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1. Intr oduction

Uni ed Parallel C (UPC)is an extensionof C for pro-
grammingmultiprocessorsvith asharecaddresspacg10,
8]. UPC providesa commonsyntaxandsemanticgor ex-
plicit parallelprogrammingn C, andit directly mapslan-
guagefeaturesto the underlyingarchitecture. UPC is an
example of the partitioned shaed memoryprogramming
modelin which sharedmemoryis partitionedamongall
UPC threadg(processes)This partitionis formally repre-
sentedn the programminglanguage.Eachthreadcanac-
cessary locationin sharednemoryusingthe samesyntax
but in mary implementationshe locationsin eachthreads
own partitionof sharednemoryareaccessedorequickly.

UPC hasbeengaininginterestfrom academiaindustry
and governmentlabs. A UPC consortium[10] hasbeen

formedto fosterand coordinateUPC developmentandre-
searchactiities.

The UPC group at Michigan TechnologicalUniversity
developedMuPC, a publicly available implementationof
UPC basedon MPI-1 and Pthreads.This paperdiscusses
theimplementatiorof the MuPC runtimesystem focusing
on the internal designand the issuesaffecting its perfor
mance.

Theremaindeof this papelis organizedasfollows. Sec-
tion 2 brie y reviewstheUPClanguage Section3is ahigh-
level overview of the MuPC. This sectionalso describes
other UPC implementations.Section4 describeghe run-
time API andits two-threadedtructure Sectionb discusses
somedetailsaboutthe runtime systeminternals. Section6
discusseghe performanceof MuPC by reporting bench-
markingresultsfor somesimple synthetichenchmarksnd
for the matrix-multiplicationapplication.Finally, section?7
concludeghe paper

2. UPC background

UPCis asupersebf ANSI C (asperISO/IEC989913)]).
UPC programsadopt the single program multiple data
(SPMD) executionmodel. EachUPC threadis a process
executinga sequencef instructions.Dataobjectsin aUPC
programcan be either private or shaed A UPC thread
hasexclusive accesgo the privateobjectsthatresidein its
privatememory A threadalsohasaccesgo all of the ob-
jectsin the sharedmemoryspace. UPC providesa parti-
tionedview of sharedmemoryby introducingthe concept
of afnity . Sharedmemoryis equally partitionedamong
all threads. Theregion of sharedmemoryassociatedvith
a given threadis saidto have af nity to thatthread. The
concepbof af nity capturegherealitythaton mary parallel
architectureshe latenciesof accessinglifferentsharedb-
jectsaredifferent. It is assumedhatanaccesgo a shared
objectthat hasaf nity to the threadthat performsthe ac-
cessis fasterthananaccesgo a sharedbbjectto which the
threaddoesnothave af nity .



UPCprovidestwo typesof pointersto sharedobjects.A
pointerto-shaedis a pointerwhosetargetis a shareddata
object. The pointeritself residesin the private memoryof
somethread.A shaedpointerto-shaedis a pointerwhose
targetis ashareddataobject. The pointeritself alsoresides
in sharedmemory

UPC provides strict and relaxed memory consisteng
modes.This choiceaffectsaccesset sharedobjects.The
strict modedoesnot allow reorderingof sharedobjectac-
cesses. The relaxedmode allows reorderingand coales-
cenceof sharedobject accessedetweensynchronization
pointsaslong asdatadependenciewithin eachthreadare
presered. Therelaxedmodeoffers opportunitiesor com-
piler andrun time systemoptimizations.

3. MuPC overview and relatedwork
3.1 MuPC overview

The MuPC runtime systemwas developedwith help
from the High Performanc&echnicalComputingDivision
at Hewlett-PackardCompary. The mostrecentreleaseof
MuPC[15] containghreecomponentsthe runtimesystem,
the UPC-to-Ctranslatorandareferencemplementatiorof
collective functions. The runtime systemimplementsan
API de ned by the translatorusing MPI and the POSIX
standardthreadlibrary. EachUPC threadat run time is
mappedo two Pthreadsthe computationPthreadandthe
communicatiorPthread.This paperfocuseson theinternal
structureof theruntimesystemput anoverview of theother
two componentss rst givenbelow.

The translatoris a modi ed versionof the EDG C/C++
V3.4 frontend[7]. Translationis atwo-phaserocessThe
rst phaseparsedJPC sourcecodeandproducesanlL (in-
termediatdanguage}reestructure. The secondohasdow-
ersthe IL treeto produceANSI C code. In the lowering
phaseall UPC featuresarerepresentedisingequialentC
constructspr aretranslatednto callsto functionsthatare
de nedin aruntime API. The runtime API wasoriginally
designedby HP and hassincebeenmodi ed to better t
MuPC's purposes.

A setof collective functions[20] is an integral part of
the UPClanguage MuPC providesa referencémplemen-
tationfor all collectives,in which datamovementis imple-
mentedusing UPC's one-sidedcommunicationprimitives
suchasupc _memcpy() , upc _memput() andupc_memget() .
Althoughalowerlevelimplementatiormaygive bettermper
formanceareferencamplementatioris usefulfor usersto
understanthesemantic®f collectvesandfor languagele-
velopergo testnew designs.

The MuPC runtime systemis portableto arny platform
that supportsMPI and POSIX thread. This meansthat a
wide rangeof architecturesand operatingsystemscanrun

MuPC. However, sincethe translatoris releasedas a bi-
nary executable,a userwho downloadsa MuPC release
cannotautomaticallyport the releaseo ary platform. The
homepageof MuPC (www.upc.mtu.edugurrentlyprovides
the translatorexecutablesfor two platforms, the HP Al-
phaSerer/Tru64Unix andthelntel x86/Linux. Executables
for otherplatformsareavailableuponrequest.

3.2 Other UPC implementations

The rst UPCcompilerwaswrittenfor theCrayT3E [4].
This implementationno longer meetsthe UPC speci ca-
tion. Cray now incorporatessupportfor UPC into the C
compileronthe Cray X1 platform|[6].

The mostwidely usedpublic domainUPC compileris
Berkeley UPC[18]. It is highly portablebecausé provides
a multi-layeredsystemdesignthat interposeshe GASNet
communicationayer betweenthe runtime systemandthe
network hardware[19]. CoreandextendedGASNetAPIs
can be matedwith a variety of runtime systems,suchas
UPC and Titanium, on one side andwith varioustypesof
network hardware, such as Myrinet, Quadrics,and even
MPI, on the otherside. Other componentof the Berke-
ley UPC compiler are analogousto those of MuPC, in-
cluding a UPC-to-Ctranslator(basedon the Open64open
sourcecompiler)anda platform independentuntime sys-
tem. Unlike MuPC andthe HP compilers,Berkeley UPC
doesnot provide a runtime cachefor remotereferences.
Many translatoflevel optimizationsfor Berkeley UPC are
describedn [5].

Intrepid Technologyprovidesa UPC compiler[12] as
an extensionto the GNU GCC compiler (GCC 3.3.2). It
supportonly sharednemoryplatformsandSMPplatforms
suchasthe SGl Irix, Cray T3E, andIntel x86 uniprocessor
andSMPs.lt is freely availableunderthe GPL license.

Hewlett-Packardofferedthe rst commerciallyavailable
UPC compiler[11]. The currentversionof this compiler
targets Tru64 UNIX, HP-UX, and XC Linux clusters. Its
front endis alsobasedon the EDG source-to-sourcans-
lator. The Tru64 runtime systemusesthe Quadricsnet-
work for off-node remotereferences. Runtime optimiza-
tions include a write-throughruntime cacheand trainable
prefetcher

4. Runtime systemdesign

The MuPC runtimesystemis a staticlibrary thatimple-
mentsa UPC runtimesystemAPI. Thefront endtranslates
a UPC programinto an ANSI C programwhereUPC spe-
ci ¢ featuresarerepresentedsingstructuresandfunction
callsde ned in the API. For example,shared pointersare
translatednto _UPCRTSSHAREDPOINTER TYPE structures.
Remotememoryreadsand writes are translatednto calls



to _UPCRTSGet() and _UPCRTSPut() , respectiely. The
translateccodeis compiledusinga C compilersuchasicc,
thenlinked with the runtime systemlibrary to generatean
executable.This sectiondescribeghe runtime systemAPI
anddiscussesomehigh-level decisionanadein its design.

4.1 The runtime systemAPI

The runtime systemAPI usedby MuPC is basedon
an API originally de ned by the UPC developmentgroup
at Hewlett-Packard. Despite the similarity betweenthe
two APIls, their implementationsare completelydifferent.
While MuPCimplementghe API usingMPI andPthreads,
HP's implementationis basedon the NUMA architecture
of the SC-serieplatformanduseghe Elancommunication
library and Quadricsswitch to move databetweennodes.
Comparedvith MPI, the Elanlibrary providesmuchlower
level messagepassingprimitives and higher performance.
Ontheotherhand the MPI+Pthreadsmplementatiorgives
MuPC greaterportability. MPI also makesthe implemen-
tation simpler becauset alreadyguaranteesrderedmes-
sagedelivery in point-to-pointcommunication. In addi-
tion, processstartup,terminationand buffer management
arestraightforvardin MPI.

THREADSand MYTHREADare runtime constantsrepre-
senting the number of UPC threadsand the ID of a
particular running thread, respectrely. They are avail-
ablein the runtime library throughtwo global constants:
_UPCRTSg!l _cur _nvp and_UPCRTSgl _cur _vpid .

The API de nes a C structure,
_UPCRTSSHAREDPOINTERTYPE, to representpointers-to-
shared.A pointerto-shareccontainsthree elds: address
af nity andphase The addressandaf nity elds together
specify the location of an objectin sharedmemory The
phase eld speci es the relative offset of an elementin
a sharedarray The phase eld is usefulonly in pointer
arithmetic, which is handledin the UPC-to-Ctranslation
step. In otherwords, translatedccodedoesnot include ary
pointerarithmetic. The runtime systemneedsonly address
andaf nity to retrieve andstoreshareddata.

4.1.1 Shared memory accesses

Sharednemoryread andwrite operationdor scalartype
data are implementedusing correspondingget and put

functionsde ned in the runtime API. Onekey designfea-
tureof theruntimesystems thatall get operationsresyn-
chronouswhile put operationsare asynchronousA get

routineinitiatesa requesto get datafrom a remotemem-
ory location. Eachrequesis thencompletedby oneof the
getsync routines(dependingnthedatatype),which guar
anteeghe datais readyto useonceit returns. In contrast,
thereareno routinesto completeput operations A thread

considersa put operationto be completedas soonasthe

operationreturns,althoughthe datato bewritten arelikely

still in transitto its destination.This permitsthe MuPCrun-

time systemto issuemultiple put operationsat a time, but

only oneget atatime. It is desirableto have the runtime
issuemultiple gets atatime andcompletehemaltogether
with just onegetsync routine, but this requiresa depen-
denceanalysiswithin ablock to determinewvhichgets can
be issuedsimultaneously Basically only a sequenceof

gets without the WAR hazardsin betweencan be issued
simultaneously This featureis not currentlyimplemented
in MuPC.

Anothersetof correspondinguntimefunctionsarede-
ned for moving non-scalatypedatabetweersharednem-
ory locations. Non-scalartypes,suchasuserde ned data
types,aretreatedby theruntimesystemasraw bytes.Both
block get andblock put operationsaresynchronousA
block get orblock put requests issuedrst, thenit is
completedby a matchingcompletionroutine. In theblock
get case,the completionroutine guaranteeshe datare-
trieved arereadyto be consumedy the calling thread. In
theblock put casethecompletionroutineguaranteethe
sourcelocationwherethe datausedto be arereadyto be
overwrittenbecausdhe dataare alreadyon the way to its
destination.

Besides shared memory accesses, UPC provides
one-sided messagepassing functions: upc_memcpy() ,
upc _-memget() , upc _memput() andupc_memset() . These
functionsretrieve or store a block of raw bytesfrom or
to sharedmemory The MuPC runtime supportsthesedi-
rectly by providing correspondinguntimefunctions.These
functionsrely ontheaforementionedlock get andblock
put functionsto accomplistdatamovement.

4.1.2 Synchronization

The MuPC runtimesystemdirectly supportshe UPC syn-
chronizationfunctionsby providing matchingruntimerou-
tines.lIt is notavorthythata UPCbarrieris notimplemented
usingMPI_Barrier() , althoughit appeargo be naturalto
do so. UPC barrierscomewith two variations,anonymous
barriersandindexedbarriers. An indexedbarrierincludes
an integer argumentand can be matchedonly by barriers
on otherthreadswith the sameargumentor by anorymous
barriers.MPI barriersareincapableof supportingcomplex
synchronizatiorsemanticsas such, so the MuPC runtime
systemimplementsits own barriers,using a binary tree-
basedalgorithm.

A fence in UPC is a mechanisnto force sharedac-
cessexompletion. In the MuPC runtime system fences
playasigni cant rolein theimplementatiorof UPC's mem-
ory consisteng model. More detailsare discussedn sec-
tion5.1.



UPC provideslocksto synchronizeconcurrentaccesses
to sharedmemory Locks are sharedopaqueobjectsthat
canonly be manipulatecthroughpointers. In MuPC, the
lock type is implementedusing a sharedarray with size
THREADSand block size 1. Eachlock manipulationrou-
tine, suchaslock , unlock , andlock _attempt , hasa cor-
respondinguntimefunction.

4.1.3 Shared memory management

Static sharedvariablesare directly supportedusing static
variablesof ANSI C. For static sharedarraysdistributed
acrosghreadsthe translatorcalculateghe size of the por-
tion on eachthread,andaccordinglyallocatesstaticarrays
on eachthread. For static sharedscalarsand static shared
arrayswith inde nite block size, the translatorreplicates
themon all UPC threadsbut only the copy on Thread0
is used.This ensureshaton eachthreadthe corresponding
elementsof a sharedarray that occupiesmultiple threads
always have the samelocal addressesThis is a desirable
featurethatgreatlysimpli es theimplementatiorof remote
references.

Thememorymoduleof theruntimesystemmanageshe
sharedheap. At start-up,the memorymoduleresenesa
segmentof the heapon eachthreadto be usedin future
memoryallocations.The sizeof this sggmentis a constant
thatcanbe setat run time. The startingaddresf this re-
senedseggmentis the sameon all threads.This guarantees
that correspondingelementf an allocatedarray have the
samelocal addresseen eachthread. The memorymodule
usesa simple r st-t algorithm[17] to keeptrack of allo-
catedandfreespaceontheresenedseggmenton eachthread
atruntime.

4.1.4 Interface extension

Onegoal of MuPCis to provide an experimentalplatform
for languagedevelopersto try out new ideas. Thus the
runtime API is extensible. One extensionthat is currently
beinginvestigateds the implementationof atomic shared
memoryoperationswhich are not part of the latestUPC
languagespeci cations. Section5.4 containsmore details
aboutimplementingatomicoperations.

4.2 The communication layer

BonacheandDuell [1] presented ve requirement$or
communicationlayers underlying the implementationof
GASlanguagesuchasUPC:

1. Support remote memory access(RMA) operations
(one-sideccommunication).

2. Provide low lateng for smallremoteaccesses.

3. Supportnonblockingcommunication.

4. Supportconcurrentand arbitrary accesse$o remote
memory

5. Provide or supportthe implementationof collective
communicatiorandsynchronizatiomprimitives.

MPI was chosento implementthe MuPC runtime API
for two importantreasons(1) Theprevalenceof MPI guar
anteesthe portability of the runtime system. (2) MPI li-
braries provide high-level communicationprimitives that
enablefast systemdevelopmentby hiding the details of
messagepassing. MuPC is built on the top of only a
handfulof the mostcommonlyusedMPI routines,suchas
MPI_Isend() andMPI_lrecv()

However, MPI doesnotmeetthe verequirementsisted
above. Speci cally, MPI-1.1 supportonly two-sidedcom-
munication. The one-sidedget/put routines de ned in
the MuPC runtime APl mustbe simulatedusing message
polling becauseéherecever doesnot alwaysknow whena
sendewill senda messageThe MPI-2 standardsupports
one-sideccommunicatiowith somerestrictionsput there-
strictionsmake the one-sidednessagassingoutinesin-
compatiblewith the requirement®f UPCJ[1]. In addition,
MPI-2 hasnot beenas widely implementedas MPI-1.1.
Therefore MuPCis currentlyimplementedvith MPI-1.1.

The MuPCruntimesystemconstructsts own MPI com-
municator All UPC threadsare membersof the commu-
nicator MUPCCOMMNVORLDMuPC usesonly asynchronous
message-passirfgnctionsto achieve messag®verlapping
andto minimizemessageverhead.

4.3 The two-threadedimplementation

MuPC usesa two-threadeddesignto simulatethe one-
sided communication,or remotememory acces§yRMA),
usingMPI's two-sidedcommunicatiorprimitives. This de-
sign usesPOSIX Threads(Pthreads)ecauseof its wide
availability. Each UPC thread spavns two Pthreadsat
runtime, the computationPthreadand the communication
Pthread. The computationPthreadexecutesthe compiled
usercode. This codecontainscallsto MuPC runtimefunc-
tions. The computationPthreaddelegatescommunication
tasksto the communicationPthread. The communication
Pthreadplays two basicroles. First, it handlesthe read
and write requestsof the currentUPC threadby posting
MPI_Irecv() andMPI_Isend() callsandcompletingthem
usingMPI_Testall) . Secondjt respondgo thereadand
write requestérom remotethreadsy sendingherequested
datausingMPI_Isend()  or storingthearriving datadirectly
into memory Sincethe communicatiorPthreadhasto re-
spondto remotereadandwrite requestsn realtime, it im-
plementsa polling loop (by postingpersistentMPI receve



requestsjhatlistensto all otherUPCthreads.Figurel de-
pictsthe operationof the communicatiorPthread.
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Figure 1. The comm unication Pthread

The two Pthreadssynchronizewith each other using
a setof mutexes and conditionalvariables;they commu-
nicate with eachother using a set of global buffers and
gueues. SomeMPI implementationsare not thread-safe,
sotheMuPCruntimesystemencapsulatesll MPI function
callsin thecommunicatiorPthread.

5. Runtime systeminternals

The runtimesystemkernelis organizednto 3 modules.
The main moduleimplementsall runtime API functions,
aswell asthe communicatiorPthreadandthe computation
Pthread A memorymodulede nesthe memoryallocation
andde-allocatiormechanismghatunderlieUPC's dynamic
sharedmemoryallocationfunctions. A cachemoduleper
formsremotereferencecachingto help reducethelong la-
tenciesof referencingemotescalarsharedvariables.

This sectiondescribegletailsaboutthe implementation
of the memoryconsisteng model and atomic operations.
Also discussedare someperformance-orientefbaturesof
MuPC.

5.1 Fencesand the memory consistencymodel

MuPC relieson fences to implementthe strict  and
therelaxed sharednemoryaccessnodesA fence forces
thecompletionof sharedmemoryaccessesA fence forces
anorderingof the accessebeforeit andthe accesseafter
it. For eachstrict  accessthe translatorinsertsa fence
immediatelybeforeit to ensurethis accesgloesnot occur
earlierthanary prior accessed-or astrict  write, another
fence is neededmmediatelyafterit to ensuresubsequent

accessedo notstartuntil thewrite is complete Thereis no
needfor afence immediatelyafterastrict readbecause
areadis asynchronousperationsubsequerdccessesan-
not startuntil thereadreturns.No fences areinsertedfor
relaxed accesses.

Reorderingelaxed accessemayleadto performance
improvement. For example, starting long-latengy opera-
tionsearly helpshidethewaiting time. At this stageMuPC
is notcapableof reorderingprogramstatementsBecausef
the non-overtakingpropertyof MPI messagegl6], shared
memoryaccesse® atametthreadalwayscompleten pro-
gramorder, aslong asremotememorycachingis not used.
Therefore,in the absencef caching,afence requiresso-
liciting anacknavledgmenfrom every otherthreadthatthe
callingthreadeverwroteto sincethelastfence . Thefence
blocksuntil anappropriatenumberof acknavledgmentsar-
rive. Whencachingis used,however, afence additionally
requiresthe cacheto beinvalidatedanddirty cachdinesto
be written back.Fences arealsoimpliedatlock , unlock |,
lock _attempt , andbarriers.

5.2 Optimization for local shared accesses

Local sharedaccessesre accesses$o sharedvariables
thathave af nity to theaccessinghread.Thereis no com-
municationinvolvedin this type of accessbut the lateng
still tendsto be longerthanthelateng of accessingprivate
variableqd2, 3, 5, 9]. Theextracostcomesrom theeffort of
handlingUPC'sshared keyword. For example,initially the
UPC-to-Ctranslatormechanicallytranslatessharedrefer
encednto callsto correspondinguntimeget/putfunctions.
The overheadof the function calls accountsfor the extra
cost.

MuPC's UPC-to-Ctranslatorhasbeenoptimizedto dis-
tinguishlocal and remotesharedreferences.Testsarein-
sertedfor eachsharedreferenceto determineif the refer
enceis local at run time by comparingthe thread eld of
the addressvith MYTHREADONceidenti ed, alocal shared
referencds corvertedto a regularlocal memoryreference
to avoid expensve runtimefunctioncalls.

5.3 Remotememory caching

The runtime implementsa software cachingschemeto
hidethelateng of remoteaccessedfachUPCthreadmain-
tains a noncoherentdirect-mappedwrite-back cachefor
scalarreferencesmadeto remotethreads. Cacheis allo-
catedbeforeexecutionbegins. The lengthof a cacheline
andthenumberof cachdinescanbesetatruntime usinga
con guration le.

Thecacheoneachthreads dividedinto THREADS-1sey-
ments,eachbeing dedicateda uniqueremotethread. Ei-
therareadmissor awrite misstriggerstheload of a cache



line. Subsequenteferencesaremadeto the cacheline un-

til the next miss. Writes to remotelocationsare storedin

thecachethenwill beactuallywrittenbacklateratacache
invalidationor whenthecachdine isreplaced Thismecha-
nismhelpsreducethenumberof MPI messageBy combin-
ing frequentsmall messageto lessfrequentlarge mes-
sages.

Cacheinvalidation takes place at a fence , with dirty
cachdinesbeingwritten backto their sourcesDirty cache
linesarecollectedandpacledinto raw byte packagesles-
tinedto appropriateemotethreads Thepackagearetrans-
ferred usingblock put operations. The communication
Pthreadf areceverunpackeachpackagendupdateghe
correspondingnemorylocationswith thevaluescarriedby
thepackage.

A cacheline con ict occursif morethanone memory
blockis mappedo onecachdine. Theonealreadyin cache
is replacedandwritten backif it is dirty. The runtimesys-
temcallstheblock put functionto performthewrite-back
of thereplaceccachdine.

Theruntimesystemalsoprovidesa victim cacheto mit-
igatethe penaltyof con ict misses.The victim cachehas
the samestructureasthe main cache gxceptthatit is much
smaller Whena con ict occursthereplacedine is stored
in the victim cache. It is written backwhenit is replaced
againin thevictim cache.A cachehit in the victim cache
bringsthe line backto the main cache,anda missbothin
the main cacheandin the victim cachetriggersthe load of
afreshcachdine.

Thefalsesharingproblemis handledby associatingvith
eachcachdine abit vectorto keeptrackof thebyteswritten
by a thread. The bit vectoris transferredogetherwith the
cachdine andis usedo guidethebyte-wiseupdatingof the
correspondingnemorylocations.

5.4. Atomic operations

Atomic shared memory operations currently imple-
mentedn MuPCincludeCompaeandSwap DoubleCom-
pare and Swap Fetdh and Operate, andMaslked Swap The
runtimesystemsupportshemdirectly usingcorresponding
runtimefunctions.

Atomic operationgprovide safelock-freeaccesset the
sharedmemory When an atomic operationis performed
to a sharedvariableby multiple UPC threadspnly onecan
succeedall otherattemptdail andhave no effect.

Theruntimesystemstartsanatomicoperationby build-
ing areques{anMPI messagefo besentto thethreadwith
which the targetedmemorylocationhasaf nity . Uponre-
ceiving this messagethe threadappendgshe requestto a
cyclic queue. Thusmultiple concurrentaccessefrom dif-
ferentthreadsare sequentializedby the queue.The access
thatarrives rst will be performedsuccessfully Thenlater

accessewill only seethatthevalueof thetargetedmemory
locationhasbeenchangedndthey all fail. A replymessage
is thenbuilt for eachaccessequestspecifyingsucces®r
failure,andsentbackto eachrequester

6. Performance characteristics

To characterizehe performanceof the MuPC runtime
system,this sectionreportsthe performanceof two syn-
thetic microbenchmarks. Also summarizedare perfor
mancemeasurementmadeearlier [21] for the NAS Par-
allel Benchmarks. We run MuPC on two platforms, an
HP AlphaSener SC SMP clusteranda Linux clustercon-
nectedwith a Myrinet network. For comparisorpurposes,
thesamebenchmarkarealsorun usingBerkeley UPCand
HP UPContheLinux clusterandthe AlphaSener SCclus-
ter, respectiely.

The AlphaSener SC cluster has 8 nodeswith four
667MHz Alpha 21264 EV67 processorger node. The
Linux clusterhas16 nodeswith two Pentium1.5GHzpro-
cessorsper node. The UPC compilersusedare MuPC
V1.1, Berkeley UPC V2.0, andHP UPCV2.2. In the ex-
periments,eachUPC threadis mappedto one processar
The cachein MuPC on eachthreadis con gured to have
256 (THREADS-1) blockswith 1024bytesperblock. The
cachein HP UPCon eachthreadis con guredto be 4-way
associatie,with 256 (THREADS-1) blocksand1024bytes
for eachblock.

Thesyntheticmicrobenchmarkasedare:

Streaming remoteaccesameasureshe transferrates
of remotememoryaccessessuedby a singlethread,
while other threadsare idle. Four accesspatterns,
stride-1readsandwrites,andrandonreadsandwrites,
aremeasured.

Natural ring is similar to the streamingremoteac-
cesdest,exceptthatall threadform alogicalring and
readfrom or write to their neighborsat approximately
the sametime. This benchmarkis similar to the all-
processes-in-a-ringstimplementedn theHPC Chal-
lengeBenchmarkSuite[14].

Theresultsfor thestreamingemoteaccessestsarepre-
sentedin Figures2 and 3. Thesetestsreveal the perfor
manceof ne grainedaccessewith alightly loadedcom-
municationnetwork. When remotereferencecachingis
not used,MuPC hascomparablgerformancewith Berke-
ley UPC.Berkeley UPCis slightly betterin readoperations
but MuPC outperformsit in write operations. It is clear
thatcachinghelpsMuPCin stride-1laccessesyhosetrans-
fer ratesare signi cantly betterthanthe no-cachingcoun-
terparts.But cachinghurtsthe performanceof randomac-
cessesalthoughnot signi cantly, dueto cachemisspenal-
ties. Also notethatcachinghelpsHP UPCin stride-1reads
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Figure 2. The streaming remote access re-
sults for platf orms without caching

but not in stride-1writes. This is becausethe cachein
HP UPC is a write-throughcache. MuPC achieses only
10 25%of HP's performancen randomaccesses.

Theresultsfor thenaturalring testsarepresentedh Fig-
ures4 and5. The communicatiometwork is much more
heaily loadedin theseteststhanin the streamingremote
accesgests. Both MuPC andBerkeley UPC suffer from a
performancelegradatiorby afactoraslargeas10. HP UPC
suffersfrom only aslight performancelegradation.Theob-
senationsaboutremotereferencecachingstill holdin these
tests.

[21] carriedout a full studyof MuPC's performancedor
the NAS Parallel Benchmarks.MuPC's performancevas
comparedwith all available UPC compilerson multiple
platforms. Five benchmarksembarrassinglparallel (EP),
conjugategradient(CG), fastFourier transform(FT), inte-
gersort(IS), andmulti-grid solver (MG), werestudied.The
resultsshav thatMuPC achieved comparablgerformance
with other UPC implementationdor ER, FT andIS. Most
implementationgxhibited erraticperformancdor MG be-
causeof thenon-scalabl@accespatternsn the UPCimple-
mentationof that benchmark.On the otherhand,MuPC's
performancdor CG wasmuchworsethanothers.Figure6
comparesor CG MuPC's performancevith Berkeley UPC
onthelLinux clusterandwith HP UPC on the AlphaSenrer
SCcluster TheCGbenchmarKeaturesrregular, ne-grain
sharedmemoryaccessesThe slowvnessof MuPC for CG
shavs MuPC'slimitation in handlingsuchaccesses.

Figure 3. The streaming remote access re-
sults for platf orms with caching

7. Summary

MuPC is an opensourceruntime systemfor UPC that
is basedon MPI and POSIX threads. Each UPC thread
is representedby two Pthreadsat run time; one for com-
putationandonefor interthreadcommunication.MuPC s
portableto most distributed memory and sharedmemory
parallelsystemsecausét is basedon commonlyavailable
libraries. Performanceesultspresentedherecompareser-
eral currentUPC compilerswith syntheticandapplication
benchmarksThe front endtranslatorandthe runtime sys-
temcontainseveraloptimizationghatmake MuPCcompet-
itive with otheropensourceandcommercialUPC compil-
ers. MuPC's extensibility is currentlyfacilitating the study
of new UPClanguagdeaturessuchasatomicmemoryop-
erations.
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