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Abstract

SimultaneousMultithreading (SMT) has become
commonin commecially available processos with
hardware supportfor dual contexts of execution.How-
ever, performanceof SMTsystem$asbeendisappoint-
ing for many applications. Consequentlymany SMT
systemsare operated in a single-contgt con gura-
tion to achieve betteraverage throughputdependingn
theapplicationdomain.

This paper r st examinesthe performanceof sev-
eral bendimarksprogramsin both uniprocessormode
(onehardware threadcontext) and SMTmode(two con-
texts) on a HypertheadedPentium4. Basedthesere-
sults,threeclasse®f applicationscanbedistinguished:
1) thosethat preferto executein SMT, 2) thosethat pre-
fer uniprocessoimode and 3) thosethat do not care.
Our classi cation takes into accounttwo aspects:(a)
the performanceof the applicationitself whensharing
thesystenand (b) theperformancef otherapplications
whoseconcurentexecutionis beingaffected.

Thepaperintroducesa novel bi-modalschedulerfor
Linux that continuouslyalternatesbetweertwo distinct
modesSMT andUNI. TheSMTmodeuseghestandad
Linux SMPsdedulerwith its supportfor SMTwhile the
UNI modeuseghestandad uniprocessoscedulerac-
tivating only onehardware contet. Thus,the systemnal-
ternatesbetweenoperating as an SMT and operating
as a uniprocessoreven thoughits hardware is multi-
threaded.An application labeledas UNI will only ex-
ecutein the UNI modephasewhile SMT applications
run concurently. In addition, we provide a third class,
called ANY , for processeshatare agnosticwith regard
to SMT

Needa resultssentencehere!

1. Intr oduction
SimultaneoudMultithreading (SMT) is a processor

designthatsupportsnultiple threadswith separatéard-

ware contexts to dispatchinstructionsin parallelon a
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singleprocessocore,i.e., SMT createsnultiple logical
processorsvithin a single physical processarin con-
trast,an SMP (or aCMP—chipmultiprocessof10, 15])
executesconcurrenthreadson distinctphysicalproces-
sorsin which sharingstartsin the memory hierarchy
usuallyatthelL2 or theL3 cache.

SMT wasmotivatedby thelimitationsoninstruction-
level parallelism within single-threadedapplications.
Hence SMT replicatessomemicroprocessostate(e.g.,
register les) for eachthread contet it can concur
rently execute,but the majority of microprocessore-
sourcesresharedincludingfunctionalunitsandthe L1
cache.A few sharedresourcesare partitionedequally
to all threads(e.g., queues)out mostresourcesare al-
locateddynamicallyon demand(e.g., caches)Because
concurrentthreadscompetefor more resourcesn an
SMT, thereis greatemotentialfor interferenceandper
formancedegradationthanin an SMP. However, there
are potentialbene ts to this increasedsharing.In par
ticular, sharingall of the cachehierarchy can make
inter-thread communicationand synchronizationinex-
pensve.

An SMT microprocessoffetches,issues,and exe-
cutesinstructionsfrom multiple threadson every cycle.
It canprocessnstructionsfrom differentthreadswith-
out hardware or software context switches.This is a
distinctadvantageover single-threadedniprocessorsr
traditionalmultithreadednicroprocessorb, 6]. There-
sultantinterleaving of streamshastwo primary advan-
tages.First, an SMT canmore easily toleratememory
lateng becausdt canexecuteinstructionsfrom another
thread.Secondgconcurrentlyexecutingmultiple threads
tendsto increasethe utilization of the microprocessor
dueto betterinstructionmix. Thesetwo advantagesare
referredto asreducingvertical andhorizontalwaste re-
spectvely [24].

SMT hasa small additionalcostbut large potential
gains.Thisis very differentfrom otherarchitecturdea-
tures, such as superscalarexecution and branch pre-
diction, in which performancegains (up to ve-fold)
arelessthanthe additionalresourcesommitted(a 15-
to 18-fold increasein resources]12]. In contrast,In-



tel reportsthata Pentium4 with HyperThreadingrech-
nology (Intel's SMT implementationshowvs a 30%in-

creasein performancewith only a 5% increasein die

spacq12]. Not surprisingly SMTsarebeingadoptedn

mary contemporanarchitecturestangingfrom proces-
sorsby Intel to IBM andSun.

Overall, SMT is a novel microarchitecturghat has
the potentialto boostperformancesigni cantly. How-
ever, performanceof SMT systemshas been disap-
pointingfor mary applicationsWhile peakperformance
gainsof up to 30% have beenobsened for dual con-
texts [12], SMT is reportedto adwerselyaffect the per
formanceof mary applicationsn practiceIn fact,mary
SMT systemgodayareoperatedn asingle-contgt con-
guration to achieve betteraveragethroughputdepend-
ing ontheapplicationdomain.

This differencein applicationbehaior can,in part,
be attributedto a lack of operatingsystemsupportfor
SMTs.In andve approachanSMT is treatedasa sym-
metric multiprocessgrwhereeachlogical processoin
the SMT is treatedas a fully-vestedphysical proces-
sor. While this approachenablesbasic SMT function-
ality, it doesnot fully exploit the potentialbene ts of
SMT. Justastheintroductionof multiprocessorsieces-
sitatedinnovation,the arrival of commerciallyavailable
SMT microprocessorsalls for new software architec-
ture.Speci cally, thereis aneedto developnen mecha-
nismsto exposeandcontrolSMT featuresFurther there
is aneedto developnew executionmodelsfor operating
systemsapplicationsandmiddlewvarethatexploit SMT.

In this paper we assesgshe short-comingsof pure
hardwaresupportto SMT and,instead promoteasyner
gistic approachbetweerthe operatingsystemandSMT
hardwarewith two logical processocontexts. We show
that event-driven activities and kerneltaskscan almost
entirely be directedto one logical processorto spare
thesecondnefrom interruptsor otherkernelcode.We
termthis anAsymmetricMultiprocessing AMP) mode.
A dedicatedernelcontext effectively transformsa con-
ventionaldual-contet SMT systeninto onethatclosely
resembleghe performancecharacteristicof a single-
contet systenmwhile handlingkernelcodeonthesecond
contet. More signi cantly, we shov that applications
can easily be characterizednto two classes.one that
bene ts from SMT systemsand anotherthat thrivesin
a singlecontext AMP con guration whenkernelactiv-
ity is presentOur hybrid designexploits suchcharacter
ization by dynamicallyswitchingbetweernoneandtwo
contets, dependingon the active application.We fur-
ther demonstratéene ts of AMP in increasedespon-
sivenesandpredictabilityof applicationperformanceén

the presenceof high interruptarrival rates.Hence,our
synepgistic OS/hardvareapproachs notonly bene cial
for alternatingexecutionsof applicationswith different
SMT characteristicsit also providessustainedespon-
sivenessand predictability during unexpectedand fre-
quentinterrupts.

The paperis structuredas follows. Sections2 and
3 presentthe designand implementationof our AMP
mode,respectiely. Sections4 and5 provide theframe-
work andresultsfrom experimentsrespectiely. Section
6 relatesour contributionsto prior work. Section7 sum-
marizesour work.

2. Asymmetric-Multipr ocessingScheduler

In this section,we describethe designof a sched-
uler for asymmetricmultiprocessingAMP). Our work
is originally motivatedby a lack of systemsupportfor
exploiting SMT architecturesandour designaimsatin-
tegration into the Linux kernel. Nonethelessthe con-
ceptsof AMP generalizebeyond Linux and are exten-
siblebeyonddual-contet SMT architectureso alarger
numberof contexts.

2.1. SchedulerDesign

AMP is supportedy modi cationsto a corventional
operatingsystenmschedulelWe integratedAMP into the
Linux 2.6 kernelasa proof-of-concepfor ourdesign.in
the following, we will briey outline the designof the
relatedkernel structuresand algorithms.Our changes
to Linux aremadeprimarily in the actualkernelsource
code.Other additionsare mostly support-relatede.g.,
thecontrolinterface)andareencapsulatedithin aload-
ablekernelmodule.

Theoriginal Linux taskscheduleis effectively unbi-
asedbetweerkernelandusertasks.Hence taskscanbe
scheduledn either context of an SMT. Our AMP de-
sign,in contrastensureshatkerneltasksandusertasks
areassignedo separateontexts. As such,the proces-
sor canalternatebetweenan unpartitionednodefavor-
ing usertasksanda partitionedmodewherekerneltasks
andusertasksexecutein separate&ontexts.

Tasks are assignedto processorcontets in AMP
mode by the algorithm depictedin Figure 1. Note
that this design builds on the existing algorithm
presentin Linux and only requires minor modi -
cations. The rst conditional block is an existing
mechanisnfor providing CPU af nity in an SMP sys-
tem. The allowed _cpus eld of the task struc-
ture is a bit mask, where a set n-th bit indicatesthat
processorn can execute the task. The secondcon-
ditional block is novel and unique to our design. It
checksf the next taskselectedor executionshouldex-



schedulenext_task()f
BEGIN:
[* Existing performanceweak?*/
if (Imatch(net! allowed.cpus,this_cpu))f
next = getnext_task();
gotoBEGIN

g

/* New assignmentode*/

if (match(task type,this_.cpuduty))f
gotoRUN_TASK;

g elsef
next! allowedcpus-=this_cpu;
next = getnext_task();
gotoBEGIN

g
RUN_TASK:

g

Figure 1. Modied scheduling algorithm
for AMP mode

ecute on the current context accordingto the AMP
policy.

In practice,the new codeis only executeda small
numberof timeswhile the systemadjuststhe task list
appropriately As tasks transition from a blocked to
runnablestatein AMP mode they aremarkedfor execu-
tion only on the correctcontext. Thus, after every pro-
cessin the systemhasbeenexamined,eachis marked
to run on the correctcontext. Sinceboth contexts fetch
from the samerun queue tasksnot allowed to execute
on a contet arequickly identi ed atthetop of therou-
tine without re-executingthelogic detailedin Figure1l.
Thismodi cation only slightly changesheexisting task
selectionlogic and,hence canbeselectvely enabledor
disabledat runtime. Thereby the operatingsystem(or
user)canselectthe modethat providesthe bestperfor
mance.

The AMP modealso impactsthe idle stateduring
schedulingln Linux, aspeciakerneltask,theidle task,
is scheduledn unusedorocessorsvhenthe numberof

processorgxceedsthe numberof runnableprocesses.

OnanSMT, theidle taskexplicitly issuesa haltinstruc-
tion, which delaysexecutionuntil the next hardwarein-
terrupt. Whenissuinghalton onecontet of anSMT, all
sharedresourcesre relinquishedto the other running
contet on the Intel architecturej.e., the processoef-
fectively becomeaunpartitioned Hence,whenthereis
only onerunnabletask,all processoresourcesreallo-
catedto thattask.The processois effectively a unipro-

cessorwhich allows the runningtaskpotentiallyto in-

creasats performanceWhenoperatingin AMP mode,
the context dedicatedto kernel tasksrejectsary user
tasksso that the idle taskis invoked in the absenceof

runnablekerneltasks Henceresourcesrerelinquished
in favor of usertaskswhenever possible,i.e., whenno

kerneltasksarepending.

2.2. A Contextfor Event Handling

Thekernelcodeof anoperatingsystemis comprised
of integerbasedwork. But in contrastto integerbased
applicationskernelcodeperformsworse Previousstud-
ies have shavn that the operatingsystemexecutesso
infrequentlythat branchpredictionsand cacheperfor
mancesuffer [17, 9, 4]. This behaior resultsin favor-
able conditions for user applicationsco-scheduledn
the adjacentcontext during AMP mode.First, the op-
eratingsystenis interleavedwith applicationexecution.
Hence poorperformancén kernelroutineswill notsig-
ni cantly delaytheexecutionof theapplicationSecond,
the dynamicnatureof resourcebinding in Intel SMTs
causeghe poorly-performingkernelcodeto utilize few
resourcestherebyminimizing theimpactof the concur
rently executingusertask.

Our subsequengxperimentswill shav that bene ts
can be found when dissimilar resourcesare utilized.
For example, oating-point intensive computationsin-
troduceconstraintghat can be exploited by AMP. We
also obsened bene ts for integerbasedapplications.
Overall, some oating-point and someinteger applica-
tionsbene t while othersdo not.

The AMP modeprovidesa clearseparatiorbetween
kerneland usertasks.This designis particularly suit-
ablefor interrupthandling,suchthatkerneltasksdueto
eventsarehandledon adedicatectontext. In traditional
systemsfrequentinterruptsimpedethe progresf user
tasksandcanadwerselyaffect their performancelueto
pollution of cachespranchpredictorsand branchtar
getbuffers(BTBs) aswell asotherresourcesThe AMP
mode,in contrastprovidesa naturalboundarybetween
usertasksandinterruptactivity by separatingheminto
differenthardwarecontexts. Certainresourcesrerepli-
catedsuchasBTBs,whereaothersmaystill beshared,
suchas cachesWhile sharedcachesmay suffer occa-
sionally from additionalmissesin icted by context ex-
ecutinga kerneltask, they remainwarmwith regardto
theapplicationsinceit continuego execute Overall,the
AMP designbearghepotentialfor increasedhroughput
that can be attributedto a reductionin both horizontal
and vertical waste(i.e., increasedesourceparallelism
andcycle utilization) aswell ascachebene ts[23].



Exploiting the AMP modefor interruptsrequiresad-
ditional modi cations to the operatingsystem.Linux
separatemterrupthandlinginto a short“top half" han-
dler anda “bottom half” routine for longer processing
actity in responseo anevent[11]. If theinterruptoc-
curredduringanidle period,the bottomhalf is serviced
immediatelyIf, however, ataskwasinterruptedthebot-
tom half is enqueuedsa kerneltaskfor later process-
ing within the “kernelidle task” (aka. ksoftirqd ).
Shouldthe bottom half be delayedtoo long, its execu-
tion maybe promotedo avoid buffer over ows.

We exploit the interrupt-handling mechanismin
Linux speci cally to caterto the AMP mode.Whenrun-
ning in AMP mode, bottom halves of interrupts are
boundto the context assignedo kerneltasks.This al-
lows the systemto executethe interruptbottom halves
concurrentlywith a running usertask without ever in-
terrupting the latter The details of our modied
interrupt handlingmechanismare given in the follow-
ing.

3. Implementation Details

We implementedour designof an AMP scheduling
modeandthe correspondingsupportfor interrupthan-
dling within bottomhalveswithin theLinux 2.6.8.1ker
nel. Prior to our modi cations, this kernelalreadypro-
videdscheduleoptimizationgfor asinglerun queueper
physicalprocessornswell asanoptimizedidle loop for
SMT processors.

3.1. Linux Scheduler

Changeso the Linux schedulecloselyresembleour
designpreviously discussedn the context of Figure 1.
Justbeforethe schedulertransferscontrol to the next
taskto be executedthe enhancementdepictedin Fig-
ure?2 aretriggered.

if (AMP_ISON && AMP_THISCPU)
if (nextt mm!= NULL) f
cpuclear(cpunext! cpusallowed);
next =rq! idle;
gotoswitch tasks;
g

Figure 2. Actual scheduler modi cations

The rst conditionalguardsthe statementdelow to
ensurg¢hatAMP modeis enabledandthecurrentCPUis
theonededicatedo kerneltasks,only. Thesecondcon-
ditional checksif the next task selecteds a usertask.
In this case,the CPU maskis seton the usertask so

thatit will not be consideredor laterexecutionon this
CPU. The lasttwo lines selectthe idle taskto be exe-
cutednext on this context beforejumpingdirectly to the
contet switchingcode.This approachis customaryfor
selectingan alternatetaskasthe idle codeimmediately
checksfor runnableprocesseseforeidling. Hence,we
ensurehattheselectioncode(beforeour codeshovnin
Figure?2) for anotherunnabletaskis properlyre-run.
3.2. Redirecting SoftiIRQs

As previously mentionedthe top half interruptpro-
cessingsystemis left unchangedThis simpli es the
modi cations to the system,asit limits the interaction
with device drivers and other hardware-relatedcode.
Due to the dual-phasenatureof the interrupt system,
thisis of little consequenci our performanceneasure-
mentssincethe top halvesof interruptsaredesignedo
completewithin a very shortamountof time, thereby
minimizing their impact on the preemptedask. Also,
the latengy of mary partsof the systemmay dependon
the speedat which thetop halvesexecute We did, how-
ever, modify the behavior of the bottom-halfinterrupt
processingystem.

The primary methodfor handlinginterrupt bottom-
half processingn Linux is throughthe useof softirgs,
i.e. auniguenumberthatidenti es thebottom-halfhan-
dler. Softimsareregisteredwhendevice driversregister
their top half Interrupt ServiceRoutine (ISR) with the
operatingsystem.Upon raising a softirg, its handleris
assignedor processingn oneof the processorén the
system.While the top half remainsunalteredthe logic
of the softirg processingoutine, (__do _softirq() ),
is enhanced.

On an SMT, both contets routinely execute the
__do _softirq() routine, which we modi ed asfol-
lows. When AMP modeis enabled,the context dedi-
catedto usertasksonly runssoftirgs thatmatcha mask
setdynamicallyatruntime.Themaskallows usto retain
certainsoftirgs in the usercontet since selectedker
nel tasks,suchasthetimer handler mustbe run on the
context handlingthe top half to retain operationalin-
tegrity of the system.Nonethelessthe majority of the
softirgs can be divertedto the kernel context by mask-
ing themin the usercontet. Hence the kernelcontext
processesall pending softirgs and, in addition, col-
lects softirgs that were raisedon the usercontet. To
safely divert softirgs locking was required for rais-
ing andclearingsoftirgs

Linux alsoprovidesanothemrmechanisnfor sequen-
tial queuing and execution of lower-priority bottom
halves, so-calledtasklets The taskletmechanisnsim-
ply chainsscheduledvork togetherandprocessest se-



quentially instead of observing the priority-based
handling of softirgs In fact, tasklet processingis in-
voked from the lowest-priority softirg. Similar mod-
i cations were madeto the tasklet systemto ensure
that all were processedvy the dedicatedkernel con-
text.

3.3. AMP Control Module

Supportfor the AMP schedulingnodewasprovided
by a controlmodulethatcanbe dynamicallyloaded.lts
primary purposeis to facilitate the transitioningfrom
non-AMPmodeto AMP mode In addition,it adjustghe
softirg maskfor the usercontet. Insertionof the mod-
uleimmediatelytransitionsto AMP mode,andaninter-
faceto the/proc lesystemis providedfor adjustingthe
softirg maskfor the usercontet. The modulealsopro-
vides diagnosticinformation, which we useto obsene
the functionality and performanceof our modi cations
to theinterruptsystemLoadingthe moduleinto theker-
nel atruntimeeffectively enableghe switchingbetween
non-AMP modeandAMP modefrom userspace.

4. Experimental Framework

We designeda numberof experimentsto assesshe
meritsof ourimplementatiorof AMP schedulingonan
Intel Pentium4 with SMT (Hyperthreadingsupport.n
theexperimentsthe AMP modeis comparedo corven-
tional schedulingpnthesamehardwarewith two avors
for atotal of threeschedulingvariants.

1. Uniprocessor(UP) modetreatsthe SMT proces-
sorasanormaluniprocessai.e., theseconchard-
warecontet of the SMT is disabledo make all re-
sourcesvailableto onecontext, only.

2. SimultaneousnultiprocessingSMP) modeis the
default schedulingpolicy to handlemultiple pro-
cessorsinderLinux. In this mode,a multi-context
SMT processois treatedasa corventionalshared-
memory multiprocessari.e., subtletiesof SMTs
are mostly ignored. It shall be remarled that the
Linux SMP supportincorporatessomespecializa-
tionsto re ect the differencesspeci ¢ to an SMT,
asmentionedn Section3, buttheseareminorcom-
paredto our AMP design.

3. AMP providesthenovel abstractiorof a dedicated
context for kerneltasksbesidesanothercontext for
usertaskspreviously introducedn this paper

We evaluatedthe impactof thesescheduler®n per
formancefor a subsebf the SPEC2000benchmark§2,
1]. Thebenchmarkghosenwereamix of oating-point
and integer programsthat would t completelyinto a

quarterof our available memorywithout the needfor
paging.

First, we assesshe completiontime for n tasks
(threads)of a benchmark(identical executionsof the
sameapplication) wheren varieshetweertwo andfour.
The objective of this experimentis to asses# the par
allelismof SMTs canbe exploitedin SMP modewhen
tasksdispatchinstructionsn parallelasopposedo seri-
alizingtheir executionin UP or AMP mode.Thesecond
contet in AMP moderemainsun-utilizedin theseex-
perimentsThe specialcaseof just onethread(n = 1)
wasexcludedsinceit would not trigger ary parallelism
atthe SMT and,hence doesnot meetour objectie.

Secondwe repeatthe sameexperiment,but we also
triggerkernelactivity by imposingconsiderabl@etwork
trafc in fastsuccessiomn the system.This illustrates
how well kernelactiity canbe sustainedn the differ-
entmodes.In UP andSMP modes usertasksareinter
ruptedand upperaswell aslower halves of interrupts
are executed With AMP, virtually all lower halvesare
handledn the kernelcontext while the executionof the
benchmarkproceedsn the othercontext without inter-
ruption.

Third, we assesdene ts of dynamically switching
modesdependingnthe“best t” of amodefor agiven
applicationin the presenceof network (kernel) activ-
ity. This illustratesthe potentialof our AMP modefor
integration with the SMP mode. The schedulercould
then be enhancedo executeapplicationssuitablefor
one mode while queuingothersthat excel in another
mode.At shortintervals, modesandqueuescould then
be swapped,potentially preemptingary running tasks
and,thus,deferringthemto the next modechange.

The network activity imposedin theseexperiments
follows a client-sener messagingparadigmwherethe
sener resideson the benchmarkd platform while the
client is locatedon a separatecomputer The proto-
col resemblexommonclient-serer interactionsvhere
large blocks of dataare continually beingrequestedy
client(s)andsuppliedby the sener. This resembleshe
I/0-boundload that simple web senersor customized
data-feedbackpplicationggenerateClientrequestsare
relatively smallwhile sener responseare muchlarger
in size.

The experimentsare speci cally designedo ensure
that the desirednumberof threads(benchmarktasks)
were running at all times. Considerthe caseof four
threadslaunchedsimultaneouslyto executean appli-
cation. A small control wrapper around the applica-
tion code ensuresthat there are always four threads
presentwhen assessinghe completiontime over all



four threads.This is depictedin Figure 3. The wrap-

fork ntimes;
if (parent)f
while (numbercompletej n) f
wait_for_child_exit();
re-spavn anew child;
g
g elsef
schedyield();
executebenchmark;

g

Figure 3. Multi-Thread execution algorithm

per spavnsa x ed numberof threadsof the sameap-
plication. When a threadcompletes,anotherthreadis
startedimmediatelyso asto guarantee constantioad,
i.e., threadsrun with identical resourcecontentiondur-
ing our measurementwhen exploiting the SMT archi-
tecture.

The sched _yield() ensureshat new tasksfor-
feit theirright to executeimmediatelywhich givesother
threadsa chanceto be spavned before executionpro-
ceeds.The timing measurementsnly re ect the com-
pletiontimesof the rst n threads,.e., four threadsin
our the example.More speci cally, the overall comple-
tion time of n threadsspansthe period from creating
thethreadgo the completionof thelast(slowest)of the
threadsTheruntimeoverheadf re-spavnedthreadss
not included.This re-spavning techniqueis crucial for
consistentesultsandhasbeenusedbeforein SMT ex-
perimentg23]. If we did not re-spavn, threeof thefour
threadsmay nish early while the remainderof execu-
tion for thelastthreadwould proceedatafastepacedue
to reducedresourcecontention Averageiterationtimes
perthreadwerealsomeasuredndarediscussedn a -
nal setof experimentso assesshe predictabilityunder
the differentmodes.The overall completiontime pro-
videsa fair performancemetric sincewe wantto com-
parework undera constantoadscenario.

5. Experimental Results

We conducteda numberof experimentgo assesshe
bene ts of asymmetricmultiprocessingas outlined in
the previous section.First, eachbenchmarkis consid-
eredin isolationfor (a) UP, (b) SMPand(c) AMP modes
in (1) absenceand(2) presencef kernelactivity. Sec-
ond,executionof differentbenchmarkss consideredin-
der dynamicmodeswitching betweenAMP and SMP.

Third, the performancepredictabilityis assessetbr the
differentmodes.

5.1. HomogeneousNorkload Tests

Tables1 and 2 depict the performanceresults for
the SPECbenchmarksART and MESA, respectiely.
Thesebenchmarksrerepresentatie for thebehaior of
the otherSPECbenchmarksested Hence we will rst
discusstheseresultsin detail beforepresentinghe re-
sultsfor all testedbenchmarks-or eachbenchmarkwe
testedhecompletiontime for thethreemodesUP, SMPB,
AMP. Within eachmode,we benchmarkd con gura-
tions with two, threeandfour threads(2T, 3T, 4T). We
depictthe completiontime (CT) in second¢Columns3
and5) andtheir changeto thecorrespondindJP con g-
uration.We alsodistinguishthe absencef kerneltasks
or network actwity (Columns3 and4) andits presence
(Columnsb and®6).

Without Net With net

Mode Con g CT %-Chang¢ CT %-Change
2T 84.67 0.00% 95.67 0.00%

UP 3T ||129.33 0.0090146.33 0.00%
4T |(|170.00 0.0099192.00 0.00%

2T 86.00 1.55%103.33 7.41%

SMP 3T ||159.00 18.6694179.00 18.25%
4T |(|173.33 1.92%207.67 7.55%

2T 85.00 0.39% 88.00 -8.72%

AMP 3T |/125.33 -3.1999135.33 -8.13%
4T |(|170.33 0.199%9176.33 -8.89%

Table 1. Art Runtime [sec] and Change to
up

Without Net With Net

Mode Con g CT %-Chang¢ CT %-Change
2T ||327.67 0.0099378.00 0.00%

UP 3T ||491.67 0.009%576.67 0.00%
4T |(659.00 0.00%777.33 0.00%

2T ||438.67 25.309%286.67 -24.16%

SMP 3T ||426.33 -15.339%4492.67 -14.57%
4T |(|520.33 -26.659%574.67 -26.07%

2T ||340.67 3.82%367.67 -2.81%

AMP 3T |518.33 5.149%549.67 -4.91%
4T |(|702.33 6.179%9743.67 -4.52%

Table 2. Mesa Runtime [sec] and Change
to UP
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Figure 4. Improvement of SMP and AMP modes over UP for 4 Threads (with Network Activity)

The results for ART in Table 1 illustrate that,
in the absenceof network trafc, UP outperforms
SMP maminally while AMP remains mostly unaf-
fected(smallwin or loss).However, whennetwork traf-
c is added,SMP suffers performancdossesof 7-18%
while AMP gains8% in speedNoticethatanoddnum-
ber of threads(3T) gives signi cantly different re-
sults than an even number of threads(2T and 4T).
This anomalywill be discussedater. Overall, ART fa-
vorsauniprocessomode(UP or AMP) overamultipro-
cessormode.ART is a oating-point intensve bench-
mark that ef ciently utilizes the resourceswith a sin-
gle benchmarkthread.Additional threadsresultin an
overall reductionof performancedue to resourcecon-
tention.

In contrasttheresultsfor MESA in Table2 illustrate
that, in the absencef network traf c, SMP sometimes
outperformdJP while AMP lagsbehindUP. Whennet-
work trafc is added,SMP always outperformsUP by
14-26% while AMP gains only up to 5% in speed.
Again, resultsfor odd numbersof threadsareexplained
later However, we cannotexplain the 25% decreasén
performancefor two threadsin SMP mode, which is
reproducible.Overall, MESA favors a multiprocessor
modeover a uniprocessomode.MESA is an integer
centricbenchmarkhat doesnot fully utilize resources
from a singlethread,i.e., a secondthreadof the same

workloadstill resultsin betterresourceutilization.

It is not imperative to understandhe causeof bet-
ter or worse performancefor ary speci ¢ benchmark
in our work. Instead,we needto be ableto obsenre if
a benchmarkfavors uni- or multiprocessorgo decide
uponschedulingmodes,aswill be shownn later Of the
benchmarkdested ART andMESA represenbur best
performersin the presenceof network trafc for AMP
and SMP, respectiely. We found thatit is sufcient to
comparehebehaior of benchmarkbetweerAMP and
SMP modein the presencef network actuity irrespec-
tive of the numberof threads.

Figure4 depictstheresultsfor all testedbenchmarks
undernetwork traf ¢ for four threadsimprovementsn
completiontime are reportedfor AMP and SMP rela-
tiveto UP. The rst threeapplicationsseea largerbene-
t whenrunningin AMP modecomparedo SMPmode.
Thelastthreeapplicationshowever, bene t morefrom
SMP mode.Notice that the workload was not decisive
for the behavior of a benchmark.Some oating-point
benchmarkgavor AMP, othersexcel under SMP (and
similarly for integerbenchmarks).

The detailed resultsfrom the tested SPEC bench-
marks for different humber of threads and pres-
ence/absencef network trafc lead us to the follow-
ing conclusionsFirst,we obsenethatAMP modedoes,
in fact,behae almostidenticallyto UP modein the ab-



sence of network activity. Second, AMP mode al-
ways outperformsUP mode in the presenceof net-
work activity. Hence,we can classify the benchmarks
into two cateories: one that favors multiproces-
sors,calledpro-SMR andonethatfavorsuniprocessors,
referredto aspro-AMP. The namingof the latteris jus-
tied becauseAMP always performsaswell or better
thanUP while exhibiting mary of the samecharacteris-
tics. The assignmento categoriesis shovn in Table 3.
Interestingly the pro-AMP catejory is alsothe pro-UP

| Category | Member Benchmarks |

pro-AMP | Vpr, Crafty, Art
pro-SMP | Vortex, Mesa,Equale

Table 3. Categorization of Benc hmarks

catggory whenignoringnetwork activity. Thus,applica-
tionsthatperformbetteron a uniprocessothanin SMP
modealsoperformbetterin AMP mode evenwhennet-
work actiity is present.Thus, addingthe AMP func-
tionality to the operatingsystemprovides the ability
to utilize the additionalresourcesand capabilitiespro-
vided by the SMT processorwithout running in a
normal SMP mode when such a mode is detrimen-
tal to performancef a speci ¢ application.

5.2. Hybrid Tests

Our modi cations to the operatingsystemextend
beyond a single, static choice of schedulingmode to
where dynamictransitioningbetweenAMP and SMP
modecanbeaccomplishedSinceneitherAMP nor SMP
modesoffer thebestperformancdy themselesfor dif-
ferent benchmarksthe schedulercan then choosethe
mostappropriatenodefor anapplication.We designed
a hybrid SMP+AMP modethat executesone homoge-
neousbenchmarkin one mode,issuesa modechange
andthenrunsthe othermode.The performanceof the
hybrid modeis then comparedo the completiontime
over both benchmarkdor ary single mode (UP, SMP
andAMP).

Our AMP-modied kernel was originally de-
rived from an SMP kernel. Hence, disabling AMP
mode causest to behae exactly like the SMP mode.
Thus, we can obsere the performanceof a hy-
brid run by simply combining the appropriatere-
sults from previous runs. We conductedexperiments
to run a pro-SMP benchmarkjnsertedthe AMP con-
trol module describedin the implementation and
then executeda pro-AMP benchmark.After exclud-
ing the (small) mode switch overhead,the overall

completion time matchesthe sum of the individ-
ual benchmarktiimesfor the respectre modes.Hence,
one can reliably derive the hybrid data construc-
tively from data of benchmarksin their correspond-
ing single mode,which would facilitate an automated
choiceof modeshby the schedulerThe hybrid modeal-
lows one to selectthe fastestrun of each applica-
tion, whichindicateghebestmodefor eachapplication.
The resultis then known to be in the smallestpossi-
ble overallsum.

Consider the results for sequentialexecutions of
Crafty andEquale depictedn Table4. Theoverallrun-

Mode | Crafty Equale Total
UP 462.67 441.33 904.00
SMP | 453.33 404.33 857.66
AMP | 436.67 419.00 855.67
Hybrid | 436.67 404.33 841.00

Table 4. Hybrid Times [sec] for Equake and
Crafty (4 Threads plus Network Activity

time in hybrid mode,a combinationof Crafty in AMP
mode and Equale in SMP mode, is the lowest possi-
ble value (including any single-modeas well as ary
otherhybrid run).

Anotherexampleis depictedin Figure5 for Art and
Mesa.Art excelsunderAMP while Mesapeaksn SMP

Mode | Art Mesa  Total
UupP 192.00 777.33 969.33
SMP | 207.67 574.67 782.34
AMP 176.33 743.67 920.00
Hybrid | 176.33 574.67 751.00

Table 5. Hybrid Times [sec] for Art and
Mesa (4 Threads plus Network Activity)

modewith a22.2%gainover UP, whichoutperformghe
18.9%gainof the second-besthoice(SMP-only).

We thendeterminedhe overall completiontime for
various combinationsof two benchmarkswhere one
bene tsfrom AMP while theotherexcelsin SMPmode.
We planneduo testthis simplehybrid strateyy by choos-
ing two applicationspneof which bene tedmorefrom
SMP modewhile the anotherbene ts morefrom AMP
mode.A comparisorof all projectedhybrid runtimesis
givenin Figure5. Theoverallruntimeoverheads shovn
for AMP andSMPmodesaswell asthehybridcombina-
tion. Thechartillustratesclearlythatthe hybrid solution
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alwaysoutperformsary singlechoiceof modewhenap-

plicationsfavor oppositemodes.In somecaseshow-

ever, thedifferencebetweera hybrid andstaticmodess

sosmallthatthe bene t may not justify a modeswitch.

In others,a signi cant improvementsareseen.n prac-
tice, the challengefor the hybrid solutionis to balance
the dynamicworkloadbetweerboth modeswithout af-

fecting the responsienessof taskswhenhybrid is im-

plementedvith separateun queuesassuggesteéh our

implementation.

5.3. PerformancePredictability

We next conductedxperimentdo assesthevariance
in executiontime under differentmodesof execution,
bothwith andwithout network traf c. Table6 showvsre-
sultsfor a dual-threadednicrobenchmarkvith a work-
loadin the innerloop thatis sampled969timesin an
outerloop. Speci cally, the workloadconsistsof multi-
ple independentoating-point (FP) calculationswhich
shouldprovide sufcient instruction-level parallelismto
utilize all FP resourcesn a singlethread.The columns
of the table depict the averageruntime (in seconds),
standarddeviation, minimum and maximumfor the in-
nerloop of thebenchmarKollowedby the averagerun-
time for the entire benchmark Thesenumbersare re-
portedwith andwithout network activity (Columns4-8
and9-13,respectiely) aswell asAMP andSMPmodes.

For eachmode threerunsof two threadseacharemea-
sured.

The resultsin the table shov that runtimesare very
predictablein the absenceof network trafc sincethe
standarddeviation is constantlylow for both AMP and
SMP. Whenaddingkernelactity (network trafc), the
standarddeviation for AMP only increasesnsigni -
cantly Hence,AMP remainspredictablewith network
trafc. In contrast,the standarddeviation for SMP in-
creasedy anorderof amagnitudeThus,SMPbecomes
signi cantly lesspredictablen the presencef network
actiity.

These ndings illustrate the bene ts of AMP in in-
creasedesponsienesandpredictabilityof application
performancein the presenceof high interrupt arrival
rates.Hence,our synepgistic OS/hardvare approachis
notonly bene cial for alternatingexecutionsof applica-
tionswith differentSMT characteristicdt alsoprovides
sustainedesponsieness&ndpredictabilityduringunex-
pectedandfrequentinterrupts.

5.4. Anomaly for Odd Number of Threads

We alreadyindicatedin the contet of discussingra-
bles1 and2 the existenceof any anomalyfor odd num-
berof threadsSpeci cally, largediscrepancies/ereob-
sened for single completiontimes of ary of the three
threadswhile theaverageime overthethreadsemained
relatively constantand closeto our expectationsThis



Without Net With Net

Mode Trial Thread| Runtime St.Der. Min Max Average| Runtime St.Der.  Min Max Average
1 1 76.34 13.85 7.46% 0.57% 3822.68] 81.01 50.19 9.42% 5.79% 4045.03

1 2 76.57 16.58 7.32% 0.49% 3823.90, 81.08 49.59 6.90% 4.62% 4044.85

2 1 76.45 1555 7.12% 0.52% 3822.79] 81.00 48.63 6.86% 5.15% 4047.25

AMP 2 2 76.56 1447 8.57% 0.56% 3822.59| 81.04 48.48 6.95% 4.81% 4047.56
2 1 76.12 15.87 7.26% 0.56% 3822.54| 80.96 4855 6.67% 5.95% 4049.84

3 2 7655 1466 7.05% 0.56% 3822.56| 81.19 4826 7.22% 4.46% 4049.79

Avg 76.43 15.16 7.46% 0.54% 3822.84| 81.05 4895 7.34% 5.13% 4047.39

1 1 85.62 38.02 2.26% 4.52% 8552.55| 84.67 545.15 15.13% 6.23% 8452.41

1 2 85.61 38.42 5.52% 2.56% 8556.65| 87.23 584.67 10.32% 12.32% 9034.39

2 1 85.60 38.50 5.25% 4.60% 8559.44| 83.93 486.67 16.11% 5.69% 8377.29

SMP 2 2 85.60 37.84 5.31% 3.70% 8550.38| 87.22 532.10 8.20% 13.14% 9123.99
3 1 85.61 37.28 2.29% 4.69% 8551.96| 86.99 120.89 4.86% 9.71% 9406.63

3 2 86.61 38.32 5.39% 3.15% 8555.79| 81.63 68.36 5.68% 3.06% 8150.30

Avg 85.78 38.06 4.34% 3.87% 8554.46| 85.28 389.64 10.05% 8.36% 8757.50

Table 6. Runtimes of Microbenc hmark [sec]

causedhecompletiontimeto varyasit encompassehe
periodfrom startof all threads¢o completionof the last
thread.This overall completiontime wasalwayssigni -
cantlygreatethantheaverage Sinceanevennumberof
threadsdoesnot exhibit this behaior, we hypothesized
thatthecausewvasrootedin schedulingletailsfor anodd
numberof threads Experimentswith ve threadsreaf-
rmed oursuspicionasthey yieldedthesameanomalies
andlead us to believe that measureccompletiontimes
arenotreliablefor anodd numberof threads.
Uponfurtherexamination,it wasdiscoveredthatthe
standard_inux scheduletis not completelyfair to each
of the threethreads.The threadsappearto be sequen-
tially pinnedto CPUs.Hence anevennumberof threads
(or, more accuratelya threadcountwhich is a multi-
ple of the numberof CPUsin the system)resultsin an
evenly distributed load. Cornversely an odd numberof
threadsin icts anunevenload. In sucha caseall pro-
cesseshouldbescheduledound-robinonanyavailable
SMT contexts to ensurea fair time distribution. There
simply is no bene t to dispatcha preemptectontext to
its original context in an SMT sinceevenlL1 cachesare
sharedandotherresourcessuchasBTBs, arelikely in-
validateddueto contect switching. We believe thatthe
currentLinux schedulerequiresround-robinenhance-
mentswithout CPU pinningwithin contexts of anSMT.

6. RelatedWork

Applicationsrarely fully utilize modernprocessors.
Thisis oftendueto thelateng of otherdeviceswithin a
systemuponwhich the executingapplicationdepends.
For in-orderpipelinedarchitecturesnultithreadingoro-
videsincreasegbrocessoutilization by multiplexing the
availableresourcemmongmultiple instructionstreams.

Theresultis not a fasterexecutiontime for a singleap-
plication, but rather an increasedtotal throughputfor
multiple applicationsEarly multithreadedarchitectures,
such as the MIT Alewife machine[3] and the Tera
computer7] providedfasthardwarecontext switching,
which allowedthe pipelineto beloadedwith aninstruc-
tion from adifferentstreamevery cycle without penalty
Interactionsbetweerthe runningthreadswere minimal
becausenly oneinstructionoccupieda given pipeline
stageatatime.

Theintroductionof superscalaarchitecture®rought
concurrenexecutionof multipleinstructionsfrom asin-
gle streamSufcient instruction-level parallelism(ILP)
identi ed at runtime by the CPU increasesthrough-
put by processingmultiple instructionsper cycle in a
single stage.Suchan architectureis limited by the -
nite amountof ILP availablein ary instructionstream.
Tullsenetal. describehis problemin termsverticaland
horizontalwaste[24].

Vertical wasteoccurswhen the CPU issuesno in-
structionsfor a given cycle. Horizontal waste occurs
whenthe CPU is unableto Il all availableissueslots
in a cycle, which is a resultof low threadILP. Simul-
taneousMultithreadingfocusesspeci cally onreducing
horizontalwasteby giving the CPU additionalinstruc-
tion streamdrom whichit can Il the remainingissue
slots.This can,however, simultaneouslgombatvertical
andhorizontalwaste:agivencyclemaybe lled within-
structionsfrom ary oneof the currentthreadspr it may
be lled with a combinationof instructionsfrom more
thanonethread.
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6.1. Symbiotic Job scheduling

A simultaneouslynultithreadegrocessointroduces
mary compleities and unique characteristicsover a
similarly-equippedaingle-threadegrocessaiMostcon-
ventionalmultiprocessosystemgeplicateentire CPUs
to achieve parallelism.Sucha systemrequiresan oper
ating systemto intelligently scheduleprocesseso opti-
mize cacheperformanceandreducefalsesharing.Typ-
ically, an operatingsystemwould ignore things such
asthe functionalunit usagepro le of concurrentlyex-
ecutingapplications,as the independenprocessorslo
not sharetheseresourcesThesefactorsare exactly re-
versedin the caseof an SMT processorand provide
thejusti cation for speci c operatingsystenmsupportor
SMT CPUs.Whenco-schedulingwo taskson the vir-
tual CPUsof anSMT, falsesharingcanactuallyincrease
performancésincethe contexts sharea cache)andpro-
cessesieednotbereschedulednthesameCPU,asthe
sharedcacheis warmno matterwhich context executes
the processSimilarly, functionalunits are shared and,
thus,the operatingsystemcould increaseperformance
by intelligently schedulingprocesseshat would mini-
mizeinterference.

Snavely etal. usethe term symbiosido describethe
effectivenesswith which multiple jobs achiere speedup
when co-scheduledn a simultaneouslymultithreaded
processofl19]. They describeasystemcalledSOS that
dynamicallydetermineshemostbene cial scheduldor
a set of tasks,basedon their measuredgerformances.
This is referredto assymbioticjob scheduling[21] and
is a crucial stepin improving performanceon an SMT
system.They take theirideafurther[20] by introducing
weightsinto theirsystemproviding the (veryimportant)
ability to supportQoSwithin the system.This is a key
conceptasit is similarto ourwork, althoughit assumes
thatthe operatingsystemis always scheduledvith the
highestpriority. Also, the SOSsystemspendsxecution
time measuringhe performanceof mary combinations
of runningtasksbefore determiningthe bestschedule.
Another solution, however, could be to classify appli-
cationsstatically therebyeliminatingthe needfor run-
time samplingandpreventingshort-livedprocessefom
hurtingthe performancef the system.

Settleetal. proposéhardwaresupportthroughactive
performanceounterghatcanthensteerschedulingde-
cisionsin theoperatingsystembasecdn differentmem-
ory behaior of threads[18]. Co-schedulingf threads
with non-competingnemorybehaior is shovn to en-
hancetheoverallthroughputOurwork differsfrom arny
of the above approache$y promotingan asymmetric
schedulingsolutionand doesnot requireary hardware
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enhancement® existing processodesigns.
6.2. Other Asymmetric Systems

Theideaof a singlesystemwith multiple processors
dedicatedo separatelutieshasbeenin practicesinceat
least1964.The Control DataCorporation(CDC) 6000
seriescomputersusedthis techniqueto allow 1/0O par
allelism [8]. Oneor two centralprocessorsvere used
to perform high-speedarithmetic operationsand gen-
eral programexecution,muchlike the CPUsof today's
microcomputersAdditionally, small peripheralproces-
sors(PP)provided|/O servicebetweerexternaldevices
andcentralmemory(CM). The PPseachhadsmallpri-
vatememoriesandaccesgo all locationsof the CM. By
loadinga small programinto a PP's privatememory a
comple 1/O operationcouldbe carriedout while allow-
ing the centralprocessoto continueexecutionof other
tasks.Thus,the CDC 6000 machinehad multiple pro-
cessordedicatedo differenttasksexecutingdifferent
code.Much of the CDC operatingsystemwas imple-
mentedn PPcode? resultingin asystemwheremostof
the OSwasexecutedon dedicatedorocessorgninimiz-
ing interferencewith usertasks.

Nahum et al. studiesthe effect of adding paclet-
level parallelismby exploiting shared-memorynulti-
processorsspeci cally in termsof protocol overhead,
suchaslocking, for TCP andUDP enhancementd4].
Their objective wasto obtain paclet-level parallelism,
which was accomplishedbut limited in terms of the
amount of parallelismrealized. Muir and Smith de-
signedan asymmetriomultiprocessingxtensioncalled
Piglet,whichwasintegratedwith Linux [13]. Pigletpro-
videsaframesetbstractiorito multiplex devicerequests
from multiple processego a single device observing
QoSrestrictionsandthis multiplexing is realizedat the
driver level so that it can be decoupledfrom the ap-
plication. In their experiments network requestsould
suchbe sened on a different processorthan the ap-
plication within a two-way SMP. Rangarajaret al. de-
signeda systemcalled TCP Sener that of oads TCP
trafc onto dedicatedSMP processorsor even differ-
entprocessinghodeswithin a cluster[16]. Their objec-
tive wasto off-load the even-increasingrocessingle-
mandsdueto high-bandwidtinetwork connectionslin-
terruptwas replacedwith polling, and buffering could
be avoidedin someinstancesdueto the dedicationof
a processotto network traf c. Interruptswere masled
ontheapplicationsideby reprogramminghe hardware
at the APIC level. Theseapproachedgiffer from our

1 The PPsuseda different ISA from the central processorand,
thereforerequiredcodeto be speciallywritten.



work in that we do not divert interruptsat the hard-
warelevel, provide pacled-level parallelismor off-load
network trafc to anotherphysical processarinstead,
we divert Softigs to a dedicatedogical contect on the
samephysicalprocessowith sharedresourcesWe fo-
cuson performancebene ts of multi-processingn dif-
ferentprocessomodes.andour hybrid modeis unpar
alleledto pastwork, particularly sinceit bearsthe po-
tential to usemultiple context whereaspastwork kept
oneprocessoidle whennonetwork traf ¢ requiredpro-
cessingOur efforts arealsoaimedat providing atighter
couplingbetweerthe applicationandinterruptprocess-
ing thanpossibleén SMPs whichincludesbutis notlim-
ited to network traf c. Hence kerneltasksin one con-
text canplacepacletsin L1 cacheso that applications
canbene t from datalocality dueto network traf c.

A moremodernexampleof anasymmetricarchitec-
tureis the IBM BlueGene/Lmachine(BGL) [22]. The
BGL systempackages$wo PaverPC440CPUsperpro-
cessingelement(PE). Unlike the CDC 6000system(in
which the CPUswere not similarly-equipped)a BGL
PE hastwo equally-paverful processorsn a pseudo-
SMP con guration? Althoughthe systemis capableof
symmetrictask assignmento both processor®n a PE
(the so-calledvirtual mode),normal operationutilizes
one CPU for computationandthe otherfor messaging
(the so-calledco-processomode). The BGL machine
is an exampleof an SMP systemwheretasksare not
symmetricallyassignedEffectively, thesecondhysical
processobecomes serviceor co-processgisimilar to
theintentof our work with respecto anadditionalcon-
text of an SMT processarHowever, mary large-scale
benchmarkperform betterin virtual mode, which de-
faultsto the symmetricmodel, even thoughBGL was
originally notdesignedor this typeof use.

7. Conclusion

In this paper we explore an alternatie way to ap-
proachutilization of the additionalresourcesprovided
by an SMT processarWe departfrom traditional sym-
metric schedulingtechniquesand suggestedn operat-
ing systemmodi cation thatilluminatesa new pathin
light of the diminishing returnsthat result from con-
ventional symmetricmultiprocessingWe achieve this
goal while maintainingcompatibility with existing al-
gorithmsaswell asthe addedbene t of being ableto
utilize bothexistingandnew paradigmsn thesamesys-
tematruntime.

2 ThePawerPC440lacksactualSMP hardwvare,sothe processors
onaPEarenotL1 cache-coherent.
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Ourresearctveri ed thatsomeapplicationgperform
betterwhen scheduledalone, as opposedio being co-
scheduledbn an SMT processanWe testedbenchmarks
and catgyorizedtheir behaior into thosewhich do and
donotperformwell onanSMT. We alsoshovedthatour
modi cation to a corventionaloperatingsystemallows
poor SMT performergo realizea performanceain. Fi-
nally, we shoved thatthe e xibility of our systemcan
achieve a best-of-both-werlds resultwhenfacedwith a
heterogeneouapplicationworkload.
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