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Abstract

Multiprocessosystemgpresentseriouschallengesin the
designof real-time systemsdue to the wider variation of
executiontime of an instruction sequenceeompaed to a
uniprocessorsystem. Evenif non-determinisnis tightly
contmlled by addingcornventionalQoSsupport,it is gener
ally dif cult to nd the minimalhardware resouce request
settings(e.g., memorybandwidth)for a given userlevel
performancegoal (e.g., transactionsper second). In this
paper we introducethe METERG(Measuement-ime En-
forcementand Run-Tme Guarantee)QoSsystenthat pro-
videsan easymethodof obtaininga tight estimateof the
lower boundon end-to-engerformancdor a givencon g-
uration of resoucereservationsEveryQoS-capabldlock
in the METERGsystensupportstwo operation modesfor
ead taskrequiring QoS: enforcementmodefor estimat-
ing thelower boundon a task's executiontime anddeploy-
ment modefor maximizingits performance We evaluate
the effectivenes®f our approac with an execution-driven
multiprocessorsimulatorimplementinghe METERGQo0S
memorysubsystemWe showthat the performancdower
boundis easyto obtainby simplyrunningan applicationin
enforrementmode and that this estimatedower boundis
tight.

1 Intr oduction

As semiconductotechnologycontinuego improve and
reduceghe costof transistorscomputingdevicesare be-
comingmorepenasive. Computingsystemsarenow called
uponto procesawide varietyof complex applicationwork-
loadswith demanddor real-timeor nearreal-timeprocess-
ing of real-world datastreams. The dif culty of meeting
power-performancegoalswith uniprocessodesignsasled
to the adoptionof multiprocessoarchitecturesn all scales
of system from handhelddevicesto rack-mountedeners.

Existing techniquesfor managingreal-time systemscan
provide hardguaranteegor small applicationsrunning on
uniprocessosystemsput thereis a growing needto sup-
port complex multiprogrammedvorkloads,including both
softreal-timeandbest-efort tasks runningon multiproces-
sorsystemsFor example,a handhelddevice might support
varioustypesof mediacodecrunningalongsidebest-efort
backgroundasksonanembeddednultiprocessocore[14].
As anotherexample, the provider of a co-locatedsener
farm may useOS virtualizationto reducecomputingcosts
by supportingmultiple customersn a single multiproces-
sorsener but would lik e to offer varying levels of guaran-
teedperformance.

Corventional multiprocessorsystems present severe
challengesvhentrying to provide evensoft real-timeguar
anteesMultiple concurrenprocesseexhibit complex non-
deterministidnteractionsvhensharingcommonsystenre-
sources,such as the memory system, causingexecution
time to exhibit muchwider variationthanin a uniprocessor
As the numberof processorsncreasesproblemsare usu-
ally exacerbatediFor example,in Intel's Paragorsysteni8]
with 1,024nodesthetheoreticalworst-casanessageleliv-
ery time is several days[10]. Although extreme,this ex-
ampleunderscoreshe needfor Quality-of-Service(QoS)
supportin multiprocessosystems.A typical QoS system
hashardware-enforcedesourcellocationcontrolledby an
operatingsystem,which allocatesresourcesaind performs
admissiorcontrolto ensureQoSresourcesrenot oversub-
scribed.

Even though QoS-capablehardware componentspro-
vide performancedsolation and allow tighter boundson a
task's executiontime, a major problemstill remains:users
would like to requestonly the minimal resourceseeded
to meetthe desiredperformancegoal. That is, translat-
ing ahigh-level performancegoalfor acomplec application
(e.g.,transactionpersecond)nto minimal settingsfor the
hardware QoS componentge.g., memory bandwidthand
lateng) is challengingandusuallyintractable.

Oneapproachs for the userto try to measurethe per



formanceof their coderunning on the target systemwith
varying settingsof the resourcecontrols. Unfortunately
a corventional QoS-capablesharedresourceusually dis-
tributesunusedresourcedo the sharersso asto maximize
the overall systems throughput. Consequentlyeven with
anidentical settingof resourceresenation parametersthe
obsenedperformancef aninstructionsequenceuctuates
widely dependingon how much additionalresourceit re-
ceives. Evenif competingjobs arerun to causeseverere-
sourcecontentionwe cannotsafelyclaimtheobsenedper
formancaeis really representatie of worstcasecontention.

In this paper we proposea new measurement-based
technique, METERG (Measurement-ime Enforcement
andRun-Time Guarantee)whereQoShlocksaremodi ed
to supporttwo modesof operation. During performance
measurementresourceguaranteesn the QoS blocks are
treatedas an upperbound, while during deployment, re-
sourceguaranteesire treatedas a lower bound. The ME-
TERG QoS systemenablesus to easily estimatethe max-
imum executiontime of the instructionsequenceroduced
by a programandinput datapair, underthe worst-casee-
sourcecontention.In this way, we canguaranteeneasured
performancealuringoperation.

Unlike static programanalysistechniquesyhich cover
all possiblenput data,the METERG methodologyis based
on measuremendf executiontime for a certaininput set.
However, thisis still useful,especiallyin softreal-timesys-
tems,wherewe canuserepresentatie input datato geta
performancestimateandadda safetymamin if neededlIn
a handhelddevice, for example,a small numberof dead-
line violations may degradeend users'satishction but are
not catastrophic.Suchpotentialviolations aretolerablein
exchangefor the reducedsystemcostof sharedresources.
In contrasthardreal-timesystemssuchasheartpacemak-
ers,carenginecontrollers,andavionics systemsjustify the
extra costfor dedicatedesourcesvith possiblysuboptimal
throughput.

The restof this paperis organizedasfollows. In Sec-
tion 2, we review relatedwork. In Section3, we rst
overview the METERG QoSsystemwith thesetof assump-
tions made followed by the detailsof the system.In Sec-
tion 4, we give apreliminaryevaluationof aMETERG QoS
systemusing our execution-drven multiprocessosimula-
tor. Finally, we summarizeour work andsuggestlirections
for futureresearch.

2 RelatedWork

The end-to-endperformancde.g. executiontime) of a
programrunningon a multiprocessois the resultof com-
plex interactionsamongmary factors. We identify three
majorfactorscausingnon-deterministiperformanceFirst,
performancedependson the input datato the program,as

this determineghe programs control o w anddataaccess
patterns.Secondgvenif we runthe programwith identical

input datamultiple times, the performanceof eachrun can

vary widely becausef the differentdegreesof contention
in accessingharedsystemresources.Third, performance
anomalieg23, 18] in microprocessoralsoaffect the end-

to-endperformance.

The rst factor has beenactively investigatedin the
real-timesystemcommunityin Worst CastExecutionTime
(WCET) studies[26, 3, 16, 7, 21, 2]. Researcherbave
madeefforts to estimatea programs WCET acrossll pos-
sibleinputdata. Thethird factoris not problematicaslong
asaprocessofs performancanonotonigi.e.,longeraccess
timeto aresourcealwaysleadsto equalor longerexecution
time. Performancenonotonicityholdsfor simplerproces-
sors,but not for somecomplex out-of-orderprocessorsA
codemaodi cation technique[23], or an extra safetymar
gin canbe addedto the estimatedower boundof perfor
manceto copewith performancaion-monotonicity We do
not coverthis issuefurtherin this paper Our work reduces
the non-determinisntausedy the secondfactor: resource
contention.

The goal of QoSresearchs to limit the impactof the
non-determinisncoming from resourcecontention. QoS
wasoriginally introducedn the context of long-haullP net-
works,wherea network thatcanprovide differentlevels of
paclet delivery servicein termsof lateng, bandwidth,or
both, is saidto supportQoS [15]. The idea of QoS has
sincebeenappliedto othersharedresourcesuchas mul-
tiprocessointerconnectiometworks[10, 25, 19], memory
subsystem$4, 20], andstorageandl/O systemdql, 24].

Recently researcherbave investigatedQoS supportfor
smallerscaleshared-esourcesgspeciallythosewithin pro-
cessors. lyer addresseshe QoS issuein sharedcaches
of CMP platforms[9]. Kalla et al. [13] allocateshared
resourcego concurrentthreadson a simultaneousmulti-
threaded SMT) processqarsuchasinstructionissueband-
width, basedna x edstaticpriority.

Most QoSresearclprojectsmentionedabove, however,
focus on boundingthe non-determinisnof individual re-
sources,and their link to the userobsenable end-to-end
performancestill remainsunclear Therefore,usersoften
have to rely on the high-level knowledgeof a programin
settinguptheresourceesenationparameterappropriately
to meeta certainend-to-engerformanceoal.

Oneinterestingexceptionis the work doneby Cazorla
etal [5]. Onan SMT processarfor a given performance
goal speci ed by a usermetric (instructions-pexcycle, or
IPC), adynamicadjustments madeto allocationof shared
resourcesuchasrenamingregisters,instruction/load/store
gueues] 2 cacheto meetthe IPC goal. However, the ad-
justmentis madebasedon obsenationsduring the previ-
oussamplingperiod,which couldbein a differentprogram



phasewith completelydifferentlPC characteristics.

Notethatour work differsfrom real-timeschedulinge-
searcl17, 22,11, 6]. Inthecorventionaformulationof the
real-timeschedulingoroblemiit is assumedhat,for agiven
setof n tasks(T1;T2;  ; Tn), the executiontime of each
task (or its upperbound)is known in advance. Theneach
taskis scheduledor executionat a particulartime. In con-
trast, our work providesperformanceguarantee$o ensure
the estimatedexecutiontime of eachtaskis not violatedin
practicebecaus®f severeresourcecontention.Ourwork is
independenof theschedulingalgorithm.

In orderto estimatea lower boundon end-to-endper
formance,existing framewvorks for WCET estimationcan
be used[26, 3, 16, 7, 21, 2]. By assumingall memory
accessesake the longestpossiblelateng, the execution
time, given worst-caseaesourcecontention,can be calcu-
lated. However, useof WCET is limited. Most WCET es-
timation techniquesequire several expensve procedures:
elaboratestatic programanalysis,accuratehardware mod-
eling, or both. Thesetechniquegannotbe easilyapplied,if
atall, to complex hardwarecomponentgandprograms.

3 The METERG QoS System
3.1 Overview

In the METERG QoS system,eachprocessrequiring
QoSsupport(QoSprocesdor brevity) canrunin two oper
ationmodes:enfoicementanddeploymentin enforcement
mode,a QoS procesannottake morethanits guaranteed
resourcesharefrom eachQoS block even whenthereare
additionalresourceswvailable. In deploymentmode,how-
ever, the processs allowedto useary availableadditional
resourcegwe do not discussoliciesfor sharingexcessre-
sourcesamongmultiple QoS processesn this paper).If a
QoSblock supportsthe two operationmodesas described
above, we call it a METERGQoSblock. If every shared
resourcavithin asystems aMETERG QoSblock, thesys-
temis termeda METERG system.

With a METERG system,a user rst measuresxecu-
tion time of a given codesequenceawvith a giveninput in
enforcemenimodewith givenresourcgesenationparame-
ters. The METERG systenthenguaranteethatalaterexe-
cutionof the samecodesequencén deploymentmodewill
performaswell asor betterthanthe previous executionin
enforcementmode,providedthe sameparametersreused
for resourcaesenation. More speci cally, a usertakesthe
following steps:

Step1 Givenaninput setanda performancegoal for
executiontime (Tgo aL ), the userruns the program
with the input setin enforcementmode. The system
provides APIs to setresourceresenation parameters

to arbitrary values. (Settingtheseparameterso rea-
sonablevaluescanreducethe numberof iterationsin
Step2.)

Step 2 Iterate Step 1 with variousresourceresena-
tion vectorsto nd aminimal resourceequestetting
thatstill meetsthe performancegoal. If the measured
executiontime (Ty eas) is smallerthan Tgo aL
Tmaral N (Where Ty aral N is a safety mamgin, if
needed)the usermay try a smallerresourceresena-
tion vector If not, they may increasethe amountof
resenedresourcesWWe believe thatthis processanbe
automatedbut do not consideranautomatecsearchn
this paper

Step3 Theestimatedninimal vectorof resourceeser
vationis storedaway, for example,asanannotationn
thebinary. Therecanbe multiple minimal vectors,or
pareto-optimapoints, meetingthe performancegoal,
to enablebetterschedulabilityfor the program.

Step4 Later, whenthe programis run in deployment
mode,the OS usesa storedresourceresenation vec-
tor to con gure the hardware accordingly Note that
the systemmayrejecttheresourceesenationrequest
if oversubscribed.If the requestis acceptedthe ex-
ecutiontime (Tpep) is guaranteedo be no greater
than Tgo aL Twmaral N - Any performanceslack
(TGO AL Tmarcl N TpEeP ) of theprogramin run-
time canbe exploited to improve the systemthrough-
put or reduceenegy consumptiorasdescribedn [2],
but we do not addresshisissuefurther.

Figurel depictsthe METERG systemmodel. Thereare
n processorandm METERG QoSblocks(e.g. memory
I/0s). TheseQoS blocksare sharedamongall n proces-
sors,andcanresene a certainamountof resourceor each
processoito provide guaranteedervice(e.g. bandwidth,
lateng). Unlike corventionalguarantee@oSblocks,they
acceptan extra parameterOpM ode, from a processoto
requesthe QoSoperationmode. If the processorequests
enforcemeninode thestrict upperboundonruntimeusage
of aresourcas enforcedin every METERG QoSblock. If
the processorequestdeploymentmode,it canuseaddi-
tional otherwiseunclaimedresources.

We assumethat the j -th METERG QoS block (where
1 m) maintainsa resourceresenation vector of

(Xi;j ) speci esthe fraction of available resourceresened
for processoi. We usea singlenumberper processofor
simplicity. For example,a sharedmemorybus may take
thevectorto determinethe fraction of availablebandwidth
it will allocateto eachprocessarandsetup the busarbiter
properly(time sharing).Anotherexamplecouldbeashared
cacheto determinehow mary waysor setsit will allocateto
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Figure 1. The METERG QoS system. Each
QoS block takes an extra parameter (Op-
Mode) as well as a resour ce reservation pa-
rameter (x;; ) for each processor .

eachprocessofspacesharing).Therangeof x;; is between
0 and1 by corvention,wherex;; =1 indicatesthatthei-th
processowill monopolizeall of theavailableresourcdrom
the QoS block, and x;; =0 indicatesno guaranteedshare
for thei-th processoor only a best-efort servicefrom the
QoSblock. Notethatguaranteedervicescanbe provided
gnly to alimited numberof sharerameetingthe condition

o Xy L

Before further discussionwe presenta setof assump-
tionsfor therestof this paper:

We limit oursehes to dealing with single-theaded
programsin the multiprogrammedervironment. We
do not considerinterprocesg€ommunicatioror shared
objectsamongmultiple threadsrunning on different
processors.

At ary pointin time, therecanbe only one(or no) ac-

tive threadrunningon a processor that is, thereis

no interferencesuchas cachecontaminatiorbetween
multiple threadson the sameprocessar Combined
with the previous assumptionthis implies a one-to-
one relationshipbetweenrunning processesnd pro-

cessors.

We neither considerthe performancevariation from
OSoperationge.g. ushing cacheor branchpredictor
statesafter a context switch), nor addres0S design
issueqe.g. admissioncontrol, scheduling).A sched-
uled programrunsto completionwithout preemption

by otherprocesses.

We arenot concernedboutthe performancevariation
comingfrom the processos initial state,whoseper
formanceimpactcanbe easilyamortizedover a pro-
gram'slongerexecutiontime in mostcases.

3.2 Safety-Tigh tness Tradeo: Relaxed
and Strict Enforcemen t Mo des

We proposeawo typesof enforcementoderelaxedand
strict, to re ect a tradeof betweensafety and tightness
of performanceestimation. The estimatedexecutiontime
shouldnot be violated (safety), but be as close as possi-
ble to typical executiontimes (tightness).So far, we have
accountedor theamountof allocatedresourcegi.e., band-
width), but nottheaccesdateng to eachQoSblock. How-
ever, the executiontime of a programis heavily dependent
on lateny aswell. In Figure 2, we shov an example of
two network connectiondetweerNode0 (NO) andNode3
(N3) with asimple x edframe-basedcheduling Although
ConnectionB recevvestwice as much bandwidthas Con-
nectionA, its lateng is longer This longerlateng could
leadto a longerexecutiontime for a giveninstructionse-
guence. Therefore,we introducestrict enforcementmode
to enforceconstrainton bothbandwidthandlateng. Con-
dition 1 below (Bandwidth)is metby bothrelaxedandstrict
enforcemenmodes but Condition2 (Lateng) is metonly
in strictenforcementnode.

Condition 1 For a givenprocessoii, and8j (1 j m),

Bandwidthpgp (Xi;j ) Bandwidthgyr (Xi;j )

Condition 2 For a givenprocessoii, and8j (1 j m),

M AX fLatencypep (Xij )g
M I NfLatencyenr (Xij )g

Assuming performancemonotonicity of a processar
we cansafely claim that the estimatedperformancdower
boundin strict enforcemenimodewill not be violatedin
deploymentmode. The estimatedower bound of execu-
tion timein strictenforcemeninodeis saferthanthatin the
relaxedenforcementodebut is not astight.

3.3 METER G QoS Memory Subsystem:
An Example

We canbuild METERGQoSblocksmeetingConditionl
by slightly modifying conventionalQoS blockssupporting
perprocessoresourcaesenation. The QoSschedulingal-
gorithm is modi ed to exclude processorsunningin en-
forcementmodewhendistributing unclaimedslots.
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Figure 2. An example of having long er latency in spite of more band width.

Lateng guaranteearemoredif cult to implementthan
bandwidthguaranteesFortunately althoughcorventional
latengy guaranteesequirea certaintime boundnot to be
exceeded(absoluteguarantee)the METERG systemre-
quiresonly theinequalityrelationshign Condition2 to hold
(relative guarantee) Given METERG QoS blockscapable
of bandwidthguaranteesye canimplementthe METERG
systemsupportingstrict enforcemenimodeby insertinga
delayqueuebetweerevery QoSblock-processagpaironthe
reply path.

Figure 3 depictsan exampleof a METERG QoS mem-
ory subsystensupportingstrict enforcementode. For the
restof this paper we drop the QoSblock identi er in re-
sourceresenation parametersor we only have oneshared
resourcefor illustrative purposesi.e., X; Xi; . Because
thememoryblockis capableof resourceesenation,wecan
assumehatthelateng to this blockin deploymentmodeis
upperbounded Theupperbound,Ty ax (per)(X1), is de-
terminedby the resourceresenation parameterx;. Note
thatthe boundedateng is not guaranteedn enforcement
mode,becausehe programrecevesno moreresourceghan
speci edby X1 .

The delay queueis usedonly in enforcemenmode; it
is simply bypassedn deploymentmode. If a memoryac-
cessin enforcemenimodetakes Tacwar  Cycles, which is
smallerthan Ty ax (pep)(X1) dueto lack of contention,
the network interface(NI) placesthe reply messagén the
delayqueuewith theentry'stimersetto Ty ax (pep)(X1)
Tactual - The timer value gets decrementedvery cycle.
The NI will defersignalingthe arrival of the messagedo
the processowuntil the timer expires. Hence,the proces-
sor's obsened memoryaccesdateng is no smallerthan
Tm ax (0 ep)(X1) andCondition2 holds.

Becausethe processomeedsto allocatea delay queue
entry before sendinga memory requestin enforcement
mode,a small delay queuemay causeadditionalmemory
stall cycles. However, this doesnot affect the safetyof the
measuredperformancen enforcemenmode,but only its
tightness.

The memory accesstime under the worst-casecon-

METERG
QoS
Memory
block

" (bypassed in DEP mode) ™.,
_Data Timer R
datal | Ty aeneer0)-Tacuan
data2 | Tyaynepy(X0)- Tacuap

Processor
n

«’/o I

METERG QoS System

(Only the operations from Processor 1 are shown.)

Phase
Phase

: Resource reservation phase (setting up a service level agreement)
: 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 latency
condition (Condition 2) required by strict en-
forcement mode.

tention for a given resourceresenation parameter(x1),
Tm ax (peP)(X1), dependson the hardware con guration
andthe schedulingalgorithm.In somesystemsthe lateng
lower boundis known or canbe calculated15, 4, 10]. For
example,for connectiorA in the setupshown in Figure2,
it is straightforvard. Becauset usessimple frame-based
schedulingwith ten time slotsin eachframe and at least
oneout of every tenis givento the processeachhop can-
not take more than 10 time slots (if thereis no buffering
delay causedyy a large buffer). Therefore the worst-case
latengy betweerNode0 and3 will be 30 time slots. If the
estimationprocesss not trivial, however, onemay usean
obsenedworst-casdatengy with somesafetymaigin.



4 Evaluation

In thissectionwe present preliminaryevaluationof the
METERGsystem We evaluatetheperformancef asingle-
threadedhpplicationwith differentdegreesof resourcecon-
tentionon our system-lgel multiprocessosimulator

4.1 Simulation Setup

We have addeda strict METERG memory systemto
a full-system execution-drven multiprocessorsimulator
basedon BochslA-32 emulator[12]. Figure4 depictsthe
organizationof our simulatedplatform. Although our sim-
ulatoronly supportehe METERG QoSin thememorysub-
systemwe believe thatthe QoSsupportcanbe extendedto
othershared/O devices(e.g.disk, network).

Network
«” Interface ¥

(N

Shared Bus )

Shared

Memory

Figure 4. A simple bus-based METERG sys-
tem. The memory subsystem is capable of
METERG QoS.

Ourprocessomodelis asimplein-ordercorecapableof
executingoneinstructionper cycle, unlessthereis a cache
miss. A cachemissis handledby the detailedmemorysys-
temsimulatorandtakesavariablelateng dependingpnthe
degreeof contention. The processos clock speedis ve
timesfasterthanthe systemclock (e.g. 1 GHz processor
with 200 MHz systembus, which is reasonablén embed-
ded systems). The processohasa 32-KB direct-mapped
uni ed L1 cachebut no L2 cache.The cacheis blocking,
sotherecanbe at mostone outstandingcachemisshby ary
processar

Our detailed sharedmemory model includes primary
cachesand a sharedbus interconnect,and we have aug-
mentedt with the METERG QoSsupport.We have useda
simplemagicDRAM which returnsthe requested/aluein
thenext buscycle; otherwiseJong memoryaccessatencies

of thedetailedDRAM, combinedwith ourblockingcaches,
would make the memory bandwidthunderutilized. Note
that QoS supportis meaningfulonly whenthereis enough
resourcecontention. Severe memory channelcontention
is feasiblein multiprocessoembeddedystemswherere-
sourcesare relatively scarceand bandwidthrequirements
for applicationge.g. multimedia)arehigh.

The sharedbus interconnectdivides a x ed-sizetime
frameinto multiple time slots which arethe smallestunits
of bandwidthallocation,andimplementsa simpletime di-
vision multiplexing (TDM) scheme.For example,if Pro-
cessorl request)oSwith the resourceallocationparam-
eter(x;) of 0.25,oneout of every four time slotswill be
givento the processar Hence,the accesgime is bounded
by dl=x;e=4 time slotsin this case. An unclaimedtime
slotcanbeusedby ary otherprocessorgsotin enforcement
mode(work conserving).

We use a syntheticbenchmark,called memread, for
our evaluationto mimic the behaior of an application
whoseperformanceés boundedby the memorysystemper
formance. It runsanin nite loop which accesses large
memoryblock sequentiallyto generatecachemisseswith
a smallamountof bookkeepingcomputationn eachitera-
tion.

4.2 Simulation Results

Performance Estimation

Figure5 comparesheperformancef memread in various
con gurationswith differentoperationmodes(OpM ode),
degreesof contention,and resourceallocationparameters
(x1). We useinstructionsper cycle (IPC) as our perfor
mancemetricandall IPCsarenormalizedo thebestpossi-
ble case(denotedby BE-1P), wherea singlememread in
best-efort modemonopolizesall the systemresourceslin
best-efort (BE) mode,all processesun without ary QoS
support.In enforcemen(ENF) or deployment(DEP)mode,
only oneprocesgunsin QoSmode(eitherenforcemenbr
deployment),andtheremainingconcurrenprocessesunin
best-efort modeto generatenemorycontention.The gure
depictsthe singleQoSprocessperformance.

In Figure5(a),we rst measurgerformancewith vary-
ing degreesof resourcecontention. Without ary QoS sup-
port (denotedby BE), we obsene the end-to-endperfor
mancedegradationof a single processhy almosta factor
of 2, whenthe numberof concurrentprocessegxecuting
memread increase$rom 1 (BE-1P) to 8 (BE-8P).

Ontheotherhand,a QoSprocessn eitherenforcement
or deploymentmodeis well protectedrom the dynamicsof
others. At ary giventime, a processn deploymentmode
always outperformsits counterpartin enforcementmode
for a given resourceallocationparameter(x;). Thereis
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-
effort, enforcement-mode , and deplo yment-mode execution, respectivel y. In (a), as the number of
concurrent processes increases from 1to 8, the performance of a process degrades by 46 % without
QoS suppor t, but only by 9 % in deplo yment mode . The estimated performance from a measurement
in strict enforcement mode indicates the performance degradation for the given resour ce reservation
to be 31 % in the worst case. In (b), we obser ve that the performance estimation in strict enforcement

mode becomes tighter as the resour ce allocation parameter (x;) increases.

safetymamin for estimatedperformanceTheperformance
gap can be explainedby two factors. First, thereis extra
bandwidthgivento theprocessn deploymentmode,which
would not be givenin enforcementnode. Secondyegard-
lessof the actualseverity of contention gvery singlemem-
ory accessn enforcemenmodetakesthe longestpossible
lateng/. Notethat,althoughrare,this couldhapperin areal
deployment-modeun. Hence,an enforcement-modexe-
cution providesa safeandtight performancdower bound
for a givenx;. Becausea memoryaccessn enforcement
modealwaystakestheworstpossiblelateng, thereis little
variationof the performancecrossl (ENF-1P) through8
(ENF-8P) concurrenprocesses.

In Figure5(b), we run the simulationwith differentre-
sourceresenation parameters.We obsene that aswe in-
creasethe parametewalue, the performancegap between
thetwo modesshrinks.Thisis becausextrabandwidthbe-
yondacertainpointgivesonly a mamginal performanceain
to the QoSprocessn deploymentmode,but improvesthe
performancén enforcemenmodesigni cantly by reducing
theworst-casanemoryaccessateng.

Interactions amongProcesses

Becausewe have dealt with a single QoS processso far,
a questionnaturally arisesaboutthe interactionsof multi-
ple concurrentQoS processesFigure 6 shaws the perfor

mancevariationwhenmultiple QoSprocessearecontend-
ing againsteachotherto accesshe sharednemory

The gure demonstrateshat, even if we increasethe
numberof QoSprocessefom oneto four, theperformance
of QoS processeén deployment mode degradesvery lit-
tle (by lessthan?2 %) for a given paramete(x;=0.25)and
theperformancdéowerboundestimatedy anenforcement-
modeexecutionis strictly guaranteed.The amountof re-
sened resourcefor eachprocessis given in the resource
allocationvector Note thatx; =0 meansno resourcds re-
senedfor processor (best-efort), andthatwe usex,=0.20
ratherthanx,=0.25in the caseof 4 QoS+ 4 BE soasnot
to stane the best-efort processes.

Asweincreasehetotalamountof resourcesesenedfor
QoSprocesseghe performanceof best-efort processess
degradedasexpected.We obsene thatthe systemprovides
fairnessothattheirexecutiontime differsonly by lessthan
1 %. Fairnesss alsoprovidedto the QoSprocessebaving
the sameresourcaesenationparameter

5 Conclusion

Although corventionalQoS mechanismeffectively set
a lower boundon a programs performancdor a givenre-
sourceresenation parameterit is not easyto translatea
userlevel performancametricinto a vectorof hardwarere-
sourceresenations. To facilitate performanceestimation,
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Figure 6. Interactions between QoS and Best-eff ort (BE) processes running memread. All QoS pro-
cesses are running in deployment 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-capableeomponentsup-
port two operationmodes:enforcementmodefor estimat-
ing end-to-engerformancenddeploymentmodefor max-

imizing performancewith a guaranteedower bound. Our

approachdoesnot involve ary expensie programanaly-
sisor hardwaremodelingoftenrequiredin corventionalap-

proachedor performanceestimation.Instead we usesim-

ple measurementn orderto demonstratés effectiveness,
we have implementeda multiprocessorsystemsimulator
andestimatedhe lower boundon the executiontime of a

bandwidth-intensie syntheticboenchmark.
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