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Abstract

This paperaddressesperformanceportability of MPI codeon multiprogrammedsharedmemory
machines.ConventionalMPI implementationsmapeachMPI nodeto an OS process,which suffers
severeperformancedegradationin multiprogrammedenvironments.Ourpreviouswork (TMPI) hasde-
velopedcompile/run-timetechniquesto supportthreadedMPI executionby mappingeachMPI node
to a kernel thread. However, kernel threadshave context switch costhigher thanuser-level threads
andthis leadsto longerspinningtime requirementduringMPI synchronization.This paperpresents
anadaptive two-level threadschemefor MPI to reducecontext switchandsynchronizationcost.This
schemealsoexposesthreadschedulinginformationatuser-level, whichallowsusto designanadaptive
eventwaitingstrategy to minimizeCPUspinningandexploit cacheaffinity. Ourexperimentsshow that
theMPI systembasedon theproposedtechniqueshasgreatperformanceadvantagesover theprevious
versionof TMPI andtheSGI MPI implementationin multiprogrammedenvironments.Theimprove-
mentratiocanreachasmuchas161%or evenmoredependingon thedegreeof multiprogramming.

1 Intr oduction

Recentlyshared-memorymachines(SMMs) have becomepopularfor high-endcomputingbecauseof
their successin thecommercialmarket. EventhoughMPI [2, 12, 26] is designedfor distributedmemory
programming,it is importantto addressperformanceportabilityof MPI codeonsharedmemorymachines
(SMMs). TherearethreereasonsthatpeopleuseMPI onSMMs. Firstof all, MPI hasbeenwidely usedfor
many parallelapplicationson largedistributedmemorymachinesandclustersof PCsor SMMs andwill
continueto bepopular(or dominating)in the foreseeablefuture. It is necessaryto supportpopularMPI
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codeon SMMs. Secondly, MPI codeon SMMs hasbetterperformanceportability on otherplatforms,
comparedto otherprogrammingmodelssuchasthreadsandOpenMP. This is especiallyimportantfor
futurecomputinginfrastructuressuchasinformationpower grids [1, 7, 11], whereresourceavailability,
includingplatforms,dynamicallychangesfor submittedjobs. Finally, eventhoughit is easierto write a
threador OpenMPbasedparallelprogram,it is hardfor anaverageprogrammerto fully exploit theunder-
lying SMM architecturewithout carefulconsiderationof dataplacementandsynchronizationprotocols.
On the otherhand,performancetuning for SPMD-basedMPI codeon large SMMs is relatively easier
sincepartitionedcodewithoutusingsharedspaceexhibitsgooddatalocality.

Large-scaleSMMs arenormally multiprogrammedfor achieving high throughput. It hasbeenwidely
acknowledgedin the OS communitythat space/timesharingis preferable,outperformingotheralterna-
tivessuchaspureco-schedulingor gang-schedulingfor betterjob responsetimes[8, 18,29, 32,33]. The
modernoperatingsystemssuchasSolaris2.6 andIRIX 6.5 have adoptedsucha policy in parallel job
scheduling(seeadiscussionin Section6 ongang-schedulingusedin theearlierversionof IRIX). In such
environments,thenumberof processorsallocatedto anMPI applicationmaydynamicallychangeandit
maybe lessthanthenumberof MPI nodes(or sometimecalledMPI processesin the literature).On the
otherhand,MPI usesthe processconceptandglobal variablesin an SPMD programarenon-sharable
amongMPI nodes.As a result,a conventionalMPI implementationthatusesheavy-weightedprocesses
for codeexecutionsufferssevereperformancedegradationonmultiprogrammedSMMs. To improveMPI
codeperformance,our previouswork [27] hasdevelopedcompile-timeandrun-timetechniquesto sup-
port threadedMPI executionanddemonstratedour optimizationtechniquesfor executinga large class
of C programsusingMPI standard1.1. Thecompile-timetransformationadoptsthe thread-specificdata
mechanismto eliminatetheuseof globalandstaticvariablesin C code.Therun-timesupportincludesan
efficient point-to-pointcommunicationprotocolbasedon a novel lock-freequeuemanagementscheme.
Our experimentson an SGI Origin 2000show that our MPI prototypecalledTMPI usingthe proposed
techniquesis competitivewith SGI'snativeMPI implementationandMPICH [12] in adedicatedenviron-
ment,andit hassignificantperformanceadvantagesin multiprogrammedenvironments.

However, thepreviousversionof TMPI is built uponkernelthreadswhicharedirectlyscheduledby mul-
tiprocessorOSandhave high context switchcostcomparedto user-level threads.In a multiprogrammed
environmentwith heavy loads,threadsyield their executionduringcommunicationsynchronizationand
thuscontext switchesmay happenfrequently. This considerationleadsus to mapeachMPI nodeto a
user-level threadandthenadaptively scheduleuser-level threadson top of kernelthreads.In this paper,
weproposetechniquesto build anadaptivetwo-level threadsystemunderTMPI. Thenumberof user-level
threadsis thesameasthenumberof MPI nodesandthenumberof kernelthreadsthatexecuteuser-level
threadsis adaptive to the multiprogramminglevel in the system.The deploymentof user-level threads
alsominimizeswastefulCPUspinningin synchronization.Spinningis necessaryto implementinter-node
MPI communicationbut blindly waiting for certaineventscostsa substantialamountof CPUtime. By
takingadvantageof low context switchcostof user-level threadsandexploiting schedulinginformation
exposedfrom thistwo-level threadmechanism,wedevelopanadaptiveeventwaitingstrategy to minimize
unnecessaryspinningoverheadandexploit cacheaffinity.

Therestof this paperis organizedasfollows. Section2 givesanoverview of TMPI systemthatservesas
the foundationfor this work. Section3 describesour two-level threadmanagement.Section4 proposes
a scheduler-consciousevent waiting strategy for efficient MPI communication.Section5 presentsthe
experimentalresultsona4-processorSGIPowerChallengeanda32-processorSGIOrigin2000.Section6

2



discussestherelatedwork andconcludesthepaper.

2 An overview of TMPI

TMPI containstwo parts,as shown in Figure1. The compile-timepre-processingpart providescode
transformationthatallowseachMPI nodeto beexecutedasathread.This is accomplishedby eliminating
globalandstaticvariablesin theoriginal C program.In anMPI program,eachnodecankeepa copy of
its own permanentvariables– variablesallocatedstaticallyin theheap,suchasglobalvariablesandlocal
staticvariables.If sucha programis executedby multiple threadswithout any transformation,thenall
threadswill accessthesamecopy of permanentvariables.To preserve thesemanticsof anMPI program,
it is necessaryto make a “private” copy of eachpermanentvariablefor eachthread.We have developed
a preprocessorfor C programsbasedon thread-specificdata (TSD), a mechanismavailablefrom most
threadsystems. We implementa TSD schemefor SGI SPROC threadsand usethe dynamicheapto
allocatespacefor TSD. With TSD, different threadscan associatedifferentdatawith a commonkey.
Given the samekey value,eachthreadcanstore/retrieve its own copy of data. The detailsarein [27].
The transformationinvolvesindirect accessof TSD-basedpermanentvariables. The overheadof such
indirectionis insignificantin practice.Threadsafetyis alsoaddressedin [2, 23], however, their concern
is how multiple threadscanbeinvokedin eachMPI node(process),but not executingeachMPI nodeas
a thread.Currentlywe assumethateachMPI nodedoesnot spawn multiple threadsandwe planto relax
thisconstraintin thefuture1.

Message Passing Interface

Point-to-point
Operat ions

Collective
Operat ions

Communicator
Management

Message
Queues

System Buffer
Management

Synchronization
Management

MPI 1.1 C
program

Thread
Safe MPI
program

Program
Transformation

Execution

Compi le- t ime Preprocessing Run- t ime Suppor t

Figure1: Systemarchitectureof TMPI.

The run-timecomponentof TMPI roughly containsthreelayers. The lowestlayer providessupportfor
severalcommonfacilitiessuchasbuffer andsynchronizationmanagement,themiddlelayeris theimple-
mentationof variousbasiccommunicationprimitivesandthetop layertranslatestheMPI interfaceto the
internalformat.Theintrinsicdifferencebetweenthethreadmodelandtheprocessmodelhasabig impact
on the designof run-timesupport. An obvious advantageof multi-threadedexecutionis the low con-
text switchcost. Besides,inter-threadcommunicationcanbemadefasterby directly accessingthreads'

1TSD doesnot preventusfrom relaxingthis constraintsincewe canallocatedataareaspecificto eachMPI node.Threads
spawnedwithin eachMPI nodecansharedatathroughsuchanarea.
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buffersbetweena senderanda receiver, with simplifiedbuffer management.A process-basedimplemen-
tationmayallocateasharedsegmentto exchangeinformation,andits sizeis usuallyrestricted.Advanced
OSfeaturesmaybeusedto sharea largeaddressspaceamongprocesses;however, suchanimplementa-
tion is problematic.For example,in anearlierversionof theSGIMPI implementation,address-remapping
is usedto achieve process-spacesharing;however, sharingis droppedin the currentversionbecauseof
insufficient addressspaceandsoftwareincompatibility [24]. As a result,process-basedimplementation
requiresthatinter-processcommunicationmustgo throughanintermediatesystembuffer. Thusa thread-
basedrun-timesystemcanpotentiallysave somememorycopy operations.Thethreadmodelalsogives
us flexibility in designinga lock-freecommunicationprotocol to further expeditethe messagepassing
speedsinceif a threadholdsa lock while beingpreemptedtheentireprogramexecutionmaybedelayed
substantially[13].

3 Two-level Thr eadManagement

In a multiprogrammedexecutionenvironment,the numberof processorsallocatedby an OS to an MPI
applicationmay be lessthanthe numberof MPI nodesbecausemultiple jobs sharethe processorsand
threadsmayyield theirexecutionduringcommunicationsynchronization.In thatsense,context switches
amongMPI nodesareunavoidableandthey mayhappenfrequentlywhenmultiple applicationssharethe
machine.

Ourearlierwork onTMPI [27] mapseachMPI nodeto akernelthread.However, context switchesamong
kernelthreadsareexpensive becausesucha context switch requiresa kerneltrapandat leasttwo stack
switches(oneswitchfrom old threadstackto thekernelstack,andanotherswitchfrom thekernelstack
to new threadstack).Ontheotherhand,acontext switchbetweentwo user-level threadsis muchcheaper.
This leadsus to mapeachMPI nodeto a user-level threadandscheduletheseuser-level threadson top
of kernelthreads.Thenumberof kernelthreadsis controlledcloseto the numberof allocatedphysical
processors.This two-level threadschememinimizescontext switchesat kernel-level. Figure2 shows the
layersof ournew MPI runtimesupportwith two-level threadmanagement.

OS Kernel  Thread Support  and Process Contro l

User-level Thread Scheduling and Synchronization

TMPI  Runt ime System

MPI Appl icat ions

Figure2: Architectureof ourMPI runtimesystemwith two level threadmanagement.

In orderto controlthenumberof kernelthreads(notexceedingthenumberof underlyingprocessors),we
needto obtaindynamicschedulingandloadinformationin thesystem.Therearetwo waysto addressthis
issue.1) OScanbemodifiedslightly to export suchinformationto users.2) For a classof applications
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suchasMPI programs,a user-level centralmonitor cancollect job requestinformationanddecidehow
to partitionprocessorsamongapplications.Thecentralmonitorthenplacestheresourceallocationinfor-
mationon a sharedmemorypagethatcanbereadby all theapplications.Thepreviouswork of Tucker
andGupta[29] controlsthe total numberof processesfor parallelapplicationswritten in a task-queuing
andwork-stealingprogrammingmodel. YueandLilja conducta similar work for fine-grainedloop par-
allelization[31]. In comparison,our researchis focusedon thetrade-off betweenuserandkernelthreads
for MPI.
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Figure3: (A) Executionflow of acontext switchwith two stackswitches.(B) Executionflow of acontext
switchwith eagerprobe.

In our scheme,thesystemmaintainsa queueof user-level readythreads(calledrunQ in this paper)and
eachuser-level threadrunsasanMPI node. Thesystemalsomaintainsa setof kernelthreadsandeach
kernelthreadis eitheractive in executinga user-level thread,or inactive. During programexecution,a
kernelthreadpicks up a user-level threadfrom runQ, executesit until this programcalls an MPI com-
municationprimitivewhich leadsto a context switch. During thecontext switch,this kernelthreadcalls
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probingto getresourceallocationinformationandtheresultof thisprobingleadsto threetypesof actions:

1. Deactivatewhichmeansthecallingkernelthreadshouldreleasetheuser-level threadit executes
andsuspenditself becausethehostapplicationhasmoreactive kernelthreadsthanwhat it should
have.

2. Activate which meansthe calling kernel threadshouldwake up someinactive kernel threads
becausethehostapplicationhaslessactivekernelthreadsthanwhatit shouldhave.

3. No-action which meansthenumberof active kernelthreadsfits thesystemloadandno adjust-
mentis needed.

Becausetheuser-level schedulercannotinterruptanMPI programduringcomputation,probingcanonly
beinvokedwhentheuserprogramcallsanMPI routine.On theotherhand,sincekernelthreaddeactiva-
tion dueto probingis not cheapandschedulinginformationdynamicallychanges,excessiveprobingand
adjustingthenumberof kernelthreadsdoesnot payoff. In our scheme,we conductsuchprobingduring
eachuser-level context switch.

Theresultof probingcancausethesuspensionof a kernelthread.In orderto safelyreleasetheuser-level
threadthiskernelthreadexecutesin caseof suspension,two stackswitchesarenecessaryto accomplisha
context switchbetweentwo user-level threads.Thefirst oneswitchesthecontext from theold user-level
threadstackto a temporarystack. Thenthe kernelthreadcanbe safelysuspendedto the inactive state
becauseit doesnotholdany user-level thread.A secondstackswitchfrom thetemporarystackto thenew
user-level threadstackcompletesthecontext switch.Thedetailedflow of sucha context switchwith two
stackswitchesis illustratedin Figure3(A).

We proposea techniquecalledeager probeto avoid unnecessarystackswitches.Theexecutionflow of
a context switchwith eagerprobeis illustratedin Figure3(B). This methodcansave onestackswitchin
mostcases.It requiresthe kernelthreadconductthe probein the beginningof a context switch. If the
resultof this probeis not “Deactivate”, thenwe canproceedthecontext switchwith only onestack
switchdirectly from theold user-level threadto a new user-level thread.And thecontext switchwith two
stackswitchesis only usedwhenthe first probereturns“Deactivate”, which happensinfrequently.
Thesecondprobingis neededfor thiscasesincetheresultof thefirst probingmaychangeafterswitching
to the temporarystack.Note thatasshow in Figure3(A), oneadvantageof thecontext switchwith two
stackswitchesis thatthetwo runQ operations(theenqueueof theold threadandthedequeueof thenew
thread)canhappentogetherwhenthe executioncontext is in the temporarystack. But for the context
switchwith onestackswitch, thesetwo operationshave to split, which incursmorerunQ management
overhead.However, the experimentsshow that this costis insignificantcomparingto the saving of one
context switch. We conductexperimentson anSGI Power Challengeto studythecontext switchcostof
differentschedulingschemesandtheresultsarelistedin Table1. We canseethatreplacingkernelthread
with user-level threadbringsthecontext switchcostdown from �����
	 to ���	 . And theeagerprobebrings
thecostfurtherdown to ���	 .
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Kernel-level context switch �����
	
User-level context switchwith two stackswitches ���	
User-level context switchwith eagerprobe ���	

Table1: Context switchcost.

4 Scheduler-consciousEvent Waiting

MPI supportsseveral dozensof communicationand synchronizationprimitives [2, 12, 26]. All these
primitivesshareonecommonneed- amechanismto wait for asynchronousevents.For example,function
MPI Recv()needsto wait until adesiredmessageis copiedto theuserbuffer.

Our waitingscheme(calledwaitEvent) is illustratedin Figure4. In this example,thereareonewaiter
andonecaller. Thewaiter is the threadthatneedsto wait for certainasynchronousevent,andthecaller
is the threadwhich triggerstheevent. It shouldbenotedthat theremaybemultiple waitersor callersin
somesynchronizationprimitivessuchasMPI broadcast,reduceandbarrier. In Figure4, thewaiterissues
“waitEvent (*pflag == value)” to wait until thecontentpointedbypflag is equaltovalue.
Thecallerissuesanassignment“*pflag = value”, whichasynchronouslywakesup thewaiter.

waiter caller

*pflag = value;

waiting (spinning or blocking)

wakeup

program execution
waitEvent (*pflag == value);

Figure4: Illustrationof awaitEvent synchronization.

Thewaiterthreadcaneitherspinor blockwhenwaiting for certainevent.It hasbeenwidely believedthat
spin-then-block[19], whichspinsfor sometimeandthenblocks,is theright choiceto handlesynchroniza-
tion in multiprogrammedenvironments.Decidingtheoptimalspinningtimebeforeblocking,however, has
beenthe focusof extensive researchundervariousapplicationdomains[15, 16, 19]. In particular, it has
beenshown [16] thatthespin-then-blockstrategy, wherethetime spentspinningis equalto theblocking
cost(includingthreadsuspension,context switch,andthreadresumption),is competitiveto theoptimum.
Namely, thecostof this strategy, amortizedover all attempts,is at mosttwice thatof theoptimaloff-line
algorithm2.

In our kernelthreadbasedTMPI implementation,insteadof fixed spin-blockwe have usedanadaptive
spinning-blockapproachwhichdoeslinearor exponentialbackupif thepreviousspinningis unsuccessful

2An off-line algorithmhascompleteknowledgeaboutwhenthecallerwill executethewakeupevent.
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(similar to therandomwalk algorithmsuggestedin [15]). However, eventhoughthepurecontext switch
costof kernelthreadsis notsoexpensivein SGImachines,threadyieldingandresumptionis cumbersome
andfairly slow (e.g. thethreadyield functionresumesa kernelthreadin a non-deterministicmannerand
theshortestsleepinterval for ananosleepcall onPowerChallengeis ��������	 ). As a result,thespintime in
theTMPI eventwaitingfunctionis fairly large.Usingtheuser-level threadsinsteadof purekernelthreads
significantly reducesthe blocking cost; hencethe spinningperiodcanbe shortenedproportionallyand
CPUwastecanbeminimizedin TMPI-2 comparedto thecasein TMPI.

The above spin-blockapproachonly considersthe penaltyof blocking in termsof context switch and
threadresumption.Thereis actuallymoreoverheadin spinningandblocking:1) spinningmaybeuseless
if thecallerthreadthatexecutesthewakeupeventis notcurrentlybeingscheduled;2) blockingmaysuffer
cacherefreshpenaltyduetocontext switch.Thepreviousworkonscheduler-conscioussynchronization[4,
17] hasconsideredusingOS schedulinginformationto guidelock andbarrierimplementations.There
is alsowork on OS schedulingto exploit cacheaffinity [30]. We combinethesetwo ideastogetherand
extendthemfor theMPI runtimesystem.Theuniqueaspectof oursituationis thatschedulinginformation
is exposedat user-level becauseof our two-level threadmanagement,andthecontext switchcostin our
systemis relatively small (only ���
	 in SGI Power Challenge).On the otherhand,the cachepenaltyis
costlyfor MPI programs.Switchingfrom oneMPI nodeto anotherMPI nodelosescacheaffinity because
MPI nodesdo not sharedata. In comparison,the previousaffinity schedulingstudy[30] considersthat
switchingamonguserthreadsfrom thesameapplicationstill keepscacheaffinitiesbecausethreadsinside
oneapplicationshareglobaldatafor generalsharedmemoryprogramming.

Ouradaptivewaiting techniquecontainstwo partsandtheexecutionflow is illustratedin Figure5:

1. In thebeginningof waitEvent, thewaiterchecksif thecallerthreadis currentlyscheduledor not.
If thecalleris not scheduled,spinningdoesn't make any sensebecausethecalleris not expectedto
executethewakeupeventany timesoon.Sothewaiterblocks(yields)immediatelywithoutspinning
in thiscase.

2. Sincethe time spenton executinginstructionsfor context switch is small in our system,the spin
time is solely leveragedby thecachepenalty. If theuser-level threaddoesnot have affinity to the
underlyingkernelthread,thenthe spinningmakesno sense.Our secondstrategy is to conducta
cache affinity checkbeforestartingspinning. This is doneby comparingthe currentunderlying
kernelthreadwith thelastkernelthreadit ranonbeforecallingwaitEvent. It startsspinningonly
if thecacheaffinity checkreturnstrue.

We shouldpoint out that schedulinga user-level threadon the samekernelthreaddoesnot necessarily
guaranteethecacheaffinity becauseakernelthreadcouldbedeactivatedandmigratedto differentphysical
processor. However, the frequency of sucha migrationis normally muchlower thanthat of user-level
context switches.Thereforeourmethodcanensurecacheaffinity in mostcases.

It isnon-trivial tofind theoptimalspintime � beforeblocking.Generallyspeaking,shortspintimereduces
wastefulspin time in multiprogrammedenvironmentsbut long spin time yieldsoptimalperformancefor
dedicatedenvironmentsandalsoreducesthecontentionon thescheduler. To determinetheoptimalspin
time � beforeblocking,we alsoneedto find theprecisecacherefreshpenalty. This is difficult because
thispenaltyis applicationandarchitecturedependent.Wehavecalculatedanempiricallyoptimalnumber
of � onour testingbenchmarks.In ourexperiments,we use���������	 .
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Figure5: Executionflow of waitEvent with scheduler-consciouseventwaiting.

5 Experimental Studies

Thepurposeof theexperimentsis to studyif the two-level threadmanagementtogetherwith scheduler-
consciouseventwaitingcangaingreatperformanceadvantagesin multiprogrammedenvironmentsandbe
competitive to otherMPI systemsin dedicatedenvironments.By “dedicated”,we meanthattheloadof a
machineis light andanMPI job canrun on requestednumberof processorsthroughoutthecomputation.
Beingcompetitive in dedicatedsituationsis importantsincea machinemayswingdynamicallybetween
multiprogrammedanddedicatedstates.All experimentsareconductedona4-processorSGIPowerChal-
lengemultiprocessor(4 200MHzR4400processorsand256MB memory;eachR4400has32KB level-1
cacheand4MB secondarycache)anda 32-processorSGI Origin 2000(32 195MHzR10000processors
and7860MBmemory;eachR10000has64KB level-1cacheand4MB secondarycache).

In thefollowing experimentalstudies,we usesymbolTMPI to denotetheoriginalTMPI implementation
built directly uponkernelthreads.And we useTMPI-2 to denotethe new TMPI with two-level thread
management.Underspace/timesharing[18,29, 33], theMPI nodesfrom eachapplicationaremultiplexed
into lessnumberof physicalprocessorsin thepresenceof multiprogramming.We definethemultiplexing
degree to be the averagenumberof MPI nodeson eachprocessorfor a multiprogrammedenvironment.
Note that the multiplexing degreeof eachapplicationreflectsthe multiprogramminglevel of the whole
system.

Thecharacteristicsof the testbenchmarksarelisted in Table2. Two of themarekernelbenchmarksfor
densematrix multiplication using Canon's method(MM) and a linear equationsolver using Gaussian
Elimination(GE). SWEEP3Dis from theASCI applicationbenchmarkcollectionfrom LawrenceLiver-
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moreandLos AlamosNationalLabs. The last threebenchmarks(GOODWIN, TID andE40R0100)are
parallelsparseLU factorizationswith pivoting [14, 25] appliedto threeinput matricesfrom circuitssim-
ulationandfluid dynamicsandtheexecutionof this codeinvolvesirregulardata-dependentfine-grained
communication.Welist thesynchronizationfrequency of thetestbenchmarksin column3 of Table2. The
synchronizationfrequency is obtainedby runningeachbenchmarkwith 4 MPI nodeson the4-processor
Power Challenge.And the frequency is expectedto be largerwhenthenumberof MPI nodesincreases.
We observe that the threesparseLU benchmarkshave muchmorefrequentsynchronizationthanothers
do.

Benchmark Function Synchronizationfrequency MPI operations
MM Matrix multiplication 2 timespersecond mostlyMPI Bsend
GE GaussianElimination 59 timespersecond mostlyMPI Bcast
SWEEP3D 3D Neutrontransport 32 timespersecond mixed,mostlysend/recv
GOODWIN SparseLU factorization 2392timespersecond mixed
TID SparseLU factorization 2067timespersecond mixed
E40R0100 SparseLU factorization 1635timespersecond mixed

Table2: Characteristicsof thetestedbenchmarks.

The restof this sectionis organizedasfollows. We will first evaluateandcompareTMPI-2 with TMPI
andSGI MPI for a multiprogrammedworkloadcontaininga sequenceof parallel jobs. Thenwe study
impactof multiprogrammingin detailsusingworkloadswith fixedmultiplexing degrees.Finally we re-
port experimentswhich isolateand demonstrateimpact of adaptive two-level threadmanagementand
scheduler-consciouseventwaiting.

5.1 Performanceevaluation on a multipr ogrammedworkload

We first reportan experimentthat usesa multiprogrammedworkloadwhich containsmultiple jobs and
wemeasuretheturn-aroundtimeof eachjob (theelapsedtime from thejob submissionto its completion,
includingdataI/O andinitialization). We run this workloadon a dedicatedmachinewith differentarrival
intervals. The dedicatedmachinewe useis the 4-CPUSGI Power Challenge.The workloadcontains
six jobswhosenamesandsubmissionorderarelistedbelow: GOODWIN (sparseLU 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),andSWEEP3D(4 MPI nodes). For eachMPI implementation,we launchthesesix jobs
consecutively with afixedarrival interval.

Table3 lists the turn-aroundtime of eachjob whenthe launchinginterval is 20, 14, 12 and10 seconds
respectively. The last row in Table3 shows thenormalizedturn-aroundtime for eachjob, which is cal-
culatedby dividing theabsolutetime by the time of usingTMPI-2. Theresultshows thatTMPI-2 is up
to 30%fasterthanTMPI andup to 161%fasterthanSGI MPI with differentlaunchintervals. Whenthe
launchinterval decreases,TMPI-2 tendsto obtainbetterimprovementratios.This is becausetheshorteris
theinterval, thehigherlevel of multiprogrammingis theworkload,andthemoreadvantagesouradaptive
threadmanagementhas.
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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 SGI

GOODWIN 16.0 20.4 19.0 18.5 26.2 21.1 20.3 26.3 18.7 20.8 30.5 29.2
MM2 14.9 16.2 25.9 21.5 26.0 42.1 21.8 34.3 43.3 29.3 43.7 60.6
GE1 19.9 21.2 27.3 28.6 34.7 59.0 34.1 47.7 102.1 37.5 65.3 162.0
GE2 11.0 11.8 16.4 12.4 17.8 65.1 11.2 26.0 33.5 22.4 40.5 61.7
MM1 33.8 35.1 63.8 36.5 40.7 122.0 53.3 54.8 122.4 66.5 63.3 160.4
SWEEP3D 47.5 47.4 67.4 54.5 56.2 123.2 59.0 64.2 130.0 67.0 72.9 162.1
Average 23.8 25.4 36.6 28.7 33.6 72.1 33.3 42.2 75.0 40.6 52.7 106.0
Normalized 1.00 1.07 1.54 1.00 1.17 2.51 1.00 1.27 2.25 1.00 1.30 2.61

Table3: The turn-aroundtime of eachjob in a workloadwith different launchingintervals on an SGI
PowerChallenge.SGIstandsfor SGIMPI. All timesarein seconds.

Differentlaunchingintervalsamongconsecutive jobsrepresentdifferentdegreeof job executionoverlap;
however, we arenot ableto know theaveragedegreeof job multiplexing. In thenext subsection,we use
workloadswith fixedmultiplexing degrees.

5.2 Performanceimpact of multiplexing degrees

In this experiment,eachmultiprogrammedworkload is designedsuchthat the multiplexing degreeis
predictableandiskepttobeaconstantduringtheentireexecution.Eachworkloadonlyhasonebenchmark
programmentionedabove;howevereachphysicalprocessorrunsmultipleMPI nodes.With multiplexing
degree� , everyprocessorruns� MPI nodesandtherearetotal � ��� MPI nodesfor � processors.Thisdesign
simulatesa multiprogrammingsituationandalsogivesa uniform multiplexing degreeamongprocessors.
In thisway, wecanclearlyidentify theimpactof multiplexing degreesonperformanceof TMPI-2, TMPI
andSGIMPI. WeusetheMEGAFLOPSratingor speedupsreportedby eachbenchmark.Thesenumbers
collectedmayexcludethetime for initial I/O anddatadistribution.

Experiments on an SGI Power Challengemultipr ocessor. Figure6 depictsthe performanceof SGI
MPI, TMPI andTMPI-2 whenrunninga differentnumberof MPI nodes,which simulatesbothdedicated
andmultiprogrammedscenarios.For the performancein dedicatedenvironments(i.e. performanceof
executing1-4 MPI nodes),we observe a similar performanceamongthesethreeimplementationsacross
all six benchmarksexceptMM 3. This is expectedbecausecontext switchhappensvery rarely, if at all, in
dedicatedenvironments.However, in multiprogrammedsituationsfor executing6-16MPI nodes,TMPI-2
exhibits substantialperformanceimprovementover TMPI andSGI MPI. For thefirst threecomputation-
intensive benchmarks(MM, GE and SWEEP3D),the performancecurve of TMPI-2 doesnot degrade
whenthemultiplexing degreeincreases.In certaincases,weevenobserve theperformancein a multipro-
grammedenvironmentisbetterthantheperformancein adedicatedenvironment,whichis dueto thebetter
loadbalancingin themultiprogrammedsituation.And in generalfor thefirst threebenchmarks,TMPI-2
is morethan ����� fasterthanTMPI andup to 10-fold fasterthanSGI MPI in anenvironmentwith a mul-
tiplexing degreeof 3. For thelastthreebenchmarks(GOODWIN, TID andE40R0100)whichhavemuch

3SGIMPI sufferscertainperformancelossfor 4 MPI nodesonMM dueto messagebuffer overflow andwestudythis issue
in detailsin [27].
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morefine-grainedsynchronization,TMPI-2 doesexhibit someperformancelosswhenthe multiplexing
degreeincreases.This is foreseeablebecausefine-grainedsynchronizationcausesfrequentcontext switch
thatbringshigh overheadandpoorcacheutilization. However, theothertwo implementations,SGI MPI
andTMPI suffer far greaterperformancelosson thesebenchmarksandthey areslower thanTMPI-2 in
severalordersof magnitude.Wedon't havetheexperimentalresultsfor TMPI andSGIMPI for morethan
8 MPI nodesbecausethey take toomuchtime to complete.
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Figure6: Impactof multiplexingdegreeona4-processorSGIPowerChallenge.Thepurposeof executing
MPI nodeson lessnumberof processorsis to emulateamultiprogrammingworkload.

Experimentson an SGI Origin 2000.We alsoconducttheexperimentsona largermachineto compare
theperformanceof TMPI-2, TMPI andSGI MPI underdifferentmultiplexing degrees.Table4 lists the
performanceratio of TMPI-2 to TMPI for GE andSWEEP3D,which is the MEGAFLOPSor speedup
numberof the TMPI-2 codedividedby that of the TMPI. Table5 lists the performanceratio of TMPI-
2 to SGI MPI. The improvementson other benchmarksare even larger. We do not provide complete
experimentalresultsfor otherbenchmarksbecausetheexperimentsfor TMPI andSGIMPI taketoomuch
time to complete.

FromTables4 and 5, weobservethattheperformanceratiosstayaround� whenthemultiplexing degree
is 1, which indicatesthatall threeimplementationshave similar performancein dedicatedenvironments.
Whenthemultiplexing (node-per-processorratio) increasesto � or � , TMPI-2 canbeupto ����� fasterthan
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Benchmarks GE SWEEP3D
Multiplexing degree 1 2 3 1 2 3

2 processors 1.04 1.11 1.23 1.04 1.08 1.17
4 processors 1.01 1.12 1.45 1.03 1.19 1.36
6 processors 0.99 1.22 1.54 1.01 1.44 1.51
8 processors 0.99 1.32 1.67 1.01 1.63 1.88

Table4: Performanceratio of TMPI-2 to TMPI on Origin 2000. Multiple MPI nodesaremultiplexedto
2-8dedicatedprocessors,whichemulatesmultiprogrammingworkloads.

Benchmarks GE SWEEP3D
Multiplexing degree 1 2 3 1 2 3

2 processors 1.01 3.05 7.22 1.01 2.01 2.97
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: Performanceratiosof TMPI-2 to SGIMPI.

TMPI andupto 32-foldfasterthanSGIMPI. Wealsoobservethattheperformanceimprovementincreases
whenthenumberof physicalprocessorsor themultiplexing degreeincreases.Thisperformancegainover
TMPI is dueto user-level threads'low context switchcostandour scheduler-consciousstrategy thatex-
ploitscacheaffinity andminimizesunnecessaryspinning.OursystemoutperformsSGIMPI substantially
becauseSGI MPI is process-basedandhashigh overheadin their synchronizationandcommunication
primitives.

5.3 Benefitsof optimization techniques

Benefitsof user-level threadsin fast synchronization. Becausethe high context switchcostandhigh
blocking/unblockingoverheadof kernelthreads,thespintimein theTMPI'seventwaitingfunctionbefore
processoryielding is quite large (up to ����	 on Power Challenge).For TMPI-2, the low context switch
costandthe negligible blocking/unblockingoverheadmake it possibleto usea small spin time ( �����
	 )
withoutsacrificingperformancein dedicatedenvironments.Table6 shows theperformanceimprovement
of TMPI-2 with �����
	 spintime over TMPI-2 with ����	 spintime on our SGI Power Challengemachine.
In dedicatedenvironments(whenthemultiplexing degreeis 1), we observe thatTMPI-2 with �����
	 spin
timeis nomorethan ��� slowerthanTMPI-2 with ����	 spintime. But in multiprogrammedenvironments,
TMPI-2 with shortspin time performsmuchbetter(up to  ���� fasterthanTMPI-2 with long spin time).
Noticethatblockingcostin TMPI-2 is muchlowerthanTMPI, thusthereis alargeperformancedifference
betweenTMP-2 andTMPI evenwith thesamespin time. This experimentonly illustratesthe impactof
shortspintime.

It shouldbenotedthatin thisexperiment,wefix 4 processorsandincreasethenumberof MPI nodes.This
scalingalsoaffects the total numberof synchronizationamongMPI nodessincemorecommunication
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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: Performanceimprovementratioof TMPI-2 with �����
	 spintimeoverTMPI-2 with ����	 spintime
onanSGIPowerChallenge.

synchronizationis involved when more MPI nodesare deployed. Table 7 shows the total numberof
synchronizationandblocking during the executionof GOODWIN with TMPI-2 and ����	 spin time on
this SGI Power Challengeand the numberof synchronizationincreasesas the numberof MPI nodes
increases.However this tablealsoindicatesthat therearemorecontext switchesdueto blocking when
the multiplexing degreeincreases,by examiningthe ratio of blockingover synchronizationlisted in the
last column. Notice that during a communicationsynchronization,a waitEvent routine is calledas
discussedin Section 4, the systemspinsandmay or may not enterthe blocking state. In a dedicated
environmentwith multiplexing degree1, thereis only �!����� of synchronizationsleadingto blocking.This
numberclimbsto ���"�� �� in a multiprogrammedenvironmentwith a multiplexing degreeof 3. Thusif we
wereableto runa job with 4 MPI nodesononephysicalprocessoronthismachine,wewouldalsoexpect
ahighblockingratio.

The fourth columnof Table7 alsolists the numberof blocking per secondfor eachmultiprogramming
case. With a multiplexing degreeof 3, the rate is 407 times/sec.Sincespinningis conductedbefore
eachtime enteringblockingstateandblocking in TMPI-2 is very fast,for TMPI-2 with �����
	 spin time,
on averagethereis a ����	 (0.00005*407/4)synchronizationdelayon eachprocessorduringeachelapsed
second,which is insignificant.For TMPI, eachblockingactioncouldcostup to ����	 andeachspinning
actioncostsup to �#��	 . The synchronizationdelaycould be about0.4 seconds(0.004*407/4)on each
processorduring eachelapsedsecond.Namelyover 40% of the total elapsedtime could be causedby
synchronizationwhenTMPI executesthis MPI program(sparseLU for matrix GOODWIN). Noticethat
theactualsynchronizationdelaycouldbemoresincethiscalculationdoesnotincludesuccessfulspinswith
noblockinginvolved.Thuswecanconcludethattheimprovementof TMPI-2 overotherimplementations
in multiprogrammedenvironmentsis largelydueto thesaving in context switchandspinning.

Benefitsof scheduler-consciouseventwaiting. Weconductedexperimentstostudybenefitsof scheduler-
consciouseventwaiting. Table8 andTable9 show theperformanceimprovementof scheduler-conscious
eventwaitingover thebasicspin-then-blockmethodon thePowerChallengeandtheOrigin 2000respec-
tively. All experimentsareconductedon 4 physicalprocessors.We excludeMM becausethecodeitself
hasa restrictionthat the numberof MPI nodesneedsto be the squarenumberof an integer. We have
two observationsfrom the datalisted in Table8 andTable9. First, the improvementis moresubstan-
tial for benchmarkswith fine-grainedsynchronization(GOODWIN, TID andE40R0100).Secondly, the
improvementincreaseswhenthemultiplexing degreeincreases.They show thatour scheduler-conscious
eventwaiting strategy scaleswell with the multiplexing degreeandit is alsomoreeffective (up to 14%
improvement)for applicationswith frequentsynchronization.
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MPI nodes Multiplexing degree Synchronization Blocking $&%('*),+.-0/213�4 /2)65879':/2-<;>=>?<-<'@/
4 nodes 1 23273times 709times 3.0%

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

(316times/sec)
12nodes 3 35868times 9202times 25.7%

(407times/sec)

Table7: Thetotalnumberof synchronizationandblockingfor runningGOODWIN with TMPI-2 and ����	
spintimeona4-processorPowerChallenge.

Theaboveimprovementratio is notsolargeandweexpectthattheimprovementratiomaybecomelarger
for a large-scaleSMM with a deepermemoryhierarchysincedatalocality becomesmore important;
however we have not beenable to find a larger numberof dedicatedOrigin 2000nodesto verify this
statementandwe intendto dosoin thefuture.

# of MPI node 4 6 8 10 12
Multiplexing degree 1 1.5 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: Performanceimprovementof scheduler-consciouseventwaiting over simplespin-then-blockon
anSGIPowerChallenge.

6 Conclusionsand relatedwork

Themaincontribution of our work is thedevelopmentof adaptive two-level threadmanagementfor op-
timizing theexecutionof MPI codeon sharedmemorymachines.It alsoincludesa scheduler-conscious
eventwaiting strategy to minimizespinningoverheadandexploit cacheaffinity. Themajoradvantageof
this two-level managementincludes:1) saving context switchcostandreducingcostfor the spin-block
type of synchronizationduring MPI communication;2) exposingthe threadschedulinginformationat
user-level, which enablesbettercollaborationbetweenschedulingandsynchronization.Theexperiments
indicatethat the proposedtechniquescanobtaingreatperformancegainsover our previous designand
overSGIMPI in multiprogrammedenvironments( �A�!��� or moresubstantialimprovementsdependingon
thedegreeof multiprogramming)andis competitivein dedicatedenvironments.Thecomparisonof TMPI
with MPICH is reportedin [27] andTMPI canoutperformMPICH significantlyin a multiprogrammed
environment.Thuswedonot reportthecomparisonof TMPI-2 with MPICH in thispaper.

Ourstudyis leveragedby previousresearchin OSjob schedulingonmultiprogrammedSMMs[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: Performanceimprovementof scheduler-consciouseventwaiting over simplespin-then-blockon
anSGIOrigin 2000.

32,33]. Thesestudiesshow thatmultiprogrammingmakesefficientuseof systemresourcesandspace/time
sharingis themostviablesolution,outperformingotheralternativessuchasgang/co-schedulingfor achiev-
ing highthroughputandfastresponsetimes.Thecurrentversionof OSin bothSGIandSUNmultiproces-
sorssupportspace/timesharingpolicies. It is arguedin [10] thatgang-schedulingmaybemorepractical
sincedynamicspaceslicing is not easy. SGI OSadoptsgang-schedulingin IRIX 6.4; however IRIX 6.5
changedthedefaultschedulingof sharedmemoryapplications,whichallowsdynamicspace/timesharing.
SGI madethis changebecausea gang-scheduledjob cannotrun until sufficient processorsareavailable
sothatall membersof thegangcanbescheduled,andtheturnaroundtime for a gang-scheduledjob can
be slow [3]. Also in IRIX 6.5, gang-scheduledjobs do not get priority over non-gangscheduledjobs.
SGI MPI in IRIX 6.5 usesthe default OS scheduling(which is not gang-scheduling)anddoesnot al-
low user-specifiedgang-scheduling(amechanismthatturnsongang-schedulingusingschedctl() for
an SPROC job doesnot work for this new SGI MPI version)[24]. Our goal is to allow an MPI paral-
lel programto performwell in thepresenceof multiprogrammingunderdifferentspace/timescheduling
policies.

The conceptof a two-level threadstructurecanbe found in SUN Solaris[22] wherekernelthreadsare
light weight processes.Our focus is on adaptive managementof kernel threadsso that the numberof
kernelcontext switchesis minimized. Our adaptive threadcontrol is motivatedby thepreviouswork on
processcontrol andscheduleractivation [5, 29, 31] andthe differenceis that we focuson the tradeoff
and adaptive control of kernel/userthreadsin executingMPI programs. The scheduleractivation [5]
andnew OS researchprototypes(e.g. Exokernel [9]) allow application-specificresourcemanagement
andour techniquescanbe integratedwith thesesystemsif they areavailablecommercially. In termsof
adaptabilityto the currentcommercialsystems,thesetechniquesrequiresubstantialOS changeswhile
our approachrequiresa very small changein the currentcommercialOS interfaceto exposethe kernel
schedulingdecisionor no changesif we canusea user-level centralmonitor to controlall paralleljobs.
Our scheduler-consciouswork is motivatedby an earlierstudyin [17] while their work wasfocusedon
locksandbarriersandourstrategy is built ona two-level threadschemeandconsiderscacheaffinity.

The work on multi-threadingfor parallelizingcompilersis studiedin [20, 21, 28, 31] andtheir threads
aretargetedatcompilergeneratedfine-grainedparallelismwith simplesynchronizationwhile our threads
aredesignedfor runningcoarse-grainedMPI programswith rich synchronizationsemantics.Thethread
systemstudiedfor theCilk language[6] addresseslock-freemanagementandadaptive mappingof user-
level threadsto OSkernelthreads.OurstudytargetsatMPI whichhasmorecomplicatedcommunication
andsynchronizationprimitives. The granularityof a threadin Cilk is typically muchfiner thanthat in
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MPI, thusourwork focuseslessonwork-stealingandmoreoncontext switchandcacheaffinity.
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