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Abstract

Aserveapplications commonlyprganizeds
collectiondoncurrent  threadsachihich  executes
theode necessaryprocessiequest.  Thisoftware
architecturewhichcausedsrequentontrotransfe  rs
betweeninrelatepiecestodedecreasemstruc tion
andlatdocalityanatonsequentlyeducesheff ec-
tivenessofhardware  mechanismssuchascaches,
TLBsandbrancipredictorsNumerousneasurements
demonstratethieffecirservemapplicationswhich
often utilizeonldractiorof a moderrprocessor’s
computationahroughput.

Thipaper addresseshiproblenthrough cohort
scheduling new policyhaincreasesodandlata

localithpatchinghexecutiondimilanpera tions
arisingliffererderverequests. Effectivamplemen-
tatiorofhgolicyelie®rmevprogramming ab-

straction, stagecdomputationyvhich  replaceshreads.
The StagedSenddararnprovidesrefficientimple-
mentationfohodchedulingndtagedomputati on.

Measurementefwserveapplications  writterwith
thidibrary showhatohorscheduling  can improve
servethroughput by as mucta20%bhyeducing the
processocyclepeinstructiotnyd0%and.Z2ach e
misseb$0%.
1 Introduction
Aerveapplicatiomprogranhamanagesac-
cestaharedesourcesuchdatabasenail store,
filsystemowelsiteServereceivestrea nof
requestsprocessegachangroducestreanof re-
sults. Gooderveperformancésmportantadtie-
termineghdatency@ccess theesourceandton-
strainstheerver'sibilitytnandlenultipleequests.
Commerciaserverssuclaslatabases, havdeerthe

focustonsiderableesearchémprovehander ly-
indhardwarealgorithms, and parallelism, asvelas
considerabldevelopmertimprovéheitode.

Muclof thénardwareefforhas  concentratean
thenemorhierarchywhere  rapidlincreasingroces-
sapeedngarallelisandlowly decliningnemory
accessimereatedyrowingaphainajop er-
formancéottleneckmangystemdnecenproc es-

sordpadingvorformemorgacodtundreds of
cyclesduringvhichthreadoutime&snanyn -
structionscoul@xecute. Higlperformanc@rocessors
attempttalleviat¢hiperformancenismatcthrough
numerousmechanisms,suchascaches,TLBs,and
branchpredictord27] Thesemechanisms  exploig
well-known program property—spatiabndemporal
reuseotodandlata—tkeembhand datathats
likelydbeeusedjuicklyandgredictuturep ro-
grarbehavior.

Servesoftware ofteexhibitesprogrartocality
andconsequenthachievegpooreperformancethan
othesoftware. Foexamplemangtudies havefound
thatcommercialdatabasesystemsrunningon-line
transactiomprocessingOLTPpenchmarksncuhigh

rate®f cachemissesindnstruction stallswhiche-
ducerocessor performanceto asovagenttof its
peak potentigl4920]Parbthigproblenmaype
attributableéadatabasesystemstodesizg28]b ut

their executiomodedlsoesponsible.

Thesesystemare structuredsdhagproces®r
threadun$oshomperiodeforénvokingpl
ing operatiormndelinquishingontrolsgprocessors
executauccessiomdiversenon-loopingodes eg-
mentshaéxhibitittiéocality. FoexampleBarroso
etlcomparedr PC-BarOLTFenchmarkvhose
threadexecutaraverag@25Knstructiondefo re
blockingagainst PC-Daompute-intensiveecisi on-
supporsystem{DSSphenchmarkvhosehreadexe-
cutaraveragel.7Mnstructiondefordlockin g
[9]0mmIphaServed100T PC-Badh2niss

ock-

ratef3.9%ahdisgate. 7%gndverall per-
formance?.@yclepemstructiofCP1)Bgo n-
trasff PC-Madh2nissatei.2%ah 3nis S

rated.32%an& Rif.62.

Insteaafocusingardwarethipapetakes
an alternative—and complementary—approach of
modifyinggorogram’s  behaviotdmprovetger-
formance. Thegapepresentsnewyser-level soft-
warearchitecture thaenhancesnstructioranddata
localitgnihcreaseservesoftwargerformance. The
architectureonsistegchedulingolicané pro-
grammingnodelThgolicy, cohorschedulinggon-



secutivelyexecutescohorbgimilacomputation S
thatarisédistinct  requestsn aerver. Computations
i@ohorthecaus¢hegpratoughlthsames tage
oprocessingtendoeferencaimilacodand ata,
andeoonsecutivelgxecutinthem  improvesprogram
localityand increaseshardwareperformance. Staged
computatiothgorogrammingnodelprovidesgpro-
grammingabstraction bywhichaprogrammercan
identifandjroupelatedomputationsnanakex -
plicit the dependencethatonstraischedulingStaged
computationmoreover, hagshedditionabenefitof
reducingoncurrency overheadntheeetbexpen-
sivesrror-pronsynchronization.

Wemplementedhischedulingpolicyangro-
grammingnodeimeusabldibrary StagedServer
Inwaexperimentspne witran/O-intensiveserver
andnother witl@ompute-bounderver, codeising
StagedServer performed significantly  better than
threadedersionsStagedServer loweredesponséime
byasnuca0%reduceayclepemstructior y
30%and reducetlzachenisseby moréhab0%.

TheapeisrganizedsollowsSection tro-
ducegohorschedulingandexplaingiovicanm-
proverograrperformanceSection 8escribestaged
computationSection riefly describegsheStaged-
ServelibrarySection =Fontaingperformanceneas-
urementsSection @iscusseselategvork.

Computation Computation
A
-
[N
b=
o ©
N g
Processor
Time Execution
Threaded Execution
Cohorts
-
— »
o o
s >
3 3

Time
Cohort Scheduling

Figure 1. Cohort scheduling in operation. Shaded boxes indicate
different computations performed while processing requests on a
server. Cohort scheduling reorders the computations, so that simi-
lar ones execute consecutively on a processor, which increases
program locality and processor performance.

2 Cohort Scheduling

Cohorchedulingg  techniquéoorganizinghe
computatioin serverapplicationsimprov@rogram
localityT hé&keynsighighat distinctequest®n a
serveexecute similacomputations. Aervecadefer
processingaequestinté cohomvéomputations ar-
rivegimilapoinitheiprocessingndhe n exe-
cutéheohortonsecutivelgprocessofFigur el).

This schedulingpolicy increasesopportunitiesor
codaeandlataeuseby reducinghenterleaving of
unrelatedcomputationshat causesacheonflicts and
evictiveachdinesThe approacisimilattoop

tilingoblockind19]whichrestructuresamatri X
computationntesubmatrixcomputationghatepeat -
edlyeferencelatdeforeurningghanexsubm a-
trixCohorschedulinghoweverglynamiproc ess
thatreorganizeseriesf  computationsitemgan
inpustreamsohasimilacomputations omlifferent

items executeonsecutivelyThe techniquepplieso
uniprocessorandnultiprocessorsadbottiepenad n
prograrfocalittachievgoog@erformance.

Figure 2lustratesheesulte&implexperi-

menthatemonstratethdenefitdohotchedu ling
orniprocessorlteportsheostpecall, oéxe-
cutingifferergizedohortsdsynchronousrit e
randonblocksdileEaclkzohort ragonsecutively
omsystemvhoseachandranchablduffehad
beeflushedAs theohoihcreasedizeheosif
eacltaltlecreasedapidlyAsinglecall consumed
109,00@ycledhuhe  averagecostdroppe@8%oa
cohorv&allaind 82%omohorob£allsA
directmeasurefocalityl. Zacheamisses, also im-
provedramaticallywitiohowalld,. 2n isses
pecaliroppedd 7%thénitialaluandu rther

declinedal%wittecohorobb4allsThesem-
provementsequirecha@hangesdheperatingys -
tencodegnlyeorderingperationsampplicat ion.
FurtheimprovementequiregeductionsrOSself-
conflianisse§roughl@pesystenoallyathe
amortizintheoughlg50@oldtarnisses.

2.1 Assembling Cohorts

Cohorscheduling isoirreparablyiedstaged
computationbut manyenefitsnaypdosifpro-
grammecannogxplicitlyorncohortskFoexample ,
considertransparentlyintegratingcohortschedulin g
withthreadsThebasiddedassimple A modified
threadschedulerdentifies andgroups threadswith
identicahexprograntounte(nPCyaluesThread S
startingthsameoinardikely@xecutei milar
operationseverifheibehavioeventuallgiver ges.
Theschedulerunscohorothreadwithdentic al
nPChkeforeurningtheextohort.

than
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Figure 2. Performance of cohorts of WriteFileEx system calls in
Window 2000 Advanced Server (Dell Precision 610 with an Intel
Pentium Il processor). The chart reports the cost per call—in proc-
essor cycles and L2 cache misses—of an asynchronous write to a
random 4K block in a file.

ileasydelievehathischemeould some-
timesimprov@erformanceand itequiresnlyninor
changeso acheduleansh@hangeso applications.
Ithowevemasleashortcomingslparticular, nPC
valuesaire a coarsendndirect indicatobprogram
behaviorOnlyhreadsvitidenticahPCendip a
cohortwhich missesnany pieceséodevitisimilar
behaviorFoexampleseveraftoutineghatccess a

datatructure mighbelongi@ohort. Simplexten-
sionthischemesuchssintheistancbe tween
PCameasuredimilarityhavéttieonnect ioto

logicabehavioandr@erturbedygompilelink ing
and¢odescheduling. Anothedisadvantagéshato-

hortstarafteblockingystentallsrathetha n at
application-appropriatgointslparticularcomp  ute-
intensiveapplication®programshatiseasynchr o-
nouf@annatsthischemeathegladilo ck.

To corredhese shortcomingand properlyassem-
bleohort, @rogrammemustielimitcomputations
anddentifgheneshabelongrohortStag ed
computatiorprovidegprogrammingbstractiorihat
neatlycapturebotdimensionsfohorts.

3 Staged Computation

Stageatomputatiorgorogramming abstraction
intendedoeplac¢hreadssheonstructinderl ying
concurrentor parallel programs.Stage®ffecompel-
lingperformanceandtorrectnessaidvantagesand are
particularlyamenabletocohortscheduling.Inthis
modelprogranis constructedronaollectiorof
stagesacloivhicltonsisteé group of exported
operationsand private dataAroperation i®n asyn-
chronougprocedure callsatsnvocationgxecution,
andreplgrdecoupled. Moreovegtaghas schedul-
ingutonomywhiclenablegisontraherdeand
concurrencywitlvhichteperationexecute.

Atagés  conceptuallysimilai@lassaob-
ject-basedanguage, tdhextenthaitgorogram
structuringbstractioprovidindpcastatanad pera-
tionsStageshowevemiffefrorobjectmn threena-
jorespectsFirst, operationsn atage araénvoked
asynchronouslysahat aalledoesotvaifor a
computatiortacomplete buinsteadcontinuesand
rendezvousedaterjhecessaryiaetrievea
Second gtagdasutonomyaontrahexecution
oftoperationsThiautonomyextendgalecidin g
whemndhovi@xecutéheomputationsssociated
with invokedperationsFinallystagesare aontrol
abstractionusedmrganizeangrocessorkwhile
objectara@ataepresentatioactedbpther
tiessuchfunctionghreadsstages.

Astagefacilitatescohorsschedulingoecause it
providesnatural abstractioriogroupingperations
withsimilatbehaviorandlocalityandthe control
autonomyo implementohorschedulingOperations
istageypicallpccessocatlatasahaeff ective
cohochedulingnlyequiresimplsecheduler that
accumulatependingperations tforraohort.

Stagegprovidedditiongirogrammingdvantages
aswell. Becauseheycontrotheiinternatoncur-
rency, theypromotegprogrammingtyléhateduces

result.

enti-

theeedoexpensiveerror-pronexplicisynchr oni-
zation. Stagesnoreoveiprovid¢hdasifospecify-
ingnderifyingropertiesdsynchronous programs.

Thisection briefly describeshetagegrogramming
modelSection 4Zelaboratesarimplementation ira
C+¢lasBbrary.

3.1 Stage Design

Programmerggroumperationsnta@stagdor a
varietgfeasonsThéirsto regulataccesso pro-
granstat€“statictiatapy wrappind@amabstract
dattypeOperationgroupethisay forranbvious
cohort, asheyypicallyhaveonsiderablénstruction

andlatdocalityMoreover@rogrammecaigontr ol
concurrencystagéoeduceeliminatasynch ro-
nizatiofathidatéSectio8.4).

Theecondeasoisgroujogicallyelatedp-
erationggrovidewell-roundednadompletgro -
grammingbstractionT hissasomageenessom -

pellingharthdirstbutogicallyelatedpera tions
frequentlighareodendatasaollectinghem i
stagedentifie®perationshatouldenefifrom co-
hodcheduling.

Théhirdeencapsulate programcontrdbgim
thdornoé finite-stateautomatonAsliscussedbe-
lowgstage'sasynchronousperations  easilymple-
mentheeactivdransitionsrarevent-driverst ate

machine.
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Figure 3. Example of stages and operations. Stage-A runs op-a,
which invokes two operations in Stage-B and waiting until they
complete before running op-a’s continuation.

Ipracticedesigningprogranwitistages fo-
cusemmpartitioninghdgasksntsub-taskshat are
self-containedhaveonsiderableodandiatdoc al-
ityandhavéogicalinitimanwaysthipro cess
itheontranaloguedbject-orientedesign.

3.2 Operations

Operationsareasynchronouscomputationsex-
portedtagelnvocatiomémperation onlye-
quireis eventualexecutiorso thénvokeand opera-
tion ruindependentiyWhemoperatioexecutest
carinvokeanynumbeiothildbperationsorany
stageincluding itswn. Avarentamvaitoitshil-
drendinishretrieveesults frontheicomputation,
anatontinugrocessing. Figure 3howsmperation
(op-gunningn  Stage-hainvokeswmperations
(op-and op-yin Stage-B perform$urthecomputa-
tiommnthen  waitfitshildrermftethegomplete
andeturrtheiresults, op-aontinuegxecutiorand
processethe children’sesults.

Theode withiaoperation executesequentially
andannvokdotltonventiona{synchronous) calls
andasynchronousperationsHoweverpncestarted,
amperation ison-preemptibleand runsintitelin-
guishestheprocessor. Programmers,unfortunately,
mushearefuhotinvokélockingperations hat
suspendhéhreadunningperation®mprocesso r.
Awoperatiothatelinquishes  th@rocessotwaibor
arevent—suclas asynchronoud/Osynchronization,
or operatiomompletion—insteadprovides continua-
tiotb@vokewhetheveraccurgl4].

Aontinuatiosonsistingfunctioand enough
savedtatépermitheomputationoesumet the

poinaivhiclisuspended. Explicitontinuationsare
theimplesandeastostlapproachasmmpera tion
savegnlytdve statéastructurealled closure .

Theother alternative,implicitontinuations , requires
the systemto savethexecutingperation'stackso
that italeesumedT hischemesimilatdibers,
simplifieprogramminggomeerformanceod® ]

Asynchronousperations providdow-cosparal-
lelismwhiclenablesprogrammetoexpressand
exploitheconcurrencywithinanapplication.The
overheadtimandpacepf invokingoperatiors
close@rocedureallasonlgntailalloc ating
andnitializing eaclosureandpassingtaestage.
Whemmperatiomunsa@ompletionifioesiot e-
quirdgtowrstaclor an aredqreserveprocessor
statewhickeliminatesnuclothecosbthreads
Similarlyreturningaluende-enablingont
tioare simpldénexpensiveperations.

inua-

3.3 Programming Styles

Stagedcomputationsupportsavarietyofpro-
grammingtylesincludingoftwargipeliningeve nt-
drivenstatemachines,bi-directionalpipelines,an d
fork-joiparallelism. Conceptuallydieasistagesa
serveararrangeasgpipelinéwhichequests ar-
rivebnendndesponsefiow fronthethelThis
formfomputatioreasily supporteddy representing
aequeshsarobjecpassedetweerstagesLinea r
pipeliningahisort  is simpland efficienhecausa
stageetainmdnformatiororcompleteccomputa-
tions.

Howeverstagegraotonstrainedo thiginear
style.Anothercommon  programmingidiomisbi-
directionapipeliningwhiclis the@synchronousina-
loguedalindeturrthis approachgtagpasses
subtaskso onemorethestagesTh@arenstage
eventuallsuspendstsvorlortheequestiurns its
attentiortmtherequests, andesumes theoriginal
computatiorwhenthe subtaskgroduceesultsThis
style requireshadimperation  bdéroken into a series
obkubcomputationswhichrurwherresultsappear.
Wittexplicitontinuationsa programmeipartitions
thecomputatiorbyhand, although azompilecould
easily producehicodewhichlosdo thevell-
known continuation-passingtylg6l 2Witimplicit
continuationsgporogrammer onlyneedgandicate
wher¢heriginatomputatiosuspendandvait$ or
theubtasksoomplete.

A generalizatiorthistylégvent-drivempro-
gramming,whichises #initetate automato(FSAp
controlreactivesystenj2629]. Thd-SAogids
encapsulatedatagandrivebgxternad vents,
suclasietwork messagesand/CGcompletionsand
internakventsronotherasynchronousstages An
operation’slosure containth&SAtate  foparticu-
laserverequest. Th&SA changestate whenahild
operatiorcompletesor  external eventsarriveThese
transitionsnvokeomputationsssociatedvitedg es
ithé&SAEacttomputatiomunsintiblocks and
specifietheexdtatah&SA.
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Figure 4 Profile of staged web server (Section 5.1). The performance metrics for each stage are broken down by processor (the system is
running on four processors). The first column is the average queue length. The second column contains three metrics on operations at the
stage: the quantity, the average wait time (millisecond), and the maximum wait time. The third column contains corresponding metrics for
operations that are suspended and restarted. The fourth column contains corresponding metrics for completed operations. The numbers
on arcs are the number of operations started or restarted between two stage-processor pairs.

Foexamplethevelservensed$ection 5.1s stage'mutex cabamortizedveaohodp-
drivebgontrol-logistageonsistingSA with erationf25].
fifteestatesTh&SAescribeth@rocesbywh ich

HTTRGETequesarriveandparsedtheefer -
encediladoundrthecacheprdiskthdi le

* A partitionedtagalividemvocationgbasedia
keyassedgparameter), t@avoidharinglata
amongperations running ordifferenprocessors.

blockareeagndransmittedandhdil@nd on- N .
: Foexamplegonsidedileachstagehaparti -
nectioarelosed. . . . '
tiongequestsusingghashfunctiororthefile
DescribingheontrdogioferveastSA numberEaclprocessomaintaing®winasta-
opentheossibilitpferifyingnangroperties dahe bleh-memordisklocksEachastabléc -

entirsystemsuclasleadlockreedombyapplyin g
techniquessuchmodeatheckin§l5221eveloped
tonodeanderifgystemafommunicating SAs.

3.4 Scheduling Policy Refinements

Thehircttribute&tageschedulinguton-
omyWhestag@ctivatedprocessothe stage
determinesvhicltoperationexecuteand  theiorder.
Thischedulindgreedonallowseveralefinements of
cohorscheduling teeducehaeedosynchroniza-

cessebly only onprocessorvhicenhancebcal-
ityandeliminatessynchronization. Thispolicy,
whichgeminiscenbghared-nothinglatabases,
permitgparalleatsstructuresvithoufine-grain
synchronization.

* A sharedtageungt®perationgoncurrentlypn
manprocessorsSinceeveralperationgtag e
caexecuteoncurrentlysharedataccessemust
beynchronized.

tiorlparticulanyéunthrepolicieaseful Othepoliciesrg@ossibl@anaouldeasilymp le-
mentegvithin atage.
* An exclusivetagexecutesmospneitep-
erationséimeSinceperationsusequential ly iEmportankeejmindhathes@oliciesr e
andompletelyaccessstage-locadlataloesot implementedwithinthemoregeneraframeworlof
needynchronization. Thitypedtagesimilar cohoigchedulingWWheatagéactivated i@ roc-
t@anonitorexcepthat itsnterfacesasynchro- essoriexecutestoutstandingperationspne after

nousclientsdelegatecomputationtathestage,

anotherNothingrthestagednodetequiresohor t

rathetharblocko obtairaccesdaresource. schedulingRatheth@rogrammingnodedandched-
When this stricserializatiomloesiotauseper- ulingolicyaturall§tibgetherstaggroups logi-
formanceottleneckthigpolicyffergasterror - callyelatedperationthashareatangrovid ethe

freeaccesstodataandasimpleprogramming
modelThiapproactworksvelfofine-grained

operationggtheostdcquiringndeleasing the

freedomaeordecomputations.  Cohort scheduling
exploitschedulindreedonbyonsecutivelyunnin g
similamperations.




3.5 Understanding Performance
AcompellincgadvantagentheStagednodels

thath@erformancethsystenselativelga syo
visualizeand understandEachstagdssimilata
nodéaueuingystemParameterssuclasavera ge

andmaximunmgueudengthaverageandnaximum
waitimean@veragananaximunprocessingime,
areeasilymeasuredandlisplayedFigure 4)These
measurementprovidegooavervievesystenper-
formancantielmentifigottienecks.

3.6 Stage Computation Example

Aasexamplestagedomputatiom;onsidethe
fleacheised byhevelserveirsection.l. Ale
cachés anmportantomponent irmanyserversit
storegecentlyaccessedlisklocksrmemoryand
mapsélaentifieandffsab disklock.

Thetagedileacheonsistathregartitioned
stagegqFigure 5)Thecachddogicallypartitioned
acrossheprocessorss@ach  onemanagesunique
subsebfthdilesasleterminedyhe hashedile
identifierAlternatively, folargdiles, thdilédenti-
fieanaffset camdashedogetherso dile’s disk
blocks arestripped acrossheable. Withithestage,
eaclprocessomaintainghashablehamapdil e
identifiersomemory-residentdiskblocks.Sincea
processoreferencesnly it¢éable, accessesequir@o
synchronizatioranddatadoesnotmigratebetween
processataches.

disklocieotachedmemorytheache
invokesanoperationorthe I/OAggregator stage,

whoseolésmergeequestfoadjacerdisk locks
tamproveystenefficiencyT histageitilizes ohort
schedulingaifferenivayhbyccumulatindg/O re-
guestsaohor@ndombininghenmtdarger 110

requesttheperatingystem.

The DiskO stageeadandvriteslisklockdt
issuesisynchronousystencallsperfornthese p-

erationandpeaclhinvokeanperatioithe Event
Servettagalescribingpendind/OT hi®peration
suspendsintihdé/@ompletesT histagénterf aces

the operating system’s asynchronous notification
mechanismahetagegrogrammingnodelltitil-

izeseparatehreadwhichvaitemivompl e-
tiolPorthathesystenusessignatompletion of
asynchronousl/O.Ateachnatification,thisstage
matchesreventvitlavaitinglosurewhictit e-
enablesingasseshénformatiorfrontheComple-
tiorPortTheDisK/Cstagejrturnyeturngdis k
blocksth&@\ggregatomvhicipassesheno the

FileCachestage where thedataarerecordedand

passebacithelient.
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Figure 5. Architecture of staged file cache. Requests for disk
blocks are partitioned across processors to avoid sharing the hash
table. If a block is not found, it is requested from an 1/0 aggrega-
tor, which combines requests for adjacent blocks and passes
them to a disk 1/0 stage that asynchronously reads the files. When
an 1/0 completes, an event server thread is notified, which passes
the completion back to the disk 1/0 stage.

4 StagedServer Library

TheStagedServelibraryscollectioroC++
classeshaimplemenstagedomputatiomnaohor t
scheduling@ritheainiprocessoomultiprocess or.
Thidibrarenablesprogrammer to definestages,
operationsandooliciedy  writingonlyapplication-
specificodeMoreoverStagedServeimplementsan
aggressivancfficient versioro€ohorscheduling.
Thisectiobrieflgdescribethébrargnits primary
interfaces.

Thdibrary’dunctionalityartitionedetween
twprincipatlassesThéirsthe Stag#asswhich
providestage-local storageandnechanismgocol-
lectingandschedulingpperationsThesecondgh e
Closureclasswhiclencapsulatesmperatiomnds
continuationsprovideger-invocatiorstateands  up-
portgwvokingoperatioandeturningsesul fThe
fundamentahctionrStagedServesystenisd n-

vokaperatiobgreatingnéhitializingl! osure
andandintatage.
4.1 Stage Class

The Stageclasssiemplatedaselasshaan
applicationsesoerivelasseoitgarious stages.
Theaselasprovidethéasitunctionalitfor man-
aginglosureandoschedulingn@éxecutingpe ra-

tionsprocessors.




4.1.1 Scheduling Policy

StagedServeimplementgohorschedulingol-

icywitenhancementsincreas¢h@rocessoaf fin-
itpdlata.  Thassignmentdperationsprocessors
occursvheraroperationsubmittedastage. By
defaulamperatiomvokedgodeunningpr oc-
essorgxecute®mrocessor  [isubsequenstages.
Thigffinitpolicgnhancesemporabcalitand re-
ducesacherafficash@peration’slataend ae-

maith@rocessor'sachetHowever, @rograncan
overridéhelefaulhnéxecute aoperation owif-
ferenprocessor when: theprocessotaexecutehe
operationexplicithspecifiedastagepartitio ns its
operationamongrocessorspstageisefoad al-
ancingpedistributeperations.

Atagenaintainstackndiueuéoeachproc-
essointheystemln generalpperation®riginating
otthéocgbrocessoar@ushewn thaetaclkanadp-
erationsfronotheprocessorsaareenqueuecbrthe

gueueWhemstagetartprocessingohortit first
emptieststackiIF@rderheforéurningo the
gueueThischemdaswaationalesProcessing he
mostecentlyinvokedoperationdirsincreasesh e
likelihoodhatroperation’slatawill residerthe
cache ladditiorthstackoeaatquirgynchroni-
zatiorsincésnlgccessetdgnerocessor, which

reduceshe&ommon-caseosbinvokingropera-
tion.

4.1.2 Processor Scheduling

StagedServercurrentlusessimplewavefront
algorithnsupplprocessortstagesprogram mer
specifieawrderingthstagesaapplicati on.In
wavefronschedulingprocessorsndependenthalte r-
natdorwardandbackwardraversalof thidisof
stagesAeaclstagegprocessoexecutemperati ons
pendingin itstackndueueiVhen theperationare
finishedh@rocessoproceedtheexdtage. the

processorepeatedljindsiavorkisleep$oe Xpo-
nentiallyncreasing periodstiméntervalifroc-
essocannagaiaccestalxclusivetagehec ause

anotheprocessomalreadyvorkingnhestage, the
processaskipthstage.

Thalternatingraversasrdeimvavefrordched -
uling correspondstoacommoncommunications

patternijwhiclstage@assesequestsitsu cces-
sorswhiclperfornmomputatiorand producexe-
sultieasyimaginetheschedulingolici eshut

wehavenoevaluatedhemaghisapproactworks
wefothepplicationsvéavetudiedT hisop is
wortfurthenvestigation.

4.1.3 Thresholds
Arorthogonahttributeobstagdasgpaiiof

threshold¢haforc&tagedServetactivatest agd
mor¢ha@ivemumbeodperationarevaiting or
afterefixedinterval Whenreithersituationarise S,

StagedServestopsheurrently  runningtagéafteit
completest®peration)runshehreshold-exceed  ing
stageanthereturngthsuspendedtage. Faosim-
plicityafnterruptingtageannobeénterrupte dso
thabthestageghaexceedheithresholdsare de-
ferredntprocessingeturngoriginadtage. Thresh-
oldarparticularlysefuolatency-sensitive stages,
such aghosénteractingvititheoperatingsystem,
whicimusheegularlguppliedviti/Qequests to
ensurthadevicedaajalle.

Anotheusefutefinementsfeedbacknecha-
nismhwhiclstagénformsthestageshait has
sufficientasksThes@thestagesarsuspengr oc-
essingeffectiveljurninth@rocessooveid hérst
stageSdar, voluntargooperationrathetharhard
queudimits, hasufficed.

4.1.4 Partitioned Data

Apartitionedstagaypicallydivides itglataso
thahe operationsunning@rocessaaccessnlg
non-sharedportion Avoidingsharingeliminateghe
needsynchronizaccessthelatandeduces the
cacheraffithatesultsvhemlata araccessedrom

mor¢haln@rocessorTheurrengystenpartiti ons
&ariable—usinghevell-knowmechniqueprivati -
zatiofj30]—bgtoringtvaluesravectowitta n
entrjoeaclprocessorCodesesh@rocessor do
indethigectoandbtaiprivatealue.
4.2 Closure Class
Closureigemplatetaselassodefininglo-
sures,whichareacombinationofcodeanddata.
StagedServanseslosuresimplemertperations  and
theicontinuationsWhemmperationirsinv oked
omstagethénvokecreateglosurandhiti alizes
itvitparametevaluesLaterthestagexecutes the
operatiobjynvokingnethelosure’snethods, as
specifiebthe operationinvocationl himethodan
ordinanyC++method Wheriteturnsthemethod
musstatevhetheth@peratiomsompletéana p-
tionallyeturnsvalue)ifsvaitingoe hildo
finismilvaitinépanotheoperation cesume
itexecution.
Anoperationcaninvokeoperationsonother
stages—itshildren. Theriginadperatiomaitfor its
childrerbyrovidingcontinuatiorroutinghat the

systemrungvhethehildrefinishThisontinuation
routineisimplgnothemethodheriginailosure.



Thelosur@assesrgumentbetweeiparenand ts

continuatioandesultbetweemhildnipa rent.
Thigrocessayepeatultiplémesyitieacle on-
tinuatiotakingtheoleparentother words,
theselosurearactuallynultiple-entrglosures  with

arentryotheriginabperationnvocatiorand en-
triesosubsequentontinuationslipracticea stage

treatgshesemethodddenticallyanddoesodisti n-
guisbetweenpperatioand its continuation.
5 Experimental Evaluation

Tevaluatehdenefitef
theStagedServelibrary we

cohorschedulingnd
builtwaoprototypical

serveapplicationsThdirst—avelserver—is I/O-
boundagitaskonsists of respondingp HTTRSET
requestby retrievinflefom  diskr fileachand
sendinghenoveaetworkT hesecond—a publish-
subscribeserver—isomputdoundash@amounof
datéransferredselativelgmalhutheompu tation
tonatchevertgainstiatabasedubscriptio ngs

expensivanthemory-intensive.

5.1 1/0-Intensive Server

To comparethreadsagainststages,weimple-
mentedwavelserversThe first istructuredising
threaghoqITHWSanthsecondiseStagedServer
(SSWSWeookaremakéhevgerversffici ent
andomparablandshareommoodelparticu -
laboth serverase Microsoft Window's asynchronous
I/@perationsThéhreadedervewas organizeda
conventionainanneaghrea@cceptingonnectio ns

anpassintheng@oai?5évorkethreads, each
of which performsheerver'$ufiunctionality: pars-
ingiequestreadingileandransmittingts con-

tents. Thiserverusedhekernel'dilecache. The

SSWServeslso caprocessp@58imultaneously
requestsltva®rganizeds aontrologistagea
networkQtageand thedisk@ndachingtages
describedn Section3.6Thg@arametersverehosen
bexperimentatiomngieldedobugperformancé or
thbenchmarkntlardwareonfiguration.

Asbaselindocomparisonvalsoamhex-
perimentorMicrosoft’'dlSvelserverwhichsa
highly tuneg@ommercigbroductllerformedbetter
thartheotheservers,  but thalifferencavasmall,
whicpartiallyalidatetheimplementations.

Outestonfiguratiorconsistetserveand
threelientsTheervewa€ompadroliandL580 R
containingou7 0OMHZPentiuntll-Xeomrocessors
(2MBL2cache)  anddGBofRAM.lthadeight

10000RPNbCSI8iskszonnectetCompa&mart
ArraycontrollerTheclientsarorDelPowerEdge
6350sgacleontainindoud00MHPentiuniKeon
processorwitl GBRAMThelientanderver
wereonnectedaledicatedsigabiEthernenet-
workndothallVindow200&erveSP1).

Weised the SURGHenchmark, whichietrieves
webpageswhosesizedistributionsandeference
patterraremodelecbractuabystemgd8]SURGE
measureshabilitpévelservetprocesHTT P

GETrequestsretrievgpagedromediskand send
thembackalienfThisenchmarkoesattempt
toapturéhéubehaviomvekerveryvhich must
handlethetypesifiiTTRequestsexecutelynami c
contentperfornservemanagementandoglataT o}
increas¢héoadweuargeonfigurationi tha
welsitet,000,00page$20.1GBandeferenc e
streansontaining,638,44%questsA SURGHEvork-

loadeharacterizedyJser-Equivalent§UESs)ea ch
ofvhiclmodel®neaiseaccessinghavelsiteWe
founthatve couldunip@00WEpeclientAll
testsvereunwithiheJBvorkloadalancedicross
thelientmachinesTheeportechumbersrdof 5
minutes€lienéxecutionstartingvitidreshl yni-
tializederver.

Figure g&howshdandwidtlandatencythe
threadTHWSan&tagedServefSSWS$erversand
compareshenagainst @ommercialvelserve(llS).
Thdirsthart  containshewumbeopagesetrieved
byhelientpesecondsinceequestfollova
sequencethenumbeopagesaneasureband-
widthandhesecondthart containgheaveragda-
tencyperceivebglientp retriev@age.

fixed

Severaltrendsarenotable.Underlightload,
SSWS'performancéspproximatelyp% lowethan
THWShuathéoathcreases, SSWSespondsas
mang4d 3%noreequestpeunitimeThesecond
charijparexplainshiglifference. SSWS'satency
ihighethan THWS'tatencyndelightoadby
factoodlmos20}yuathéoadhcreases, SSWS'’s
latencgrowsnlR.3imesbut THWS'$atencyn-
creasedfimedgevedquab SSWS's.

ThecommerciakerverMicrosoft'dISputper-
formed SSWa¥-9%ind THWRP-22%ltéa-
tencyndeheavyjoadvasip to 45%ettetharthe
otheserverdatency.
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Figure 6. Performance of web servers. These charts show the
performance of the threaded server (THWS), StagedServer server
(SSWS), and Microsoft’s IIS server (lIS). The first records the num-
ber of web pages received by the clients per second. The second
records the average latency, as perceived by the client, to retrieve
a page. The error bars are the standard deviation of the latency.

SSW9erformancewhichsnore stablangbre-
dictableindeheavyoadhanhéhreadederver, is
appropriateforserversjnwhichperformancechal-

lengesirisas offeredoadncreases. SSWServer's
overalperformancevaselativelpetteandp roc-
essoperformancalegradedesaindetoadhan the

THWSserver. Thdamprovedorocessoperformance
wageflectedremeasurablyimprovedhroughput
underload.

5.2 Compute-Bound Server

Tevaluat¢h@erformancebtagedServeom
compute-boundpplicationye alsobuiimpleub-
lish-subscribeserver.Theserverusedanefficient .
cache-friendlplgorithntonatcleventagainsan in-
corelatabasegubscription§l6]Subscription £
conjunctiomfermsomparingariablesagainsin te-
gerArvensetdssignmentsfalueso vari-
ablesArvennatchesubscriptiotit germs
areatisfiethgaluassignmentghevent

Boththethreaded (THPS)and StagedServer
(SSPS)versiorothisapplicatiorsharedcommon

Figure 7. Processor performance of servers. These charts show
the processor performance of the threaded (THWS) and Staged-
Server (SSWS) web server. The first chart shows the cycles per
instruction (CPIl) and the second shows the rate of L2 cache
misses.

publish-subscribémplementationthenlyifferen  ce
betweethem watheisethreadsstagesstruc-
tureheomputationThdenchmark waghd-abret
workloadl,000,008ubscriptionand 00,00@vent  s.
Thelatforrmvatheamaabove.

The response¢imethéStagedServeversion to
eventswadetteundeloadFigure 8)Witliouor
morelientpublishing eventgshdHP $espondedh
araverag®.5mms@achequestWithioucl i-
entsSSPSespondedaraveragdime.53ns,
andtsesponsémprovedd®.4 msvith ®@mor e
client@1%mnprovemertvehéhreadegersion)

Ifargeneasurethismprovementslu¢om-
provedprocessousaggFigure  8)WithL&lients,
SSPaverage@.@yclepenstructio(CPipver the
entirbenchmarkywhild HP@wverage@.TP(26%
reduction)Ovetheompute-intensiveventatchi ng
portionSSP&veraged. CPWhildHP&veraged
2.8CP(33%eduction)ldargemeasurethism-
provemenigttributabléo  greatethad0%educ-
tiom.Zaches missesfrom 58%f user-spacd.2
cacheequestéTHPS) t@6%  akferenceéSSPS).



Average Response Time
|—e—Threaded —=- StagedServer
’g 1.0 -t
< 08 1
E 0.6 1 ho—e o o
© 0.4 =
<
§ 0.2
g 0.0 T T T 1
0 20 40 60 80
Number of Clients
Processor Performance (16 Clients)
‘-O-Threaded —#-—StagedServer ‘
4.00
5 3.00
% 2.00
e
3 1.00 -
0-00 T T T T T T T T T T T T T T T T T T T T T T 1
1 3 5 7 9 11 13 15 17 19 21 23
Interval

Figure 8, Performance of Publish-Subscribe server. The top chart
records the average response time to match publish events
against subscriptions. The bottom chart compares average cycles
per instruction (CPI) of the thread and StagedServer versions over
25 second intervals. The initial part of each curve is the construc-
tion of internal data structures, while the flat part of the curves is
the event matching.

Thisipplicatiomeferencedargedatastructure
(approximately66.7MBforthebenchmark).When

matchinguevendgainssubscriptionsi-abret's, Igo-
rithm althoughcache-efficient mayaccessdarge
amounbfilataandheparticulatocations aralata

dependentStagedServer'performanceadvantagee-

sult§rontwdactorsFirstit€odewrganize &o
thadbnlpn@rocessoareferencegivesubsed the
subscriptionswhichreduceshenumberof distinct

locations gprocessor referencesanchence increases
the possibilitpdataeuseWithouthigocalitpp ti-
mizationSSPSunsthsamepeedI HPSSec-
ondStagedServebatchesohorteévent matchen
thislatastructureWeneasuredhdenefibfoh ort
schedulingoylimiting  cohorsize Cohorts  ofour
itemgeduced SSPSperformancehy21%teritems
reducedperformancebyl 7%andwentyitemse-
ducegerformance9%.

Botloptimizationsvoultd&eneficidbthreaded

codehuthstructuretheesultingervewou Ithe
isomorphitdheéstagedServeversionyithhre ad
boundeaclprocessoperformingveribokupsn a
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subseatthdatatructureandueudront afach

processaccumulataohort.

6 Related Work

Thedvantageandlisadvantagesthreadsand
processesaravidelinowib]. Moreecentlyseveral
papershaveinvestigatedalternative  serverarchitec-
turesChankhunthoattl.  describedhéHarvesweb
cacheyhich useamvent-driverreactivarchitecture
timvokeomputatiodtransitioni itstate-machine
contrdbgi¢13]The systemjk&tagedServenises
non-blockingfCcarefudvoidancepagéaults; and
aon-blockingnon-preemptiveschedulingolicy7 ,
26 P gbroposedour-foldharacterizationds erver
architectures: multi-process, multi-threaded, singl e-
processevendriven andasymmetriomulti-process

evendrivefi26]T hesalternativesrerthogona tio
thetaskschedulingolicyandthédiscussioisec-

tion lustrates;ohochedulingouléhcreas¢he ir
localityPai’'$avore@vent-driveprogrammingt yle
offers manypportunities focohorschedulingsince
evenhandlergartitiorecomputatiorintadistinc t,
easilidentifiableubcomputationsiitbleaoper ation
boundariesOrthedthehand, ad-hocevensystems
offen@bviousvayo groufpandlershat belongn
thesamecohorbt@ssociatelatavittoperation S.

Section8escribestagedomputationrgrogramming
modehgtrovide@rogrammer with contradvethe
computatiomohort.

Welshecentlgescribeth&EDAystemwhich
isimilaithe stagedomputatiomodgR9SEDA,
unlikeStagedServer,doesnotuseexplicitcohort
schedulingbuinsteadisestagesas ararchitecture
fostructuringevent-driverserversHigerforman ce
resultarsimilaio/@tensiveerveapplic ations.

Blackwellisedblockedayeprocessingdm-
provéhastructiotocalitgd CP/IBtackL
notedhathd CP/IRodevasargetharhéVIPS
R200dnstructiorcache sahatwvhertheprotocol
stackrocesse@acketompletelyncodérom he
lower protocol layersemainedrcachdothenext
packetHisolutionvasprocessevergbackets to-
getheneachayerThaenodifiedtackadiowe r
cachenissatandeducegrocessingptencyBla ck-
wellelatedhigpproachdolockednatrixomputa -
tiongl9hut  hifocus wamstructiotocalityCohort
schedulingwhosegenesispredatesBlackwelljisa
moregenerakchedulingoolicyandsysterarchitec-

OHe

turewhiclepplicablevhemomputatiomsot as
cleanly partionablesnetworlstackMoreovergo-
horschedulingmproveslatanojusinstruction lo-

calitgndeducesynchronizatioasvell.



Atagésimilar isomeespects tamwmbjedn
ambject-basedanguage, ithaprovidebotiocal
stateandperationgananipulatetThawaliff er
becausebjectarepthenogparpassivand their
methodarsynchronous—thoughsynchronousbject
modelgxist. Manypbject-orientedanguagessuclas

Javil 7]ntegratéhreadangdynchronizatior uhe
activeentitremainsathreadsynchronouslyrura
methodpassivebjecBygontrasigtaged com-
putatiorgtagésketperformoperation, bus
givethautonomydecidéowngavhetactual ly
executehavorkThiglecouplingfequesande -
sponsévaluabldecausénablestagéco ntrol

itconcurrencyandaadoparefficienschedulin g
policysuchsohodcheduling.

Stagearsimilansomeespectsdgha’#\c-
torg3Botlstanvitanodeddisynchronous
municatiobetweerautonomougntitiesActorhave

om-

ninternatoncurrencgndoagiventitieso ntrol
ovetheischedulingbuinsteagresumexeacti ve
moddhwvhiclarctor respondsanessag®in-

vokingcomputationStagesbecausethentern al

concurrencyandchedulingutonomyaréettesuited
teohorschedulingActorareurnaimsta ncef
dataflowanoregeneratomputingnode[2324].
Stageslscameiewedannnstancetiataflo w
computation.

Cilkdanguagebasedorgprovablyefficient
schedulingolicj11]Théanguagéhreadyot ob-
jectbased butitsharessomecharacteristicswit h
stageslibothoncetartedgomputatiosmot
emptedWhileunningcomputatiorcarspawroff
othetaskswhictreturrtheiresultdynvoking a
continuatiorHHowevelCilk'svorktealingchedul ing
policgoesoimplementohorschedulingnois it
undeprogransontroRecenivorkhowevehagn -
provedhealatdocalityofvorkstealingschedulin g
algorithmfl].

JAW Saobject-orientedrameworkowriting
welserver$l8lltonsisteollectiornfle
patternsyhicbhabesetbonstructerverad apted
t@articulaoperatingystenbgelectinguap pro-
priateconcurrencymechanisniprocessesthreads)
creatinghreagbookeducingynchronizationg ach-
infjles)singcatter-gathelCoemploying arious
htt@and CP-specifioptimizationsStagedServer s
simpldibrarthgbrovidegrogrammingnoddl hat
directlgnhanceprogrartocalitgngerformance.

sign

Ararlieversiowthisvorkvapublishe@sa
shorextendedbstradll].
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7 Conclusion

Serverareommonlgtructuredgollectionf

parallelaskseacloivhich executeatheode nec-
essantprocessequesiThreadgrocessesp@vent
handlersunderliethesoftwarearchitectureof most

serversUnfortunately, thisoftwarearchitecturecan
interacpoorlywithmoderrprocessorswhoseper-
formancelependemechanisms—cachesTLBsand
branchpredictors—thatexploitprogramlocalityto
bridgeheancreasingorocessor-memoryperformance

gapServerbaviéittlinherencalitythrea tlypi-
callyunsoshondnpredictablamoundf time
andgollowedwanunrelated threadwvithitown
workingetMoreoveserverinteradrequently with

theperatingystemwhicthagargendlisrupt ive
workinget. Theogprocessagperformancedervers
iaaturatonsequenceheir threadedrchitecture.

Asemedyweroposeohorchedulingyhich
increasesserverocalitybyconsecutivelyexecutin g
relatedperationgrondifferenserverequests. Run-
ningimilacodemrocessomcreasesnstruct ion
anddatdocalitywhichaidshardwaremechanisms,
suchagacheandrancipredictorsMoreoverthis
architecturenaturallyssue®peratingystenmequ
ibatchesyhicheducethsystem’disruption.

ests

Thipapealsalescribeshestagedomputation
programmingnodelvhiclsupportsohorscheduling

bprovidingmabstractiofogroupingelatedp era-
tionsandnechanismghroughwhichgrograntan
implementohorschedulingThispproacthadeen
implementedith&tagedServelibrarnfiserie of
testaisingwelserveangublish-subscribeserv er,

theStagedServecodgerformedettethanhreade d

codeyitibowdevalfachenisseanthstru ction
stallanBetteperformancendeneavipad.
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