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lel C (UPC). A modi�ed version of the EDG C/C++ front
end translatesthe user's UPC program into C and turns
UPC-speci�clanguagefeaturesinto calls to MuPCruntime
functions.MuPCimplementseach UPCthread(process)as
twoPthreads,onefor theuserprogramandprivatememory
accesses,and the other for remotememoryaccesses.Re-
motememoryis accessedby two-sidedMPI message pass-
ing. MuPC performancefeatures include a runtime soft-
ware cache for remoteaccessesand low latencyaccessto
shared memorywith af�nity to the issuingthread. MuPC
is a usefulplatformfor experimentingwith currentandfu-
ture UPC languagefeaturesandinvestigatingUPC perfor-
mance. This paperdescribesthe internal designof MuPC
and compares its performanceto several other available
platforms.
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1. Intr oduction

Uni�ed Parallel C (UPC) is an extensionof C for pro-
grammingmultiprocessorswith asharedaddressspace[10,
8]. UPC providesa commonsyntaxandsemanticsfor ex-
plicit parallelprogrammingin C, andit directly mapslan-
guagefeaturesto the underlyingarchitecture. UPC is an
exampleof the partitioned shared memoryprogramming
model in which sharedmemory is partitionedamongall
UPC threads(processes).This partition is formally repre-
sentedin the programminglanguage.Eachthreadcanac-
cessany locationin sharedmemoryusingthesamesyntax
but in many implementationsthe locationsin eachthread's
own partitionof sharedmemoryareaccessedmorequickly.

UPC hasbeengaininginterestfrom academia,industry
and governmentlabs. A UPC consortium[10] hasbeen

formedto fosterandcoordinateUPC developmentandre-
searchactivities.

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

Theremainderof thispaperis organizedasfollows.Sec-
tion2 brie�y reviewstheUPClanguage.Section3 isahigh-
level overview of the MuPC. This sectionalso describes
otherUPC implementations.Section4 describesthe run-
timeAPI andits two-threadedstructure.Section5 discusses
somedetailsabouttheruntimesysteminternals.Section6
discussesthe performanceof MuPC by reportingbench-
markingresultsfor somesimplesyntheticbenchmarksand
for thematrix-multiplicationapplication.Finally, section7
concludesthepaper.

2. UPC background

UPCis asupersetof ANSI C (asperISO/IEC9899[13]).
UPC programsadopt the single program multiple data
(SPMD) executionmodel. EachUPC thread is a process
executingasequenceof instructions.Dataobjectsin aUPC
programcan be either private or shared. A UPC thread
hasexclusive accessto theprivateobjectsthat residein its
privatememory. A threadalsohasaccessto all of theob-
jects in the sharedmemoryspace. UPC providesa parti-
tionedview of sharedmemoryby introducingthe concept
of af�nity . Sharedmemoryis equally partitionedamong
all threads.The region of sharedmemoryassociatedwith
a given threadis said to have af�nity to that thread. The
conceptof af�nity capturesthereality thatonmany parallel
architecturesthelatenciesof accessingdifferentsharedob-
jectsaredifferent. It is assumedthatanaccessto a shared
object that hasaf�nity to the threadthat performsthe ac-
cessis fasterthananaccessto a sharedobjectto which the
threaddoesnothaveaf�nity .
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UPCprovidestwo typesof pointersto sharedobjects.A
pointer-to-sharedis a pointerwhosetarget is a shareddata
object. The pointeritself residesin theprivatememoryof
somethread.A sharedpointer-to-sharedis apointerwhose
targetis ashareddataobject.Thepointeritself alsoresides
in sharedmemory.

UPC provides strict and relaxedmemory consistency
modes.This choiceaffectsaccessesto sharedobjects.The
strict modedoesnot allow reorderingof sharedobjectac-
cesses.The relaxedmodeallows reorderingand coales-
cenceof sharedobject accessesbetweensynchronization
pointsaslong asdatadependencieswithin eachthreadare
preserved. Therelaxedmodeoffersopportunitiesfor com-
piler andrun timesystemoptimizations.

3. MuPC overview and relatedwork

3.1. MuPC overview

The MuPC runtime systemwas developedwith help
from theHigh PerformanceTechnicalComputingDivision
at Hewlett-PackardCompany. The most recentreleaseof
MuPC[15] containsthreecomponents,theruntimesystem,
theUPC-to-Ctranslator, andareferenceimplementationof
collective functions. The runtime systemimplementsan
API de�ned by the translatorusing MPI and the POSIX
standardthreadlibrary. EachUPC threadat run time is
mappedto two Pthreads,the computationPthreadandthe
communicationPthread.This paperfocuseson theinternal
structureof theruntimesystem,but anoverview of theother
two componentsis �rst givenbelow.

The translatoris a modi�ed versionof theEDG C/C++
V3.4 front end[7]. Translationis a two-phaseprocess.The
�rst phaseparsesUPCsourcecodeandproducesanIL (in-
termediatelanguage)treestructure.Thesecondphaselow-
ers the IL tree to produceANSI C code. In the lowering
phase,all UPCfeaturesarerepresentedusingequivalentC
constructs,or aretranslatedinto calls to functionsthat are
de�ned in a runtimeAPI. The runtimeAPI wasoriginally
designedby HP and hassincebeenmodi�ed to better�t
MuPC'spurposes.

A setof collective functions[20] is an integral part of
theUPClanguage.MuPCprovidesa referenceimplemen-
tationfor all collectives,in which datamovementis imple-
mentedusing UPC's one-sidedcommunicationprimitives
suchasupc memcpy() , upc memput() andupc memget() .
Althoughalower-level implementationmaygivebetterper-
formance,a referenceimplementationis usefulfor usersto
understandthesemanticsof collectivesandfor languagede-
velopersto testnew designs.

The MuPC runtimesystemis portableto any platform
that supportsMPI and POSIX thread. This meansthat a
wide rangeof architecturesandoperatingsystemscanrun

MuPC. However, since the translatoris releasedas a bi-
nary executable,a user who downloadsa MuPC release
cannotautomaticallyport the releaseto any platform. The
homepageof MuPC(www.upc.mtu.edu)currentlyprovides
the translatorexecutablesfor two platforms, the HP Al-
phaServer/Tru64Unix andtheIntel 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
compileron theCrayX1 platform[6].

The mostwidely usedpublic domainUPC compiler is
Berkeley UPC[18]. It is highly portablebecauseit provides
a multi-layeredsystemdesignthat interposesthe GASNet
communicationlayer betweenthe runtimesystemandthe
network hardware[19]. CoreandextendedGASNetAPIs
can be matedwith a variety of runtime systems,suchas
UPC andTitanium, on onesideandwith varioustypesof
network hardware, such as Myrinet, Quadrics,and even
MPI, on the other side. Other componentsof the Berke-
ley UPC compiler are analogousto thoseof MuPC, in-
cluding a UPC-to-Ctranslator(basedon theOpen64open
sourcecompiler)anda platform independentruntimesys-
tem. Unlike MuPC andthe HP compilers,Berkeley UPC
doesnot provide a runtime cachefor remotereferences.
Many translator-level optimizationsfor Berkeley UPC are
describedin [5].

Intrepid Technologyprovides a UPC compiler [12] as
an extensionto the GNU GCC compiler (GCC 3.3.2). It
supportsonly sharedmemoryplatformsandSMPplatforms
suchastheSGI Irix, CrayT3E,andIntel x86 uniprocessor
andSMPs.It is freelyavailableundertheGPL license.

Hewlett-Packardofferedthe�rst commerciallyavailable
UPC compiler [11]. The currentversionof this compiler
targetsTru64 UNIX, HP-UX, andXC Linux clusters. Its
front endis alsobasedon theEDG source-to-sourcetrans-
lator. The Tru64 runtime systemusesthe Quadricsnet-
work for off-node remotereferences.Runtimeoptimiza-
tions includea write-throughruntime cacheand trainable
prefetcher.

4. Runtime systemdesign

TheMuPCruntimesystemis a staticlibrary that imple-
mentsa UPCruntimesystemAPI. Thefront endtranslates
a UPCprograminto anANSI C programwhereUPCspe-
ci�c featuresarerepresentedusingstructuresandfunction
callsde�ned in theAPI. For example,shared pointersare
translatedinto UPCRTSSHAREDPOINTER TYPE structures.
Remotememoryreadsandwrites are translatedinto calls
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to UPCRTSGet() and UPCRTSPut() , respectively. The
translatedcodeis compiledusinga C compilersuchasicc,
thenlinked with the runtimesystemlibrary to generatean
executable.This sectiondescribestheruntimesystemAPI
anddiscussessomehigh-level decisionsmadein 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 APIs, their implementationsarecompletelydifferent.
While MuPCimplementstheAPI usingMPI andPthreads,
HP's implementationis basedon the NUMA architecture
of theSC-seriesplatformandusestheElancommunication
library andQuadricsswitch to move databetweennodes.
Comparedwith MPI, theElanlibrary providesmuchlower
level messagepassingprimitivesandhigherperformance.
Ontheotherhand,theMPI+Pthreadsimplementationgives
MuPC greaterportability. MPI alsomakesthe implemen-
tation simplerbecauseit alreadyguaranteesorderedmes-
sagedelivery in point-to-point communication. In addi-
tion, processstartup,terminationand buffer management
arestraightforwardin MPI.

THREADSand MYTHREADare runtime constantsrepre-
senting the number of UPC threads and the ID of a
particular running thread, respectively. They are avail-
able in the runtime library throughtwo global constants:
UPCRTSgl cur nvp and UPCRTSgl cur vpid .

The API de�nes a C structure,
UPCRTSSHAREDPOINTER TYPE, to representpointers-to-

shared.A pointer-to-sharedcontainsthree�elds: address,
af�nity andphase. The addressandaf�nity �elds together
specify the location of an object in sharedmemory. The
phase�eld speci�es the relative offset of an elementin
a sharedarray. The phase�eld is useful only in pointer
arithmetic,which is handledin the UPC-to-Ctranslation
step. In otherwords,translatedcodedoesnot includeany
pointerarithmetic.Theruntimesystemneedsonly address
andaf�nity to retrieveandstoreshareddata.

4.1.1 Sharedmemory accesses

Sharedmemoryread andwrite operationsfor scalartype
data are implementedusing correspondingget and put
functionsde�ned in the runtimeAPI. Onekey designfea-
tureof theruntimesystemis thatall get operationsaresyn-
chronous,while put operationsareasynchronous.A get
routineinitiatesa requestto get datafrom a remotemem-
ory location. Eachrequestis thencompletedby oneof the
getsync routines(dependingonthedatatype),whichguar-
anteesthedatais readyto useonceit returns. In contrast,
thereareno routinesto completeput operations.A thread

considersa put operationto be completedassoonas the
operationreturns,althoughthedatato bewritten arelikely
still in transitto its destination.ThispermitstheMuPCrun-
time systemto issuemultiple put operationsat a time, but
only oneget at a time. It is desirableto have the runtime
issuemultiple gets at a time andcompletethemaltogether
with just one getsync routine,but this requiresa depen-
denceanalysiswithin a block to determinewhich gets can
be issuedsimultaneously. Basically, only a sequenceof
gets without the WAR hazardsin betweencanbe issued
simultaneously. This featureis not currentlyimplemented
in MuPC.

Anothersetof correspondingruntimefunctionsarede-
�ned for movingnon-scalartypedatabetweensharedmem-
ory locations. Non-scalartypes,suchasuserde�ned data
types,aretreatedby theruntimesystemasraw bytes.Both
block get andblock put operationsaresynchronous.A
block get or block put requestis issued�rst, thenit is
completedby a matchingcompletionroutine.In theblock
get case,the completionroutine guaranteesthe data re-
trievedarereadyto be consumedby thecalling thread.In
theblock put case,thecompletionroutineguaranteesthe
sourcelocationwherethe datausedto be arereadyto be
overwrittenbecausethe dataarealreadyon the way to its
destination.

Besides shared memory accesses, UPC provides
one-sided messagepassing functions: upc memcpy() ,
upc memget() , upc memput() andupc memset() . These
functions retrieve or store a block of raw bytes from or
to sharedmemory. The MuPC runtimesupportsthesedi-
rectlyby providingcorrespondingruntimefunctions.These
functionsrelyontheaforementionedblock get andblock
put functionsto accomplishdatamovement.

4.1.2 Synchronization

TheMuPCruntimesystemdirectly supportstheUPCsyn-
chronizationfunctionsby providing matchingruntimerou-
tines.It isnoteworthythataUPCbarrieris notimplemented
usingMPI Barrier() , althoughit appearsto benaturalto
do so. UPCbarrierscomewith two variations,anonymous
barriersandindexedbarriers. An indexedbarrier includes
an integer argumentandcanbe matchedonly by barriers
on otherthreadswith thesameargumentor by anonymous
barriers.MPI barriersareincapableof supportingcomplex
synchronizationsemanticsas such,so the MuPC runtime
systemimplementsits own barriers,using a binary tree-
basedalgorithm.

A fence in UPC is a mechanismto force sharedac-
cessescompletion. In the MuPC runtimesystem,fences
playasigni�cant rolein theimplementationof UPC'smem-
ory consistency model. More detailsarediscussedin sec-
tion 5.1.
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UPCprovideslocks to synchronizeconcurrentaccesses
to sharedmemory. Locks are sharedopaqueobjectsthat
canonly be manipulatedthroughpointers. In MuPC, the
lock type is implementedusing a sharedarray with size
THREADSand block size 1. Eachlock manipulationrou-
tine, suchaslock , unlock , andlock attempt , hasa cor-
respondingruntimefunction.

4.1.3 Sharedmemory management

Static sharedvariablesare directly supportedusing static
variablesof ANSI C. For static sharedarraysdistributed
acrossthreads,the translatorcalculatesthesizeof thepor-
tion on eachthread,andaccordinglyallocatesstaticarrays
on eachthread. For staticsharedscalarsandstaticshared
arrayswith inde�nite block size, the translatorreplicates
them on all UPC threadsbut only the copy on Thread0
is used.This ensuresthaton eachthreadthecorresponding
elementsof a sharedarray that occupiesmultiple threads
alwayshave the samelocal addresses.This is a desirable
featurethatgreatlysimpli�es theimplementationof remote
references.

Thememorymoduleof theruntimesystemmanagesthe
sharedheap. At start-up,the memorymodulereservesa
segmentof the heapon eachthreadto be usedin future
memoryallocations.Thesizeof this segmentis a constant
thatcanbesetat run time. Thestartingaddressof this re-
servedsegmentis thesameon all threads.This guarantees
thatcorrespondingelementsof anallocatedarrayhave the
samelocal addresseson eachthread.Thememorymodule
usesa simple�r st-�t algorithm[17] to keeptrack of allo-
catedandfreespaceonthereservedsegmentoneachthread
at run time.

4.1.4 Interface extension

Onegoal of MuPC is to provide an experimentalplatform
for languagedevelopersto try out new ideas. Thus the
runtimeAPI is extensible. Oneextensionthat is currently
beinginvestigatedis the implementationof atomicshared
memoryoperations,which are not part of the latestUPC
languagespeci�cations. Section5.4 containsmoredetails
aboutimplementingatomicoperations.

4.2. The communication layer

BonacheaandDuell [1] presented� ve requirementsfor
communicationlayers underlying the implementationof
GASlanguagessuchasUPC:

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

2. Provide low latency for smallremoteaccesses.

3. Supportnonblockingcommunication.

4. Supportconcurrentand arbitrary accessesto remote
memory.

5. Provide or supportthe implementationof collective
communicationandsynchronizationprimitives.

MPI waschosento implementthe MuPC runtimeAPI
for two importantreasons:(1) Theprevalenceof MPI guar-
anteesthe portability of the runtime system. (2) MPI li-
brariesprovide high-level communicationprimitives that
enablefast systemdevelopmentby hiding the details of
messagepassing. MuPC is built on the top of only a
handfulof themostcommonlyusedMPI routines,suchas
MPI Isend() andMPI Irecv() .

However, MPI doesnotmeetthe� verequirementslisted
above. Speci�cally, MPI-1.1supportsonly two-sidedcom-
munication. The one-sidedget/put routines de�ned in
the MuPC runtimeAPI mustbe simulatedusingmessage
polling becausethereceiver doesnot alwaysknow whena
senderwill senda message.The MPI-2 standardsupports
one-sidedcommunicationwith somerestrictions,but there-
strictionsmake theone-sidedmessagepassingroutinesin-
compatiblewith therequirementsof UPC[1]. In addition,
MPI-2 hasnot beenas widely implementedas MPI-1.1.
Therefore,MuPCis currentlyimplementedwith MPI-1.1.

TheMuPCruntimesystemconstructsits own MPI com-
municator. All UPC threadsaremembersof the commu-
nicatorMUPCCOMMWORLD. MuPC usesonly asynchronous
message-passingfunctionsto achieve messageoverlapping
andto minimizemessageoverhead.

4.3. The two­threadedimplementation

MuPC usesa two-threadeddesignto simulatethe one-
sidedcommunication,or remotememoryaccess(RMA),
usingMPI's two-sidedcommunicationprimitives.This de-
sign usesPOSIX Threads(Pthreads)becauseof its wide
availability. Each UPC thread spawns two Pthreadsat
runtime, the computationPthreadand the communication
Pthread. The computationPthreadexecutesthe compiled
usercode.This codecontainscallsto MuPCruntimefunc-
tions. The computationPthreaddelegatescommunication
tasksto the communicationPthread. The communication
Pthreadplays two basic roles. First, it handlesthe read
and write requestsof the currentUPC threadby posting
MPI Irecv() andMPI Isend() callsandcompletingthem
usingMPI Testall() . Second,it respondsto thereadand
write requestsfrom remotethreadsbysendingtherequested
datausingMPI Isend() or storingthearriving datadirectly
into memory. Sincethe communicationPthreadhasto re-
spondto remotereadandwrite requestsin real time, it im-
plementsa polling loop (by postingpersistentMPI receive
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requests)that listensto all otherUPCthreads.Figure1 de-
pictstheoperationof thecommunicationPthread.

Figure 1. The comm unication Pthread

The two Pthreadssynchronizewith each other using
a set of mutexesand conditionalvariables;they commu-
nicate with eachother using a set of global buffers and
queues. SomeMPI implementationsare not thread-safe,
sotheMuPCruntimesystemencapsulatesall MPI function
callsin thecommunicationPthread.

5. Runtime systeminternals

Theruntimesystemkernelis organizedinto 3 modules.
The main module implementsall runtime API functions,
aswell asthecommunicationPthreadandthecomputation
Pthread.A memorymodulede�nes thememoryallocation
andde-allocationmechanismsthatunderlieUPC'sdynamic
sharedmemoryallocationfunctions. A cachemoduleper-
formsremotereferencecachingto helpreducethe long la-
tenciesof referencingremotescalarsharedvariables.

This sectiondescribesdetailsaboutthe implementation
of the memoryconsistency model and atomic operations.
Also discussedaresomeperformance-orientedfeaturesof
MuPC.

5.1. Fencesand the memory consistencymodel

MuPC relieson fences to implementthe strict and
therelaxed sharedmemoryaccessmodes.A fence forces
thecompletionof sharedmemoryaccesses.A fence forces
anorderingof theaccessesbeforeit andtheaccessesafter
it. For eachstrict access,the translatorinsertsa fence
immediatelybeforeit to ensurethis accessdoesnot occur
earlierthanany prior accesses.For a strict write, another
fence is neededimmediatelyafter it to ensuresubsequent

accessesdonotstartuntil thewrite is complete.Thereis no
needfor a fence immediatelyaftera strict readbecause
areadis asynchronousoperation,subsequentaccessescan-
not startuntil the readreturns.No fences areinsertedfor
relaxed accesses.

Reorderingrelaxed accessesmay leadto performance
improvement. For example, starting long-latency opera-
tionsearlyhelpshidethewaiting time. At this stageMuPC
is notcapableof reorderingprogramstatements.Becauseof
thenon-overtakingpropertyof MPI messages[16], shared
memoryaccessesto atargetthreadalwayscompletein pro-
gramorder, aslong asremotememorycachingis not used.
Therefore,in theabsenceof caching,a fence requiresso-
liciting anacknowledgmentfrom everyotherthreadthatthe
callingthreadeverwroteto sincethelastfence . Thefence
blocksuntil anappropriatenumberof acknowledgmentsar-
rive. Whencachingis used,however, a fence additionally
requiresthecacheto beinvalidatedanddirty cachelinesto
bewritten back.Fences arealsoimplied at lock , unlock ,
lock attempt , andbarriers.

5.2. Optimization for local sharedaccesses

Local sharedaccessesare accessesto sharedvariables
thathave af�nity to theaccessingthread.Thereis no com-
municationinvolved in this type of access,but the latency
still tendsto belongerthanthelatency of accessingprivate
variables[2, 3, 5,9]. Theextracostcomesfrom theeffort of
handlingUPC'sshared keyword. Forexample,initially the
UPC-to-Ctranslatormechanicallytranslatessharedrefer-
encesinto callsto correspondingruntimeget/putfunctions.
The overheadof the function calls accountsfor the extra
cost.

MuPC's UPC-to-Ctranslatorhasbeenoptimizedto dis-
tinguish local andremotesharedreferences.Testsare in-
sertedfor eachsharedreferenceto determineif the refer-
enceis local at run time by comparingthe thread�eld of
theaddresswith MYTHREAD. Onceidenti�ed, a local shared
referenceis convertedto a regular local memoryreference
to avoid expensiveruntimefunctioncalls.

5.3. Remotememory caching

The runtime implementsa softwarecachingschemeto
hidethelatency of remoteaccesses.EachUPCthreadmain-
tains a noncoherent,direct-mapped,write-backcachefor
scalarreferencesmadeto remotethreads. Cacheis allo-
catedbeforeexecutionbegins. The lengthof a cacheline
andthenumberof cachelinescanbesetat run timeusinga
con�guration�le.

Thecacheoneachthreadis dividedinto THREADS-1seg-
ments,eachbeing dedicateda uniqueremotethread. Ei-
thera readmissor a write misstriggerstheloadof a cache
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line. Subsequentreferencesaremadeto thecacheline un-
til the next miss. Writes to remotelocationsarestoredin
thecache,thenwill beactuallywrittenbacklateratacache
invalidationor whenthecacheline is replaced.Thismecha-
nismhelpsreducethenumberof MPI messagesby combin-
ing frequentsmall messagesinto lessfrequentlarge mes-
sages.

Cacheinvalidation takes place at a fence , with dirty
cachelinesbeingwritten backto their sources.Dirty cache
linesarecollectedandpackedinto raw bytepackagesdes-
tinedto appropriateremotethreads.Thepackagesaretrans-
ferred using block put operations. The communication
Pthreadof areceiverunpackseachpackageandupdatesthe
correspondingmemorylocationswith thevaluescarriedby
thepackage.

A cacheline con�ict occursif more thanonememory
blockis mappedto onecacheline. Theonealreadyin cache
is replacedandwritten backif it is dirty. Theruntimesys-
temcallstheblock put functionto performthewrite-back
of thereplacedcacheline.

Theruntimesystemalsoprovidesa victim cacheto mit-
igatethe penaltyof con�ict misses.The victim cachehas
thesamestructureasthemaincache,exceptthatit is much
smaller. Whena con�ict occurs,thereplacedline is stored
in the victim cache. It is written backwhenit is replaced
againin thevictim cache.A cachehit in thevictim cache
bringsthe line backto the main cache,anda missboth in
themaincacheandin thevictim cachetriggersthe loadof
a freshcacheline.

Thefalsesharingproblemis handledby associatingwith
eachcacheline abit vectorto keeptrackof thebyteswritten
by a thread.Thebit vectoris transferredtogetherwith the
cacheline andis usedto guidethebyte-wiseupdatingof the
correspondingmemorylocations.

5.4. Atomic operations

Atomic shared memory operationscurrently imple-
mentedin MuPCincludeCompareandSwap, DoubleCom-
pareandSwap, Fetch andOperate, andMaskedSwap. The
runtimesystemsupportsthemdirectlyusingcorresponding
runtimefunctions.

Atomic operationsprovidesafelock-freeaccessesto the
sharedmemory. When an atomic operationis performed
to a sharedvariableby multiple UPCthreads,only onecan
succeed,all otherattemptsfail andhavenoeffect.

Theruntimesystemstartsanatomicoperationby build-
ing arequest(anMPI message)to besentto thethreadwith
which the targetedmemorylocationhasaf�nity . Uponre-
ceiving this message,the threadappendsthe requestto a
cyclic queue.Thusmultiple concurrentaccessesfrom dif-
ferentthreadsaresequentializedby thequeue.Theaccess
thatarrives�rst will beperformedsuccessfully. Thenlater

accesseswill only seethatthevalueof thetargetedmemory
locationhasbeenchangedandthey all fail. A replymessage
is thenbuilt for eachaccessrequest,specifyingsuccessor
failure,andsentbackto eachrequester.

6. Performancecharacteristics

To characterizethe performanceof the MuPC runtime
system,this sectionreportsthe performanceof two syn-
thetic microbenchmarks. Also summarizedare perfor-
mancemeasurementsmadeearlier [21] for the NAS Par-
allel Benchmarks. We run MuPC on two platforms, an
HP AlphaServer SC SMP clusteranda Linux clustercon-
nectedwith a Myrinet network. For comparisonpurposes,
thesamebenchmarksarealsorun usingBerkeley UPCand
HPUPContheLinux clusterandtheAlphaServerSCclus-
ter, respectively.

The AlphaServer SC cluster has 8 nodes with four
667MHz Alpha 21264 EV67 processorsper node. The
Linux clusterhas16 nodeswith two Pentium1.5GHzpro-
cessorsper node. The UPC compilersusedare MuPC
V1.1, Berkeley UPC V2.0, andHP UPC V2.2. In the ex-
periments,eachUPC threadis mappedto one processor.
The cachein MuPC on eachthreadis con�gured to have
256� (THREADS-1) blockswith 1024bytesperblock. The
cachein HP UPCon eachthreadis con�guredto be4-way
associative,with 256� (THREADS-1) blocksand1024bytes
for eachblock.

Thesyntheticmicrobenchmarksusedare:

� Streamingremoteaccessmeasuresthe transferrates
of remotememoryaccessesissuedby a singlethread,
while other threadsare idle. Four accesspatterns,
stride-1readsandwrites,andrandomreadsandwrites,
aremeasured.

� Natural ring is similar to the streamingremoteac-
cesstest,exceptthatall threadsform alogicalring and
readfrom or write to their neighborsat approximately
the sametime. This benchmarkis similar to the all-
processes-in-a-ringtestimplementedin theHPCChal-
lengeBenchmarkSuite[14].

Theresultsfor thestreamingremoteaccesstestsarepre-
sentedin Figures2 and 3. Thesetestsreveal the perfor-
manceof �ne grainedaccesseswith a lightly loadedcom-
municationnetwork. When remotereferencecachingis
not used,MuPC hascomparableperformancewith Berke-
ley UPC.Berkeley UPCis slightly betterin readoperations
but MuPC outperformsit in write operations. It is clear
thatcachinghelpsMuPCin stride-1accesses,whosetrans-
fer ratesaresigni�cantly betterthanthe no-cachingcoun-
terparts.But cachinghurtstheperformanceof randomac-
cesses,althoughnot 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-1 writes. This is becausethe cachein
HP UPC is a write-throughcache. MuPC achieves only
10� 25%of HP'sperformancein randomaccesses.

Theresultsfor thenaturalring testsarepresentedin Fig-
ures4 and5. The communicationnetwork is muchmore
heavily loadedin theseteststhanin the streamingremote
accesstests.Both MuPCandBerkeley UPC suffer from a
performancedegradationbyafactoraslargeas10. HPUPC
suffersfrom only aslightperformancedegradation.Theob-
servationsaboutremotereferencecachingstill hold in these
tests.

[21] carriedout a full studyof MuPC's performancefor
the NAS Parallel Benchmarks.MuPC's performancewas
comparedwith all available UPC compilerson multiple
platforms.Five benchmarks,embarrassinglyparallel(EP),
conjugategradient(CG), fastFourier transform(FT), inte-
gersort(IS),andmulti-grid solver(MG), werestudied.The
resultsshow thatMuPCachievedcomparableperformance
with otherUPC implementationsfor EP, FT andIS. Most
implementationsexhibitederraticperformancefor MG be-
causeof thenon-scalableaccesspatternsin theUPCimple-
mentationof that benchmark.On the otherhand,MuPC's
performancefor CG wasmuchworsethanothers.Figure6
comparesfor CGMuPC'sperformancewith Berkeley UPC
on theLinux clusterandwith HP UPCon theAlphaServer
SCcluster. TheCGbenchmarkfeaturesirregular, �ne-grain
sharedmemoryaccesses.The slownessof MuPC for CG
showsMuPC's limitation 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. EachUPC thread
is representedby two Pthreadsat run time; one for com-
putationandonefor interthreadcommunication.MuPC is
portableto most distributed memoryand sharedmemory
parallelsystemsbecauseit is basedoncommonlyavailable
libraries. Performanceresultspresentedherecomparesev-
eral currentUPC compilerswith syntheticandapplication
benchmarks.Thefront endtranslatorandtherun time sys-
temcontainseveraloptimizationsthatmakeMuPCcompet-
itive with otheropensourceandcommercialUPCcompil-
ers. MuPC's extensibility is currentlyfacilitating thestudy
of new UPClanguagefeaturessuchasatomicmemoryop-
erations.
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