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Abstract

SimultaneousMultithreading (SMT) has become
common in commercially available processors with
hardware supportfor dual contexts of execution.How-
ever, performanceof SMTsystemshasbeendisappoint-
ing for many applications.Consequently, many SMT
systemsare operated in a single-context con�gura-
tion to achievebetteraveragethroughput,dependingon
theapplicationdomain.

This paper �r st examinesthe performanceof sev-
eral benchmarksprogramsin both uniprocessormode
(onehardwarethreadcontext) andSMTmode(twocon-
texts) on a HyperthreadedPentium4. Basedthesere-
sults,threeclassesof applicationscanbedistinguished:
1) thosethatpreferto executein SMT, 2) thosethatpre-
fer uniprocessor-mode, and 3) thosethat do not care.
Our classi�cation takes into accounttwo aspects:(a)
the performanceof the applicationitself whensharing
thesystemand(b) theperformanceof otherapplications
whoseconcurrentexecutionis beingaffected.

Thepaperintroducesa novel bi-modalschedulerfor
Linux that continuouslyalternatesbetweentwo distinct
modes:SMT andUNI. TheSMTmodeusesthestandard
LinuxSMPschedulerwith its supportfor SMTwhile the
UNI modeusesthestandard uniprocessorscheduler, ac-
tivating onlyonehardwarecontext. Thus,thesystemal-
ternatesbetweenoperating as an SMT and operating
as a uniprocessoreven though its hardware is multi-
threaded.An application labeledas UNI will only ex-
ecutein the UNI modephasewhile SMT applications
run concurrently. In addition,we provide a third class,
calledANY, for processesthatareagnosticwith regard
to SMT.

Needa resultssentencehere!

1. Intr oduction
SimultaneousMultithreading(SMT) is a processor

designthatsupportsmultiplethreadswith separatehard-
ware contexts to dispatchinstructionsin parallel on a
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singleprocessorcore,i.e., SMT createsmultiple logical
processorswithin a single physicalprocessor. In con-
trast,anSMP(or aCMP—chipmultiprocessor[10, 15])
executesconcurrentthreadson distinctphysicalproces-
sors in which sharingstartsin the memoryhierarchy,
usuallyat theL2 or theL3 cache.

SMT wasmotivatedby thelimitationsoninstruction-
level parallelism within single-threadedapplications.
Hence,SMT replicatessomemicroprocessorstate(e.g.,
register �les) for each thread context it can concur-
rently execute,but the majority of microprocessorre-
sourcesareshared,includingfunctionalunitsandtheL1
cache.A few sharedresourcesare partitionedequally
to all threads(e.g., queues)but most resourcesare al-
locateddynamicallyon demand(e.g., caches).Because
concurrentthreadscompetefor more resourcesin an
SMT, thereis greaterpotentialfor interferenceandper-
formancedegradationthan in an SMP. However, there
arepotentialbene�ts to this increasedsharing.In par-
ticular, sharing all of the cachehierarchy can make
inter-threadcommunicationand synchronizationinex-
pensive.

An SMT microprocessorfetches,issues,and exe-
cutesinstructionsfrom multiple threadson every cycle.
It canprocessinstructionsfrom differentthreadswith-
out hardware or software context switches.This is a
distinctadvantageoversingle-threadeduniprocessorsor
traditionalmultithreadedmicroprocessors[5, 6]. There-
sultantinterleaving of streamshastwo primary advan-
tages.First, an SMT canmoreeasily toleratememory
latency becauseit canexecuteinstructionsfrom another
thread.Second,concurrentlyexecutingmultiple threads
tendsto increasethe utilization of the microprocessor
dueto betterinstructionmix. Thesetwo advantagesare
referredto asreducingverticalandhorizontalwaste,re-
spectively [24].

SMT hasa small additionalcostbut large potential
gains.This is verydifferentfrom otherarchitecturefea-
tures,such as super-scalarexecutionand branchpre-
diction, in which performancegains (up to � ve-fold)
arelessthanthe additionalresourcescommitted(a 15-
to 18-fold increasein resources)[12]. In contrast,In-



tel reportsthataPentium4 with Hyper-ThreadingTech-
nology (Intel's SMT implementation)shows a 30% in-
creasein performancewith only a 5% increasein die
space[12]. Not surprisingly, SMTsarebeingadoptedin
many contemporaryarchitectures,rangingfrom proces-
sorsby Intel to IBM andSun.

Overall, SMT is a novel microarchitecturethat has
the potentialto boostperformancesigni�cantly. How-
ever, performanceof SMT systemshas been disap-
pointingfor many applications.While peakperformance
gainsof up to 30% have beenobserved for dual con-
texts [12], SMT is reportedto adverselyaffect the per-
formanceof many applicationsin practice.In fact,many
SMT systemstodayareoperatedin asingle-context con-
�guration to achievebetteraveragethroughput,depend-
ing on theapplicationdomain.

This differencein applicationbehavior can, in part,
be attributedto a lack of operatingsystemsupportfor
SMTs.In anä�veapproach,anSMT is treatedasasym-
metric multiprocessor, whereeachlogical processorin
the SMT is treatedas a fully-vestedphysicalproces-
sor. While this approachenablesbasicSMT function-
ality, it doesnot fully exploit the potentialbene�ts of
SMT. Justasthe introductionof multiprocessorsneces-
sitatedinnovation,thearrival of commerciallyavailable
SMT microprocessorscalls for new softwarearchitec-
ture.Speci�cally, thereis aneedto developnew mecha-
nismsto exposeandcontrolSMT features.Further, there
is aneedto developnew executionmodelsfor operating
systems,applicationsandmiddlewarethatexploit SMT.

In this paper, we assessthe short-comingsof pure
hardwaresupportto SMT and,instead,promoteasyner-
gistic approachbetweentheoperatingsystemandSMT
hardwarewith two logical processorcontexts.We show
that event-drivenactivities andkernel taskscanalmost
entirely be directedto one logical processorto spare
thesecondonefrom interruptsor otherkernelcode.We
termthisanAsymmetricMultiprocessing(AMP) mode.
A dedicatedkernelcontext effectively transformsacon-
ventionaldual-context SMT systeminto onethatclosely
resemblesthe performancecharacteristicsof a single-
context systemwhile handlingkernelcodeonthesecond
context. More signi�cantly, we show that applications
can easily be characterizedinto two classes:one that
bene�ts from SMT systemsandanotherthat thrivesin
a singlecontext AMP con�guration whenkernelactiv-
ity is present.Ourhybriddesignexploitssuchcharacter-
izationby dynamicallyswitchingbetweenoneandtwo
contexts, dependingon the active application.We fur-
ther demonstratebene�ts of AMP in increasedrespon-
sivenessandpredictabilityof applicationperformancein

the presenceof high interruptarrival rates.Hence,our
synergisticOS/hardwareapproachis notonly bene�cial
for alternatingexecutionsof applicationswith different
SMT characteristics,it alsoprovidessustainedrespon-
sivenessand predictability during unexpectedand fre-
quentinterrupts.

The paperis structuredas follows. Sections2 and
3 presentthe designand implementationof our AMP
mode,respectively. Sections4 and5 provide theframe-
workandresultsfrom experiments,respectively. Section
6 relatesourcontributionsto prior work. Section7 sum-
marizesourwork.

2. Asymmetric-Multipr ocessingScheduler
In this section,we describethe designof a sched-

uler for asymmetricmultiprocessing(AMP). Our work
is originally motivatedby a lack of systemsupportfor
exploiting SMT architectures,andourdesignaimsat in-
tegration into the Linux kernel. Nonetheless,the con-
ceptsof AMP generalizebeyond Linux andareexten-
siblebeyonddual-context SMT architecturesto a larger
numberof contexts.

2.1. SchedulerDesign
AMP is supportedby modi�cationsto aconventional

operatingsystemscheduler. WeintegratedAMP into the
Linux 2.6kernelasaproof-of-conceptfor ourdesign.In
the following, we will brie�y outline the designof the
relatedkernel structuresand algorithms.Our changes
to Linux aremadeprimarily in theactualkernelsource
code.Other additionsare mostly support-related(e.g.,
thecontrolinterface)andareencapsulatedwithin aload-
ablekernelmodule.

TheoriginalLinux taskscheduleris effectively unbi-
asedbetweenkernelandusertasks.Hence,taskscanbe
scheduledon eithercontext of an SMT. Our AMP de-
sign,in contrast,ensuresthatkerneltasksandusertasks
areassignedto separatecontexts. As such,the proces-
sorcanalternatebetweenanunpartitionedmodefavor-
ing usertasksandapartitionedmodewherekerneltasks
andusertasksexecutein separatecontexts.

Tasks are assignedto processorcontexts in AMP
mode by the algorithm depicted in Figure 1. Note
that this design builds on the existing algorithm
present in Linux and only requires minor modi�-
cations. The �rst conditional block is an existing
mechanismfor providing CPU af�nity in an SMP sys-
tem. The allowed cpus �eld of the task struc-
ture is a bit mask,wherea set n-th bit indicatesthat
processorn can execute the task. The secondcon-
ditional block is novel and unique to our design. It
checksif thenext taskselectedfor executionshouldex-
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schedulenext task()f
BEGIN:

/* Existingperformancetweak*/
if (!match(next! allowed cpus,this cpu))f

next = get next task();
gotoBEGIN

g

/* New assignmentcode*/
if (match(task! type,this cpu duty)) f

gotoRUN TASK;
g elsef

next! allowed cpus-= this cpu;
next = get next task();
gotoBEGIN

g
RUN TASK:
g

Figure 1. Modi�ed scheduling algorithm
for AMP mode

ecute on the current context accordingto the AMP
policy.

In practice,the new code is 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 thecorrectcontext. Sincebothcontexts fetch
from the samerun queue,tasksnot allowed to execute
on a context arequickly identi�ed at thetop of therou-
tine without re-executingthe logic detailedin Figure1.
Thismodi�cation only slightly changestheexistingtask
selectionlogic and,hence,canbeselectively enabledor
disabledat runtime.Thereby, the operatingsystem(or
user)canselectthemodethatprovidesthebestperfor-
mance.

The AMP modealso impactsthe idle stateduring
scheduling.In Linux, aspecialkerneltask,theidle task,
is scheduledon unusedprocessorswhenthenumberof
processorsexceedsthe numberof runnableprocesses.
OnanSMT, theidle taskexplicitly issuesa halt instruc-
tion, which delaysexecutionuntil thenext hardwarein-
terrupt.Whenissuinghaltononecontext of anSMT, all
sharedresourcesare relinquishedto the other running
context on the Intel architecture,i.e., the processoref-
fectively becomesunpartitioned.Hence,when thereis
only onerunnabletask,all processorresourcesareallo-
catedto that task.Theprocessoris effectively a unipro-

cessor, which allows the runningtaskpotentiallyto in-
creaseits performance.Whenoperatingin AMP mode,
the context dedicatedto kernel tasksrejectsany user
tasksso that the idle task is invoked in the absenceof
runnablekerneltasks.Hence,resourcesarerelinquished
in favor of usertaskswhenever possible,i.e., whenno
kerneltasksarepending.

2.2. A Context for Event Handling
Thekernelcodeof anoperatingsystemis comprised

of integer-basedwork. But in contrastto integer-based
applications,kernelcodeperformsworse.Previousstud-
ies have shown that the operatingsystemexecutesso
infrequentlythat branchpredictionsand cacheperfor-
mancesuffer [17, 9, 4]. This behavior resultsin favor-
able conditions for user applicationsco-scheduledin
the adjacentcontext during AMP mode.First, the op-
eratingsystemis interleavedwith applicationexecution.
Hence,poorperformancein kernelroutineswill notsig-
ni�cantly delaytheexecutionof theapplication.Second,
the dynamicnatureof resourcebinding in Intel SMTs
causesthepoorly-performingkernelcodeto utilize few
resources,therebyminimizing theimpactof theconcur-
rentlyexecutingusertask.

Our subsequentexperimentswill show that bene�ts
can be found when dissimilar resourcesare utilized.
For example,�oating-point intensive computationsin-
troduceconstraintsthat can be exploited by AMP. We
also observed bene�ts for integer-basedapplications.
Overall, some�oating-point andsomeinteger applica-
tionsbene�t while othersdonot.

TheAMP modeprovidesa clearseparationbetween
kernel and usertasks.This designis particularly suit-
ablefor interrupthandling,suchthatkerneltasksdueto
eventsarehandledona dedicatedcontext. In traditional
systems,frequentinterruptsimpedetheprogressof user
tasksandcanadverselyaffect their performancedueto
pollution of caches,branchpredictorsand branchtar-
getbuffers(BTBs)aswell asotherresources.TheAMP
mode,in contrast,providesa naturalboundarybetween
usertasksandinterruptactivity by separatingtheminto
differenthardwarecontexts.Certainresourcesarerepli-
cated,suchasBTBs,whereasothersmaystill beshared,
suchascaches.While sharedcachesmay suffer occa-
sionally from additionalmissesin�icted by context ex-
ecutinga kerneltask,they remainwarm with regardto
theapplicationsinceit continuesto execute.Overall,the
AMP designbearsthepotentialfor increasedthroughput
that canbe attributedto a reductionin both horizontal
and vertical waste(i.e., increasedresourceparallelism
andcycleutilization)aswell ascachebene�ts [23].
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Exploiting theAMP modefor interruptsrequiresad-
ditional modi�cations to the operatingsystem.Linux
separatesinterrupthandlinginto a short“top half” han-
dler anda “bottom half” routine for longerprocessing
activity in responseto anevent[11]. If the interruptoc-
curredduringanidle period,thebottomhalf is serviced
immediately. If, however,ataskwasinterrupted,thebot-
tom half is enqueuedasa kerneltaskfor later process-
ing within the “kernel idle task” (aka. ksoftirqd ).
Shouldthe bottomhalf be delayedtoo long, its execu-
tion maybepromotedto avoid buffer over�ows.

We exploit the interrupt-handlingmechanismin
Linux speci�cally to caterto theAMP mode.Whenrun-
ning in AMP mode, bottom halves of interrupts are
boundto the context assignedto kernel tasks.This al-
lows the systemto executethe interruptbottomhalves
concurrentlywith a runningusertask without ever in-
terrupting the latter. The details of our modi�ed
interrupthandlingmechanismaregiven 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-
videdscheduleroptimizationsfor asinglerunqueueper
physicalprocessoraswell asanoptimizedidle loop for
SMT processors.

3.1. Linux Scheduler
Changesto theLinux schedulercloselyresembleour

designpreviously discussedin the context of Figure1.
Justbeforethe schedulertransferscontrol to the next
taskto be executed,the enhancementsdepictedin Fig-
ure2 aretriggered.

if (AMP ISON&& AMP THISCPU)
if (next! mm!= NULL) f

cpu clear(cpu,next! cpusallowed);
next = rq! idle;
gotoswitch tasks;

g

Figure 2. Actual scheduler modi�cations

The �rst conditionalguardsthe statementsbelow to
ensurethatAMP modeis enabledandthecurrentCPUis
theonededicatedto kerneltasks,only. Thesecondcon-
ditional checksif the next taskselectedis a usertask.
In this case,the CPU maskis set on the usertask so

that it will not beconsideredfor laterexecutionon this
CPU. The last two lines selectthe idle task to be exe-
cutednext on thiscontext beforejumpingdirectly to the
context switchingcode.This approachis customaryfor
selectinganalternatetaskasthe idle codeimmediately
checksfor runnableprocessesbeforeidling. Hence,we
ensurethattheselectioncode(beforeourcodeshown in
Figure2) for anotherrunnabletaskis properlyre-run.
3.2. RedirectingSoftIRQs

As previously mentioned,the top half interruptpro-
cessingsystemis left unchanged.This simpli�es the
modi�cations to the system,as it limits the interaction
with device drivers and other hardware-relatedcode.
Due to the dual-phasenatureof the interrupt system,
thisis of little consequenceto ourperformancemeasure-
mentssincethe top halvesof interruptsaredesignedto
completewithin a very short amountof time, thereby
minimizing their impact on the preemptedtask.Also,
the latency of many partsof thesystemmaydependon
thespeedat which thetophalvesexecute.We did, how-
ever, modify the behavior of the bottom-half interrupt
processingsystem.

The primary methodfor handlinginterruptbottom-
half processingin Linux is throughthe useof softirqs,
i.e. a uniquenumberthatidenti�es thebottom-halfhan-
dler. Softirqsareregisteredwhendevice driversregister
their top half InterruptServiceRoutine(ISR) with the
operatingsystem.Upon raisinga softirq, its handleris
assignedfor processingon oneof theprocessorsin the
system.While the top half remainsunaltered,the logic
of the softirq processingroutine,( do softirq() ),
is enhanced.

On an SMT, both contexts routinely execute the
do softirq() routine,which we modi�ed as fol-

lows. When AMP mode is enabled,the context dedi-
catedto usertasksonly runssoftirqs thatmatcha mask
setdynamicallyatruntime.Themaskallowsusto retain
certainsoftirqs in the usercontext sinceselectedker-
nel tasks,suchasthe timer handler, mustberun on the
context handling the top half to retain operationalin-
tegrity of the system.Nonetheless,the majority of the
softirqs canbe divertedto the kernelcontext by mask-
ing themin theusercontext. Hence,thekernelcontext
processesall pending softirqs and, in addition, col-
lects softirqs that were raisedon the usercontext. To
safely divert softirqs, locking was required for rais-
ing andclearingsoftirqs.

Linux alsoprovidesanothermechanismfor sequen-
tial queuing and execution of lower-priority bottom
halves,so-calledtasklets. The taskletmechanismsim-
ply chainsscheduledwork togetherandprocessesit se-
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quentially instead of observing the priority-based
handling of softirqs. In fact, tasklet processingis in-
voked from the lowest-priority softirq. Similar mod-
i�cations were made to the tasklet systemto ensure
that all were processedby the dedicatedkernel con-
text.

3.3. AMP Control Module
Supportfor theAMP schedulingmodewasprovided

by a controlmodulethatcanbedynamicallyloaded.Its
primary purposeis to facilitate the transitioningfrom
non-AMPmodeto AMP mode.In addition,it adjuststhe
softirq maskfor theusercontext. Insertionof themod-
ule immediatelytransitionsto AMP mode,andaninter-
faceto the/proc �lesystemis providedfor adjustingthe
softirq maskfor theusercontext. Themodulealsopro-
videsdiagnosticinformation,which we useto observe
the functionality andperformanceof our modi�cations
to theinterruptsystem.Loadingthemoduleinto theker-
nelat runtimeeffectively enablestheswitchingbetween
non-AMPmodeandAMP modefrom userspace.

4. Experimental Framework
We designeda numberof experimentsto assessthe

meritsof our implementationof AMP schedulingon an
Intel Pentium4 with SMT (Hyperthreading)support.In
theexperiments,theAMP modeis comparedto conven-
tionalschedulingonthesamehardwarewith two �a vors
for a total of threeschedulingvariants.

1. Uniprocessor(UP) modetreatsthe SMT proces-
sorasa normaluniprocessor, i.e., thesecondhard-
warecontext of theSMT is disabledto makeall re-
sourcesavailableto onecontext, only.

2. Simultaneousmultiprocessing(SMP) modeis the
default schedulingpolicy to handlemultiple pro-
cessorsunderLinux. In this mode,a multi-context
SMT processoris treatedasa conventionalshared-
memory multiprocessor, i.e., subtletiesof SMTs
are mostly ignored.It shall be remarked that the
Linux SMP supportincorporatessomespecializa-
tions to re�ect thedifferencesspeci�c to an SMT,
asmentionedin Section3,but theseareminorcom-
paredto ourAMP design.

3. AMP providesthenovel abstractionof a dedicated
context for kerneltasksbesidesanothercontext for
usertaskspreviously introducedin this paper.

We evaluatedthe impactof theseschedulerson per-
formancefor asubsetof theSPEC2000benchmarks[2,
1]. Thebenchmarkschosenwereamix of �oating-point
and integer programsthat would �t completelyinto a

quarterof our available memorywithout the needfor
paging.

First, we assessthe completion time for n tasks
(threads)of a benchmark(identical executionsof the
sameapplication),wheren variesbetweentwo andfour.
The objective of this experimentis to assessif thepar-
allelismof SMTscanbeexploited in SMPmodewhen
tasksdispatchinstructionsin parallelasopposedto seri-
alizingtheirexecutionin UPor AMP mode.Thesecond
context in AMP moderemainsun-utilized in theseex-
periments.The specialcaseof just onethread(n = 1)
wasexcludedsinceit would not triggerany parallelism
at theSMT and,hence,doesnotmeetourobjective.

Second,we repeatthesameexperiment,but we also
triggerkernelactivity by imposingconsiderablenetwork
traf�c in fastsuccessionon the system.This illustrates
how well kernelactivity canbe sustainedin the differ-
entmodes.In UP andSMPmodes,usertasksareinter-
ruptedandupperaswell as lower halvesof interrupts
areexecuted.With AMP, virtually all lower halvesare
handledin thekernelcontext while theexecutionof the
benchmarkproceedsin theothercontext without inter-
ruption.

Third, we assessbene�ts of dynamicallyswitching
modesdependingon the“best�t” of a modefor a given
applicationin the presenceof network (kernel) activ-
ity. This illustratesthe potentialof our AMP modefor
integration with the SMP mode.The schedulercould
then be enhancedto executeapplicationssuitablefor
one mode while queuingothersthat excel in another
mode.At shortintervals,modesandqueuescould then
be swapped,potentially preemptingany running tasks
and,thus,deferringthemto thenext modechange.

The network activity imposedin theseexperiments
follows a client-server messagingparadigmwherethe
server resideson the benchmarked platform while the
client is located on a separatecomputer. The proto-
col resemblescommonclient-server interactionswhere
largeblocksof dataarecontinuallybeingrequestedby
client(s)andsuppliedby theserver. This resemblesthe
I/O-boundload that simpleweb serversor customized
data-feedbackapplicationsgenerate.Client requestsare
relatively smallwhile server responsesaremuchlarger
in size.

The experimentsarespeci�cally designedto 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 assessingthe completion time over all
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four threads.This is depictedin Figure 3. The wrap-

fork n times;
if (parent)f

while (numbercomplete¡ n) f
wait for child exit();
re-spawn anew child;

g
g elsef

schedyield();
executebenchmark;

g

Figure 3. Multi-Thread execution algorithm

per spawns a �x ed numberof threadsof the sameap-
plication. When a threadcompletes,anotherthreadis
startedimmediatelyso asto guaranteea constantload,
i.e., threadsrun with identicalresourcecontentiondur-
ing our measurementswhenexploiting the SMT archi-
tecture.

The sched yield() ensuresthat new tasksfor-
feit theirright to executeimmediately, whichgivesother
threadsa chanceto be spawnedbeforeexecutionpro-
ceeds.The timing measurementsonly re�ect the com-
pletion timesof the �rst n threads,i.e., four threadsin
our theexample.More speci�cally, theoverall comple-
tion time of n threadsspansthe period from creating
thethreadsto thecompletionof thelast(slowest)of the
threads.Theruntimeoverheadof re-spawnedthreadsis
not included.This re-spawning techniqueis crucial for
consistentresultsandhasbeenusedbeforein SMT ex-
periments[23]. If wedid not re-spawn, threeof thefour
threadsmay �nish early while the remainderof execu-
tion for thelastthreadwouldproceedatafasterpacedue
to reducedresourcecontention.Averageiterationtimes
perthreadwerealsomeasuredandarediscussedin a �-
nal setof experimentsto assessthepredictabilityunder
the differentmodes.The overall completiontime pro-
videsa fair performancemetric sincewe want to com-
parework undera constantloadscenario.

5. Experimental Results
We conducteda numberof experimentsto assessthe

bene�ts of asymmetricmultiprocessing,as outlined in
the previous section.First, eachbenchmarkis consid-
eredin isolationfor (a)UP, (b)SMPand(c) AMP modes
in (1) absenceand(2) presenceof kernelactivity. Sec-
ond,executionof differentbenchmarksisconsideredun-
der dynamicmodeswitchingbetweenAMP andSMP.

Third, theperformancepredictabilityis assessedfor the
differentmodes.

5.1. HomogeneousWorkload Tests
Tables1 and 2 depict the performanceresults for

the SPECbenchmarksART and MESA, respectively.
Thesebenchmarksarerepresentativefor thebehavior of
theotherSPECbenchmarkstested.Hence,we will �rst
discusstheseresultsin detail beforepresentingthe re-
sultsfor all testedbenchmarks.For eachbenchmark,we
testedthecompletiontimefor thethreemodesUP, SMP,
AMP. Within eachmode,we benchmarked con�gura-
tionswith two, threeandfour threads(2T, 3T, 4T). We
depictthecompletiontime (CT) in seconds(Columns3
and5) andtheirchangeto thecorrespondingUPcon�g-
uration.We alsodistinguishtheabsenceof kerneltasks
or network activity (Columns3 and4) andits presence
(Columns5 and6).

Without Net With net
Mode Con�g CT %-Change CT %-Change

UP
2T 84.67 0.00% 95.67 0.00%
3T 129.33 0.00% 146.33 0.00%
4T 170.00 0.00% 192.00 0.00%

SMP
2T 86.00 1.55% 103.33 7.41%
3T 159.00 18.66%179.00 18.25%
4T 173.33 1.92% 207.67 7.55%

AMP
2T 85.00 0.39% 88.00 -8.72%
3T 125.33 -3.19% 135.33 -8.13%
4T 170.33 0.19% 176.33 -8.89%

Table 1. Ar t Runtime [sec] and Chang e to
UP

Without Net With Net
Mode Con�g CT %-Change CT %-Change

UP
2T 327.67 0.00% 378.00 0.00%
3T 491.67 0.00% 576.67 0.00%
4T 659.00 0.00% 777.33 0.00%

SMP
2T 438.67 25.30%286.67 -24.16%
3T 426.33 -15.33%492.67 -14.57%
4T 520.33 -26.65%574.67 -26.07%

AMP
2T 340.67 3.82% 367.67 -2.81%
3T 518.33 5.14% 549.67 -4.91%
4T 702.33 6.17% 743.67 -4.52%

Table 2. Mesa Runtime [sec] and Chang e
to UP
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Figure 4. Impr ovement 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 traf�c, UP outperforms
SMP marginally while AMP remains mostly unaf-
fected(smallwin or loss).However, whennetwork traf-
�c is added,SMPsuffersperformancelossesof 7-18%
while AMP gains8%in speed.Noticethatanoddnum-
ber of threads (3T) gives signi�cantly different re-
sults than an even number of threads(2T and 4T).
This anomalywill be discussedlater. Overall, ART fa-
vorsauniprocessormode(UPor AMP) overamultipro-
cessormode.ART is a �oating-point intensive bench-
mark that ef�ciently utilizes the resourceswith a sin-
gle benchmarkthread.Additional threadsresult in an
overall reductionof performancedue to resourcecon-
tention.

In contrast,theresultsfor MESA in Table2 illustrate
that, in theabsenceof network traf�c, SMPsometimes
outperformsUP while AMP lagsbehindUP. Whennet-
work traf�c is added,SMP alwaysoutperformsUP by
14-26% while AMP gains only up to 5% in speed.
Again, resultsfor oddnumbersof threadsareexplained
later. However, we cannotexplain the 25% decreasein
performancefor two threadsin SMP mode,which is
reproducible.Overall, MESA favors a multiprocessor
modeover a uniprocessormode.MESA is an integer-
centricbenchmarkthat doesnot fully utilize resources
from a single thread,i.e., a secondthreadof the same

workloadstill resultsin betterresourceutilization.
It is not imperative to understandthe causeof bet-

ter or worse performancefor any speci�c benchmark
in our work. Instead,we needto be able to observe if
a benchmarkfavors uni- or multiprocessorsto decide
uponschedulingmodes,aswill be shown later. Of the
benchmarkstested,ART andMESA representour best
performersin the presenceof network traf�c for AMP
andSMP, respectively. We found that it is suf�cient to
comparethebehavior of benchmarksbetweenAMP and
SMPmodein thepresenceof network activity irrespec-
tiveof thenumberof threads.

Figure4 depictstheresultsfor all testedbenchmarks
undernetwork traf�c for four threads.Improvementsin
completiontime are reportedfor AMP and SMP rela-
tive to UP. The�rst threeapplicationsseea largerbene-
�t whenrunningin AMP modecomparedto SMPmode.
The last threeapplications,however, bene�t morefrom
SMP mode.Notice that the workloadwasnot decisive
for the behavior of a benchmark.Some�oating-point
benchmarksfavor AMP, othersexcel underSMP (and
similarly for integerbenchmarks).

The detailedresults from the testedSPECbench-
marks for different number of threads and pres-
ence/absenceof network traf�c lead us to the follow-
ing conclusions.First,weobservethatAMP modedoes,
in fact,behavealmostidenticallyto UP modein theab-
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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 categories: one that favors multiproces-
sors,calledpro-SMP, andonethatfavorsuniprocessors,
referredto aspro-AMP. Thenamingof the latter is jus-
ti�ed becauseAMP always performsas well or better
thanUP while exhibiting many of thesamecharacteris-
tics. The assignmentto categoriesis shown in Table3.
Interestingly, thepro-AMP category is alsothe pro-UP

Category Member Benchmarks
pro-AMP Vpr, Crafty, Art
pro-SMP Vortex, Mesa,Equake

Table 3. Categorization of Benc hmarks

categorywhenignoringnetwork activity. Thus,applica-
tionsthatperformbetterona uniprocessorthanin SMP
modealsoperformbetterin AMP mode,evenwhennet-
work activity is present.Thus,addingthe AMP func-
tionality to the operatingsystemprovides the ability
to utilize the additionalresourcesandcapabilitiespro-
vided by the SMT processorwithout running in a
normal SMP mode when such a mode is detrimen-
tal to performanceof a speci�c application.

5.2. Hybrid Tests
Our modi�cations to the operatingsystemextend

beyond a single, static choice of schedulingmode to
wheredynamic transitioningbetweenAMP and SMP
modecanbeaccomplished.SinceneitherAMP norSMP
modesoffer thebestperformanceby themselvesfor dif-
ferent benchmarks,the schedulercan then choosethe
mostappropriatemodefor anapplication.We designed
a hybrid SMP+AMP modethat executesonehomoge-
neousbenchmarkin one mode,issuesa modechange
andthenrunsthe othermode.The performanceof the
hybrid modeis thencomparedto the completiontime
over both benchmarksfor any single mode(UP, SMP
andAMP).

Our AMP-modi�ed kernel was originally de-
rived from an SMP kernel. Hence, disabling AMP
modecausesit to behave exactly like the SMP mode.
Thus, we can observe the performanceof a hy-
brid run by simply combining the appropriate re-
sults from previous runs. We conductedexperiments
to run a pro-SMPbenchmark,insertedthe AMP con-
trol module described in the implementation and
then executeda pro-AMP benchmark.After exclud-
ing the (small) mode switch overhead, the overall

completion time matches the sum of the individ-
ual benchmarktimes for the respective 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 modesby thescheduler. Thehybrid modeal-
lows one to select the fastestrun of each applica-
tion,which indicatesthebestmodefor eachapplication.
The result is then known to be in the smallestpossi-
bleoverall sum.

Consider the results for sequentialexecutions of
CraftyandEquakedepictedin Table4. Theoverall run-

Mode Crafty Equake 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
modeand Equake in SMP mode,is the lowest possi-
ble value (including any single-modeas well as any
otherhybrid run).

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

Mode Art Mesa Total
UP 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 Ar t and
Mesa (4 Threads plus Network Activity)

modewith a22.2%gainoverUP, whichoutperformsthe
18.9%gainof thesecond-bestchoice(SMP-only).

We thendeterminedthe overall completiontime for
various combinationsof two benchmarkswhere one
bene�tsfrom AMP while theotherexcelsin SMPmode.
Weplannedto testthissimplehybridstrategy by choos-
ing two applications,oneof which bene�tedmorefrom
SMPmodewhile theanotherbene�ts morefrom AMP
mode.A comparisonof all projectedhybrid runtimesis
givenin Figure5.Theoverallruntimeoverheadisshown
for AMP andSMPmodesaswell asthehybridcombina-
tion. Thechartillustratesclearlythatthehybridsolution
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Figure 5. Hybrid Runtimes [sec]

alwaysoutperformsany singlechoiceof modewhenap-
plicationsfavor oppositemodes.In somecases,how-
ever, thedifferencebetweenahybridandstaticmodesis
sosmall that thebene�t maynot justify a modeswitch.
In others,a signi�cant improvementsareseen.In prac-
tice, the challengefor the hybrid solutionis to balance
thedynamicworkloadbetweenbothmodeswithout af-
fecting the responsivenessof taskswhenhybrid is im-
plementedwith separaterunqueues,assuggestedin our
implementation.

5.3. PerformancePredictability

Wenext conductedexperimentsto assessthevariance
in executiontime underdifferentmodesof execution,
bothwith andwithoutnetwork traf�c. Table6 showsre-
sultsfor a dual-threadedmicrobenchmarkwith a work-
load in the inner loop that is sampled9969timesin an
outerloop.Speci�cally, theworkloadconsistsof multi-
ple independent�oating-point (FP) calculations,which
shouldprovidesuf�cient instruction-level parallelismto
utilize all FPresourcesin a singlethread.Thecolumns
of the table depict the averageruntime (in seconds),
standarddeviation, minimumandmaximumfor the in-
nerloop of thebenchmarkfollowedby theaveragerun-
time for the entire benchmark.Thesenumbersare re-
portedwith andwithout network activity (Columns4-8
and9-13,respectively)aswell asAMP andSMPmodes.

For eachmode,threerunsof two threadseacharemea-
sured.

The resultsin the tableshow that runtimesarevery
predictablein the absenceof network traf�c sincethe
standarddeviation is constantlylow for both AMP and
SMP. Whenaddingkernelactivity (network traf�c), the
standarddeviation for AMP only increasesinsigni�-
cantly. Hence,AMP remainspredictablewith network
traf�c. In contrast,the standarddeviation for SMP in-
creasesby anorderof amagnitude.Thus,SMPbecomes
signi�cantly lesspredictablein thepresenceof network
activity.

These�ndings illustrate the bene�ts of AMP in in-
creasedresponsivenessandpredictabilityof application
performancein the presenceof high interrupt arrival
rates.Hence,our synergistic OS/hardwareapproachis
notonly bene�cial for alternatingexecutionsof applica-
tionswith differentSMT characteristics,it alsoprovides
sustainedresponsivenessandpredictabilityduringunex-
pectedandfrequentinterrupts.

5.4. Anomaly for Odd Number of Thr eads
We alreadyindicatedin thecontext of discussingTa-

bles1 and2 theexistenceof any anomalyfor oddnum-
berof threads.Speci�cally, largediscrepancieswereob-
served for singlecompletiontimesof any of the three
threadswhile theaveragetimeoverthethreadsremained
relatively constantand closeto our expectations.This
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WithoutNet With Net
Mode Trial Thread Runtime St.Dev. Min Max Average Runtime St.Dev. Min Max Average

AMP

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 15.55 7.12% 0.52% 3822.79 81.00 48.63 6.86% 5.15% 4047.25
2 2 76.56 14.47 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 48.55 6.67% 5.95% 4049.84
3 2 76.55 14.66 7.05% 0.56% 3822.56 81.19 48.26 7.22% 4.46% 4049.79

Avg 76.43 15.16 7.46% 0.54% 3822.84 81.05 48.95 7.34% 5.13% 4047.39

SMP

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
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]

causedthecompletiontimeto varyasit encompassesthe
periodfrom startof all threadsto completionof thelast
thread.Thisoverallcompletiontimewasalwayssigni�-
cantlygreaterthantheaverage.Sinceanevennumberof
threadsdoesnot exhibit this behavior, we hypothesized
thatthecausewasrootedin schedulingdetailsfor anodd
numberof threads.Experimentswith � ve threadsreaf-
�rmed oursuspicionasthey yieldedthesameanomalies
andleadus to believe that measuredcompletiontimes
arenot reliablefor anoddnumberof threads.

Uponfurtherexamination,it wasdiscoveredthatthe
standardLinux scheduleris not completelyfair to each
of the threethreads.The threadsappearto be sequen-
tially pinnedto CPUs.Hence,anevennumberof threads
(or, more accurately, a threadcount which is a multi-
ple of thenumberof CPUsin thesystem)resultsin an
evenly distributed load. Conversely, an odd numberof
threadsin�icts an uneven load. In sucha case,all pro-
cessesshouldbescheduledround-robinonanyavailable
SMT contexts to ensurea fair time distribution. There
simply is no bene�t to dispatcha preemptedcontext to
its original context in anSMT sinceevenL1 cachesare
sharedandotherresources,suchasBTBs,arelikely in-
validateddueto context switching.We believe that the
currentLinux schedulerrequiresround-robinenhance-
mentswithout CPUpinningwithin contextsof anSMT.

6. RelatedWork
Applicationsrarely fully utilize modernprocessors.

This is oftendueto thelatency of otherdeviceswithin a
system,uponwhich theexecutingapplicationdepends.
For in-orderpipelinedarchitectures,multithreadingpro-
videsincreasedprocessorutilizationby multiplexing the
availableresourcesamongmultiple instructionstreams.

Theresultis not a fasterexecutiontime for a singleap-
plication, but rather an increasedtotal throughputfor
multipleapplications.Earlymultithreadedarchitectures,
such as the MIT Alewife machine[3] and the Tera
computer[7] providedfasthardwarecontext switching,
whichallowedthepipelineto beloadedwith aninstruc-
tion from adifferentstreameverycyclewithoutpenalty.
Interactionsbetweenthe runningthreadswereminimal
becauseonly oneinstructionoccupieda given pipeline
stageat a time.

Theintroductionof superscalararchitecturesbrought
concurrentexecutionof multipleinstructionsfrom asin-
glestream.Suf�cient 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 any instructionstream.
Tullsenetal. describethisproblemin termsverticaland
horizontalwaste[24].

Vertical wasteoccurswhen the CPU issuesno in-
structionsfor a given cycle. Horizontal wasteoccurs
whenthe CPU is unableto �ll all available issueslots
in a cycle, which is a resultof low threadILP. Simul-
taneousMultithreadingfocusesspeci�cally on reducing
horizontalwasteby giving the CPU additionalinstruc-
tion streamsfrom which it can�ll the remainingissue
slots.Thiscan,however, simultaneouslycombatvertical
andhorizontalwaste:agivencyclemaybe�lled with in-
structionsfrom any oneof thecurrentthreads,or it may
be �lled with a combinationof instructionsfrom more
thanonethread.
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6.1. Symbiotic Job scheduling
A simultaneouslymultithreadedprocessorintroduces

many complexities and unique characteristicsover a
similarly-equippedsingle-threadedprocessor. Mostcon-
ventionalmultiprocessorsystemsreplicateentireCPUs
to achieve parallelism.Sucha systemrequiresan oper-
atingsystemto intelligently scheduleprocessesto opti-
mizecacheperformanceandreducefalsesharing.Typ-
ically, an operatingsystemwould ignore things such
asthe functionalunit usagepro�le of concurrentlyex-
ecutingapplications,as the independentprocessorsdo
not sharetheseresources.Thesefactorsareexactly re-
versedin the caseof an SMT processorand provide
thejusti�cation for speci�c operatingsystemsupportfor
SMT CPUs.Whenco-schedulingtwo taskson the vir-
tualCPUsof anSMT, falsesharingcanactuallyincrease
performance(sincethecontextsshareacache),andpro-
cessesneednotberescheduledon thesameCPU,asthe
sharedcacheis warmno matterwhich context executes
the process.Similarly, functionalunits areshared,and,
thus,the operatingsystemcould increaseperformance
by intelligently schedulingprocessesthat would mini-
mizeinterference.

Snavely et al. usethetermsymbiosisto describethe
effectivenesswith which multiple jobsachieve speedup
when co-scheduledon a simultaneouslymultithreaded
processor[19]. They describeasystem,calledSOS,that
dynamicallydeterminesthemostbene�cial schedulefor
a set of tasks,basedon their measuredperformances.
This is referredto assymbioticjob scheduling[21] and
is a crucial stepin improving performanceon an SMT
system.They take their ideafurther[20] by introducing
weightsinto theirsystem,providing the(veryimportant)
ability to supportQoSwithin thesystem.This is a key
concept,asit is similar to ourwork, althoughit assumes
that the operatingsystemis alwaysscheduledwith the
highestpriority. Also, theSOSsystemspendsexecution
time measuringtheperformanceof many combinations
of runningtasksbeforedeterminingthe bestschedule.
Another solution,however, could be to classify appli-
cationsstatically, therebyeliminatingthe needfor run-
timesamplingandpreventingshort-livedprocessesfrom
hurtingtheperformanceof thesystem.

Settleet al. proposehardwaresupportthroughactive
performancecountersthatcanthensteerschedulingde-
cisionsin theoperatingsystembasedondifferentmem-
ory behavior of threads[18]. Co-schedulingof threads
with non-competingmemorybehavior is shown to en-
hancetheoverall throughput.Ourwork differsfrom any
of the above approachesby promotingan asymmetric
schedulingsolutionanddoesnot requireany hardware

enhancementsto existingprocessordesigns.
6.2. Other Asymmetric Systems

Theideaof a singlesystemwith multiple processors
dedicatedto separatedutieshasbeenin practicesinceat
least1964.The Control DataCorporation(CDC) 6000
seriescomputersusedthis techniqueto allow I/O par-
allelism [8]. One or two centralprocessorswere used
to perform high-speedarithmetic operationsand gen-
eralprogramexecution,muchlike theCPUsof today's
microcomputers.Additionally, small peripheralproces-
sors(PP)providedI/O servicebetweenexternaldevices
andcentralmemory(CM). ThePPseachhadsmallpri-
vatememoriesandaccessto all locationsof theCM. By
loadinga small programinto a PP's privatememory, a
complex I/O operationcouldbecarriedoutwhile allow-
ing thecentralprocessorto continueexecutionof other
tasks.Thus,the CDC 6000machinehadmultiple pro-
cessorsdedicatedto different tasksexecutingdifferent
code.Much of the CDC operatingsystemwas imple-
mentedin PPcode,1 resultingin asystemwheremostof
theOSwasexecutedon dedicatedprocessors,minimiz-
ing interferencewith usertasks.

Nahum et al. studiesthe effect of adding packet-
level parallelismby exploiting shared-memorymulti-
processors,speci�cally in termsof protocol overhead,
suchaslocking, for TCPandUDP enhancements[14].
Their objective was to obtain packet-level parallelism,
which was accomplishedbut limited in terms of the
amount of parallelism realized. Muir and Smith de-
signedan asymmetricmultiprocessingextensioncalled
Piglet,whichwasintegratedwith Linux [13]. Pigletpro-
videsaframesetabstractionto multiplex devicerequests
from multiple processesto a single device observing
QoSrestrictions,andthis multiplexing is realizedat the
driver level so that it can be decoupledfrom the ap-
plication. In their experiments,network requestscould
such be served on a different processorthan the ap-
plication within a two-way SMP. Rangarajanet al. de-
signeda systemcalled TCP Server that of�oads TCP
traf�c onto dedicatedSMP processorsor even differ-
entprocessingnodeswithin a cluster[16]. Their objec-
tive wasto off-load the even-increasingprocessingde-
mandsdueto high-bandwidthnetwork connections.In-
terruptwas replacedwith polling, andbuffering could
be avoided in someinstancesdue to the dedicationof
a processorto network traf�c. Interruptsweremasked
on theapplicationsideby reprogrammingthehardware
at the APIC level. Theseapproachesdiffer from our

1 The PPsuseda different ISA from the central processorand,
therefore,requiredcodeto bespeciallywritten.
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work in that we do not divert interruptsat the hard-
warelevel, provide packed-level parallelismor off-load
network traf�c to anotherphysicalprocessor. Instead,
we divert Softirqs to a dedicatedlogical context on the
samephysicalprocessorwith sharedresources.We fo-
cuson performancebene�ts of multi-processingin dif-
ferentprocessormodes,andour hybrid modeis unpar-
alleled to pastwork, particularlysinceit bearsthe po-
tential to usemultiple context whereaspastwork kept
oneprocessoridle whennonetwork traf�c requiredpro-
cessing.Oureffortsarealsoaimedatproviding atighter
couplingbetweentheapplicationandinterruptprocess-
ing thanpossiblein SMPs,whichincludesbut is notlim-
ited to network traf�c. Hence,kernel tasksin onecon-
text canplacepacketsin L1 cacheso that applications
canbene�t from datalocality dueto network traf�c.

A moremodernexampleof anasymmetricarchitec-
ture is the IBM BlueGene/Lmachine(BGL) [22]. The
BGL systempackagestwo PowerPC440CPUsperpro-
cessingelement(PE).Unlike theCDC 6000system(in
which the CPUswere not similarly-equipped),a BGL
PE has two equally-powerful processorsin a pseudo-
SMPcon�guration.2 Althoughthesystemis capableof
symmetrictaskassignmentto both processorson a PE
(the so-calledvirtual mode),normal operationutilizes
oneCPU for computationandthe other for messaging
(the so-calledco-processormode).The BGL machine
is an exampleof an SMP systemwheretasksare not
symmetricallyassigned.Effectively, thesecondphysical
processorbecomesa serviceor co-processor, similar to
theintentof our work with respectto anadditionalcon-
text of an SMT processor. However, many large-scale
benchmarkperform better in virtual mode,which de-
faults to the symmetricmodel,even thoughBGL was
originally notdesignedfor this typeof use.

7. Conclusion
In this paper, we explore an alternative way to ap-

proachutilization of the additionalresourcesprovided
by an SMT processor. We departfrom traditionalsym-
metric schedulingtechniquesandsuggestedan operat-
ing systemmodi�cation that illuminatesa new path in
light of the diminishing returnsthat result from con-
ventionalsymmetricmultiprocessing.We achieve this
goal while maintainingcompatibility with existing al-
gorithmsaswell as the addedbene�t of being able to
utilize bothexistingandnew paradigmsin thesamesys-
temat runtime.

2 ThePowerPC440 lacksactualSMPhardware,so theprocessors
onaPEarenot L1 cache-coherent.

Our researchveri�ed thatsomeapplicationsperform
betterwhen scheduledalone,as opposedto being co-
scheduledon anSMT processor. We testedbenchmarks
andcategorizedtheir behavior into thosewhich do and
donotperformwell onanSMT. Wealsoshowedthatour
modi�cation to a conventionaloperatingsystemallows
poorSMT performersto realizea performancegain.Fi-
nally, we showed that the �e xibility of our systemcan
achieve a best-of-both-worldsresultwhenfacedwith a
heterogeneousapplicationworkload.
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