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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 scalability of par
allel programsundermultiprogrammingwhile increasing
processoutilization andoverall systemperformanceOur
schedulingmethodologyis designedor multidisciplinary
multiprocessoschedulershatneedto handleapplications
with widely different resourcerequirementsand execu-
tion characteristics. We implementedthe policies on a
64-processoGI Origin2000running Cellular IRIX and
evaluatedthemin direct comparisonwith the native ker
nel scheduler Our resultsdemonstratesolid performance
improvementsverthe vendorexecutionervironment.

1 Intr oduction

Modern shared-memorymultiprocessors, including
small-scalsSMPsandscalablecache-cohereMUMA (cc-
NUMA) systemsoffer general-purposenultiprocessing
andmultiprogrammingernvironmentsthatprovide asingle
systenview to theusersandareableto executesimultane-
ously paralleljobs with mainstreanand desktopapplica-
tions. The needfor providing multidisciplinary schedul-
ing supporton thesesystemsmotivatedthe use of stan-
dardUNIX schedulershasedon time-sharingandpriority
decayingto supportjobs with diverge characteristicand
resourcerequirements.The typical approachin contem-
poraryoperatingsystemghatsupportsymmetricmultipro-
cessingistorunastandardime-sharingschedulepneach
processopossiblyenhancedvith affinity masksto exploit
the cachefootprintsof processefo].

Althoughtime sharingremainsthe policy of choicefor
multiprogrammedharednemorymultiprocessorsjumer
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ousresearchworksin the pasthave demonstratethattime

sharinginteractspoorly with parallelprograms primarily

becausetandardime-sharingschedulerpreemptthreads
of parallel programsobliviously, without being aware of

synchronizatioror communicatior{5]. This researcthas
alsodemonstratedhat dynamicspacesharingis a prefer

ableoption for the efficient executionof multiple parallel
programson sharedmemory multiprocessors.Although

dynamicspacesharinghasexemplifiedits benefitsfor par

allel programg[6], previous work hasnot addresse@de-
quatelythe integrationof dynamicspacesharingin time-

sharingschedulersAs a consequencenostmodernoper

ating systemseitherdo not supportspacesharing,or offer

spacesharingasan option on a perprogrambasis,rather
thanasatransparenjpb schedulingstrateyy.

This paperpresentshreedynamictime andspaceshar
ing schedulingpolicies, thatimprove the performanceof
parallel programsin multiprogrammecernvironmentsand
simultaneouslyncreasesystenthroughputandutilization,
while having low compleity andruntimeoverhead.

Therestof this paperis organizedasfollows: Section2
discusseselatedwork. Section3 presentghreenew time
andspacesharingpolicies. Section4 presentur evalu-
ation framework and experimentalresults. Section5 con-
cludesthe paper

2 RelatedWork

Several researchworks in multiprocessorscheduling
have proposedjangschedulingor coscheduling]7] asthe
policy of choicefor parallelprogramsnmultiprogrammed
sharedmemorymultiprocessors Although gangschedul-
ing hasprovento be quite effective on distributed mem-
ory multicomputersit hasnot enjoyedwide acceptancen
sharednemorymultiprocessorslueto its implementation
compleity andits inability to handleprocessofragmenta-



tion andadapteasilyto dynamicallyvaryingworkloads.
Dynamic spacesharing partitions the systemproces-
sorsamongparallel applicationsaccordingto somepre-
definedpolicy and subsequentlyets processorgnigrate
from oneapplicationto the other uponchange®f thesys-
temload. Amongvariousproposalsgdynamicequipartition
[6] appeardo be the most populardynamic spaceshar
ing scheme Dynamicequipartitioncanbe combinedwith
affinity schedulind5] to improve memoryperformance.
A featuresharedamongall previously proposeddy-
namic spacesharingalgorithmsis the useof a communi-
cation path betweenparallel programsand the operating
systemschedulerto exchangecritical schedulingnforma-
tion e.g.thenumberof processorallocatedo eachparallel
programfrom the operatingsystem. Earlier proposalse-
lied on heavyweightcommunicatiormechanismssuchas
signalsandupcallsto implementthe kernel-usecommu-
nicationinterface. More recently researciworkswith the
Solarisand IRIX operatingsystemd3, 11] proposedhe
useof ashared arena asthe mostefficientcommunication
medium. A sharedarenais a memoryregion pinnedto
physicalmemoryandaccessibléy boththe programsand
thekernel. Using a sharedarenathe kernelanduserpro-
gramsareableto exchangeschedulingnformationsimply
with loadsandstoresn sharednemory
One of the dravbacksof previous works on dynamic
spacesharingis thatthey lacked integrationwith general-
purposetime-sharingschedulers. Although integrating
time sharingand spacesharingin a unified multidisci-
plinary scheduleris of tremendousmportancefor mod-
ern shared-memorynultiprocessorsthis issuehasnot at-
tractedconsiderablénterestin the literature. The works
presentedh [2, 3] for CellularIRIX arenotableexceptions.
Our work differentiatesfrom previous proposalsfor
shared-memorynultiprocessoischedulingin two impor-
tant aspects:First, we employ a differentdynamicspace
sharingalgorithm(DSS),which attemptgo adaptmoreef-
fectively to the actualprocessorequirementf parallel
programs.Towardsthis goal, DSSexploits a sharedarena
interfacewhich is in mary aspectsimilar to the interface
usedin the Cellular IRIX operatingsystem[3]. Second,
we integrate DSS with simple yet effective time-sharing
schemeswhich enableour schedulerdo meettraditional
performancerequirementssuch as increasedhroughput,
increasedutilization and reducedresponsdime without
however sacrificingparallelism.

3 Kernel-level SchedulingAlgorithms

In thissectionwe describeour dynamicspaceandtime-
sharingkernel-lesel schedulingalgorithms.In Section3.1,

we provide a brief overview of DSS,whichis our baseline
spacesharingalgorithm. In Section3.2, we presenthree
new algorithmsthatintegrateDSSwith time sharing.

3.1 Dynamic SpaceSharing (DSS)

DSS|8] is atwo-level schedulingpolicy. Thefirst level
space-sharesfficiently the machineresourcesprocessors
andmemory amongthe runningapplications.The second
level attemptsto improve the memoryperformanceof si-
multaneouslyunningparallelprogramsby exploiting the
affinity of kernelthreaddor specificprocessors.

For processopatrtitioning,thealgorithmtakesinto con-
siderationthe processorequirement®f eachapplication
pi» @ = 1,2,...,n andthe overall systemworkload V.
The aggreyate systemworkload is calculatedby Equa-
tion 1. This informationis communicatedo the kernel
schedulethrougha sharedarena.The numberof proces-
sorsassignedo eachapplicationz,, is in generah fraction
of the total numberof processorsequestedy thatappli-
cationl < z; < p; andit is afunction of the total pro-
cessorequiremenbdf the entireworkloadandthe number
of physicalprocessorg¢P) asshown in Equation3. DSS
guaranteethatthereareno applicationsvaiting to stana-
tion.

W = Z pi (1)
i=1
Eachprocesgetsmin(x;, p;) processorsLet,

ro= |22, @

w
we define
5 — 1 R; <1
710 Ri>1
Thenz; is givenby:
zi =R +6; ©))

At the lower level DSS uses Selectve Scheduling,
which implementsa simple,thoughefficient heuristicthat
exploits the memoryaffinity of kernelthreadsfor specific
processorsDuring executionaproces®stablisheaffinity
in the cacheandlocal memoryof the processoon which
theprocessunsmoreoften[5]. Selectveschedulingnain-
tainssomelevel of historyfor eachkernelthreadby track-
ing the processor®n which the kernelthreadranin pre-
vioustime quantaandattemptingto rescheduleéhe kernel
threadon the sameprocessorin subsequerttme quanta.



3.2 Time-SharingMechanismsfor DSS

DSS is our core space-sharinglgorithm. Our tar
get is to enhanceDSS with a time sharingmechanism
in order to achiere a complete, efficient and fully dy-
namickernel-level schedulefor commerciaparallelcom-
puters. Towards this direction, we describenext three
time-sharingmechanismdor DSS, namely Sliding Win-
dow DSS (SW-DSS), Step Sliding Window (SSWDSS)
andVariableTime QuantumDSS(VTQ-DSS).

Theideain all threeproposedmechanismsis to give
to eachapplicationthe sameopportunityin termsof sys-
tem utilization. Namely to have eachapplicationin the
workloadto consumahe sameCPUtime comparedo the
otherapplicationgresentn thesystem;ignoring” thepar
allelism of eachapplication,which is alreadyhandledef-
fectively by DSS.The requirementf equallydistributing
the CPUtime amongthe applicationstriesto treatfair the
shortandserialprocessesomparedo paralleloneswhile
atthesametime preservingall propertieof DSS.

The first two mechanismgSW-DSS and SSWDSS)
aresimilar but they have differenteffectson the workload
demonstratinghereforedifferentproperties Thethird one
(VTQ-DSS)is amorecomple, thoughmoresophisticated
andelaboratecomparedo the othertwo policies.

3.2.1 Sliding Window DSS

SW-DSS partitionsall processesvaiting for executionin

the readyqueuein groupsof processesalledgangs. A

gangw;, is definedas a group of processesequestinga

numberof processorsvhich is not morethan3P, P the

numberof processorin the system.A mathematicatief-

inition of a gang,is givenby Equation4 andInequality5

bellow. Theworkloadsizeindex W equalsthe total num-

berof processorsequestedby all gangsw;,i = 1,2,...,n

asdenotedn Equation6. Eachgangis submittedfor exe-

cutionfor apredefinedonstantime quantunof 100msec.
After the expiration of the time quantumthe next, neigh-
boring gangof processei thereadyqueueis scheduled,
andso on. We view this successie assignmenbf gangs
from thereadyqueueasa moving window sliding from the

headof the queueto thetail, backandforth, until all pro-

cessesn the readyqueuecompleteexecution. Hereafter
we usethetermswindow andganginterchangeably

k+m

w; = Z Pi (4)
i=k

I; :{plap27---7pn}y
L ={p,-. s pram}, I; C I;

max wi, P<w; <3P (5)

W = i w; (6)
i=1

P, is the total numberof processorén the systemand
w; is the numberof processorsequestedby the processes
in thei!” gangw;. w; C W andw; = W whenj = i.

The upperboundof processorsequestedrom the pro-
cessesn eachgangis boundto 3P for the following rea-
sons: The first reasonis thatevenin the caseof a heary
workloadwe wantto exploit at leastsomeamountof par
allelismpresentin the applications.The secondreasonis
thatwe have obsenedthroughexperimentatiorihatsetting
the upperboundto 3P helpsmostparallelapplicationsn
agangto executecloseto their “operatingpoint,,i.e. close
tothepointwheretheapplicationsxecuteonasmary pro-
cessorsasthey can effectively utilize and beyond which
their performancevould degrade. An upperboundof 3P
resultedo the bestperformancdor mostof theworkloads
thatwe usedto evaluateour schedulingalgorithms.

At this point, we alsoneedto definetwo moreconcepts
for the exegesisof SW-DSS. The conceptof scheduling
step andscheduling phase or cycle. We defineasaschedul-
ing step,the schedulingof processe# awindow w; and
asschedulingohaseall schedulingstepsuntil all gangsin
thetaskqueuehave beenschedulednce.

In eachschedulingstep,SWDSSselectdo schedulell
processecludedin the window definedby Inequality5,
as statedpreviously. The algorithm appliesDSS for the
selectedprocesseandexecuteshemoncefor a prespec-
ified time quantum. In the next schedulingstepthe win-
dow movestowardsthetail of thereadyqueueandthenext
gangof processess selectedto be scheduledwvith DSS.
Thealgorithmis repeatedintil all applicationsn theready
queuehave beenscheduledln the next, or in subsequent,
schedulingeyclestheremight be that one or more of the
processem the queueterminateexecution;in this casethe
window is expandedvith thenext processn therow, if the
processorequirementof that processdo not violate the
constraintof w; < 3P. In casethe last gangin the tail
of thetaskqueuecontaindessprocessethat3 P, thewin-
dow is extended by regycling the readyqueuepointerand
includingprocessefrom the headof the queue.

3.2.2 StepSliding window DSS

The goal of SSWDSS s to improve cacheperformance
of simultaneouslyexecutingparallelprograms. SSWDSS
actsasa supplementaryo the affinity-consciousschedul-
ing mechanismof DSS.SSWDSSpreseresall definitions
thathave beenearlierspecifiedor SW-DSSexceptthat of
the scheduling step. In SSWDSS the schedulingstepis
not a discretenew window, like in SW-DSS.Rather it is



exactlythesamewindow asin thepreviousschedulingstep
leaving outthefirst processandreplenishinghe gangwith
none,one or more processeslependingon what satisfies
Inequality5.

SSWDSSis expectedto improve over SW-DSS with
respecto the memoryperformanceof parallelprograms,
becaus®f theway processearescheduledTo show that,
let us have the k" gangcomposedout of m processes
Wy = {pks Pr+1,-- -5 Pr+m}- Thelastprocessn the kt*
gangwill be scheduledn timesrepeatedly This means
thatin eachschedulingstepwe are going to have all but
thelastprocessn thegangto bescheduledgain.With the
supportof DSS, this ensureghatin eachschedulingstep
the processorsvill have cachefootprintsof almostall the
processethatarescheduledn the schedulingstep.

3.2.3 Variable Time Qauntum DSS

VTQ is afully dynamicschedulingpolicy in all of its lay-
ers. In VTQ the whole workload of processess divided
againinto gangsof processesVTQ adoptsthe notion of
agangasdefinedfor SWDSSandSSWDSS.A new ele-
mentin this policy is thatwe usein additionto the ready
queuearepository queue.

Ourmajoreffortin thisworkis to proposeatime sharing
policy sothatthe CPUtime consumedy eachprocessn
the workloadis proportionalto the size of the processn
termsof its executionlength. Thisis indeedwhatwe have
alreadyaccomplishedy the previous two policies, SW
DSSandSSWDSS.However, thiswasachiezedthrougha
mechanicalthoughefficient, way by the moving window.
In VTQ we proposeaformal quantitatve analysisenabling
usnotonly usto estimatea fair andeffective allocationof
CPUtimeamongheprocessesf theworkload,but alsoto
maximizethe utilization of systemprocessors.

Ourtargetis to derive a mathematicatlormulato calcu-
late thetime quantumfor eachprocesslynamicallyat run
time, in orderto allocateto all processeshe sameCPU
time. We adoptthe notion of a time quantumg; asthe
CPUtime allocationunit. For all processescheduledor
the very first time in the systemwe usea basic,uniform,
time quantunmof ¢; = 100msec. Thebasetime quantumis
selectedhroughexperimentation.The total CPUtime for
oneschedulingstep,consumedby eachprocesss thenum-
berof processorallocatedoy DSSto theprocesstimesthe
assignedjuantunfor the currentschedulingstepz;¢;. We
defineT; asthe accumulatedCPU time consumedy the
it" processduring its executionlifetime. 7 is given by
equation?.

T; =T + qix; (7)

TheaggregyateCPUtime of all processem agangis:

k+m

Tw, = Z T; 8
i=k

VTQ equatesl;'s amongthe processesn eachgang
during execution. The equalizationof CPU time among
the processe®f a gangis accomplishedby varying the
time quantumfor eachprocessaccordingto the formula
in Equation9. Equation9 estimategy; for all processem
eachschedulingstep.

T,
4 n X gi-1 ®)
In VTQ the processem thetail of thereadyqueuethat
do not composea gangthat satisfieslnequality 5, or the
lastgangof thereadyqueuen casewhereall gangssatisfy
Inequality5, areenqueuedn the repositoryqueue.Then,
VTQ startsschedulingthe processe®f the first gangas-
signing initially a uniform time quantumof 100msecto
eachprocessn thegang.Thefirst schedulingstepin VTQ
standsfor onetime quantumand in the next scheduling
stepthe processesf the next gangin thereadyqueueare
scheduled.However, after the first schedulingphase the
time quantain all subsequergchedulingphasestartvary-
ing in eachschedulingstep.Thephysicalafterefectof the
variabletime quantumis that processeselongingin the
samegangmayterminateexecutionin differenttime steps.
In this casewe defineasa schedulingstepthelongesttime
quantumin thegang.In orderto utilize the CPUsreleased
by processebeforetheexpirationof thelongestime quan-
tum of theirgang,or beforethe expirationof theirlasttime
quantumwe schedulgrocessefom therepositorygueue
for theremainingtime.

4 Evaluation Framework and Results

In this sectionwe presenthe experimentatiorerviron-
mentusedto evaluateour kernel schedulingmethodolo-
gies, alongwith performancesvaluationresultsfrom ex-
perimentonductedn a Silicon Graphics0rigin2000.

4.1 Experimentation Environment

We performedour experimentalevaluation using two
parallel compilationand executionervironments,the na-
tive ervironmentthe Cellular IRIX operatingsystemand
theNANOS ernvironment[1, in whichweimplementedur
kernelschedulingoolicies.

IRIX providesanexecutionframewnork in which appli-
cationsare parallelized eitherautomaticallyor manually
trying to obtain good processouwitilization when running



on a multiprogrammedNUMA multiprocessarThe MIP-

Spro SGI compilerssupportautomaticdetectionof paral-
lelism and programmerinsertedOpenMPdirectives that
commandparallel execution,on top of the SGI MP run-

time library. The MP library supportgerapplicationcon-
trol of thedegreeof parallelism.An auxiliarythreadwakes
up every threesecondsindsuggestsn optimalnumberof

kernelthreadsor the executionof the next parallelregion,

basedon systemload information. The applicationad-
juststhe numberof kernelthreadsby blocking/unblocking
somethreadsf necessaryUsingthis mechanismapplica-
tion parallelismis decreasegrogressiely whenthe sys-
tem load is high or when CPU usageis low dueto I/O

or pagefaults. The dynamicthreadcontrolmechanismin

IRIX is usedwith thestandardime-sharingscheduler

The NANOS automaticparallelizationand execution
ervironmentis a prototypeimplementationof the Nano-
ThreadsProgrammingViodel (NPM) [1], currently avail-
ablefor Silicon GraphicsOrigin2000systemsunningthe
Cellular IRIX operatingsystem. The core of the ervi-
ronmentconsistof a parallelizingcompiler, a lightweight
multithreadingruntimesystemanda userlevel CPUman-
agerwhich emulateghe operatingsystemscheduler The
maincomponentareaccompaniegvith visualizatiorntools
for automatic parallelizationand performanceanalysis.
More detaileddescription®of NANOS canbefoundin [1].

The runtimelibrary andthe emulatedkernelscheduler
communicatehrougha sharedareng3, 8]. Thecoordina-
tion betweertheapplicationsandthekernelscheduleaims
atmaintainingconsistentlya one-to-onenappingbetween
theuserlevel thread=of the applicationandthe numberof
physicalprocessorgrantedfrom the kernel schedulerto
the applicationandensurethatthe applicationwill always
malke progressalongits critical path.

The NANOS CPU manageris a multithreadeduser
level processwhich containsa regular shell for execut-
ing arbitraryworkloadsin the form of csh-like scriptsand
a schedulingmodulewhich emulatesvariouskernel-level
schedulingpolicies.

4.2 Experimental Evaluation

As a baselindor comparisonswe usethe performance
of the native Silicon Graphicservironment,with dynamic
threadcontrolenabledor parallelapplicationsTheexper
imentswere performedon a Silicon GraphicsOrigin2000
with 64 MIPS R10000processorslockedat 250 MHz, 32
Kilobytesof split L1 instructionanddatacacheperproces-
sor, 4 Megabyteof unifiedL2 cacheperprocessoandan
aggrejateof 8 Gigabytesof mainmemory

Benchmark Parallelism Size
HYDRO2D | functional& loop 20time steps
SWIM loop 512x512grid
TOMCATV loop 513x513grid
TURB3D functional& loop | 64x64x 64 cubicgrid

Tablel: SPECcfp9%enchmarksisedin 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 the SPEC
benchmarksisedin multiprogrammeadvorkloads.

4.2.1 Workloads and Metrics

We use multiprogrammedvorkloadsconsistingof paral-
lelizedversion=of four benchmarkérom the SPECCFP95
benchmarksuite [10], HYRDO2D, SWIM, TOMCATV
and TURB3D. The benchmarkstogetherwith their main
characteristicaresummarizedn Tablel1. All benchmarks
are written in FORTRAN77 and they were parallelized
manually usingOpenMPdirectives. Two parallelizedver
sionsfor eachbenchmarkwere produced,one from the
MIPS compilerusedto executein thenative IRIX environ-
mentand onewith the NANOS compilerusedto execute
in theNANOS ervironment.

Our methodologyfor evaluatingkernelschedulingooli-
ciesis to run multiprogrammedvorkloadswith eachin-
stanceof a benchmarkin a workload requestinga num-
berof processorthatcorrespondso theoperating point of
the benchmark.We computedthe operatingpoints of the
benchmarksy runningthemin a dedicatecenvironment.
Theresultsareillustratedin Table2. Usingthe operating
point as a directive for requestingprocessorsye ensure
thateachapplicationattemptgo runonasmary processors
asit caneffectively utilize andwe canisolatethe perfor
manceimpactof multiprogrammingandkernelscheduling
on parallelapplications.Table 2 revealsalsothatthe per
formanceof the two parallelizedversionsof eachbench-
mark is comparable. Our resultswith multiprogrammed
workloadsarethereforeexpectedo reflectdirectly therel-
ative performancef thekernelschedulers.

Thenumberof instance®f eachbenchmarkn themul-
tiprogrammeavorkloadis selectedn away thatensures
fixedminimumdegreeof multiprogrammingV/ duringthe
executionof theworkload. For the purpose®f theevalua-
tion we modeleda moderatelyanda heavily loadedmulti-



programmedystemwith M = 2 andM = 4 respectrely.

In orderto introduceconstantvariability in the work-
loads,we addedin eachworkloada backgroundsynthetic
benchmarkvith adiamond taskgraph[8]. Thisbenchmark
executesthroughdifferent parallel phasesand requestsa
differentnumberof processors eachphasefor anumber
of iterations.

We usedtwo typesof workloadsin theexperimentsho-
mogeneous and heterogeneous workloads. Homogeneous
workloadsconsistof multiple instance®f thesamebench-
mark. Heterogeneousvorkloadsconsistof multiple in-
stancesf multiple benchmarks.Due to spaceconsider
ations,we presenbnly theresultsfor homogeneouwork-
loadsexecutedon a heavily loadedmultiprogrammedys-
tem. Therestof theresultsare availablein the expanded
versionof this paper9].

We evaluateda six schedulingpolicies: The natve
Cellular IRIX time-sharingscheduler(irix-mp), running
benchmarkgparallelizedwith the SGI MP library andthe
dynamic processcontrol featureactivated, an emulation
of a flat gangschedulingschemg4] in the NANOS user
level CPU managei(gang), a dynamicequipartitionstrat-
egy similar to the onein [6], implementedn the NANOS
userlevel CPU managen(equip), andthe sliding window
(sw-dss), step-slidingwindow (ssw-dss) andvariabletime
guantunDSS(vtg-dss) policiesdescribedn Section3. All
policiesusea basetime quantumof 100 milliseconds.

Thetwo primary metricsusedin our evaluationareap-
plication turnaround time and systemthroughput. In or-
der to measuregurnaroundtimes, we executedmultipro-
grammedworkloadsin open systemmode. In this mode,
all instance®f the benchmarkén a workloadarefired si-
multaneouslyandthe turnaroundime of eachinstanceis
measuredhdependentlyFor homogeneousorkloadswe
measurealsotheworkload completion time. If anidealfair
schedulewereusedtheturnaroundime of all instance®f
thebenchmarkvould be equalto to theworkloadcomple-
tion time. Therefore the differencebetweernthe workload
completiontime andtheaverageturnaroundimein homo-
geneousvorkloadsprovidesaroughindicationof fairness.

In orderto computesystemthroughputwe executedhe
workloadsin closed system mode. In this case severalin-
stance®f eachbenchmarlarefired againsimultaneously
However, uponcompletionof aninstanceof abenchmark,
anotherinstanceof the samebenchmarkis fired immedi-
ately in the place of the completedinstance. This is re-
peatedfor a numberof iterations,and ensureghe main-
tenanceof a constantmultiprogrammingload for a suffi-
ciently long periodof time. Thefirst few andlastfew exe-
cutionsof eachinstanceof a benchmarlarediscardedand
theturnaroundimesof theintermediateexecutionsareav-
eragedo calculatethroughput.

In orderto evaluatethe schedulergjuantitatvely with
a single value we usethe normalized throughput of the
schedulers.The normalizedthroughputof a scheduleiis
definedastheratio of thethroughpubf thescheduleto the
throughpubf an“ideal,, scheduleror equivalentlytheratio
of the averageturnaroundtime with an “ideal,, scheduler
to the averageturnaroundtime with the schedulemunder
study Givenaschedules, andn benchmarkg = 1...n,
executedin a multiprogrammedervironmentwith a mul-
tiprogrammingdegree M, the normalizedthroughputof s
canbedefinedas:

_ 1 e——
As. M = — As.M.i 10
M= Zl M, (10)
where:
< As,M,i Tideal,i
/\5, = - = —= 11
M )\ideal,i Ts,i ( )

In order to circumwent the problem of defining the
“ideal,, schedulewe defineas“ideal,,aschedulewhichis
ableto executeeachbenchmarkundermultiprogramming,
in time equalto the time that the benchmarktakes on a
dedicatedsystematits operatingpoint.

4.2.2 Experimental Resultsand Inter pretation

Figure 1 illustratesthe resultsfrom executionsof the ho-
mogeneousvorkloadsin opensystemmode. Thenew dy-
namictime andspace-sharingchedulergsw-dss, ssw-dss,
vtg-dss) outperformconsistentlythe IRIX scheduler For
HYDRO2D underthe threenew schedulersichieze more
thana 2-fold speedupf turnaroundime comparedo irix-
mp. The speedup®f turnaroundtime for the restof the
benchmarksangefrom 11%to 40%.

Thereare several reasonghat explain the relative per
formanceof the dss-basedschedulers.The instantaneous
processoallocationin thedss-basedschedulerss aglobal
decisionrmadeby thekernelschedulerinfluencedrom the
overall systemload andthe relative weight of eachjob in
theworkload(i.e. its relative processorequirements)This
approachensuredairnessin termsof the numberof pro-
cessorsllocatedto eachapplication. On the otherhand,
in the native IRIX ervironment,the numberof processors
which the applicationdecidesto usefor a parallelloop is
a local decisionof the application,madewithin the MP
library. Although this decisionusesalso systemload in-
formation,it doesnottake into accountherelative weight
of the applicationin the system. This approactpenalizes
someinstancesof the benchmarkswhich detectthat the
systemloadis high anddecreas¢he numberof processors
onwhichthey executeparallelcode.
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The sharedmemory interface used by the dss-based
schedulergnsuresnstantaneousesponsandapplication
adaptabilityto changesn the numberof processorsllo-
catedto anapplication.On the otherhand,the MP library
usesa polling mechanisnwith a 3-secondpolling inter-
val to readapto change®f the systemload. This stratgy
hurtsthe performancef fine-grainparallelapplicationsas
well applicationswith frequentransitionsdbetweersequen-
tial andparallelphases.

The memoryperformancef the benchmarksinderthe
dss-basedschedulerss improved. Both the IRIX andour
kernelschedulersapply a strongaffinity schedulingdisci-
pline, that tendsto bind eachkernelthreadto a specific
processomnode. Our experimentalevidencehowever in-
dicatethat IRIX forcesmore threadmigrations,directed
primarily from an attemptto tradeindividual application
performancewith betterprocessoutilization. We traced
this effect usingthe NANOS performanceanalysistools.
For memory-intensie workloadsreducingkernel thread
migrationsplaysa catalyticrole in performance.

Amongthethreedss-basedolicies,vtg-dss seemgo be
the policy of choice,sinceit deliversthe bestperformance
in termsof turnaroundtime for 3 out of 4 homogeneous
workloadsin opensystenmmode.Thessw-dss policy seems
to beinferior to theotherdss-basedolicies. It appearshat
thelongerwaiting timesexperiencedy somebenchmarks
in the workloadsoverwhelmthe benefitsof having some
benchmarkseschedulednthesameprocessorfor longer
time. Theequipartitionpolicy performsalsowell, although
its performancés alwaysinferior to atleastoneof the dss-
basedpolicies. Gangschedulingseemgo be quite effec-
tive with a moderatemultiprogrammingdegree, however
its performancelegradegapidly asthe multiprogramming
degreeincreases.

Concerningfairness for the dss-basedschedulersthe
differencebetweenthe averageturnaroundandthe work-
loadcompletiontimesis on averagel4.6%with theexcep-
tion of the SWIM workload,wherethe differenceis 35%.
Thecorrespondingaluefor irix-mp is 16%.

Schedulers Normalized Thr oughput
As,2 As,4
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
vtg-dss 0.52 0.29

Table3: Normalizedthroughpuif thekernel-lerel schedulers.

Figure? illustratesthe averageturnaroundimesof the
benchmark&é homogeneousorkloadsexecutedn closed
systemmode. The comparatie resultsare analogouso
the resultsfrom the experimentsin open systemmode.
However, IRIX demonstratea solidimprovementboverthe
resultsin opensystemmode, without outperformingthe
dss-basedschedulerghough. The IRIX earnings$-based
schedulings very effective in dealingwith theunbalances
incurred from poor initial processormllocationdecisions
madein the MP library, in thelongterm.

We use the resultsfrom homogeneousvorkloadsin
closedsystemmode,to computethe normalizedthrough-
putof thekernelschedulersinderdifferentdegreesof mul-
tiprogramming,usingequationslO and11. Table 3 illus-
tratesthe results.Vtg-dss hasthe bestnormalizedhrough-
put for both valuesof A, followed by sw-dss and ssw-
dss. Equip hascompetitve throughputcomparedto the
dss-basedolicies,while irix-mp is inferior.

5 Conclusions

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

1Theterm*“earnings”is definedasthe accumulatedxpendableCPU
time of ajob, relative to the otherjobsin the system



vtg-dss vtg-ds:

Ssw-dss Ssw-ds:
sw-dss; sw-dss
equip equip

gang gan

kernel-level scheduling algorithms
kernel-level scheduling algorithms

irix-mp irix-mp

0 10 20 30 0 10 20 30 40
average execution time (secs.)
SWIM workload,cclosed system, M=4

average exectition time (secs.)
HYDRO2D workloat, closed system, M=4

kernel-level schduling algorithms

vtg-ds:

Ssw-dss

sw-dss;

irix-mp

vtg-ds:
ssw-dss:
sw-dss:
equip

equip

gang gan(

kernel-level scheduling algorithms

irix-mp
0 10 20 30 40 50 0 50 100
average execttion time (secs.) average execution time (secs.)
TOMCATYV workloadl, closed system, M=4 TURB3D workload, closed system, M=4

Figure 2: Averageturnaroundimesof the benchmarksn homogeneouworkloadsexecutedin closedsystemmode. The resultsare averagesf three

executionsof theexperiment.

gramsin multiprogrammedenvironmentswithout com-
promising fairnessand global systemperformance. We
presentedthree algorithms, (sliding-windov DSS, step-
sliding-windov DSS and variable time quantumDSS),
of increasingsophisticatiorand compleity andevaluated
their performanceon a 64-processosilicon GraphicOri-
gin2000,runningthe CellularIRIX operatingsystem.The
three new schedulingpolicies demonstratedh solid im-
provementover the performanceof the natve Cellular
IRIX ernvironmentfor multiprogrammedexecutionof par
allel programs,even thoughour policies were evaluated
with userlevel emulationof thekernelscheduler
Ourcurrentwork is orientedtowardsintegratingpriority
control mechanismsn our schedulersaswell asporting
our schedulergo real operatingsystemkernels. We are
alsoattemptingto conducta morethoroughevaluationof
the schedulerspusing mixturesof sequentialand parallel
applicationsaswell asapplicationsparallelizedwith flat
parallelprogrammingmodelsthatdo notinteractwith the
kernelscheduleto adaptto theavailableresources.
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