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Abstract

This paper analyzesthe interactionsbetweenthe protocol stack
(TCP/IP or iWARP over 10-GigabitEthernet)andits multicore en-
vironment.Speci cally, for host-basegrotocolssuchasTCP/IR we

noticethata signi cant amountof processings staticallyassignedo

asinglecore,resultingin animbalanceof load on the differentcores
of the systemandadverselyimpactingthe performanceof mary ap-
plications. For host-ofoaded protocolssuchasiWARP, on the other
hand, the portions of the communicationstack that are performed
on the host, suchas buffering of messagesand memorycopies,are
closelytied with theassociategrocessandhencedo not createsuch
loadimbalancesThus,in this paper we demonstrateéhat by intelli-

gentlymappingdifferentprocessesf anapplicationto speci c cores,
the imbalancecreatedby the TCP/IP protocol stackcan be largely
counteredand applicationperformancesigni cantly improved. At

thesametime, sincetheloadis betterbalancedn host-ofoaded pro-
tocolssuchasiWARP, suchmappingdoesnot adwerselyaffect their
performancethus keepingthe mappinggenericenoughto be used
with multiple protocolstacks.

1 Intr oduction

Multicore architecturedave recently establishedhemseles
asa major stepforward for high-endcomputing(HEC) sys-
tems[10, 18]. Theirincreasingpopularityis of particularim-
portancegiventhe growing scalesand capabilitiesof modern
HEC. The commoditymarket alreadyhasquad-corearchitec-
turesfrom Intel [5] andAMD [1]. Processorsith largercore
counts,suchasthelBM Cell [2], SUN Niagara[13] andIntel
Terascalg6] arealsogainingin popularity

On the other hand, high-performancenetworks such as 10-
Gigabit Ethernet(10GE) [17, 16, 15], Myrinet [19], and In-
niBand (IB) [4] areincreasinglybecomingan integral part
of large-scalesystemswith respectto scalability and perfor
mance. While all thesenetworks aim at achievzing the best
communicatiomperformanceeachnetwork splitsits protocol
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stackdifferentlywith respecto the amountof processinghat
is doneon thehostandtheamountthatis doneon the network
interfacecard(NIC). Forexample |B performsalmostall of its
processingn the NIC. Myrinet (speci cally, Myri-10G) per
formsalmostall of its processingn the host. The 10GEfam-
ily hasNICs with differentof oad capabilities(e.qg., regular
10GE, TCP-ofoaded 10GE,iWARP-of oaded 10GE).Thus,
dependingon the amountof processingn the host, it is criti-
calthatwe understandts interactionwith applicationgunning
in multicoreervironments.

In this paper we study such interaction using two high-
performance&ommunicatiorstacks:(i) 10GEwith host-based
TCP/IPand(ii) 10GEof oaded with iWARP. In the rst part
of the paper we provide detailedanalysisof thesestackson
multicore systems. We notice that, for host-based CP/IR a
signi cant amountof processings statically x edto a single
corein the systemresultingin processingmbalanceandcon-
sequentlyadwerseeffects on applicationsin two primary as-
pects. First, the effective capability that the overloadedcore
canprovideto theapplicationis reduced Secondthe datathat
is processedy the protocolstackis now localizedto this core
ratherthanto the processto which it belongs,thusresulting
in cachemissesfor the process.For iWARP, hawever, most
of the protocolprocessings doneby the NIC. Theportionsof
the communicatiorstackthatare performedby the host,such
asdatabuffering and memorycopies,are doneby the appli-
cationprocessandits associatedibraries, thuslocalizingit to
theprocesstself andresultingin reduceccachemisses.

This leadsus to believe that for host-based CP/IR basedon

which processis mappedto which core, applicationperfor

mancecanvastly vary. On the otherhand,for host-ofoaded

protocol stacks,suchmappingwould shav no differencein

performanceThus,in the secondpartof the paper we utilize

this analysisto intelligently mapprocesses-to-coffer various
applications.Our experimentgeveal signi cant improvement
in performancdor someapplicationsbasedon suchmapping
whenusing TCP/IR while shaving minimal performancedif-

ferencewhenusingiWARP. Hence we concludethatanintel-

ligentmappingof processes-to-coreansigni cantly improve
applicationperformanceor TCP/IP while retainingthe gen-
erality of the applicationby not affectingits performanceor

otherhost-ofoaded protocolstacks.

2 Background

In this section,we presentan overview of multicorearchitec-
turesandthe NetEffect L0GEIWARP network adapters.



2.1 Overview of Multicor e Ar chitectures

On-chiphardwarereplicationhasbeenaroundfor mary years,
providing the CPUwith parallelizationcapabilitiesfor various
codesegments.Multicore architecturegxtendtheseby repli-
catingthemicroprocessingnititself (referredto ascores) to-
gethemwith additionalportionsof theon-chiphardware.While
thesearchitecturesresimilar to multiprocessosystemsthey
differ in two primary aspects.First, not all of the CPU hard-
wareis replicated.For example,in the Intel architecturemul-
tiple coreson the samedie sharethe samelL2 cache,issue
gueuesandotherfunctionalunits. Thus,if acoreis alreadyus-
ing oneof thesesharedhardwareresourcesanotheicorewhich
needghisresourcéhasto stall. Secondgcore-to-coralatashar
ing is muchfasterthanthe processoto-processocasesince
thecoresresideonthe samedie, makingcachecohereng sim-
pler andfaster andavoiding the die pin whencommunicating
betweercores.

2.2 Overview of NetEffect 10GEiWARP

Figurel shavsthearchitectureof the NetEfect NEO1010GE
IWARP NIC. The NEO10 of oads the entire iIWARP and
TCP/IP stacksto the NIC. So, in theory theseadapterscan
supportall versionsof the 10GEnetwork family, i.e., regular
10GE, TCR andiWARP of oad engines. However, the of-

oaded TCP/IP stackis not directly exposedto applications,
andhencetheseadapteronly allow applicationso usethem
aseitherregular LOGEor iWARP of oad engines.
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Figurel: NetEffect iWARP NIC Architecture

The NEO10consistsof a protocolengineintegratingiWARP,

TOE, andregularEthernetogic in hardwareusingastructured
ASIC. It also consistsof a RAM-basedtransactionswitch,
whichoperate®nin- ight data,andalocal memorycontroller
to accessNIC memory (256MB DDR?2) for buffering non-
iIWARP connectionsTheseadaptersupporta numberof pro-
gramminginterfacesincluding a hardware-speci cverbsand
the OpenRbricsverbsinterfaces.Theseadaptersalsosupport
a MessagePassinginterface(MPI) [7] implementatiorwhich

is aderivative of MPICH2.

3 TCP/IP and iWARP Processing

In this section,we describethe protocol processingdone by
TCP/IPandiWARP.

3.1 TCP/IP Protocol Processing

TCP/IP performsmary aspectsof communicationincluding
databuffering, messageegmentation routing, ensuringdata
integrity (usingchecksumandcommunicatiorreliability. The
processin®f host-based CP/IPcanbroadlybe brokendown
into two componentsyiz., the synchronousindasynchronous
components.The synchronousomponentrefersto the por-
tionsof thestackthatareeitherperformedn thecontext of the
applicationprocesr in the context of the kernelthreadcor-
respondingo the applicationprocesge.g.,checksunon the
senderside, datacopies). The asynchronougomponenton
the otherhand,refersto the portionsof the stackthatareper
formedin the context of a completelydifferentkernelthread
or kerneltasklet(e.qg.,reliability, datareception,andin some
casestheactualdatatransmission).

Let us considerthe following exampleto better understand
TCP/IPprocessingSupposéhe sendemwantsto senda 64KB
message. On a send() call, this datais copiedinto the
sendersoclet buffer, sggmentedinto MTU-sized chunksand
the checksumfor eachchunk calculated. Now supposethe
TCPwindow permitsthesendeto transmit32KB of data.The
rst 32KB of the buffereddatais handedoverto theNIC after
whichthesend() returns.Theprocessingofaris donedur-
ingthesend() , andthusis apartof thesynchronousompo-
nent. After thesend() returnstheapplicationcango ahead
with its othercomputation.At this time, supposeherecever
sendsanacknavledgmenif its datareceipt. The sendemNIC
raisesa hardwareinterruptto awaken a kernelthreadto han-
dleit. Thekernelthreadseeshis acknavledgmentandiniti-
atesthe transferfor the remainingdata. Sincethis part of the
processings doneindependentlyrom theapplication|t is re-
ferredto astheasynchronousomponentOntherecever, the
synchronousindasynchronousomponentaresimilar.

The importantaspects that the asynchronougsomponents
independentf the applicationprocessesThe processingf a
asynchronougernelthreadis commonfor the entire system.
Further in the x86 architecture hardwareinterruptsare stat-
ically mappedto a singlecorein the system. Therefore,the
kernelprocesghat handleshis interruptalsogetsmappedo
a singlecore. Thatis, irrespectve of how mary processein
the systemare performingcommunicationthe asynchronous
componenbf thesecommunicationss staticallyhandledby a
singlecorein thesystem.

3.2 iWARP Processing

IWARP is arelatively new initiative by the InternetEngineer

ing TaskForce (IETF) [3] andthe RDMA Consortium(RD-

MAC) [12]. It implementsmost of the protocol processing
relevantto transmissiorandreceptionof dataon the network

hardware. However, aspectsuchasdatabufferingandmem-
ory copiesof thedatato nal applicationbuffersarenot han-
dled by it — upperlayersresidingon top of iWARP are ex-

pectedto handlethem. For example,in the caseof MPI, the

incomingdatais recevedin azero-coy mannerinto interme-
diatetemporarybuffers andlater copiedinto the nal buffers
by MPI.
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Figure3: MPI Bandwidth (Setup B): (a) TCP/IP and (b) iWARP

Theoverallcommunicatiorstackcanbebrokendown into two
portions. The actualtransmissiorandreceptionof data,that
is performedby iIWARP, is completelyimplementedn hard-
wareandis notassociateavith any speci ¢ processingorein
the system. The remainingcommunicatioraspect{message
buffering anddatacopies)aresynchronoushhandledby com-
municationlibrariessuchasMPI whentheapplicationmakesa
sendor receve call. Thus,thereis noapplicationindependent
componenin thecommunicatiorprocessingf host-ofoaded
protocolstackssuchasiWARP andconsequentlyo reasorto
staticallyallocatearny processindo a x edcorein thesystem.

4 Experimental Testbed

We usedtwo clustersetupdn this paper

Setup A: Two Dell Ponveredge2950 seners, eachequipped
with two dual-corelntel Xeon 2.66GHz processors. Each
sener has4GB of 667MHz DDR2 SDRAM. The four cores
in eachsystemareorganizedascores0 and2 on processo0,
andcoresl and3 on processod.. Eachprocessohasa 4MB
shared_2 cache.The operatingsystemusedis FedoraCore6
with kernelversion2.6.18.

Setup B: Two custom-hiilt, dual-processomual-coreAMD
Opteron2.55GHzsystems. Eachsystemhas4GB of DDR2
667MHz SDRAM. The four coresin eachsystemare orga-
nizedascoresO and1 on processol, andcores2 and 3 on
processorl. Eachcorehasa separatelMB L2 cache. Both
machinesun SUSE10with kernelversion2.6.13.

Network and Software: Both setupsusedthe NetEffect

10GE iWARP adaptersinstalled on a x8 PCI-Expressslot

andconnectedack-to-back For TCP/IPevaluation,we used
the MPICH2 (version 1.0.5p4)implementationof MPI. For

IWARP, we useda derivative of MPICH2 by NetEffect (based
on MPICH2 versionl1.0.3),thatwashuilt usingthe NetEffect

verbsinterface.

5 Micr obenchmark-BasedAnalysis

In this section,we analyzethe interactionsof the TCP/IPand
IWARP stacksover 10GEin multicore systems.Speci cally,
we analyzedifferentmicrobenchmark® understandhow they
are affectedin a multicore ervironment. We presentanaly-
sisof MPI bandwidthin Section5.1andMPI lateng in Sec-
tion 5.2. Both thesebenchmarksiretakenfrom the OSUMPI
microbenchmarkuite.Eachbenchmarkvasmeasuredtleast
ve timesandtheaverageof all runsis reported.

5.1 Analysisof MPI Bandwidth

Figures2(a) and 2(b) shav the MPI bandwidthachiezed by
TCP/IPandiWARP on setupA, whenscheduledon eachof
thefour coresin the system.Both the senderandthe recever
processare scheduledbn the samecore number but on dif-
ferentseners. In this experiment,the sendersendsa single
messagef sizeSto therecevver mary times.Onreceving all
themessageshereceversendsdackonesmallmessagéo the
sendeinformingthatit hasrecevedthemessageslhesender
measurethetotaltime andcalculatesheamountof datait had
transmittedperunit time.
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Figure4: Analysis of MPI Bandwidth: (a) Interrupts and (b) Cache Misses

Figure5: MPI Latencies with TCP/IP: (a) Small Messages and (b) Large Messages

Figure 2(a) shaws several trendsfor TCP/IP First, whenthe

communicationprocessis scheduledon core 0, bandwidth
performancebarely reache2Gbps. Second,the benchmark
performsslightly betterwhenthe communicationprocessis

scheduledon either core 1 or core 3, i.e., coreson the sec-
ondCPU.In thiscasethebenchmarlachievesabout2.2Gbps.
Third, thebenchmarlachiezesthe bestperformancevhenthe

communicationprocesss scheduledn core 2, i.e., the sec-
ondcoreof the rst CPU.In thiscasethebenchmarlachieves

about3Gbpsbandwidth,i.e., about50% betterthanthe case
wherethe processesre scheduledon core 0. On the other

hand,Figure 2(b) shavs that, for IWARP, thereis no impact
on the performancarrespectve of which corethe communi-
cationprocesss schedulean.

Figures3(a)and3(b) shav the MPI bandwidthresultson setup
B for TCP/IP andiWARP. The trendsobsenred in these g-
uresarevery similar to thoseobsenedin setupA. Thatis, for
TCP/IR theinterruptprocessingoreon the rst CPU(corel
in this case)achieveslow performancethe coreson the sec-
ond CPU (cores2 and3) achieve moderateperformanceand
thesecondcoreof the rst CPU(core0) achievesthe bestper
formance. For iWARRP, all core mappingsachieve the same
performance.

Theseresultsindicatethat the interactionof the TCP/IP pro-
tocol stackwith the multicore architecturecan have signi -
cantimpacton performance.To further understandhesere-
sults,we analyzetheinterruptprocessin@ndL?2 cachemisses
of the systemwhile runningthis benchmarkn sectionss.1.1
and5.1.2,respectiely. SincebothsetupsA andB shav sim-

ilar performanceéehaior, we only look at resultson setupA
in therestof the paper

5.1.1 Interrupt Analysis

In orderto measurehe interruptsgeneratecdy TCP/IP dur-
ing the execution of the MPI bandwidth benchmark, we
utilized the PerformanceApplication Programmingnterface
(PAPI) [11] library (version3.5.0). Figure4 (a) illustratesthe
numberof interruptsper messag®bsened during the execu-
tion of the MPI bandwidthbenchmarkwhich was scheduled
on the different cores. As shavn in the gure, core O gets
more than 99% of all the interrupts. This obsenationis in
accordancavith the descriptionof the asynchronousompo-
nentin Section3. Thatis, the hardwareinterruptandtheasyn-
chronouscomponenbf the TCP/IPstackarestaticallymapped
to asinglecorein thesystem.

Basedonthelarge numberof interrupts coupledwith the pro-
cessingof the asynchronougsomponeniof the TCP/IP stack
by core0, its capabilityto performapplicationprocessings
drasticallyreduced. This resultsin reducedperformanceof
the MPI bandwidthbenchmarkwhenthe applicationprocess
is scheduledn this core.

5.1.2 CacheAnalysis

As describedin Section 2.1, multicore architecturespro-
vide opportunitiedfor core-to-coredatasharingeitherthrough
sharedcaches(e.g., Intel architecture)or separateon-chip
cacheswith fastconnectvity (e.g.,AMD architecture).In the
caseof TCP/IP (asdescribedn Section3.1), wheninterrupt



processings performedoy aparticularcore thedatais fetched
to its cacheto allow for data-touchindaskssuchaschecksum
veri cation. Thus,if the applicationprocessperformingthe

communicationis scheduledon the sameCPU but a differ-

entcore,it cantake advantageof the fastcore-to-coreon-die
communicationin theIntel architecturesincethelL2 cacheis

sharedwe expectthisto bere ectedassubstantiallyfewer L2

cachemisses.

We verify our hypothesidy usingPAPI to measurd 2 cache
misses.Figure4 (b) shavs the percentagelifferenceof num-
berL2 cachemissesobsened on eachcore comparedo that
on core0. We obsene thatcores0 and?2 (processoB) have

signi cantly lower L2 cachemissesthancoresl and 3 (pro-

cessorl)!. Thesecachemissesdemonstratéhe reasorfor the
lower performancef theMPI bandwidthbenchmarkvhenthe
processs schedulean eithercorel or core3, ascomparedo

whenit is scheduledn core2.

5.2 MPI Latency Evaluation

Figure5 illustratesthe MPI latengy achieredwhenscheduled
oneachof thefour coresin thesystenfor TCP/IR Again, both
the senderandrecever processesire scheduledn the same
core numberbut of differentseners. In this experiment,the
sendettransmitsa messag®f size Sto the recever, which in
turn sendsbackanothemessag®f the samesize. This is re-
peatedseveraltimesandthetotal time averagedverthe num-
ber of iterations— this givesthe averageround-triptime. The
ping-ponglateng reportedhereis one half of the round-trip
time. To betterillustrate the results,we have separatedhem
into two groups.Figures5(a)and5(b) shov themeasurements
for smallandlarge messagesgespectiely.

Figure5(a) shavs thatthe bestperformances achievedwhen
the communicatiorprocesds on core2. Thisis similarto the
bandwidthtestandis attributedto the bettercacheocality for
theprocesgsections.1.2).However, whenthecommunication
processs scheduledon core0, thereis only a slight dropin
performancevhichis unliketheMPI bandwidthresults.When
thecommunicatiorprocesss schedule@dncoresl or 3, wesee
thatthe performanceachiesedis the worst.

Thedifferencean the performancef coreO for thelateng test
comparedo thebandwidthtestis attributedto thesynchronous
natureof the benchmark.Thatis, for smallmessagegjatais
sentoutassoonassend() is called. By thetime the sender
recevesthe pong messagethe TCP/IP stackis idle (no out-
standingdata)andreadyto transferthe next messageOn the
receve side,whentheinterruptoccurs theapplicationprocess
is usually waiting for the data. Thus, the interruptdoesnot
interferewith othercomputatiorandhurt performance Also,
core0 hasthe datain cacheafterthe protocolprocessingand
thusif theapplicationis schedulesnthe samecore,it canuti-
lize this cacheddataresultingin higherperformancdor core
0 ascomparedo coresl and3. For large messagediowever,
thebenchmarks nolongersynchronousThatis, asthedatais

1Thepercentagédifferencen cachemissesiropswith largermessagsizes
becausgheabsolutenumberof cachemissesonthecoresincreasesvith mes-
sagesizeasthey cannott in thecache.

beingcopiedinto the socletsbuffer, the TCP/IPstackcontin-
uesto transmitit. Thus,boththe asynchronougernelthread
(whichis alwaysstaticallyschedulean core0) andthe appli-
cationthreadmightbeactive atthesametime, resultingin loss
of performanceThisis demonstrateth Figure5(b).

Figures6(a) and 6(b) shov the MPI latenciesfor small and
large messagesespectiely with iWARP. Similar to the MPI
bandwidthbenchmarkijt canbe obseredthat performanceas
not affectedby the coreon which the communicatingorocess
is scheduled.

6 Mapping Processeso Speci c Cores

In this section,we utilize the analysisprovided in section5
to identify the characteristicef the differentprocessesf real
applicationsandappropriatelymapthemto the bestcore. We
perform suchanalysison two applications, GROMACS and
LAMMPS, which aredescribedn Sections.1and6.2.

6.1 GROMACSApplication

Overview: GROMACS[14], developedat GroningenUniver-
sity, is primarily designedo simulatethe moleculardynamics
for millions of biochemicalparticles.A topology le consist-
ing of the molecularstructureis distributed acrossall active
nodes. The simulationtime is broken into mary steps,and
performancés reportedasthe numberof nanosecondgerday
of simulationtime. For our measurementsye usethe GRO-
MACSLZM application.

Machinel Machine2
procesganks procesganks
Core | Core | Core | Core | Core | Core | Core | Core
Mappin 0 1 2 3 0 1 2 3
A 0 4 2 6 7 3 5 1
A 6 4 2 0 7 3 5 1
B 0 2 4 6 5 1 3 7
B' 2 0 4 6 5 1 3 7

Tablel: Process-Core Mappings Used in GROMACS LZM

Analysis & Evaluation: Thereareseveraldifferentcombina-
tions of process-to-corenappingsthatare possible. Someof
thesecombinationgperformworseascomparedo the others.
To understandhe reasoningbehindthis, we analyzetwo such
combinationgcombinationsA andB in Table1). We pro le
the GROMACSLZM applicationusingmpiP[9] andMPE[8]
to get statisticalanalysisof the time spentin different MPI
routines. Figure 7(a) shavs the applicationtime breakdown
when running GROMACS with combinationA. To simplify
our analysis,we shav the main componentf computation
andMPI_Wait, while clubbingthe otherMPI callsinto asingle
component.We obsere severaltrendsfrom the graph. First,
procesd) (runningon core 0) spendsa substantiabmountof
timein computatior{morethan60%)while spendingninimal
amountof time in MPI_Wait. At the sametime, processe$
and?7 spenda large amountof time (morethan40%) waiting.
Thatis, aloadimbalanceoccursin theapplication.

To rectify thisloadimbalancewe swapthe coremappingsor
processe® and6 to form combinationA' (Tablel). In this



Figure6: MPI Latencies with iIWARP: (a) Small Messages and (b) Large Messages

Figure7: GROMACS application time split up with TCP/IP (a) Combination A (b) Combination A'

new combination,sinceprocesst is idle for a long time (in

MPI_Wait), we expectthe additionalinterruptsand protocol
processingn the coreto not affectthis processoo much.For

process/, however, we noticethatit hasa largeidle time in-

spiteof beingscheduledn core0 of the secondnachine We

attributethisto theinherentoadimbalancen the application.
Figure 7(b) shows the applicationtime breakup with combi-
nationA'. We notice thatthe load imbalancels lesserin this
new combination.Figure 8 shavs the overall performanceof

GROMACS with the above process-corenappings. We ob-
sene thatthe performancef theintelligently schedulecdom-
bination(A") is nearlyl1%betterascomparedo combination
A. Thetrendis similar for combinationB aswell.

Figure8: GROMACS LZM Protein System Application

We alsonoticethat, with iWARP, the performanceon all core
mappingds similar. The maximumstandarddeviation of the

performancewvith iWARP is only 1.9%. This demonstrates
thatwith anintelligentmappingof processes-to-corewe can
signi cantly improve the performancef theapplicationwhen
executingon TCP/IR while not adwerselyaffecting its perfor
manceon host-ofoaded protocolssuchasiWARP, thusmain-
taininggenerality

6.2 LAMMPS Application

Overviews: LAMMPS [20] isamoleculadynamicssimulator
developedat SandiaNationalLab. It usesspatialdecomposi-
tion techniquego partition the simulationdomaininto small
3D sub-domainspneof which is assignedo eachprocessar
Thisallowsit to runlargeproblemsin a scalablevay wherein
bothmemoryandexecutionspeedinearly scalewith thenum-
berof atomsbeingsimulated We usetheLennard-Jonekquid
simulationwith LAMMPS scaledup 64 timesfor our evalua-
tion.

Machinel Machine2
procesganks procesganks
Core | Core | Core | Core | Core | Core | Core | Core
Mappin 0 1 2 3 0 1 2 3
A 2 0 4 6 1 3 5 7
A 0 2 4 6 1 3 5 7
B 0 4 2 6 7 3 5 1
B' 6 4 2 0 7 3 5 1

Table2: Process-Core Mappings Used in LAMMPS Application

Analysis & Evaluation: Figure11(a)illustratesthe split up
in the communicatiortime spentby LAMMPS while running



on processes-to-coreombinationA (Table 2). As shown

in the gure, processed and?2 (which run on core 0) spend
about70% of the communicatiortime in MPI_Wait while the
otherprocessespendabout80%of thecommunicatiortimein

MPI_Send.Thisis completelycounterintuitve ascomparedo

GROMACS, becauseve expectthe processesot runningon
core0 to spenda long time waiting, while processesunning
on core0 to performalot of computation.

To understand this be-
havior, we further pro le
the communicationcode.
We obsenre that all pro-
cessesregularly exchange
datawith only three other
processegFigure 9), and
the sizesof the messages
exchangedare quite large
(around256KB).Figure10
illustratesthe communica-
tion timeline for LAMMPS. As shavn in the gure, process
X is running on the slower core (which receves mostof the
interrupts) while processy is runningon adifferentcore.We
describethe communicatiortime-line in differentsteps(bro-
kenupin the gure usingdottedhorizontallines).

Figure9: LAMMPS Communi-
cation Pattern (8 processes)

Step 1: Initially, both processegost receve buffers using
MPI_Irecv() andsenddatato eachotherusingMPl_Send().On
MPI_Send(),datais copiedinto atemporaryMPI sendbuffer.
As the datais being copied,if thereis spacein the TCP/IP
soclet buffer, this datais alsohandedoverto TCP/IR If not,
thedatais bufferedin the MPI temporarysendbuffer till more
spacds created.

Step 2: After returningfrom MPI_Send(),all processegall

MPI_Wait() to wait till all thedatafrom their peerprocesshas
beenreceived. While waiting for datato be receved, if ary

datais bufferedin the MPI temporarysendbuffer andhasnot
beensentoutyet, MPI attemptdo sendthatoutaswell. Now,

if thereceveris ableto readthe datafastenoughthe TCP/IP
soclet buffer is emptiedquickly andthe sendercanhandover
all the datato be sentto TCP/IP On the other hand,if the
recever is not ableto readthe datafastenough,the TCP/IP
soclet buffer lls up andall the datato be transmittedcannot
be handedover to TCP/IP beforereturningfrom MPI_Wait().

In our example,sinceprocessX is slower, it doesnotreadthe
incoming datafastenough,thus causingprocessy to return
from MPI_Wait() without handingover all the datato be sent
to TCP/IP

Step 3: Onceout of MPI_Wait(), processy goesaheadwith
its computation. However, sinceit did not handover all the
datathat needsto be transmittedto TCP/IR someof the data
is left untransmitted.Thus, processX cannotreturnfrom its
MPI_Wait() andhasto wait for processy to ush thedataout.

Step 4: After completingthe computation,when processY
triesto sendthe next chunkof datathepreviousdatais ushed
out. ProcessX recevesthis ushed out data, returnsfrom
MPI_Wait() andgoesaheadwith its computation.Now, since
processX is notactively receving data(sinceit is performing

computation),the TCP/IP soclet buffer, and eventually pro-
cessY's MPI temporarysendbuffer, gets lled up. At this
stage,sinceprocessY doesnot have enoughbuffer spaceto
copy theapplicationdata,it hasto wait beforereturningfrom
MPI_Send().

Step5: After procesX returnsfrom its computationwhenit
callsMPI_Wait(), it startsreceving dataallowing processy to
completets MP1_Send().

From the above description,we canseethatthe processeX

andY arerunningout of phase Thatis, whenprocessY per

formscomputationX waitsin MP1_Wait andwhenX performs
computationprocessy waitsin MPl_Send.This out of phase
behaior causesinnecessarwaitsresultingin lossof applica-
tion communicatiorperformance We notethatthis behavior

happendecause¢he effectivecapability of the coreson which

run processeX andY execute,do not match. To rectify this

situation, we only needensurethat the coreswhich execute
processeX andY matchin capability

In table2, for combinationA, we seethatswappingprocesses
0 and 2 gives us the desiredeffect (note that eachprocess
communicatesvith only one processoutsideits node). Fig-
ure 11(b) demonstrateshat this new intelligent combination
candramaticallyreducetheimbalance.

Figure 12 shavs the communication performance of

LAMMPS with the above core mappings. We obsene

about 50% performancedifference between combinations
A and A" as well as combinationsB and B'. Similar to

GROMACS, thereis no performancalifferencewhile running
LAMMPS with iWARP.

7 Conclusionsand Futur e Work

Multicore architecturedave beengrowing in popularityasa
signi cant driving force for high-endcomputing(HEC). At
the sametime, high-performanceetworkssuchas10-Gigabit
Ethernet(10GE) have becomean integral part of large-scale
HEC systems.While both of thesearchitecturacomponents
have beernvastlystudiedndependentlytherehasbeemowork
which focuseson the interactionbetweenthesecomponents.
In this paper we studiedsuchinteractionusingtwo protocol
stacksof 10GE,namelyTCP/IPandiWARP. We rst utilized
microbenchmarkso understandheseinteractions. Next, we
leveragedthe lessonslearnedfrom this analysisto demon-
stratethat intelligently mappingprocesses-to-cordsasedon
simplerules canachieve signi cant improvementsn perfor
mance.Our experimentakresultsdemonstratedhoreto thana
two-fold improvementfor the LAMMPS application. For fu-
ture work, we planto provide a systemdaemorwhich would
dynamicallypick appropriatgrocess-to-corenappingshased
onthebehaior of the processes.
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