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Abstract

Memorymaybethe only systentomponenthat is more
commoditizedhan a microprocessar To simultaneously
exploit this and addressthe impendingmemorywall, pro-
cessingin memory(PIM) reseach efforts are considering
waysto move processingnto memorywithoutsigni cantly
increasingthe costof the memory As sud, PIM devices
may becomethe basisfor future commodityclustes. Al-
thoughthesePIM devicesmayleverage new computational
paradigmssud as hardware supportfor multi-threading
andtravelingthreadsthey mustprovide supportfor legacy
programming modelsif they are to supplantcommodity
clustes. This paper presentsa prototypeimplementation
of MPI over a travelingthread mehanismcalled parcels.
A performanceanalysisindicatesthat the direct hardware
supportof a travelingthreadmodelcanleadto an ef cient,
lightweightMPI implementation.

1. Intr oduction

With the memory wall looming for microprocessors,
thereis a variety of efforts undervay to determinehow
bestto avoid it. One active areaof researchis process-
ing in memory (PIM) technology The PIM approachn-
tegratesprocessorén the memorydevice. The advantages
areadramaticincreasen memorybandwidthanda signi -
cantdecreasé memorylateng. Many researcherbelieve
thatthesedevicescanyield a largeimprovementin perfor
mancewith a modestincreasen cost. This is particularly
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true if PIMs are basedon commodityDRAM technology
Mass market applicationsfor sucha commodity DRAM
PIM rangefrom systems-on-a-chipasin a cell phoneor
PDA, to the memoryor entire nodein a future commod-
ity cluster As such,PIMs have the potentialto exceedthe
volumesof the currentmicroprocessomarket. Thus,they
may in uence the designof next-generatiormicroproces-
sorsand memorysystemsand have the potentialto be the
basisof future commaodityclusters.

One approachto PIM technologiess to architectthe
PIM device speci cally for parallelcomputing.This seems
counterto the useof suchdevicesin cell phoneshowever,
mostPIM approachesre consideringmultiple processors
perDRAM device. Thus,theonly differencas thatthemul-
tiprocessingcapabilitieswould needto be extendedacross
multiple chips. Indeed,somePIM researcherbelieve that
single chip and massiely parallel systemsshouldusethe
sameparallelismmechanismsMulti-threadingandtravel-
ing threadgbasedn parcels)retwo of thetechniqueshat
arebeingproposedasparallelismmechanismsln architec-
turessuchasPIM Lite[6] or MIND[ 23], hardwaresupport
will be provided to switch betweenmultiple threadsin a
singlecycle. More interestinglythe communicatiormech-
anism,parcelswill containthreadstateto allow extremely
lightweightremoteinvocation(or migration)of threads.

Achieving maximumperformancérom suchPIM based
systemsmay require a changefrom the messagepassing
modelthatis widespreadoday; however, it is critical for
PIM basedsystemso provide reasonablgerformanceon
currentcodes.This paperdiscusses prototypeimplemen-
tationof MPI usingtraveling threads.The prototypeimple-
mentationcontainsa minimal numberof commonlyused
operationshut it senesasa platformto evaluateMPI im-
plementatiorissueson PIMs. Initial analysisof this proto-
type hasindicatedthat PIMs performsomeMPI operations
moreef ciently thancurrentcommoditytechnologies.

Theremaindeof this paperis organizedasfollows. The
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Figure 1. PIM System

PIM computationaimodelusedfor this work is presented
in Section2. This is followed by details of the MPI im-
plementationfor this modelin Section3. The evaluation
methodsusedarediscussedn Section4, andsomeprelim-
inary resultsare shovn in Section5. Section6 presentsa
comparisorio relatedwork. Finally, conclusionsandfuture
work arepresentedn Section?.

2. Processing-In-Memory

Processing-in-MemorgPIM) [14, 7, 21] alsoknown as
IntelligentRAM[22], embeddedRAM, or memgedlogic and
memory combinesothhigh speedogic anddenseDRAM
on the samedie. This arrangemengxploits the tremen-
dousamountsof available on-chip bandwidth(potentially
terabytesper second)and provides very low lateny ac-
cess(10 ns or better)to a large amountof local state(up
to 2048 bits at a time). While this hasclear application
to systems-on-a-chigts impacton the high performance
communityis just beginning to be felt. To datethe chips
that have beenbuilt for standalonehigh end applications
have for the most part supportedconventional execution
models- pure SIMD (e.g. Terasys)to pure MIMD (e.g.
ExecubellZ]). Otherexperimentakystemsave still relied
on a corventional CPU for overall control or centralized
processinde.g. DIVA[ 11]), or lookedto the outsideworld
asan SMPon a chip with message-passifmk interfaces
betweerchips(Blue Genel[l]).

This paperassumesa newly emeging view of PIM-
basedsupercomputergFigure 1) [13, 15, 7]. In this All-
PIM system,thereis nothing but PIM chips, with each
PIM chip containingmultiple self-containednemoryunits
(MUs). EachMU hasanattachedogic unit (LU) onwhich
is implementeda speciallydesignedorocessomwhoselSA
cantake advantageof the wide wordsthat canbe fetched
from theMUs, andthe high bandwidthandlow lateng with
which suchaccessesanbe performed(e.g. PIM Lite). By
2007 ,for example,suchchipscouldcontaindozensof such
LU/MU nodesgachrunningatseveral GHz andhosting10s
of MB in its MU.

Equally importantis how ary of thesenodesview the

othernodes. First, thereis nothingotherthanthesechips.
Second,they all look like memory; requestsor accesss
throughmemoryaddresseswith the LU that handlesthe
processindor ary particularrequessimply ananonymous
processorthat just happensto be nearbythe designated
memorylocation.An All-PIM systemis thusa seaof mem-
ory aboutwhich requestdor accessand/orprocessingit
on the basisof memoryaddresses.Third, theserequests
are much more than dumb memory accesses.They can
be requestdor seriousprocessingo occur at the targeted
addressrangingfrom atomicmemoryoperationd AMOS)
(e.g. addto memory),to remotemethod,or evencomplete
programinvocations.Finally, becaus¢herearemarny MUs
in a system(potentiallymillions), sucha systemappearss
somesortof very large multi-threadedsharednemoryma-
chine.

We term the communicatiormechanisnthat transports
theserequestsas parcels (PARallel ComputingElements).
As with atraditionaldumbmemoryrequesta parcelholds
atleasta target memoryaddresgusedfor routing),a com-
mand,and/orafew piecesof data(simpleoperandg. There
may alsobe a larger datapayloadto transportblockssuch
ascachelines. In an All-PIM system,however, the com-
mandmayalsobeinterpretedasa programcounterandthe
operandsas a small setof registers. Novelty comesinto
play in consideringcomputationathreadsin size between
the single operationAMOs and the arbitrarily long node-
residentthreadsresultingfrom anRPI. In particular small
threadletscanrepresensomeshortsequencef processing
thatcanbe doneat onenode,andthenmoveto someother
MU associateavith the next pieceof data. The command
and operands capturethe threadstate, while the payload
may be usedfor eitherblocks of data,or a cache of sorts
thatcanminimize movementdo retrieve previously visited
datap(Q].

Forthispapemweassumeéhatindividual MU/LU arerun-
ning corventionalnodelevel applicationgprogramsasone
or moreof their threads.Whensuchprogramsperforman
MPI function, somemix of parcel-basedhreadsperforms
thebulk of thework of moving the messagérom onenode
to another We assumehatthe LU nodesaremuchlike a
secondgeneratiorPIM Lite - 4 stagepipelined,with each
stagesupportinga separateéhread.

3. MPI Implementation using Parcels

The goal of MPI for PIM is to provide a viable “proof
of concept”andatestbedor exploring theissuesof imple-
mentingMPI ona PIM system.Speci cally, it exploresthe
effectsof a highly multi-threadedorogrammingmodelon
MPI's compleity and performance.As a limited testbed,
MPI for PIM implementsonly a subsetof the MPI-1.2
standard[8]. MPI_Barrier() , and point-to-pointcom-



municationwereimplemented.Supportfor userdatatypes,
andmultiple communicatorsverenot.

3.1. Effects of threading

MPI for PIM usespenasive multi-threadingto achieve
concurreny, reducethe complity of the implementa-
tion, and hide lateng. To avoid the traditionally high
costsof threadsynchronizatiorandprogrammingMPI for
PIM leverageswo featuresof thePIM programmingnodel:
ne-grain locking andthreadmigration.

Corventionalsingle threadimplementation®f MPI of-
ten have dif culty achieving true concurreng with non-
blockingcommunication After requestareenqueuedthe
statusof the requestcan only be advancedwhena call is
madeto MPI. Thus,wheneerary MPI call is made a sin-
gle threadMPI mustiteratethroughits list of outstanding
requestaindattemptio updatetheir status.Thiscanresultin
signi cant overheadasthe MPI implementatiormust*“jug-
gle” all outstandingequestsvhenereranMPI call is made
[24]. By usingthreads,MPI for PIM avoids juggling re-
guests.Requestareassigned threadwhich canadwance
therequestvithout having to wait for anMPI call.

Fine-graininterwoventhreadsanalsoreduceor hidela-
teng. For example,a call to memcpy() canbe divided
among several threads,allowing the parallelizing of the
copy andfully utilizing the processopipelineby avoiding
stalls.

Traveling threadsallow the communicationof not just
“dumb” data, but also a threadof execution. In MPI for
PIM, this meansthat a receving processdoesnot have to
dedicateresourcego monitoring incoming messagesnd
respondingo them. Insteada sentmessageauses thread
migrationto the destinatiorprocess.Oncethere,the send-
ing threadcontinuessxecution,performingary requiredre-
sourcemanagemenbr copying. Becauseeachincoming
messagés a thread,it can“look afteritself” This avoids
having to “juggle” multiple MPI requests.

3.2. KeyData Structures

EachMPI processhastwo main queueswhich coordi-
natecommunicatiorbetweerthethreadson thatnode:

Posted Queue: containsMPI requestsfor re-
ceive operationsvhich have posteda buffer to bere-
ceivedinto, but which arenotyetcompleted Callsto
MPI_Irecv()  addtothislist.

Unexpected Queue: contains requestsfrom
messagewhich arrivedatan MPI processbut could
not nd apostedbuffer to becopiedinto. Thesemes-
sageswill allocatea buffer and copy their datato it
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Figure 2. Implementation of MPI_Isend() in
MPI for PIM

(for eagermessagespr posta “dummy” entry (for
rendezousmessages).

Eachqueuememberis protectedby a full emptybit lock,
insteadof a singlelock for the entire queue. This allows
multiple threadgo traversethe queueconcurrentlyandthe
individual locks allow modi cations to queueelementso
beatomic.

3.3. Implementation of MPI_lsend()

All callsto MPI_Isend() spavn a new thread. This
threadtakesoneof two pathsof execution dependingnthe
messageaize,asillustratedin Figure2. Dashedinesshov
the o w of thecalling threadwith solid linesillustratingthe
o w of thelsendthread.

Databuffersfor “Eager” messageébelov 64K) areim-
mediatelyassemblednto a parcelfor transferacrossthe
network. Onceassembledthe MPI_Isend() requestan
bemarkedas“done” andthethreadwill migrateto thedes-
tinationprocessUponarriving, thelsendthreadchecksthe
posted queue for amatchingbuffer. If it nds amatch,
it deliversthe messagelata.Otherwisethethreadallocates
asuitablebuffer andplacesarequesbn theunexpected
gueue .

Messagedarger than 64K utilize a rendezwus proto-
col. Thelsendthreadmigratesto the destinationodeand
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Figure 3. Implementation of MPI_Irecv()  and

MPI_Probe() in MPI for PIM

checkdor apostedouffer. If it nds suchabufferthethread
will claimthebuffer andpreventotherthreadscopying data
intoit by removingit fromtheposted queue . Thelsend
threadwill thenreturnto its sourcenode,andtransferthe
messagelatabackto the waiting buffer.

If arendezwoussendcannot nd a postedbuffer, it will
posta “dummy” messagenvelopeto the unexpected
gueue andwait for a buffer to becomeavailable.By post-
ing to theunexpected queue, callsto MPI_Probe()
are made aware of the rendezwous message. Also, the
“dummy” requespreseresorderingsemanticdy ensuring
thatreceverequestsvill nd andmatchincomingmessages
in the correctorder Whena recieve matcheghis requesit
modi es the “dummy” requesto inform the waiting unex-
pectedmessagéhreadwheretherecieve bufferis.

3.4. Implementation of  MPI_Irecv() and
MPI_Probe()
MPI_Irecv() andMPI_Probe() bothfollow some-

whatsimilar paths(Figure 3). BecauseMPl_Irecv() is
nonblockingjt beginswith athreadspavn. MPI_Probe()
is blocking,soit is doesnotexecutein anotherthread.
MPI_lrecv() rst checksthe statusof its requestas
the requestmay have alreadybeencompletedby an in-
comingsend. If the requesthasnot beencompleted,the
Irecvthreadcheckgheunexpected queue foramatch.
If no matchis found, it postsits requestto the posted
gueue andexits. To presere MPI orderingsemanticsthe
unexpected queue is lockedwhile it is beingchecled
andthereceveis posted.
MPI_Probe() repeately checks the unexpected

queue for amatch.

4. Evaluation Methods

Theinitial comparisorof MPI for PIMs andcommaodity
processorss focusedon measurementsf the compleity
of the codepathsfor somecore MPI routines. Thus, it is
basedon a simplistic microbenchmark.Tracesof this mi-
crobenchmarkundera variety of possibleusagescenarios
weretakenandcomparedor MPICH 1.2.5andLAM-MPI
6.5.90n a PoverPCandfor MPI for PIM on a simulated
PIM architectureThis sectiondescribeshebenchmarland
themethodologythatwasusedfor tracingandsimulation.

4.1. Benchmark

The microbenchmarlg] usedfor this evaluation was
written at SandiaNational Labs to considerthe impact
of posted versus unexpectedreceves. The code uses
a combinationof MPI_lrecv , MPI_Send, MPI_Recv,
MPI_Barrier , MPI_Probe , andMPI_Waitall  to con-
trol the percentagef messagethat are unexpected. The
testsendsl0 messagesf parameterizablsizein eachdi-
rection(for atotal of 20 sequentiabends).This benchmark
was usedfor this analysisbecausét effectively exercised
a small setof the mostcommonlyusedMPI routinesun-
der varying usagescenarios. This allowed us to vary the
codepathstaken and studythe impactof thosecodepaths
on instructioncount, memoryreferencesandinstructions
percycle (IPC).

4.2. Trace BasedAnalysis

Tracesfor the baselinecorventional implementations
(LAM andMPICH) weregatheredbn an Apple Macintosh
Paver Mac with a PoverPCMPC7450(G4 ) processor
runningat 1Ghz. This platform wasrunning Darwin ker-
nel version6.6 (Mac OS X 10.2.6). Theamber utility [2]
wasusedo gathetinstructiontracesof themicrobenchmark
describedn Section4.1 usingbothLAM andMPICH im-
plementationof MPI. Theseinstructiontraceswere then
corvertedto anarchitecturandependentormatcalledTT7
for furtheranalysis.

Executionof MPI for PIM wasperformedonaPIM Ar-
chitecturalsimulator which canalsogeneratdraces. The
architecturesimulatedmirrored a possible2nd generation
PIM Lite. The MPI for PIM sourcecodewasinstrumented
with specialtracing functions so instructionsin the trace
couldbecateyorizedinto broadcateyories(seeSections.2).
To generateexecutiontimes for MPI for PIM, the traces
from the architecturalsimulatorwere simulatedon a PIM
Trace-basedimulator



Table 1. Con gur ations used for simulation

[ Variable | simg4 | PIM |
memorylat., openpage | 20cycles 4 cycles
memorylat., closedpage| 44cycles 1lcycles
L2 lateng 6 cycles NA
Pipelines 7 1
PipelineDepth 4 (integer) | 4 (interwoven)

To provide afair comparisorbetweenvPI for PIM and
otherimplementationssectionsof the LAM and MPICH
traceghatconcernedunctionalitynotimplementedn MPI
for PIM werediscountedThesencludefunctionsthatdealt
with speci cs of the network interface, bookkeeping,de-
bugging, datatypeor communicatotookup, byte ordering,
andparametechecking.Suchfunctionswereidenti ed and
ary instructionsin the tracewhich executedin thesefunc-
tionswereremoved. To accomplistthis,adisassemblarvas
usedo nd mappingdetweerinstructiondn theTT7 Trace
andfunctionsin LAM or MPICH.

4.3. Simulation BasedAnalysis

Cycle countsfor executionon the PoverPC were ob-
tainedusingthesimg4 cycle accuratesimulatorfrom Mo-
torola[19]. This simulatorproducedaccuratecycle counts,
instructionmixes, pipeline stall counts,and cacheperfor
mancedata. Cycle countestimatedor the instructioncat-
egoriesfor eachfunction shavn in Section5.2 were esti-
matedusingoutputfrom simg4 . Pipelinestall countsfor
memoryinstructionswereusedto calculateanapproximate
IPC for memoryinstructions.Giventhis number the num-
ber of memoryinstructions,andthe overall numberof cy-
clesto executethefunctiontrace,it waspossibleto estimate
the averagelPC of non-memoryinstructionsfor thatfunc-
tion. The relatve numberof memoryto non-memoryin-
structionsbelongingto eachinstructioncateyory werecom-
binedwith thePC estimateso producea cycle estimatefor
eachcateagory.

ThePIM Architecturalsimulatoris basedff of the Sim-
pleScalartool set[8]. It extendsthe PISAISA to addextra
PIM functionalitysuchasthreadmigrationandthe manipu-
lation of Full/EmptyBits. It cansimulatemultiple PIMsand
includessupportfor adjustingseveral architecturafeatures
(Tablel).

5. MPI Performancelmpact

This sectionpresentgesultscomparingvariousaspects
of the performanceof the MPI for PIM prototypeand MPI
implementation®n commodityplatforms. As describedn

Section4, only the aspectof MPI thatwereimplemented
in MPI for PIM wereanalyzed.Comparisongarepresented
for eagen256 bytes)andrendezwus(80 KB) transfers.

5.1. OverheadReduction

An importantaspectof MPI for PIM is a reductionin
the overheadof MPI calls. MPI overheadincludestime
spentperformingtasksotherthannetwork communication
andbuffer copies.With a penasively multi-threadedmple-
mentation,MPI for PIM canavoid muchof the MPI state
swapping,or “juggling”, thatmustoccurin a singlethread
MPI. MPI for PIM executesfewer overheadinstructions
than LAM, and usually fewer instructionsthan MPICH
(Figure4(a-b)). The PIM implementatioralsomakesfewer
memoryreferencegFigure4(c-d)). Thereductionin mem-
ory referencess compoundedecause¢he PIM processois
“closer” to the memory So, memoryreferencesn PIMs
tend to be lower lateng than on conventional machines.
Combiningthereductionin memoryreferencesvith theim-
provementin memoryaccesgime yields a signi cant re-
ductionin thetime spentaccessingnemory

BecauseMPI for PIM's memoryreferencesare fewer
andfaster its overall IPC tendsto be high. MPICH suffers
from a high branchmispredictionrate (up to 20%), which
usuallylimits its IPC to lessthan0.6. LAM' s IPC for ea-
germessagess high, however, for longermessage#t suf-
fers from datacachemisseswhich limit its performance.
Thesedifferencesn IPC andexecutednstructionsresultin
anoverall cycle countwhichis lower thanthe corventional
MPIs. For eagersends,MPI for PIM averages57% less
overheadthan MPICH and 42% lessthan LAM. For ren-
dezwussendsMPI for PIM averages8% lessoverhead
thanMPICH and78%lessthanLAM.

The actualtime spentin MPI would dependon the fab-
rication processusedin a PIM processarHowever, a PIM
pipeline would generallybe much simplerthana corven-
tional processorand would probably be able to run at a
similar clock rate. Additionally, as corventional proces-
sor speedgyrow, the lateny betweenmemoryandproces-
sor would also increasefurther limiting corventionalper
formance.

5.2. MPI Function Analysis

To explainthe performancalifferencedetweerMPI for
PIM andcorventionalsinglethreadedVIPIs, it is usefulto
examineseveral of the major MPI calls. The overheadin
thesecallscanbeclassi edinto oneof four behaiors:

State Setup/Update: Initialization and update of
MPI Requestsand internal state dealing with the
progresof afunction.
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Cleanup: Deallocationof datastructuresunlocking
of synchronizatiorcontrols removal of requestfrom
lists or queues.

Queue Handling: Iterating throughlists or queues
to advancerequestsor matchernvelopes. May also
includesearchindhashtablesfor matchegLAM) and
acquiringsynchronizationocks (MPI for PIM).

Juggling: Time spentswitchingfrom the MPI con-
text of onerequesto anotheiin singlethreadedPls.
This generallyoccurswhen there are multiple out-
standingnon-blockingrequestandMPI mustcheck
eachto seeif progressanbemadeonthem.

MPI for PIM generallyexecutedMPI functionswith less
overheadthan single threadedMPls. This improvement
comesfrom several sourcessuchas: fastermemoryac-
cesseseducedstatesetupfor therendezwusprotocol,and
eliminationof the needto “juggle” multiple requests.

MPI for PIM requiredewer cyclesto setupandmaintain
statein severalkey MPI functions,especiallywhencompar
ing therendezwusprotocol (Figure6(a-b)). This is dueto
the useof “intelligent” traveling threadsto performsends.
A corventionalMPI mustexpendcyclesinitializing andup-
dating a sendrequest,and theninterpretingthe incoming
dataand dispatchingit basedupon protocol. In effect, a
corventionalMPI mustsetupthe stateinformationfor send
twice. In contrastanincomingthreadn anMPI basedipon
traveling threadss alreadyinitialized andcan“dispatchit-
self’.

Another advantageof MPI for PIM is that MPI func-
tionsdo not have to switch contets from one MPI request
to anotherto advancependingrequests. The overheadof
this “juggling” of requestsanbe quite signi cant (Figure
6(c-d)), especiallysincethis classof behaior tendsto re-
quire a large numberof memoryaccessegFigure 6(e-f)).
In LAM, it accountedor 14% to 60% of MPI overhead
instructions,dependingon the numberof outstandingre-
guestsin MPICH, it accountedor betweenl8%and23%.

There are some cases where MPI for PIM per
forms poorly comparedto LAM or MPICH. MPICH's
MPI_Send() can outperform MPI for PIM with ren-
dezwussizedmessagedt appearshatMPICH's sendper
forms a “short-circuit” type optimizationand bypasseshe
normal queuingand device checkingprocedures. Lastly,
MPI for PIM often requiresmore instructionsin cleanup
actwities, probablydueto the extra queueunlockingwhich
is requiredfor synchronization.

5.3. Other Performancelmpacts

MPI frequently requiresmemory copiesto handleun-
expected messagespack data, assemblemessagesand
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Figure 7. Total MPI cycles, including memcpys
for (a) rendezvous sends;(b) eager sends (at
a much more detailed scale); (c) Conventional
memcpy IPC for varying copy sizes.




perform sharedmemory communication. Thesememory
copiescanaccountfor a signi cant percentagef the total
time spentin MPI, especiallyfor largemessagsends Con-
ventionalprocessorsuffer signi cant performancedegra-
dationwhenperformingmemorycopieswhichexhaustheir
cache.This effectis shavn in Figure7(c). A PoverPCG4
(32K L1 datacache)anperformamemcpy() of lessthan
32K atanIPCcloseto 1.0. However, largermemorycopies
shav aperformancelrop,with IPCslessthan0.4. Thisdrop
in performances a graphicdepictionof hitting the “mem-
ory wall” andwill only becomemorepronounceasthegap
betweermemoryandprocessospeedgrows.

PIM processor$iave sereraladvantagesvhenperform-
ing memory copies. The rst is that a PIM processoiis
“closer” to memory It doesnot have to go through ser-
erallayersof cacheputis connectedlirectlyto thememory
macro.Additionally, it is possibleto copy afull DRAM row
atatime, which givesit dramaticallyhigherbandwidth.By
utilizing the architecturafeaturesof PIM to reducemem-
ory copy times, MPI time could be considerablyreduced
(Figure7(a) and(b)).

6. RelatedWork

The prototype MPI implementationthat we have de-
scribedin this paperis very similar to other MPI imple-
mentationson top of active messagdayers,suchasthose
describedn [9, 16, 3]. It is alsosimilar to implementations
that have beenbuilt on networks that have remote DMA
(RDMA) capability suchasthosedescribedn [4, 10, 17].
However, thetravelingthreadmodelis ableto supportsome
featuresof MPI muchmoreef ciently .

For example, most of the implementationsof MPI on
top of active messagesequirethe procesgo poll the net-
work in order to processmessagesnd activate message
handlers. This canleadto inef ciencies whenthe recev-
ing processds notrunning,and,in somecasesmay violate
the progressrule of MPI. Hardware supportfor traveling
threadsincreaseshe ability of remoteprocessingo occur
onthearrival of messagewithoutinterferencdrom the op-
eratingsystemandwithout requiringthe receving process
to wasteprocessocyclespolling the network.

ExistingRDMA-basedmplementationsf MPI alsosuf-
fer from similar issues. Messagesan arrive without ex-
plicitly polling by the receier, but the MPI library must
actively noticeincoming messageand processhem. For
example,a shortmessagés typically written into a buffer
thatis managedy the MPI library, andis later copiedinto
areceve buffer. This canonly occurafterthe MPI library
noticesthatit hasarrived. Traveling threadsallow for this
processindo happerimmediatelyuponthreadarrival.

7. Conclusionsand Futur e Work

Thisworkis basednaPIM architecturghatcouldform
the basisfor commodity cluster computingin the future.
As suchiit is importantto considertheimplicationsof this
technologyfor currentcomputingparadigms. This work
present@ananalysisof aninitial implementatiorof MPI on
PIM architecturesAlthoughthePIM architectures explic-
itly designedfor parallelism,it is not explicitly designed
to supportMPI. Despitethis, the preliminaryanalysisindi-
catesthat a PIM architecturewill supportMPI very well,
andmayreducethe compleity of the MPI implementation
via inherentmulti-threading.In termsof performanceMPI
for PIM requiresfewer CPU cycles than equialentcom-
modity implementationgor mary of the operations.This
is attributableto a signi cant reductionin total instructions
(throughthe useof specialfeaturesin the PIM) andanin-
creasein instructionsper cycle (IPC). Overall, this work
demonstrateshat an MPI implementationfor PIM is not
only possible,but is likely to perform at leastas well as
whatis found on commaoditysystems.

Only a preliminary analysisis presentechere. Future
work will focus on implementingmore of the MPI stan-
dardto permit applicationsimulationon the architectural
simulatorandto further study MPI performancemprove-
mentsachievablewith PIMs. For example,PIM instruction
setswill likely provide vectortypesof operationson ex-
tremelywide words. Additionally, theextremelyhighmem-
ory bandwidthprovidedby PIMs mayofferasigni cant win
for applicationsusing MPI derived datatypes.Also, PIMs
can offer extremely ne grainedsynchronizatiormethods
thatwill allow automatedexploitation of opportunitiesfor
communicatiorand computationoverlap. For example, it
may be possibleto allow anMPI_Recv to returnbeforeall
of thedatahasarrived. Fine grainedsynchronizatiorcould
thenblocktheapplicationif it attemptedo access portion
of thedatathathasnot arrived. Finally, PIMs mayalsosup-
portthe MPI-2 one-sideccommunicatiorfunctionsvery ef-
ciently, especiallytheaccumulateperationwhich allows
for operationgo be performedon remotedata.
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