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Abstract

Memorymaybetheonly systemcomponentthat is more
commoditizedthan a microprocessor. To simultaneously
exploit this and addressthe impendingmemorywall, pro-
cessingin memory(PIM) research efforts are considering
waysto moveprocessinginto memorywithoutsigni�cantly
increasingthe cost of the memory. As such, PIM devices
may becomethe basisfor future commodityclusters. Al-
thoughthesePIM devicesmayleveragenew computational
paradigmssuch as hardware support for multi-threading
andtravelingthreads,they mustprovidesupportfor legacy
programmingmodelsif they are to supplant commodity
clusters. This paper presentsa prototypeimplementation
of MPI over a traveling threadmechanismcalled parcels.
A performanceanalysisindicatesthat the direct hardware
supportof a travelingthreadmodelcanleadto anef�cient,
lightweightMPI implementation.

1. Intr oduction

With the memory wall looming for microprocessors,
there is a variety of efforts underway to determinehow
best to avoid it. One active areaof researchis process-
ing in memory(PIM) technology. The PIM approachin-
tegratesprocessorsin thememorydevice. Theadvantages
area dramaticincreasein memorybandwidthanda signi�-
cantdecreasein memorylatency. Many researchersbelieve
that thesedevicescanyield a largeimprovementin perfor-
mancewith a modestincreasein cost. This is particularly
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true if PIMs arebasedon commodityDRAM technology.
Mass market applicationsfor such a commodity DRAM
PIM rangefrom systems-on-a-chip,as in a cell phoneor
PDA, to the memoryor entire nodein a future commod-
ity cluster. As such,PIMs have thepotentialto exceedthe
volumesof the currentmicroprocessormarket. Thus,they
may in�uence the designof next-generationmicroproces-
sorsandmemorysystemsandhave the potentialto be the
basisof futurecommodityclusters.

One approachto PIM technologiesis to architectthe
PIM devicespeci�cally for parallelcomputing.This seems
counterto theuseof suchdevicesin cell phones;however,
mostPIM approachesareconsideringmultiple processors
perDRAM device. Thus,theonlydifferenceis thatthemul-
tiprocessingcapabilitieswould needto be extendedacross
multiple chips. Indeed,somePIM researchersbelieve that
singlechip andmassively parallelsystemsshouldusethe
sameparallelismmechanisms.Multi-threadingandtravel-
ing threads(basedonparcels)aretwo of thetechniquesthat
arebeingproposedasparallelismmechanisms.In architec-
turessuchasPIM Lite[6] or MIND[ 23], hardwaresupport
will be provided to switch betweenmultiple threadsin a
singlecycle. More interestinglythecommunicationmech-
anism,parcels,will containthreadstateto allow extremely
lightweightremoteinvocation(or migration)of threads.

Achieving maximumperformancefrom suchPIM based
systemsmay requirea changefrom the messagepassing
model that is widespreadtoday; however, it is critical for
PIM basedsystemsto provide reasonableperformanceon
currentcodes.This paperdiscussesa prototypeimplemen-
tationof MPI usingtraveling threads.Theprototypeimple-
mentationcontainsa minimal numberof commonlyused
operations,but it servesasa platform to evaluateMPI im-
plementationissueson PIMs. Initial analysisof this proto-
typehasindicatedthatPIMs performsomeMPI operations
moreef�ciently thancurrentcommoditytechnologies.

Theremainderof thispaperis organizedasfollows. The



Figure 1. PIM System

PIM computationalmodelusedfor this work is presented
in Section2. This is followed by detailsof the MPI im-
plementationfor this model in Section3. The evaluation
methodsusedarediscussedin Section4, andsomeprelim-
inary resultsareshown in Section5. Section6 presentsa
comparisonto relatedwork. Finally, conclusionsandfuture
work arepresentedin Section7.

2. Processing-In-Memory

Processing-in-Memory(PIM) [14, 7, 21] alsoknown as
IntelligentRAM[22], embeddedRAM, or mergedlogic and
memory, combinesbothhighspeedlogic anddenseDRAM
on the samedie. This arrangementexploits the tremen-
dousamountsof available on-chipbandwidth(potentially
terabytesper second)and provides very low latency 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-chip,its impact on the high performance
communityis just beginning to be felt. To datethe chips
that have beenbuilt for standalonehigh end applications
have for the most part supportedconventionalexecution
models- pure SIMD (e.g. Terasys)to pure MIMD (e.g.
Execube[12]). Otherexperimentalsystemshave still relied
on a conventionalCPU for overall control or centralized
processing(e.g. DIVA[11]), or lookedto theoutsideworld
asan SMPon a chip with message-passinglink interfaces
betweenchips(BlueGene[1]).

This paperassumesa newly emerging view of PIM-
basedsupercomputers(Figure 1) [13, 15, 7]. In this All-
PIM system,there is nothing but PIM chips, with each
PIM chip containingmultiple self-containedmemoryunits
(MUs). EachMU hasanattachedlogic unit (LU) onwhich
is implementeda speciallydesignedprocessorwhoseISA
cantake advantageof the wide words that canbe fetched
from theMUs,andthehighbandwidthandlow latency with
which suchaccessescanbeperformed(e.g. PIM Lite). By
2007,for example,suchchipscouldcontaindozensof such
LU/MU nodes,eachrunningatseveralGHzandhosting10s
of MB in its MU.

Equally importantis how any of thesenodesview the

othernodes.First, thereis nothingotherthanthesechips.
Second,they all look like memory; requestsfor accessis
throughmemoryaddresses, with the LU that handlesthe
processingfor any particularrequestsimply ananonymous
processorthat just happensto be nearby the designated
memorylocation.An All-PIM systemis thusaseaof mem-
ory aboutwhich requestsfor accessand/orprocessing�it
on the basisof memoryaddresses.Third, theserequests
are much more than dumb memory accesses.They can
be requestsfor seriousprocessingto occurat the targeted
address,rangingfrom atomicmemoryoperations(AMOs)
(e.g. addto memory),to remotemethod,or evencomplete
programinvocations.Finally, becausetherearemany MUs
in a system(potentiallymillions), sucha systemappearsas
somesortof very largemulti-threadedsharedmemoryma-
chine.

We term the communicationmechanismthat transports
theserequestsasparcels(PARallel ComputingElements).
As with a traditionaldumbmemoryrequest,a parcelholds
at leasta targetmemoryaddress(usedfor routing),a com-
mand,and/ora few piecesof data(simpleoperands). There
may alsobea largerdatapayloadto transportblockssuch
ascachelines. In an All-PIM system,however, the com-
mandmayalsobeinterpretedasaprogramcounter, andthe
operandsas a small set of registers. Novelty comesinto
play in consideringcomputationalthreadsin sizebetween
the single operationAMOs and the arbitrarily long node-
residentthreadsresultingfrom anRPI. In particular, small
threadletscanrepresentsomeshortsequenceof processing
thatcanbedoneat onenode,andthenmoveto someother
MU associatedwith the next pieceof data. The command
and operandscapturethe threadstate,while the payload
may be usedfor eitherblocksof data,or a cache of sorts
thatcanminimizemovementsto retrievepreviouslyvisited
data[20].

For thispaperweassumethatindividualMU/LU arerun-
ning conventionalnodelevel applicationsprogramsasone
or moreof their threads.Whensuchprogramsperforman
MPI function, somemix of parcel-basedthreadsperforms
thebulk of thework of moving themessagefrom onenode
to another. We assumethat the LU nodesaremuchlike a
secondgenerationPIM Lite - 4 stagepipelined,with each
stagesupportinga separatethread.

3. MPI Implementation usingParcels

The goal of MPI for PIM is to provide a viable “proof
of concept”anda testbedfor exploring theissuesof imple-
mentingMPI ona PIM system.Speci�cally, it exploresthe
effectsof a highly multi-threadedprogrammingmodelon
MPI's complexity andperformance.As a limited testbed,
MPI for PIM implementsonly a subsetof the MPI-1.2
standard[18]. MPI Barrier() , andpoint-to-pointcom-



municationwereimplemented.Supportfor userdatatypes,
andmultiple communicatorswerenot.

3.1. Effectsof thr eading

MPI for PIM usespervasive multi-threadingto achieve
concurrency, reducethe complexity of the implementa-
tion, and hide latency. To avoid the traditionally high
costsof threadsynchronizationandprogramming,MPI for
PIM leveragestwo featuresof thePIM programmingmodel:
�ne-grain lockingandthreadmigration.

Conventionalsinglethreadimplementationsof MPI of-
ten have dif�culty achieving true concurrency with non-
blockingcommunication.After requestsareenqueued,the
statusof the requestcanonly be advancedwhena call is
madeto MPI. Thus,wheneverany MPI call is made,a sin-
gle threadMPI must iteratethroughits list of outstanding
requestsandattemptto updatetheirstatus.Thiscanresultin
signi�cant overheadastheMPI implementationmust“jug-
gle” all outstandingrequestswheneveranMPI call is made
[24]. By using threads,MPI for PIM avoids juggling re-
quests.Requestsareassigneda threadwhich canadvance
therequestwithout having to wait for anMPI call.

Fine-graininterwoventhreadscanalsoreduceor hidela-
tency. For example,a call to memcpy() can be divided
amongseveral threads,allowing the parallelizing of the
copy andfully utilizing theprocessorpipelineby avoiding
stalls.

Traveling threadsallow the communicationof not just
“dumb” data,but also a threadof execution. In MPI for
PIM, this meansthat a receiving processdoesnot have to
dedicateresourcesto monitoring incoming messagesand
respondingto them.Insteada sentmessagecausesa thread
migrationto thedestinationprocess.Oncethere,thesend-
ing threadcontinuesexecution,performingany requiredre-
sourcemanagementor copying. Becauseeachincoming
messageis a thread,it can“look after itself.” This avoids
having to “juggle” multiple MPI requests.

3.2. KeyData Structur es

EachMPI processhastwo main queueswhich coordi-
natecommunicationbetweenthethreadson thatnode:

� Posted Queue: containsMPI requestsfor re-
ceive operationswhich have posteda buffer to bere-
ceivedinto, but whicharenotyetcompleted.Callsto
MPI Irecv() addto this list.

� Unexpected Queue: contains requests from
messageswhich arrivedat anMPI process,but could
not �nd apostedbuffer to becopiedinto. Thesemes-
sageswill allocatea buffer andcopy their datato it
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Figure 2. Implementation of MPI Isend() in
MPI for PIM

(for eagermessages)or post a “dummy” entry (for
rendezvousmessages).

Eachqueuememberis protectedby a full emptybit lock,
insteadof a single lock for the entirequeue. This allows
multiple threadsto traversethequeueconcurrently, andthe
individual locks allow modi�cations to queueelementsto
beatomic.

3.3. Implementation of MPI Isend()

All calls to MPI Isend() spawn a new thread. This
threadtakesoneof two pathsof execution,dependingonthe
messagesize,asillustratedin Figure2. Dashedlinesshow
the�o w of thecalling threadwith solid linesillustratingthe
�o w of theIsendthread.

Databuffers for “Eager” messages(below 64K) areim-
mediatelyassembledinto a parcel for transferacrossthe
network. Onceassembled,theMPI Isend() requestcan
bemarkedas“done” andthethreadwill migrateto thedes-
tinationprocess.Uponarriving, theIsendthreadchecksthe
posted queue for amatchingbuffer. If it �nds a match,
it deliversthemessagedata.Otherwise,thethreadallocates
a suitablebuffer andplacesa requeston theunexpected
queue .

Messageslarger than 64K utilize a rendezvous proto-
col. The Isendthreadmigratesto thedestinationnodeand
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Figure 3. Implementation of MPI Irecv() and
MPI Probe() in MPI for PIM

checksfor apostedbuffer. If it �nds suchabuffer thethread
will claimthebuffer andpreventotherthreadscopying data
into it by removing it from theposted queue . TheIsend
threadwill thenreturnto its sourcenode,andtransferthe
messagedatabackto thewaitingbuffer.

If a rendezvoussendcannot�nd a postedbuffer, it will
post a “dummy” messageenvelopeto the unexpected
queue andwait for a buffer to becomeavailable.By post-
ing to theunexpected queue , calls to MPI Probe()
are made aware of the rendezvous message. Also, the
“dummy” requestpreservesorderingsemanticsby ensuring
thatreceiverequestswill �nd andmatchincomingmessages
in thecorrectorder. Whena recieve matchesthis requestit
modi�es the“dummy” requestto inform thewaiting unex-
pectedmessagethreadwheretherecievebuffer is.

3.4. Implementation of MPI Irecv() and
MPI Probe()

MPI Irecv() andMPI Probe() both follow some-
what similar paths(Figure3). BecauseMPI Irecv() is
nonblocking,it beginswith athreadspawn. MPI Probe()
is blocking,soit is doesnotexecutein anotherthread.

MPI Irecv() �rst checksthe statusof its request,as
the requestmay have alreadybeencompletedby an in-
coming send. If the requesthasnot beencompleted,the
Irecvthreadcheckstheunexpected queue for amatch.
If no match is found, it postsits requestto the posted
queue andexits. To preserveMPI orderingsemantics,the
unexpected queue is lockedwhile it is beingchecked
andthereceive is posted.

MPI Probe() repeately checks the unexpected

queue for amatch.

4. Evaluation Methods

Theinitial comparisonof MPI for PIMs andcommodity
processorsis focusedon measurementsof the complexity
of the codepathsfor somecoreMPI routines. Thus, it is
basedon a simplistic microbenchmark.Tracesof this mi-
crobenchmarkundera variety of possibleusagescenarios
weretakenandcomparedfor MPICH 1.2.5andLAM-MPI
6.5.9on a PowerPCandfor MPI for PIM on a simulated
PIM architecture.Thissectiondescribesthebenchmarkand
themethodologythatwasusedfor tracingandsimulation.

4.1. Benchmark

The microbenchmark[5] used for this evaluation was
written at SandiaNational Labs to consider the impact
of posted versus unexpected receives. The code uses
a combinationof MPI Irecv , MPI Send, MPI Recv ,
MPI Barrier , MPI Probe , andMPI Waitall to con-
trol the percentageof messagesthat areunexpected. The
testsends10 messagesof parameterizablesizein eachdi-
rection(for a total of 20sequentialsends).This benchmark
wasusedfor this analysisbecauseit effectively exercised
a small setof the mostcommonlyusedMPI routinesun-
der varying usagescenarios.This allowed us to vary the
codepathstaken andstudythe impactof thosecodepaths
on instructioncount,memoryreferences,and instructions
percycle (IPC).

4.2. TraceBasedAnalysis

Tracesfor the baselineconventional implementations
(LAM andMPICH) weregatheredon anApple Macintosh
Power Mac with a PowerPCMPC7450(G4

�

) processor
runningat 1Ghz. This platform wasrunningDarwin ker-
nel version6.6 (Mac OSX 10.2.6).Theamber utility [2]
wasusedto gatherinstructiontracesof themicrobenchmark
describedin Section4.1 usingbothLAM andMPICH im-
plementationsof MPI. Theseinstructiontraceswere then
convertedto anarchitectureindependentformatcalledTT7
for furtheranalysis.

Executionof MPI for PIM wasperformedon a PIM Ar-
chitecturalsimulator, which canalsogeneratetraces. The
architecturesimulatedmirrored a possible2nd generation
PIM Lite. TheMPI for PIM sourcecodewasinstrumented
with specialtracing functionsso instructionsin the trace
couldbecategorizedinto broadcategories(seeSection5.2).
To generateexecutiontimes for MPI for PIM, the traces
from the architecturalsimulatorweresimulatedon a PIM
Trace-basedsimulator.



Table 1. Con�gur ations used for simulation

Variable simg4 PIM

memorylat., openpage 20cycles 4 cycles
memorylat., closedpage 44cycles 11cycles
L2 latency 6 cycles NA
Pipelines 7 1
PipelineDepth 4 (integer) 4 (interwoven)

To provide a fair comparisonbetweenMPI for PIM and
other implementations,sectionsof the LAM and MPICH
tracesthatconcernedfunctionalitynot implementedin MPI
for PIM werediscounted.Theseincludefunctionsthatdealt
with speci�cs of the network interface,bookkeeping,de-
bugging,datatypeor communicatorlookup,byteordering,
andparameterchecking.Suchfunctionswereidenti�ed and
any instructionsin the tracewhich executedin thesefunc-
tionswereremoved.To accomplishthis,adisassemblerwas
usedto �nd mappingsbetweeninstructionsin theTT7Trace
andfunctionsin LAM or MPICH.

4.3. Simulation BasedAnalysis

Cycle countsfor executionon the PowerPC were ob-
tainedusingthesimg4 cycle accuratesimulatorfrom Mo-
torola[19]. This simulatorproducedaccuratecycle counts,
instructionmixes,pipeline stall counts,andcacheperfor-
mancedata. Cycle countestimatesfor the instructioncat-
egoriesfor eachfunction shown in Section5.2 wereesti-
matedusingoutputfrom simg4 . Pipelinestall countsfor
memoryinstructionswereusedto calculateanapproximate
IPC for memoryinstructions.Giventhis number, thenum-
ber of memoryinstructions,andthe overall numberof cy-
clesto executethefunctiontrace,it waspossibleto estimate
theaverageIPC of non-memoryinstructionsfor that func-
tion. The relative numberof memoryto non-memoryin-
structionsbelongingto eachinstructioncategorywerecom-
binedwith theIPCestimatesto produceacycleestimatefor
eachcategory.

ThePIM Architecturalsimulatoris basedoff of theSim-
pleScalartool set[8]. It extendsthePISA ISA to addextra
PIM functionalitysuchasthreadmigrationandthemanipu-
lationof Full/EmptyBits. It cansimulatemultiplePIMsand
includessupportfor adjustingseveralarchitecturalfeatures
(Table1).

5. MPI PerformanceImpact

This sectionpresentsresultscomparingvariousaspects
of theperformanceof theMPI for PIM prototypeandMPI
implementationson commodityplatforms.As describedin

Section4, only theaspectsof MPI that wereimplemented
in MPI for PIM wereanalyzed.Comparisonsarepresented
for eager(256bytes)andrendezvous(80KB) transfers.

5.1. OverheadReduction

An importantaspectof MPI for PIM is a reductionin
the overheadof MPI calls. MPI overheadincludestime
spentperformingtasksotherthannetwork communication
andbuffer copies.With apervasively multi-threadedimple-
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)).ThePIM implementationalsomakesfewer
memoryreferences(Figure4(c-d)). Thereductionin mem-
ory referencesis compoundedbecausethePIM processoris
“closer” to the memory. So, memoryreferenceson PIMs
tend to be lower latency than on conventionalmachines.
Combiningthereductionin memoryreferenceswith theim-
provementin memoryaccesstime yields a signi�cant re-
ductionin thetimespentaccessingmemory.

BecauseMPI for PIM's memory referencesare fewer
andfaster, its overall IPC tendsto behigh. MPICH suffers
from a high branchmispredictionrate(up to 20%), which
usually limits its IPC to lessthan0.6. LAM' s IPC for ea-
ger messagesis high, however, for longermessagesit suf-
fers from datacachemisseswhich limit its performance.
Thesedifferencesin IPCandexecutedinstructionsresultin
anoverall cyclecountwhich is lower thantheconventional
MPIs. For eagersends,MPI for PIM averages57% less
overheadthanMPICH and42% lessthanLAM. For ren-
dezvoussends,MPI for PIM averages58% lessoverhead
thanMPICH and78%lessthanLAM.

Theactualtime spentin MPI would dependon the fab-
ricationprocessusedin a PIM processor. However, a PIM
pipelinewould generallybe muchsimpler thana conven-
tional processorand would probably be able to run at a
similar clock rate. Additionally, as conventionalproces-
sor speedsgrow, the latency betweenmemoryandproces-
sor would also increasefurther limiting conventionalper-
formance.

5.2. MPI Function Analysis

To explaintheperformancedifferencesbetweenMPI for
PIM andconventionalsinglethreadedMPIs, it is usefulto
examineseveral of the major MPI calls. The overheadin
thesecallscanbeclassi�edinto oneof four behaviors:

� State Setup/Update: Initialization and updateof
MPI Requestsand internal state dealing with the
progressof a function.
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Figure 4. Total instructions (excluding network instructions) executed in MPI routines for benchmark appli-
cation using (a) eager sends and (b) rendezvous sends; Number of memory accesses (excluding network
instructions) by MPI routines for benchmark application using (c)eager sends and (d) rendezvous sends.
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Figure 5. Total CPU cycles spent in MPI routines for benchmark application for (a) eager sends and (b)
rendezvous sends, excluding network instructions.
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Figure 6. A breakdown of the CPU cycles spent in each of three routines for (a)eager sends and (b) ren-
dezvous sends; A breakdown of the instructions executed in each of three routines for (c)eager sends and
(d) rendezvous sends; A breakdown of the memory access instructions executed in each of three routines for
(e)eager sends and (f) rendezvous sends. All breakdowns exclude network and memory copy instructions.



� Cleanup: Deallocationof datastructures,unlocking
of synchronizationcontrols,removalof requestsfrom
lists or queues.

� Queue Handling: Iterating throughlists or queues
to advancerequestsor matchenvelopes. May also
includesearchinghashtablesfor matches(LAM) and
acquiringsynchronizationlocks(MPI for PIM).

� Juggling: Time spentswitchingfrom the MPI con-
text of onerequestto anotherin singlethreadedMPIs.
This generallyoccurswhen thereare multiple out-
standingnon-blockingrequestsandMPI mustcheck
eachto seeif progresscanbemadeon them.

MPI for PIM generallyexecutesMPI functionswith less
overheadthan single threadedMPIs. This improvement
comesfrom several sourcessuch as: fastermemory ac-
cesses,reducedstatesetupfor therendezvousprotocol,and
eliminationof theneedto “juggle” multiple requests.

MPI for PIM requiresfewercyclesto setupandmaintain
statein severalkey MPI functions,especiallywhencompar-
ing therendezvousprotocol(Figure6(a-b)). This is dueto
the useof “intelligent” traveling threadsto performsends.
A conventionalMPI mustexpendcyclesinitializing andup-
dating a sendrequest,and then interpretingthe incoming
dataand dispatchingit basedupon protocol. In effect, a
conventionalMPI mustsetupthestateinformationfor send
twice. In contrast,anincomingthreadin anMPI basedupon
traveling threadsis alreadyinitialized andcan“dispatchit-
self”.

Another advantageof MPI for PIM is that MPI func-
tionsdo not have to switchcontexts from oneMPI request
to anotherto advancependingrequests.The overheadof
this “juggling” of requestscanbe quite signi�cant (Figure
6(c-d)), especiallysincethis classof behavior tendsto re-
quire a large numberof memoryaccesses(Figure6(e-f)).
In LAM, it accountedfor 14% to 60% of MPI overhead
instructions,dependingon the numberof outstandingre-
quests.In MPICH, it accountedfor between18%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-
dezvoussizedmessages.It appearsthatMPICH'ssendper-
forms a “short-circuit” type optimizationandbypassesthe
normal queuingand device checkingprocedures.Lastly,
MPI for PIM often requiresmore instructionsin cleanup
activities,probablydueto theextraqueueunlockingwhich
is requiredfor synchronization.

5.3. Other PerformanceImpacts

MPI frequentlyrequiresmemorycopiesto handleun-
expectedmessages,pack data, assemblemessages,and
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perform sharedmemorycommunication. Thesememory
copiescanaccountfor a signi�cant percentageof the total
timespentin MPI, especiallyfor largemessagesends.Con-
ventionalprocessorssuffer signi�cant performancedegra-
dationwhenperformingmemorycopieswhichexhausttheir
cache.This effect is shown in Figure7(c). A PowerPCG4
(32K L1 datacache)canperformamemcpy() of lessthan
32K atanIPCcloseto 1.0.However, largermemorycopies
show aperformancedrop,with IPCslessthan0.4.Thisdrop
in performanceis a graphicdepictionof hitting the“mem-
ory wall” andwill only becomemorepronouncedasthegap
betweenmemoryandprocessorspeedsgrows.

PIM processorshave severaladvantageswhenperform-
ing memorycopies. The �rst is that a PIM processoris
“closer” to memory. It doesnot have to go throughsev-
erallayersof cache,but is connecteddirectlyto thememory
macro.Additionally, it is possibleto copy afull DRAM row
ata time,whichgivesit dramaticallyhigherbandwidth.By
utilizing the architecturalfeaturesof PIM to reducemem-
ory copy times, MPI time could be considerablyreduced
(Figure7(a)and(b)).

6. RelatedWork

The prototypeMPI implementationthat we have de-
scribedin this paperis very similar to other MPI imple-
mentationson top of active messagelayers,suchas those
describedin [9, 16, 3]. It is alsosimilar to implementations
that have beenbuilt on networks that have remoteDMA
(RDMA) capability, suchasthosedescribedin [4, 10, 17].
However, thetravelingthreadmodelis ableto supportsome
featuresof MPI muchmoreef�ciently .

For example,most of the implementationsof MPI on
top of active messagesrequirethe processto poll the net-
work in order to processmessagesand activate message
handlers.This can leadto inef�ciencies whenthe receiv-
ing processis not running,and,in somecases,mayviolate
the progressrule of MPI. Hardware supportfor traveling
threadsincreasestheability of remoteprocessingto occur
onthearrival of messageswithout interferencefrom theop-
eratingsystemandwithout requiringthereceiving process
to wasteprocessorcyclespolling thenetwork.

ExistingRDMA-basedimplementationsof MPI alsosuf-
fer from similar issues. Messagescan arrive without ex-
plicitly polling by the receiver, but the MPI library must
actively notice incomingmessagesandprocessthem. For
example,a shortmessageis typically written into a buffer
that is managedby theMPI library, andis latercopiedinto
a receive buffer. This canonly occurafter theMPI library
noticesthat it hasarrived. Traveling threadsallow for this
processingto happenimmediatelyuponthreadarrival.

7. Conclusionsand Future Work

Thiswork is basedonaPIM architecturethatcouldform
the basisfor commodityclustercomputingin the future.
As such,it is importantto considerthe implicationsof this
technologyfor currentcomputingparadigms. This work
presentsananalysisof aninitial implementationof MPI on
PIM architectures.AlthoughthePIM architectureis explic-
itly designedfor parallelism,it is not explicitly designed
to supportMPI. Despitethis, thepreliminaryanalysisindi-
catesthat a PIM architecturewill supportMPI very well,
andmayreducethecomplexity of theMPI implementation
via inherentmulti-threading.In termsof performance,MPI
for PIM requiresfewer CPU cycles than equivalentcom-
modity implementationsfor many of the operations.This
is attributableto a signi�cant reductionin total instructions
(throughtheuseof specialfeaturesin thePIM) andan in-
creasein instructionsper cycle (IPC). Overall, this work
demonstratesthat an MPI implementationfor PIM is not
only possible,but is likely to perform at leastas well as
whatis foundoncommoditysystems.

Only a preliminary analysisis presentedhere. Future
work will focus on implementingmore of the MPI stan-
dard to permit applicationsimulationon the architectural
simulatorand to further studyMPI performanceimprove-
mentsachievablewith PIMs. For example,PIM instruction
setswill likely provide vector typesof operationson ex-
tremelywidewords.Additionally, theextremelyhighmem-
orybandwidthprovidedbyPIMsmayofferasigni�cant win
for applicationsusingMPI derived datatypes.Also, PIMs
can offer extremely �ne grainedsynchronizationmethods
that will allow automatedexploitation of opportunitiesfor
communicationandcomputationoverlap. For example,it
maybepossibleto allow anMPI Recv to returnbeforeall
of thedatahasarrived. Finegrainedsynchronizationcould
thenblock theapplicationif it attemptedto accessaportion
of thedatathathasnotarrived.Finally, PIMsmayalsosup-
port theMPI-2 one-sidedcommunicationfunctionsveryef-
�ciently , especiallytheaccumulateoperation,whichallows
for operationsto beperformedon remotedata.
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