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Abstract
UnifiedParallelC (UPC)is apartitionedsharedmemoryparallelprogramminglanguagethatis
beingdevelopedby a consortiumof academia,industryandgovernment.UPCis anextension
of ANSI C. In this projectwe implementeda high performanceUPC collective communica-
tions library of functionsto performdatarelocalizationin UPC programsfor Linux/Myrinet
clusters.Myrinet is a low latency, highbandwidthlocal areanetwork. Thelibrary waswritten
usingMyrinet’s low level communicationlayercalledGM.

We implementedthe broadcast,scatter, gather, gatherall, exchangeand permutecollective
functionsasdefinedin theUPCcollectivesspecificationdocument.Theperformanceof these
functionswascomparedto aUPC-level referenceimplementationof thecollectiveslibrary. We
alsodesignedandimplementedamicro-benchmarkingapplicationto measureandcomparethe
performanceof collective functions.Thecollective functionsimplementedin GM usuallyran
two to threetimes fasterthan the referenceimplementationover a wide rangeof message
lengthsandnumbersof threads.
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1 Intr oduction

1.1 Unified Parallel C (UPC)

UnifiedParallelC (UPC)is apartitionedsharedmemoryparallelprogramminglanguagemodel
thatis beingdevelopedby a consortiumof academia,industryandgovernment.It is anexten-
sionof ANSI C, aimedfor high performancecomputingon variousplatforms.UPCis similar
to sharedmemoryprogramminglanguagessuchasOpenMP[?] andHigh PerformanceFOR-
TRAN (HPF)[?], with additionalfeaturessuchasbarriers,locks,andcollectivesetc. In UPC,

b0 b1 b2 b3 b4 b5

b6 b7 b8

a a a

Local Address Space

Shared Address Space

Thread 0 Thread 2Thread 1

shared [2] int b[9];

int a;

Figure 1. The par titioned shared memor y model where threads have affinity to regions have
the shared address space .

eachparticipatingthreadis anindependentprocessandhasa sharedaddressspacealongwith
a local addressspace.Theconceptof ‘affinity’ (Figure1) emergesin thesharedregion of this
programmingmodel,wherethe‘ith blockof thesharedaddressregion’ is saidto have‘affinity’
to the‘ith thread’.Thepartitionedsharedmemorymodelallows for threadsto accessany por-
tion of thesharedaddressspace,besidesaccessto their own privateaddressspace.However,
accessesto regionswhich do not have affinity to theparticularthreadmaybecostlierthanac-
cessesto regionswhich haveaffinity to thethread.UPCallows theprogrammerto changethe
affinity of shareddatato betterexploit its locality througha setof collective communication
operations.As mentionedearlier, besidestraditionalC featuresandconstructs,UPCprovides
keywordsandmethodsfor parallelprogrammingover thepartitionedsharedmodel.Example:
sharedkeyword, synchronizationmechanismslike Locks, BarriersandMemory consistency
control (strict or relaxed). UPC is aimedto be a simpleandeasyto write programminglan-
guagewhereremotereadsandwrites aredonethroughsimpleexpressionsandassignments,
respectively. This enablestheuserto concentratemoreon theparallelizationtask,ratherthan
worry aboutunderlyingarchitectureandcommunicationoperationasin messagepassingpro-
grammingmodelswhereexplicit reads/writesneedto be postedfor remoteoperations.The
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localdataaredeclaredasperANSI C semantics,while shareddataaredeclaredwith theshared
prefix (Figure2) [?].

a

a1a0 a2 a3 a4 a5 a6 a7

a8 a9

a a a

Thread 0 Thread 1 Thread 2 Thread 3

Local Address Space

Shared Address Space

shared [2] char *a;

a = upc_all_alloc(5,2);

(same as "shared[2] char a[5*2];")

Figure 2. Creation and allocation of a shared array ‘a’ with bloc k size nbytes = 2, and size
nblocks * nbytes = 10. Simpl y put, among 4 threads, the shared array of 10 elements
is distrib uted in bloc ks of two elements per thread and wrapped around.

1.2 The MuPC Runtime System

Originally UPCwasdevelopedfor theCrayT3E.Thepopularityof clusterbased,highperfor-
mancecomputingrequirednew compilers,runtimesystemsandlibrariesto bedevelopedfor
extendingthe UPC languageto this architecturalmodel. The MuPC [?] runtimesystem,de-
velopedatMichiganTechnologicalUniversity(MTU), andtheGlobalAddressSpaceNetwork
(GASNET) [?] runtimesystemfor UPC,developedby University of California at Berkeley,
aretwo suchexamples.

MuPCreliesonMPI’scommunicationlibrary to implementreadandwritesto remotememory.
Dependingon the MPI implementation,we canchoosethe underlyinginterconnect.For ex-
ample,the16 nodeLinux clusterat MTU’sComputationalScienceandEngineeringResearch
Institute(CSERI)hasbothEthernetandMyrinet interconnects.MPI programscanberununder
eitherLam-MPI or MPICH-GM to useeitherEthernetor Myrinet interconnect,respectively.

A usercan write supportinglibraries for UPC just as in C, for mathematicalcalculations,
string manipulation,etc. However, MPI library functions,suchasMPI Send(),MPI Recv(),
MPI Broadcast(),cannotbeusedin UPCapplicationsundertheMuPCruntimesystem.This
is becauseMuPCusestwo pthreads,onefor theuser’s UPCcodeandtheotherfor communi-
cation,anddueto the lack of threadsafetyin pthreadstheusercannotuseMPI calls in their
UPCprograms.
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1.3 Myrinet and GM

TheMyrinet [?] is a low-latency, highbandwidthlocal areanetwork technologydevelopedby
Myricom. Myrinet interconnectswith thePCI64Bcardshavea latency of 8.5usfor shortmes-
sagesandupto340M Bytes/stwo waydatafor largemessages[?]. Comparedto conventional
networks suchasEthernet(100M Bytes/s),Myrinet provides featuresfor high-performance
computingusingfull-duplex links, flow controlandcut-throughrouting.Myrinet alsohascer-
tain functionsthat bypassthe operatingsystemto provide fasterdatatransferrates. It is a
robust,highly scalableinterconnectsystemandcomeswith a low-level communicationlayer
from Myricom calledGM.

TheGM communicationlayerconsistsof aMyrinet-interfacecontrolprogram(MCP),theGM-
API andfeaturesthatallow communicationover a Myrinet connectedcluster. GM providesa
notion of logical softwareportsdistinct from Myrinet’s hardwareports. The portsareused
by processor client applicationsto communicatewith the Myrinet interfacedirectly. There
are8 suchlogical portsout of which ports0, 1 and3 areusedinternallyby GM andports2,
4, 5, 6 and7 areavailableto the userapplication. The maximumtransmissionunit (MTU),
which definesthesizeof the largestpacket that canbe physicallysent,is 4K Bytesfor GM.
During transmissionall packetsof sizelargerthantheGM’s MTU arebrokendown to around
the 4K Byte size beforebeing sent. The GM API provides variousfunctionsto sendand
receive messages,over Myrinet, usingthecommunicationlayer. Thesefunctionscanbeused
to developmiddlewareoverGM, suchastheMPICH-GM implementationof MPI.

Libraries developedover GM can usefeaturessuchas OS-bypassto provide betterperfor-
mance.OS-bypassis atechniqueusedby GM applications,whichavoidscallsto theoperating-
systemfor allocatingandregisteringmemoryfor sending/receiving by doing it onceduring
initialization. After this theMCP andGM basedapplicationscommunicatethroughtheregis-
tered/allocatedmemoryregion for communication.

1.4 Moti vation

High performance,clustercomputingrelieson high speedinterconnects,suchasEthernetand
Myrinet, that form their backbone.The Unified Parallel C (UPC) language,is a partitioned
sharedmodelbasedparallelprogramminglanguagethatusesruntimesystemssuchasMuPC
andGASNeton clusters.The MuPC runtimesystem,compiledunderMPI librariessuchas
LAM-MPI andMPICH-GM,canuseboththeEthernetandMyrinet interconnects,respectively.

Collectivecommunicationoperationssuchasbroadcast,scatter, gather, exchange,etcprovide
meansof distributing dataamongprocessesin messagepassingbasedparallel applications.
In MPI, for example,userscan develop their own collective communicationlibrariesusing
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MPI sendandreceive functions,but moreefficient implementationof thesecollective oper-
ationsare provided with the MPI library in the form of MPI Broadcast(), MPI Scatter(),
MPI AlltoAll(), etc[?].

As mentionedpreviously, in a partitionedsharedmemorymodelparallelprogramminglan-
guage,suchasUPC,accessesto shareddataby processeswithout affinity to the shareddata
aretranslatedto remoteaccesses.In UPC,userscanperformdatarelocalizationusingshared
assignments,however this processbecomeshighly inefficient asmultiple assignmentopera-
tions translateto asmany remoteaccessesresultingin performancedegradation(Figure22).
Therefore,collectivecommunicationoperationsareneededto performdatarelocalizationmore
efficiently andwereinitially implementedfor UPCin thereferenceimplementation[?] using
theupc memcpy() function. Although,this straight-forward implementationof thecollective
communicationoperationsprovidedperformanceimprovementover thenaive version,a high
performanceimplementationof collectivecommunicationoperationswasstill desired.

Therefore,our goal wasto developa UPC collective communicationlibrary over Myrinet to
provide a high performanceimplementationcompatiblewith theUPCruntimesystems,such
asMuPC andGM basedGASNet. We developedthis library asmiddlewareover GM using
C andUPC commands.We alsodevelopeda syntheticbenchmarkingapplication,a collec-
tivestestbed, in UPCfor empricalanalysisof collective communicationlibrarieson different
runtimesystems.

In thefollowing sectionswe introducetheGM messagepassingmodel[?], followedby abrief
overview of thecollective communicationfunctionsin UPC.We thendiscussour implemen-
tation of the testbedand the collective communicationlibrary. This library consistsof GM
implementationsof broadcast,scatter, gather, gatherall, exchangeandpermute.Performance
resultsarethengivenfor thevarioustestconditions.
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2 MessagepassingWith GM

2.1 GM ports and connections

GM is a low-level messagepassingsystemthatusestheMyrinet interconnectto send/receive
messagesoveraconnectednetwork. At theapplicationlevel, thecommunicationmodelin GM
is connectionless(Figure3)[?]. Meaning,unlike othersystemsthatuseprotocolsto setup a
communicationlink prior to messagepassing,suchastherequest-replyprotocol, nohandshak-
ing is requiredby GM applications.A user-processcansimply senda messageto any node
on the network, assuminga physicalconnectionbetweenthe two nodesexists. The Myrinet
switchmaintainsa routingtable,with pathsconnectingall theactivenodesin thenetwork. As
a result,communicationoperationsbetweenGM applicationsdo not requireroutediscovery
protocols.

process

process

process

process

GM portsGM ports

Figure 3. Por ts and connections in GM. The messa ging is connectionless in GM, meaning
no route disco very needs to be done by a sending host - it simpl y says ’send this messa ge
to this node id thr ough my this por t’ and the messa ge is sent.[ ?]

2.2 GM communicationprotocol

GM applicationsusea messagepassingcommunicationmodel similar to MPI. This model
requiresthatevery sendoperationon a sourcenodehave a matchingreceive operationat the
destinationnode.Thesendandreceivecallsmustalsomatchin buffersizeandmessagepriority
typesatbothends.Thisservesasatagto helpto distinguishincomingmessagesfaster. For ex-
ample,while sendingnbytes of datathesenderpassesgm min size for length(nbytes) as
thesizeparameterandnbytes asthemessagelength.Thereceiverdoesagm provide receive buffer()
with thesizeparametergm min size for length(nbytes) to receive themessage.
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It is alsopossibleto do remoteputsusingremoteDMA (RDMA) writesandremotegetsusing
remoteDMA (RDMA) readsin GM. While RDMA getsare availableon GM-2 only, only
RDMA putsareimplementedover GM-1. Our work wasdoneusingGM-1 andthereforewe
were limited to using RDMA puts only. A remoteput is essentiallya one-sidedsend;the
receiverdoesnotneedto postanexplicit receive (or provideareceivebuffer). Without remote
reads(gets),GM clientscanonly implementPush-baseddatatransfersin which the source
sendsthe datato the destination(s). However, when RDMA readsare available it will be
possibleto implementPull basedfunctions,wherereceiving nodessimply readfrom aremote
sourcelocationwithout requiringthesourceto sendthemamessage.

All sendandreceive operationsin GM areconductedusingtokensto regulateandtrackmes-
sages.During initialization a GM client hasa fixednumberof sendandreceive tokens(Fig-
ure 4). A call to a sendfunction releasesa sendtoken, which is returnedwhen the send
completes.Similarly, a call to gm provide receive buffer will releasea receive tokenand
onceamatchingreceive (basedon sizeandpriority) hasbeenreceived.

Figure 4. Tokens are used to keep trac k of sent/received messa ges by GM hosts. [Source:
Myricom[?]]

2.3 DMA allocation schemesin GM

All messagessentandreceivedby GM mustresidein DMAable memory. GM allows clients
to allocatenew DMAable memoryusingcalls to gm dma malloc() andgm dma calloc().
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Thereis alsothefacility to registerexisting memoryregionsin theuserspacethroughcallsto
gm register memory(). Theprocessof registeringmemorymakestheregion non-pageable,
this addsa pagetableentry to a DMAable pagetable that LANai accessesenablingGM to
read/writeontothatregion. Theprocessof deregisteringmemory, usinggm deregister memory(),
makestheregion pageableagain,andinvolvesremoving thememoryaddresshashandpaus-
ing the firmware. This makes it moreexpensive to deregistermemorythan to register; our
collective library usesthis factto provide furtheroptimizations.

Theprocessof dynamicallyallocatingmemorytakeslesstime thanregisteringmemory, how-
ever it usesmorememoryasGM startsrunninga memorymanageron top of the allocated
regions. Thereforebaseduponmemoryor performancerequirements,the usermay choose
oneof theabovememoryallocationschemesin ourcollectiveslibrary.

2.4 Sendingmessagesin GM

To sendandreceive messagestheclient applicationmustkeepa trackof thenumberof send
andreceive tokensit has.Beforemakingany callsto GM functionsthatrequiretokensit must
make sureit possessesenoughtokensfor that operation.The GM sendandreceive protocol
alsousessizeandpriority tags.GM clientssendingandreceiving a messagemustbothagree
on the sizeandpriority of the message.GM messagepriorities canbe GM HIGH PRIORITY
or GM LOW PRIORITY (Figure 5). The size of a messagein GM is given by the function
gm min size for length(nbytes), wherenbytes is thelengthof themessagein bytes[?].

A client applicationcalls theGM sendfunction by passinga callback functionpointeranda
contextstructurepointerto thatfunction.Thecallbackfunctionisusedto checkthestatusof the
sendoncethesendcompletesusingtheparametersin context structure.A GM clientsendinga
messagegivesuponesendtokenwhich is returnedwhenthesendfunctioncompletesandGM
calls the callbackfunction. The callbackfunction is calledwith a pointerto the GM port of
thesender, thecontext pointerof thesendfunctionandthestatusof sendoperation.Theclient
applicationcanusethe callbackfunction to verify that the sendhascompletedsuccessfully
or not. The gm send with callback() is usedwhen the receiving client’s GM port id is
differentfrom the sendingclient’s GM port-id; otherwisegm send to peer with callback
is usedsinceit is slightly faster.

It alsois importantto notethat thesenderdoesnot to deallocate(or deregister)or modify the
sendbuffer until the callbackfunction returnssuccessfully, until gm wait for callback()
completes,sincethedatathenmight becomeinconsistent.
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Figure 5. When sending a messa ge in GM the messa ge priority and size must be the same
as that expected by the receiver .[source: Myricom[?]]

2.5 Receiving messagesin GM

Receiveoperationsin GM arealsoregulatedby thenotionof implicit tokens.Beforea receiv-
ing clientcanreceiveamessageintendedfor it, it mustprovideareceivebuffer of theexpected
sizeandpriority. A call to gm provide receive buffer() is usedandin theprocessthere-
ceiving client givesup a receive token. This token is returnedafter a receive eventhasbeen
handledproperly(Figure6). Uponproviding a receive buffer thereceiving client checksfor a
gm receive event() usingthegm receive event t structure’srecv typefield. Thereceiver
waits until a messageof matchingsizeandpriority is received. Whena messageis received
therearenumeroustypesof receive event typesthatmaybegenerateddependingon thesize,
priority andreceive port of the receive event type. The client applicationhandlesall the ex-
pectedreceive event typesandtherestaresimply passedto thegm unknown() function. The
gm unknown() functionis a specialfunctionthathelpstheclient applicationresolveunknown
messagestypesandallows theGM library to handleerrors.

Dependingon the gm receive event structure’s receive type, the incoming messagecan be
copiedfrom the recv field’s messageparameteror the receive buffer provided by the user
(* FAST PEER * or * PEER *, respectively). We foundthata messagesmallerthan128bytes
generateda * FAST PEER * receive event anda larger sizedmessagegenerateda * PEER *

13



Figure 6. When receiving messa ges in GM, we must fir st provide a receive buff er of matc hing
size and priority as the sender did while sending this messa ge. Then we must poll for the
total number of expected. [Source: Myricom[?]]

receive event. Similarly, a messagewith a high priority tag will generatea * HIGH PEER *
eventanda low priority messagetagwill generatea* LOW PEER * event.

A messageis from a peerwhenthesender’s GM port id andthereceiver’s GM port id arethe
same,otherwiseit is simply a * FAST *, * HIGH * or * LOW * insteadof * FAST PEER *, *
HIGH PEER * or * LOW PEER *. It is up to theapplicationdeveloper, to usethemessagestypes
appropriatelyin thereceive functions.
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3 CollectiveCommunication Operations

3.1 Needfor Collective Communication Operations

Asmentionedearlier, theconceptof affinity in UPCrelatesto partitionsof sharedaddressspace
beingcloserto acertainprocess(or thread)[?]. Theeffectof thisis importantin platformssuch
asBeowulf clusters,wherethe read/writesto areasof sharedmemorythat processesdo not
haveaffinity to arecostlierbecausethey accessremotememory(Figure7). Thecostincreases
if theseaccessesarefrequentlymadeby applications,andhencetheneedto re-localizearises.
Collectiveoperationsprovideawayto achievethis relocalizationof data,resultingin achange
in the affinity of the data item that leadsto lesscostly accesses.An exampleof how the
broadcastfunctionperformsrelocalizationis illustratedbelow:

� Pre-Broadcast:b hasaffinity to thread0 only, any computationinvolving otherthreads
wouldbecostlierasthey wouldbetranslatedto remoteread/writes

�������������������������������������������������������� ����������������������������������������

a a a a

a[4] a[6] a[7]

b

a[0] a[1] a[2] a[3] a[5]

b b bb

Shared

Local

shared [nbytes] int a[nbytes*THREADS];
shared [] char b[nbytes]
upc_all_broadcast(a,b,nbytes*sizeof(char));

Thread 0 Thread 1 Thread 2 Thread 3

Pre−broadcast

Figure 7. Referencing shared address space that a thread does not have affinity to, can be
costl y. This picture sho ws the nbytes-sized bloc k of a char array b (shaded) that thread 0
has affinity to.

� Post-Broadcast:Eachthreadhasacopy of ‘b’ in thesharedarea,‘a’, with affinity to that
threadafterre-localization.As a resultthey canuse‘a’ insteadof ‘b’ to reducethecost
of memoryaccessesto datacontainedin b
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a a a a

a[4] a[6] a[7]

b

a[0] a[1] a[2] a[3] a[5]

b b bb

Shared

Local

shared [nbytes] int a[nbytes*THREADS];
shared [] char b[nbytes]
upc_all_broadcast(a,b,nbytes*sizeof(char));

Thread 0 Thread 1 Thread 2 Thread 3

Post−Broadcast

Figure 8. Post-br oadcast we see that a cop y of nbytes bytes of char array b have been
sent to each thread and are stored in array a.

3.2 Push,Pull and Naive Implementations

Therearetwo basicwaysin which relocalizationoperationscanbecarriedout, dependingon
which threadsdo thework. Considera producer-consumerarrangement,whereoneproducer
producesgoodsthatareconsumedby many consumers.Wecanlook at variousaspectsof this
arrangement,but for our examplelet us considerhow datais distributed. The questionswe
mustaskare,Doestheproducerbring thedatato each consumer?or, Do consumers go up to
theproduceranddemandtheir data? In termsof hosts,nodes,blocksof sharedmemoryand
collectives,we canrestatetheabove questionsas: duringa broadcast,Doesthesourcewrite
thedatato theothers?or, Do thedestinationsreadthedatafromthesource?

Therefore,collective communicationoperationswheresourcethread(s)sendthe datato the
destinationthread(s)areregardedaspush implementations,andoperationswherethe desti-
nationthread(s)readthedatafrom thesourcethread(s)aretermedthepull implementations.
Figure9 showshow pushandpull broadcastoperationsdiffer. In Figure9(a)thread0 is push-
ing thedatato thedestinationthreadsby copying it into theirmemorylocations.In Figure9(b)
eachdestinationthreadis responsiblefor pulling thedatafrom thread0’smemorylocation.

The referenceimplementation[?] providesa straightforward way of performingboth push
andpull relocalizationoperationsfor all thecollectivesmentionedin thecollective specifica-
tion document[?]. The collectives in the referenceimplementationare implementedusing
theupc memcpy() functionwhich, in thepartitionedsharedmemorymodel,is translatedinto
remotegetsor putsdependingon whetherit is thesourceor thedesitnationlocationthatis re-
moteto thecalling thread.An exampleof thereferenceimplementationupc all broadcast
collective function,in pushandpull versionsis givenbelow.

� Psuedocodefor pushreferenceimplementationof upc all broadcast
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Thread 3 Thread 3
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Thread 1

Thread 0
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Figure 9. upc all broadcast using ’push’ and ’pull’ based protocols. (a) Push based
collectives rely on one thread cop ying the data to the rest, while (b) pull based collectives
are more efficient and paralleliz ed as destination threads are responsib le to cop ying their
own data from the sour ce.

begin upc_all_broadcast(shared void *dst,
shared const void *src,
size_t nbytes,
upc_flag_t sync_mode)

source:= upc_threadof ’src’ array
if(MYTHREAD = source) then
for i:=0 to THREADS
upc_memcpy ’nbytes’ from ’src’ into ’dst+i’

end for
end if
end upc_all_broadcast

� Psuedocodefor pull referenceimplementationof upc all broadcast

begin upc_all_broadcast(shared void *dst,
shared const void *src,
size_t nbytes,
upc_flag_t sync_mode)

upc_memcpy ’nbytes’ from ’src’ into ’dst+MYTHREAD’
end upc_all_broadcast
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A UPC programmercan also implementthe collectives in a naive mannerusing array as-
signmentsto performdatamovement. In the partitionedsharedmemorymodeleachof the
assignmentstatementswould translateto a remotegetor remoteput dependingon thenature
of the implementation.Theoverheadfor suchan implementationis thereforequitehigh since
moving n elementswould translateto asmany remoteoperations.The MuPC runtimesys-
tem with a softwareruntimecachebased,allevatessomeof this cost;however this is highly
dependedon thecachesize. For increasingnumberof elementstheperformanceof thenaive
algorithm would degradeprogressively. In our resultswe comparea naive implementation
of the upc all broadcast collective againstthe referenceimplementationandagainstour
library to confirmtheseobservations.

� Psuedocodefor thenaivepushreferenceimplementationof upc all broadcast

begin upc_all_broadcast(shared void *dst,
shared const void *src,
size_t nbytes,
upc_flag_t sync_mode)

source := upc_threadof ’src’ array
if(MYTHREAD = source) then
for i:=0 to THREADS
for j:=0 to nbytes
n := i*nbytes+j
set the n’th element of ’dst’
equal to the j’th element of ’src’

end for
end for

end if
end upc_all_broadcast

� Psuedocodefor thenaivepull referenceimplementationof upc all broadcast

begin upc_all_broadcast(shared void *dst,
shared const void *src,
size_t nbytes,
upc_flag_t sync_mode)

for j:=0 to nbytes
n := MYTHREAD*nbytes+j
set the n’th element of ’dst’

equal to the j’th element of ’src’
end for
end upc_all_broadcast
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3.3 Collective Communication Operations in UPC

In this projectwe implementedsix of thecollective communicationoperationsasspecifiedin
theUPCCollectiveOperationsSpecificationV1.0[?]. Thedetailsof thesecollectivefunctions,
their parameters,andtheir operationsonsharedarraysaredescribedbelow.

3.3.1 upc all broadcast

void upc all broadcast(shared void *dst, shared const void *src, size t nbytes,
upc flag t sync mode)
Description:
Thesrcpointeris interpretedas:
shared [] char[nbytes]
Thedstpointeris interpretedas:
shared [nbytes] char[nbytes*THREADS]
Thefunctioncopiesnbytesof thesrcarrayinto eachnbyte-blockof thedstarray.

./././../././../././../././.
0/0/00/0/00/0/00/0/0Thread 0

Thread 0 Thread 1 Thread 2 Thread THREADS−1

Figure 10. upc all broadcast push implementation

3.3.2 upc all scatter

void upc all scatter(shared void *dst,shared const void *src, size t nbytes,
upc flag t sync mode)
Description:
Thesrcpointeris interpretedas:
shared [] char[nbytes*THREADS]
Thedstarrayis interpretedasdeclaring:
shared [nbytes] char[nbytes*THREADS]

19



Theith threadcopiestheith nbyte-blockof thesrcarrayinto theith nybte-blockof thedstarray
whichhasaffinity to the ith thread.

1/1/11/1/11/1/12/2/22/2/22/2/2 3/33/34/44/45/5/55/5/55/5/56/6/66/6/66/6/6 7/77/7
8/88/8 9/99/99/9

:/::/::/:

;/;;/;</<</<

=/==/==/=>/>>/>>/>

?/??/?@/@@/@

Thread 0

Thread 3

Thread 2

Thread 1

Thread 0

Figure 11. upc all scatter push implementation

3.3.3 upc all gather

void upc all gather (shared void *dst,shared const void *src, size t nbytes,
upc flag t sync mode)
Description:
Thesrcpointeris assumedto beanarray, declaredas:
shared [nbytes] char[nbytes * THREADS]
Thedstpointeris assumedto bedeclaredas:
shared [] char[nbytes* THREADS]
The ith threadcopiesthe ith nbyte-blockof thesrcarray, with affinity the ith thread,into the ith

nybte-blockof thedstarray.

3.3.4 upc all gather all

void upc all gather all (shared void *dst,shared const void *src, size t nbytes,
upc flag t sync mode)
Description:
Thesrcpointeris assumedto beanarray, declaredas:
shared [nbytes] char[nbytes*THREADS]
Thedstpointeras:
shared [ nbytes*THREADS] char[nbytes*THREADS *THREADS]
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Thread 0

Thread 3

Thread 2

Thread 1

Thread 0

Figure 12. upc all gather push implementation

Theith threadcopiestheith nbyte-blockof thesrcarrayinto theith nybte-blockof thedstarray.
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Thread 2
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Thread 0 Thread 0

Thread 1

Thread 2

Thread 3

Figure 13. upc all gather all push implementation

3.3.5 upc all exchange

void upc all exchange (shared void * dst, shared const void *src, size t nbytes,
upc flag t sync mode)
Description:
Thesrcanddstpointersareassumedto bearrays,declaredas:
shared [nbytes*THREADS] char[nbytes*THREADS*THREADS]
The ith thread,copiesthe j th nbyte-blockof the src array into the ith nybte-blockof the dst
arraywhichhasaffinity to the j th thread.
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Figure 14. upc all exchang e push implementation

3.3.6 upc all permute

void upc all permute (shared void *dst, shared const void *src, shared const
int *perm, size t nbytes, upc flag t sync mode)
Description:
Thesrcanddstpointersareassumedto bechararraysthataredeclaredas:
shared [nbytes] char[nbytes*THREADS]
The ith thread,copiesthe ith nbyte-blockof thesrcarrayinto thenybte-blockof thedstarray
whichhasaffinity to thethreadcorrespondingto the ith elementof theperm array.
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Figure 15. upc all perm ute push implementation

4 PastWork

4.1 ReferenceImplementation

Thereferenceimplementationof thecollective library is a standard-conformingimplementa-
tion but it doesnot necessarilyperformefficiently. Our aim is to implementhigh performance
versionsof thecollectivesby understandingandusingtheGM messagepassingsystem.

4.2 Settingup the communication library

We startedout by trying to understandprogrammingin GM, throughsimple functionsthat
implementedsend/receive operations. In this first phasewe usedMPI to spawn processes.
In theseapplications,messagepassingwasnot doneusing the usualsend/receive functions
providedby MPI, ratherthey usedGM’ssendandreceive functions.

Oncewewereableto establisha developmentbase,we implementedsimilar messagepassing
applicationsin theUPCenvironmentto checkfor interoperability. At thispointwealsoadopted
the”gmtu ” nomenclatureto identify anddistinguishour library functionsfrom thosein GM.

We developedour UPC test applicationson the MuPC runtime system.TheMuPC runtime
systemwasdevelopedby PhD candidateZhangZhang,usingLam-MPI (over Ethernet)and
MPICH-GM (overMyrinet). Dependingontheversionof theruntimesystem,wecouldchoose
theunderlyinginterconnectfor messagepassingin our UPCapplicationandthencompareits
performanceto thosewith our Myrinet-basedlibrary.

Ourseconddevelopmentphaseinvolvedimplementingthebroadcastcollective(upc all broadcast),
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usingdifferentalgorithmsandsend/receiveprotocolsin GM.

4.3 Broadcastalgorithms

WestarteddevelopingtheGMTU collectiveslibrary usingGM for theupc all broadcast col-
lectiveandimplementedthreedifferentalgorithmsto performthis relocalizationoperation.

In the straight pushbroadcastthe sourcethreadsentthe datato eachthreadone-by-onein
THREADS-1 steps.Thespanningtreebroadcastalgorithmbroadcastthedatadownabinarytree,
rootedat thesource,in log(THREADS) steps[?]. TheRDMA put algorithm,calledDirected
ReceiveBuffer (DRB) push, usedremoteputs to pushthe datato the threadsin THREADS-1
steps.

The straightpushandspanningtreepushalgorithmswereinitially implementedusinga dy-
namicbuffer and later using two staticbuffers (for sendingandreceiving). The DRB push
algorithmreliedonregisteringmemoryatthesourceanddestinationthreadsprior to datatrans-
fer (andsynchronization),andafterthis thesourcepushthedatain THREADS-1 stepsto all the
destinationbuffers.

We testedthis initial library on theMuPCruntimesystemto checkfor interoperabilityof our
UPC/CbasedGM library with theruntimesystem.This wasdoneby developinga synthetic
benchmarkto simulateoperatingconditionsof realparallelapplicationsandtestingour library
(with broadcast)onit. Wealsocomparedtheperformanceof ourbroadcastalgorithmswith the
referenceimplementationandMPI broadcastalgorithms,usingthesyntheticbenchmark.We
consideredthe referenceimplementationandMPI collectivesasour baselineandusedthem
for our comparsions.

4.4 Moti vation for creating the syntheticbenchmark

Standardbenchmarks,like the Pallas MPI benchmarks(PMB), were not specifically con-
structedto measureand comparecollective communicationlibraries like ours. The reason
for this is thatthecomputationaltimedominatesthecollectivecommunicationtimeby several
magnitudesin thesebenchmarks(Figure16). Our aim wastherefore,to constructanapplica-
tion thatwill bring themto scaleandour syntheticbenchmark,or testbed, wasdevelopedwith
this goal.

The testbedinterleavescomputationandcollective communication,to provide comparisons
closeto real world application. The time of computationis usuallykeptslightly higherthan
thecollective communicationtime, to ensureall threadshave completedoneroundof collec-
tive communicationbeforeenteringthenext round. Thecomputationperformedareall local,
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Figure 16. (a) Collectives as measured between computations in traditional benc hmarks,
computation and collective comm unication times are not propor tional. (b) Collectives as
measured by our benc hmark, collective and computation times are kept propor tional

thereare no remotereads/writesduring this period. During our final analysis,we vary the
computationtime andalsotake somemeasurementswithout any computationat all to study
theeffectsof having computation.

4.5 Parametersusedin the testbed

To begin the processof measurementwe neededto identify the importantparametersthat
wouldallow usto measuretheperformanceof thelibrary functions.Below is a list of parame-
tersthatwe identifiedalongwith somediscussion.

4.5.1 HardwarePlatform

Wetestedour library ona16nodeLinux/Myrinet cluster. Eachnodehasadual-processorIntel
Xenonchipswith thei686GNU Linux operatingsystemanda133MHz PCI64BMyrinet/PCI
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interface(LANai 9.0)runningGM-1.6.5on it. Theclusteris alsoconnectedby a fastEthernet
connection.

4.5.2 Runtime System

Theavailability of differentcompilationsof theMuPCruntimesystem(LAM MPI andMPICH-
GM) provided us with different interconnectoptions. We could quantitatively compareour
collectivesagainstthereferenceimplementationin bothenvironmentsbut weusetheMPICH-
GM distribution of theMuPCruntimesystemsoasto make thecomparisonevenin termsof
theinterconnectused.

Therefore,to highlight the differencesbetweenthe referenceimplementationandour imple-
mentation- we compareagainstthereferenceimplementationexecutedover theMPICH-GM
basedMuPCruntimesystem(MuPC-v1.1)[?]. Also, we comparethereferenceimplementa-
tion compiledwith Berkeley’s UPC compilerandexecutedin the GASNet(Global Address
SpaceNet) runtimesystem[?]. GasnetalsousesGM andsowe shouldseesomeof theGM
pushcollectivesperformthesameasthereferenceimplementation.

4.5.3 Algorithms

The testbedcanbe compiledby linking differentversionsof our library to compareour al-
gorithmsagainsteachother. We have memoryregistration,dynamicDMA allocationand
staticDMA allocationversionsof eachcollective function. We alsohave thenaive pushand
pull upc all broadcast collective algorithm,alongwith thereferenceimplementationalgo-
rithms.

Thetitlesof thealgorithms,asusedin our resultsareprovidedbelow.

� MuPC-Naive-PULL - Pull collectives from the naive implementationexecutedon the
MuPCruntimesystem

� MuPC-Naive-PUSH - Pull collectives from the naive implementationexecutedon the
MuPCruntimesystem

� Berk-Naive-PULL - Pull collectives from the naive implementationexecutedon the
GASNetruntimesystem

� Berk-Naive-PUSH - Pushcollectives from the naive implementationexecutedon the
GASNetruntimesystem
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� MuPC-mPULL - Pull collectivesfrom thereferenceimplementationexecutedontheMuPC
runtimesystem

� MuPC-mPUSH - PushcollectivesfromthereferenceimplementationexecutedontheMuPC
runtimesystem

� MuPC-GMTU PUSH - PushcollectivesusingtheGMTU memoryregistrationimplementa-
tion, executedon theMuPCruntimesystem

� Berk-mPULL - Pull collectivesfrom thereferenceimplementationexecutedon theGAS-
Net runtimesystem

� Berk-mPUSH - Pushcollectivesfrom thereferenceimplementationexecutedontheGAS-
Net runtimesystem

� Berk-GMTU PUSH - Pushcollectivesfrom our GMTU library executedon the GASNet
runtimesystem

4.5.4 CollectiveOperation

Thetestbedis designedto measuretheperformanceof eachcollectivein variousenvironments.
Thecollectiveswemeasuredare:

� upc all broadcast

� upc all scatter

� upc all gather

� upc all gather all

� upc all exchange

� upc all permute

4.5.5 Number of thr eadsinvolved

The numberof processes,or UPC threads,variesfrom 2 to 16. We measureodd numbered
threadsto checkthat spanningtreealgorithmsperformcorrectly. Comparinggraphsof the
samealgorithms,for a collective function underdifferentnumbersof threadsprovided vital
informationaboutthescalabilityof our algorithms.It wasalsoanimportantmeasure,during
development,becauseat 2 threadsall pushcollective operationsaresimilar in nature,where
1 threadpushesnbytes of data to anotherthread. We usedthis observation to checkfor
inconsistentperformanceandbugs.
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4.5.6 MessageLength

Varying themessagelengthprovideduswith themostbasicperformancegraph.We observe
theperformanceof collectives,in our testbed,startingatamessagelengthof 8 bytesto 64KB.
Wealsomeasuretimesfor somemessagelengthsthatarenotpowersof two.

4.5.7 CacheLength in the MuPC runtime system

Thelatestreleaseof theMuPCruntimesystemusesa runtimesoftwarecache.Thecacheline
lengthis by default 1K, andthereare256 lines in the cache.We alwaysmaintainthe cache
lengthat 1K in our tests.

4.5.8 Skewamongthr eads

The behaviour of collectivesin an asynchronousenvironmentis an importantconcern. The
testbedallowsauserto introduceastart-upskew beforethecollective testsbegin. Thetestbed
alsoallowsauserto performmeasurementsusingskewedcomputationstimes,ascomparedto
uniformcomputationtimesacrossthreadsduringthecollective tests.In theuniformcomputa-
tion testruns,all threadscomputefor a timeslightly longerthanthecollectivecommunication
time while in theskewedcomputation,oneof thethreadscomputesfor a longertime thanthe
rest. The threadcomputinglongercould be any threadexcept the sourcethreadin the next
roundsincedelayingthesourcewoulddelayall theothersthreadstoo.

4.5.9 Synchronization within the collective

Thesynchronizationflagsin UPCcollective communicationoperationscanbeusedby a pro-
grammerto control the type of synchronizationwithin a collective function. The IN *SYNC
andOUT *SYNC flags,where’*’ canbeeitherALL, MY or NONE; areusedin combinationto
specifythesynchronizationbeforeandafterdatatransferwithin acollective.

For example,in UPC a programmercanusethedifferentsynchronizationtypesto broadcast
two disjoint blocksof data

Example:

upc_all_broadcast(dst1, src1,IN_ALLSYNC,OUT_NOSYNC);
upc_all_broadcast(dst2, src2,IN_NOSYNC,OUT_ALLSYNC);

Threadscompletingthefirst call, in this fashion,donotwait to synchronizewith otherthreads
andproceedimmediatelyto make the secondcall. All threadsthensynchronizeat the end
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of the secondbroadcastonly. This canhelp programmersusethe collective functionsmore
effectively. Mostof ourcomparisonswith thereferenceimplementationarein theIN ALLSYNC
andOUT ALLSYNC modes,asthesearethemostcommonlyusedsynchronizationflags.

Note that the collective functionsin the GMTU memoryregistrationimplementation,must
explicitly know that thememoryhasbeenregistered;alsodueto theRDMA put sendusedin
thesefunctions,they needto know thatthemessagehasbeendelivered.Therefore,wecombine
theIN ALLSYNC andOUT ALLSYNC operationswith thedatatransferin sucha mannerthat the
former tells all threadsthat all other threadshave registeredtheir memorylocationsandthe
lattertells all threadsthatthedatahave beensent.This impliesthatevenin the* MYSYNC and
* NOSYNC modes,theabovementionedbarriersareneededin theGMTU memoryregistration
scheme.

On the otherhandthe dynamicandstaticDMA allocationalgorithmsdo not requireexplict
synchronizationin the* MYSYNC and* NOSYNC modessincethey useGM’s tokenbasedmes-
sagepassing.This is becausein thetokenbasedmessagepassingthesourcethreadknowsthat
the messagehasarrived at the destinationfrom the statusof the callbackfunction andsimi-
larly thedestinationthreadknows thatthemessageis availableasthegm receive() function
returnsa receiveevent.
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5 Curr ent Work

The syntheticbenchmarkingtestbedandthe initial implementationof the broadcastfunction
provided us with a developmentand testingbase. We then implementedbroadcast,scatter,
gather, gatherall, exchangeandpermutecollectivesin UPCusingexperiencesfrom ourprevi-
ouswork. Thecollective functionswereimplementedusingthememoryregistration, dynamic
DMA allocationandstaticDMA allocationalgorithms.Thedetailsof this work areprovided
below andarefollowedby the resultsfrom the testbedusingtheparametersdiscussedin the
previoussection.

5.1 The GMTU collective communication library

The high performanceUPC collective communicationlibrary for Linux/Myrinet, wasimple-
mentedusing the threebuffer allocationtechniques.The library allows the userto choose
betweenthememoryallocationschemes.

In operatingsystemswherememoryregistration is allowed(Eg. Linux [?] ) theusercanset
the environmentvariableGMTU REGISTER MEMORY flag on, to selectthe memoryregistration
implementationin the GMTU collective library . When no suchflag is set, the length of
the staticbuffer specifiedin the GMTU BUFFER LENGTH flag is usedto choosebetweenstatic
buffer or dynamicbuffer implementationsin theGMTU collectivelibrary. For example,setting
theGMTU BUFFER LENGTH to zerowould switchthelibrary ontothedynamicbuffer allocation
mode. The following subsectionsdescribetheseDMA memoryallocationschemesin detail,
andthesearefollowedby descriptionsof thedifferentalgorithmsfor eachof thesix collective
functions.

5.2 DMA Memory Allocation Schemes

5.2.1 Memory registration

GM providesthefacility for applicationsto registermemory, whichmakestheregionregistered
non-pageable. This region canbe thenusedto sendfrom andreceive into directly without
allocatinga separateDMAable buffer. The advantageof usingthis is that it providesa zero-
copyperformance,aswe no longerhave to copy thedatafrom userspaceonto theallocated
DMA spacewhile sendingandcopy it backwhile receiving.

In ourlibrary wewereableto registerthesharedarraysandsenddatafrom them,withoutcopy-
ing it ontoaDMA messagebuffer. Thesewereachievedthroughcallstogm register memory
anda matchingcall to gm deregister memory. Similar to MPI, we reducethe overheadof
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registeringandderegisteringmemoryduringa collectivecall by settingup a registration table
to keeptrackof all registeredmemoryregions. For example,during thefirst call to a collec-
tive functionwe registerthearrayandstoreits addresson a table. Whensubsequentcalls to
thecollective functionwith pre-registeredarraysaremadewe skip thecostof registeringthe
arrayagain.Thememorylocationsregisteredin this manner, areall deregisteredat theendof
theapplicationduringthecall to gmtu finalize(), whereusedlocationsaremadepageable
againwith acall to gm deregister memory.

Thetotal amountof memorythatcanberegisteredis specifiedby GM whenit is installed.In
GM-1.5 it is 7/8thof thephysicalmemory, andif theclientapplicationtriesto registerbeyond
this limit an error is generated.In our library we trap this error andreport it to the user, at
which point they canchooseto usethis schemewith fewer amountof registeredmemoryor
cansimply switch to theotheralgorithms(For example:selectdynamicbuffering schemeby
unsettingtheGMTU REGISTER MEMORY flagandsettingtheGMTU BUFFER LENGTH flag to zero).

We allow the userto specify the size of the registrationtable (default is 256 elements),to
optimizesearchingthetableduringregistration.Theusercansetthesizeof the
GMTU REG TABLE MAX ELEMENTS flag, basedupon the numberof uniquememoryaddresses
thatneedto beregistered.

Also,usingthememoryregistrationprocessallowedusto implementtheremoteputbasedsend
moreeffectively. Uponregisteringthesourceanddestinationbuffers(in sharedaddressspace),
within acollective,thesourcethread(afterasynchronizationprimitive)couldproceedto write
directly into the destination’s buffer. This is possiblesincethe sourcethreadcaninquire the
destinationthread’s remoteaddresslocationthroughtheupc addrfield() operation,which
acrossapartitioned-shared-addressspacelike in UPCtranslatesto avalid address[?].

For example,in upc all broadcast() thesourcecansendthedatato thei’ th destinationby
callinggm directed send to peer with callback() with
upc addrfield((shared char*)dst+i) astheremotememoryreferenceto write to.

5.2.2 Dynamic Memory Allocation

In systemswherememoryregistrationis not anoptionandtheamountof physicalmemoryis
large,theusercanchoosethedynamicmemoryallocationimplementationin theGMTU col-
lectiveslibrary. In thisscheme,duringthecall to acollectiveoperation,therequiredamountof
memoryis allocatedonthefly andreleasedattheendof thecollective. Althoughtheprocessof
allocatinganddeallocatingmemorytakeslesstime thanregisteringandderegisteringmemory
within the collective, the dynamicallocationschemerequirescopying datainto (andout of)
the DMA buffers for sendingandreceiving messageswhich addadditionaloverheadon the
collectiveoperation.
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Figure 17. upc all broadcast using memor y registration, and rdma put for a push based
implementation using GM

5.2.3 Static Memory Allocation

Theuseralsohastheoptionof usingthestaticbuffer implementationin theGMTU collectives
library. Hereasendbuffer andareceivebuffer areallocatedduringinitializationof theGMTU
collectives.Thelengthof thebuffer is equalto thevalueof theGMTU BUFFER LENGTH variable
asis specifiedby theuser. Theminimumvalueof theGMTU BUFFER LENGTH variableis 8KB
andthemaximumis 64KB.

The useof the static buffer imposesa restrictionon the length of the databeing sentand
received. Whenthemessagesizeis larger thanthebuffer, our library packetizesthemessage
into chunksbig enoughto fit into the buffer and the chunksare sentand received one-by-
one. This constrainthasan additionaloverheadimposeddue to the packetizationprocess.
This is becausewhile sending,the sourceneedsto ensurethat the previous datachunkhas
beenreceivedby thereceiver(s)beforeit canoverwritethemessagebuffer; andsimilarly, the
receiveralsoneedsto ensurethatit hascopiedthedatafrom its receivebuffer beforereleasinga
tokenfor thenext packet. Theusercanoptimizethisschemebyspecifyingalargeenoughstatic
buffer size,for example:’nbytes * THREADS’1 wouldbesufficient to avoid packetization.

1nbytes = largestexpectedmessagelength
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5.2.4 Summary

UPCcollective communicationoperationsimplementedasa partof this projectusethreedif-
ferentmemoryschemesfor sendandreceiving datain GM. Themostefficient implementation
is usingmemoryregistrationin GM, asit reducesmessagecopying overheadandalsotheneed
for allocatingbuffersfor incomingandoutgoingmessages.

Whenthememoryregistrationis not allowed,asin someoperatingsystems,andtheamount
of DMAable memoryis large; the dynamicmemoryallocationimplementationcanbe used.
Similarly the static memoryallocatedcan be usedwhen the amountof DMAable memory
is limited and memoryregistrationis not allowed. In the following sectionswe dicussthe
algorithmsusedfor eachcollective for all thethreememoryallocationimplementations.

5.3 Outline of collectivecommunication functions in GMTU

5.3.1 GMTU upc all broadcast collective function

� Broadcastusingmemoryregistration
Thesourcethreadregisters’nbytes’ of thesourcearray’src’ andthedestinationthreads
register the region of the ’dst’ arraythey have affinity to dst+MYTHREAD. All threads
then synchronizeto tell the sourcethat their buffers have beenregistered. This syn-
chronizationis presentfor all of theIN *SYNC modes(ALL,MY andnone).Oncethe
destinationthreadshaveregistered,thesourcebeginssendingthedata.

The algorithmis implementedasa spanningtreebasedbroadcast,hencea destination
threadwaits until it receives the messagefrom the sourcethread,andproceedsto re-
transmitthedatato it’ s child nodes.This processcontinuesuntil all threadshave been
served.Thereareceil[log(THREADS)] stepsin this algorithm.

� Broadcastusingdynamicbuffer
Allocate all ’nbytes’ on sourceand destinationnodesand sendthe data along the
spanningtree as describedabove, using calls to gm send to peer with callback
andgm receive(). In caseof IN ALLSYNC or IN MYSYNC, threadsallocatetheir
DMAablememoryfirst andthendo thesynchronizationstep.

� Broadcastusingstaticbuffer
Thestaticbuffersfor sendingandreceiving messagesaremsg buffer andrecv buffer
of lengthGMTU BUFFER LENGTH. The broadcastalgorithmheretoo is the spanningtree
basedalgorithm, as above, with the only differencebeing the limit on the length of
messagethatcanbesent.
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If the buffer size is larger than the messagelength, the dynamicandstaticalgorithms
are similar; however, if the buffer is smaller then we packetize the messageas de-
scribedearlierandtherearethereforep * log(THREADS) stepsin allp = ceil[nbytes
* GMTU MESSAGE BUFFER LENGTH].

� Discussionof algorithmsused
In thebroadcastcollective, thereis a singlesourcethat sendsthesamenbytes of data
from the’src’ arrayto all theotherthreads.Usingthememoryregistrationschemeand
thespanningtreealgorithm,we canhave thesourceperformtheremoteputsalongthe
spanningtree,howeverwemustensurethatthesourcethreadsfor thesubsequentrounds
have thedatabeforethe canbegin transmittingit. We avoid this overheadandusethe
regularsendfunctionwherethereceiversmustpostanexplicit receive. (Figure22).

The dynamicandstatic buffer allocationschemes,usean indenticalmessagepassing
method,similar to thememoryregistrationscheme- theonly differencebeinghow the
send/receive buffers areallocated. We wereable to usethe spanningtree in this col-
lective, ascomparedto scatteror gathercollectives,due to the natureandsizeof the
datatransmittedover eachstepof thespanningtreeroutine. Thedataitemsarealways
thesamefor all threads,andthereforeonly the requiredamountis transmitted- unlike
the spanningtreebasedscatter, wherein the i’ th round, (0< i < log(THREADS)+1),
’nbytes*THREADS/2i’ amountof dataneedto besent(Figure23) .

Also specialconsiderationhas to beenmadefor the static buffer allocationscheme,
wherethe messagesizemight be larger than the buffer size. In which case,sections
of thesourcedata,largeenoughto fit in thebuffer, aresentin eachround.

5.3.2 GMTU upc all scatter collective function

� Scatterusingmemoryregistration
Thesourcethread,in upc all scatter functionregisters’nbytes * THREADS’ of the
sourcearray’src’ andthedestinationthreadsregistertheregionof the’dst’ arraythey
haveaffinity to dst+MYTHREAD. All threadsthensynchronizeto tell thesourcethattheir
buffershavebeenregistered,andoncethedestinationthreadsarereadythesourcethread
callsthegm directed send to peer with callback()with upc addrfield((shared
char *) dst + i) asthe remoteaddressof the destinationbuffer andsendsnbytes
startingfrom (shared char *)src + nbytes * THREADS * i) region of theshared
addressspace,to thei’ th thread.

The algorithm is implementedasa straightpushsincea spanningtree would require
allocatinga larger receiver buffer for thenodesin the treethat serve asroot nodesand
arenot theoriginalsource(seedynamicbuffer basedimplementationfor moredetailson
this). TherearethereforeTHREADS-1 stepsin thisalgorithmandduringthesendprocess
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thedestinationnodeswait at thenext synchronizationstepto know thatthedatahasbeen
sent(Example:OUT ALLSYNC).

� Scatterusingdynamicbuffer
Thedynamicbuffer basedscatteris implementedusinga spanningtreesinceall threads
can allocatea ’nbytes*THREADS/2’ sizedbuffer on for sending/receiving messages.
This is themaximumamountof buffer spacerequiredbecauseduring the first stepthe
sourcenode(rank0) sendsthedatato a threadthatwill bethesource(in parallel)in the
next step(Threadid = THREADS/2). Thesourcenodethusneedsto sendall of thedata
requiredby thedestinationnodeat thatstep,which is at max’nbytes*THREADS/2’.

Onceall threadshave allocatedthe buffer space,they follow the spanningtreebased
send/receivestepsandthedatais scatteredin log(THREADS) steps.

� Scatterusingstaticbuffer
In thestaticbuffer scheme,dependingon theavailablestaticbuffer size(asspecifiedby
theuser),our algorithmswitchesbetweenthespanningtreebasedpushandthestraight
pushschemes.When’(nbytes * THREADS/2) > GMTU BUFFER LENGTH’ we usethe
’straightpush’wherep 2 packetsaresentto eachdestinationindividually in ’THREADS-
1’ steps.Thereis an additionalcost for waiting for callbacksfor eachdestinationper
packet. Otherwise,whenthereis enoughstaticbuffer spaceavailablewe sendthedata
along the spanningtree in log(THREADS) stepsas describedin the ’dynamicbuffer’
basedscatterabove.

� Discussionof algorithmsused
The scattercollective, unlike broadcast,requiresa large amountof buffer spacefor
the spanningtreebasedcollective. In the memoryregistrationbasedschemesending
’nbytes*THREADS/2i’ amountof data,for thei’ th round(0< i < log(THREADS)+1),
is no longerbeneficial(like broadcast)- becausewe would be writing directly into the
sharedaddressspaceof thedestination,which only possesnbytes of this space.

We thereforeavoid this situationby implementinga sequentialpushbasedscatter, for
the memoryregistrationbasedscheme,using the remoteputs (Figure24) . Also, the
advantageof using the remoteput with memoryregistrationis that the sourcesdoes
not have to wait for eachdestinationthreadto receive its data(unlike the staticbuffer
scheme),it simply pushesthe dataout until it is donesendingto all threadsandthen
notifiesthemthroughasynchronizationcall (seeGMTU basedsynchronization).

Thedynamicallocationscheme,on theotherhand,cantake advantageof thespanning
treebasedalgorithmby having threadsallocatebuffersof size’nbytes * THREADS/2’,
which is the maximumrequiredbuffer size for this scenario. However, the cost for

2p = ceil[nbytes/ (GMTU MESSAGE BUFFER LENGTH)]
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sendingthe nbytes of datafor a large numberof threadsalong the spanningtree,at
max’nbytes * THREADS/2’, exceedsthecostof sendingthedatasequentially, always
’nbytes’, in thelongrun(Figure25). Therefore,thespanningtreebasedalgorithmdoes
not scalewell with messagelengthandthreadsize,andis not suitedfor anone-to-all-
personalizedcommunicationschemeasscatter.

Consideringthecostof performingthespanningtreebasedscatter’p’ 3 times,andusing
theaboveobservationfrom thedynamicallocationscheme- weemploy two differental-
gorithmsfor thestaticbuffer scheme.Whenthesizeof thestaticbuffer is largeenoughto
send’nbytes * THREADS/2’ bytesof data,we usethespanningtreealgorithm.On the
otherhand,if thestaticbuffer sizeis not largeenoughweusethestraight(or sequential)
pushalgorithm.Thesequentialalgorithmsuffersfrom theoverheadof thesourcehaving
to wait for eachdestination,beforethe next sendoperationto ensurethat the buffer is
clear- this is becausethedataitemsaredistinctfor eachdestination.

5.3.3 GMTU upc all gather collective function

� Gatherusingmemoryregistration
In memoryregistrationbasedgather, the destinationandsourcethreadsregister ’dst’
and ’src’ regions. The sourcethreadsthen wait for synchronizationfrom the des-
tination threadand once the destinationthreadis ready, the sourcethreadscall the
gm directed send to peer with callback() with upc addrfield((shared char
*)dst + nbytes * THREADS * MYTHREAD) as the remoteaddressof the destination
buffer (correspondingto their threadid) andsendnbytes startingfrom (shared char
*)src+ MYTHREAD) regionof thesharedaddressspace,to thei’ th thread.

The destinationthreadwaits at thenext synchronizationpoint until all threadsconfirm
thatits datahasbeenremotelyput.

� Gatherusingdynamicbuffer
In the dynamicbuffer allocationschemefor upc all gather, the destinationthreadal-
locates’nbytes*THREADS’ amountof DMAable memory, andfrees’THREADS-1’ send
tokensandpolls for incomingmessagesfrom theotherthreads.Thesourcethreadssim-
ply allocate’nbytes’ of DMAablememory, copy theirdataandsendit to thedestination
thread.

Oncethedestinationthreadreceivesdatafrom asource,it copiesit from theDMA buffer
ontothecorrespondingregionof the’dst’ arrayin sharedaddressspace.

� Gatherusingstaticbuffer
In thestaticbufferingscheme,thedestinationthreadpolls for ’THREADS-1 ’ messagesas

3p = ceil[nbytes/ (GMTU MESSAGE BUFFER LENGTH)]
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in thedynamicbuffering scheme.In this casehowever, it doesso’p’ 4 timesto receive
theentiremessage.Beforereceiving thedata,thedestinationthreadfirst sendsa short
messageto the ’first’ sourcethread(which is thenext threadof thedestinationthread).
This sourcethreadsendsits data,andonceit is donesendingthedatato thedestination
threadit sendsa shortmessageto the next sourcethread.Thisindicatesthat the buffer
at destinationis availablefor anothersend.Thesubsequentsourcethreadscarryon this
processof sendingtheir datato destination,andthenmessagingthenext sourceuntil all
thethreadsaredonesendingto thedestinationthread.

� Discussionof algorithmsused
Thegathercollective, similar to thescattercollective, is unsuitedfor thespanningtree
algorithmfor large messagelengthsandthreadsizes. However, the natureof this col-
lective allows usto implementmoreefficient algorithmsthanin scatter. For example,a
’pull’ basedscatteris similar to a ’push’ basedgatherfor thework doneby all threads.
While scattercouldbenefitfrom remotegetoperations,availablein GM-2, gatheralgo-
rithmscouldusetheremoteputsavailablein theGM versionweimplementedthelibrary
in (GM-1.5).
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Figure 18. upc all gather using memor y registration and remote puts

Therefore,all the sourcethreadssimply conducta remoteput into the region of the
destinationbuffer, correspondingto their threadid, in the memoryregistrationscheme
(Figure 18). The remoteputs are possibledue to the sharedmemorymodel of UPC

4p = ceil[nbytes/ (GMTU MESSAGE BUFFER LENGTH)]
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which allows us to determinethe addressoffset of the destinationarray on a remote
thread(Figure26)! In theabsenceof suchanarrangement,GM applicationswould have
to explicitly sendthe locationof theremotedestinationarray(via a scatterin this case,
differentoffsetsfor differentsourcethreads).

The dynamicand static buffering schemes,thereforerely on the regular send/receive
operationsthat GM providesto transferdata. In the dynamicscheme,the destination
threadallocatesa nbytes * THREADS sized receive buffer and simply waits for the
sourcethreadsto fill it. Whena receive event occursthe destinationcopiesfrom the
correspondingbuffer into the matchingsource’s region of the shareddestinationarray.
The other threadscanwrite to their buffers in the samemannerand thereis no extra
pre-cautionrequiredto avoid contentionfor thebuffers(Figure27). In thestaticbuffer
casehowever, we cannotdo the same,andusea messagingschemeamongthe source
threadsto indicatethatthebuffer is available(asdescribedin ’Gatherusingstaticbuffer’,
above).

5.3.4 GMTU upc all gather all collective function

� Gatherall usingmemoryregistration
In upc all gatherall, all threadsbroadcast’nbytes’ of their datato all theotherthreads
andalsoreceive ’nbytes * THREADS-1’ dataitemsfrom the others. Therefore,each
threadregistersnbytes of the the sourcearraysrc and ’nbytes * THREADS’ of the
destinationarray’dst’ it hasaffinity to. All threadsthenwait for synchronizationfrom
Thread0 andoncethey areawarethatall theotherthreadsareready, all thethreadscall
gm directed send to peer with callback() with upc addrfield( (shared char
*)dst+i+(nbytes * THREADS * MYTHREAD)) astheremoteaddressof thedestination
buffer andsendnbytes startingfrom (shared char *)src+ MYTHREAD) regionof the
sharedaddressspace,to thei’ th thread.

To avoid congestion,duringthe’THREADS-1’ sendstepseachthreadcalculatesits partner
in thatstepby XOR’ing their id with thestep-numberto obtaintheir partner’s threadid.
This way we avoid THREADS-1 sends,sayThread0, in thefirst stepandthento Thread
2 in thenext stepetc.

� Gatherall usingdynamicbuffer
The dynamicbuffer schemefor upc all gatherall usesa logical ’ring’ to passthe data
around.In this scheme,all threadscalculatewho their ’next’ and’previous’ threadsare
andallocate’nbytes’ of spacefor thesendandreceivebuffers.Onceall thethreadsare
ready, eachthreadssendsandreceivesfor ’THREADS-1’ steps;wherein thefirst stepit
sendsthe datait hasaffinity to - to its next threadandreceivesdatafrom the previous
thread.Onceit receivesthedataandit’ s datahasbeenreceived,eachthreadsendsthe
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datait received on in the next round. This processsends’nbytes * THREADS’ data
itemsaroundin a ring.

� Gatherall usingstaticbuffer
Thestaticbuffering schemeis very muchlike thelogical ring baseddynamicallocation
schemedescribedabove,with thedifferencebeingthat thestaticallyallocatedsendand
receivebuffersareusedinstead.Whenthemessagelengthis largerthanthestaticbuffer
length,thentherearep 5 packetssentin a total of ’p * THREADS-1’ steps.

� Discussionof algorithmsused
Thegatherall collective is similar to all threadsperformingabroadcastof nbytes. This
makesthe collective bettersuitedto the ring basedalgorithm,asdescribedabove. For
thestaticanddynamicschemes,therefore,thedatais transmittedalonga logical ring for
THREADS-1 steps(Figure19(a)).

Thememoryregistrationbasedgatherall collective, on theotherhand,is implemented
to utilize the remoteput function better(Figure19(b)). Therefore,we have all threads
simply put the datadirectly into the sharedarraysof all the other threads(at an off-
setcorrespondingto their threadid), by usingthe remoteaddressingschemedescribed
earlier(Figure28).

5.3.5 GMTU upc all exchange collective function

� Exchangeusingmemoryregistration
In the memoryregistrationscheme,eachthreadregisters’nbytes * THREADS’ of the
sourceanddestinationarraysit hasaffinity to, thatis(shared char *) src +MYTHREAD
and(shared char *) dst +MYTHREAD respectively. Onceall threadsareawarethat
all theotherthreadsareready(postsynchronization),they do THREADS-1 sendswhere
similar to theupc all gather all algorithm.

Eachthreadsendsto MYTHREAD XOR (i+1)’ th partner(where0 <= i <= THREADS-1),
andthread’i’ sendsto thread’j’ nbytes of datastartingat (shared char *src)+i+
(nbytes * THREADS * j) bydoingaremoteputatthelocationupc addrfield((shared
char *dst)+j+ (nbytes * THREADS * i)).

� Exchangeusingdynamicbuffer
Theprocessof exchangingdatais similarto all threadsperforminga’scatter’,whereeach
threadsendsthei’ th elementof its sourcearrayto thei’ th process.In thedynamicbuffer
basedschemetherefore,unlike thememoryregistrationscheme,all threadfirst allocate
nbytes * THREADS of sourceanddestinationbuffers - thencopy datafrom theshared

5p = ceil[nbytes/GMTU MESSAGE BUFFER LENGTH]
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sourcearray, they have affinity to, into their out buffer. All threads,releaseTHREADS-1
receive tokensandthenperformTHREADS-1 sends,withoutwaiting for acallback,since
thebuffer is distinctfor eachdestination.Finally, they wait for THREADS-1 receives.

We decidedagainstimplementingthe dynamicbuffer basedexchangeusing the XOR
method(like in the memoryregistrationbasedexchange),becausewe could avoid the
cost of synchronizationin the absenceof one-sided-communicationrequiredfor the
send-receive basedXOR algorithm. The freedomto allocateall the requiredmemory
at once,allowed us to usethis alternative (unlike the staticbuffer basedexchange- as
below).

� Exchangeusingstaticbuffer
In thestaticbuffer basedexchangealgorithmall threads,for ’i’ steps(where0 <= i <=
THREADS-1) copy theirdataontothesourcebuffer andsendit to theirpartner(computed
asMYTHREAD XOR (i+1)) in thatstep,andalsoreceive thedatainto their receivebuffer
from their partner. Whenthestaticbuffer sizeis smallerthanthemessagelength,there
arep 6 suchroundsof THREADS-1 exchanges.

Unlike, theXOR algorithmin thememoryregistrationbasedscheme,hereeachthread
hasto synchronizewith its partnerbeforesendingits databy waitingfor ashortmessage
from that partner. Threadsprovide a receive token in advancefor the short synchro-
nizationmessageandthe datamessagefrom their partnerandsenda shortmessageto
their partner. The sendis a non-blockingsendasthe threadsthenpoll for a dataor a
shortmessagefrom their partners. If they receive a shortmessagefrom their partner,
they sendthepartnerits dataandwait for their data.If it is a datamessageon theother
hand,thenthey copy it andwait for theshortmessagefrom theirpartner.Thisextrabit of
synchronizationaddsto thecostof this this algorithm.

� Discussionof algorithmsused
The exchangecollective operationis similar to all threadsperforminga ’scatter’. An
efficient implementationis the hypercubealgorithm [?], wherethreadscomputetheir
partnersandexchangetheir datain THREADS-1 steps.We usethis wherememoryregis-
trationallowsusto usetheremoteputoperation(Figure30). However, for thestaticand
dynamicallocationschemes,wherewe arelimited to usingtheregularsend/receivesin
GM - thehypercubeexchangealgorithmproveddifficult to implement.

The token basedsendreceive in GM requiredexplicit synchronizationbeforepartners
couldexchangedata,asdescribedabove. Dueto this, in thedynamic(Figure31)scheme
we allocatednbytes * THREADS amountof receive buffer on all threads.The threads
thenreleaseTHREADS-1 receive tokenscorrespondingto a uniquelocationin thebuffer
for eachsource,then sendthe datato all threadsandwait for datato arrive from all

6p = ceil[nbytes/GMTU MESSAGE BUFFER LENGTH]
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threads.This is a an areaof future investigation,wherewe would like to develop an
optimalalgorithmfor thestaticanddynamicbuffering schemeusingGM’s tokenbased
messagepassing,for theexchangealgorithm.

In contrastwe usethe XOR basedexchangefor the static buffer scheme,due to the
buffer limit, andobserve that theperformanceof thedynamicbuffer basedalgorithmis
comparableto thestaticbuffer algorithm.

5.3.6 GMTU upc all permute collective function

� Permuteusingmemoryregistration
Theupc all permutecollectiveusesa permutevectorwhereperm[i] determineswhich
threadreceivesdatafrom thei’ th thread.In thememoryregistrationscheme,all threads
first registernbytes of their sourceanddestinationarrays.After synchronization,they
callgm directed send to peer with callback()with upc addrfield((shared char
*)dst+ perm[MYTHREAD]) as the remoteaddressof the destinationbuffer and send
nbytes startingfrom (shared char *)src+ MYTHREAD) region of thesharedaddress
space,to theperm[MYTHREAD]’ th thread.

If thevalueof perm[i] happensto bei thenthei’ th threaddoesa localmemcpy of the
shareddatausing
memcpy( upc addrfield ( (shared char *)dst + i), upc addrfield( (shared
char *)src + i), nbytes )

� Permuteusingdynamicbuffer
In the dynamicbuffer scheme,all threadsallocatenbytes of sendandreceive buffers,
releasea receive tokenandcopy theirdataon to thesendbuffer. They thensendit out to
perm[MYTHREAD]’ th threadandwait to receiveadatafrom theirsource.In caseperm[i]
happensto bei thentheresultis thesameasdescribedabovein thememoryregistration
scheme.

� Permuteusingstaticbuffer
Thestaticbuffer is similar to thedynamicbuffer schemeexceptthatthesendandreceive
buffers arestaticallyallocatedandin casethe messagelengthis greaterthanthe static
buffer length,thenthereare’p’ 7 sendsandreceivesperthread.

� Discussionof algorithmsused
The permutecollective relies on straightforwad pushfor all threememoryallocation
schemes.In thedynamic(Figure33) andstaticbuffer schemes,theregular tokenbased
send/receive functionsareused- wherethreadsfirst releasea receive token, thensend

7p = ceil[nbytes/GMTU MESSAGE BUFFER LENGTH]
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theirdatato theirdestinationandfinally poll for anincomingmessage.In contrast,in the
memoryregistrationscheme,all threadssimplyputthedatainto theirdestinationthread’s
sharedarray and wait at the next synchronizationpoint. Onceall threadscrossthis
synchronizationpoint,they canreadthedatain theirshareddestinationarray(Figure32).

5.4 GM basedsynchronization

Thecollectivesin thereferenceimplementationrely on theupc barrier for synchronization.
A collectivewith IN ALLSYNC andOUT ALLSYNC basedsyncmoderequiringtwo barriers
couldbefurtheroptimizedby usingGM basedapplicationlevel barrier.

Th3Th2Th1Th0 Th4 Th5 Th6 Th7

i:=0

i:=1

i:=2

i:=0

i:=1

i:=2

scatter tree

gather tree

Figure 20. GM based barrier using gather and broadcast collectives for a shor t messa ge
length

We implementeda GM basedbarrierusinga combinationof spanningtreebasedgatherfol-
lowedby a spanningtreebasedcollective (Figure20), usinga shortmessage,for the MuPC
runtimesystem.The ideawasto combinethe collective operationwith the semanticsof the
IN ALLSYNC andOUT ALLSYNC synchronizationmodes.Thesynchronizationschemefor each
collectiveoperationis outlinebelow. Thesynchronizationmethodsdescribed,below, areused
in all the threeDMA allocationbasedalgorithmsdescribedearlier, for eachcollective, and
areonly optimizedfor the’memoryregistration’basedalgorithms.Our futurework would in-
cludeoptimizingthesefor ’* MYSYNC’ and’* NOSYNC’ modesin thedynamicandstaticbuffer
allocationalgorithms.

Also we discoveredthatbecausetheBerkeley GASNetruntimesystemalsousesGM’s mes-
saging,we couldnot useour GM basedsynchronizationfor all situations.In caseswherethe
gm min size for length() is thesamefor both thedataandsynchronizationmessages,we
observedcontentionfor tokensbetweenGASNetruntimesystem’sandour library’smessage.

Using theupc barrier() basedIN ALLSYNC helpedreducetheabove problem,andour test
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resultsfor theGMTU library basedcollectives,compiledwith Berkeley’s UPCandexecuted
overGASNetruntimesystem,usethenativeUPCbasedsynchronization.

5.4.1 Synchronization in GMTU for upc all broadcast

IN ALLSYNC, IN MYSYNC and IN NOSYNC is implementedas a spanningtree basedgather,
with thethreadwith affinity to ’src’ (sourcethread)asthedestinationof thegather. Thesource
threadthereforedoesnotstartsendingthedatauntil all destinationthreadsareready, while the
destinationthreadsmessagethesourceandpoll on thegm receive() function.

OUT ALLSYNC is implementedasa spanningtree basedgather, with the threadwith affinity
to ’src’ (sourcethread)as the destinationof the gather; followed by a spanningtree based
broadcastby thesourcethread.

In OUT MYSYNC andOUT NOSYNC modesthesourcethreaddoesaspanningtreebasedbroadcast
to indicateto thedestinationthreadsthatthedatais available.

5.4.2 Synchronization in GMTU for upc all scatter

IN ALLSYNC, IN MYSYNC and IN NOSYNC is alsoimplementedasaspanningtreebasedgather,
with thethreadwith affinity to ’src’ (sourcethread)asthedestinationof thegather. Thesource
threadthereforedoesnotstartsendingthedatauntil all destinationthreadsareready, while the
destinationthreadsmessagethesourceandpoll on thegm receive() function.

Whenusing the Berkeley runtimesystem,we usedthe native UPC barrier for all the three
GMTU algorithms,to ensurethatthereis no contentionfor receive tokensdueto thesynchro-
nizationbetweenourapplicationandGASNetsincebothuseGM.

OUT ALLSYNC is implementedasaspanningtreebasedbroadcastfollowedby agather, with the
threadwith affinity to ’src’ (sourcethread)asthesourceof thebroadcastandthedestinationof
thegather, respectively.

In OUT MYSYNC andOUT NOSYNC modesthesourcethreaddoesaspanningtreebasedbroadcast
to indicateto thedestinationthreadsthatthedatais available.

5.4.3 Synchronization in GMTU for upc all gather

IN ALLSYNC is implementedasa spanningtreebasedgatherfollowedby a treebasedbroad-
cast,for thememoryregistrationanddynamicallocationschemesfor theMuPCruntimesys-
tem basedtests. In the caseof the static buffer basedgather, we useupc barrier() for
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IN ALLSYNC, for theMuPCbasedtestdueto thenatureof thealgorithmwhich doesnot allow
for aGM basedsynchronization.

In thiscollectivetoo,whenusingtheBerkeley runtimesystem,weusedthenativeUPCbarrier
for all thethreeGMTU algorithms.It is interestingto notethatonly scatterandgathercollec-
tivesareaffectedby theusageof aGM basedsynchronizationfor IN ALLSYNC, overGASNet.
Our futurework involvesresolvingthis issue.

IN MYSYNC and IN NOSYNC is implementedasaspanningtreebasedbroadcastwith thethread
with affinity to ’dst’ (destinationthread)asthe sourceof the broadcast.The sourcethreads,
thereforedo notstartsendingthedatauntil thedestinationthreadis ready.

OUT ALLSYNC, OUT MYSYNC, OUT NOSYNC is implementedasaspanningtreebasedbroadcast
followedby a gather, with thethreadwith affinity to ’dst’ (destinationthread)asthesourceof
thebroadcastandthedestinationof thegather, respectively.

5.4.4 Synchronization in GMTU for upc all gather all

IN ALLSYNC, IN MYSYNC and IN NOSYNC is implementedas a spanningtree basedgather
followed by a tree basedbroadcastwith the threadwith Thread0 as the destinationof the
gatherandthesourceof thebroadcast.All theotherthreads,thereforedo not startsendingthe
datauntil they aresureall theotherthreadsareready.

OUT ALLSYNC, OUT MYSYNC, OUT NOSYNC is implementedasaspanningtreebasedbroadcast
followed by a gather, with the threadwith Thread0 as the sourceof the broadcastand the
destinationof thegather, respectively.

5.4.5 Synchronization in GMTU for upc all exchange

IN ALLSYNC, IN MYSYNC and IN NOSYNC is implementedas a spanningtree basedgather
followed by a tree basedbroadcastwith the threadwith Thread0 as the destinationof the
gatherandthesourceof thebroadcast.All theotherthreads,thereforedo not startsendingthe
datauntil they aresureall theotherthreadsareready.

OUT ALLSYNC, OUT MYSYNC, OUT NOSYNC is implementedasaspanningtreebasedbroadcast
followed by a gather, with the threadwith Thread0 as the sourceof the broadcastand the
destinationof thegather, respectively.

5.4.6 Synchronization in GMTU for upc all permute

IN ALLSYNC, IN MYSYNC and IN NOSYNC is implementedas a spanningtree basedgather
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followed by a tree basedbroadcastwith the threadwith Thread0 as the destinationof the
gatherandthesourceof thebroadcast.All theotherthreads,thereforedo not startsendingthe
datauntil they aresureall theotherthreadsareready.

OUT ALLSYNC, OUT MYSYNC, OUT NOSYNC is implementedasaspanningtreebasedbroadcast
followed by a gather, with the threadwith Thread0 as the sourceof the broadcastand the
destinationof thegather, respectively.

5.5 The testbedand testscripts

Ournext stepwasto developthetestbedandcreatetestscriptsto automatethetestinganddata
collectionprocess.Thevariousparametersfor the testbedmadeit possibleto generatemany
different’views’ of thecollective library beingtested.Ourgoalwasto identify all thepossible
combinationsof parametersthat would generatetheseviews, and implementtest scriptsto
separatetestgroups.

For example,the testscriptallows a userto specifythecollective function to be tested,along
with thedifferentcollective librariesto belinkedwith thetestbed,thevariousmessagelengths
that eachtest for a collective is executedover andTHREAD sizesfor varying numberof pro-
cesses.Oncethis informationis availablethe testscriptgeneratesanexecutablefor eachcol-
lective library specified,generatesrelevant testscriptsanddatafiles/directories.Thetestscript
alsocreatesgnuplotscriptfilesfor eachcollectivefunction,comparingthedifferentimplemen-
tationsof acollective(implementedin thedifferentlibraries),for varyingTHREAD sizes.

Thetestbed,togetherwith theassociatedtestscriptformedanintegralpartof our development
processsincewe wereableto rapidly visualizetheimplementedstrategiesandcomparethem
with existing ones.Our next stepwasthento preparethelibrary andthebenchmarkingappli-
cationfor our intial release.
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6 Packagingthe library for initial release

Our collective communicationlibrary for UPC developedusing GM is called the ’GMTU-
UPC collective communicationlibrary’. In our initial release,the library shall compriseof
thesix collectivecommunicationoperationsimplementedusingthedifferentDMA allocation
schemes,alongwith thesyntheticbenchmarkor testbed,theassociatedtestscripts,andaMake-
file to compileandlink thelibrariesto thetestbedandotherUPCapplications.

A ’README’ file is alsoincludeddescribingthelibrary usage,its environmentflags,thetestbed
andtestscripts.Theinitial releaseis organizedin thefollowing manner:

../GMTU_COLL/ver1.0/
->bin { The binaries from Makefile go here}
->etc { The ’machine file’ should be here}
->include { GMTU header file}

gmtu.h

->lib
upc_collective.o { The reference implementation}
upc_all_broadcast_gm.o
upc_all_scatter_gm.o
upc_all_gather_gm.o
upc_all_gather_all_gm.o
upc_all_exchange_gm.o
upc_all_permute_gm.o

->test
->test_$date$
->upc_all_broadcast { The test files are here for each algorithm }
->upc_all_scatter
->upc_all_gather
->upc_all_gather_all
->upc_all_exchange
->upc_all_permute
testall.test

->data
->data_$date$
->upc_all_broadcast { The data files are here for each algorithm }
->upc_all_scatter
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->upc_all_gather
->upc_all_gather_all
->upc_all_exchange
->upc_all_permute

->testbed
testbed.c { The root testbed file }
testbed_aux.c { The aux testbed file with utilities}

->working
->gmtu_bin

gmtu_callback_wait.c { callback and wait functions}
gmtu_local_send_receive.c { local send/recv functions}
gmtu_shared_send_receive.c { shared send/recv functions}
gmtu_sync.c { The gm-based sync functions}
gmtu_util.c { GMTU utility functions}

->gmtu_collective
upc_all_broadcast.c { The implementations for all
upc_all_scatter.c collectives using Memory Reg,
upc_all_gather.c Dyn Alloc and Static Alloc
upc_all_gather_all.c algorithms}
upc_all_exchange.c
upc_all_permute.c

README { The Readme file}
Makefile { GMTU Makefile }
generate_test_script.pl { Test script generator}

6.0.1 Envir onmentvariablesand flagsfor the GMTU library

Thethreedifferentimplementationsof thecollectiveoperationsin theGMTU library arecho-
sen,asdescribedin our ’CurrentWork’ section,usingenvironmentvariables.A list of these
variablesalongwith their descriptionareprovidedbelow:

� GMTU REGISTER MEMORY
TheGMTU REGISTER MEMORY flagif definedallowstheGMTU library to usethememory
registrationbasedalgorithms.This flag mustbesetduringinitialization for thememory
registrationbasedimplementation,asit allowsthememoryregistrationtableto besetup.
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Whenno suchflag is settheGMTU BUFFER LENGTH variableis usedto choosebetween
thestaticanddynamicbufferingmodes.

� GMTU BUFFER LENGTH
This variablespecifiesthe sizeof the sendandreceive staticbuffers whenits valueis
morethanzeroandtheGMTU REGISTER MEMORY is turnedoff. Whenthevalueis more
thanzero,but lessthantheGMTU MIN BUFFER LENGTH thesizeof thestaticbuffer is set
to theGMTU MIN BUFFER LENGTH, which is fixedat 8K. Themaximumsizeis specified
by theGMTU MAX BUFFER LENGTH whichcanbeadjustedby theuser.

Whenthe valueof the buffer lengthis zeroor lessandthe GMTU REGISTER MEMORY is
turnedoff, the GMTU library usesthe dynamicallocationschemewhich allocatesat
mostnbytes * THREADS amountof memoryfor any givencollective. Therefore,setting
thebuffer lengthto zeroimpliesthattheuseris certainthatamountof DMA’ablememory
is atleastnbytes * THREADS, wherenbytes is thesizeof the largestmessageusedin
thecollectivecommunicationoperation.

� GMTU MAX BUFFER LENGTH
Thisvariableis usedto checkfor theceilingof thestaticbuffer allocated,andby default
is 64K. A user, wishingto allocatea staticbuffer higherthanthis default sizeshouldset
this variableto thea new limit (higheror equalto thedesiredbuffer size)first. This is
usefulin systemswheretheuseris awareof thesizeof theDMA’ablememoryavailable.

� GMTU REG TABLE MAX ELEMENTS
This variableis usedto specifiythesizeof theregistrationtablein thememoryregistra-
tion modeof theGMTU collectives.Thesizeby default is 256,andimplesthatasmany
new anddistinct sharedaddresslocationscanbe registered. Registeringa previously
registeredmemoryaddress,for a ’ length’ (in bytes)equal(or less)to thepreviously reg-
isteredlengthresultsin a ’noop’, however whenthe lengthis larger that thepreviously
registeredregion length- the region is registeredagain. Re-registeringin this fashion
doesnot useup any extra location in the registrationtable, that is the sameentry is
registeredbut only theregistrationlengthchanges.

Therefore,thesizeof the tabledetermineshow many distinct regionsin theuserspace
needto beregisteredandmadenon-pageable.This sizeis not relatedto the ’ length’ or
amountof memoryregisteredandthereis a possibility that theusermay registermore
memorythan is allowed, without usingup all the tableelements.In sucha case,the
library directsthe userto choosebetweenothermemoryallocationschemes(staticor
dynamicbuffer).

� GMTU DATA PORT NUM
TheGMTU SYNC PORT NUM variableallows theuserto choosewhich GM port shouldbe
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usedfor sendingdatamessages.It is by defaultport7, andwhenthisport is notavailable
ona certainthread,it will searchfor otheravailableportsfor messaging.

� GMTU SYNC PORT NUM
TheGMTU SYNC PORT NUM variableallows theuserto choosewhich GM port shouldbe
usedfor sendingsynchronizationmessages.It is by default port 6, andwhenthis port is
notavailableon acertainthread,it will searchfor otheravailableportsfor messaging.

� USE UPC BARRIER IN and USE UPC BARRIER OUT
The USE UPC BARRIER IN and USE UPC BARRIER OUT flagsareusedto choosethe
nativeupc barrier(), insteadof GMTU’smessagepassingbarrier, for synchronization
beforeandafter a collective call, respectively. The usermay chooseto usethe native
barrierin run time systemswhich useGM’s messaginglayerdiretly, andwherethereis
apossibilityof conflictbetweentheGMTU’ssynchronizationmessagesandtheruntime
system’s messages.For example,Berkeley’s UPCalsousesGM andwe found that for
certaincollectives,the synchronizationmessagesfrom our library conflictedwith that
of theruntimesystem,andusingthenativebarrierfor synchronizationhelpedsolve this
problem.
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7 Results

7.1 Implementation of the testbedand testingdetails

The collective communicationlibrary developedusingGM, wascomparedagainstthe refer-
enceimplementationusingthe latestreleaseof theMuPC runtimesystem,MuPC v1.1 com-
piled with MPICH-GM [?]and alsousingtheGlobal AddressSpaceNetworking (GASNET)
[?] runtime systemfor UPC. Eachof the comparisionswas conductedusing the synthetic
applicationbenchmark,or testbed,developedin UPC. The variouslibrariescomparedwere
compiledfor differentTHREAD sizesusingMuPC’smupcc scriptandBerkeley’supcc script,to
producecorrespondinglibraries.

Theselibrarieswerelinkedwith thetestbedto producebinaries,which werethenusedto test
any of thecollectivesfor thevaryingmessagelengths.For example,thebinary
testbed mPULL 2 TESTCASE 0 wasusedto testthe pull basedreferenceimplementation(of
all collectives)for 2 threads,for testcasezero- which asperthetestmatrix (Figure21) is the
testfor smallcomputationtime. A singletestrun, for a collective,a fixedmessagelengthand
afixedthreadsize,is executed1000times.

The testbedconductsthe testruns,uponinitialization, aftercalling a warm-uproutinewith a
small numberof calls to the collective beingtested.This allows us to obtaina raw measure
of thecollective,with no computation,for determiningthecomputationtime in theactualtest
runs. During thetestrun, eachcall to thecollective operationis followedby thecomputation
which is conductedfor thea pre-determinedamountof time,dependenton thecollective time
measuredduringwarm-upandaconstant.Theamountof computationcanalsobe’skewed’ to
make onethreadcomputelonger, which is approximately10 timesthenormalcomputetime.
All of the computationis local, andthereis no remoteoperationduring the computephase.
This is doneto quietthenetwork beforemeasuringthecommunicationtimeagain.Theformat
of thetestbedis therefore:

procedure upc_mtu_testbed()

/* warm up */
for i:=0 to (Max warm up runs)
start time
call collective
stop time
warmup time := stop time - start time

end for
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computation time := (compute coeff) * (warmup time/(Max warm up runs))

/* test */
start overall time
for i:=0 to (Max testbed runs)
start time
call collective
stop time
collective time := stop time - start time

start time
compute for ’computation time’ amount
stop time
computation time := stop time - start time

end for
stop overall time

/* measure */
overall time := stop overall time - start overall time
collective time := collective time/(Max testbed runs)
computation time := computation time/(Max testbed runs)

/* report */
if(MYTHREAD = 0) then

find max collective time for all threads,
and record the slowest thread

report collective time, computation time, overall time
for the slowest thread

end if

end procedure upc_mtu_testbed()

The collective time, computationtime andthe overall time (time from the startof the testto
theend)arethetimesobtainedfrom thetestruns,over all threads.Thesevaluesarestoredin
asharedarray, andeventuallyTHREAD 0 averagesthecollective time for all threads,compares
for the largestaverage,andprints this asthecollective time. It alsoprints theoverall andthe
averagedcomputationtime for this thread(the slowestthread),alongwith otherdatavalues.
The computationtime, collective to be tested,startupskew etc arespecifiedduring runtime,
while computationalskew, synchronizationmodeetcarespecifiedduringcompilation.
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7.2 Testmatrix and testcases

Uponcompletionof our library andbenchmarkingapplicationdevelopment,we createda sets
of comparitive testcasesto comparedifferentlibrariesandimplementationsovervaryingrun-
time systemsfor different collectivesetc. This information is presentedin the GMTU test
matrix (below).
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Figure 21. GMTU test matrix

The testcasesone, two and six comparethe threedifferent memoryallocationschemesin
the GMTU library, respectively, with the referenceimplementation,over the MuPC runtime
system(MuPC-mPULL and MuPc-mPUSH) and the GASNet runtime system(Berk mPULL and
Berk mPUSH). Thesetestswereconductedfor all the collectivesandusingIN ALL SYNC and
OUT ALL SYNC modesthroughout,and with uniform computationtimes amongall threads,
computingfor approximatelytwice the collective communicationtime - asmeasuredduring
warm-upruns. We conductthe samecomparisonunderdifferentcombinationsof synchro-
nizationmodesover testcasesseventhroughtweleve. Thesetestareconductedfor broadcast
and exchangecollectivesonly, becausethe ’one to all’ and ’all to all’ are the two extreme
communicationpatterns.

53



The MuPC runtimesystemasmentionedearlierusesa cache,unlike Bekeley’s runtimesys-
tem.Theline lengthof thecacheis 1K andthereare256linesin thecache.Thecacheimpacts
MuPC’s performance,asdepictedin the naive pushandpull tests- test casefour andfive,
respectively. Thesetestcasesonly comparetheupc all broadcast collective, from thenaive
implementationversustheGMTU library, soasto highlight theneedfor collectivecommuni-
cationoperationsagainstauser-level arrayassignmentbasedimplementation.

In testcasethree,we comparetheupc all broadcast andupc all exchange collective im-
plementationsonly to show the impactof unbalancedcomputationalload over differentpro-
cesses,for the two extremecommunicationinstances. Thesetestscompareresultsfrom a
normal testrun, wherecomputationtime is nearlytwice thatof collective time duringwarm-
upanduniformoverall threads,againstanunbalancedtestrunwhereonethreadcomputesten
timeslongerthantheotherthreads.

Theresultsfor thetests,outlinedin the testmatrix, alongwith our observationsareprovided
in thefollowing pages.
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7.3 Naive pushand pull basedcomparisons

� upc all broadcast naivepushandpull
A testof the naive broadcastfor two threadsamountsto a measurementof the point-
to-point communicationtime becausethe only remoteoperationconsistsof the source
threadsendingasinglemessageto the(sole)destinationthread.Implementedusingarray
assignments,for n elementsin thesourcethread,thisoperationamountsto asmany sends
from thesourcein thepushbasedimplementation.Thesituationgrowsworsein thepull
implementation,asobservedin thedata,sincea requestby thedestinationthread(for a
pull) preceedsa sendby thesource,for everyarrayelement!

Thesedatathereforereflect the needfor specificcollective communicationoperations
thatwould translateto fewer remoteoperations(likeupc memcpy() basedreferenceim-
plementation)for performingrelocalizationoperations.

Theresultsalsoshow thattheMuPCruntimesystemwith a1K cachehasaperformance
advantageoverBerkeley’s run timesystem,whichcurrentlydoesnot haveacache.
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7.3.1 Comparisonof GMTU algorithms

TheGMTU library consistsof variousimplementationsof UPCcollectivecommunicationop-
erations,dependingon the memoryallocationschemechoosen.The resultsbelow highlight
theperformancedifferencesbetweentheseimplementations.

� upc all broadcast
Theperformanceof broadcastfor 16 threads,with memoryregistrationcomparedwith
staticanddynamicmemoryallocation,usingtheGMTU library (compiledunderMuPC)
areshown in Figure23). All the algorithmsare implementedusing the spanningtree
basedbroadcastandusethetokenbasedsend/receives(evenin thememoryregistration
scheme),for messagepassing. The datashows that the performanceof all the three
algorithmsarecomparablefor smallmessagelengths,andfor largemessagelengthsthe
staticbuffer algorithmperformsslightly betterthanthememoryregistrationor dynamic
buffer algorithms.
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� upc all scatter
For scatter(Figure24), the memoryregistrationbasedalgorithm is implementedas a
straightpushusingremoteputs,while thedynamicbuffer basedalgorithmusesthespan-
ningtreebasedpush.Thestaticbuffer basedalgorithmalsousesthespanningtreebased
push,but only until thebuffer sizeis larger(or equalto) nbytes * THREADS/2 In these
results,we have a staticbuffer of size8k andfor 16 threadsthe buffer is large enough
to sendmessagesupto1K - beyondthis limit thestaticbuffer algorithmusesthestraight
pushfor messagelengthsupto8K. Beyondthe8K limit, themessageis brokenup into
chunksof 8K andsentusingthestraightpushalgorithm.Theresultsshow theeffect of
thisbuffer limit, astheperformanceof thestaticbuffer algorithmdegradesaftermessage
lengthof 1K.

The treebaseddynamicpushperformsworsethanthememoryregistrationbasedpush
becauseof additionalmessagethatis sentalongthetree,this is becauseunlikebroadcast,
wherethe messagelength is fixed, in scatterthe largestmessagesentto a receiver is
nbytes * THREADS/2 duringthefirst round,andthesmallestis nbytes duringthelast
round.Theoverheadof sendingadditionaldatais representedin theresults.
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� upc all gather
Thegathercollective(Figure25) is implementedusingremoteputsin thememoryregis-
trationalgorithm,whereall theTHREADS-1 sourcethreadsissuea remotewrite directly
into the destinationthread’s shareddestinationarray. On the otherhand,the dynamic
buffer andstaticbuffer algorithmsareimplementedusingapolling basedreceive,where
for the staticbuffer caseadditionalsynchronizationmessagesareissuedamongsource
threadsto indicatethe destinationbuffer is available. The processof polling requires
releasingreceive tokensandaddsanextra overheadat thedestinationthread.In thedy-
namicallocationenvironmentthis costincreaseswith themessagelength,asthesizeof
thebuffer allocatedandthecostof copying themessagefrom thebuffer, into thedesti-
nationarray, increase.In thestaticbuffer algorithm,thecostof polling for themessage
andthe costof an extra (shortsynchronizationmessage)arethe additionaloverheads.
Thememoryregistrationschemethereforeperformsbetterdueto lack of any additional
overheadasdiscussedabove.
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Figure 25. upc all gather for 16 threads with GMTU memor y registration, dynamic and
static allocation

� upc all gather all
In the ’gather all’ collective, the communicationpatternis similar to all threadsper-
forming a broadcastof nbytes of datato all theotherthreads(Figure26). Thememory
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registrationbasedalgorithmusesremoteputs,wherethreads’put’ thedatadirectly into
thesharedmemoryregionof theirpartnerthreads(usingtheXOR basedalgorithm).The
dynamicandstaticbuffer basedalgorithmsusea ring basedsend/receiveschemewhere
eachthreadsendsto its ’next’ threadandreceivesfrom its ’previous’ thread.Weobserve
that the remoteput basedalgorithm is the fastest,as thereis no extra overheadfrom
copying themessage(from thereceivebuffer into theshareddestinationarray).Thedata
alsoshow that the performanceof the dynamicandstaticbuffer algorithmsaresimilar
until thebuffer sizeis reachedin thestaticbuffer algorithm,andthereforebeyondthe8K
markthepacketizationby our applicationaddsanadditionaloverhead.
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Figure 26. upc all gather all for 16 threads with GMTU memor y registration, dynamic
and static allocation

� upc all exchange
Theexchangecollective (Figure27), usingthememoryregistrationalgorithmis imple-
mentedasa remoteput basedscatterfrom all threads,whereeachthreadwrites to a
remotebuffer (shareddestinationarray)on its partnerthread(partnercalculatedusing
the ’XOR’ process).While the staticbuffer basedexchangeimplementationusesthe
samealgorithm,thelackof a ’tag’ basedsendin GM implied thatextra synchronization
messageswererequiredto send/receive data. On thecontrary, thedynamicaallocation
algorithmusesthepurelypolling basedschemewhereall threadsallocatealargeenough
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receivebufferandfirst freeall thesendtokens,thensendtheirdatato all theotherthreads
andpoll for messagesfrom them. This implementation,asobserved from the results,
providesno additionalperformanceimprovementover the staticbuffer algorithmwith
theextra messageoverhead,andboththesealgorithmsperformworsethanthememory
registrationbasedalgorithmdueto overheadfrom copying thedatainto thedestination
buffer andpolling for messages.
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Figure 27. upc all exchange for 16 threads with GMTU memor y registration, dynamic and
static allocation

� upc all permute
Thepermutecollective(Figure28)amountsto apoint-to-pointsendasall nodesattempt
to senddatato their respective destinations,which aredistinct for all threads.Our tests
consistedof a permutevectorwhereeachthreadsentits datato its ’next’ thread.There-
fore, in thememoryregistrationandremoteput basedalgorithm,threadssimply wrote
thedataonto thenext thread’s shareddestinationarrayandwaitedat thenext synchro-
nizationpoint. In thedynamicandstaticallocationschemes,usingtheregularsendand
receives,threadsfirst sendtheirdatato theirnext threadsandreceive from theirprevious
thread. This also,co-incidentally, is the first stepof the ring based’gatherall’ collec-
tive, whereeachthreadsendsnbytes to its next thread.Theoverheadof polling for a
message,andcopying thedatafrom thereceive buffer into thedestinationarrayhasan
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impacton theperformanceof thedynamicandstaticalgorithms.Also, whenthemes-
sagelengthis larger thanthe buffer size,for the staticbuffer algorithm’s testcase,we
observeadditionaloverheaddueto packetizationasdescribedearlier.
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Figure 28. upc all permute for 16 threads with GMTU memor y registration, dynamic and
static allocation

Thesedataindicatethat the memoryregistrationbasedalgorithmis consistentlybetter
thantheothertwo algorithms,andwe shall thereforeonly comparethis implementation
with thereferenceimplementationfor ourcollectivecomparisons,in thenext subsection.
Thedataalsopoint to the impactof thestaticbuffer sizeon theoverall performanceof
thealgorithm.
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7.4 Comparisonof collectivecommunication libraries

Theresultsfrom comparingtheGMTU library basedfunctionsindicatethat thememoryreg-
istrationbasedalgorithmsperformthebest.Therefore,in thefollowing comparisonsbetween
the referenceimplementationbasedcollective, the GMTU implementationusesthe memory
registrationscheme.

Thecomparisonswereperformedfor fairly highcomputationtimes,whichwereuniformacross
all threadsandwereapproximatelytwicethecollectivetimemesasuredduringwarm-up.These
testalwaysusetheIN ALL SYNC andOUT ALL SYNC modes,andtheresultsfor 2 and16threads
comparingthe GMTU algorithm and the referenceimplementationare shown. Also, each
comparisonis madefor the collective compiledunderthe sameUPC compilerandexecuted
underthesameruntimesystem.Therefore,for eachcollectivewehave4 graphs,two indicating
thecomparisonunderMuPCruntimesystemfor 2 and16threadsandtwo morefor Berkeley’s
UPCandGASNetruntimesystem.

The resultsindicatein generalover all collective and for 2 threads,the ’push’ basedrefer-
enceimplementationover theBerkeley runtimesystemalwaysperformsbetterthanthe’pull’
or GMTU pushbasedcollectives. We alsoobserve that thecostof pushbasedreferenceim-
plementation,over the MuPC runtimesystem,for very small messagelengths(lessthanand
equalto 16 bytes)is unequalandhigher than the costof sendinga slightly larger message.
Also, this is never the casein Berkeley’s run time system’s results,usingthesamereference
implementation.

Theseresultspoint to the fact that for the small messagepush,wheremessagelengthis less
than or equalto 16 bytes,a remoteoperationin the MuPC runtimesystemdoesnot occur
until thecacheis filled or a synchronizationeventoccurs.It is, thereforetheadditionalcostof
waiting for thecacheto beinvalidatedthatis reflectedin theresults.

Theresultsfor theMuPCbasedcomparisonsalwaysshow a greateramountof improvement,
ascomparedto the Berkeley UPC basedcomparison,becauseof the additionallatency cost
in theMuPCruntimesystemimposedby theMPICH-GM layer. Theperformanceof Berke-
ley’s UPC basedreferenceimplementationis comparableto the straightpushbasedGMTU
implementations(for examplein scatter)asthey bothoperateon thesamemessaginglayer.

However, therearesomedifferencesin theperformanceof theGMTU pushbasedimplemen-
tationsandBerkeley’sUPCbasedreferenceimplementation,for varyingthreadranges(exam-
ple: pushbasedreferenceimplementationis fasterfor 2 threadsbut slower for 16 threads,than
GMTU pushbasedimplementation).This couldbedueto additionallatency in preparingthe
messageat theapplicationlevel (GASNetor GMTU), anddueto the typeof implementation
used. Therefore,in mostcaseswherewe usecollective specificoptimizationin the GMTU
library, we find our performanceimprovesagainstthereferenceimplementationasthethread
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sizeincreases.This observation is madeclearerby looking at comparionsover 2 threadsand
thenover 16 threads,andthereforewe show only thesetwo comparisonsto highlight any im-
provementsin our algorithm.

The following subsectionscomparethe performanceof our implementationusing the mem-
ory registrationscheme,over 2 and16 threads,againstthe referenceimplementationover 2
differentcompilers/runtimesystems.

7.4.1 upc all broadcast

The comparisonover 2 threadsamountsto a test of point-to-pointmessagingperformance,
whereonethreadsendsto the next. In the pull basedreferenceimplementation(MuPC)this
cost is higher becausean additionalmessage,sentby the destinationthread,is requiredto
’request’the sourceto sendit the message.Thereforethe pushbasedtimesarebetterfor 2
threads.TheGMTU pushis anot a remoteput in thecaseof broadcast,ratherthesourcesend
the datato the destination- which polls after allocatinga buffer. The buffer allocatedis the
registereddestinationarrayitself, andthereforethe receving threaddoesnot have to re-copy
thedata.
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Figure 29. upc all broadcast for 2 threads over MuPC

Over 16 threads,thepull basedreferenceimplementation(MuPC)performsmuchbetterthan
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thepushimplementation.This is becauseno sequentiallityis imposedin thepull implemen-
tation,andreadythreadscanmessagethesourceandreceive thedataright away. TheGMTU
algorithmperformsa lot betterdueto thespanningtreebasedimplementationthatonly takes
log(THREADS) steps.
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Figure 30. upc all broadcast for 16 threads over MuPC

Over Berkeley’s UPC runtimesystem,the referenceimplementationpushbasedalgorithm’s
performanceshouldbecomparableto theGMTU pushbasedperformanceasthey bothamount
to the sameoperation,over the samemessaginglayer. Onceagainwe observe that the pull
basedreferenceimplementationis slower than the pushbasedimplementationdue to extra
messaging.

For 16 threads,thespanningtreebasedGMTU algorithmscaleswell andperformsa lot bet-
ter thanthe pushandpull basedreferenceimplementation,despitethe presenceof the same
messaginglayer. This showsthatour improvmentsover thereferenceimplementationarealso
compilerindependent.
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Figure 31. upc all broadcast for 2 threads over GASNet runtime system
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Figure 32. upc all broadcast for 16 threads over GASNet runtime system
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7.4.2 upc all scatter

The pushbasedreferenceimplementationof scatteralsoperformsbetterthanthe pull based
implementationfor 2 threads. The resultsfor the GMTU basedpushbasedscatter, for 2
threads,show thetime it takesfor thesourcethreadto perform1 remoteputof nbytes. When
this is comparedwith the result for 2 threadsin broadcast,it amountsto comparingregular
send/receivesagainstremoteputsin theGM messagepassingsystem,with bothusingmemory
registration. Accordingto theGM documentation[?], the remoteput operationsareon aver-
age10%slower that thetokenbasedsend/receive functions.Thereforethis cost,andthecost
of extra synchronizationin thescatteralgorithm,dueto its datadistribution pattern,areseen
whencomparingtheperformanceof broadcastandscattercollectives(for GMTU).
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Figure 33. upc all scatter for 2 threads over MuPC

Over 16 threads,thepull basedreferenceimplementation,beingmoreparallelized,performs
betterthanthepushbasedimplementation.However, the memoryregistrationbasedstraight
pushscatterin GMTU implementationperformsfar betterdespitebeinga straightforwardim-
plementation(not spanningtreeis usedeither).Theimprovementsaredueto thecomparative
advantageof directly usingGM, anddueto thememoryregistrationbasedimplementationof
thealgorithm.This is moreapparentwhenwe view theperformanceof theGMTU collectives
againstthereferenceimplementationin theBerkeley runtimesystem.
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Figure 34. upc all scatter for 16 threads over MuPC

UsingtheBerkeley UPCcompilerandruntimesystemwe comparedthereferenceimplemen-
tationbasedscatteragainsttheGMTU memoryregistrationbasedscatterandobserve thatthe
performanceof thepull basedreferenceimplementationimproveswith thethreadsizefor large
messages.However, theGMTU implementationimprovesby a muchlargermargin for large
messagesdueto theabsenceof any mem-copying overhead.
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Figure 35. upc all scatter for 2 threads over GASNet runtime system
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Figure 36. upc all scatter for 16 threads over GASNet runtime system
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7.4.3 upc all gather

Thepushandpull basedgathercollectivesfrom thereferenceimplementation,over theMuPC
runtimesystem,display the effect of the ’cacheinvalidation’ cost, for messagelengthsless
than16 bytesasdiscussedearlier. A pushbasedgatheramountsto oneremoteput from the
source,over2 threads,andin thepull basedimplementation,thesameprocessoccurswith an
additionalmessagefrom thedestinationto thesourcerequestingtheremoteput. Therefore,in
bothcaseswe seethecostof thecacheinvalidationin thecachebasedMuPCruntimesystem.
ThememoryregistrationbasedGMTU implementation,amountsto aremoteputby thesource
threadandis similar to thepushbasedreferenceimplementationof thegathercollective.
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Figure 37. upc all gather for 2 threads over MuPC

Over16threads,weobservethattheperformancetrendof thepushbasedreferenceimplemen-
tation of gatherandthat of theGMTU pushbasedgatheraresimilar. The GMTU algorithm
performanceis betterasit usesazero-copy remotewrite usingGM’smessaginglayer.
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Figure 38. upc all gather for 16 threads over MuPC

The comparisonof the gathercollectives over the Berkeley runtime systemshow that the
GMTU implementation’sperformanceis comparableto thepushbasedreferenceimplementa-
tion, over 16 threads.However, whenwe observe thegraphsfor 2 and16 threads,it becomes
apparentthat the GMTU remoteput basedimplementationscalesbetterthanthe pushbased
referenceimplementation,andalthoughtheir performancetimesaresimilar at 16 threadswe
canexpecttheGMTU algorithmto performbetterfor largerthreadsize.
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Figure 39. upc all gather for 2 threads over GASNet runtime system
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Figure 40. upc all gather for 16 threads over GASNet runtime system
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7.4.4 upc all gather all

TheGMTU memoryregistrationbasedgatherall collective,implementedasaTHREADS-1 step
broadcastby eachthreadandfor 2 threadsamountsto two remoteputsby eachthread.In the
MuPC runtimesystem,the pushbasedreferenceimplementation,for 2 threads,is similar to
eachthreadissuinga remoteput. Thepull basedimplementationis similar, but involvesextra
messagesfor requestinga remoteput.
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Figure 41. upc all gather all for 2 threads over MuPC

73



0

5000

10000

15000

20000

25000

8 16 32 64 128 256 512 1024 2048 4096 8192 16384 32768 65536

T
im

e 
(u

se
cs

)

Message Length (bytes)

Collective Time: upc_all_gather_all for 16 Threads  Long computation, GMTU with memory registration[Compiler: MuPC]

MuPC-mPull
MuPC-mPUSH

MuPC-GMTU_PUSH

Figure 42. upc all gather all for 16 threads over MuPC

Over 16 threads,thepushbasedreferenceimplementationperformsbetterthanthepull based
gatherall implementationbecauseall threadssendthesameamountof datain this collective.
Theadvantagedueto parallelizationusingthepull in the’one-to-all’ collectivesis not longer
a factorin ’all-to-all’ collectivessuchasthis. TheGMTU pushbasedalgorithmperformsthe
bestoverall,in theMuPCruntimesystemdueto theremoteputsandits zero-copy performance.

In thecomparisonsoverBerkeley’s UPCruntimesystem,thepushbasedreferenceimplemen-
tation performedthe bestover 2 threads,andcomparedto the pull basedimplementationit
performsbetterover increasingthreadsizes. The GMTU remoteput basedalgorithmscales
well andperformsbetterthanthe referenceimplementationover 16 threads.This difference
is morepronouncedfor larger messagelengthsdueto reducedcopying costsin the GMTU
algorithm,wherethemessagearrivesdirectly into the,registered,shareddestinationarray.
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Figure 43. upc all gather all for 2 threads over GASNet runtime system
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Figure 44. upc all gather all for 16 threads over GASNet runtime system
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7.4.5 upc all exchange

TheGMTU implementationfor exchangecollectivecommunicationoperationis similar to the
gatherall collective, whereall threadssendnbytes to their destinationsin THREADS-1 steps
and the only differenceis that the dataitemsaredistinct for eachthread,in this case. The
resultsof theexchangecollective’s comparisonaresimilar to thatof gatherall, asall threads
pushor pull nbytes of datafrom all otherthreadsin exchangein a processsimilar to gather
all.
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Figure 45. upc all exchange for 2 threads over MuPC
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Figure 46. upc all exchange for 16 threads over MuPC

Theresultsfor exchangeover Berkeley’s runtimesystemarealsosimilar thatof gatherall in
this environment.Theresultsshow thatfor thetwo ’all-to-all’ collectiveoperations,exchange
andgatherall, the communicationpatternsare the same. This is true in both the reference
implementationandtheGMTU memoryregistrationbasedimplementation.
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Figure 47. upc all exchange for 2 threads over GASNet runtime system
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Figure 48. upc all exchange for 16 threads over GASNet runtime system
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7.4.6 upc all permute

The referenceimplementationfor permutein the pull basedimplementation,involvesa loop
to searchfor thesourceTHREAD thatadestinationthreadneedsto pull thedatafrom. This cost
grows with the threadsizeandis visible whencomparingthe performanceof the pull based
implementationfor 2 and16 threads. The pushbasedimplementationconsistsof a source
pushingits datato one destination,and over two threadsthis is the sameas an ’all-to-all’
communication.

Over 16 threads,theremoteput basedGMTU implementationperformsmuchfasterthanthe
referenceimplementation,in the MuPC runtime system,becausethreadsperform only one
operationandwait at thenext synchronizationpoint. Thememoryregistrationfacility allows
this zero-copy performancewhich resultsin theobservedimprovement.
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Figure 49. upc all permute for 2 threads over MuPC
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Figure 50. upc all permute for 16 threads over MuPC

In theBerkeley’sUPCruntimesystembasedcomparisons,wefind thatthepull basedreference
implementationcontinuesto be affectedby the ’searchloop’ (for locating the sourcein the
permarray)andthe extra overheaddueto requestinga remoteput from the source.On the
other handthe pushbasedreferenceimplementationperformsa lot better, however despite
using GM’s messaginglayer the performanceof this implementationis not comparableto
the GMTU remoteput basedimplementation. This could be due to additionalcopying or
communicationoverheadimposedby theGASNetlayer.
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Figure 51. upc all permute for 2 threads over GASNet runtime system
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Figure 52. upc all permute for 16 threads over GASNet runtime system
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7.5 Effect of Computational Time on Collective Performance

Thecollective communicationsweremeasuredusingthe testbed,with somecomputationbe-
tweensuccessive collectivecalls. Theamountof computationandthecomputationalloadper
threadneededto bestudiedin moredetailto understandtheir impacton collectiveoperations.

We choosetwo extremecommunicationpatterns,the broadcastcollective representingthe
’one-to-all’ communicationpatternsandthe exchangecollective representingthe ’all-to-all’
communicationpattern. Thesetwo collective calls are then measuredin both MuPC and
GASNet runtime systemsfor ’short’ computationand ’unequal’ computationscenariosfor
16 threads.Theseresultsarethencomparedwith the resultsfrom our standardtests,which
involve largecomputationthatis uniformoverall threads.

7.5.1 Short computation

In theshortcomputationtime scenaro,calls to successive collective communicationroutines
hadverysmallcomputationin between,andthiswasuniformoverall threads.Theresultsindi-
catethatchangingthecomputationtimehaslittle effectonthecollectivecommunicationtimes,
whenthecomputationis uniform. This is truefor both,one-to-allandall-to-all collectives.
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Figure 54. Collective time for shor t and large computation times, upc all exchange over
MuPC and Berkele y’s UPC
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7.5.2 Unequal computation

In theunequalcomputationscenario,onethreadperformedtentimesasmuchcomputationthan
therestof thethreads.Also, weensurethatthis is not thesourcethread,asit would invariably
delayall theotherthreadswithin thecollective. Theresultsshow that thenon-uniformor un-
equalcomputationhasaneffecton thecollectivecommunicationtime. This is expected,asthe
threadsspendlongertimewaitingatasynchronizationstepbeforethecollective,for the’slow’
thread.Theadditionalcostdueto unequalcomputationis thereforein thesynchronization,and
is truefor both,one-to-allandall-to-all collectives.
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Figure 55. Collective time for unequal and equal computation times, upc all broadcast
over MuPC and Berkele y’s UPC
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8 Conclusion

The GM basedcollective communicationlibrary for UPC, providesuserswith a setof high
performancefunctionsfor performingrelocalizationoperationsin thepartitionedsharedpro-
grammingmodel. As mentionedearlier, the library hasbeendevelopedto allow the userto
selectalgorithmsbasedonavailableDMA’ablememoryfor messagingoverMyrinet intercon-
nect.

Thethreemainmemorymanagementschemesemployedby our library arethememoryregis-
tration,dynamicbuffer allocationandstaticbuffer allocationschemes.Thememoryregistra-
tion scheme,usinggm register memory() anda registrationtableof fixed length,usesthe
rdmaputsallowedby GM-1 by resolvingtheremotememorylocationof sourceanddestina-
tion buffers throughUPC’s memorymodel. Thecollective functionsimplementedunderthis
schemeperformtwo to threetimesbetterthanthereferenceimplementationundertheMuPC
runtimesystem,compiledunderMPICH-GM. The GMTU implementationof thecollectives
alsoperformbetterthanthe referenceimplementationin the Berkeley UPC environmentfor
mostcollectivesandarecomparablein performancefor therest.

The collectives implementedin the dynamicand static buffer allocationschemesalso per-
form betterthanthereferenceimplementationunderbothMuPCandBerkeley UPC.Thestatic
buffer implementation’sperformanceis subjectto thesizeof thestaticbufferallocated,assmall
buffer sizeswould resultin overheaddueto extra packetizationby theGMTU application.

We alsoobserve that the referenceimplementationperformbetterin theBerkeley UPCenvi-
ronmentthanin MuPC.However, in thenaivepush/pullcasetheMuPCruntimesystemwith a
cacheperformsbetterthanthesameimplementationoverBerkeley’s GASNetruntimesystem
for UPC.

The resultsalso show the impact of computationtime over collective time, which indicate
thatunequalcomputationin betweensuccessivecollectiveoperationresultsin moretimespent
during synchronizationwithin the collective calls. This also highlights the synchronization
overheadduring a collective call, wherethe actualcommunicationcostcouldbe low but the
overallcollectivetimeis higherdueto thetimespentin thesynchronizationstep.Thisvalidates
thenotionof having differentsynchronizationmodesin UPC,sothatapplicationprogrammers
canchoosethesynchronizationmodefor a collectivecall. For example,whenmakingsucces-
sive collective calls over unrelateddataitems,programmerscanavoid extra synchronization
costsby synchronizingonly duringthefirst andthelastcalls.

The syntheticbenchmarkingapplicationtestbedand its associatedtestscripts,provide UPC
userswith a meansto compareandmeasurecollective communicationlibraries. The testbed
canbe usedto measurethe performanceof collective communicationsover a wide rangeof
environmentalparameters,suchasmessagelength,threadsize,synchronization,computation
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skew etc. We wereableto usethe testbedto compareandmeasuredifferentsetof collective
librariesandwereableto observe many interestingresultsfrom thedifferentimplmentations
underdifferentcompilers/runtimesystems,asstatedin theresultssection.

Our futurework for theGMTU collective library would includeoptimizingtheGMTU imple-
mentedalgorithmsfor theUPC MY *SYNC andUPC NO *SYNC modes.This would alsoinclude
optimizing thedynamicandstaticbuffer algorithmsusingremoteputsfor GM-1, anddevel-
opingpull basedcollectivesusingrdmagetsin GM-2. The futurework alsoincludesimple-
mentingtheremainingsetof collectives(prefix reduce,sortetc),usingthedifferentmemory
allocationschemesanddevelopinga morescalablealternative for the scatterandgathercol-
lectives.
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