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Abstract

Multiprocessorsystemspresentseriouschallengesin the
designof real-timesystemsdue to the wider variation of
executiontime of an instruction sequencecompared to a
uniprocessorsystem. Even if non-determinismis tightly
controlledbyaddingconventionalQoSsupport,it is gener-
ally dif�cult to �nd theminimalhardware resourcerequest
settings(e.g., memorybandwidth)for a given user-level
performancegoal (e.g., transactionsper second). In this
paper, we introducetheMETERG(Measurement-TimeEn-
forcementandRun-TimeGuarantee)QoSsystemthat pro-
videsan easymethodof obtaininga tight estimateof the
lowerboundonend-to-endperformancefor a givencon�g-
uration of resourcereservations.EveryQoS-capableblock
in the METERGsystemsupportstwo operation modesfor
each task requiring QoS: enforcementmodefor estimat-
ing thelowerboundona task'sexecutiontimeanddeploy-
ment modefor maximizingits performance. We evaluate
theeffectivenessof our approach with an execution-driven
multiprocessorsimulator implementingthe METERGQoS
memorysubsystem.We showthat the performancelower
boundis easyto obtainbysimplyrunninganapplicationin
enforcementmode, and that this estimatedlower boundis
tight.

1 Intr oduction

As semiconductortechnologycontinuesto improveand
reducesthe costof transistors,computingdevicesarebe-
comingmorepervasive. Computingsystemsarenow called
uponto processawidevarietyof complex applicationwork-
loadswith demandsfor real-timeor nearreal-timeprocess-
ing of real-world datastreams.The dif�culty of meeting
power-performancegoalswith uniprocessordesignshasled
to theadoptionof multiprocessorarchitecturesin all scales
of system,from handhelddevicesto rack-mountedservers.

Existing techniquesfor managingreal-time systemscan
provide hardguaranteesfor small applicationsrunningon
uniprocessorsystems,but thereis a growing needto sup-
port complex multiprogrammedworkloads,includingboth
soft real-timeandbest-effort tasks,runningonmultiproces-
sorsystems.For example,a handhelddevicemight support
varioustypesof mediacodecrunningalongsidebest-effort
backgroundtasksonanembeddedmultiprocessorcore[14].
As anotherexample, the provider of a co-locatedserver
farmmay useOSvirtualizationto reducecomputingcosts
by supportingmultiple customerson a singlemultiproces-
sorserver but would like to offer varying levelsof guaran-
teedperformance.

Conventional multiprocessorsystems present severe
challengeswhentrying to provideevensoft real-timeguar-
antees.Multiple concurrentprocessesexhibit complex non-
deterministicinteractionswhensharingcommonsystemre-
sources,such as the memory system,causingexecution
timeto exhibit muchwidervariationthanin auniprocessor.
As the numberof processorsincreases,problemsareusu-
ally exacerbated.Forexample,in Intel'sParagonsystem[8]
with 1,024nodes,thetheoreticalworst-casemessagedeliv-
ery time is several days[10]. Although extreme,this ex-
ampleunderscoresthe needfor Quality-of-Service(QoS)
supportin multiprocessorsystems.A typical QoSsystem
hashardware-enforcedresourceallocationcontrolledby an
operatingsystem,which allocatesresourcesandperforms
admissioncontrolto ensureQoSresourcesarenotoversub-
scribed.

Even though QoS-capablehardware componentspro-
vide performanceisolationandallow tighter boundson a
task's executiontime, a majorproblemstill remains:users
would like to requestonly the minimal resourcesneeded
to meet the desiredperformancegoal. That is, translat-
ing ahigh-levelperformancegoalfor acomplex application
(e.g.,transactionspersecond)into minimal settingsfor the
hardware QoS components(e.g., memorybandwidthand
latency) is challengingandusuallyintractable.

Oneapproachis for the userto try to measurethe per-



formanceof their coderunningon the target systemwith
varying settingsof the resourcecontrols. Unfortunately,
a conventionalQoS-capablesharedresourceusually dis-
tributesunusedresourcesto the sharersso asto maximize
the overall system's throughput. Consequently, even with
an identicalsettingof resourcereservationparameters,the
observedperformanceof aninstructionsequence�uctuates
widely dependingon how muchadditionalresourceit re-
ceives. Even if competingjobs arerun to causeseverere-
sourcecontention,wecannotsafelyclaimtheobservedper-
formanceis really representativeof worstcasecontention.

In this paper, we proposea new measurement-based
technique, METERG (Measurement-Time Enforcement
andRun-Time Guarantee),whereQoSblocksaremodi�ed
to supporttwo modesof operation. During performance
measurement,resourceguaranteesin the QoS blocks are
treatedas an upperbound,while during deployment, re-
sourceguaranteesaretreatedasa lower bound. The ME-
TERG QoSsystemenablesus to easilyestimatethe max-
imum executiontime of the instructionsequenceproduced
by a programandinput datapair, undertheworst-casere-
sourcecontention.In this way, we canguaranteemeasured
performanceduringoperation.

Unlike staticprogramanalysistechniques,which cover
all possibleinputdata,theMETERGmethodologyis based
on measurementof executiontime for a certaininput set.
However, this is still useful,especiallyin soft real-timesys-
tems,wherewe canuserepresentative input datato get a
performanceestimateandaddasafetymargin if needed.In
a handhelddevice, for example,a small numberof dead-
line violationsmay degradeendusers'satisfactionbut are
not catastrophic.Suchpotentialviolationsaretolerablein
exchangefor the reducedsystemcostof sharedresources.
In contrast,hardreal-timesystems,suchasheartpacemak-
ers,carenginecontrollers,andavionicssystems,justify the
extracostfor dedicatedresourceswith possiblysuboptimal
throughput.

The restof this paperis organizedas follows. In Sec-
tion 2, we review relatedwork. In Section3, we �rst
overview theMETERGQoSsystemwith thesetof assump-
tionsmade,followedby thedetailsof thesystem.In Sec-
tion 4,wegiveapreliminaryevaluationof aMETERGQoS
systemusingour execution-drivenmultiprocessorsimula-
tor. Finally, we summarizeour work andsuggestdirections
for futureresearch.

2 RelatedWork

The end-to-endperformance(e.g. executiontime) of a
programrunningon a multiprocessoris the resultof com-
plex interactionsamongmany factors. We identify three
majorfactorscausingnon-deterministicperformance.First,
performancedependson the input datato the program,as

this determinestheprogram's control �o w anddataaccess
patterns.Second,evenif we run theprogramwith identical
input datamultiple times,theperformanceof eachrun can
vary widely becauseof the differentdegreesof contention
in accessingsharedsystemresources.Third, performance
anomalies[23, 18] in microprocessorsalsoaffect theend-
to-endperformance.

The �rst factor has been actively investigatedin the
real-timesystemcommunityin WorstCastExecutionTime
(WCET) studies[26, 3, 16, 7, 21, 2]. Researchershave
madeefforts to estimatea program'sWCET acrossall pos-
sibleinput data.Thethird factoris not problematicaslong
asaprocessoris performancemonotonic, i.e., longeraccess
timeto aresourcealwaysleadsto equalor longerexecution
time. Performancemonotonicityholdsfor simplerproces-
sors,but not for somecomplex out-of-orderprocessors.A
codemodi�cation technique[23], or an extra safetymar-
gin canbe addedto the estimatedlower boundof perfor-
manceto copewith performancenon-monotonicity. We do
not cover this issuefurtherin this paper. Our work reduces
thenon-determinismcausedby thesecondfactor: resource
contention.

The goal of QoS researchis to limit the impactof the
non-determinismcoming from resourcecontention. QoS
wasoriginally introducedin thecontext of long-haulIP net-
works,wherea network thatcanprovidedifferentlevelsof
packet delivery servicein termsof latency, bandwidth,or
both, is said to supportQoS [15]. The idea of QoS has
sincebeenappliedto othersharedresourcessuchasmul-
tiprocessorinterconnectionnetworks[10, 25, 19], memory
subsystems[4, 20], andstorageandI/O systems[1, 24].

Recently, researchershave investigatedQoSsupportfor
smaller-scalesharedresources,especiallythosewithin pro-
cessors. Iyer addressesthe QoS issue in sharedcaches
of CMP platforms [9]. Kalla et al. [13] allocateshared
resourcesto concurrentthreadson a simultaneousmulti-
threaded(SMT) processor, suchasinstructionissueband-
width, basedona �x edstaticpriority.

Most QoSresearchprojectsmentionedabove, however,
focus on boundingthe non-determinismof individual re-
sources,and their link to the user-observable end-to-end
performancestill remainsunclear. Therefore,usersoften
have to rely on the high-level knowledgeof a programin
settinguptheresourcereservationparametersappropriately
to meeta certainend-to-endperformancegoal.

One interestingexceptionis the work doneby Cazorla
et al [5]. On an SMT processor, for a given performance
goal speci�ed by a usermetric (instructions-per-cycle, or
IPC),a dynamicadjustmentis madeto allocationof shared
resourcessuchasrenamingregisters,instruction/load/store
queues,L2 cache,to meetthe IPC goal. However, thead-
justmentis madebasedon observationsduring the previ-
oussamplingperiod,whichcouldbein adifferentprogram

2



phasewith completelydifferentIPCcharacteristics.
Notethatour work differsfrom real-timeschedulingre-

search[17, 22, 11, 6]. In theconventionalformulationof the
real-timeschedulingproblem,it is assumedthat,for agiven
setof n tasks(T1; T2; � � � ; Tn ), the executiontime of each
task(or its upperbound)is known in advance.Theneach
taskis scheduledfor executionat a particulartime. In con-
trast,our work providesperformanceguaranteesto ensure
theestimatedexecutiontime of eachtaskis not violatedin
practicebecauseof severeresourcecontention.Ourwork is
independentof theschedulingalgorithm.

In order to estimatea lower boundon end-to-endper-
formance,existing frameworks for WCET estimationcan
be used[26, 3, 16, 7, 21, 2]. By assumingall memory
accessestake the longestpossiblelatency, the execution
time, given worst-caseresourcecontention,canbe calcu-
lated. However, useof WCET is limited. Most WCET es-
timation techniquesrequireseveral expensive procedures:
elaboratestaticprogramanalysis,accuratehardwaremod-
eling,or both.Thesetechniquescannotbeeasilyapplied,if
atall, to complex hardwarecomponentsandprograms.

3 The METERG QoSSystem

3.1 Ov erview

In the METERG QoS system,eachprocessrequiring
QoSsupport(QoSprocessfor brevity) canrun in two oper-
ationmodes:enforcementanddeployment. In enforcement
mode,a QoSprocesscannottake morethanits guaranteed
resourcesharefrom eachQoSblock even whenthereare
additionalresourcesavailable. In deploymentmode,how-
ever, theprocessis allowed to useany availableadditional
resources(we donot discusspoliciesfor sharingexcessre-
sourcesamongmultiple QoSprocessesin this paper). If a
QoSblock supportsthe two operationmodesasdescribed
above, we call it a METERGQoSblock. If every shared
resourcewithin asystemis aMETERGQoSblock,thesys-
temis termeda METERGsystem.

With a METERG system,a user�rst measuresexecu-
tion time of a given codesequencewith a given input in
enforcementmodewith givenresourcereservationparame-
ters.TheMETERGsystemthenguaranteesthata laterexe-
cutionof thesamecodesequencein deploymentmodewill
performaswell asor betterthanthepreviousexecutionin
enforcementmode,providedthesameparametersareused
for resourcereservation.More speci�cally, a usertakesthe
following steps:

� Step1 Givenan input setanda performancegoal for
executiontime (TGO AL ), the user runs the program
with the input set in enforcementmode. The system
providesAPIs to set resourcereservation parameters

to arbitraryvalues. (Settingtheseparametersto rea-
sonablevaluescanreducethenumberof iterationsin
Step2.)

� Step 2 IterateStep1 with variousresourcereserva-
tion vectorsto �nd a minimal resourcerequestsetting
thatstill meetstheperformancegoal. If themeasured
execution time (TM E AS ) is smaller than TGO AL �
TM ARGI N (whereTM ARGI N is a safetymargin, if
needed),the usermay try a smallerresourcereserva-
tion vector. If not, they may increasethe amountof
reservedresources.Webelievethatthisprocesscanbe
automated,but donotconsideranautomatedsearchin
this paper.

� Step3 Theestimatedminimalvectorof resourcereser-
vationis storedaway, for example,asanannotationin
thebinary. Therecanbemultiple minimal vectors,or
pareto-optimalpoints,meetingthe performancegoal,
to enablebetterschedulabilityfor theprogram.

� Step4 Later, whentheprogramis run in deployment
mode,the OS usesa storedresourcereservation vec-
tor to con�gure the hardwareaccordingly. Note that
thesystemmayrejecttheresourcereservationrequest
if oversubscribed.If the requestis accepted,the ex-
ecution time (TD E P ) is guaranteedto be no greater
than TGO AL � TM ARGI N . Any performanceslack
(TGO AL � TM ARGI N � TD E P ) of theprogramin run-
time canbeexploitedto improve thesystemthrough-
put or reduceenergy consumptionasdescribedin [2],
but we donotaddressthis issuefurther.

Figure1 depictstheMETERGsystemmodel.Thereare
n processorsandm METERG QoSblocks(e.g. memory,
I/Os). TheseQoS blocksare sharedamongall n proces-
sors,andcanreserve a certainamountof resourcefor each
processorto provide guaranteedservice(e.g. bandwidth,
latency). Unlike conventionalguaranteedQoSblocks,they
acceptan extra parameter, OpM odei , from a processorto
requesttheQoSoperationmode. If theprocessorrequests
enforcementmode,thestrictupperboundonruntimeusage
of a resourceis enforcedin every METERGQoSblock. If
the processorrequestsdeploymentmode,it canuseaddi-
tionalotherwiseunclaimedresources.

We assumethat the j -th METERG QoS block (where
1 � j � m) maintainsa resourcereservation vector of
n realnumbers,(x1;j ; x2;j ; : : : ; xn;j ), wherethe i -th entry
(x i;j ) speci�es the fraction of available resourcereserved
for processori . We usea singlenumberper processorfor
simplicity. For example,a sharedmemorybus may take
thevectorto determinethefractionof availablebandwidth
it will allocateto eachprocessor, andsetup thebusarbiter
properly(timesharing).Anotherexamplecouldbeashared
cacheto determinehow many waysor setsit will allocateto
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Phase � : Resource reservation phase (setting up a service level agreement) 
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(Requests are serviced with bandwidth/latency guarantees.)

Figure 1. The METERG QoS system. Each
QoS bloc k takes an extra parameter (Op-
Mode) as well as a resour ce reser vation pa-
rameter (x i;j ) for each processor .

eachprocessor(spacesharing).Therangeof x i;j is between
0 and1 by convention,wherex i;j =1 indicatesthat the i -th
processorwill monopolizeall of theavailableresourcefrom
the QoS block, and x i;j =0 indicatesno guaranteedshare
for the i -th processoror only a best-effort servicefrom the
QoSblock. Note thatguaranteedservicescanbeprovided
only to a limited numberof sharersmeetingthe conditionP n

i =1 x i;j � 1.
Before further discussion,we presenta setof assump-

tionsfor therestof this paper:

� We limit ourselves to dealing with single-threaded
programsin the multiprogrammedenvironment. We
donot considerinterprocesscommunicationor shared
objectsamongmultiple threadsrunning on different
processors.

� At any point in time, therecanbeonly one(or no) ac-
tive threadrunning on a processor– that is, thereis
no interferencesuchascachecontaminationbetween
multiple threadson the sameprocessor. Combined
with the previous assumption,this implies a one-to-
onerelationshipbetweenrunningprocessesandpro-
cessors.

� We neitherconsiderthe performancevariation from
OSoperations(e.g.�ushing cacheor branchpredictor
statesafter a context switch), nor addressOS design
issues(e.g. admissioncontrol, scheduling).A sched-
uled programrunsto completionwithout preemption

by otherprocesses.

� We arenot concernedabouttheperformancevariation
coming from the processor's initial state,whoseper-
formanceimpactcanbe easilyamortizedover a pro-
gram's longerexecutiontime in mostcases.

3.2 Safet y-Tigh tness Tradeo�: Relaxed
and Strict Enforcemen t Mo des

We proposetwo typesof enforcementmode,relaxedand
strict, to re�ect a tradeoff betweensafety and tightness
of performanceestimation. The estimatedexecutiontime
shouldnot be violated (safety),but be as closeas possi-
ble to typical executiontimes(tightness).So far, we have
accountedfor theamountof allocatedresources(i.e.,band-
width), but not theaccesslatency to eachQoSblock. How-
ever, theexecutiontime of a programis heavily dependent
on latency as well. In Figure2, we show an exampleof
two network connectionsbetweenNode0 (N0) andNode3
(N3) with asimple�x edframe-basedscheduling.Although
ConnectionB receives twice asmuch bandwidthas Con-
nectionA, its latency is longer. This longerlatency could
leadto a longerexecutiontime for a given instructionse-
quence.Therefore,we introducestrict enforcementmode
to enforceconstraintson bothbandwidthandlatency. Con-
dition 1 below (Bandwidth)is metby bothrelaxedandstrict
enforcementmodes,but Condition2 (Latency) is metonly
in strict enforcementmode.

Condition 1 For a givenprocessori, and8j (1 � j � m),

B andwidth D E P (x i;j ) � B andwidth E N F (x i;j )

Condition 2 For a givenprocessori, and8j (1 � j � m),

M AX f LatencyD E P (x i;j )g �
M I N f LatencyE N F (x i;j )g

Assuming performancemonotonicity of a processor,
we cansafelyclaim that the estimatedperformancelower
boundin strict enforcementmodewill not be violated in
deploymentmode. The estimatedlower boundof execu-
tion time in strictenforcementmodeis saferthanthatin the
relaxedenforcementmodebut is notastight.

3.3 METER G QoS Memory Subsystem:
An Example

Wecanbuild METERGQoSblocksmeetingCondition1
by slightly modifying conventionalQoSblockssupporting
per-processorresourcereservation.TheQoSschedulingal-
gorithm is modi�ed to exclude processorsrunning in en-
forcementmodewhendistributingunclaimedslots.
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(N0 � N3: 3 hops)
N0 N1 N2 N3
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B
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B

LinkN0 � N1

Time

LinkN1 � N2
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Bandwidth = 10 % 
Latency = 3 cycles

Bandwidth = 20 % 
Latency = 8 cycles

Figure 2. An example of having long er latenc y in spite of more band width.

Latency guaranteesaremoredif�cult to implementthan
bandwidthguarantees.Fortunately, althoughconventional
latency guaranteesrequirea certaintime boundnot to be
exceeded(absoluteguarantee),the METERG systemre-
quiresonly theinequalityrelationshipin Condition2 to hold
(relative guarantee).GivenMETERG QoSblockscapable
of bandwidthguarantees,we canimplementtheMETERG
systemsupportingstrict enforcementmodeby insertinga
delayqueuebetweeneveryQoSblock-processorpaironthe
replypath.

Figure3 depictsan exampleof a METERG QoSmem-
ory subsystemsupportingstrict enforcementmode.For the
restof this paper, we drop the QoSblock identi�er in re-
sourcereservationparameters,for we only haveoneshared
resourcefor illustrative purposes,i.e., x i � x i;j . Because
thememoryblockis capableof resourcereservation,wecan
assumethatthelatency to thisblock in deploymentmodeis
upperbounded.Theupperbound,TM AX (D E P ) (x1), is de-
terminedby the resourcereservation parameterx1. Note
that the boundedlatency is not guaranteedin enforcement
mode,becausetheprogramreceivesno moreresourcethan
speci�edby x1.

The delayqueueis usedonly in enforcementmode; it
is simply bypassedin deploymentmode. If a memoryac-
cessin enforcementmodetakes Tactual cycles, which is
smallerthan TM AX (D E P ) (x1) due to lack of contention,
thenetwork interface(NI) placesthe reply messagein the
delayqueuewith theentry'stimersetto TM AX (D E P ) (x1)�
Tactual . The timer value gets decrementedevery cycle.
The NI will defer signalingthe arrival of the messageto
the processoruntil the timer expires. Hence,the proces-
sor's observed memoryaccesslatency is no smaller than
TM AX (D E P ) (x1) andCondition2 holds.

Becausethe processorneedsto allocatea delayqueue
entry before sendinga memory requestin enforcement
mode,a small delayqueuemay causeadditionalmemory
stall cycles. However, this doesnot affect thesafetyof the
measuredperformancein enforcementmode,but only its
tightness.

The memory accesstime under the worst-casecon-

Processor
1

METERG QoS System

Processor
n

METERG
QoS

Memory
block

Mem_Reply
Mem_Req

(after Tactual)

(Only the operations from Processor 1 are shown.)

Delay Queue
(bypassed in DEP mode)

1 data1 TMAX(DEP)(x1)-Tactual1

1 data2
0

V Data Timer

TMAX(DEP)(x1)-Tactual2

Program1
running

QoS Req (x1, OpMode1)

Ack (Accept or Reject)
�

OpMode1

�

Phase � : Resource reservation phase (setting up a service level agreement) 
Phase � : Operation phase 

(Requests are serviced with bandwidth/latency guarantees.)

Figure 3. An implementation of the METERG
system suppor ting strict enforcement mode .
We use delay queues to meet the latenc y
condition (Condition 2) required by strict en-
forcement mode .

tention for a given resourcereservation parameter(x1),
TM AX (D E P ) (x1), dependson the hardwarecon�guration
andtheschedulingalgorithm.In somesystems,thelatency
lower boundis known or canbecalculated[15, 4, 10]. For
example,for connectionA in thesetupshown in Figure2,
it is straightforward. Becauseit usessimple frame-based
schedulingwith ten time slots in eachframe and at least
oneout of every ten is givento theprocess,eachhopcan-
not take more than 10 time slots (if thereis no buffering
delaycausedby a largebuffer). Therefore,theworst-case
latency betweenNode0 and3 will be30 time slots. If the
estimationprocessis not trivial, however, onemay usean
observedworst-caselatency with somesafetymargin.
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4 Evaluation

In thissection,wepresentapreliminaryevaluationof the
METERGsystem.Weevaluatetheperformanceof asingle-
threadedapplicationwith differentdegreesof resourcecon-
tentiononoursystem-level multiprocessorsimulator.

4.1 Sim ulation Setup

We have addeda strict METERG memory systemto
a full-system execution-driven multiprocessorsimulator
basedon BochsIA-32 emulator[12]. Figure4 depictsthe
organizationof our simulatedplatform. Althoughour sim-
ulatoronly supportstheMETERGQoSin thememorysub-
system,webelievethattheQoSsupportcanbeextendedto
othersharedI/O devices(e.g.disk,network).

Processor
1

Shared Bus

E    D

ReqReply

Network
Interface

(NI)

E    D

Reply Req

Shared
Memory

OpMode1 OpMode8

memread

Processor
8

memread

METERG 
QoS block

Figure 4. A simple bus-based METERG sys-
tem. The memor y subsystem is capab le of
METERG QoS.

Ourprocessormodelis asimplein-ordercorecapableof
executingoneinstructionpercycle, unlessthereis a cache
miss.A cachemissis handledby thedetailedmemorysys-
temsimulatorandtakesavariablelatency dependingonthe
degreeof contention. The processor's clock speedis � ve
times fasterthan the systemclock (e.g. 1 GHz processor
with 200MHz systembus,which is reasonablein embed-
dedsystems).The processorhasa 32-KB direct-mapped
uni�ed L1 cache,but no L2 cache.Thecacheis blocking,
sotherecanbeat mostoneoutstandingcachemissby any
processor.

Our detailedsharedmemory model includes primary
cachesand a sharedbus interconnect,and we have aug-
mentedit with theMETERGQoSsupport.We haveuseda
simplemagicDRAM which returnsthe requestedvaluein
thenext buscycle;otherwise,longmemoryaccesslatencies

of thedetailedDRAM, combinedwith ourblockingcaches,
would make the memorybandwidthunderutilized. Note
thatQoSsupportis meaningfulonly whenthereis enough
resourcecontention. Severe memory channelcontention
is feasiblein multiprocessorembeddedsystemswherere-
sourcesare relatively scarceand bandwidthrequirements
for applications(e.g.multimedia)arehigh.

The sharedbus interconnectdivides a �x ed-sizetime
frameinto multiple timeslots, which arethesmallestunits
of bandwidthallocation,andimplementsa simpletime di-
vision multiplexing (TDM) scheme.For example,if Pro-
cessor1 requestsQoSwith the resourceallocationparam-
eter (x1) of 0.25, oneout of every four time slotswill be
given to theprocessor. Hence,theaccesstime is bounded
by d1=x1e=4 time slots in this case. An unclaimedtime
slotcanbeusedby any otherprocessorsnot in enforcement
mode(work conserving).

We use a syntheticbenchmark,called memread, for
our evaluation to mimic the behavior of an application
whoseperformanceis boundedby thememorysystemper-
formance. It runsan in�nite loop which accessesa large
memoryblock sequentiallyto generatecachemisses,with
a smallamountof bookkeepingcomputationin eachitera-
tion.

4.2 Sim ulation Results

PerformanceEstimation

Figure5 comparestheperformanceof memread in various
con�gurationswith differentoperationmodes(OpM ode),
degreesof contention,and resourceallocationparameters
(x1). We use instructionsper cycle (IPC) as our perfor-
mancemetricandall IPCsarenormalizedto thebestpossi-
ble case(denotedby BE-1P), wherea singlememread in
best-effort modemonopolizesall the systemresources.In
best-effort (BE) mode,all processesrun without any QoS
support.In enforcement(ENF)or deployment(DEP)mode,
only oneprocessrunsin QoSmode(eitherenforcementor
deployment),andtheremainingconcurrentprocessesrunin
best-effort modeto generatememorycontention.The�gure
depictsthesingleQoSprocess'performance.

In Figure5(a),we �rst measureperformancewith vary-
ing degreesof resourcecontention.Without any QoSsup-
port (denotedby BE), we observe the end-to-endperfor-
mancedegradationof a single processby almosta factor
of 2, whenthe numberof concurrentprocessesexecuting
memread increasesfrom 1 (BE-1P) to 8 (BE-8P).

On theotherhand,a QoSprocessin eitherenforcement
or deploymentmodeis well protectedfrom thedynamicsof
others. At any given time, a processin deploymentmode
always outperformsits counterpartin enforcementmode
for a given resourceallocationparameter(x1). There is
a signi�cant performancegap betweenthe two to give a
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Figure 5. Performance of memread in various con�gurations. BE, ENF, and DEP stand for best-
effor t, enforcement-mode , and deplo yment-mode execution, respectivel y. In (a), as the number of
concurrent processes increases from 1 to 8, the perf ormance of a process degrades by 46 % without
QoS suppor t, but onl y by 9 % in deplo yment mode . The estimated perf ormance from a measurement
in strict enforcement mode indicates the perf ormance degradation for the given resour ce reser vation
to be 31 % in the worst case . In (b), we obser ve that the perf ormance estimation in strict enforcement
mode becomes tighter as the resour ce allocation parameter (x1) increases.

safetymargin for estimatedperformance.Theperformance
gapcanbe explainedby two factors. First, thereis extra
bandwidthgivento theprocessin deploymentmode,which
would not begiven in enforcementmode.Second,regard-
lessof theactualseverity of contention,every singlemem-
ory accessin enforcementmodetakesthe longestpossible
latency. Notethat,althoughrare,thiscouldhappenin areal
deployment-moderun. Hence,an enforcement-modeexe-
cution providesa safeandtight performancelower bound
for a given x1. Becausea memoryaccessin enforcement
modealwaystakestheworstpossiblelatency, thereis little
variationof theperformanceacross1 (ENF-1P) through8
(ENF-8P) concurrentprocesses.

In Figure5(b), we run the simulationwith differentre-
sourcereservation parameters.We observe that aswe in-
creasethe parametervalue, the performancegapbetween
thetwo modesshrinks.This is becauseextrabandwidthbe-
yondacertainpointgivesonly amarginalperformancegain
to theQoSprocessin deploymentmode,but improvesthe
performancein enforcementmodesigni�cantly by reducing
theworst-casememoryaccesslatency.

Interactions amongProcesses

Becausewe have dealt with a single QoS processso far,
a questionnaturallyarisesaboutthe interactionsof multi-
ple concurrentQoSprocesses.Figure6 shows the perfor-

mancevariationwhenmultiple QoSprocessesarecontend-
ing againsteachotherto accessthesharedmemory.

The �gure demonstratesthat, even if we increasethe
numberof QoSprocessesfrom oneto four, theperformance
of QoS processesin deployment modedegradesvery lit-
tle (by lessthan2 %) for a givenparameter(x i =0.25)and
theperformancelowerboundestimatedby anenforcement-
modeexecutionis strictly guaranteed.The amountof re-
served resourcefor eachprocessis given in the resource
allocationvector. Note that x i =0 meansno resourceis re-
servedfor processori (best-effort), andthatweusex4=0.20
ratherthanx4=0.25in thecaseof 4 QoS+ 4 BE soasnot
to starve thebest-effort processes.

As weincreasethetotalamountof resourcesreservedfor
QoSprocesses,theperformanceof best-effort processesis
degradedasexpected.We observethatthesystemprovides
fairnesssothattheirexecutiontimediffersonly by lessthan
1 %. Fairnessis alsoprovidedto theQoSprocesseshaving
thesameresourcereservationparameter.

5 Conclusion

Although conventionalQoSmechanismseffectively set
a lower boundon a program's performancefor a givenre-
sourcereservation parameter, it is not easyto translatea
user-level performancemetric into a vectorof hardwarere-
sourcereservations. To facilitateperformanceestimation,
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Figure 6. Interactions between QoS and Best-eff or t (BE) processes running memread. All QoS pro-
cesses are running in deplo yment mode . Even if the number of QoS processes increases, the per-
formance of QoS processes degrades very little as long as the system is not oversubscribed.

we argue for having every QoS-capablecomponentsup-
port two operationmodes:enforcementmodefor estimat-
ing end-to-endperformanceanddeploymentmodefor max-
imizing performancewith a guaranteedlower bound. Our
approachdoesnot involve any expensive programanaly-
sisor hardwaremodelingoftenrequiredin conventionalap-
proachesfor performanceestimation.Instead,we usesim-
ple measurement.In orderto demonstrateits effectiveness,
we have implementeda multiprocessorsystemsimulator
andestimatedthe lower boundon the executiontime of a
bandwidth-intensivesyntheticbenchmark.
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