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Abstract 1

In this paper we studyhierarchical job schedul-
ing strategies for clusters of workstations. Our ap-
proach usestwo-level scheduling: global scheduling
and local scheduling. The local scheduler refines
the schedulingdecisionsmadeby the global sched-
uler, takinginto accountthemostrecentinformation.
In previouswork, we explored the First ComeFirst
Served(FCFS),theShortestJob First (SJF),and the
First Fit (FF) policies at the global level. Now, we
will applyall threepoliciesbothat theglobalandthe
local level. In addition, we useseparate queuesat
theglobal level for arriving jobs,where thejobswith
thesamenumberof tasksareplacedin onequeue. At
both levels,the schedulers strive to maintaina good
loadbalance. Theunit of loadbalancingat theglobal
level is the job consistingof one or more parallel
tasks;at thelocal level it is thetask.

1 Intr oduction

With the advent of large computing power in
workstationsand high speednetworks, the high-
performancecomputingcommunityis moving from
the useof massively parallel processors(MPPs) to
costeffective clustersof workstations.Furthermore,
integrating a set of clusters of workstations into
one large computingenvironment can improve the
availability of computingpower, e.g Globus (Cza-
jkowski et al. [3]), the PolderMetacomputingInitia-
tive [9]. However, to efficiently exploit theavailable
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resources,an appropriateresourcemanagementor
schedulingsystemis needed.Theschedulingsystem
for largeenvironmentscanbedividedinto two levels:
schedulingacrossclusters(wideareascheduling) and
schedulingwithin a cluster. Thewide areascheduler
queriesthelocal schedulerto obtainthecandidatere-
sourcesto allocatethesubmittedjobs[11].

Scheduling systemswithin a single cluster of
workstationshavebeendescribedin theliterature[1],
[5], [7], [10], [12]. Various strategies are usedto
achievetheobjectiveof scheduling.For exampletwo-
level time-sharingschedulingfor parallelandsequen-
tial jobs hasbeenintroducedby Zhou et al. [12] to
attainagoodperformancefor paralleljobsandashort
turn-aroundtime for sequentialjobs. At the upper
level, time slotsareused. Eachtime slot is divided
into 2 slots(onefor sequentialjobsanda secondfor
tasksof parallel jobs). However at the local level a
taskof a paralleljob mayshareits time slot with se-
quentialjobs. K.Y Wang[10] useshierarchicaldeci-
sionschedulingthatis implementedusingglobaland
local schedulers.Theglobalscheduleris responsible
for long termallocationof systemresources,andthe
localscheduleris responsiblefor shorttermdecisions
concerningprocessorallocation.

In this paperwe usetwo level schedulingin a dif-
ferentway: globalschedulingacrossclustersandlo-
cal schedulingwithin a cluster. Theglobalscheduler
hasanumberof functions.Oneof theseis thematch-
ing of theresourcesrequestedby a job to thoseavail-
able in the participatingclusters. Another is to ob-
tain the bestutilisationof the availableclusters.The
local scheduleris responsiblefor schedulingjobs to
a specificresource. The global schedulerand local
schedulershave variousschedulingpoliciesthat can
be usedindependently. To observe our scheduling
strategies’ performance,we have developeda simu-



lation environment. By using this environment,the
influenceof schedulingstrategieson theover-all per-
formancewill beshown.

We arenot so muchbe concernedwith the archi-
tectureandimplementationof theschedulingsystem,
but ratherwith the schedulingstrategies that canbe
usedto attainthebestpossibleperformancein ouren-
vironment.Wewill specificallyaddresstheprioritisa-
tion of paralleljobsat theglobalschedulinglevel. To
supportthis,we exploretheuseof multiple queuesat
thegloballevel.

This paperis organisedas follows: In section2
we discussthe the relevant aspectsof our schedul-
ing modelaswell asseveralschedulingpoliciesthat
we will use. In section3 we explain our simulation
environmentincludingjob andresourcedescriptions.
Thesimulationresultsarepresentedin section4, after
which we presentour conclusions.

2 The schedulingmodel

The schedulingmodel is basedon a hierarchical
approach.We distinguishtwo levels of scheduling:
schedulingat the top level (global scheduling)and
schedulingat the local level. The global and local
schedulerinteractwith eachotherto makeanoptimal
schedule.Thelocal schedulerwill refinetheschedul-
ing decisionsmadeby global schedulerto adaptto
changesin resourceavailability.
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Figure1: GlobalandLocalSchedulerinteraction

2.1 The global scheduler

Theglobalschedulerschedulesthearriving jobsto
theavailableclusters.Oncea job hasbeenscheduled
by the global scheduler, it is passedon to the local
clusterscheduler. For low loads, the global sched-
uler’s task is to find the bestoffer, in termsof e.g.
performanceor cost. Jobsarehandledon anindivid-
ualbasis,andnoglobalqueueneedsto bemaintained.
For high systemloads (typical for high-throughput
computing),theschedulershouldalsotry tomaximise

the systemutilisation and reducethe over-all turn-
aroundtime. To this end,theschedulershouldknow
the available capacity in eachparticipatingcluster.
As, dueto locally submittedwork, this capacitymay
vary in anunpredictablemanner, it maybeattractive
to delayschedulinguntil theneededcapacityactually
becomesavailable. We assumethat jobs delayedin
thiswayaremaintainedin aglobalschedulingqueue.
We have studied two distinct queuingstrategies at
the global level: a singleglobal queueandseparate
globalqueues.In thesinglequeuemodel,oneof three
schedulingstrategies is usedto assignjobs to clus-
ters: First ComeFirst Served (FCFS),ShortestJob
First (SJF)or First Fit (FF).TheFF policy maintains
a queuein FCFSorder, but searchesthat queuefor
thefirst job thatcanbescheduledon theavailablere-
sources.SJFandFCFSwait until the first job in the
queuecanbe scheduled.FF shouldresult in a good
resourceutilisation,but hasabiasagainstlargemulti-
taskjobs asit canschedulesequentialjobs aheadof
them.

Whenusingseparatequeues,eachtypeof job (dis-
tinguishedby the numberof tasks),is placedin sep-
aratequeue. The numberof queuesis equalto the
numberof job types.Within eachqueuetheSJFpol-
icy is used.Dispatchingstartseitherfrom the queue
of jobs with the smallestnumberof tasksor, alter-
natively, from the queuewith the largestnumberof
tasks.We call thefirst strategy theS-SJFpolicy and
thesecondstrategy, L-SJF.

The global scheduler interacts with the local
schedulerto make the best schedule. The interac-
tion betweenthe local andglobal schedulerdepends
on whethera local queueis used. When no local
queueis used, the global schedulerwill match the
job’s resourcerequestto thecurrentlyavailablelocal
resources.Whena local queueis used,themaximum
capacityof theclusteraswell asthecurrentandmax-
imum queuelengthareconsidered.

2.2 The local scheduler

Therole of thelocal scheduleris importantfor the
overallsystemperformance.Thelocalschedulertries
to maximisetheresourceutilisationby usingthemost
recentresourceinformationin makingdecisions.The
resource(workstation)with the largestcapacitywill
beselectedfirst to allocatejobs.Oneof threeschedul-
ing policiesis usedto selectthejobsfrom thequeue:
FCFS,SJFor FF. The local schedulerusesonly one
queuefor all typesof job. Themaximumlocal queue
sizeis limited.

At this level wealsoimplementtaskschedulingof
paralleljobs.Thelocalschedulerwill scheduleonly a
limited numberof taskson a specificnode.Tasksare
assignedto availablenodesin aRound-Robinfashion
startingfrom themostlightly loadednode.



Thetaskson eachnodearescheduledin a Round-
Robin fashion,unlessthey are blocked, waiting for
e.g.synchronisationwith theothertasksin thejob.

3 The simulation envir onment

In this section,we describethecomponentsof our
simulationmodelandits implementationaspects,as
well validationandconfigurationissues.Our simula-
tion modelusesa discrete-event approach.We have
validatedour simulationmodelby comparingtheex-
perimentalresultsof the simple queueingproblems
(M/M/1, M/M/2, andM/M/4) with theiranalyticalso-
lutions.

3.1 Componentsof the model

We definesix basiccomponentsto build our sim-
ulation environment. Each componenthas some
attributes to identify its state and several func-
tions/methodsto modify that stateas well as to in-
teractwith the othercomponents.Every component
hasanobjectassociationwith oneor moreobjectin-
stances.For examplethe generatorcomponentand
the global schedulerhave only one object instance.
Thecomponentsof simulatorarelistedbelow.

# job: The job objectcontainsinformationabout
theattributesdescribingits characteristics.

# resource: Theresourceobjectcontainsinforma-
tion aboutmachineattributesandseveral meth-
odsthatrepresentthemachinecapabilities.

# queueing: The queueingobject is responsible
for managingthejobsin aqueue.Eachqueueing
systemis representedby a singleinstance.

# generator : The generatorobjectgeneratesjobs
of varioustypes.Thereis only onegeneratorob-
ject instancein thesystem.

# g-sched : The global schedulerobject is re-
sponsiblefor schedulingthenewly arriving jobs.
Thereis oneobjectinstancein thesystem.

# l-sched : The local schedulerobject schedules
jobsreceivedfrom theglobalscheduler. Thereis
onel-schedobjectinstancein eachcluster.

3.2 Implementation

Our simulationenvironmentwasdevelopedusing
the simulationpackage,C++SIM [2]. We usetwo
additionalrandomnumbergeneratorsto enhancethe
quality of randomnessfor some independentvari-
ables. The first generatoris the drand48()genera-
tor (standardC library), andthesecondoneis mtGen
generator from Matsumoto[6]. Drand48()is usedto

generatethe randomvariatesfrom two-stagehyper-
exponentialdistribution usedfor the executiontime
of the job. MtGen is usedto generatethe random
variatesfrom theexponentialdistributionusedfor the
inter-arrival time of jobs. To generatethe job types,
we usetheinternalgeneratorof C++SIM.

3.3 Validation

To validate our simulation model, we have per-
formedexperimentsfor somesimplequeueingprob-
lems.Herewe show theresultsfor anM/M/4 queue-
ing system.Themeanservicetime is four time units.
Thedifferencesbetweenthesimulatedresultsandthe
analyticaltheoryareconsistentwith ther.m.s. errors
in thesimulations,derivedfrom 16 independentruns
for all simulatedarrival rates.Themeasuredstandard
deviationsin theturn-aroundtimes(derivedfrom the
standarddeviationwithin eachrunandthedifferences
betweenthe16 runs)arealsoconsistentwith theory.
Similar resultswereobtainedfor M/M2 andM/M/1
cases.
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Figure2: Theperformanceof M/M/4 queueingcase

3.4 Configuration

To usethesimulationenvironment,weneedto de-
fine the systemconfiguration. For this purposewe
have to modeltheresource,job structure,andthear-
rival processes.Furthermore,a set of performance
criteria is needed.As thetotal numberof parameters
in thesystemalreadyis quitelarge(globalscheduling
model, length of local queue,arrival rate, and local
schedulingpolicy), wedecidedto keeptheremainder
of themodelassimpleaspossible.

The resourcesconsistof four identical clusters,
and eachclusterhas four identical nodes(worksta-
tions). Every clusteris runninga local schedulerand
eachnodebelongingto aclusterhasaCPUscheduler.
Thesystemmodelis shown in Figure1.

We distinguishtwo basictypesof jobs,sequential
jobs and parallel jobs. Sequentialjobs consistof a



singletask. Parallel jobs canhave betweentwo and
four identicaltasks,eachis dividedinto sectionstak-
ing oneunit of CPUtime. After eachsection,all tasks
in thejob synchronise(Figure3).

level-1

level-2

level-3

level-n

synchronization

t1 t2 t1 t2 t3 t1 t2 t3 t4

2-task job 3-task job 4-task job 

Figure3: Communicationmodelof paralleljobs

4 Simulation results

In this chapter, we show our simulationresultsof
theselectedmeasurementswith a brief discussion.A
more comprehensive discussionof all the resultsis
givenin thenext chapter.

4.1 Parameters

Jobsarecharacterisedby two mainattributes: the
numberof tasks,and their minimum executiontime
(the CPU time requiredfor the executionof a single
task).Thearrival processgeneratesjobsof eachtype
(sequentialor two, threeor four parallel tasks). For
eachtype,aseparatehyper-exponentialdistribution is
usedfor theexecutiontime. As experienceshowsthat
massively paralleljobsalsotendto run longer[4], we
havechosenthedistributionsaccordingly.

Table1: Distributionof generatedjobs

# tasks fraction meanT stddev. work

1 0.7 4 5 2.8
2 0.1 4 5 0.8
3 0.1 8 10 2.4
4 0.1 16 18 6.4

Table 1 shows the parametersof the job genera-
tor. The amountof work in a job is the productof
thenumberof tasksandtheexecutiontime (T). Other
than for the frequentlyusedexponentialdistribution
of executiontimes,thestandarddeviation of thedis-
tribution mustbe specifiedfor the hyper-exponential
distribution. The specifieddistributions all have a
longer tail than an exponentialdistribution. As the
simulatedsystemcontains16nodes,16unitsof work
canbeprocessedperunit time. This correspondsto a
minimumaveragejob inter-arrival timeof 0.775time

units.An importantsimplifyingassumptionis thatthe
actualCPUtimeneededis availableto thescheduler.

4.2 MeasurementStrategy

Wehavechosento considerthefollowing parame-
tersasthevariablesin oursimulations:

- Global queuemodel : separatequeuesor a sin-
gle globalqueue.

- Global scheduler policy: FCFS, SJF, or FF
(whenasinglequeueis used;SJFotherwise.)

- Localqueuesize: (zero,four, andeightjobs)

- Localschedulerpolicy : FCFS,SJF, or FF(when
a localqueueis used)

- Job inter-arrival time : from 0.8to 1.5time unit

We do not useall parametercombinations.By re-
seedingtherandomgenerators,we made16 indepen-
dentrunsof 4000jobs,with a start-upperiodof 200
jobsfor eachparametercombination.Exceptfor their
spacingin time, the samesetof 16 times4200 jobs
was usedfor eachparametersetting. Systemutil-
isation and run time were measuredfrom the time
the 201stjob wassubmittedto the momentthat the
4200ndjob wasfinished. Performancestatisticsfor
eachjob wereobtainedatcompletionfor the201stjob
up to the4200ndjob. Jobgenerationcontinueduntil
the endof the simulation. As the schedulingsystem
influencestheorderin which jobsareexecuted,there
aredifferencesin thepopulationsampled.

For eachrun we have measuredthe averageturn-
aroundtimefor all typesof (completed)jobstogether
andfor eachtype of job separately, andthe standard
deviationof theturn-aroundtimes.Wealsomeasured
the overall maximumturn-aroundtime, the system
utilisation,thenumberof jobsremainingin theglobal
queueat the end, and the averageof the slowdown
factor(definedastheratiobetweentheresponsetime
of a job run on the sharedresourcesandthat on the
dedicatedresource).

4.3 Turn-around Times

The averageturn-aroundtime is a goodindicator
for thelevel of serviceto beexpectedfrom a system.
We have measuredtheaverageturn-aroundtimesfor
eachtype of job (sequential,andtwo, threeandfour
paralleltasks)andthe averageover all types. In Ta-
ble 2 we presentthemeasuredvaluesfor theaverage
turn-aroundtimesfor all jobsfor runswith meanjob
inter-arrival times of 0.8, 0.9, 1.1, 1.3 and 1.5 time
units, correspondingto loadsof about97 $ , 86 $ ,
71 $ , 60 $ , and52 $ , respectively. Thetableshows
that,for thehighestarrival rate(theinter-arrival time



Table2: Referencemodelturn-aroundtimes % asa function of inter-arrival time. The errorsgiven arethe r.m.s. errorsin
the averagesasderived from the spreadin the computedaveragesfor eachof the 16 independentruns. They have not been
computedfrom theinternalvaluesin eachrun,asthosevaluesmaybehighly correlated.

Global Local Local 0.8 0.9 1.1 1.3 1.5
policy policy queue & error & error & error & error & error
S-SJF 0 24.3 0.5 18.2 0.6 11.6 0.2 9.1 0.2 7.9 0.1
S-SJF FCFS 4 36.9 1.5 22.3 1.3 12.0 0.3 9.1 0.2 7.9 0.1
S-SJF FCFS 8 46.7 2.3 25.0 1.7 12.1 0.3 9.1 0.2 7.9 0.1
S-SJF SJF 4 26.5 0.8 18.8 0.7 11.7 0.2 9.1 0.2 7.9 0.1
S-SJF SJF 8 26.2 0.7 18.7 0.7 11.6 0.2 9.1 0.2 7.9 0.1
S-SJF FF 4 34.3 1.5 20.8 1.1 11.7 0.2 9.1 0.2 7.9 0.1
S-SJF FF 8 41.2 2.5 22.1 1.4 11.8 0.2 9.1 0.2 7.9 0.1

L-SJF 0 53.7 5.6 22.2 1.6 11.6 0.2 9.1 0.2 7.9 0.1
L-SJF FCFS 4 89.9 10.0 30.1 3.2 12.0 0.3 9.1 0.2 7.9 0.1
L-SJF FCFS 8 90.2 10.5 29.1 2.9 12.1 0.3 9.1 0.2 7.9 0.1
L-SJF SJF 4 31.6 2.2 18.9 0.8 11.7 0.2 9.1 0.2 7.9 0.1
L-SJF SJF 8 26.2 0.7 18.7 0.7 11.6 0.2 9.1 0.2 7.9 0.1
L-SJF FF 4 71.9 8.9 24.4 2.2 11.8 0.2 9.1 0.2 7.9 0.1
L-SJF FF 8 60.7 6.6 22.7 1.8 11.8 0.2 9.1 0.2 7.9 0.1

G-FCFS 0 100.6 12.4 28.8 2.8 11.9 0.3 9.1 0.2 7.9 0.1
G-SJF 0 25.0 0.5 18.7 0.7 11.7 0.2 9.1 0.2 7.9 0.1
G-FF 0 87.5 11.4 25.1 2.3 11.8 0.3 9.1 0.2 7.9 0.1

of 0.8 ), the smallestqueuefirst policy (S-SJF)with
no localqueuegivestheshortestturn-aroundtimes.

In Figs. 4, 5 and6, the turn-aroundtimes for all
jobs, for sequentialjobs and for four-task jobs are
shown for thefiveschedulingpolicieswithout a local
queue.As might be expected,theS-SJFpolicy does
bestfor thesequentialjobsaswell (thelargemajority
of thejobsis sequential),but L-SJFdoesmuchbetter
for thefour-taskjobs.
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Figure4: Turn-aroundtimeswith five global strate-
gieswithout local queuefor all typesof job

When a local queueis used(Figure 7), using an
SJFpolicy for the local queueresultsin the shortest
aover-all turn-aroundtime, andFF appearsto be the
next best.Its biasagainstlargeparalleljobsresultsin
longerturn-aroundtimesfor thosejobs.

4.4 Standard Deviation and Slowdown

The averageturn-aroundtimesarenot a goodin-
dicator for the ways the schedulingdelaysare dis-
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tributedover the jobs. The standarddeviation of the
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turn-aroundtime is a measurethat increaseswhen
jobsexperiencelargedifferencesin delays.This may
indicatethat the behaviour of thesystemis unstable,
but it canalsobe dueto a strongpreferencefor one
type of job above another. Slowdown is a measure
for thedelayexperiencedby a job, ascomparedto its
minimal executiontime (Figure8). It teststhe com-
mon expectationthat small jobs shouldonly experi-
encelittle delay.
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Theslowdown indicatesthatfor thehighestarrival
rates,shortjobsreceiveamuchbetterservicefrom all
variantsof theSJFpolicy. Thespreadin turn-around
timesalsois somewhatsmallerfor thesepolicies(data
not shown).

4.5 Throughput

Our measurementsof the systemutilisation and
jobsremainingin thequeue(datanotshown) indicate
that for the highestarrival rate, the processinglags
behindthe arrival of work. This canbe indicative of

saturation.We have, therefore,performedadditional
experimentsover 40 000 jobs for all models.For an
inter-arrival time of 0.8 time units, the performance
measuresdeterioratein all cases,indicatingthatafter
4000jobs,thesystemhasnot yet reachedits equilib-
rium state. Yet, averageturn-aroundtimes, jobs re-
maining in queueandother indicatorsfor saturation
do not appearto grow out of boundsfor any of the
schedulingpolicies.At this arrival rate,theFF policy
leadsto thebestsystemutilisationbothat theglobal
andthe local levels, closely followed by FCFS.SJF
continuesto show shortaverageturnaroundtimesand
smallslowdown values.

5 Discussionand Conclusions

In this paper, we have reportedon simulationex-
perimentsontheeffectivenessof variousstrategiesfor
the global schedulerin our system. We have com-
paredthe useof a singlequeuefor all typesob job
with theuseof separatequeues.Thepurposeof split-
ting theglobalqueueis to allow a moredetailedcon-
trol over theallocationof resourcesto jobs.

Averagedover all jobs, the results(Table2) indi-
catethattheturn-aroundtimefor theS-SJFpolicy (no
localqueue)is slightly shorterthanthatobtainedfor a
singleglobalqueuewith thesamepolicy, G-SJF. Con-
sideringspecifictypesof jobs,we find that for four-
taskjobs,theL-SJFpolicy is moreprofitablethanS-
SJFpolicy. On theotherhand,theS-SJFpolicy gives
thebestperformancefor sequentialjobs.

In general,theperformanceof S-SJFis betterthan
L-SJFfor high arrival rates(Figure4). The SJFand
FF policiesshow betterperformancesthantheFCFS
policy almostfor all jobs. If a goodglobalpolicy (S-
SJF)is used,theconfigurationwithout a local queue
has a shorter turn-aroundthan thoseusing a local
queue.Althoughmostperformancefiguresarebetter
for theSJFpoliciesthanfor FCFS,SJFcanresultin
extremedelaysfor long-runningjobs; S-SJFin par-
ticular is stronglybiasedagainstlarge jobs andcan,
in principle, resultin starvation for thosejobs. From
the experiments,we concludethat the beststrategy
stronglydependson thedesiredperformancecharac-
teristics.

In our paper, we have madea varietyof simplify-
ing assumptionsthatmayinfluencetheresults.

# We have assumedno (variable) background
loadsfor theclusters,andalsothat theexpected
work-loadsfor a job, asusedby the scheduler,
is a perfect predictor of the actual work-load.
Dropping theseassumptionsshould make de-
layed global scheduling(with a minimal local
queue)evenmoreprofitable.

# Wehaveassumedahomogeneoussystem.Drop-
ping this assumptionleadsto a far more com-



plex schedulingproblem, particularly if jobs
with inhomogeneousresourcerequirementsare
allowed.

The resultsof thesesimulationexperimentswill
beusedin our researchon run-timesupportsystems,
including our work on “Dynamite” [8], which sup-
portsdynamicloadbalancingfor PVM andMPI jobs
in clustersthroughthemigrationof tasks.
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