.TheJavaPartysystem[24] is designedto ease
parallelclusterprogrammingin Java. In particular, its goal is to
run multi-threadedprogramswith as little changeas possibleon
a workstationcluster. JavaParty is implementedon top of Java
RMI, andthussuffersfrom thesameperformanceproblemasRMI.
Java/DSM [33] implementsa JVM on top of TreadMarks[16], a
distributedsharedmemorysystem.No explicit communicationis
necessary, all communicationis handledby the underlyingDSM.
No performancedatafor Java/DSMwereavailableto us. Breg et
al [7] studyRMI performanceandinteroperability. Krishnaswamy
et al [18] improve RMI performancesomewhat by usingcaching
andUDPinsteadof TCP. Sampemaneetal [27] describehow RMI
canberun over Myrinet usingthesocketFactoryfacility. Gokhale
et al [11] discusshigh-performancecomputingissuesfor CORBA.
Hiranoetal [12] provideperformancefiguresof RMI andRMI-lik e
systemson FastEthernet.

Our systemdiffers by beingdesignedfrom scratchto provide
high performance,bothat thecompilerandrun time systemlevel.
For the non-polymorphicRMI part, Manta’s compiler-generated
serializationis similarto Orca’sserialization[2]. Thebufferingand
dispatchschemeis similarto thesingle-threadedupcallmodel[19].
Small,non-blocking,proceduresarerun in theinterrupthandler, to
avoid expensive threadswitches.OptimisticActive Messagesis a
relatedtechniquebasedon rollback at run time [31]. Insteadof
kernel-level TCP/IP, MantacanusePandaon top of LFC, a highly
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Manta SunJIT
empty 1 object 2 objects 3 objects empty 1 object 2 objects 3 objects

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: Breakdown of MantaandSunJIT 1.1.6onSparcUltra 10 andFastEthernet;timesarein µs

Manta SunJDK
empty 1 integer int [100] 1 object empty 1 integer int [100] 1 object

Bytes 28 32 456 56 64 68 488 97
Microsecond 233 234 313 254 1711 1750 3322 2725

Table5: MantaProtocolversusSunJDK 1.1.4ProtocolonPentiumProandFastEthernet
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efficient user-level communicationsubstrate[5]. Lessonslearned
from theimplementationof otherlanguagesfor clustercomputing
were found to be quite useful. Theseimplementationsare built
arounduserlevel communicationprimitives,suchasActive Mes-
sages[29]. Examplesare Concert[15], CRL [13], Orca [1, 2],
Split-C[9], andJade[26]. Otherprojectsonfastcommunicationin
extensiblesystemsareSPIN[3], Exo-kernel[14], andScout[21] .

àá\�/ - ( ? 2#"m5 / -
We have built a new compiler-basedJava system(Manta)thatwas
designedfrom scratchto supportefficient RemoteMethod Invo-
cationson parallelcomputersystems.Performancemeasurements
show thatManta’s RMI implementationis substantiallyfasterthan
the SunJDK andJIT. For example,on FastEthernet,the null la-
tency is improvedfrom 1711µs(for theJDK) to 233µs,onMyrinet
from 1228 µs to 34 µs, in both casesonly a few microseconds
slower thana C-basedRPC.Thegain in efficiency is dueto three
factors:theuseof compiletime typeinformationto generatespe-
cializedserializers;amorestreamlinedandefficientRMI protocol;
andtheusageof fastercommunicationprotocols.

RMI isoriginallydesignedfor flexibledistributed(client/server)
computing,andallowssubclassesto bedownloadedinto arunning
program.Sun’s implementationhandlesserialization,dispatchand
buffer managementat run time. It is designedfor flexibility, not
speed.Our systemusescompiletime informationto make therun
time protocolasleanaspossible,sothatprocessingit will befast.
Flexibility is achievedby recompilingclassesandgeneratingserial-
izersasandwhenthey areneeded.Our implementationis designed
for speed,yetpreservesthepolymorphismof RMI.

Wefind thatwith theright combinationof userlevel messaging,
compile time type information,and run time compilation,Java’s
RMI canbe madealmostas fastasa C-basedRPCimplementa-
tion while retainingthe flexibility of RMI, makingJava a viable
alternative for highperformanceparallelprogramming.

â �¦(VÒ - /V_ ? : 1L< :#=@:V- $�"
This work is supportedin partby a USFgrantfrom theVrije Uni-
versiteit.Aske Plaatis supportedby a SION grantfrom theDutch
researchcouncilNWO. WethankKeesVerstoepfor writing aJava
socket layerfor Myrinet onFM. CerielJacobsandRutgerHofman
implementedanddebuggedasubstantialpartof theMantasystem.
WethankRaoulBhoedjangfor hiskeencriticismonthiswork. We
thankMichaelPhilippsenfor providing uswith JavaParty, andfor
helpful discussions.We thankThilo Kielmannfor discussionson
polymorphismin distributedobjectorientedlanguagesandfor his
feedbackonanearlierdraftof thispaper. Wethanktheanonymous
refereesfor helpful feedback.

d�: B : % :#- ( : "
[1] H.E. Bal, R.A.F. Bhoedjang,R. Hofman, C. Jacobs,K.G.
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