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Abstract
In this work we presentan innovative kernel-level

schedulingmethodologydesignedfor multiprogrammed
shared-memorymultiprocessors. We propose three
schedulingpolicies equippedwith both dynamic space
sharingandtime sharing,to ensurethe scalabilityof par-
allel programsundermultiprogrammingwhile increasing
processorutilization andoverall systemperformance.Our
schedulingmethodologyis designedfor multidisciplinary
multiprocessorschedulersthatneedto handleapplications
with widely different resourcerequirementsand execu-
tion characteristics. We implementedthe policies on a
64-processorSGI Origin2000runningCellular IRIX and
evaluatedthemin direct comparisonwith the native ker-
nel scheduler. Our resultsdemonstratesolid performance
improvementsover thevendorexecutionenvironment.

1 Intr oduction

Modern shared-memorymultiprocessors, including
small-scaleSMPsandscalablecache-coherentNUMA (cc-
NUMA) systemsoffer general-purposemultiprocessing
andmultiprogrammingenvironments,thatprovideasingle
systemview to theusersandareableto executesimultane-
ously parallel jobs with mainstreamanddesktopapplica-
tions. The needfor providing multidisciplinaryschedul-
ing supporton thesesystemsmotivatedthe useof stan-
dardUNIX schedulers,basedon time-sharingandpriority
decayingto supportjobs with diverge characteristicsand
resourcerequirements.The typical approachin contem-
poraryoperatingsystemsthatsupportsymmetricmultipro-
cessing,is to runastandardtime-sharingscheduleroneach
processorpossiblyenhancedwith affinity masks,to exploit
thecachefootprintsof processes[5].

Althoughtime sharingremainsthepolicy of choicefor
multiprogrammedsharedmemorymultiprocessors,numer-

ousresearchworksin thepasthavedemonstratedthattime
sharinginteractspoorly with parallelprograms,primarily
becausestandardtime-sharingschedulerspreemptthreads
of parallel programsobliviously, without being aware of
synchronizationor communication[5]. This researchhas
alsodemonstratedthatdynamicspacesharingis a prefer-
ableoption for the efficient executionof multiple parallel
programson sharedmemorymultiprocessors.Although
dynamicspacesharinghasexemplifiedits benefitsfor par-
allel programs[6], previous work hasnot addressedade-
quatelythe integrationof dynamicspacesharingin time-
sharingschedulers.As a consequence,mostmodernoper-
atingsystemseitherdo not supportspacesharing,or offer
spacesharingasan option on a per-programbasis,rather
thanasa transparentjob schedulingstrategy.

Thispaperpresentsthreedynamictimeandspaceshar-
ing schedulingpolicies, that improve the performanceof
parallelprogramsin multiprogrammedenvironmentsand
simultaneouslyincreasesystemthroughputandutilization,
while having low complexity andruntimeoverhead.

Therestof thispaperis organizedasfollows: Section2
discussesrelatedwork. Section3 presentsthreenew time
andspacesharingpolicies. Section4 presentsour evalu-
ation framework andexperimentalresults.Section5 con-
cludesthepaper.

2 RelatedWork

Several researchworks in multiprocessorscheduling
haveproposedgangscheduling(or coscheduling)[7] asthe
policy of choicefor parallelprogramsonmultiprogrammed
sharedmemorymultiprocessors.Althoughgangschedul-
ing hasproven to be quite effective on distributedmem-
ory multicomputers,it hasnot enjoyedwide acceptancein
sharedmemorymultiprocessorsdueto its implementation
complexity andits inability to handleprocessorfragmenta-



tion andadapteasilyto dynamicallyvaryingworkloads.
Dynamic spacesharingpartitions the systemproces-

sorsamongparallel applicationsaccordingto somepre-
definedpolicy and subsequentlylets processorsmigrate
from oneapplicationto theother, uponchangesof thesys-
temload.Amongvariousproposals,dynamicequipartition
[6] appearsto be the most populardynamicspaceshar-
ing scheme.Dynamicequipartitioncanbecombinedwith
affinity scheduling[5] to improvememoryperformance.

A featuresharedamongall previously proposeddy-
namicspacesharingalgorithmsis the useof a communi-
cation path betweenparallel programsand the operating
systemscheduler, to exchangecritical schedulinginforma-
tion e.g.thenumberof processorsallocatedto eachparallel
programfrom the operatingsystem.Earlierproposalsre-
lied on heavyweightcommunicationmechanisms,suchas
signalsandupcallsto implementthe kernel-usercommu-
nicationinterface.More recently, researchworkswith the
Solarisand IRIX operatingsystems[3, 11] proposedthe
useof a shared arena asthemostefficient communication
medium. A sharedarenais a memoryregion pinnedto
physicalmemoryandaccessibleby boththeprogramsand
thekernel. Usinga sharedarena,thekernelanduserpro-
gramsareableto exchangeschedulinginformationsimply
with loadsandstoresin sharedmemory.

One of the drawbacksof previous works on dynamic
spacesharingis that they lacked integrationwith general-
purposetime-sharingschedulers. Although integrating
time sharingand spacesharing in a unified multidisci-
plinary scheduleris of tremendousimportancefor mod-
ernshared-memorymultiprocessors,this issuehasnot at-
tractedconsiderableinterestin the literature. The works
presentedin [2, 3] for CellularIRIX arenotableexceptions.

Our work differentiatesfrom previous proposalsfor
shared-memorymultiprocessorschedulingin two impor-
tant aspects:First, we employ a differentdynamicspace
sharingalgorithm(DSS),whichattemptsto adaptmoreef-
fectively to the actualprocessorrequirementsof parallel
programs.Towardsthis goal,DSSexploits a sharedarena
interfacewhich is in many aspectssimilar to the interface
usedin the Cellular IRIX operatingsystem[3]. Second,
we integrateDSS with simple yet effective time-sharing
schemes,which enableour schedulersto meettraditional
performancerequirementssuchas increasedthroughput,
increasedutilization and reducedresponsetime without
howeversacrificingparallelism.

3 Kernel-level SchedulingAlgorithms

In thissection,wedescribeourdynamicspaceandtime-
sharingkernel-level schedulingalgorithms.In Section3.1,

weprovidea brief overview of DSS,which is ourbaseline
spacesharingalgorithm. In Section3.2, we presentthree
new algorithmsthatintegrateDSSwith timesharing.

3.1 Dynamic SpaceSharing (DSS)

DSS[8] is a two-level schedulingpolicy. Thefirst level
space-sharesefficiently themachineresources,processors
andmemory, amongtherunningapplications.Thesecond
level attemptsto improve the memoryperformanceof si-
multaneouslyrunningparallelprograms,by exploiting the
affinity of kernelthreadsfor specificprocessors.

For processorpartitioning,thealgorithmtakesinto con-
siderationthe processorrequirementsof eachapplication��� , ���	��

��
�������
�� and the overall systemworkload � .
The aggregate systemworkload is calculatedby Equa-
tion 1. This information is communicatedto the kernel
schedulerthrougha sharedarena.Thenumberof proces-
sorsassignedto eachapplication� � , is in generala fraction
of the total numberof processorsrequestedby thatappli-
cation ��������� � � andit is a function of the total pro-
cessorrequirementof theentireworkloadandthenumber
of physicalprocessors( � ) asshown in Equation3. DSS
guaranteesthatthereareno applicationswaiting to starva-
tion. ��� �! " #%$'& " (1)

Eachprocessgets()�*�,+-� � 
 ���/. processors.Let,0 " �21 & "-3�5476 (2)

wedefine 8 � �:9 � ; �=< �> ; �=? �
Then � � is givenby:@ " �A0 "�B�CD"

(3)

At the lower level DSS uses Selective Scheduling,
which implementsa simple,thoughefficient heuristicthat
exploits thememoryaffinity of kernelthreadsfor specific
processors.Duringexecution,aprocessestablishesaffinity
in thecacheandlocal memoryof theprocessoron which
theprocessrunsmoreoften[5]. Selectiveschedulingmain-
tainssomelevel of historyfor eachkernelthreadby track-
ing the processorson which the kernel threadran in pre-
vioustime quantaandattemptingto reschedulethekernel
threadon thesameprocessorsin subsequenttimequanta.



3.2 Time–SharingMechanismsfor DSS

DSS is our core space-sharingalgorithm. Our tar-
get is to enhanceDSS with a time sharingmechanism
in order to achieve a complete,efficient and fully dy-
namickernel-level schedulerfor commercialparallelcom-
puters. Towards this direction, we describenext three
time-sharingmechanismsfor DSS,namelySliding Win-
dow DSS (SW-DSS), StepSliding Window (SSW-DSS)
andVariableTimeQuantumDSS(VTQ-DSS).

The idea in all threeproposedmechanisms,is to give
to eachapplicationthe sameopportunityin termsof sys-
tem utilization. Namely, to have eachapplicationin the
workloadto consumethesameCPUtime comparedto the
otherapplicationspresentin thesystem,“ignoring” thepar-
allelismof eachapplication,which is alreadyhandledef-
fectively by DSS.The requirementof equallydistributing
theCPUtimeamongtheapplications,triesto treatfair the
shortandserialprocessescomparedto parallelones,while
at thesametimepreservingall propertiesof DSS.

The first two mechanisms(SW-DSS and SSW-DSS)
aresimilar but they have differenteffectson theworkload
demonstratingthereforedifferentproperties.Thethird one
(VTQ-DSS)is amorecomplex, thoughmoresophisticated
andelaboratecomparedto theothertwo policies.

3.2.1 Sliding Window DSS

SW-DSSpartitionsall processeswaiting for executionin
the readyqueuein groupsof processescalled gangs. A
gang E � , is definedas a groupof processesrequestinga
numberof processorswhich is not more than F�� , � the
numberof processorsin thesystem.A mathematicaldef-
inition of a gang,is givenby Equation4 andInequality5
bellow. Theworkloadsizeindex � equalsthe total num-
berof processorsrequestedby all gangsE � 
��=�G��

��
�������
��
asdenotedin Equation6. Eachgangis submittedfor exe-
cutionfor apredefinedconstanttimequantumof 100msec.
After the expiration of the time quantumthe next, neigh-
boringgangof processesin thereadyqueueis scheduled,
andso on. We view this successive assignmentof gangs
from thereadyqueueasamoving window slidingfrom the
headof thequeueto the tail, backandforth, until all pro-
cessesin the readyqueuecompleteexecution. Hereafter,
weusethetermswindow andganginterchangeably.E � �IHDJLK! � M H ��� (4)N � �PO �RQ 
 ��S 
�������
 ��T'U ,N �V�GO � H 
�������
 � HDJLK U , N �XW N �Y[Z]\^/_ E � 
`� < E � �aF�� (5)

�b� T! � McQ E � (6)� , is the total numberof processorsin the systemandE � is thenumberof processorsrequestedby theprocesses
in the �*dfe gangE � . E � Wg� and E � �I� when hi�g� .

Theupperboundof processorsrequestedfrom thepro-
cessesin eachgangis boundto F�� for the following rea-
sons: The first reasonis that even in the caseof a heavy
workloadwe want to exploit at leastsomeamountof par-
allelismpresentin theapplications.Thesecondreasonis
thatwehaveobservedthroughexperimentationthatsetting
theupperboundto F�� helpsmostparallelapplicationsin
agangto executecloseto their “operatingpoint,,i.e. close
to thepointwheretheapplicationsexecuteonasmany pro-
cessorsas they can effectively utilize and beyond which
their performancewould degrade.An upperboundof F��
resultedto thebestperformancefor mostof theworkloads
thatweusedto evaluateourschedulingalgorithms.

At thispoint,wealsoneedto definetwo moreconcepts
for the exegesisof SW-DSS. The conceptof scheduling
step andscheduling phase or cycle. Wedefineasaschedul-
ing step,theschedulingof processesin a window E � and
asschedulingphaseall schedulingstepsuntil all gangsin
thetaskqueuehavebeenscheduledonce.

In eachschedulingstep,SW-DSSselectsto scheduleall
processesincludedin thewindow definedby Inequality5,
as statedpreviously. The algorithm appliesDSS for the
selectedprocessesandexecutesthemoncefor a prespec-
ified time quantum. In the next schedulingstepthe win-
dow movestowardsthetail of thereadyqueueandthenext
gangof processesis selectedto be scheduledwith DSS.
Thealgorithmis repeateduntil all applicationsin theready
queuehave beenscheduled.In thenext, or in subsequent,
schedulingcyclestheremight be that oneor moreof the
processesin thequeueterminateexecution;in thiscasethe
window is expandedwith thenext processin therow, if the
processorrequirementsof that processdo not violate the
constraintof E � �jF�� . In casethe last gangin the tail
of thetaskqueuecontainslessprocessesthat F�� , thewin-
dow is extended,by recycling thereadyqueuepointerand
includingprocessesfrom theheadof thequeue.

3.2.2 StepSliding window DSS

The goal of SSW-DSS is to improve cacheperformance
of simultaneouslyexecutingparallelprograms.SSW-DSS
actsasa supplementaryto theaffinity-consciousschedul-
ing mechanismof DSS.SSW-DSSpreservesall definitions
thathave beenearlierspecifiedfor SW-DSSexceptthatof
the scheduling step. In SSW-DSS the schedulingstepis
not a discretenew window, like in SW-DSS.Rather, it is



exactlythesamewindow asin thepreviousschedulingstep
leaving out thefirst processandreplenishingthegangwith
none,oneor moreprocessesdependingon what satisfies
Inequality5.

SSW-DSS is expectedto improve over SW-DSS with
respectto the memoryperformanceof parallelprograms,
becauseof theway processesarescheduled.To show that,
let us have the k�dfe gangcomposedout of ( processesE H �lO � H 
 � HDJ Q 
�������
 � HDJLK U . The last processin the k�dfe
gangwill be scheduled( times repeatedly. This means
that in eachschedulingstepwe aregoing to have all but
thelastprocessin thegangto bescheduledagain.With the
supportof DSS,this ensuresthat in eachschedulingstep
theprocessorswill have cachefootprintsof almostall the
processesthatarescheduledin theschedulingstep.

3.2.3 Variable Time Qauntum DSS

VTQ is a fully dynamicschedulingpolicy in all of its lay-
ers. In VTQ the whole workloadof processesis divided
againinto gangsof processes.VTQ adoptsthe notion of
a gangasdefinedfor SW-DSSandSSW-DSS.A new ele-
mentin this policy is that we usein additionto the ready
queuea repository queue.

Ourmajoreffort in thiswork is toproposeatimesharing
policy so that theCPUtime consumedby eachprocessin
the workloadis proportionalto the sizeof the processin
termsof its executionlength.This is indeedwhatwe have
alreadyaccomplishedby the previous two policies, SW-
DSSandSSW-DSS.However, thiswasachievedthrougha
mechanical,thoughefficient, way by themoving window.
In VTQ weproposeaformalquantitativeanalysisenabling
usnot only usto estimatea fair andeffective allocationof
CPUtimeamongtheprocessesof theworkload,but alsoto
maximizetheutilizationof systemprocessors.

Our targetis to derivea mathematicalformulato calcu-
latethetime quantumfor eachprocessdynamicallyat run
time, in order to allocateto all processesthe sameCPU
time. We adoptthe notion of a time quantum m � as the
CPUtime allocationunit. For all processesscheduledfor
the very first time in the systemwe usea basic,uniform,
timequantumof m � �n� >�> (porqts . Thebasetimequantumis
selectedthroughexperimentation.Thetotal CPUtime for
oneschedulingstep,consumedby eachprocessis thenum-
berof processorsallocatedby DSSto theprocess,timesthe
assignedquantumfor thecurrentschedulingstep� � m � . We
define u � asthe accumulatedCPU time consumedby the�*dfe processduring its executionlifetime. u � is given by
equation7. u � �vu �'w m � � � (7)

TheaggregateCPUtimeof all processesin agangis:

uyx'z=�IHDJLK! � M H u � (8)

VTQ equatesu � ’s amongthe processesin eachgang
during execution. The equalizationof CPU time among
the processesof a gang is accomplishedby varying the
time quantumfor eachprocess,accordingto the formula
in Equation9. Equation9 estimatesm � for all processesin
eachschedulingstep.m � � uyx'z�|{�m �-}LQ (9)

In VTQ theprocessesin thetail of thereadyqueuethat
do not composea gangthat satisfiesInequality5, or the
lastgangof thereadyqueuein casewhereall gangssatisfy
Inequality5, areenqueuedin the repositoryqueue.Then,
VTQ startsschedulingthe processesof the first gangas-
signing initially a uniform time quantumof 100msecto
eachprocessin thegang.Thefirst schedulingstepin VTQ
standsfor one time quantumand in the next scheduling
steptheprocessesof thenext gangin thereadyqueueare
scheduled.However, after the first schedulingphase,the
timequantain all subsequentschedulingphasesstartvary-
ing in eachschedulingstep.Thephysicalaftereffectof the
variabletime quantumis that processesbelongingin the
samegangmayterminateexecutionin differenttimesteps.
In thiscasewedefineasa schedulingstepthelongesttime
quantumin thegang.In orderto utilize theCPUsreleased
byprocessesbeforetheexpirationof thelongesttimequan-
tumof theirgang,or beforetheexpirationof their lasttime
quantum,wescheduleprocessesfrom therepositoryqueue
for theremainingtime.

4 Evaluation Framework and Results

In thissection,wepresenttheexperimentationenviron-
ment usedto evaluateour kernel schedulingmethodolo-
gies,alongwith performanceevaluationresultsfrom ex-
perimentsconductedona SiliconGraphicsOrigin2000.

4.1 Experimentation Environment

We performedour experimentalevaluationusing two
parallel compilationandexecutionenvironments,the na-
tive environmentthe Cellular IRIX operatingsystemand
theNANOSenvironment[1], in whichweimplementedour
kernelschedulingpolicies.

IRIX providesanexecutionframework in which appli-
cationsareparallelized,eitherautomaticallyor manually,
trying to obtain goodprocessorutilization when running



on a multiprogrammedNUMA multiprocessor. TheMIP-
SproSGI compilerssupportautomaticdetectionof paral-
lelism and programmerinsertedOpenMPdirectives that
commandparallelexecution,on top of the SGI MP run-
time library. TheMP library supportsper-applicationcon-
trol of thedegreeof parallelism.An auxiliarythreadwakes
up every threesecondsandsuggestsanoptimalnumberof
kernelthreadsfor theexecutionof thenext parallelregion,
basedon systemload information. The applicationad-
juststhenumberof kernelthreadsby blocking/unblocking
somethreadsif necessary. Usingthismechanism,applica-
tion parallelismis decreasedprogressively whenthe sys-
tem load is high or when CPU usageis low due to I/O
or pagefaults. Thedynamicthreadcontrolmechanismin
IRIX is usedwith thestandardtime-sharingscheduler.

The NANOS automaticparallelizationand execution
environmentis a prototypeimplementationof the Nano-
ThreadsProgrammingModel (NPM) [1], currentlyavail-
ablefor Silicon GraphicsOrigin2000systemsrunningthe
Cellular IRIX operatingsystem. The core of the envi-
ronmentconsistsof a parallelizingcompiler, a lightweight
multithreadingruntimesystemanda user-level CPUman-
agerwhich emulatestheoperatingsystemscheduler. The
maincomponentsareaccompaniedwith visualizationtools
for automaticparallelizationand performanceanalysis.
Moredetaileddescriptionsof NANOScanbefoundin [1].

The runtimelibrary andthe emulatedkernelscheduler
communicatethrougha sharedarena[3, 8]. Thecoordina-
tion betweentheapplicationsandthekernelscheduleraims
atmaintainingconsistentlya one-to-onemappingbetween
theuser-level threadsof theapplicationandthenumberof
physicalprocessorsgrantedfrom the kernel schedulerto
theapplicationandensurethattheapplicationwill always
makeprogressalongits critical path.

The NANOS CPU manageris a multithreadeduser-
level process,which containsa regular shell for execut-
ing arbitraryworkloadsin theform of csh-like scriptsand
a schedulingmodulewhich emulatesvariouskernel-level
schedulingpolicies.

4.2 Experimental Evaluation

As a baselinefor comparisons,we usetheperformance
of thenative Silicon Graphicsenvironment,with dynamic
threadcontrolenabledfor parallelapplications.Theexper-
imentswereperformedon a Silicon GraphicsOrigin2000
with 64MIPSR10000processorsclockedat250MHz, 32
Kilobytesof split L1 instructionanddatacacheperproces-
sor, 4 Megabytesof unifiedL2 cacheperprocessorandan
aggregateof 8 Gigabytesof mainmemory.

Benchmark Parallelism Size
HYDRO2D functional& loop 20 timesteps

SWIM loop 512~ 512grid
TOMCATV loop 513~ 513grid
TURB3D functional& loop 64 ~ 64 ~ 64cubicgrid

Table1: SPECcfp95benchmarksusedin theworkloads.

Benchmark Seq.Time Exec.Time (oper. point)
IRIX NANOS

HYDRO2D 17.91 6.08(16) 6.94(16)
SWIM 106.35 5.48(16) 5.02(16)

TOMCATV 72.83 8.31(16) 8.05(16)
TURB3D 260.27 28.26(16) 28.76(16)

Table2: Executiontimesin secondsandoperatingpointsof theSPEC
benchmarksusedin multiprogrammedworkloads.

4.2.1 Workloads and Metrics

We usemultiprogrammedworkloadsconsistingof paral-
lelizedversionsof four benchmarksfrom theSPECCFP95
benchmarksuite [10], HYRDO2D, SWIM, TOMCATV
andTURB3D. The benchmarks,togetherwith their main
characteristicsaresummarizedin Table1. All benchmarks
are written in FORTRAN77 and they were parallelized
manually, usingOpenMPdirectives.Two parallelizedver-
sions for eachbenchmarkwere produced,one from the
MIPScompilerusedto executein thenativeIRIX environ-
mentandonewith the NANOS compilerusedto execute
in theNANOSenvironment.

Ourmethodologyfor evaluatingkernelschedulingpoli-
cies is to run multiprogrammedworkloadswith eachin-
stanceof a benchmarkin a workload requestinga num-
berof processorsthatcorrespondsto theoperating point of
the benchmark.We computedthe operatingpointsof the
benchmarksby runningthemin a dedicatedenvironment.
Theresultsareillustratedin Table2. Using theoperating
point as a directive for requestingprocessors,we ensure
thateachapplicationattemptsto runonasmany processors
asit caneffectively utilize andwe canisolatethe perfor-
manceimpactof multiprogrammingandkernelscheduling
on parallelapplications.Table2 revealsalsothat theper-
formanceof the two parallelizedversionsof eachbench-
mark is comparable.Our resultswith multiprogrammed
workloadsarethereforeexpectedto reflectdirectly therel-
ativeperformanceof thekernelschedulers.

Thenumberof instancesof eachbenchmarkin themul-
tiprogrammedworkloadis selectedin a way thatensuresa
fixedminimumdegreeof multiprogramming� duringthe
executionof theworkload.For thepurposesof theevalua-
tion we modeleda moderatelyanda heavily loadedmulti-



programmedsystem,with �b�I� and �b�v� respectively.

In order to introduceconstantvariability in the work-
loads,we addedin eachworkloada backgroundsynthetic
benchmarkwith adiamond taskgraph[8]. Thisbenchmark
executesthroughdifferentparallel phasesand requestsa
differentnumberof processorsin eachphase,for anumber
of iterations.

Weusedtwo typesof workloadsin theexperiments,ho-
mogeneous andheterogeneous workloads. Homogeneous
workloadsconsistof multiple instancesof thesamebench-
mark. Heterogeneousworkloadsconsistof multiple in-
stancesof multiple benchmarks.Due to spaceconsider-
ations,wepresentonly theresultsfor homogeneouswork-
loadsexecutedon a heavily loadedmultiprogrammedsys-
tem. The restof the resultsareavailablein the expanded
versionof thispaper[9].

We evaluateda six schedulingpolicies: The native
Cellular IRIX time-sharingscheduler(irix-mp), running
benchmarksparallelizedwith the SGI MP library andthe
dynamic processcontrol featureactivated, an emulation
of a flat gangschedulingscheme[4] in theNANOS user-
level CPUmanager(gang), a dynamicequipartitionstrat-
egy similar to theonein [6], implementedin theNANOS
user-level CPU manager(equip), andthe sliding window
(sw-dss), step-slidingwindow (ssw-dss) andvariabletime
quantumDSS(vtq-dss) policiesdescribedin Section3. All
policiesusea basetimequantumof 100milliseconds.

Thetwo primarymetricsusedin our evaluationareap-
plication turnaround time andsystemthroughput. In or-
der to measureturnaroundtimes, we executedmultipro-
grammedworkloadsin open systemmode. In this mode,
all instancesof thebenchmarksin a workloadarefired si-
multaneouslyandthe turnaroundtime of eachinstanceis
measuredindependently. For homogeneousworkloads,we
measurealsotheworkload completion time. If anidealfair
schedulerwereused,theturnaroundtimeof all instancesof
thebenchmarkwouldbeequalto to theworkloadcomple-
tion time. Therefore,thedifferencebetweentheworkload
completiontimeandtheaverageturnaroundtimein homo-
geneousworkloadsprovidesaroughindicationof fairness.

In orderto computesystemthroughput,weexecutedthe
workloadsin closed system mode. In this case,several in-
stancesof eachbenchmarkarefired againsimultaneously.
However, uponcompletionof aninstanceof a benchmark,
anotherinstanceof the samebenchmarkis fired immedi-
ately in the placeof the completedinstance. This is re-
peatedfor a numberof iterations,and ensuresthe main-
tenanceof a constantmultiprogrammingload for a suffi-
ciently longperiodof time. Thefirst few andlastfew exe-
cutionsof eachinstanceof a benchmarkarediscardedand
theturnaroundtimesof theintermediateexecutionsareav-
eragedto calculatethroughput.

In order to evaluatethe schedulersquantitatively with
a single value we use the normalized throughput of the
schedulers.The normalizedthroughputof a scheduleris
definedastheratioof thethroughputof theschedulerto the
throughputof an“ideal,,scheduler, orequivalentlytheratio
of the averageturnaroundtime with an “ideal,, scheduler
to the averageturnaroundtime with the schedulerunder
study. Givena schedulero , and � benchmarks�����,������� ,
executedin a multiprogrammedenvironmentwith a mul-
tiprogrammingdegree � , thenormalizedthroughputof o
canbedefinedas: ����� � ���� �! " #%$

����� �7� "
(10)

where: ����� �7� " � ����� �7� "� " �`�/�D� � " � � " �`�/�D� � "� ��� " (11)

In order to circumvent the problem of defining the
“ideal,,schedulerwedefineas“ideal,,aschedulerwhichis
ableto executeeachbenchmarkundermultiprogramming,
in time equalto the time that the benchmarktakes on a
dedicatedsystemat its operatingpoint.

4.2.2 Experimental Resultsand Inter pretation

Figure1 illustratesthe resultsfrom executionsof the ho-
mogeneousworkloadsin opensystemmode.Thenew dy-
namictimeandspace-sharingschedulers(sw-dss, ssw-dss,
vtq-dss) outperformconsistentlythe IRIX scheduler. For
HYDRO2D underthe threenew schedulersachieve more
thana2-fold speedupof turnaroundtimecomparedto irix-
mp. The speedupsof turnaroundtime for the restof the
benchmarksrangefrom 11%to 40%.

Thereareseveral reasonsthat explain the relative per-
formanceof the dss-basedschedulers.The instantaneous
processorallocationin thedss-basedschedulersis aglobal
decisionmadeby thekernelscheduler, influencedfrom the
overall systemloadandthe relative weightof eachjob in
theworkload(i.e. its relativeprocessorrequirements).This
approachensuresfairnessin termsof the numberof pro-
cessorsallocatedto eachapplication. On the otherhand,
in thenative IRIX environment,thenumberof processors
which theapplicationdecidesto usefor a parallelloop is
a local decisionof the application,madewithin the MP
library. Although this decisionusesalsosystemload in-
formation,it doesnot take into accounttherelativeweight
of the applicationin the system.This approachpenalizes
someinstancesof the benchmarks,which detectthat the
systemloadis highanddecreasethenumberof processors
onwhich they executeparallelcode.
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TURB3D workload, open system mode, M=4�
Figure1: Performanceof thekernel-level schedulerswith homogeneousworkloadsin opensystemmode.Theblackregion correspondsto thedifference
betweentheaverageturnaroundtimeandtheworkloadcompletiontime. Theresultsareaveragesof threeexecutions.

The sharedmemory interface usedby the dss-based
schedulersensuresinstantaneousresponseandapplication
adaptabilityto changesin the numberof processorsallo-
catedto anapplication.On theotherhand,theMP library
usesa polling mechanismwith a 3-secondpolling inter-
val to readaptto changesof thesystemload. This strategy
hurtstheperformanceof fine-grainparallelapplicationsas
well applicationswith frequenttransitionsbetweensequen-
tial andparallelphases.

Thememoryperformanceof thebenchmarksunderthe
dss-basedschedulersis improved. Both the IRIX andour
kernelschedulersapplya strongaffinity schedulingdisci-
pline, that tendsto bind eachkernel threadto a specific
processornode. Our experimentalevidencehowever in-
dicatethat IRIX forcesmore threadmigrations,directed
primarily from an attemptto tradeindividual application
performancewith betterprocessorutilization. We traced
this effect using the NANOS performanceanalysistools.
For memory-intensive workloadsreducingkernel thread
migrationsplaysa catalyticrole in performance.

Amongthethreedss-basedpolicies,vtq-dss seemsto be
thepolicy of choice,sinceit deliversthebestperformance
in termsof turnaroundtime for 3 out of 4 homogeneous
workloadsin opensystemmode.Thessw-dss policy seems
to beinferior to theotherdss-basedpolicies.It appearsthat
thelongerwaiting timesexperiencedby somebenchmarks
in the workloadsoverwhelmthe benefitsof having some
benchmarksrescheduledonthesameprocessorsfor longer
time. Theequipartitionpolicy performsalsowell, although
its performanceis alwaysinferior to at leastoneof thedss-
basedpolicies. Gangschedulingseemsto be quite effec-
tive with a moderatemultiprogrammingdegree,however
its performancedegradesrapidlyasthemultiprogramming
degreeincreases.

Concerningfairness,for the dss-basedschedulers,the
differencebetweenthe averageturnaroundandthe work-
loadcompletiontimesis onaverage14.6%with theexcep-
tion of theSWIM workload,wherethedifferenceis 35%.
Thecorrespondingvaluefor irix-mp is 16%.

Schedulers Normalized Throughput� ��� � � ��� �
irix-mp 0.34 0.19
gang 0.38 0.19
equip 0.48 0.25
sw-dss 0.50 0.26
ssw-dss 0.49 0.27
vtq-dss 0.52 0.29

Table3: Normalizedthroughputof thekernel-level schedulers.

Figure2 illustratestheaverageturnaroundtimesof the
benchmarksin homogeneousworkloadsexecutedin closed
systemmode. The comparative resultsare analogousto
the resultsfrom the experimentsin open systemmode.
However, IRIX demonstratesasolid improvementover the
resultsin opensystemmode,without outperformingthe
dss-basedschedulersthough. The IRIX earnings

Q
-based

schedulingis veryeffective in dealingwith theunbalances
incurred from poor initial processorallocationdecisions
madein theMP library, in thelong term.

We use the results from homogeneousworkloads in
closedsystemmode,to computethe normalizedthrough-
putof thekernelschedulersunderdifferentdegreesof mul-
tiprogramming,usingequations10 and11. Table3 illus-
tratestheresults.Vtq-dss hasthebestnormalizedthrough-
put for both valuesof � , followed by sw-dss and ssw-
dss. Equip hascompetitive throughputcomparedto the
dss-basedpolicies,while irix-mp is inferior.

5 Conclusions

This paper presenteda set of kernel-level schedul-
ing algorithmsthat combinedynamicspacesharingwith
time-sharingto ensureefficient executionof parallelpro-$

Theterm“earnings”is definedastheaccumulatedexpendableCPU
timeof a job, relative to theotherjobsin thesystem
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Figure2: Averageturnaroundtimesof the benchmarksin homogeneousworkloadsexecutedin closedsystemmode. The resultsareaveragesof three
executionsof theexperiment.

grams in multiprogrammedenvironmentswithout com-
promising fairnessand global systemperformance. We
presentedthree algorithms, (sliding-window DSS, step-
sliding-window DSS and variable time quantumDSS),
of increasingsophisticationandcomplexity andevaluated
their performanceon a 64-processorSiliconGraphicsOri-
gin2000,runningtheCellularIRIX operatingsystem.The
three new schedulingpolicies demonstrateda solid im-
provementover the performanceof the native Cellular
IRIX environmentfor multiprogrammedexecutionof par-
allel programs,even thoughour policies were evaluated
with user-level emulationof thekernelscheduler.

Ourcurrentwork is orientedtowardsintegratingpriority
control mechanismsin our schedulers,aswell asporting
our schedulersto real operatingsystemkernels. We are
alsoattemptingto conducta morethoroughevaluationof
the schedulers,using mixturesof sequentialand parallel
applications,aswell asapplicationsparallelizedwith flat
parallelprogrammingmodelsthatdo not interactwith the
kernelschedulerto adaptto theavailableresources.
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