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Abstract

This paperaddresseperformanceportability of MPI codeon multiprogrammedsharedmemory
machines.CorventionalMPI implementationsnapeachMPI nodeto an OS processwhich suffers
severeperformancelegradatiorin multiprogrammeanvironments Our previouswork (TMPI) hasde-
velopedcompile/run-timeechniquego supportthreadedVPl executionby mappingeachMPI node
to a kernelthread. However, kernelthreadshave context switch costhigherthanuserlevel threads
andthis leadsto longerspinningtime requiremenduring MPI synchronization.This paperpresents
anadaptve two-level threadschemédor MPI to reducecontet switchandsynchronizatiorcost. This
schemalsoexposeghreadschedulingnformationat userlevel, which allows usto designanadaptve
eventwaiting stratgy to minimize CPUspinningandexploit cacheaffinity. Ourexperimentshav that
the MPI systenmbasedn the proposedechniquesasgreatperformancedwantagesver the previous
versionof TMPI andthe SGI MPI implementatiorin multiprogrammedervironments.Theimprove-
mentratio canreachasmuchas161%or evenmoredependingn the degreeof multiprogramming.

1 Intr oduction

Recentlyshared-memorynachineg SMMs) have becomepopularfor high-endcomputingbecauseof
their successn the commerciaimarket. EventhoughMPI [2, 12, 26] is designedor distributedmemory
programmingit is importantto addresperformanceortability of MP1 codeon sharednemorymachines
(SMMs). TherearethreereasonshatpeopleuseMPl on SMMs. Firstof all, MPI hasbeenwidely usedfor
mary parallelapplicationson large distributedmemorymachinesandclustersof PCsor SMMs andwill
continueto be popular(or dominating)in the foreseeabléuture. It is necessaryo supportpopularMPI
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codeon SMMs. Secondly MPI codeon SMMs hasbetterperformanceportability on other platforms,
comparedo otherprogrammingmodelssuchasthreadsand OpenMP This is especiallyimportantfor

future computinginfrastructuresuchasinformationpower grids[1, 7, 11], whereresourceavailability,

including platforms,dynamicallychangegor submittedobs. Finally, eventhoughit is easierto write a
threador OpenMPbasedparallelprogramit is hardfor anaverageprogrammeto fully exploit theunder

lying SMM architecturewithout carefulconsideratiorof dataplacemenandsynchronizatiorprotocols.
On the otherhand, performancduning for SPMD-basedVPI codeon large SMMs is relatively easier
sincepartitionedcodewithout usingsharedspacesxhibits gooddatalocality.

Large-scaleSMMs are normally multiprogrammedor achieving high throughput. It hasbeenwidely
acknavledgedin the OS communitythat space/timesharingis preferable outperformingotheralterna-
tivessuchaspureco-schedulingr gang-schedulingpr betterjob responséimes|8, 18,29, 32,33]. The
modernoperatingsystemssuchas Solaris2.6 and IRIX 6.5 have adoptedsucha policy in paralleljob
scheduling'seea discussionn Section6 on gang-schedulingsedin theearlierversionof IRIX). In such
environments the numberof processorsllocatedto an MPI applicationmay dynamicallychangeandit
may be lessthanthe numberof MPI nodes(or sometimecalledMPI processes the literature). On the
otherhand,MPI usesthe processconceptand global variablesin an SPMD programare non-sharable
amongMPI nodes.As aresult,a corventionalMPI implementatiorthat usesheary-weightedprocesses
for codeexecutionsuffers severeperformancealegradatioron multiprogramme@&MMs. To improve MPI
codeperformanceopur previous work [27] hasdevelopedcompile-timeandrun-timetechniquedo sup-
port threadedVIPI executionand demonstrate@ur optimizationtechniquedor executinga large class
of C programsusingMPI standardL.1. The compile-timetransformatioradoptsthe thread-specifidata
mechanisnto eliminatethe useof globalandstaticvariablesn C code.Therun-timesupportincludesan
efficient point-to-pointcommunicatiorprotocolbasedon a novel lock-free queuemanagemenscheme.
Our experimentson an SGI Origin 2000show that our MPI prototypecalled TMPI usingthe proposed
techniquess competitve with SGI's natve MPI implementatiorandMPICH [12] in adedicatecerviron-
ment,andit hassignificantperformanceadwantagesn multiprogrammeacervironments.

However, the previousversionof TMPI is built uponkernelthreadsvhich aredirectly scheduledy mul-
tiprocessolOS andhave high contect switch costcomparedo userlevel threads.In a multiprogrammed
environmentwith heary loads,threadsyield their executionduring communicatiorsynchronizatiorand
thus context switchesmay happenfrequently This consideratiorleadsus to map eachMPI nodeto a
userlevel threadandthenadaptvely scheduleuserlevel threadson top of kernelthreads.In this paper
we proposdechniqueso build anadaptve two-level threadsystemunderTMPI. Thenumberof userlevel
threadss the sameasthe numberof MPI nodesandthe numberof kernelthreadshatexecuteuserlevel
threadsis adaptve to the multiprogrammingevel in the system. The deploymentof userlevel threads
alsominimizeswastefulCPUspinningin synchronizationSpinningis necessaryo implementnter-node
MPI communicatiorbut blindly waiting for certaineventscostsa substantiabmountof CPUtime. By
taking advantageof low context switch costof userlevel threadsand exploiting schedulingnformation
exposedrom thistwo-level threadmechanismwe developanadaptve eventwaiting stratgy to minimize
unnecessargpinningoverheadandexploit cacheaffinity.

Therestof this paperis organizedasfollows. Section2 givesanovervien of TMPI systenmthatsenesas
the foundationfor this work. Section3 describesur two-level threadmanagementSectiond proposes
a scheduleiconsciousevent waiting stratgy for efficient MPI communication. Section5 presentghe
experimentalesultsona4-processo8GlPowver Challengeanda 32-processob Gl Origin 2000. Sectiont



discussetherelatedwork andconcludeghepaper

2 An overview of TMPI

TMPI containstwo parts,as shovn in Figure1. The compile-timepre-processingart provides code
transformatiorthatallows eachMPI nodeto beexecutedasathread.Thisis accomplishedby eliminating
globalandstaticvariablesin the original C program.In an MPI program,eachnodecankeepa copy of

its own permanentariables— variablesallocatedstaticallyin the heap ,suchasglobalvariablesandlocal
staticvariables.If sucha programis executedby multiple threadswithout arny transformationthenall

threadswill accesshe samecopy of permanentariables.To presere the semantic®f an MPI program,
it is necessaryo make a “private” copy of eachpermanenvariablefor eachthread. We have developed
a preprocessofor C programsbasedon thread-specificdata (TSD) a mechanisnavailable from most
threadsystems. We implementa TSD schemefor SGI SPROC threadsand usethe dynamicheapto

allocatespacefor TSD. With TSD, differentthreadscan associatelifferentdatawith a commonkey.

Giventhe samekey value, eachthreadcanstore/retrige its own copy of data. The detailsarein [27].

The transformationnvolvesindirect accessof TSD-basedermanentariables. The overheadof such
indirectionis insignificantin practice. Threadsafetyis alsoaddresseth [2, 23], however, their concern
is how multiple threadscanbe invokedin eachMPI node(process)put not executingeachMPI1 nodeas
athread.Currentlywe assumeahateachMPI nodedoesnot spavn multiple threadsandwe planto relax
this constrainiin thefuture'.

Message Passing Interface

Point-to-point

0 i Communicator
Thread perations ) Management
MPI1.1C Program Safe MPI Exedution Collective
program Transformation program Operations
Message

Queues

System Buffer Synchronization
Management Management

Compile-time Preprocessing Run-time Support

Figurel: Systemarchitectureof TMPI.

The run-timecomponenbf TMPI roughly containsthreelayers. The lowestlayer providessupportfor
severalcommonfacilities suchasbuffer andsynchronizatioomanagementhe middlelayeris theimple-
mentationof variousbasiccommunicatiorprimitivesandthetop layertranslateshe MPI interfaceto the
internalformat. Theintrinsic differencebetweerthethreadmodelandthe processnodelhasa big impact
on the designof run-time support. An obvious adwvantageof multi-threadedexecutionis the low con-
text switch cost. Besidesjnter-threadcommunicatiorcanbe madefasterby directly accessinghreads'

1TSD doesnot preventus from relaxingthis constrainsincewe canallocatedataareaspecificto eachMPI node. Threads
spavnedwithin eachMPI nodecansharedatathroughsuchanarea.
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buffersbetweera sendermndarecever, with simplifiedbuffer managementA process-basedplemen-
tationmayallocatea sharedsegmentto exchangeanformation,andits sizeis usuallyrestricted Advanced
OSfeaturesmay be usedto sharea large addresspaceamongprocessediowvever, suchanimplementa-
tion is problematic For example,in anearlierversionof the SGIMPI implementationaddress-remapping
is usedto achieve process-spacgharing;however, sharingis droppedin the currentversionbecausef
insufficient addresspaceand softwareincompatibility [24]. As a result, process-baseidnplementation
requiresthatinterprocescommunicatiormustgo throughanintermediatesystembuffer. Thusathread-
basedrun-time systemcanpotentiallysave somememorycopy operations.The threadmodelalsogives
us flexibility in designinga lock-free communicatiorprotocolto further expeditethe messaggassing
speedsinceif athreadholdsalock while beingpreemptedhe entireprogramexecutionmay be delayed
substantially{13].

3 Two-level ThreadManagement

In a multiprogrammedxecutionervironment,the numberof processorsllocatedby an OS to an MPI
applicationmay be lessthanthe numberof MPI nodesbecausenultiple jobs sharethe processorand
threadsmayyield their executionduringcommunicatiorsynchronizationln thatsensegcontext switches
amongMPI nodesareunavoidableandthey may happerfrequentlywhenmultiple applicationssharethe
machine.

Ourearlierwork on TMPI [27] mapseachMPI nodeto akernelthread.However, contet switchesamong
kernelthreadsare expensve becauseucha contet switch requiresa kerneltrap and at leasttwo stack
switches(oneswitch from old threadstackto the kernelstack,andanotherswitch from the kernelstack
to new threadstack).Ontheotherhand,a contect switchbetweertwo userlevel threadds muchcheaper
This leadsus to mapeachMPI nodeto a userlevel threadand schedulegheseuserlevel threadson top
of kernelthreads.The numberof kernelthreadss controlledcloseto the numberof allocatedphysical
processorsThis two-level threadschememinimizescontext switchesat kernel-level. Figure2 shavsthe
layersof ournev MPI runtimesupporiwith two-level threadmanagement.

MPI Applications

TMPI Runtime System

User-level Thread Scheduling and Synchronization

OS Kernel Thread Support and Process Control

Figure2: Architectureof our MPI runtimesystemwith two level threadmanagement.
In orderto controlthe numberof kernelthreadgnot exceedinghe numberof underlyingprocessors)yve

needto obtaindynamicschedulingandloadinformationin thesystem.Therearetwo waysto addresshis
issue. 1) OS canbe modifiedslightly to export suchinformationto users.2) For a classof applications
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suchasMPI programsa userlevel centralmonitor cancollectjob requestinformationand decidehow
to partition processoramongapplications.The centralmonitorthenplacestheresourceallocationinfor-
mationon a sharedmemorypagethat canbe readby all the applications.The previous work of Tucker
andGupta[29] controlsthe total numberof processe$or parallelapplicationswritten in a task-queuing
andwork-stealingprogrammingmodel. Yue andLilja conducta similar work for fine-grainedoop par
allelization[31]. In comparisonpur researchs focusedon thetrade-of betweeruserandkernelthreads

for MPI.
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Figure3: (A) Executionflow of a context switchwith two stackswitches(B) Executionflow of a context
switchwith eagerprobe.

In our schemethe systemmaintainsa queueof userlevel readythreadgcalledr unQin this paper)and
eachuserlevel threadrunsasan MPI node. The systemalsomaintainsa setof kernelthreadsandeach
kernelthreadis eitheractive in executinga userlevel thread,or inactive. During programexecution,a
kernelthreadpicks up a userlevel threadfrom r unQ, executest until this programcalls an MPI com-
municationprimitive which leadsto a context switch. During the context switch, this kernelthreadcalls
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probingto getresourcellocationinformationandtheresultof this probingleadsto threetypesof actions:

1. Deact i vat e whichmeanghecallingkernelthreadshouldrelease¢heuserlevel threadt executes
andsuspendtself becausehe hostapplicationhasmoreactive kernelthreadghanwhatit should
have.

2. Act i vat e which meansthe calling kernelthreadshouldwake up someinactive kernelthreads
becausehe hostapplicationhaslessactive kernelthreadghanwhatit shouldhave.

3. No- act i on which meanghe numberof active kernelthreaddits the systemload andno adjust-
mentis needed.

Becausdhe userlevel schedulecannotinterruptan MPI programduring computationprobingcanonly
beinvokedwhenthe userprogramcallsan MPI routine. On the otherhand,sincekernelthreaddeactva-
tion dueto probingis not cheapandschedulingnformationdynamicallychangesexcessve probingand
adjustingthe numberof kernelthreadsdoesnot pay off. In our schemewe conductsuchprobingduring
eachuserlevel context switch.

Theresultof probingcancausehe suspensionf akernelthread.In orderto safelyreleasehe userlevel

threadthis kernelthreadexecutesn caseof suspensiornwo stackswitchesarenecessaryo accomplisha
context switch betweertwo userlevel threads.Thefirst oneswitchesthe context from the old userlevel

threadstackto a temporarystack. Thenthe kernelthreadcan be safely suspendedo the inactive state
becausét doesnothold ary userlevel thread.A secondstackswitchfrom thetemporarystackto thenew

userlevel threadstackcompleteghe contect switch. The detailedflow of sucha contet switchwith two

stackswitchess illustratedin Figure3(A).

We proposea techniquecalledeager probeto avoid unnecessargtackswitches. The executionflow of
a context switchwith eagermrobeis illustratedin Figure3(B). This methodcansave onestackswitchin
mostcases.It requiresthe kernelthreadconductthe probein the beginning of a context switch. If the
resultof this probeis not“Deact i vat e”, thenwe canproceedhe contect switchwith only onestack
switchdirectly from theold userlevel threadto a new userlevel thread.And the context switchwith two
stackswitchesis only usedwhenthe first probereturns“Deact i vat e”, which happensnfrequently
Thesecondorobingis neededor this casesincetheresultof thefirst probingmay changeafterswitching
to thetemporarystack. Note thatasshawv in Figure3(A), oneadwantageof the contect switch with two
stackswitcheds thatthetwo r unQoperationgthe enqueuef the old threadandthe dequeuef the new
thread)can happentogetherwhenthe executioncontext is in the temporarystack. But for the context
switch with onestackswitch, thesetwo operationshave to split, which incursmorer unQ management
overhead.However, the experimentsshav thatthis costis insignificantcomparingto the saving of one
context switch. We conductexperimentson an SGI Powver Challengeto studythe context switch costof
differentschedulingschemesndtheresultsarelistedin Tablel. We canseethatreplacingkernelthread
with userlevel threadbringsthe context switchcostdown from 12 to 3us. And the eagemprobebrings
thecostfurtherdown to 2us.



Kernel-level context switch 12us
Userlevel context switchwith two stackswitches| 3us
Userlevel contect switchwith eagerprobe 248

Tablel: Context switchcost.

4 SchedulerconsciousEvent Waiting

MPI supportssereral dozensof communicationand synchronizatiorprimitives|[2, 12, 26]. All these
primitivesshareonecommonneed- amechanisnto wait for asynchronousvents.For example function
MPI_Recv()needdo wait until adesiredmessagés copiedto the userbuffer.

Ourwaiting schemgcalledwai t Event ) is illustratedin Figure4. In this example thereareonewaiter

andonecaller. Thewaiteris the threadthatneedso wait for certainasynchronousvent,andthe caller
is the threadwhich triggersthe event. It shouldbe notedthattheremay be multiple waitersor callersin

somesynchronizatiomprimitivessuchasMPI broadcastteduceandbarrier In Figure4, thewaiterissues
“wai t Event (*pflag == val ue)” towaituntil thecontentpointedby pf | ag isequaltoval ue.

Thecallerissuesanassignment* pf | ag = val ue”, whichasynchronouslywakesup the waiter.

waiter caller

—— program execution
waitEvent (*pflag == value);
: ----»= waiting (spinning or blocking)

-~ wakeup

*pflag = value;

T

Figure4: lllustrationof awai t Event synchronization.

Thewaiterthreadcaneitherspinor block whenwaiting for certainevent. It hasbeenwidely believedthat
spin-then-block19], whichspinsfor sometime andthenblocks,is theright choiceto handlesynchroniza-
tion in multiprogrammeenvironments Decidingtheoptimalspinningtime beforeblocking,however, has
beenthe focusof extensve researchundervariousapplicationdomaing[15, 16, 19]. In particular it has
beenshowvn [16] thatthe spin-then-bloclstrateyy, wherethe time spentspinningis equalto the blocking
cost(includingthreadsuspension;ontect switch,andthreadresumption)js competitiveto the optimum.
Namely the costof this stratgy, amortizedover all attemptsjs at mosttwice thatof the optimal off-line
algorithm?,

In our kernelthreadbasedTMPI implementationjnsteadof fixed spin-blockwe have usedan adaptve
spinning-blockapproactwhich doeslinearor exponentiabackupif the previousspinningis unsuccessful

2An off-line algorithmhascompleteknowledgeaboutwhenthe callerwill executethe wakeupevent.
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(similarto therandomwalk algorithmsuggestedh [15]). However, eventhoughthe purecontet switch
costof kernelthreadds notsoexpensvein SGl machinesthreadyieldingandresumptioris cumbersome
andfairly slow (e.g.thethreadyield functionresumes kernelthreadin a non-deterministienannerand
theshortessleepinterval for ananosleegall on Paver Challengas 1.6ms). As aresult,thespintimein
the TMPI eventwaiting functionis fairly large. Usingthe userlevel threadsnsteadof purekernelthreads
significantly reduceghe blocking cost; hencethe spinningperiod can be shortenedroportionallyand
CPUwastecanbe minimizedin TMPI-2 comparedo thecasein TMPI.

The above spin-blockapproachonly considersthe penaltyof blocking in termsof contect switch and
threadresumptionThereis actuallymoreoverheadn spinningandblocking: 1) spinningmaybe useless
if thecallerthreadthatexecuteshewakeupeventis notcurrentlybeingscheduled2) blockingmaysuffer
cacheefreshpenaltydueto context switch. Thepreviouswork onscheduleiconsciousynchronizatiofé,
17] hasconsideredusing OS schedulingnformationto guidelock andbarrierimplementations.There
is alsowork on OS schedulingo exploit cacheaffinity [30]. We combinethesetwo ideastogetherand
extendthemfor the MPI runtimesystem.Theuniqueaspecbf our situationis thatschedulingnformation
is exposedat userlevel becausef our two-level threadmanagement&ndthe context switch costin our
systemis relatively small (only 2us in SGI Paver Challenge).On the otherhand,the cachepenaltyis
costlyfor MPI programs Switchingfrom oneMPI nodeto anotheM™MPI nodelosescacheaffinity because
MPI nodesdo not sharedata. In comparisonthe previous affinity schedulingstudy[30] considerghat
switchingamonguserthreaddrom the sameapplicationstill keepscacheaffinities because¢hreadsnside
oneapplicationshareglobaldatafor generakharednemoryprogramming.

Our adaptve waiting techniquecontaingwo partsandthe executionflow is illustratedin Figure5:

1. Inthebegginningof wai t Event , thewaiterchecksf thecallerthreads currentlyschedulear not.
If the calleris notscheduledspinningdoesnt make arny sensebecausehe calleris notexpectedto
executethewakeupeventary time soon.Sothewaiterblocks(yields)immediatelywithoutspinning
in this case.

2. Sincethe time spenton executinginstructionsfor contect switchis smallin our system the spin
time is solely leveragedoy the cachepenalty If the userlevel threaddoesnot have affinity to the
underlyingkernelthread,thenthe spinningmakesno sense.Our secondstratey is to conducta
cade affinity checkbeforestartingspinning. This is doneby comparingthe currentunderlying
kernelthreadwith thelastkernelthreadt ranonbeforecallingwai t Event . It startsspinningonly
if thecacheaffinity checkreturnstrue.

We shouldpoint out that schedulinga userlevel threadon the samekernelthreaddoesnot necessarily
guarante¢hecacheaffinity becauseakernelthreadcouldbedeactvatedandmigratedo differentphysical
processar However, the frequeny of sucha migrationis normally muchlower thanthat of userlevel
contect switches.Thereforeour methodcanensurecacheaffinity in mostcases.

It is non-trivial to find theoptimalspintime 7" beforeblocking. Generallyspeakingshortspintimereduces
wastefulspintime in multiprogrammedernvironmentsbut long spintime yields optimal performanceor
dedicatecervironmentsandalsoreduceghe contentionon the scheduler To determineghe optimal spin
time T" beforeblocking, we alsoneedto find the precisecacherefreshpenalty This s difficult because
this penaltyis applicationandarchitecturelependentWe have calculatedanempiricallyoptimalnumber
of T onourtestingbenchmarksln our experimentsye use7’ = 50us.
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waitEvent (condition) '
Check condition
No

the caller currently Blocking (yielding
processor)

Yes

Spinning for time T and
heck condition periodicall

Figure5: Executionflow of wai t Event with schedulerconsciousventwaiting.
5 Experimental Studies

The purposeof the experimentss to studyif the two-level threadmanagementogetherwith scheduler
consciougventwaiting cangaingreatperformancedwantagesn multiprogrammedcrnvironmentsandbe
competitve to otherMPI systemsn dedicatecernvironments. By “dedicated”,we meanthattheloadof a
machines light andan MPI job canrun on requestedchumberof processorshroughouthe computation.
Being competitive in dedicatedsituationsis importantsincea machinemay swing dynamicallybetween
multiprogrammedinddedicatedstates All experimentsareconductedn a4-processo8GI Paver Chal-
lengemultiprocessof4 200MHz R4400processorand256MB memory;eachR4400has32KB level-1
cacheand4MB secondarycache)anda 32-processo8GI Origin 2000(32 195MHz R10000processors
and7860MBmemory;eachR10000has64KB level-1 cacheand4MB secondargache).

In thefollowing experimentaktudieswe usesymbol TMPI to denotethe original TMPI implementation
built directly uponkernelthreads.And we useTMPI-2 to denotethe new TMPI with two-level thread
managementnderspace/timeharing[18, 29, 33], the MPI nodedrom eachapplicationraremultiplexed
into lessnumberof physicalprocessore the presencef multiprogramming We definethe multiplexing
degreeto bethe averagenumberof MPI nodeson eachprocessofor a multiprogrammedervironment.
Note that the multiplexing degreeof eachapplicationreflectsthe multiprogrammingevel of the whole

system.

The characteristicef the testbenchmarksrelistedin Table2. Two of themarekernelbenchmarkdor
densematrix multiplication using Canons method(MM) and a linear equationsolver using Gaussian
Elimination (GE). SWEEP3Dis from the ASCI applicationbenchmarlcollectionfrom LawrenceLiver-



moreandLos AlamosNationalLabs. The lastthreebenchmark§GOODWIN, TID andE40R0100)are
parallelsparsd_U factorizationsvith pivoting [14, 25] appliedto threeinput matricesfrom circuits sim-
ulationandfluid dynamicsandthe executionof this codeinvolvesirregular data-dependeriine-grained
communicationWe list thesynchronizatiorfrequeng of thetestbenchmark# column3 of Table2. The
synchronizatiorfrequeng is obtainedby runningeachbenchmarkvith 4 MPI nodeson the 4-processor
Paver Challenge.And the frequeny is expectedto be larger whenthe numberof MPI nodesincreases.
We obsere thatthe threesparsd.U benchmark$iaze muchmorefrequentsynchronizatiorthanothers
do.

Benchmark Function Synchronizatiorfrequeny MPI operations
MM Matrix multiplication 2 timespersecond mostlyMPl _Bsend

GE Gaussiarklimination 59timespersecond| mostlyMPl _Bcast
SWEEP3D 3D Neutrontransport 32timespersecond| mixed,mostlysend/recy,
GOODWIN || Sparsd_U factorization 2392timespersecond| mixed

TID Sparsd_U factorization 2067timespersecond| mixed

E40R0100 || Sparsd.U factorization 1635timespersecond mixed

Table2: Characteristicsef thetestedbenchmarks.

Therestof this sectionis organizedasfollows. We will first evaluateandcomparel MPI-2 with TMPI
and SGI MPI for a multiprogrammedvorkload containinga sequencef paralleljobs. Thenwe study
impactof multiprogrammingn detailsusingworkloadswith fixed multiplexing degrees.Finally we re-
port experimentswhich isolate and demonstratempact of adaptve two-level threadmanagemenand
schedulerconsciougventwaiting.

5.1 Performanceevaluation on a multipr ogrammedworkload

We first reportan experimentthat usesa multiprogrammedvorkload which containsmultiple jobs and
we measurgheturn-aroundime of eachjob (the elapsedime from thejob submissiono its completion,
includingdatal/O andinitialization). We run this workloadon a dedicatednachinewith differentarrival

intenvals. The dedicatedmachinewe useis the 4-CPU SGI Paver Challenge. The workload contains
six jobswhosenamesandsubmissiororderarelisted belov: GOODWIN (sparsd_U factorizationwith

4 MPI nodes)MM2 (MM with 1152x1152matrix, 4 MPI nodes),GE1 (GE with 1728x1728matrix, 4

MPI nodes),GE2 (GE with 1152x1152matrix, 2 MPI nodes),MM1 (MM with 1440x1440matrix, 4

MPI nodes),and SWEEP3D(4 MPI nodes). For eachMPI implementationwe launchthesesix jobs
consecutrely with afixedarrival interval.

Table 3 lists the turn-aroundime of eachjob whenthe launchinginterval is 20, 14, 12 and 10 seconds
respectrely. Thelastrow in Table3 shavs the normalizedturn-aroundime for eachjob, which is cal-
culatedby dividing the absolutetime by the time of using TMPI-2. Theresultshavs that TMPI-2 is up
to 30%fasterthanTMPI andup to 161%fasterthanSGI MPI with differentlaunchintervals. Whenthe
launchinterval decrease§,MPI-2 tendsto obtainbetterimprovementatios. Thisis becaus¢heshorteris
theinterval, the higherlevel of multiprogrammings theworkload,andthe moreadvantage®ur adaptve
threadmanagemerttas.
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Jobs interval=20 interval=14 interval=12 interval=10
TMPI-2 TMPI SGI | TMPI-2 TMPI SGI | TMPI-2 TMPI SGI | TMPI-2 TMPI SGl
GOODWIN 16.0 20.4 19.0 185 26.2 211 20.3 26.3 187 20.8 305 29.2
MM2 149 16.2 259 215 26.0 421 21.8 343 433 29.3 43.7 60.6
GE1 19.9 212 27.3 28.6 347 59.0 34.1 477 1021 375 65.3 162.0
GE2 11.0 11.8 16.4 124 17.8 65.1 11.2 26.0 335 224 405 61.7
MM1 33.8 35.1 63.8 36.5 40.7 122.0 53.3 548 1224 66.5 63.3 160.4
SWEEP3D 475 474 67.4 545 56.2 123.2 59.0 64.2 130.0 67.0 729 162.1
Average 23.8 254 36.6 287 336 721 33.3 422 75.0 40.6 52.7 106.0
Normalized 1.00 1.07 154 1.00 1.17 251 1.00 1.27 2.25 1.00 130 261

Table 3: The turn-aroundtime of eachjob in a workloadwith differentlaunchingintervals on an SGI
Paver Challenge SGl standgor SGIMPI. All timesarein seconds.

Differentlaunchingintervalsamongconsecutie jobsrepresentifferentdegreeof job executionoverlap;
however, we arenot ableto know the averagedegreeof job multiplexing. In the next subsectionye use
workloadswith fixed multiplexing degrees.

5.2 Performanceimpact of multiplexing degrees

In this experiment,eachmultiprogrammedvorkload is designedsuchthat the multiplexing degreeis
predictableandis keptto beaconstanturingtheentireexecution.Eachworkloadonly hasonebenchmark
programmentionedabove; however eachphysicalprocessorunsmultiple MPI nodes . With multiplexing
degreet, every processorunst MPI nodesandtherearetotal £ xp MPI nodedor p processorsThisdesign
simulatesa multiprogramminggsituationandalsogivesa uniform multiplexing degreeamongprocessors.
In this way, we canclearlyidentify theimpactof multiplexing degreeson performancef TMPI-2, TMPI
andSGIMPI. We usethe MEGAFLOPSratingor speedupseportedby eachbenchmarkThesenumbers
collectedmayexcludethetime for initial 1/O anddatadistribution.

Experiments on an SGI Power Challenge multipr ocessor Figure 6 depictsthe performanceof SGI
MPI, TMPI andTMPI-2 whenrunninga differentnumberof MPI nodeswhich simulatesbothdedicated
and multiprogrammedscenarios.For the performancan dedicatedervironments(i.e. performanceof
executingl-4 MPI nodes) we obsere a similar performanceamongthesethreeimplementationscross
all six benchmarksxceptMM?3, This is expectedbecauseontext switch happensery rarely, if atall, in
dedicatedrvironments.However, in multiprogrammedituationsor executingé-16 MPI1 nodes TMPI-2
exhibits substantiaperformancemprovementover TMPI and SGI MPI. For the first threecomputation-
intensve benchmarkgMM, GE and SWEEP3D) the performancecurve of TMPI-2 doesnot degrade
whenthe multiplexing degreeincreasesln certaincasesye evenobsene the performancen a multipro-
grammedervironmentis betterthantheperformancen adedicatecrnvironmentwhichis dueto thebetter
load balancingn the multiprogrammedituation. And in generaffor the first threebenchmarksTMPI-2
is morethan50% fasterthanTMPI andup to 10-fold fasterthanSGIMPI in anervironmentwith a mul-
tiplexing degreeof 3. For thelastthreebenchmark¢GOODWIN, TID andE40R0100)which have much

3SGIMPI sufferscertainperformancéossfor 4 MPI nodeson MM dueto messageéuffer overflov andwe studythisissue
in detailsin [27].
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morefine-grainedsynchronizationTMPI-2 doesexhibit someperformancdosswhenthe multiplexing
degreeincreasesThisis foreseeablbecausdine-grainedsynchronizatiortausedrequentcontext switch
thatbringshigh overheadandpoor cacheutilization. However, the othertwo implementationsSGI MPI
and TMPI suffer far greatemperformancdosson thesebenchmarkandthey areslower thanTMPI-2 in
severalordersof magnitudeWe don't have theexperimentakesultsfor TMPI andSGIMPI for morethan
8 MPI nodeshecause¢hey take too muchtime to complete.

(A) MM (B) GE (C) SWEEP3D
250
300 FgMpi=2 + TMPI-2 5 +: TMPI-2
: * TMPI * TMPI
250 o: SGI MPI a 0: SGI MPI
[72] [7p] o
a. 200 &’ 150 =
S S 8°
L 150 o s
= = 100 0o
100
50
50 1
(0] 0 0]
0] 5 10 15 0 5 10 0} 5 10
Number of MPI nodes Number of MPI nodes Number of MPI nodes
(D) GOODWIN (E) TID (F) E40R0100
120 80 120
+: TMPI-2 +: TMPI-2 +: TMPI-2
100 * TMPI * TMPI 100 * TMPI
0: SGI MPI 60 o: SGI MPI 0: SGI MPI
80 80
n n n
ol o o
S 60 S 40 S 60
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= = =
40 40
20
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(0] 0 (0]
0] 5 10 0 5 10 0] 5 10
Number of MPI nodes Number of MPI nodes Number of MPI nodes

Figure6: Impactof multiplexing degreeona4-processo8Gl Paver Challenge The purposeof executing
MPI nodeson lessnumberof processorss to emulatea multiprogrammingwvorkload.

Experimentson an SGI Origin 2000. We alsoconductthe experimentson alargermachineto compare
the performanceof TMPI-2, TMPI and SGI MPI underdifferentmultiplexing degrees.Table4 lists the
performanceatio of TMPI-2 to TMPI for GE and SWEEP3D which is the MEGAFLOPSor speedup
numberof the TMPI-2 codedivided by that of the TMPI. Table5 lists the performanceatio of TMPI-
2 to SGI MPI. The improvementson other benchmarksare even larger. We do not provide complete
experimentakesultsfor otherbenchmark®ecause¢heexperimentfor TMPI andSGIMPI take too much
time to complete.

FromTables4 and 5, we obsenrethatthe performanceatiosstayaroundl whenthemultiplexing degree
is 1, which indicatesthatall threeimplementation$iave similar performancen dedicatecernvironments.
Whenthemultiplexing (node-petprocessoratio)increaseso 2 or 3, TMPI-2 canbeupto 88% fasterthan
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Benchmarks GE SWEEP3D
Multiplexing degree| 1 2 3 1 2 3

2 processors 104 111 1.23]1.04 1.08 1.17

4 processors 101 1.12 145|103 1.19 1.36

6 processors 0.99 122 154|101 144 151

8 processors 0.99 1.32 1.67|1.01 1.63 1.88

Table4: Performanceatio of TMPI-2 to TMPI on Origin 2000. Multiple MPI nodesare multiplexedto
2-8 dedicategrocessorsyhich emulatesnultiprogrammingwvorkloads.

Benchmarks GE SWEEP3D
Multiplexing degree| 1 2 3 1 2 3

2 processors 1.01 3.05 7.22 |1.01 201 297

4 processors 1.02 5.10 13.66|1.00 3.71 7.07

6 processors 1.03 6.61 22.72|1.00 4.44 11.94

8 processors 1.03 8.07 32.17|1.00 6.50 15.69

Table5: Performanceatiosof TMPI-2 to SGIMPI.

TMPI andupto 32-foldfastethanSGIMPI. We alsoobsene thattheperformancémprovemenincreases
whenthenumberof physicalprocessorsr the multiplexing degreeincreasesT his performanceainover
TMPI is dueto userlevel threads'low contect switch costandour scheduleiconsciousstratey that ex-
ploits cacheaffinity andminimizesunnecessargpinning.Our systemoutperformsSGI MPI substantially
becausesGIl MPI is process-basednd hashigh overheadn their synchronizatiorand communication
primitives.

5.3 Benefitsof optimization techniques

Benefitsof userlevel threadsin fast synchronization. Becausehe high context switch costandhigh
blocking/unblockingverheadf kernelthreadsthespintimein the TMPI's eventwaiting functionbefore
processoyielding is quite large (up to 2ms on Panver Challenge).For TMPI-2, the low contet switch
costandthe neggligible blocking/unblockingoverheadmalke it possibleto usea small spintime (504s)
without sacrificingperformancen dedicatedervironments.Table6 shavs the performancemprovement
of TMPI-2 with 50us spintime over TMPI-2 with 2ms spintime on our SGI Pover Challengemachine.
In dedicatecervironments(whenthe multiplexing degreeis 1), we obsenre that TMPI-2 with 50us spin
timeis nomorethan2% slowerthanTMPI-2 with 2ms spintime. Butin multiprogrammearvironments,
TMPI-2 with shortspintime performsmuchbetter(up to 73% fasterthan TMPI-2 with long spintime).
Noticethatblockingcostin TMPI-2 is muchlowerthanTMPI, thusthereis alargeperformancelifference
betweenTMP-2 and TMPI evenwith the samespintime. This experimentonly illustratesthe impactof
shortspintime.

It shouldbenotedthatin this experimentwe fix 4 processorandincreasehenumberof MPI nodes.This
scalingalso affectsthe total numberof synchronizatioramongMPI nodessince more communication
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# of MPI node 4 8 12
Multiplexing degree 1 2 3
GE -1.9% | 1.2%| 3.3%
SWEEP3D -0.2%| 1.6%| 7.3%
GOODWIN -1.2% | 18.5%| 61.8%
TID -0.9% | 17.5%| 73.2%
E40R0100 -2.0% | 19.1%| 59.6%

Table6: Performancémprovementratio of TMPI-2 with 50.s spintime over TMPI-2 with 2m.s spintime
onanSGIl Power Challenge.

synchronizationis involved when more MPI nodesare deployed. Table 7 shows the total numberof

synchronizatiorand blocking during the executionof GOODWIN with TMPI-2 and 2ms spintime on

this SGI Power Challengeand the numberof synchronizatiorincreasesas the numberof MPI nodes
increases.However this table alsoindicatesthat thereare more context switchesdueto blockingwhen

the multiplexing degreeincreasesby examiningthe ratio of blocking over synchronizatiodisted in the

last column. Notice that during a communicatiorsynchronizationa wai t Event routineis calledas
discussedn Section 4, the systemspinsand may or may not enterthe blocking state. In a dedicated
ervironmentwith multiplexing degreel, thereis only 3.0% of synchronizationgeadingto blocking. This

numberclimbsto 25.7% in a multiprogrammedenvironmentwith a multiplexing degreeof 3. Thusif we

wereableto runajob with 4 MPI nodeson onephysicalprocessopnthis machinewe would alsoexpect
ahigh blockingratio.

The fourth columnof Table 7 alsolists the numberof blocking per secondfor eachmultiprogramming
case. With a multiplexing degreeof 3, the rateis 407 times/sec. Sincespinningis conductedbefore
eachtime enteringblocking stateandblockingin TMPI-2 is very fast,for TMPI-2 with 50us spintime,
on averagethereis a 5ms (0.00005*407/4synchronizatiordelayon eachprocessoduring eachelapsed
secondwhich is insignificant. For TMPI, eachblocking actioncould costup to 2ms andeachspinning
actioncostsup to 2ms. The synchronizatiordelay could be about0.4 secondg0.004*407/4)on each
processoduring eachelapsedsecond. Namely over 40% of the total elapsedime could be causedoy
synchronizatiowhenTMPI executeghis MPI program(sparsd.U for matrix GOODWIN). Noticethat
theactualsynchronizatiomlelaycouldbemoresincethiscalculatiordoesnotincludesuccessfuspinswith
noblockinginvolved. Thuswe canconcludehattheimprovementof TMPI-2 over otherimplementations
in multiprogrammecenvironmentss largely dueto the saring in context switchandspinning.

Benefitsof schedulerconsciouseventwaiting. We conductedxperimentgo studybenefitsof scheduler

consciougventwaiting. Table8 andTable9 shav the performancemprovementof scheduleiconscious
eventwaiting over the basicspin-then-blocknethodon the Panver Challengeandthe Origin 2000respec-
tively. All experimentsareconductedn 4 physicalprocessorsWe excludeMM becauséhe codeitself

hasa restrictionthat the numberof MPI nodesneedsto be the squarenumberof aninteger We have

two obsenationsfrom the datalistedin Table8 and Table9. First, the improvementis more substan-
tial for benchmarksvith fine-grainedsynchronizatiofGOODWIN, TID andE40R0100).Secondlythe

improvementincreasesvhenthe multiplexing degreeincreasesThey shav thatour scheduleiconscious
eventwaiting strat@y scaleswell with the multiplexing degreeandit is alsomoreeffective (up to 14%

improvement)for applicationswith frequentsynchronization.
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MPI nodes| Multiplexing degree|| Synchronization Blocking ﬁ%

4 nodes 1 23273times 709times 3.0%
(83times/sec)

8 nodes 2 29097times 4227times 14.5%
(316times/sec)

12 nodes 3 35868times 9202times 25.7%
(407times/sec)

Table7: Thetotalnumberof synchronizatiomndblockingfor runningGOODWIN with TMPI-2 and2ms
spintime on a4-processoPaner Challenge.

Theabove improvementratio is not solarge andwe expectthattheimprovementratio maybecomdarger
for a large-scaleSMM with a deepermemory hierarchysince datalocality becomesmore important;

however we have not beenableto find a larger numberof dedicatedOrigin 2000 nodesto verify this
statemenéndwe intendto do soin thefuture.

# of MPI node 4 6 8 10 12
Multiplexing degree 1 15 2 2.5 3
GE 0.3%| 2.4%| 2.4%| 3.0%| 4.6%
SWEEP3D 0% | 0.9%| 2.1%| 1.7%| 6.1%
GOODWIN 0.6% | 0.1%| 8.3% | 11.7%| 14.4%
TID 0% | 2.7%| 5.2% | 6.7%| 12.6%
E40R0100 1.5%|1.1%| 6.1%| 8.1%| 11.4%

Table8: Performancémprovementof scheduleiconsciousventwaiting over simplespin-then-bloclon
anSGIlPaower Challenge.

6 Conclusionsand relatedwork

The main contribution of our work is the developmentof adaptve two-level threadmanagemenfor op-
timizing the executionof MPI codeon sharednemorymachines It alsoincludesa scheduleiconscious
eventwaiting stratgy to minimize spinningoverheadandexploit cacheaffinity. The majoradwantageof
this two-level managemenincludes: 1) saving context switch costandreducingcostfor the spin-block
type of synchronizatiorduring MPI communication;2) exposingthe threadschedulinginformation at
userlevel, which enabledettercollaborationbetweerschedulingandsynchronizationThe experiments
indicatethat the proposedechniquesan obtain greatperformancegainsover our previous designand
over SGIMPI in multiprogrammedcknvironmenty161% or moresubstantialmprovementsdependingn
thedegreeof multiprogrammingandis competitve in dedicatedervironments.Thecomparisorof TMPI
with MPICH is reportedin [27] and TMPI canoutperformMPICH significantlyin a multiprogrammed
ervironment. Thuswe do notreportthe comparisorof TMPI-2 with MPICH in this paper

Our studyis leverageddy previousresearchn OSjob schedulingon multiprogramme®&MMs [8, 18, 29,
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# of MPI node 4 6 8 10 12
Multiplexing degree 1 1.5 2 2.5 3
GE 0% | 3.1%| 2.2% | 1.0%| 3.4%
SWEEP3D -1.0%| 3.8%| 1.1%| 0.7%| 3.7%
GOODWIN 0% | 0.1%| 7.5% | 9.3% | 14.2%
TID 0.2%]| 0.7%| 5.3% | 4.5%| 8.2%
E40R0100 0.7%| 0.4%| 2.2% | 4.8% | 12.0%

Table9: Performancemprovementof scheduleiconsciousventwaiting over simplespin-then-bloclon
anSGIOrigin 2000.

32,33). Thesestudieshawv thatmultiprogrammingnakesefficientuseof systenresourceandspace/time
sharings themostviablesolution,outperformingotheralternatvessuchasgang/co-schedulinigr achies-
ing highthroughputandfastresponsémes. Thecurrentversionof OSin bothSGlandSUN multiproces-
sorssupportspace/timesharingpolicies. It is aguedin [10] thatgang-schedulinghay be morepractical
sincedynamicspaceslicing is not easy SGI OS adoptsgang-schedulingn IRIX 6.4; however IRIX 6.5
changedhedefaultschedulingpf sharedmemoryapplicationsywhich allows dynamicspace/timeharing.
SGI madethis changebecause gang-schedulepbb cannotrun until sufficient processorsreavailable
sothatall membersof the gangcanbe scheduledandthe turnaroundime for a gang-schedulepbb can
be slow [3]. Also in IRIX 6.5, gang-schedulepbbs do not get priority over non-gangscheduledobs.
SGI MPI in IRIX 6.5 usesthe default OS scheduling(which is not gang-schedulingand doesnot al-
low userspecifiedgang-schedulinga mechanisnthatturnson gang-schedulingsingschedct | () for
an SPROC job doesnot work for this nev SGI MPI version)[24]. Our goalis to allow an MPI paral-
lel programto performwell in the presencef multiprogrammingunderdifferentspace/timescheduling
policies.

The conceptof a two-level threadstructurecanbe foundin SUN Solaris[22] wherekernelthreadsare
light weight processes. Our focusis on adaptve managemenof kernelthreadsso that the numberof
kernelcontect switchesis minimized. Our adaptve threadcontrolis motivatedby the previouswork on
processcontrol and scheduleractivation [5, 29, 31] andthe differenceis that we focuson the tradeof
and adaptve control of kernel/userthreadsin executingMPI programs. The scheduleractivation [5]
andnew OS researchprototypes(e.g. Exokernel[9]) allow application-specificesourcemanagement
andour techniquesanbe integratedwith thesesystemsf they are availablecommercially In termsof
adaptabilityto the currentcommercialsystemsthesetechniquesequiresubstantialOS changeswhile
our approachrequiresa very small changen the currentcommercialOS interfaceto exposethe kernel
schedulingdecisionor no changesf we canusea userlevel centralmonitorto controlall paralleljobs.
Our scheduleiconsciousvork is motivatedby an earlierstudyin [17] while their work wasfocusedon
locksandbarriersandour stratgy is built on atwo-level threadschemeandconsidersacheaffinity.

The work on multi-threadingfor parallelizingcompilersis studiedin [20, 21, 28, 31] andtheir threads
aretargetedat compilergeneratedine-grainedparallelismwith simplesynchronizationwhile our threads
aredesignedor runningcoarse-graine®PI programswith rich synchronizatiorsemantics.The thread
systemstudiedfor the Cilk languagd6] addressebck-freemanagemerdndadaptve mappingof user
level thread€o OSkernelthreads Our studytargetsat MP1 which hasmorecomplicateccommunication
andsynchronizatiorprimitives. The granularityof a threadin Cilk is typically muchfiner thanthatin

16



MPI, thusourwork focusedesson work-stealingandmoreon context switchandcacheaffinity.
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