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Abstract
Uni ed ParallelC (UPC)is apartitionedsharednemoryparallelprogramminganguagehatis
beingdevelopedby a consortiumof academiaindustryandgovernment.UPCis anextension
of ANSI C. In this projectwe implementeda high performanceJPC collective communica-
tions library of functionsto performdatarelocalizationin UPC programsfor Linux/Myrinet
clusters.Myrinet is alow lateng, high bandwidthlocal areanetwork. Thelibrary waswritten
usingMyrinet'slow level communicationayercalledGM.

We implementedthe broadcastscatter gather gatherall, exchangeand permutecollective
functionsasde ned in the UPC collectivesspeci cationdocument.The performancef these
functionswascomparedo a UPC-lesel referencemplementatiorof thecollectiveslibrary. We
alsodesigneandimplementedamicro-benchmarkingpplicationto measur@ndcomparehe
performancef collective functions. The collective functionsimplementedn GM usuallyran
two to threetimes fasterthan the referenceimplementationover a wide rangeof message
lengthsandnumbersof threads.



1 Intr oduction
1.1 Unied Parallel C (UPC)

Uni ed ParallelC (UPC)is apartitionedsharednemoryparallelprogrammindanguagenodel
thatis beingdevelopedby a consortiumof academiaindustryandgovernment.t is anexten-
sionof ANSI C, aimedfor high performanceomputingon variousplatforms.UPCis similar
to sharedmemoryprogramminganguagesuchasOpenMP[2] andHigh Performancd-OR-
TRAN (HPF)[1], with additionalfeaturessuchasbarriers locks,andcollectivesetc. In UPC,

b0 bl b2 b3 b4 b5

Shared Address Spa

‘ ‘ ‘ ‘ ‘ shared [2] int b[9];
b6 b7 b8

Local Address Space

a a a int a;

Thread 0 Thread 1 Thread 2

Figure 1. The partitioned shared memory model where threads have af nity to regions have
the shared address space.

eachparticipatingthreadis anindependenprocessandhasa sharedaddresspacealongwith
alocal addresspace.Theconcepwof “af nity' (Figurel) emegesin thesharedegion of this
programmingnodel,wheretheith block of thesharedaddressegion' is saidto have "af nity'
to the “ith thread'. The partitionedsharedmemorymodelallows for threadgo accessry por-
tion of the sharedaddresspace pesidesaccesdo their own privateaddresspace.However,
accessew regionswhich do not have af nity to the particularthreadmaybecostlierthanac-
cesseso regionswhich have af nity to thethread.UPCallows the programmeto changethe
afnity of shareddatato betterexploit its locality througha setof collectve communication
operations As mentionedearlier besidedraditional C featuresandconstructslJPC provides
keywordsandmethoddor parallelprogrammingover the partitionedsharednodel. Example:
sharedkeyword, synchronizatiormechanismdik e Locks, Barriersand Memory consisteng
control (strict or relaxed). UPCis aimedto be a simpleandeasyto write programmingan-
guagewhereremotereadsandwrites are donethroughsimple expressionsaand assignments,
respectrely. This enableghe userto concentratenoreon the parallelizationtask, ratherthan
worry aboutunderlyingarchitectureandcommunicatioroperationasin messag@assingpro-
grammingmodelswhereexplicit reads/writesneedto be postedfor remoteoperations.The
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localdataaredeclaredasperANSI C semanticswhile shareddataaredeclaredvith theshared
pre x (Figure2) [11].

a0 al a2 a3 a4 ab5 a6 a7
= T T LT ] ][ T T SharedAddress Space
shared [2] char *a;
a8 a9 a = upc_all_alloc(5,2);

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

Local Address Space

VR v B S )

Thread 0 Thread 1 Thread 2 Thread 3

Figure 2. Creation and allocation of a shared array ‘a' with block size nbytes = 2, and
size nblocks * nbytes = 10. Simply put, among 4 threads, the shared array of 10
elements is distrib uted in blocks of two elements per thread and wrapped around.

1.2 The MuPC Runtime System

Originally UPCwasdevelopedfor the Cray T3E. Thepopularityof clusterbasedhigh perfor
mancecomputingrequirednen compilers,runtime systemsand librariesto be developedfor
extendingthe UPC languageto this architecturaimodel. The MuPC [9] runtimesystem,de-
velopedat MichiganTechnologicalUniversity(MTU), andthe Global AddressSpaceNetwork
(GASNET) [7] runtime systemfor UPC, developedby University of California at Berkeley,
aretwo suchexamples.

MuPCrelieson MPI'scommunicatioribrary to implementreadandwritesto remotememory
Dependingon the MPI implementationwe canchoosethe underlyinginterconnect.For ex-
ample,the 16 nodeLinux clusteratMTU's ComputationabcienceandEngineeringResearch
Institute(CSERI)hasbothEtherneandMyrinetinterconnectsMPI programsanberununder
eitherLam-MPI or MPICH-GM to useeitherEthernetor Myrinet interconnectrespectiely.

A usercan write supportinglibraries for UPC just asin C, for mathematicakalculations,
string manipulation,etc. However, MPI library functions,suchas MP1_Send(),MPI_Recv(),
MPI_Broadcast()cannotbe usedin UPC applicationsunderthe MuPC runtime system.This
is becauséMuPC usestwo pthreadspnefor the users UPC codeandthe otherfor communi-
cation,anddueto the lack of threadsafetyin pthreadghe usercannotuseMPI callsin their
UPCprograms.



1.3 Myrinet and GM

TheMyrinet [3] is alow-lateng, high bandwidthlocal areanetwork technologydevelopedby
Myricom. Myrinet interconnectsvith the PCl64Bcardshave alateng of 8.5usfor shortmes-
sagesaandupto340M Bytes/stwo way datafor large messageRl]. Comparedo corventional
networks suchas Ethernet(100M Bytes/s),Myrinet provides featuresfor high-performance
computingusingfull-duplex links, o w controlandcut-throughrouting. Myrinet alsohascer
tain functionsthat bypassthe operatingsystemto provide fasterdatatransferrates. It is a
robust, highly scalableinterconnecsystemandcomeswith a low-level communicatiorlayer
from Myricom calledGM.

TheGM communicatiotayerconsistof aMyrinet-interfacecontrolprogram(MCP),the GM-

API andfeatureghatallow communicatiorover a Myrinet connectecluster GM providesa
notion of logical software portsdistinct from Myrinet's hardware ports. The portsare used
by processor client applicationsto communicatewith the Myrinet interfacedirectly. There
are8 suchlogical portsout of which ports0, 1 and3 areusedinternally by GM andports2,

4,5, 6 and7 areavailableto the userapplication. The maximumtransmissiorunit (MTU),

which de nes the size of the largestpaclet that canbe physicallysent,is 4K Bytesfor GM.

During transmissiorall pacletsof sizelargerthanthe GM's MTU arebrokendown to around
the 4K Byte size beforebeing sent. The GM API provides variousfunctionsto sendand
receve messagesyver Myrinet, usingthe communicatiorlayer. Thesefunctionscanbeused
to developmiddlewvareover GM, suchasthe MPICH-GM implementatiorof MPI.

Libraries developedover GM can usefeaturessuchas OS-bypasgo provide better perfor

mance OS-bypasss atechniquausedoy GM applicationswhich avoidscallsto theoperating-
systemfor allocatingand registeringmemoryfor sending/receing by doingit onceduring
initialization. After this the MCP andGM basedapplicationsccommunicateéhroughthe regis-

tered/allocatednemoryregion for communication.

1.4 Motivation

High performanceclustercomputingrelieson high speednterconnectssuchasEthernetand
Myrinet, that form their backbone.The Uni ed Parallel C (UPC) languagejs a partitioned
sharednodelbasedparallelprogramminganguagehat usesruntime systemssuchasMuPC
and GASNeton clusters. The MuPC runtime system,compiledunderMPI librariessuchas
LAM-MPI andMPICH-GM, canuseboththeEtherneandMyrinetinterconnectg,espectrely.

Collective communicatioroperationsuchasbroadcastscattey gather exchangegtc provide
meansof distributing dataamongprocessesn messaggassingbasedparallel applications.
In MPI, for example,userscan develop their own collectve communicationibraries using



MPI sendandreceve functions,but moreef cient implementatiorof thesecollective opera-
tions are provided with the MPI library in the form of MPI_Broadcast() , MPI_Scatter(),
MPI_AlltoAll(), etc[8].

As mentionedpreviously, in a partitionedsharedmemorymodel parallel programminglan-

guage,suchasUPC, accesseto shareddataby processesvithout af nity to the shareddata
aretranslatedo remoteaccessesin UPC, userscanperformdatarelocalizationusingshared
assignmentshowever this processhecomesighly inef cient as multiple assignmenbpera-
tions translateto asmary remoteaccessesesultingin performancedegradation(Figure 22).

Thereforegollectve communicatioroperationgareneededo performdatarelocalizatiormore
ef ciently andwereinitially implementedor UPCin the referencamplementatior5] using
theupc _-memcpy() function. Although, this straight-forvard implementatiorof the collec-

tive communicatioroperationgprovided performanceémprovementover the nawve version,a

high performancemplementatiorof collectve communicatioroperationsvasstill desired.

Therefore,our goalwasto develop a UPC collectve communicatioriibrary over Myrinet to
provide a high performancamplementatiorcompatiblewith the UPC runtime systemssuch
asMuPC and GM basedGASNet. We developedthis library asmiddlevareover GM using
C and UPC commands.We also developeda syntheticbenchmarkingapplication,a collec-
tivestestbedin UPC for empricalanalysisof collectve communicatioribrarieson different
runtimesystems.

In thefollowing sectionsve introducethe GM messag@assingnodel[3], followedby a brief
overview of the collective communicatiorfunctionsin UPC. We thendiscussour implemen-
tation of the testbedand the collectve communicationlibrary. This library consistsof GM
implementation®f broadcastscattey gathey gatherall, exchangeandpermute.Performance
resultsarethengivenfor thevarioustestconditions.



2 MessagepassingWith GM
2.1 GM ports and connections

GM is alow-level messag@assingsystemthat usesthe Myrinet interconnecto send/recefe
messagesveraconnectedetwork. At theapplicationlevel, thecommunicatiormodelin GM
is connectionles¢Figure 3)[3]. Meaning,unlike othersystemghat useprotocolsto setup a
communicatiorink prior to messag@assingsuchastherequest-eplyprotocol nohandshak-
ing is requiredby GM applications.A userprocesscansimply senda messagéeo ary node
on the network, assuminga physicalconnectiorbetweenthe two nodesexists. The Myrinet
switchmaintainsaroutingtable,with pathsconnectingall the active nodesn the network. As
a result,communicatioroperationsetweenGM applicationsdo not requireroute discovery

protocols.
process
process

process

828 3581 )

ol0]e)
O O@/ GM ports

process

GM ports

Figure 3. Ports and connections in GM. The messaging is connectionless in GM, meaning
no route disco very needs to be done by a sending host - it simply says 'send this message
to this node id through my this port' and the message is sent.[3]

2.2 GM communication protocol

GM applicationsuse a messaggassingcommunicationmodel similar to MPI. This model

requiresthat every sendoperationon a sourcenodehave a matchingreceve operationat the
destinatiomode.Thesendandreceve callsmustalsomatchin buffer sizeandmessageriority
typesatbothends.This senesasatagto helpto distinguishincomingmessagefaster For ex-

ample while sendinghbytes of datathesendepassegmmin _size _for _ength(nbytes)
asthesizeparameteandnbytes  asthemessagé&ngth.Thereceverdoesagmprovide _receive _buffer()
with thesizeparametegmmin _size _for _length(nbytes) to receve themessage.
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It is alsopossibleto do remoteputsusingremoteDMA (RDMA) writesandremotegetsusing
remoteDMA (RDMA) readsin GM. While RDMA getsare available on GM-2 only, only
RDMA putsareimplementedver GM-1. Our work wasdoneusingGM-1 andthereforewe
were limited to using RDMA putsonly. A remoteput is essentiallya one-sidedsend;the
recever doesnot needto postanexplicit receve (or provide areceve buffer). Without remote
reads(gets),GM clientscanonly implementPush-basedlatatransfersin which the source
sendsthe datato the destination(s). However, when RDMA readsare available it will be
possibleto implementPull basedfunctions,wherereceving nodessimply readfrom aremote
sourceocationwithoutrequiringthe sourceto sendthemamessage.

All sendandreceve operationsn GM areconductedusingtokensto regulateandtrack mes-
sages.During initialization a GM clienthasa x ed numberof sendandreceve tokens(Fig-
ure 4). A call to a sendfunction releasesa sendtoken, which is returnedwhen the send
completesSimilarly, acall to gmprovide _receive _buffer will releaseareceve token
andoncea matchingreceve (basedon sizeandpriority) hasbeenreceved.

mend CQueue

LTI =

gm_num_send _tokenal )} Siids

Feceive Buller Pool

[ITITTTTTT] -
gm_num receiwve tokans |} siiis
LANG Memory

I| I| User Vintua! Memory

Receive Evenl Cueue :
(I o] Gl

. Sofware

gm_num receive tokena()+ ; :
gm_num_send_ tokena( ) flols

User Token Fiow
Figure 4. Tokens are used to keep track of sent/received messages by GM hosts. [Source:

M yricom [3]]

2.3 DMA allocation schemesn GM

All messagesentandrecevedby GM mustresidein DMAable memory GM allows clientsto
allocatenew DMAable memoryusingcallstogm.dmamalloc() andgm.dma.calloc()
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Thereis alsothe facility to register existing memoryregionsin the userspacethroughcalls
to gmregister _memory() . The processof registeringmemory makes the region non-
pageablethis addsa pagetableentryto a DMAable pagetablethatLANai accessesnabling
GM to read/writeontothatregion. Theproces®f dergisteringmemory usinggm.deregister
malkestheregion pageablegain,andinvolvesremoving the memoryaddressiashandpaus-
ing the rmw are. This makesit more expensve to deregister memorythanto register; our
collectivelibrary usesthis factto provide furtheroptimizations.

The procesof dynamicallyallocatingmemorytakeslesstime thanregisteringmemory how-
ever it usesmorememoryas GM startsrunninga memorymanageron top of the allocated
regions. Thereforebasedupon memoryor performancaequirementsthe usermay choose
oneof theabose memoryallocationschemesn our collectiveslibrary.

2.4 Sendingmessagein GM

To sendandreceve messagethe client applicationmustkeepa track of the numberof send
andreceve tokensit has.Beforemakingany callsto GM functionsthatrequiretokensit must
malke sureit possessesnoughtokensfor that operation. The GM sendandreceve protocol
alsousessizeandpriority tags. GM clientssendingandreceving a messagenustbothagree
onthesizeandpriority of the messageGM messagerioritiescanbe GMHIGH PRIORITY

or GMLOWPRIORITY (Figure5). The size of a messagen GM is given by the function
gmmin _size _for _length(nbytes) , Wherenbytes is the length of the messagean

bytes|[3].

A client applicationcalls the GM sendfunction by passinga callbad function pointeranda
contet structurepointerto thatfunction. Thecallbackfunctionis usedo checkthestatusof the
sendoncethesendcompletesisingthe parameterg context structure A GM clientsendinga
message@ivesup onesendtokenwhichis returnedvhenthe sendfunctioncompleteandGM
callsthecallbackfunction. Thecallbackfunctionis calledwith apointerto the GM portof the
senderthe context pointerof the sendfunctionandthe statusof sendoperation.Theclientap-
plicationcanusethecallbackfunctionto verify thatthesendhascompletedsuccessfullyr not.
Thegmsend with _callback() is usedwhenthereceving client's GM portid is differ-
entfrom the sendingclient's GM port-id; otherwisegmsend _to _peer _with _callback

is usedsinceit is slightly faster

It alsois importantto notethatthe senderdoesnot to deallocatgor dereagister)or modify the
sendbuffer until thecallbackfunctionreturnssuccessfullyuntil gmwait _for _callback()
completessincethe datathenmight becomanconsistent.

12
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Senl Packet

Send
State
Machine

Send Quene

LANG Memany
Lsev Priocesy Memory

Receive Byent Qu;ut

:gm send_with callback(..,ptr, size,.,callback, context)

event=gm_receiwsa(),
switchievent-recv.typ=){
Cleraultl
om_ mmm[mrt. evant )
}

+ ¥

callback | port, c‘cmt.a){t. E:t.atus:l
Behind the svenes ér gm_inkacm & |

Sending

Figure 5. When sending a message in GM the message priority and size must be the same
as that expected by the receiver.[source: M yricom [3]]

2.5 Receiiing messagesn GM

Receve operationsn GM arealsoregulatedby the notionof implicit tokens.Beforearecev-
ing clientcanreceve amessagetendedor it, it mustprovide areceve buffer of theexpected
sizeandpriority. A call to gmprovide _receive _buffer() is usedandin the process
thereceving client givesup a receve token. This tokenis returnedafter a receve eventhas
beenhandledproperly(Figure6). Uponproviding areceve buffer thereceving clientchecks
foragmreceive _event() usingthegmreceive _event _t structuresrecv type eld.
Thereceverwaitsuntil amessag®ef matchingsizeandpriority is receved. Whenamessage
is receved therearenumerougypesof receve eventtypesthat may be generatedlepending
onthesize,priority andreceve port of the receve eventtype. The clientapplicationhandles
all the expectedreceve eventtypesandthe restare simply passedo the gmunknown()
function. Thegmunknown() functionis a specialfunctionthathelpsthe client application
resole unknovn messagesy/pesandallowsthe GM library to handleerrors.

Dependingon the gm_receve_event structures receve type, the incoming messagecan be
copiedfrom therecv eld' s messaggarameternor the receve buffer provided by the user
(x _[FAST_PEER=* or » _PEER~*, respectrely). We found thata messagemallerthan 128
bytesgenerateda * FAST PEER* receve event and a larger sized messageyeneratech
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Arriving Packel

i TEe

Feceive

B Receive Butter Pool
ks [TTTTTITIT]
M achine
| f A Nai Memory

¥ | Ulwer Virta! Memory
Receive Dueus

gm_provide receive Durfer()

|l\______‘p- gm_receivs ()

Receiving

Figure 6. When receiving messages in GM, we must r st provide areceive buffer of matc hing
size and priority as the sender did while sending this message. Then we must poll for the
total number of expected. [Source: M yricom [3]]

* _PEER=* receveevent. Similarly, amessagevith ahighpriority tagwill generate* _HIGH.PEER=*
eventanda low priority messagéagwill generatea* LOWPEERx* event.

A messagés from a peerwhenthe senders GM portid andtherecever's GM portid arethe
sameptherwisdt issimplya* _FAST*,* _ HIGH_* or* LOWk insteadbf* FAST PEER~,
* _ HIGH.PEER~* or * LOWPEER*. It is up to the applicationdeveloper to usethe mes-
sagegypesappropriatelyin thereceve functions.
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3 Collective Communication Operations
3.1 Needfor Collective Communication Operations

As mentioneckarlier theconcepbf af nity in UPCrelatego partitionsof sharecaddresspace
beingcloserto a certainprocesqor thread)[11]. Theeffect of this is importantin platforms
suchasBeowulf clusterswheretheread/writego areaf sharednemorythatprocessedonot
have af nity to arecostlierbecause¢hey accesgsemotememory(Figure7). Thecostincreases
if theseaccessearefrequentlymadeby applicationsandhencethe needto re-localizearises.
Collective operationgprovide away to achieve this relocalizationof data,resultingin achange
in the afnity of the dataitem that leadsto lesscostly accesses.An exampleof how the
broadcastunctionperformsrelocalizationis illustratedbelow:

Pre-Broadcastb hasaf nity to threadO only, any computationnvolving otherthreads
would be costlierasthey would be translatedo remoteread/writes

Pre-broadcast

Shared

a0]  a[1] al2) a3] al4] a[s] al6] a7 shared [nbytes] int a[nbytes*THREADS];
shared [] char b[nbytes]
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ upc_all_broadcast(a,b,nbytes*sizeof(char));

Hc

Local

+
+° +° +° +
+° +° +° e

Thread 0 Thread 1 Thread 2 Thread 3

Figure 7. Referencing shared address space that a thread does not have af nity to, can be
costly. This picture shows the nbytes -sized block of a char array b (shaded) that thread
0 has af nity to.

Post-BroadcasEachthreadhasacopy of 'b' in thesharedarea, a', with af nity to that
threadafterre-localization.As aresultthey canuse'a’ insteadof "b' to reducethe cost
of memoryaccesset datacontainedn b
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Post-Broadcast

o

Shared

a0]  afl] a[2] a3 al4] a[s] al6]  a[7] shared [nbytes] int a[nbytes*THREADS];
shared [] char b[nbytes]
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ upc_all_broadcast(a,b,nbytes*sizeof(char));

Local

Jr
L - - 4l -
Nk Nk Nk e

Thread 0 Thread 1 Thread 2 Thread 3

Figure 8. Post-br oadcast we see that a copy 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 relocalizationoperationscanbe carriedout, dependingpn
which threadsdo the work. Considera producerconsumeiarrangementwhereoneproducer
producegjoodsthatareconsumedy mary consumersWe canlook at variousaspect®f this
arrangementbut for our examplelet us considerhow datais distributed. The questionswe
mustaskare,Doesthe producerbring the datato ead consumer?r, Do consumes go upto
the producerand demandheir data? In termsof hosts,nodes blocksof sharednemoryand
collectives,we canrestatethe above questionsas: during a broadcastpPoesthe souice write
thedatato theothers? or, Do thedestinationgeadthe datafromthe source?

Therefore,collective communicationoperationsvhere sourcethread(s)sendthe datato the
destinationthread(s)are regardedas pushimplementationsand operationswherethe desti-
nationthread(syeadthe datafrom the sourcethread(s)aretermedthe pull implementations.
Figure9 shavs how pushandpull broadcasboperationgliffer. In Figure9(a)threadO is push-
ing thedatato thedestinatiorthreadsoy copying it into theirmemorylocations.In Figure9(b)
eachdestinatiorthreadis responsibldor pulling thedatafrom thread0's memorylocation.

The referenceimplementation5] providesa straightforward way of performingboth push
andpull relocalizationoperationdor all the collectvesmentionedn the collective speci ca-
tion documen{12]. Thecollectivesin thereferencemplementatiorareimplementedisingthe
upc _-memcpy() functionwhich,in thepartitionedsharednemorymodel,is translatedntore-
motegetsor putsdependingpn whetherit is thesourceor thedesitnatioriocationthatis remote
to the calling thread. An exampleof the referencemplementationupc _all _broadcast
collective function,in pushandpull versionss givenbelow.

Psuedocod®r pushreferencemplementatiorof upc _all _broadcast

16



Thread 0 |:| ‘ |:| Thread 0
Thread 1 |:| |:| Thread 1
Thread2 [ | PUSH [ ] Thread2
Thread 3 |:| |:| Thread 3
@
Thread0 [ | [ ] ThreadO
Thread1 [ | \E Thread 1
Thread2 [ | PULL / [ ] Thread2
Thread3 [ | [ ] Thread3

(b)

Figure 9. upc _all _broadcast using 'push’ and 'pull' based protocols. (a) Push based
collectives rely on one thread copying the data to the rest, while (b) pull based collectives
are more ef cient and paralleliz ed as destination threads are responsib le to copying 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

Psuedocod®r pull referencamplementatiorof 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 collectivesin a naive mannerusing array as-
signmentgo performdatamovement. In the partitionedsharedmemorymodel eachof the
assignmenstatementsvould translateto a remoteget or remoteput dependingon the nature
of the implementation.Th@verheador suchanimplementations thereforequite high since
moving n elementswvould translateto as mary remoteoperations. The MuPC runtime sys-
temwith a software runtime cachebased allevatessomeof this cost; however this is highly
dependean the cachesize. For increasinghumberof elementghe performanceof the nave
algorithmwould degradeprogressiely. In our resultswe comparea nave implementatiorof
theupc _all _broadcast collective againstthe referencemplementatiorand againstour
library to con rm theseobsenations.

Psuedocod®r thenawve pushreferenceamplementatiorof 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 ;=0 to nbytes
n = | *nbytes+]
set the n'th element of 'dst'
equal to the jth element of 'src’
end for
end for
end if
end upc_all_broadcast

Psuedocod®r thenaive pull referencemplementatiorof upc _all _broadcast

begin upc_all_broadcast(shared void dst,
shared const void =*src,
size_ t nbytes,
upc_flag_t sync_mode)
for ;=0 to nbytes
n = MYTHREABnbytes+
set the n'th element of 'dst'
equal to the jth element of 'src’
end for
end upc_all_broadcast
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3.3 Collective Communication Operationsin UPC

In this projectwe implementedsix of the collectve communicatioroperationsasspeci edin
the UPC CollectiveOperations Speci cationV1.0[12]. The detailsof thesecollective func-
tions, their parametersandtheir operation®n sharedarraysaredescribedelow.

3.3.1 upc_all_broadcast

void upc _all _broadcast(shared void ==dst, shared const void =src,
size _t nbytes, wupc_flag _t sync mode)
Description:

Thesrcpointeris interpretedas:

shared [] char[nbytes]

Thedstpointeris interpretedas:

shared [nbytes] char[nbytes * THREADS]
Thefunctioncopiesnbytesof the srcarrayinto eachnbyte-blockof the dstarray

Thread O

N\ | =

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

nbytes, upc _flag t sync _mode)
Description:

Thesrcpointeris interpretedas:

shared [] char[nbytes *THREADS]
Thedstarrayis interpretecasdeclaring:

shared [nbytes] char[nbytes * THREADS]
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Thei" threadcopiesthe i!" nbyte-blockof the src arrayinto the i nybte-blockof the dst
arraywhich hasaf nity totheit thread.

Thread 0

‘ [ \
I

Thread C

\l/
\J

Thread 1

Thread Z

Thread &

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 assumedo beanarray declareds:

shared [nbytes] char[nbytes * THREADS]

Thedstpointeris assumedo bedeclaredas:

shared [] char[nbytes * THREADS]

Thei™ threadcopiesthei™ nbyte-blockof the srcarray with af nity thei™ thread,into the

i 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 assumedo beanarray declaredas:

shared [nbytes] char[nbytes * THREADS]

Thedstpointeras:

shared [ nbytes » THREADS] char[nbytes * THREADS* THREADS]
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Thread 0
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Thread C

Thread 1

Thread Z

Thread &

Figure 12. upc _all _gather push implementation

Thei™ threadcopiesthe i nbyte-blockof the src arrayinto thei™ nybte-blockof the dst
array

Thread 0 Thread C
Thread 1 Thread 1
Thread 2 Thread 2
Thread 3 Thread &

Figure 13. upc _all _gather _all push implementation

3.3.5 upc_all_exchange

void upc _all _exchange (shared wvoid = dst, shared const void =*src,
size _t nbytes, wupc_flag _t sync mode)

Description:

Thesrcanddstpointersareassumedo bearrays,declaredas:

shared [nbytes *THREADS] char[nbytes *THREADSTHREADS]

Thei™ thread,copiesthej™ nbyte-blockof the srcarrayinto thei" nybte-blockof the dst
arraywhich hasaf nity tothej™ 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, wupc_flag t sync mode)

Description:

Thesrcanddstpointersareassumedo be chararraysthataredeclaredas:

shared [nbytes] char[nbytes * THREADS]

Thei'" thread,copiesthei™ nbyte-blockof the srcarrayinto the nybte-blockof the dstarray

which hasaf nity to thethreadcorrespondingo thei'" elementof theperm array
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Figure 15. upc _all_permute push implementation

4 PastWork

4.1 Referencelmplementation

Thereferencamplementatiorof the collective library is a standard-conformingnplementa-
tion but it doesnot necessarilyerformef ciently. Ouraimis to implementhigh performance
versionsof the collectivesby understandingndusingthe GM messag@assingystem.

4.2 Setting up the communication library

We startedout by trying to understangrogrammingin GM, throughsimple functionsthat
implementedsend/receie operations. In this rst phasewe usedMPI to spavn processes.
In theseapplications,messaggassingwas not doneusing the usualsend/receie functions
providedby MPI, ratherthey usedGM's sendandreceve functions.

Oncewe wereableto establisha developmentbasewe implementedsimilar messag@assing
applicationsn theUPCenvironmentto checkfor interoperability At this pointwe alsoadopted
the”gmtu " nomenclatur¢o identify anddistinguishour library functionsfrom thosein GM.

We developedour UPC testapplicationson the MuPC runtime system. TheMuPC runtime
systemwas developedby PhD candidatezhangZhang,using Lam-MPI (over Ethernet)and
MPICH-GM (over Myrinet). Dependingontheversionof theruntimesystemwe couldchoose
theunderlyinginterconnector messag@assingn our UPC applicationandthencompardts

performanceo thosewith our Myrinet-basedibrary.

Oursecondlevelopmenphaseanvolvedimplementinghebroadcastollective (upc _all _broadcast
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usingdifferentalgorithmsandsend/receie protocolsin GM.
4.3 Broadcastalgorithms

We starteddevelopingthe GMT Wollectiveslibrary usingGM for theupc _all _broadcast
collective andimplementedhreedifferentalgorithmsto performthis relocalizationoperation.

In the straight pushbroadcasthe sourcethreadsentthe datato eachthreadone-by-onen
THREADS-1steps. The spanningtree broadcasialgorithm broadcasthe datadown a bi-
nary tree, rootedat the source,in log(THREADS) steps[6]. The RDMA put algorithm,
calledDirectedReceiveBuffer (DRB)push usedremoteputsto pushthedatato thethreadsn
THREADS-1steps.

The straightpushand spanningtree pushalgorithmswereinitially implementedusinga dy-

namic buffer and later usingtwo static buffers (for sendingandreceving). The DRB push
algorithmrelied on registeringmemory at the sourceand destinationthreadsprior to data
transfer(and synchronization)and after this the sourcepushthe datain THREADS-1steps
to all the destinatiorbuffers.

We testedthis initial library onthe MuPC runtimesystemto checkfor interoperabilityof our
UPC/CbasedGM library with the runtime system. This wasdoneby developinga synthetic
benchmarko simulateoperatingconditionsof real parallelapplicationsandtestingour library
(with broadcastpnit. We alsocomparedhe performancef our broadcasalgorithmswith the
referencamplementatiorand MPI broadcastlgorithms,usingthe syntheticbhenchmark.We
consideredhe referencamplementatiorand MPI collectivesasour baselineand usedthem
for our comparsions.

4.4 Motivation for creatingthe syntheticbenchmark

Standardbenchmarkslike the Pallas MPI benchmarkgPMB), were not speci cally con-
structedto measureand comparecollective communicationlibraries like ours. The reason
for thisis thatthe computationatime dominateghe collectve communicatiortime by several
magnitudesn thesebenchmarkgFigure 16). Our aim wastherefore to constructan applica-
tion thatwill bringthemto scaleandour synthetichbenchmarkor testbedwasdevelopedwith
this goal.

The testbedinterleaves computationand collectve communicationto provide comparisons
closeto realworld application. The time of computationis usuallykeptslightly higherthan
the collectve communicatiortime, to ensureall threadshave completedoneroundof collec-
tive communicatiorbeforeenteringthe next round. The computatiorperformedareall local,
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D Computation

D Communication

Figure 16. (a) Collectives as measured between computations in traditional benchmarks,
computation and collective comm unication times are not propor tional. (b) Collectives as
measured by our benchmark, collective and computation times are kept propor tional

thereare no remotereads/writeduring this period. During our nal analysis,we vary the
computationtime andalsotake somemeasurementwithout any computationat all to study
the effectsof having computation.

4.5 Parametersusedin the testbed

To beagin the processof measurementve neededto identify the importantparameterghat
would allow usto measurehe performancef thelibrary functions.Below is alist of parame-
tersthatwe identi ed alongwith somediscussion.

45.1 Hardware Platform

We testedour library ona 16 nodeLinux/Myrinet cluster Eachnodehasadual-processdntel
Xenonchipswith thei686 GNU Linux operatingsystemanda 133MHz PCI64BMyrinet/PCI
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interface(LANai 9.0)runningGM-1.6.50nit. Theclusteris alsoconnectedy afastEthernet
connection.

4.5.2 Runtime System

Theavailability of differentcompilationsof theMuPCruntimesystem(LAM MPI andMPICH-
GM) provided us with differentinterconnectboptions. We could quantitatvely compareour
collectvesagainsthereferencemplementationn bothenvironmentsbut we usethe MPICH-
GM distribution of the MuPC runtime systemso asto make the comparisorevenin termsof
theinterconnectsed.

Therefore to highlight the differencesetweerthe referencamplementatiorand our imple-
mentation- we compareagainstthe referencamplementatiorexecutedover the MPICH-GM
basedVIuPC runtimesystem(MuPC-v1.1)[9]. Also, we comparethe referencamplementa-
tion compiledwith Berkeley's UPC compilerand executedin the GASNet(Global Address
SpaceNet) runtimesystem[7]. GasnetalsousesGM andsowe shouldseesomeof the GM
pushcollectivesperformthe sameasthe referencamplementation.

4.5.3 Algorithms

Thetestbedcanbe compiledby linking differentversionsof our library to compareour algo-
rithms againsteachother We have memoryregistration,dynamicDMA allocationandstatic
DMA allocationversionsof eachcollective function. We also have the nave pushand pull
upc _all _broadcast collective algorithm, alongwith the referencamplementatioralgo-
rithms.

Thetitles of thealgorithms,asusedin our resultsareprovided below.
MuPC-Naive-PULL - Pull collectvesfrom the naive implementatiorexecutedon the
MuPCruntimesystem

MuPC-Naive-PUSH - Pull collectvesfrom the naive implementatiorexecutedon the
MuPCruntimesystem

Berk-Naive-PULL - Pull collectvesfrom the naive implementatiorexecutedon the
GASNetruntimesystem

Berk-Naive-PUSH - Pushcollectivesfrom the naveimplementatiorexecutedon the
GASNetruntimesystem
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MuPC-mPULL- Pull collectives from the referenceimplementationexecutedon the
MuPCruntimesystem

MuPC-mPUSH Pushcollectives from the referenceimplementationexecutedon the
MuPCruntimesystem

MuPC-GMTWUSH- Pushcollectvesusingthe GMTU memoryregistrationimplemen-
tation,executedon the MuPCruntimesystem

Berk-mPULL - Pull collectives from the referenceimplementationexecutedon the
GASNetruntimesystem

Berk-mPUSH - Pushcollectives from the referenceimplementationexecutedon the
GASNetruntimesystem

Berk-GMTU _PUSH- Pushcollectivesfrom our GMTU library executedonthe GASNet
runtimesystem

4.5.4 Collective Operation

Thetestbeds designedo measurgheperformancef eachcollectivein variouservironments.
Thecollectiveswe measuredre:

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 processespr UPC threadsyvariesfrom 2 to 16. We measureodd numbered
threadsto checkthat spanningtree algorithmsperformcorrectly Comparinggraphsof the
samealgorithms,for a collective function underdifferentnumbersof threadsprovided vital

informationaboutthe scalability of our algorithms. It wasalsoanimportantmeasuregduring

developmentbecauset 2 threadsall pushcollective operationsare similar in nature,where
1 threadpushesnbytes of datato anotherthread. We usedthis obsenation to checkfor

inconsistenperformancendbugs.
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45.6 Messagd.ength

Varying the messagéengthprovided us with the mostbasicperformancegraph. We obsene
the performancef collectives,in our testbedstartingata messagéengthof 8 bytesto 64KB.
We alsomeasurgimesfor somemessagéengthsthatarenot powersof two.

4.5.7 CachelLengthin the MuPC runtime system

Thelatestreleaseof the MuPC runtimesystemusesa runtimesoftwarecache.The cacheline
lengthis by default 1K, andthereare 256 linesin the cache.We always maintainthe cache
lengthat 1K in our tests.

4.5.8 Skewamongthreads

The behaiour of collectvesin an asynchronougnvironmentis animportantconcern. The
testbedallows a userto introducea start-upskew beforethe collective testsbegin. Thetestbed
alsoallows a userto performmeasurementssingskewedcomputationsimes,ascomparedo
uniform computatiortimesacrosshreadsduringthe collective tests.In the uniform computa-
tion testruns,all threadscomputefor atime slightly longerthanthe collective communication
time while in the skewed computationpneof the threadscomputedor alongertime thanthe
rest. The threadcomputinglongercould be ary threadexceptthe sourcethreadin the next
roundsincedelayingthe sourcewould delayall the othersthreadgoo.

4.5.9 Synchronization within the collective

The synchronizationags in UPC collectve communicatioroperationscanbe usedby a pro-
grammerto controlthe type of synchronizatiorwithin a collective function. TheIN * SYNC
andOUT* SYNCags, where™*' canbeeitherALL, MY or NONE areusedin combinationto
specifythe synchronizatiorbeforeandafterdatatransferwithin a collectie.

For example,in UPC a programmeicanusethe differentsynchronizatiortypesto broadcast
two disjoint blocksof data

Example:
upc_all_broadcast(dst1, srcl,IN_ALLSYNC,OUT_NOSYNC);
upc_all_broadcast(dst2, src2,IN_NOSYNC,OUT_ALLSYNC);

Threadscompletingthe rst call, in this fashion,do notwait to synchronizewith otherthreads
andproceedmmediatelyto make the secondcall. All threadshensynchronizeat the end of
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thesecondiroadcasonly. This canhelpprogrammersisethe collective functionsmoreeffec-
tively. Most of our comparisonwith the referencamplementatiorarein the IN _ALLSYNC
andOUTALLSYNCmodesasthesearethe mostcommonlyusedsynchronizationags.

Note that the collective functionsin the GMTU memoryregistrationimplementation must
explicitly know thatthe memoryhasbeenregistered;alsodueto the RDMA put sendusedin

thesefunctions they needo know thatthemessagéasbeendelivered.Thereforeywe combine
theIN _ALLSYNCandOUTALLSYNCoperationswith the datatransferin sucha mannerthat
theformertellsall threadghatall otherthreadshave registeredheirmemorylocationsandthe
lattertells all threadghatthedatahave beensent. Thisimpliesthatevenin thex _MYSYNG@nd
* _NOSYN@odestheabore mentionedarriersareneededn theGMTU memoryregistration
scheme.

On the other handthe dynamicand static DMA allocationalgorithmsdo not requireexplict
synchronizatiorin the * _MYSYNG@nd* _NOSYNGnodessincethey use GM's token based
messag@assing.Thisis becausen thetokenbasednessag@assinghe sourcethreadknows
that the messagéiasarrived at the destinationfrom the statusof the callbackfunction and
similarly the destinationthreadknows that the messages available asthe gmreceive()
functionreturnsareceve event.
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5 Current Work

The syntheticbhenchmarkingestbedandthe initial implementatiorof the broadcastunction
provided us with a developmentandtestingbase. We thenimplementedbroadcastscatter
gathergatherall, exchangeandpermutecollectivesin UPCusingexperience$rom our previ-
ouswork. Thecollective functionswereimplementedisingthe memoryregistration, dynamic
DMA allocationandstatic DMA allocation algorithms. The detailsof this work areprovided
below andarefollowed by the resultsfrom the testbedusingthe parametersliscussedn the
previoussection.

5.1 The GMTU collective communication library

The high performancdJPC collective communicatioriibrary for Linux/Myrinet, wasimple-
mentedusing the three buffer allocationtechniques. The library allows the userto choose
betweerthe memoryallocationschemes.

In operatingsystemsnvherememoryregistrationis allowed (Eg. Linux [3] ) theusercanset
the ervironmentvariableGMTUREGISTERMEMORMg on, to selectthe memoryregistra-
tion implementationn the GMTU collective library . Whenno such ag is set, the length
of the staticbuffer speci edin the GMTUBUFFERLENGTH ag is usedto choosebetween
static buffer or dynamicbuffer implementationsn the GMTU collective library. For example,
settingthe GMTUBUFFERLENGTHo zerowould switchthelibrary ontothe dynamicbuffer
allocationmode. Thefollowing subsectionslescribeheseDMA memoryallocationschemes
in detail,andthesearefollowed by descriptionf the differentalgorithmsfor eachof the six
collective functions.

5.2 DMA Memory Allocation Schemes
5.2.1 Memory registration

GM providesthefacility for applicationgo registermemorywhichmakestheregionregistered
non-pajeable This region canbe thenusedto sendfrom andreceve into directly without
allocatinga separatdMAable buffer. The advantageof usingthis is thatit providesa zeio-
copy performanceaswe no longerhave to copy the datafrom userspaceonto the allocated
DMA spacewhile sendingandcopy it backwhile receving.

In ourlibrary wewereableto registerthesharedarraysandsenddatafrom them,without copy-
ingit ontoaDMA messagéuffer. Thesewereachievedthroughcallstogmregister _memory
andamatchingcall togmderegister _memory. Similarto MPI, we reduceheoverheadf
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registeringandderagisteringmemoryduringa collective call by settingup aregistration table

to keeptrackof all registeredmemoryregions. For example,duringthe rst call to acollectve

function we registerthe arrayandstoreits addresson a table. Whensubsequentallsto the

collective functionwith pre-reyisteredarraysaremadewe skip the costof registeringthearray

again. The memorylocationsregisteredin this manney areall dergyisteredat the endof the

applicationduring the call to gmtu _finalize() , Whereusedlocationsaremadepageable
againwith acall to gm.deregister memory.

Thetotal amountof memorythatcanberegistereds speci edby GM whenit is installed.In
GM-1.5it is 7/8thof the physicalmemory andif theclientapplicationtriesto registerbeyond
this limit anerroris generated.In our library we trap this error andreportit to the user at
which point they canchooseto usethis schemewith fewer amountof registeredmemoryor
cansimply switch to the otheralgorithms(For example: selectdynamicbuffering schemeby
unsettingthe GMTUREGISTERMEMORYag andsettingthe GMTUBUFFERLENGTHag
to zero).

We allow the userto specifythesizeof theregistrationtable(defaultis 256 elements)to opti-
mize searchinghetableduringregistration. Theusercansetthe sizeof the
GMTUREGTABLEMAXELEMENTSag, baseduponthe numberof unique memory ad-
dresseshatneedto beregistered.

Also, usingthe memoryregistrationprocessallowed us to implementthe remoteput based
sendmoreeffectively. Uponregisteringthe sourceanddestinationbuffers (in sharedaddress
space)within a collective, the sourcethread(aftera synchronizatiorprimitive) could proceed
to write directlyinto thedestinations buffer. Thisis possiblesincethesourcehreadcaninquire
the destinatiornthreads remoteaddresdocationthroughthe upc _addrfield() operation,
which acrossa partitioned-shared-addresgacdik e in UPCtranslateto avalid addres$11].

For example,in upc _all _broadcast() thesourcecansendthedatato thei' th destination
by callinggmdirected _send _to _peer _with _callback() with
upc _addrfield((shared char »)dst+i)  astheremotememoryreferenceo write to.

5.2.2 Dynamic Memory Allocation

In systemsvherememoryregistrationis not an optionandthe amountof physicalmemoryis
large, the usercanchoosethe dynamicmemoryallocationimplementatiorin the GMTU col-
lectiveslibrary. In thisschemegduringthecall to a collective operationtherequiredamountof
memoryis allocatedonthe y andrelease@ttheendof thecollective. Althoughthe procesof
allocatinganddeallocatingnemorytakeslesstime thanregisteringanddereisteringmemory
within the collective, the dynamicallocationschemerequirescopying datainto (and out of)
the DMA buffers for sendingandreceving messagesvhich add additionaloverheadon the
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Figure 17. upc _all _broadcast using memory registration, and rdma put for a push
based implementation using GM

collective operation.
5.2.3 Static Memory Allocation

Theuseralsohastheoptionof usingthe staticbuffer implementationn the GMTU collectves
library. Hereasendbuffer andareceve buffer areallocatedduringinitialization of the GMTU

collectives. Thelengthof the buffer is equalto thevalueof the GMTUBUFFERLENGT Hvari-

ableasis speci ed by theuser The minimumvalueof the GMTUBUFFERLENGTHvariable
is 8KB andthe maximumis 64KB.

The useof the static buffer imposesa restrictionon the length of the databeing sentand
receved. Whenthe messagsizeis larger thanthe buffer, our library pacletizesthe message
into chunksbig enoughto t into the buffer and the chunksare sentand receved one-by-
one. This constrainthasan additional overheadimposeddue to the pacletization process.
This is becausevhile sending,the sourceneedsto ensurethat the previous datachunk has
beenreceved by the recever(s)beforeit canoverwrite the messagéuffer; andsimilarly, the
receveralsoneeddo ensurdhatit hascopiedthedatafrom its receve buffer beforereleasing
tokenfor thenext paclet. Theusercanoptimizethisschemdy specifyingalargeenougtstatic
buffer size,for example:'nbytes * THREADS wouldbesufcient to avoid pacletization.

Inbytes = largestexpectedmessagéength
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5.2.4 Summary

UPC collective communicatioroperationgmplementedasa part of this projectusethreedif-
ferentmemoryschemegor sendandreceving datain GM. Themostef cient implementation
is usingmemoryregistrationin GM, asit reducesnessageopying overheadandalsotheneed
for allocatingbuffersfor incomingandoutgoingmessages.

Whenthe memoryregistrationis not allowed, asin someoperatingsystemsandthe amount
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 collective communication functionsin GMTU
5.3.1 GMTU upc _all _broadcast collective function

Broadcastisingmemoryregistration

The sourcethreadregisters'nbytes ' of the sourcearray 'src ' andthe destination
threadgegistertheregionof the'dst ' arraythey have afnity to dst+MYTHREAD All
threadshensynchronizeo tell the sourcethattheir buffers have beenregistered. This
synchronizations presentor all of the IN_*SYNC modes(ALL,MY andnone).Once
thedestinatiorthreadshave registeredthe sourcebeginssendingthe data.

The algorithmis implementedas a spanningtree basedbroadcasthencea destination
threadwaits until it recevesthe messagdrom the sourcethread,and proceeddo re-

transmitthe datato it's child nodes. This processcontinuesuntil all threadshave been
sened. Thereareceil[log(THREADS)] stepsn thisalgorithm.

Broadcastisingdynamicbuffer

Allocateall 'nbytes ' onsourceanddestinatiomodesandsendthedataalongthespan-
ning tree as describedabove, using callsto gmsend to _peer _with _callback
andgmreceive() . Incaseof IN_.ALLSYNC or IN.MYSYNC, threadsallocatetheir
DMAable memory rst andthendo the synchronizatiorstep.

Broadcastisingstaticbuffer

Thestaticbuffersfor sendingandreceving messagearemsg_buffer andrecv _buffer
of length GMTUBUFFERLENGTH The broadcasalgorithm heretoo is the spanning
treebasedalgorithm,asabove, with the only differencebeingthe limit on thelengthof
messagé¢hatcanbesent.

33



If the buffer sizeis larger thanthe messagdength, the dynamicand static algorithms
aresimilar; however, if the buffer is smallerthenwe pacletizethe messagasdescribed
earlierandtherearethereforep * log(THREADS) stepsn allp = ceil[nbytes

* GMTUMESSAGBUFFERLENGTH]

Discussiorof algorithmsused

In the broadcastollective, thereis a singlesourcethatsendghe samenbytes of data
fromthe'src ' arrayto all theotherthreadsUsingthe memoryregistrationschemend
the spanningireealgorithm,we canhave the sourceperformthe remoteputsalongthe
spanningree,howeverwe mustensurdahatthesourcehreadgor thesubsequeniounds
have the databeforethe canbegin transmittingit. We avoid this overheadandusethe
regularsendfunctionwherethereceversmustpostanexplicit receve. (Figure22).

The dynamicand static buffer allocationschemesyusean indenticalmessagepassing
method,similar to the memoryregistrationscheme the only differencebeinghow the
send/recefe buffers areallocated.We wereableto usethe spanningreein this collec-
tive, ascomparedo scatteror gathercollectves,dueto the natureandsize of the data
transmittedover eachstepof the spanningtreeroutine. The dataitemsare alwaysthe
samefor all threadsandthereforeonly the requiredamountis transmitted- unlike the
spanningreebasedscattey wherein thei 'th round,(0< i < log(THREADS)+1 ),

'nbytes * THREADSP" amountof dataneedto be sent(Figure23).

Also specialconsideratiorhasto beenmadefor the static buffer allocationscheme,
wherethe messagesize might be larger thanthe buffer size. In which case,sections
of thesourcedata,largeenoughto t in the buffer, aresentin eachround.

5.3.2 GMTU upc _all _scatter collective function

Scatterusingmemoryregistration

Thesourcethread,in upc _all _scatter  functionregisters'nbytes * THREADS
of thesourcearray'src ' andthedestinatiorthreadgegistertheregionof the'dst ' ar

raythey haveaf nity todst+MYTHREAD All threadghensynchronizeo tell thesource
that their buffers have beenregistered,and oncethe destinationthreadsare readythe

sourcethreadcalls the gmdirected _ send _to _peer _with _callback() with

upc _addrfield((shared char ) dst + i) astheremoteaddressfthedes-
tinationbufferandsendsibytes startingfrom(shared char =*)src + nbytes

* THREADS+ i) regionofthesharedaddresspaceto thei'th thread.

The algorithmis implementedas a straightpushsincea spanningtree would require
allocatinga larger recever buffer for the nodesin the treethat serwe asroot nodesand
arenot the original source(seedynamicbuffer basedmplementatiorfor more details
on this). TherearethereforeTHREADS-1stepsin this algorithmandduring the send
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procesghedestinatiomodeswait atthe next synchronizatiorstepto know thatthe data
hasbeensent(Example:OUT_ALLSYNC).

Scatterusingdynamicbuffer

The dynamicbuffer basedscattelis implementedisinga spanningreesinceall threads
canallocatea'nbytes * THREADS/2Z sizedbuffer onfor sending/receing messages.
This is the maximumamountof buffer spacerequiredbecausaluringthe rst stepthe
sourcenode(rank0) sendghe datato athreadthatwill bethesource(in parallel)in the
next step(Threadid = THREADS/2). The sourcenodethusneeddo sendall of thedata
requiredby thedestinatiomodeatthatstep,whichis atmax'nbytes * THREADS/2.

Onceall threadshave allocatedthe buffer space they follow the spanningtree based
send/recefe stepsandthedatais scatteredn log(THREADS) steps.

Scattemusingstaticbuffer

In the staticbuffer schemedependingon the availablestaticbuffer size(asspeci ed by
the user),our algorithmswitchesbetweerthe spanningreebasedoushandthe straight
pushschemesWhen'(nbytes * THREADS/2) > GMTWBUFFERLENGTHwe
usethe 'straightpush' wherep 2 paclets are sentto eachdestinationindividually in
‘THREADS-1' steps.Thereis anadditionalcostfor waiting for callbackgor eachdesti-
nationperpaclet. Otherwise whenthereis enoughstaticbuffer spaceavailablewe send
thedataalongthespanningreein log(THREADS) stepsasdescribedn the'dynamic
buffer' basedscatterabove.

Discussiorof algorithmsused

The scattercollective, unlike broadcastrequiresa large amountof buffer spacefor

the spanningtree basedcollective. In the memoryregistrationbasedschemesending
'nbytes * THREADSZ'" amountf dataforthei 'thround(0< i < log(THREADS)+1 ),
is no longerbene cial (like broadcast} becauseave would be writing directly into the
sharedaddresspaceof thedestinationwhich only possesibytes of this space.

We thereforeavoid this situationby implementinga sequentiapushbasedscattey for
the memoryregistrationbasedscheme using the remoteputs (Figure 24) . Also, the
advantageof usingthe remoteput with memoryregistrationis that the sourcesdoes
not have to wait for eachdestinationthreadto receve its data(unlike the static buffer
scheme)jt simply pusheshe dataout until it is donesendingto all threadsandthen
noti es themthrougha synchronizatiorcall (seeGMTU basedsynchronization).

The dynamicallocationschemepn the otherhand,cantake adwvantageof the spanning
treebasedlgorithmby having threadsallocatebuffersof size' nbytes * THREADS/Z,

2p = ceil[nbytes/ (GMTUMESSAGBUFFERLENGTH)]

35



whichis the maximumrequiredbuffer sizefor this scenario However, the costfor send-
ing thenbytes of datafor a large numberof threadsalongthe spanningiree, at max
'nbytes * THREADS/2, exceedsthe costof sendingthe datasequentiallyalways
'nbytes ', in thelong run (Figure 25). Therefore,the spanningtree basedalgorithm
doesnot scalewell with messagéengthandthreadsize,andis not suitedfor anone-to-
all-personalize@ommunicatiorschemeasscatter

Consideringhe costof performingthe spanningreebasedscatterp’ 2 times,andusing
the above obsenation from the dynamicallocationscheme- we employ two different
algorithmsfor the staticbuffer schemeWhenthesizeof thestaticbuffer is largeenough
to send nbytes * THREADS/Z bytesof data,we usethe spanningreealgorithm.
On the otherhand,if the static buffer sizeis not large enoughwe usethe straight(or
sequentialpushalgorithm. The sequentiaklgorithmsuffers from the overheadof the
sourcehaving to wait for eachdestinationpeforethe next sendoperationto ensurethat
thebuffer is clear- thisis becausehe dataitemsaredistinctfor eachdestination.

5.3.3 GMTU upc _all _gather collective function

Gatherusingmemaoryregistration

In memoryregistrationbasedgathey the destinationand sourcethreadsregister' dst '
and'src ' regions. The sourcethreadsthen wait for synchronizationfrom the des-
tination thread and once the destinationthreadis ready the sourcethreadscall the
gmdirected _send _to _peer _with _callback() with upc _addrfield((shared
char =*)dst + nbytes * THREADS* MYTHREAD)s the remoteaddressof
the destinatiorbuffer (correspondingo their threadid) andsendnbytes startingfrom
(shared char =x)src+ MYTHREADYegion of the sharedaddressspace,to the
i'th thread.

The destinationthreadwaits at the next synchronizatiorpoint until all threadscon rm
thatits datahasbeenremotelyput.

Gatherusingdynamicbuffer

In the dynamicbuffer allocationschemefor upc all_gather the destinationthreadal-
locates' nbytes * THREADSamountof DMAable memory andfrees' THREADS-1
sendtokensandpolls for incomingmessageBom the otherthreads.The sourcethreads
simply allocate'nbytes ' of DMAable memory copy their dataandsendit to thedes-
tinationthread.

Oncethedestinatiorthreadrecevesdatafrom asourcejt copiesit from theDMA buffer
ontothecorrespondingegion of the'dst ' arrayin sharedaddresspace.

3p = ceillnbytes/ (GMTUMESSAGBUFFERLENGTH)]
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Gatherusingstaticbuffer

In the staticbuffering schemethe destinatiorthreadpolls for ' THREADS-1' messages
asin thedynamicbuffering schemeln this casenowever, it doesso'p' “ timesto receie
the entiremessageBeforereceving the data,the destinationthread rst sendsa short
messag¢o the' rst' sourcethread(which is the next threadof the destinatiorthread).
This sourcethreadsendsdts data,andonceit is donesendingthe datato the destination
threadit sendsa shortmessagéeo the next sourcethread.Thisndicatesthat the buffer
atdestinations availablefor anothersend.The subsequergourcethreadscarry on this
procesf sendingtheir datato destinationandthenmessaginghe next sourceuntil all
thethreadsaredonesendingo thedestinatiorthread.

Discussiorof algorithmsused

The gathercollective, similar to the scattercollective, is unsuitedfor the spanningree
algorithmfor large messagéengthsandthreadsizes. However, the natureof this col-

lective allows usto implementmoreef cient algorithmsthanin scatter For example,a

'pull’ basedscatteris similar to a 'push’ basedgatherfor thework doneby all threads.
While scattercouldbene t from remotegetoperationsgvailablein GM-2, gatheralgo-

rithmscouldusetheremoteputsavailablein the GM versionwe implementedhelibrary

in (GM-1.5).

Pre registration: ;

‘src' 1

Destination address, 'nbytes' registered at: :

upc_addrfield((shared char *)src+ :
upc_addrfield((shared char *)src+

1Y
ki
upc_addrfield((shared char *)src+2),
upc_addrfield((shared char *)src+3)

upc_addrfield((shared char *) dstj——

Post Registration:

R

! | REGISTERED MEMORY AREA

THREAD 0 THREAD 1 THREAD 2 THREAD 3

Figure 18. upc _all _gather using memory registration and remote puts

Therefore,all the sourcethreadssimply conducta remoteput into the region of the
destinationbuffer, correspondingdo their threadid, in the memoryregistrationscheme

4p = ceil[nbytes/ (GMTUMESSAGBUFFERLENGTH)]
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(Figure 18). The remoteputs are possibledue to the sharedmemorymodel of UPC
which allows us to determinethe addressoffset of the destinationarray on a remote
thread(Figure@6)! In theabsencef suchanarrangementGM applicationsvould have
to explicitly sendthelocationof the remotedestinationarray(via a scatterin this case,
differentoffsetsfor differentsourcethreads).

The dynamicand static buffering schemesthereforerely on the regular send/receie
operationghat GM providesto transferdata. In the dynamicschemethe destination
threadallocatesanbytes * THREADSizedreceve buffer andsimply waitsfor the
sourcethreadsto Il it. Whena receve event occursthe destinationcopiesfrom the
correspondindpuffer into the matchingsources region of the shareddestinationarray
The otherthreadscan write to their buffers in the samemannerandthereis no extra
pre-cautiorrequiredto avoid contentionfor the buffers(Figure27). In the static buffer
casehowever, we cannotdo the same,and usea messaginggchemeamongthe source
threadgo indicatethatthe buffer is available(asdescribedn '‘Gatherusingstaticbuffer’,
above).

5.3.4 GMTU upc _all _gather _all collective function

Gatherall usingmemoryregistration

In upcall_gatherall, all threadsroadcastnbytes ' of theirdatato all theotherthreads
andalsoreceve'nbytes * THREADS-1 dataitemsfromtheothers.Thereforegach
threadregistersnbytes of thethe sourcearraysrc and'nbytes * THREADSof
the destinationarray'dst ' it hasafnity to. All threadshenwait for synchronization
from ThreadO andoncethey areawarethatall theotherthreadsareready all thethreads
call gmdirected _send _to _peer with _callback() with upc _addrfield(
(shared char *)dst+i+(nbytes * THREADS* MYTHREAD))astheremote
addressof the destinationbuffer and sendnbytes startingfrom (shared char
*)src+  MYTHREADYJegion of thesharedaddresspaceto thei' th thread.

To avoid congestionduringthe' THREADS-1 sendstepseachthreadcalculatests part-
nerin thatstepby XOR'ing theirid with the step-numbeto obtaintheir partnersthread
id. This way we avoid THREADS-1sendssay ThreadO, in the rst stepandthento
Thread? in the next stepetc.

Gatherall usingdynamicbuffer

The dynamicbuffer schemefor upc all_gatherall usesa logical 'ring' to passthe data
around.In this schemeall threadscalculatewho their 'next’ and'previous' threadsare
andallocate nbytes ' of spacdor thesendandreceve buffers. Onceall thethreadsare
ready eachthreadssendsandrecevesfor ' THREADS-1 steps;wherein the rst step
it sendghedatait hasaf nity to - to its next threadandrecevesdatafrom the previous
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thread. Onceit recevesthe dataandit's datahasbeenreceved, eachthreadsendshe
datait recevedonin the next round. This processends nbytes * THREADSdata
itemsaroundin aring.

Gatherall usingstaticbuffer

The staticbuffering schemas very muchlik e thelogical ring baseddynamicallocation
schemalescribedhbove, with the differencebeingthatthe staticallyallocatedsendand
receve buffersareusedinstead Whenthe messagéengthis largerthanthe staticbuffer
length,thentherearep ° pacletssentin atotalof 'p * THREADS-1 steps.

Discussiorof algorithmsused

Thegatherall collectiveis similarto all threadperformingabroadcasof nbytes . This
makesthe collective bettersuitedto the ring basedalgorithm,asdescribedabove. For
the staticanddynamicschemesthereforethedatais transmittedalongalogicalring for
THREADS-1steps(Figure19(a)).

The memoryregistrationbasedyatherall collective, on the otherhand,is implemented
to utilize the remoteput function better(Figurel9(b)). Therefore we have all threads
simply put the datadirectly into the sharedarraysof all the otherthreads(at an off-
setcorrespondingo their threadid), by usingthe remoteaddressingchemedescribed
earlier(Figure28).

5.3.5 GMTU upc _all _exchange -collective function

Exchangaisingmemoryregistration

In the memoryregistrationscheme gachthreadregisters'nbytes * THREADS of
the sourceand destinationarraysit hasafnity to, thatis (shared char *) src
+MYTHREARBnd(shared char *) dst +MYTHREADBespectiely. Onceall threads
areawarethatall theotherthreadsareready(postsynchronization}hey do THREADS-1
sendswheresimilarto theupc _all _gather _all algorithm.

Eachthreadsenddo MYTHREADXOR (i+1) ‘'thpartnefwhere0 <= i <= THREADS-)),
andthreadi' sendgothreadj' nbytes of datastartingat(shared char =src)+i+
(nbytes * THREADS=* |) bydoingaremoteputatthelocationupc _addrfield((shared
char =dst)+j+ (nbytes * THREADS* 1))

Exchangausingdynamicbuffer

The processof exchangingdatais similar to all threadsperforminga 'scatter’, where
eachthreadsendsthe i'th elementof its sourcearray to the i'th process. In the dy-
namicbuffer basedschemeherefore unlike the memoryregistrationschemeall thread

50 = ceillnbytes’sGMTU ~ _MESSAGBUFFERLENGTH]
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Figure 19. (a) using logical ring for dynamic and statc DMA allocation based
upc _all _gather _all algorithms (b) Using remote puts, rdma write , for memory regis-
tration based upc _all _gather _all algorithm
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rst allocatenbytes * THREADSf sourceanddestinatiorbuffers- thencopy data
from the sharedsourcearray they have afnity to, into their out buffer. All threads,
releasefTHREADS-1receve tokensandthenperformTHREADS-1sendswithoutwait-

ing for a callback,sincethe buffer is distinctfor eachdestination.Finally, they wait for

THREADS-1receves.

We decidedagainstimplementingthe dynamicbuffer basedexchangeusingthe XOR
method(like in the memoryregistrationbasedexchange) becauseave could avoid the
costof synchronizationn the absenceof one-sided-communicatiorequiredfor the
send-receie basedXOR algorithm. The freedomto allocateall the requiredmemory
at once,allowed us to usethis alternatve (unlike the static buffer basedexchange- as
belaw).

Exchangausingstaticbuffer

In the staticbuffer basedexchangealgorithmall threadsfor 'i' steps(where0 <= i
<= THREADS-]) copy their dataonto the sourcebuffer and sendit to their partner
(computecasMYTHREADXOR (i+1) ) in thatstep,andalsorecevethedatainto their
receve buffer from their partner Whenthe staticbuffer sizeis smallerthanthemessage
length,therearep © suchroundsof THREADS-1exchanges.

Unlike, the XOR algorithmin the memoryregistrationbasedschemehereeachthread
hasto synchronizewith its partnerbeforesendingts databy waiting for ashortmessage
from that partner Threadsprovide a receve token in adwvancefor the shortsynchro-
nizationmessagandthe datamessagdrom their partnerand senda shortmessagé¢o
their partner The sendis a non-blockingsendasthe threadsthenpoll for a dataor a
shortmessagdrom their partners. If they receve a shortmessagdrom their partner
they sendthe partnerits dataandwait for their data.If it is a datamessag®n the other
hand,thenthey copy it andwait for theshortmessagérom their partnerThisextra bit of
synchronizatioraddsto the costof this this algorithm.

Discussiorof algorithmsused

The exchangecollective operationis similar to all threadsperforminga 'scatter'. An

ef cient implementations the hypercubealgorithm[10], wherethreadscomputetheir
partnersand exchangetheir datain THREADS-1steps. We usethis where memory
registrationallows usto usetheremoteputoperation(Figure30). However, for thestatic
anddynamicallocationschemesyherewe arelimited to usingtheregularsend/recefes
in GM - thehypercubeaxchangealgorithmproveddif cult to implement.

The token basedsendreceve in GM requiredexplicit synchronizatiorbeforepartners
could exchangedata, as describedabose. Due to this, in the dynamic (Figure 31)
schemewe allocatednbytes * THREADSamountof receve buffer on all threads.

6p = ceillnbytes’sGMTU ~ _MESSAGBUFFERLENGTH]
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ThethreadghenreleaseTHREADS-1receve tokenscorrespondingo a uniquelocation
in the buffer for eachsource thensendthe datato all threadsandwait for datato ar-
rive from all threads.This is a an areaof future investigationwherewe would like to
develop an optimal algorithmfor the staticanddynamicbuffering schemeusingGM's
tokenbasednessag@assingfor theexchangealgorithm.

In contrastwe usethe XOR basedexchangefor the static buffer schemedueto the
buffer limit, andobsene thatthe performancenf the dynamicbuffer basedalgorithmis
comparabléo the staticbuffer algorithm.

5.3.6 GMTU upc _all _permute collective function

Permuteusingmemoryregistration

Theupc all_permutecollectve usesapermutevectorwhereperm[i]  determinesvhich
threadrecevesdatafrom thei' th thread.In the memoryregistrationschemeall threads
rst registernbytes of their sourceanddestinatiorarrays.After synchronizationthey
callgmdirected _send _to _peer _with _callback() with upc _addrfield((shared
char =*)dst+ perm[MYTHREAD]) astheremoteaddresf the destinatiorbuffer
andsendnbytes startingfrom (shared char =*)src+ MYTHREADYegion of
thesharedaddresspaceto theperm[MYTHREAD] th thread.

If thevalueof perm[i] happengo bei thenthei 'th threaddoesa local memcpy of
theshareddatausing

memcpy( upc _addrfield ( (shared char =*)dst + i), upc _addrfield(
(shared char =*)src + i), nbytes )

Permuteusingdynamicbuffer

In the dynamicbuffer schemeall threadsallocatenbytes of sendandreceve buffers,
releasea receve tokenandcopy their dataon to the sendbuffer. They thensendit out
to perm[MYTHREADY] th threadandwait to receve a datafrom their source.In case
perm[i] happengo bei thentheresultis thesameasdescribedborein thememory
registrationscheme.

Permuteusingstaticbuffer

Thestaticbuffer is similarto thedynamicbuffer schemeexceptthatthe sendandreceve
buffers are staticallyallocatedandin casethe messagéengthis greaterthanthe static
buffer length,thenthereare'p' 7 sendsandrecevesperthread.

Discussiorof algorithmsused
The permutecollective relies on straightforvad pushfor all three memoryallocation

o = ceillnbytes’sGMTU ~ _MESSAGBUFFERLENGTH]
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schemesin the dynamic(Figure33) andstaticbuffer schemestheregulartokenbased
send/recefe functionsare used- wherethreadsrst releasea receve token, thensend
theirdatato theirdestinatiorand nally poll for anincomingmessageln contrastjn the
memoryregistrationschemeall threadssimply putthedatainto theirdestinatiorthreads
sharedarray and wait at the next synchronizatiorpoint. Onceall threadscrossthis
synchronizatiompoint, they canreadthedatain theirsharedlestinatiorarray(Figure32).

5.4 GM basedsynchronization

The collectivesin the referencamplementatiorrely on theupc _barrier  for synchroniza-
tion. A collective with IN_ALLSYNC andOUT_ALLSYNC basedsyncmoderequiringtwo
barrierscouldbe furtheroptimizedby usingGM basedapplicationlevel barrier

gather tree
i-=0
ir=1 -

=2

scatter tree
i:=0

=1 _=

i-=2

Figure 20. GM based barrier using gather and broadcast collectives for a short message
length

We implementeda GM basedbarrierusinga combinationof spanningree basedgatherfol-

lowed by a spanningtree basedcollective (Figure 20), usinga shortmessagefor the MuPC
runtime system. The ideawasto combinethe collective operationwith the semanticof the
IN _ALLSYNCand OUTALLSYNCsynchronizatiormodes. The synchronizatiorschemeor

eachcollective operationis outline belon. The synchronizatioomethodsdescribedbelow, are
usedin all thethreeDMA allocationbasedalgorithmsdescribedearlier for eachcollective,
andareonly optimizedfor the'memoryregistration'basedalgorithms.Our futurework would
include optimizing thesefor '* _MYSYNCand'+ _NOSYNCmodesin the dynamicandstatic
buffer allocationalgorithms.

Also we discoveredthat becausehe Berkeley GASNetruntime systemalsousesGM's mes-
saging,we could not useour GM basedsynchronizatiorfor all situations. In caseswhere
thegmmin _size _for _length() is the samefor boththe dataandsynchronizatiormes-
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sageswe obsened contentiorfor tokensbetweenGASNetruntimesystemsandour library's
message.

Usingthe upc _barrier() basedN _ALLSYNChelpedreducethe abore problem,andour
testresultsfor the GMTU library basedcollectives,compiledwith Berkeley's UPC and exe-
cutedover GASNetruntimesystemusethe natve UPCbasedsynchronization.

5.4.1 Synchronizationin GMTU for upc _all _broadcast

IN _ALLSYNC, IN_MYSYNCand IN _NOSYNGs implementedas a spanningtree based
gatherwith thethreadwith af nity to'src' (sourcethread)asthedestinatiorof thegather The
sourcethreadthereforedoesnot startsendingthe datauntil all destinationthreadsareready
while the destinatiorthreadanessagéhe sourceandpoll onthegmreceive()  function.

OUTALLSYNCis implementedasa spanningree basedjathey with the threadwith af nity
to 'src' (sourcethread)as the destinationof the gather;followed by a spanningtree based
broadcasby the sourcethread.

In OUTMYSYN@ndOUTNOSYNG@hodeghesourcehreaddoesa spanningreebasedroad-
castto indicateto the destinatiorthreadghatthe datais available.

5.4.2 Synchronizationin GMTU for upc _all _scatter

IN _ALLSYNC, IN_MYSYNCand IN _NOSYNG alsoimplementedsaspanningreebased
gatherwith thethreadwith af nity to'src' (sourcethread)asthedestinatiorof thegather The
sourcethreadthereforedoesnot startsendingthe datauntil all destinationthreadsareready
while thedestinatiorthreadsmessagé¢he sourceandpoll onthegmreceive()  function.

When using the Berkeley runtime system,we usedthe natve UPC barrierfor all the three
GMTU algorithmsto ensurehatthereis no contentionfor receve tokensdueto the synchro-
nizationbetweerour applicationandGASNetsincebothuseGM.

OUTALLSYNCis implementedhsa spanningreebaseddroadcastollowedby a gatherwith
thethreadwith af nity to'src’' (sourcethread)asthesourceof thebroadcasandthedestination
of thegatherrespectrely.

In OUTMYSYN@ndOUTNOSYNG@hodeghesourcehreaddoesa spanningreebasedroad-
castto indicateto the destinatiorthreadghatthe datais available.
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5.4.3 Synchronizationin GMTU for upc _all _gather

IN _ALLSYNCis implementedasa spanningreebasedyatherfollowedby atreebasedoroad-
cast,for the memoryregistrationanddynamicallocationschemegor the MuPC runtimesys-
tem basedtests. In the caseof the static buffer basedgather we useupc _barrier() for
IN _ALLSYNC for the MuPC basedtestdue to the natureof the algorithmwhich doesnot
allow for aGM basedsynchronization.

In this collective too, whenusingthe Berkeley runtime systemwe usedthe natve UPC bar

rier for all thethreeGMTU algorithms. It is interestingto note that only scatterand gather
collectivesareaffectedby the usageof a GM basedsynchronizatiorfor IN _ALLSYNG over
GASNet.Ourfuturework involvesresolvingthisissue.

IN _MYSYNCand IN _NOSYNGs implementedasa spanningreebasedoroadcastvith the
threadwith af nity to 'dst' (destinationthread)as the sourceof the broadcast. The source
threadsthereforedo not startsendingthe datauntil the destinatiorthreadis ready

OUTALLSYNC, OUTMYSYNC, OUTNOSYNGs implementedas a spanningtree based
broadcasfollowed by a gather with the threadwith af nity to 'dst' (destinationthread)as
the sourceof thebroadcasandthe destinatiorof the gatherrespectrely.

5.4.4 Synchronizationin GMTU for upc _all _gather _all

IN _ALLSYNC, IN _MYSYNCand IN _NOSYNGs implementedas a spanningtree based
gatherfollowed by a tree basedbroadcaswith the threadwith ThreadO asthe destination
of the gatherand the sourceof the broadcast. All the otherthreads,thereforedo not start
sendingthedatauntil they aresureall the otherthreadsareready

OUTALLSYNC, OUTMYSYNC, OUTNOSYNGs implementedas a spanningtree based
broadcastollowed by a gather with the threadwith ThreadO asthe sourceof the broadcast
andthedestinatiorof the gatherrespecitiely.

5.4.5 Synchronizationin GMTU for upc _all _exchange

IN _ALLSYNC, IN _MYSYNCand IN _NOSYNGs implementedas a spanningtree based
gatherfollowed by a tree basedbroadcastvith the threadwith ThreadO asthe destination
of the gatherand the sourceof the broadcast.All the otherthreads,thereforedo not start
sendingthedatauntil they aresureall the otherthreadsareready

OUTALLSYNC, OUTMYSYNC, OUTNOSYNGs implementedas a spanningtree based
broadcastollowed by a gather with the threadwith ThreadO asthe sourceof the broadcast
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andthedestinatiorof the gatherrespecitiely.
5.4.6 Synchronizationin GMTU for upc _all _permute

IN _ALLSYNC, IN _MYSYNCand IN _NOSYNGs implementedas a spanningtree based
gatherfollowed by a tree basedbroadcaswith the threadwith ThreadO asthe destination
of the gatherandthe sourceof the broadcast.All the otherthreads,thereforedo not start
sendingthe datauntil they aresureall the otherthreadsareready

OUTALLSYNC, OUTMYSYNC, OUTNOSYNGs implementedas a spanningtree based
broadcastollowed by a gather with the threadwith ThreadO asthe sourceof the broadcast
andthedestinatiorof the gatherrespecitrely.

5.5 The testbedand testscripts

Our next stepwasto developthetestbecandcreatetestscriptsto automatehetestinganddata
collectionprocess.The variousparametersor the testbednadeit possibleto generatanary
different'views' of the collective library beingtested.Our goalwasto identify all thepossible
combinationsof parameterghat would generatetheseviews, and implementtest scriptsto
separatéestgroups.

For example,the testscriptallows a userto specifythe collective functionto be tested,along
with thedifferentcollective librariesto belinkedwith thetestbedthe variousmessagéngths
thateachtestfor a collective is executedover and THREADsizesfor varying numberof pro-

cessesOncethis informationis availablethe testscriptgeneratesn executablefor eachcol-

lective library speci ed, generateselevanttestscriptsanddata les/directories. Thetestscript
alsocreategnuplotscript les for eachcollective function,comparinghedifferentimplemen-
tationsof a collective (implementedn thedifferentlibraries),for varying THREALsizes.

Thetestbedtogethewith the associatedestscripformedanintegral partof our development
processsincewe wereableto rapidly visualizethe implementedstratggiesandcompareghem
with existing ones.Our next stepwasthento preparethe library andthe benchmarkingppli-
cationfor ourintial release.

46



6 Packagingthe library for initial release

Our collective communicationibrary for UPC developedusing GM is called the 'GMTU-

UPC collectve communicationlibrary'. In our initial releasethe library shall compriseof
the six collectve communicatioroperationsmplementedusingthe differentDMA allocation
schemesalongwith thesyntheticbenchmarlor testbedtheassociatetestscriptsanda Make-
le to compileandlink thelibrariesto thetestbedandotherUPCapplications.

A 'README e isalsoincludeddescribinghelibrary usageijts ervironment ags, thetestbed
andtestscriptsTheinitial releasas organizedn thefollowing manner:

./GMTU_COLL/ver1.0/

->hin { The binaries from Makefile go here}
->etc { The 'machine file' should be here}
->include { GMTUheader 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 { GMTUutility 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
Makefile
generate_test_script.pl

The Readme file}
GMTUMakefile }
Test script  generator}

6.0.1 Environmentvariablesand ags for the GMTU library

Thethreedifferentimplementation®f the collective operationsn the GMTU library arecho-
sen,asdescribedn our'Current Work' section,usingervironmentvariables.A list of these
variablesalongwith their descriptionareprovidedbelow:

GMTWREGISTERMEMORY

The GMTUREGISTERMEMORYag if de ned allows the GMTU library to usethe
memoryregistrationbasedalgorithms.This ag mustbe setduringinitialization for the
memoryregistrationbasedimplementationasit allows the memoryregistrationtable
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to be setup. Whenno such ag is setthe GMTUBUFFERLENGTHvariableis usedto
choosebetweerthe staticanddynamicbuffering modes.

GMTWBUFFERLENGTH

This variablespeci esthe size of the sendandreceve static buffers whenits valueis
morethanzeroandthe GMTUREGISTERMEMORY turnedoff. Whenthe valueis
morethan zero, but lessthanthe GMTUMIN_BUFFERLENGTHthe size of the static
buffer is setto the GMTUMIN_BUFFERLENGTHwhichis x edat 8K. The maximum
sizeis speci edby the GMTUMAXBUFFERLENGTHwvhich canbeadjustedyy theuser

Whenthe valueof the buffer lengthis zeroor lessandthe GMTUREGISTERMEMORY
is turnedoff, the GMTU library usesthe dynamicallocationschemewhich allocatesat
mostnbytes * THREADSamountof memoryfor ary given collective. Therefore,
settingthe buffer lengthto zeroimpliesthatthe useris certainthatamountof DMA'able
memoryis atleasinbytes * THREADSwherenbytes isthesizeof thelargestmes-
sageusedin thecollective communicatioroperation.

GMTUWAXBUFFERLENGTH

Thisvariableis usedto checkfor the ceiling of the staticbuffer allocatedandby default
is 64K. A user wishingto allocatea staticbuffer higherthanthis default sizeshouldset
this variableto the a new limit (higheror equalto the desiredbuffer size) rst. Thisis
usefulin systemavheretheuseris awareof thesizeof the DMA'able memoryavailable.

GMTUREGTABLEMAXELEMENTS

This variableis usedto speci y thesizeof theregistrationtablein the memoryregistra-
tion modeof the GMTU collectives.Thesizeby defaultis 256,andimplesthatasmary
new and distinct sharedaddresdocationscan be registered. Registeringa previously
registeredmemoryaddressfor a'length’ (in bytes)equal(or less)to the previously reg-
isteredlengthresultsin a'noop’, however whenthe lengthis largerthatthe previously
registeredregion length - the region is registeredagain. Re-r@isteringin this fashion
doesnot useup ary extra locationin the registrationtable, that is the sameentry is
registeredbut only theregistrationlengthchanges.

Therefore the sizeof the tabledeterminehow mary distinctregionsin the userspace
needto be registeredandmadenon-pageableThis sizeis not relatedto the'length’ or

amountof memoryregisteredandthereis a possibility thatthe usermay registermore
memorythanis allowed, without usingup all the table elements.In sucha case,the

library directsthe userto choosebetweenothermemoryallocationschemegstatic or

dynamicbuffer).

GMTUWDATAPORTNUM
The GMTUSYNCPORTNUMvariableallows the userto choosewhich GM port should
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be usedfor sendingdatamessageslt is by default port 7, and whenthis port is not
availableon a certainthread it will searclfor otheravailableportsfor messaging.

GMTUSYNCPORTNUM

The GMTUSYNCPORTNUMvariableallows the userto choosewhich GM port should
beusedfor sendingsynchronizatioomessagedt is by default port 6, andwhenthis port
is notavailableon a certainthread,it will searchor otheravailableportsfor messaging.

_USEUPCBARRIERIN _and_USEUPCBARRIEROUT

The_ USEUPCBARRIERIN _and_USEUPCBARRIEROUT ags areusedo choose
thenative upc _barrier() , iInsteadof GMTU's messag@assingarrier for synchro-
nizationbeforeandaftera collectie call, respectrely. The usermay chooseo usethe
native barrierin run time systemswvhich useGM's messagindayer diretly, andwhere
thereis a possibilityof con ict betweerthe GMTU's synchronizatiormessageandthe
runtimesystems messagest-or example,Berkeley's UPC alsousesGM andwe found
thatfor certaincollectives,thesynchronizatioomessagesom ourlibrary con icted with
thatof theruntimesystemandusingthe native barrierfor synchronizatiornelpedsolve
this problem.
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7 Results

7.1 Implementation of the testbedand testing details

The collectve communicatiorlibrary developedusing GM, was comparedagainstthe refer
enceimplementatiorusingthe latestreleaseof the MuPC runtime system MuPCv1.1 com-
piled with MPICH-GM [9]and alsousingthe Global AddressSpaceNetworking (GASNET)
[7] runtimesystemfor UPC. Eachof the comparisionsvasconductedisingthe syntheticap-
plicationbenchmarkor testbeddevelopedn UPC.Thevariouslibrariescomparedverecom-
piled for differentTHREADsizesusingMuPC's mupcc scriptandBerkeley's upcc script,to
producecorrespondingdjbraries.

Theselibrarieswerelinked with thetestbedo producebinaries,which werethenusedto test
ary of the collectivesfor the varyingmessagéengths.For example thebinary

testbed -mPULL2 TESTCASEO wasusedto testthe pull basedeferencamplementation
(of all collectives)for 2 threadsfor testcasezero- which asperthetestmatrix (Figure21)is

thetestfor smallcomputatiortime. A singletestrun, for a collectve,a x ed messagéength

anda x edthreadsize,is executedl000times.

Thetestbedconductghe testruns,uponinitialization, after calling a warm-uproutinewith a
smallnumberof callsto the collective beingtested. This allows us to obtaina raw measure
of the collective, with no computationfor determiningthe computatiortime in the actualtest
runs. During the testrun, eachcall to the collective operationis followed by the computation
whichis conductedor the a pre-determine@mountof time, dependenbn the collective time
measuredluringwarm-upanda constant.Theamountof computatiorcanalsobe'skewed' to
make onethreadcomputelonger which is approximatelyl 0 timesthe normalcomputetime.
All of the computationis local, andthereis no remoteoperationduring the computephase.
Thisis doneto quietthe network beforemeasuringhe communicatiortime again. Theformat
of thetestbeds therefore:

procedure  upc_mtu_testbed()

[+ warm up */

for 1:=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 =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)arethetimesobtainedrom thetestruns,overall threads Thesevaluesarestoredin a
sharedarray andeventuallyTHREAD O averageghe collective time for all threadscompares
for the largestaverage andprints this asthe collective time. It alsoprintsthe overall andthe
averagedcomputatiortime for this thread(the slowestthread),alongwith otherdatavalues.
The computationtime, collective to be tested,startupskew etc are speci ed during runtime,
while computationaskew, synchronizatioomodeetcarespeci ed duringcompilation.
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7.2 Testmatrix and testcases

Uponcompletionof our library andbenchmarkingpplicationdevelopmentwe createda sets
of compatritve testcasedo compardifferentlibrariesandimplementation®ver varyingrun-
time systemsfor differentcollectives etc. This informationis presentedn the GMTU test
matrix (below).

GMTU Test Matrix

Computation
Collective| mPULL] mPUSH| GMTU_PUSH | BERKELEY_mPULL | BERKELEY_mPUSH| Time |Fair |IN_SYNC | OUT_SYNC
Broadcast]
[Testcase O| Exchange| X X Mem Reg X X small yes ALL ALL
Testcasel| ALL X X Mem Reg X X Collx2| ¥es ALL ALL
[Testcase2 ALL X X Dyn Alloc X X Collx2| yes ALL ALL
Broadcast
[Testcase3 | Exchange| X X Mem Reg X X Coll x 2| skew ALL ALL
[Testcase4 | Broadcast X Mem Reg X Collx2| yes ALL ALL
[Testcase5 | Broadcast X Mem Reg X Collx2| yes ALL ALL
[Testcase6 | ALL X X Static Alloc X X Collx2| yes ALL ALL
Broadcast
[Testcase7 | Exchange| X X Mem Reg X X Collx2| yes MY MY
Broadcast
[Testcase8 | Exchange| X X Mem Reg X X Collx2| yes NO NO
Broadcast
[Testcased | pychange| X X Dyn Alloc X X Collx2| yes MY MY
Broadcast]
[TestcaselQ gychange| X X Dyn Alloc X X Collx2| yes NO NO
Broadcast]
[Testcasell gychange| X X Static Alloc X X Collx2| yes MY MY
| Broadcast
[Testcaseld gychange| X X Static Alloc X X Collx2| yes NO NO

Figure 21. GMTU test matrix

Thetestcasesne,two andsix comparethe threedifferentmemoryallocationschemesn the
GMTU library, respectrely, with the referencamplementationpver the MuPC runtime sys-
tem(MuPC-mPULLandMuPc-mPUSH andthe GASNetruntimesystem(Berk _mPULLand
Berk _.mPUSH Thesetestswere conductedor all the collectivesandusingIN _ALL_SYNC
andOUTALL _SYNGOnodeghroughoutandwith uniformcomputatiotimesamongall threads,
computingfor approximatelytwice the collectve communicatiortime - as measuredluring
warm-upruns. We conductthe samecomparisonunderdifferentcombinationsof synchro-
nizationmodesover testcaseseventhroughtweleve. Thesetestareconductedor broadcast
and exchangecollectves only, becausdahe 'one to all' and'all to all' arethe two extreme
communicatiorpatterns.
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The MuPC runtime systemas mentionedearlierusesa cache,unlike Bekeley's runtime sys-
tem. The line length of the cacheis 1K and thereare 256 lines in the cache. The cache
impactsMuPC's performanceasdepictedn the nave pushandpull tests- testcasefour and
ve, respectiely. Thesetestcasesnly comparetheupc _all _broadcast collectve, from
the naive implementationversusthe GMTU library, so asto highlight the needfor collectve
communicatioroperationsagainsia userlevel arrayassignmenbasedmplementation.

In testcasehree,we compareheupc _all _broadcast andupc all _exchange collec-
tiveimplementation®nly to shav theimpactof unbalance@omputationaloadover different
processedpor the two extremecommunicatiorinstances.Thesetestscompareresultsfrom a
normaltestrun, wherecomputatiortime is nearlytwice thatof collectve time duringwarm-up
anduniform over all threadsagainstan unbalancedestrun whereonethreadcomputegen
timeslongerthanthe otherthreads.

Theresultsfor the tests,outlinedin the testmatrix, alongwith our obsenrationsare provided
in thefollowing pages.
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7.3 Naive pushand pull basedcomparisons

upc _all _broadcast nawve pushandpull

A testof the naive broadcasftor two threadsamountsto a measuremendf the point-

to-pointcommunicatiortime becausehe only remoteoperationconsistsof the source
threadsendingasinglemessagéo the(sole)destinatiorthread.Implementedisingarray
assignmentgpr n elementsn thesourcehread thisoperatiormmountdo asmary sends
from thesourcen the pushbasedmplementationThesituationgrowvs worsein the pull

implementationasobsenedin the data,sincearequesby the destinatiorthread(for a

pull) preceeds sendby the sourcefor every arrayelement!

Thesedatathereforere ect the needfor speci c collective communicationoperations
thatwould translateto fewer remoteoperationglike upc _.memcpy() basedreference
implementationfor performingrelocalizationoperations.

Theresultsalsoshowv thatthe MuPCruntimesystemwith a 1K cachehasa performance
adwantageover Berkeley's runtime systemwhich currentlydoesnot have a cache.
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Collective Time: upc_all_broadcast for 2 Threads Naive Push
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Collective Time: upc_all_broadcast for 2 Threads Naive Pull
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Figure 22. Naive push/pull vs reference implementation, MuPC and GASNet, and GMTU
memor y registration based push
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7.3.1 Comparisonof GMTU algorithms

TheGMTU library consistof variousimplementation®f UPC collective communicatiorop-
erations,dependingon the memoryallocationschemechoosen.The resultsbelon highlight
the performancalifferencedetweerthesemplementations.

upc _all _broadcast

The performanceof broadcastor 16 threadswith memoryregistrationcomparedvith

staticanddynamicmemoryallocation,usingthe GMTU library (compiledunderMuPC)
areshown in Figure 23). All the algorithmsare implementedusingthe spanningtree
basedoroadcastindusethe tokenbasedsend/receies(evenin the memoryregistration
scheme)for messageassing. The datashaws that the performanceof all the three
algorithmsarecomparabldor smallmessagéengths,andfor large messagéengthsthe
staticbuffer algorithmperformsslightly betterthanthe memoryregistrationor dynamic
buffer algorithms.

Collective Time: upc_all_broadcast for 16 Threads Comparing GMTU with memory registration, dynamic and static buffer [0]
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Figure 23.upc _all _broadcast for 16 threads with GMTU memor y registration, dynamic
and static allocation
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upc _all _scatter

For scatter(Figure24), the memoryregistration basedalgorithmis implementedas a
straightpushusingremoteputs,while thedynamicbuffer basedalgorithmuseshespan-
ning treebasedush.Thestaticbuffer basedalgorithmalsouseghespanningreebased
push,but only until the buffer sizeis larger (or equalto) nbytes * THREADS/2In

theseresults,we have a static buffer of size 8k andfor 16 threadsthe buffer is large
enoughto sendmessagespto 1K - beyondthis limit the staticbuffer algorithmuseshe
straightpushfor messagéengthsupto 8K. Beyondthe 8K limit, the messagés broken

up into chunksof 8K andsentusingthe straightpushalgorithm. The resultsshow the
effectof this buffer limit, astheperformancef thestaticbuffer algorithmdegradesafter
messagéengthof 1K.

The treebaseddynamicpushperformsworsethanthe memoryregistrationbasedpush
becausef additionalmessagéhatis sentalongthetree,thisis becauseinlike broadcast,
wherethe messagdengthis x ed, in scatterthe largestmessagesentto a recever is
nbytes * THREADS/2during the rst round, andthe smallestis nbytes during
thelastround. The overheadf sendingadditionaldatais representeth theresults.

Collective Time: upc_all_scatter for 16 Threads Comparing GMTU with memory registration, dynamic and static buffer [0]
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Figure 24. upc _all _scatter for 16 threads with GMTU memory registration, dynamic
and static allocation
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upc _all _gather

Thegathercollective (Figure25)is implementedisingremoteputsin thememoryregis-
trationalgorithm,whereall the THREADS-1sourcehreadsssuearemotewrite directly
into the destinationthreads shareddestinationarray On the otherhand,the dynamic
buffer andstaticbuffer algorithmsareimplementedisinga polling basedeceve, where
for the staticbuffer caseadditionalsynchronizatiormessageareissuedamongsource
threadsto indicatethe destinationbuffer is available. The processof polling requires
releasingeceve tokensandaddsan extra overheadat the destinatiorthread.In the dy-
namicallocationervironmentthis costincreasesvith the messagéength,asthe sizeof
the buffer allocatedandthe costof copying the messagdérom the buffer, into the desti-
nationarray increasen the staticbuffer algorithm,the costof polling for the message
andthe costof an extra (shortsynchronizatiormessageare the additionaloverheads.
The memoryregistrationschemehereforeperformsbetterdueto lack of any additional
overheadasdiscusse@bore.

Collective Time: upc_all_gather for 16 Threads Comparing GMTU with memory registration, dynamic and static buffer [0]
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Figure 25. upc _all _gather for 16 threads with GMTU memory registration, dynamic

and static allocation

upc _all _gather _all
In the'gatherall' collective,thecommunicatiorpatternis similarto all threadperform-
ing a broadcasof nbytes of datato all the otherthreads(Figur€6). The memory
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registrationbasedalgorithmusesremoteputs,wherethreadsput' the datadirectly into

thesharednemoryregion of their partnerthreadgusingthe XOR basedalgorithm).The
dynamicandstaticbuffer basedalgorithmsusearing basedsend/receie schemenhere
eachthreadsenddo its 'next' threadandrecevesfromits 'previous' thread.We obsene
that the remoteput basedalgorithmis the fastest,asthereis no extra overheadfrom

copying themessagéfrom thereceve buffer into theshareddestinatiorarray). Thedata
alsoshaw thatthe performanceof the dynamicand static buffer algorithmsare similar
until thebuffer sizeis reachedn thestaticbuffer algorithm,andthereforebeyondthe 8K

markthe pacletizationby our applicationaddsanadditionaloverhead.

Collective Time: upc_all_gather_all for 16 Threads Comparing GMTU with memory registration, dynamic and static buffer [0]
16000

GMTU_PUSH_REG —+—
GMTU_PUSH_DYN -

GMTU_PUSH_STATIC ------
14000 = =

12000

10000

8000

Time (usecs)

6000

4000
2000 g

i - =K LR ”if;,'/

R

NS

P S S R SR S| Soteaml

8 16 32 64 128 256 512 1024 2048 4096 8192 16384 32768 65536
Message Length (bytes)

Figure 26. upc _all _gather _all for 16 threads with GMTU memory registration, dy-
namic and static allocation

upc _all _exchange

The exchangecollective (Figure27), usingthe memoryregistrationalgorithmis imple-

mentedas a remoteput basedscatterfrom all threads,whereeachthreadwrites to a

remotebuffer (shareddestinationarray)on its partnerthread(partnercalculatedusing

the 'XOR' process).While the static buffer basedexchangeimplementatiorusesthe

samealgorithm,thelack of a'tag' basedsendin GM implied thatextra synchronization
messagewererequiredto send/recete data. On the contrary the dynamicaallocation

algorithmuseghe purelypolling basedschemavhereall threadsallocatealargeenough
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recevebufferand rst freeall thesendiokens thensendheirdatato all theotherthreads
andpoll for messagefrom them. This implementationas obsened from the results,
provides no additionalperformancamprovementover the static buffer algorithmwith
the extra messag®everheadandboththesealgorithmsperformworsethanthe memory
registrationbasedalgorithmdueto overheadrom copying the datainto the destination
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) amountdo a point-to-pointsendasall nodesattempt
to senddatato their respectre destinationsyhich aredistinctfor all threads.Our tests
consistedf a permutevectorwhereeachthreadsentits datato its 'next' thread.There-
fore, in the memoryregistrationand remoteput basedalgorithm,threadssimply wrote
the dataonto the next threads shareddestinatiorarray andwaitedat the next synchro-
nizationpoint. In the dynamicandstaticallocationschemesuysingtheregularsendand
receves,threadsrst sendtheirdatato their next threadsandreceve from their previous
thread. This also, co-incidentally is the rst stepof thering basedgatherall' collec-
tive, whereeachthreadsendsbytes to its next thread.The overheaddf polling for a
messageandcopying the datafrom the receve buffer into the destinatiorarrayhasan
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impacton the performanceof the dynamicandstaticalgorithms. Also, whenthe mes-
sagelengthis larger thanthe buffer size,for the staticbuffer algorithm's testcase we
obsene additionaloverheadlueto pacletizationasdescribeckarlier

Collective Time: upc_all_permute for 16 Threads Comparing GMTU with memory registration, dynamic and static buffer [0]
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Figure 28. upc _all _permute for 16 threads with GMTU memory registration, dynamic
and static allocation

Thesedataindicatethat the memoryregistrationbasedalgorithmis consistentlybetter
thanthe othertwo algorithms,andwe shallthereforeonly comparethis implementation
with thereferencemplementatiorior our collective comparisonsn thenext subsection.
Thedataalsopoint to theimpactof the staticbuffer sizeon the overall performanceof
thealgorithm.
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7.4 Comparison of collective communication libraries

Theresultsfrom comparingthe GMTU library basedunctionsindicatethatthe memoryreg-
istrationbasedalgorithmsperformthe best. Thereforejn the following comparisondetween
the referencamplementatiorbasedcollective, the GMTU implementatiorusesthe memory
registrationscheme.

Thecomparisonsvereperformedor fairly highcomputatiortimes,whichwereuniformacross
all threadsandwereapproximatelytwice thecollectivetime mesasureduringwarm-up.These
testalwaysusethe IN _ALL_SYNCandOUTALL _SYNCmodes,andthe resultsfor 2 and 16
threadscomparingthe GMTU algorithmandthe referencamplementatiorare shovn. Also,
eachcomparisons madefor the collective compiledunderthe sameUPC compilerandexe-
cutedunderthe sameruntime system. Therefore for eachcollective we have 4 graphs,two
indicatingthe comparisorunderMuPC runtimesystemfor 2 and16 threadsandtwo morefor
Berkeley's UPCandGASNetruntimesystem.

The resultsindicatein generalover all collectve andfor 2 threads,the 'push' basedrefer
enceimplementatiorover the Berkeley runtimesystemalwaysperformsbetterthanthe 'pull’
or GMTU pushbasedcollectives. We alsoobsene thatthe costof pushbasedreferencam-
plementationpver the MuPC runtime system for very small messagéengths(lessthanand
equalto 16 bytes)is unequaland higherthanthe costof sendinga slightly larger message.
Also, this is never the casein Berkeley's run time systems results,usingthe samereference
implementation.

Theseresultspoint to the factthat for the small messageush,wheremessagéengthis less
than or equalto 16 bytes,a remoteoperationin the MuPC runtime systemdoesnot occur
until thecacheis lled or asynchronizatioreventoccurs.lt is, thereforethe additionalcostof
waiting for the cacheto beinvalidatedthatis re ectedin theresults.

Theresultsfor the MuPC basedcomparisonsiwaysshav a greateramountof improvement,
ascomparedo the Berkeley UPC basedcomparisonpecausef the additionallateng cost
in the MuPC runtime systemimposedby the MPICH-GM layer. The performanceof Berke-
ley's UPC basedreferencamplementationis comparableo the straightpushbasedGMTU

implementationgfor examplein scatter)asthey both operateonthe samemessagindayer.

However, therearesomedifferencesn the performancef the GMTU pushbasedmplemen-
tationsandBerkeley's UPCbasedeferencemplementationfor varyingthreadrangegexam-
ple: pushbasedeferencemplementations fasterfor 2 threadsut slowerfor 16 threadsthan
GMTU pushbasedmplementation).This could be dueto additionallateng in preparingthe
messag@at the applicationlevel (GASNetor GMTU), anddueto the type of implementation
used. Therefore,in mostcaseswvherewe usecollective speci ¢ optimizationin the GMTU

library, we nd our performancemprovesagainstthe referencamplementatiorasthethread
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sizeincreasesThis obsenationis madeclearerby looking at comparionsover 2 threadsand
thenover 16 threadsandthereforewe shav only thesetwo comparisongo highlightarny im-
provementsn our algorithm.

The following subsectiongomparethe performanceof our implementationusing the mem-
ory registrationschemepver 2 and 16 threads,againstthe referencamplementatiorover 2
differentcompilers/rurtime systems.

7.4.1 upc _all _broadcast

The comparisonover 2 threadsamountsto a test of point-to-pointmessagingerformance,
whereonethreadsendsto the next. In the pull basedreferencamplementationfMuPC)this
costis higher becausean additionalmessagesentby the destinationthread,is requiredto
‘'request'the sourceto sendit the message.Thereforethe pushbasedtimesare betterfor 2
threads.The GMTU pushis anotaremoteputin the caseof broadcastratherthe sourcesend
the datato the destination+ which polls after allocatinga buffer. The buffer allocatedis the
registereddestinationarrayitself, andthereforethe recerzing threaddoesnot have to re-copy
thedata.

Collective Time: upc_all_broadcast for 2 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 29. upc _all _broadcast for 2 threads over MuPC
Over 16 threadsthe pull basedeferencamplementatiofMuPC) performsmuchbetterthan
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the pushimplementation.This is becauseno sequentiallityis imposedin the pull implemen-
tation,andreadythreadscanmessagé¢he sourceandreceve the dataright away. The GMTU
algorithmperformsa lot betterdueto the spanningreebasedmplementatiorthatonly takes
log(THREADS) steps.

Collective Time: upc_all_broadcast for 16 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 30. upc _all _broadcast for 16 threads over MuPC

Over Berkeley's UPC runtime system,the referenceamplementatiorpushbasedalgorithm’s
performancehouldbecomparabléo the GMTU pushbasederformanceasthey bothamount
to the sameoperation,over the samemessagindayer. Onceagainwe obsenre that the pull

basedreferencemplementationis slower thanthe pushbasedimplementationdue to extra
messaging.

For 16 threadsthe spanningreebasedGMTU algorithmscaleswell andperformsa lot bet-
ter thanthe pushand pull basedreferencamplementationdespitethe presenceof the same
messagindayer This shavsthatourimprovmentsover thereferencemplementatiorarealso
compilerindependent.
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Collective Time: upc_all_broadcast for 2 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 31.upc _all _broadcast
Collective Time: upc_all_broadcast for 16 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 32.upc _all _broadcast
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7.4.2 upc _all _scatter

Thepushbasedeferencemplementatiorof scatteralsoperformsbetterthanthepull basedm-

plementatiorfor 2 threads.Theresultsfor the GMTU basedoushbasedscatteyfor 2 threads,
show the time it takes for the sourcethreadto perform 1 remoteput of nbytes . When
this is comparedwith the resultfor 2 threadsin broadcastjt amountsto comparingregular
send/recefesagainsremoteputsin the GM messag@assingsystemwith bothusingmemory
registration. Accordingto the GM documentatiorj3], the remoteput operationsareon aver-

agel0%slower thatthe tokenbasedsend/receie functions. Thereforethis cost,andthe cost
of extra synchronizationn the scatteralgorithm,dueto its datadistribution pattern,areseen
whencomparingthe performancef broadcasandscattercollectves(for GMTU).

Collective Time: upc_all_scatter for 2 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 33. upc _all _scatter for 2 threads over MuPC

Over 16 threadsthe pull basedreferencamplementationpeingmore parallelized performs
betterthanthe pushbasedmplementation.However, the memoryregistrationbasedstraight
pushscatterin GMTU implementatiorperformsfar betterdespitebeinga straightforvardim-

plementatior(not spanningreeis usedeither). Theimprovementsaredueto the comparatre
adwantageof directly usingGM, anddueto the memoryregistrationbasedmplementatiorof

thealgorithm. Thisis moreapparentwhenwe view the performancef the GMTU collectves
againsthereferencamplementationn the Berkeley runtimesystem.
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Collective Time: upc_all_scatter for 16 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 34.upc _all _scatter for 16 threads over MuPC

Usingthe Berkeley UPC compilerandruntimesystemwe comparedhe referencamplemen-
tationbasedscatteragainsthe GMTU memoryregistrationbasedscatterandobsene thatthe
performancef thepull basedeferenceamplementationmproveswith thethreadsizefor large
messagesHowever, the GMTU implementationmprovesby a muchlarger magin for large
messagedueto theabsencef any mem-coping overhead.
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Collective Time: upc_all_scatter for 2 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 35.upc _all _scatter
Collective Time: upc_all_scatter for 16 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 36. upc _all _scatter
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7.4.3 upc _all _gather

Thepushandpull basedyathercollectvesfrom thereferenceamplementationpver the MuPC
runtime system,display the effect of the 'cacheinvalidation’ cost, for messagdengthsless
than 16 bytesasdiscussectarlier A pushbasedgatheramountsto oneremoteput from the
sourcepver 2 threadsandin the pull basedmplementationthe sameprocessoccurswith an
additionalmessagérom the destinatiorto the sourcerequestingheremoteput. Thereforejn
both casesve seethe costof the cachenvalidationin the cachebasedViuPCruntimesystem.
ThememoryregistrationbasedsMTU implementationamountgo aremoteputby thesource
threadandis similar to the pushbasedeferencamplementatiorof the gathercollectie.

Collective Time: upc_all_gather for 2 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 37.upc _all _gather for 2 threads over MuPC

Over 16threadsywe obserethatthe performancérendof the pushbasedeferenceamplemen-
tation of gatherandthat of the GMTU pushbasedgatherare similar. The GMTU algorithm
performances betterasit usesazero-coy remotewrite usingGM's messagindayer.
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Collective Time: upc_all_gather for 16 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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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 implementatiors performances comparabléo the pushbasedeferencemplementa-
tion, over 16 threads.However, whenwe obsene the graphsfor 2 and 16 threadsjt becomes
apparenthatthe GMTU remoteput basedmplementatiorscalesbetterthanthe pushbased
referencamplementationandalthoughtheir performancaimesaresimilar at 16 threadswe
canexpectthe GMTU algorithmto performbetterfor largerthreadsize.
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Collective Time: upc_all_gather for 2 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 39. upc _all _gather for 2 threads over GASNet runtime system

Collective Time: upc_all_gather for 16 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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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

The GMTU memoryregistrationbasedgatherall collective, implementedcasa THREADS-1
stepbroadcasby eachthreadandfor 2 threadsamountgo two remoteputsby eachthread.In
theMuPCruntimesystemthepushbasedeferencemplementationfor 2 threadsijs similarto
eachthreadissuinga remoteput. The pull basedmplementatioris similar, but involvesextra
messagefor requestingaremoteput.

Collective Time: upc_all_gather_all for 2 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 41. upc _all _gather _all for 2 threads over MuPC
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Collective Time: upc_all_gather_all for 16 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 42. upc _all _gather _all for 16 threads over MuPC

Over 16 threadsthe pushbasedeferencamplementatiorperformsbetterthanthe pull based
gatherall implementatiorbecausall threadssendthe sameamountof datain this collective.
The advantagedueto parallelizationusingthe pull in the'one-to-all' collectivesis notlonger
afactorin "all-to-all' collectvessuchasthis. The GMTU pushbasedalgorithmperformsthe
bestoverall,in theMuPCruntimesystenmdueto theremoteputsandits zero-coy performance.

In the comparisonsver Berkeley's UPCruntimesystemthe pushbasedeferencemplemen-
tation performedthe bestover 2 threads,and comparedo the pull basedmplementationit
performsbetterover increasingthreadsizes. The GMTU remoteput basedalgorithmscales
well andperformsbetterthanthe referencamplementatiorover 16 threads.This difference
is more pronouncedor larger messagdengthsdueto reducedcopying costsin the GMTU
algorithm,wherethe messagarrivesdirectly into the,registered shareddestinatiorarray
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Collective Time: upc_all_gather_all for 2 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]

550

I Berk—thuII L
Berk-mPUSH ---x---
500 HBerk-GMTU_PUSH - %---

450

400

350

300

Time (usecs)

N
al
o

N
o
o

150

100

50
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Collective Time: upc_all_gather_all for 16 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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7.4.5 upc _all _exchange

The GMTU implementatiorfor exchangecollective communicatioroperations similar to the
gatherall collectve,whereall threadsendnbytes totheirdestinationsn THREADS-1steps
andtheonly differencas thatthedataitemsaredistinctfor eachthreadjn thiscase.Theresults
of the exchangecollective's comparisoraresimilar to that of gatherall, asall threadgpushor
pull nbytes of datafrom all otherthreadsn exchangan a processimilar to gatherall.

Collective Time: upc_all_exchange for 2 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 45. upc _all _exchange for 2 threads over MuPC
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Collective Time: upc_all_exchange for 16 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 46. upc _all _exchange for 16 threads over MuPC
Theresultsfor exchangeover Berkeley's runtime systemarealsosimilar that of gatherall in
this ervironment. Theresultsshow thatfor thetwo 'all-to-all' collective operationsgxchange

and gatherall, the communicatiorpatternsare the same. This is true in both the reference
implementatiorandthe GMTU memoryregistrationbasedmplementation.
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Collective Time: upc_all_exchange for 2 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 47.upc _all _exchange for 2 threads over GASNet runtime system

Collective Time: upc_all_exchange for 16 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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7.4.6 upc_all _permute

Thereferencemplementatiorfor permuten the pull basedmplementationinvolvesaloopto
searchfor the sourceTHREALthata destinatiorthreadneeddo pull the datafrom. This cost
grows with the threadsizeandis visible whencomparingthe performanceof the pull based
implementationfor 2 and 16 threads. The pushbasedimplementationconsistsof a source
pushingits datato one destination,and over two threadsthis is the sameas an 'all-to-all’
communication.

Over 16 threadsthe remoteput basedGMTU implementatiorperformsmuchfasterthanthe
referencemplementation,n the MuPC runtime system,becausehreadsperformonly one
operationandwait at the next synchronizatiorpoint. The memoryregistrationfacility allows
this zero-copy performanceavhich resultsin the obseredimprovement.

Collective Time: upc_all_permute for 2 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 49. upc _all _permute for 2 threads over MuPC
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Collective Time: upc_all_permute for 16 Threads Long computation, GMTU with memory registration[Compiler: MuPC]
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Figure 50. upc _all _permute for 16 threads over MuPC

In theBerkeley's UPCruntimesystenmbaseccomparisonsye nd thatthepull basedeference
implementationcontinuesto be affectedby the 'searchloop' (for locatingthe sourcein the

permarray)andthe extra overheaddueto requestinga remoteput from the source. On the

other handthe pushbasedreferencemplementationperformsa lot better however despite
using GM's messagindayer the performanceof this implementationis not comparableto

the GMTU remoteput basedimplementation. This could be due to additional copying or

communicatioroverheadmposedby the GASNetlayer.
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Collective Time: upc_all_permute for 2 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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Figure 51. upc _all _permute for 2 threads over GASNet runtime system

Collective Time: upc_all_permute for 16 Threads Long computation, GMTU with memory registration [Compiler: Berkeley's UPC]
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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

The collectve communicationsvere measuredisingthe testbedwith somecomputatiorbe-
tweensuccessie collective calls. Theamountof computatiorandthe computationaload per
threadneededo bestudiedin moredetailto understandheirimpacton collective operations.

We choosetwo extreme communicationpatterns,the broadcastollective representinghe
‘one-to-all' communicatiorpatternsand the exchangecollective representinghe 'all-to-all'

communicationpattern. Thesetwo collective calls are then measuredn both MuPC and
GASNet runtime systemsfor 'short' computationand ‘'unequal’ computationscenariosor
16 threads. Theseresultsare thencomparedwith the resultsfrom our standardests,which
involve large computatiorthatis uniform over all threads.

7.5.1 Short computation

In the shortcomputatiorntime scenarocalls to successie collective communicatiorroutines
hadvery smallcomputatiorin betweenandthiswasuniformoverall threads.Theresultsindi-

catethatchanginghecomputatiortime haslittle effectonthecollectve communicatiortimes,
whenthe computatioris uniform. Thisis truefor both,one-to-allandall-to-all collectives.
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Collective Time: upc_all_broadcast for 16 Threads Short Computation, GMTU with memory registration[Compiler: MuPC]
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Collective Time: upc_all_broadcast for 16 Threads Short computation [Compiler: Berkeley's UPC]
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Figure 53. Collective time for short and large computation times, upc _all _broadcast
over MuPC and Berkeley's UPC
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Collective Time: upc_all_exchange for 16 Threads Short Computation, GMTU with memory registration[Compiler: MuPC]
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Collective Time: upc_all_exchange for 16 Threads Short computation [Compiler: Berkeley's UPC]
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Figure 54. Collective time for short and large computation times,upc _all _exchange
over MuPC and Berkeley's UPC
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7.5.2 Unequal computation

In theunequatomputatiorscenariopnethreadperformedentimesasmuchcomputatiorthan
therestof thethreads Also, we ensurehatthisis notthe sourcethread asit would invariably
delayall the otherthreadswithin the collectve. Theresultsshov thatthe non-uniformor un-
equalcomputatiorhasaneffectonthecollectve communicatiortime. Thisis expectedasthe
threadsspendongertime waiting ata synchronizatiorstepbeforethe collective, for the'slow'
thread.Theadditionalcostdueto unequaktomputatioris thereforen thesynchronizationand
is truefor both,one-to-allandall-to-all collectves.
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Collective Time: upc_all_exchange for 16 Threads Unequal computation [Compiler: MuPC]
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Collective Time: upc_all_broadcast for 16 Threads Unequal computation [Compiler: Berkeley's UPC]
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Figure 55. Collective time for unequal and equal computation

times, upc _all _broadcast over MuPC and Berkeley's UPC
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Collective Time: upc_all_exchange for 16 Threads Unequal computation [Compiler: MuPC]
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Collective Time: upc_all_exchange for 16 Threads Unequal computation [Compiler: Berkeley's UPC]
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Figure 56. Collective time for unequal and equal computation times, upc _all _exchange
over MuPC and Berkeley's UPC
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8 Conclusion

The GM basedcollectve communicationibrary for UPC, providesuserswith a setof high
performancdunctionsfor performingrelocalizationoperationsn the partitionedsharedoro-
grammingmodel. As mentionedearlier the library hasbeendevelopedto allow the userto
selectalgorithmsbasedn availableDMA'able memoryfor messagingver Myrinet intercon-
nect.

Thethreemainmemorymanagemergchemegmployedby our library arethe memoryregis-

tration, dynamicbuffer allocationandstaticbuffer allocationschemesThe memoryregistra-
tion schemeusinggmregister _memory() anda registrationtableof x edlength,uses
therdmaputsallowedby GM-1 by resolvingthe remotememorylocationof sourceanddesti-
nationbuffersthroughUPC's memorymodel. Thecollective functionsimplementedinderthis

schemeperformtwo to threetimesbetterthanthe referencamplementatiorunderthe MuPC
runtime system,compiledunderMPICH-GM. The GMTU implementatiorof the collectives
alsoperformbetterthanthe referencamplementationn the Berkeley UPC ervironmentfor

mostcollectivesandarecomparablen performancdor therest.

The collectvesimplementedin the dynamicand static buffer allocationschemesalso per
form betterthanthereferencemplementatiorunderbothMuPCandBerkeley UPC.Thestatic
bufferimplementatiors performancés subjecto thesizeof thestaticbuffer allocatedassmall
buffer sizeswould resultin overheaddueto extra pacletizationby the GMTU application.

We alsoobsene thatthe referencamplementatiorperformbetterin the Berkeley UPC envi-
ronmentthanin MuPC.However, in the naive push/pullcasethe MuPCruntimesystemwith a
cacheperformsbetterthanthe sameimplementatiorover Berkeley's GASNetruntimesystem
for UPC.

The resultsalso showv the impactof computationtime over collective time, which indicate
thatunequakomputationn betweersuccessie collective operatiorresultsin moretime spent
during synchronizatiorwithin the collective calls. This also highlights the synchronization
overheadduring a collective call, wherethe actualcommunicatiorcostcould be low but the
overallcollectivetimeis higherdueto thetime spenin thesynchronizatiorstep.Thisvalidates
thenotionof having differentsynchronizatioomodesn UPC,sothatapplicationprogrammers
canchoosehe synchronizatioomodefor a collective call. For example , whenmakingsucces-
sive collective calls over unrelateddataitems, programmersan avoid extra synchronization
costshby synchronizingonly duringthe rst andthelastcalls.

The syntheticbenchmarkingapplicationtestbedandits associatedestscripts,provide UPC
userswith a meansto compareand measurecollectve communicatioriibraries. The testbed
canbe usedto measurdahe performanceof collective communication®ver a wide rangeof

environmentalparameterssuchasmessagéength,threadsize,synchronizationcomputation
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skew etc. We wereableto usethe testbedo compareand measuralifferentsetof collective
librariesandwereableto obsere mary interestingresultsfrom the differentimplmentations
underdifferentcompilers/runtimesystemsasstatedn theresultssection.

Our future work for the GMTU collective library would include optimizing the GMTU im-
plementedalgorithmsfor the UPCMY* SYNCandUPCNQ* SYNCmodes. This would also
includeoptimizing the dynamicandstaticbuffer algorithmsusingremoteputsfor GM-1, and
developingpull baseccollectvesusingrdmagetsin GM-2. Thefuturework alsoincludesim-
plementingheremainingsetof collectves(pre x reducesortetc),usingthedifferentmemory
allocationschemesnddevelopinga more scalablealternatve for the scatterand gathercol-
lectives.
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