Hierar chical Job Schedulingfor Clusters of Workstations

J.Santosd? G.D.vanAlbada!

B.A.A. Nazief>* PM.A. Sloot!

I SectionComputationaBcienceUniv. van Amsterdam
2 Departmenbf Informatics,Bandundnstituteof Technology
JI. Ganeshd 0, Bandungd0132,Indonesia
3 Departmenbf ComputerScience,Uniersityof Indonesia
Jakartajndonesia

{judhi, dick, sloot} @wins.u\a.nl

Keywords: ClusterComputing,Scheduling

Abstract 1

In this paper we study hierarchical job schedul-
ing strategiesfor clustes of workstations. Our ap-
proach usestwo-level scheduling: global scheduling
and local scheduling The local schedulerrefines
the schedulingdecisionsmadeby the global sched-
uler, takinginto accountthe mostrecentinformation.
In previouswork, we explored the First ComeFirst
ServedFCFS),the Shortestlob First (SJF),and the
First Fit (FF) policiesat the global level. Now we
will applyall threepoliciesbothat theglobal andthe
local level. In addition, we use sepaate queuesat
thegloballevelfor arriving jobs,where thejobswith
thesamenumberof tasksare placedin onequeue At
both levels,the schedules strive to maintaina good
loadbalance Theunit of load balancingat theglobal
level is the job consistingof one or more parallel
tasks;at thelocal levelit is thetask.

1 Intr oduction

With the adwent of large computing power in
workstationsand high speed networks, the high-
performancecomputingcommunityis moving from
the use of massiely parallel processor{MPPs)to
costeffective clustersof workstations.Furthermore,
integrating a set of clusters of workstationsinto
one large computing ervironment can improve the
availability of computing power, e.g Globus (Cza-
jkowski et al. [3]), the PolderMetacomputingnitia-
tive [9]. However, to efficiently exploit the available
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resources,an appropriateresourcemanagemenbr
schedulingsystemis needed.The schedulingsystem
for largeernvironmentscanbedividedinto two levels:
schedulingacros<slusterqwideareasdceduling and
schedulingwithin a cluster Thewide areascheduler
querieghelocal scheduleto obtainthe candidatee-
sourcego allocatethe submittedobs[11].

Scheduling systemswithin a single cluster of
workstationshave beendescribedn theliterature[1],
[5], [7], [10], [12]. Various stratejies are usedto
achievetheobjective of scheduling For exampletwo-
level time-sharingschedulindgor parallelandsequen-
tial jobs hasbeenintroducedby Zhou et al. [12] to
attainagoodperformancéor paralleljobsandashort
turn-aroundtime for sequentialjobs. At the upper
level, time slots are used. Eachtime slot is divided
into 2 slots(onefor sequentiajobs anda secondor
tasksof paralleljobs). However at the local level a
taskof a paralleljob may shareits time slot with se-
quentialjobs. K.Y Wang[1Q useshierarchicaldeci-
sionschedulinghatis implementedisingglobaland
local schedulersThe globalscheduleiis responsible
for long term allocationof systemresourcesandthe
local scheduleis responsibldor shorttermdecisions
concerningprocessoallocation.

In this paperwe usetwo level schedulingn a dif-
ferentway: global schedulingacrossclustersandlo-
cal schedulingwithin a cluster The globalscheduler
hasa numberof functions.Oneof theses thematch-
ing of theresourcesequestedy ajob to thoseavail-
ablein the participatingclusters. Anotheris to ob-
tain the bestutilisation of the availableclusters.The
local scheduletlis responsiblgor schedulingjobsto
a specificresource. The global schedulerand local
schedulershave variousschedulingpoliciesthat can
be usedindependently To obsere our scheduling
stratgies’ performancewe have developeda simu-



lation ervironment. By using this ervironment,the
influenceof schedulingstratgieson the over-all per
formancewill beshavn.

We arenot so muchbe concernedvith the archi-
tectureandimplementatiorof theschedulingsystem,
but ratherwith the schedulingstratgyiesthat can be
usedto attainthebestpossibleperformancén ouren-
vironment.We will specificallyaddressheprioritisa-
tion of paralleljobsatthe globalschedulindevel. To
supportthis, we explorethe useof multiple queuesat
thegloballevel.

This paperis organisedas follows: In section2
we discussthe the relevant aspectsof our schedul-
ing modelaswell asseveral schedulingpoliciesthat
we will use. In section3 we explain our simulation
environmentincludingjob andresourcedescriptions.
Thesimulationresultsarepresenteéh sectiord, after
which we presenbur conclusions.

2 The schedulingmodel

The schedulingmodelis basedon a hierarchical
approach. We distinguishtwo levels of scheduling:
schedulingat the top level (global scheduling)and
schedulingat the local level. The global andlocal
scheduleinteractwith eachotherto make anoptimal
scheduleThelocal schedulewill refinethe schedul-
ing decisionsmadeby global schedulerto adaptto
changesn resourceavailability.
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Figurel: GlobalandLocal Scheduleinteraction

2.1 The global scheduler

Theglobalschedulescheduleshearriving jobsto
the availableclusters.Onceajob hasbeenscheduled
by the global schedulerit is passedn to the local
clusterscheduler For low loads, the global sched-
uler’s taskis to find the bestoffer, in termsof e.g.
performanceor cost. Jobsarehandledon anindivid-
ualbasisandnoglobalqueueneedgo bemaintained.
For high systemloads (typical for high-throughput
computing)thescheduleshouldalsotry to maximise

the systemutilisation and reducethe over-all turn-
aroundtime. To this end,the schedulesshouldknow
the available capacityin eachparticipating cluster
As, dueto locally submittedwork, this capacitymay
vary in anunpredictablemannerit may be attractve
to delayschedulinguntil the neededtapacityactually
becomesavailable. We assumehat jobs delayedin
thisway aremaintainedn a globalschedulingqueue.
We have studiedtwo distinct queuingstratgjies at
the global level: a single global queueand separate
globalqueuesin thesinglequeuemodel,oneof three
schedulingstratgies is usedto assignjobs to clus-
ters: First ComeFirst Sened (FCFS), Shortestlob
First (SJF)or First Fit (FF). The FF policy maintains
a queuein FCFSorder, but searcheghat queuefor
thefirst job thatcanbe scheduledn the availablere-
sources.SJFand FCFSwait until thefirst job in the
gqueuecan be scheduled.FF shouldresultin a good
resourcadtilisation,but hasa biasagainstarge multi-
taskjobs asit canschedulesequentiajobs aheadof
them.

Whenusingseparatgueueseachtype of job (dis-
tinguishedby the numberof tasks),is placedin sep-
aratequeue. The numberof queuess equalto the
numberof job types. Within eachqueuethe SJFpol-
icy is used. Dispatchingstartseitherfrom the queue
of jobs with the smallestnumberof tasksor, alter
natively, from the queuewith the largestnumberof
tasks. We call the first strategyy the S-SJFpolicy and
thesecondstratgy, L-SIF

The global schedulerinteracts with the local
schedulerto make the bestschedule. The interac-
tion betweenthe local and global scheduledepends
on whethera local queueis used. When no local
queueis used,the global schedulerwill matchthe
job’s resourcaequesto the currentlyavailablelocal
resourcesWhenalocal queueis used,the maximum
capacityof theclusteraswell asthe currentandmax-
imum queudengthareconsidered.

2.2 Thelocal scheduler

Therole of thelocal scheduleis importantfor the
overall systemperformanceThelocal scheduletries
to maximisetheresourcautilisationby usingthemost
recentresourcenformationin makingdecisionsThe
resource(workstation)with the largestcapacitywill
beselectedirstto allocatgjobs. Oneof threeschedul-
ing policiesis usedto selectthejobsfrom the queue:
FCFS,SJFor FFE Thelocal scheduleusesonly one
queuefor all typesof job. The maximumlocal queue
sizeis limited.

At this level we alsoimplementtaskschedulingpf
paralleljobs. Thelocal schedulewill schedulenly a
limited numberof taskson a specificnode. Tasksare
assignedo availablenodesn a Round-Robirfashion
startingfrom themostlightly loadednode.



Thetaskson eachnodearescheduledn a Round-
Robin fashion,unlessthey are blocked, waiting for
e.g.synchronisationvith the othertasksin thejob.

3 The simulation environment

In this sectionwe describethe component®f our
simulationmodel andits implementatioraspectsas
well validationandconfigurationissues.Our simula-
tion modelusesa discrete-gentapproach.We have
validatedour simulationmodelby comparingthe ex-
perimentalresultsof the simple queueingproblems
(M/M/1, M/M/2, andM/M/4) with theiranalyticalso-
lutions.

3.1 Componentsof the model

We definesix basiccomponentgo build our sim-
ulation ervironment. Each componenthas some
attributes to identify its state and several func-
tions/methodgo modify that stateas well asto in-
teractwith the othercomponents.Every component
hasan objectassociatiorwith oneor moreobjectin-
stances. For examplethe generatorcomponentand
the global schedulethare only one objectinstance.
Thecomponent®f simulatorarelisted below.

e job: The job objectcontainsinformation about
theattributesdescribingts characteristics.

e resouce: Theresourcenbjectcontaingnforma-
tion aboutmachineattributesand several meth-
odsthatrepresenthe machinecapabilities.

e (ueueing: The queueingobjectis responsible
for managinghejobsin aqueue Eachqueueing
systemis representetly asingleinstance.

e genertor : The generatoobjectgenerategobs
of varioustypes.Thereis only onegeneratoob-
jectinstancan thesystem.

e g-sthed : The global schedulerobject is re-
sponsibléefor schedulinghe newly arriving jobs.
Thereis oneobjectinstancen the system.

e |-sched: The local schedulerobject schedules
jobsrecevedfromtheglobalschedulerThereis
onel-schedobjectinstancdan eachcluster

3.2 Implementation

Our simulationernvironmentwas developedusing
the simulation package C++SIM [2]. We usetwo
additionalrandomnumbergenerator¢o enhancehe
quality of randomnesdor some independentvari-
ables. The first generatoris the drand48() genea-
tor (standardC library), andthe seconconeis mtGen
genemtor from Matsumotg6]. Drand48()is usedto

generatethe randomvariatesfrom two-stagehyper
exponentialdistribution usedfor the executiontime
of the job. MtGenis usedto generatethe random
variatesfrom the exponentialdistribution usedfor the
inter-arrival time of jobs. To generatehe job types,
we usetheinternalgeneratoof C++SIM.

3.3 Validation

To validate our simulation model, we have per
formedexperimentsfor somesimple queueingprob-
lems. Herewe shawv theresultsfor an M/M/4 queue-
ing system.The meanservicetime is four time units.
Thedifferencedetweerthe simulatedresultsandthe
analyticaltheoryareconsistentvith ther.m.s. errors
in the simulations derivedfrom 16 independentuns
for all simulatedarrival rates.The measuredtandard
deviationsin theturn-aroundimes(derivedfrom the
standardieviationwithin eachrunandthedifferences
betweerthe 16 runs)arealsoconsistentvith theory
Similar resultswere obtainedfor M/M2 and M/M/1
cases.
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Figure2: Theperformancef M/M/4 queueingcase

3.4 Configuration

To usethe simulationenvironment,we needto de-
fine the systemconfiguration. For this purposewe
have to modeltheresourcejob structureandthe ar
rival processes.Furthermore,a setof performance
criteriais needed As the total numberof parameters
in thesystemalreadyis quitelarge(globalscheduling
model, length of local queue,arrival rate, and local
schedulingpolicy), we decidedto keeptheremainder
of themodelassimpleaspossible.

The resourcesconsistof four identical clusters,
and eachclusterhasfour identical nodes(worksta-
tions). Every clusteris runninga local scheduleand
eachnodebelongingto aclusterhasa CPUscheduler
Thesystemmodelis shovnin Figurel.

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



singletask. Parallel jobs canhave betweentwo and
four identicaltasks,eachis dividedinto sectiongak-
ing oneunit of CPUtime. After eachsection all tasks
in thejob synchronis€Figure3).
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Figure3: Communicatiormodelof paralleljobs

4 Simulation results

In this chapter we showv our simulationresultsof
the selectedneasurementwith a brief discussion A
more comprehensie discussionof all the resultsis
givenin the next chapter

4.1 Parameters

Jobsare characterisetby two main attributes: the
numberof tasks,and their minimum executiontime
(the CPUtime requiredfor the executionof a single
task). Thearrival procesgenerategobs of eachtype
(sequentiabr two, threeor four paralleltasks). For
eachtype,aseparatéyperexponentiaddistributionis
usedfor theexecutiontime. As experienceshovsthat
massvely paralleljobsalsotendto runlonger[4], we
have choserthedistributionsaccordingly

Table1: Distribution of generategobs

| #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 shaws the parameter®f the job genera-
tor. The amountof work in a job is the productof
thenumberof tasksandthe executiontime (T). Other
thanfor the frequentlyusedexponentialdistribution
of executiontimes,the standarddeviation of the dis-
tribution mustbe specifiedfor the hyperexponential
distribution. The specifieddistributions all have a
longertail than an exponentialdistribution. As the
simulatedsystemcontainsl6 nodes,16 unitsof work
canbeprocessegberunit time. This correspondso a
minimum averageob inter-arrival time of 0.775time

units. An importantsimplifying assumptioris thatthe
actualCPUtime neededs availableto the scheduler

4.2 MeasurementStrategy

We have choserto considetthefollowing parame-
tersasthevariablesin our simulations:

- Global queuemodel : separat@ueuer a sin-
gle globalqueue.

- Global scheduler policy. FCFS, SJE or FF
(whenasinglequeues used;SJFotherwise.)

- Localqueussize: (zero,four, andeightjobs)

- Localschedulerpolicy: FCFS,SJF or FF(when
alocal queueis used)

- Jobinter-arrival time: from 0.8to 1.5time unit

We do not useall parametecombinations By re-
seedingherandomgeneratorsywe madel6indepen-
dentrunsof 4000jobs, with a start-upperiod of 200
jobsfor eachparametecombination. Exceptfor their
spacingin time, the samesetof 16 times4200 jobs
was usedfor eachparametersetting. Systemutil-
isation and run time were measuredrom the time
the 201stjob was submittedto the momentthat the
4200ndjob wasfinished. Performancestatisticsfor
eachjob wereobtainedatcompletionfor the201stjob
up to the 4200ndjob. Jobgeneratiorcontinueduntil
the endof the simulation. As the schedulingsystem
influenceghe orderin which jobsareexecutedthere
aredifferencesn thepopulationsampled.

For eachrun we have measuredhe averageturn-
aroundtime for all typesof (completedjobstogether
andfor eachtype of job separatelyandthe standard
deviation of theturn-aroundimes.We alsomeasured
the overall maximum turn-aroundtime, the system
utilisation,thenumberof jobsremainingin theglobal
queueat the end, and the averageof the slovdown
factor(definedastheratio betweertheresponsd¢ime
of a job run on the sharedresourcesandthat on the
dedicatedesource).

4.3 Turn-around Times

The averageturn-aroundtime is a goodindicator
for thelevel of serviceto be expectedfrom a system.
We have measuredhe averageturn-aroundimesfor
eachtype of job (sequentialandtwo, threeandfour
paralleltasks)andthe averageover all types. In Ta-
ble 2 we presenthe measuredaluesfor the average
turn-aroundimesfor all jobsfor runswith meanjob
inter-arrival timesof 0.8,0.9, 1.1, 1.3 and 1.5 time
units, correspondingo loadsof about97 %, 86 %,
71%, 60 %, and52 % , respectiely. Thetableshavs
that, for the highestarrival rate (the inter-arrival time



Table 2: Referencemodelturn-aroundtimesT asa function of inter-arrival time. The errorsgiven arethe r.m.s. errorsin
the averagesasderived from the spreadin the computedaveragedor eachof the 16 independentuns. They have not been
computedrom theinternalvaluesin eachrun, asthosevaluesmaybe highly correlated.

Global Local | Local 0.8 1.1 1.3 1.5
policy policy | queue T error T error T error | T error | T error
S-SJF 0 24.3 0.5 182 | 0.6 116 | 0.2 91 02 [ 79 0.1
S-SJF | FCFS 4 36.9 15 | 223 | 1.3 120 03 | 91| 02 | 79 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 25 | 221 | 14 11.8 | 0.2 91| 02 | 79 0.1
L-SJF 0 53.7 56 | 222 | 1.6 116 | 0.2 91| 02 | 79 0.1
L-SJF FCFS 4 899 | 100 | 30.1 | 3.2 120 03 | 91| 02 | 79 0.1
L-SJF FCFS 8 90.2 105 | 29.1 29 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 89 | 244 | 22 11.8 | 0.2 91| 02 | 79 0.1
L-SJF FF 8 60.7 66 | 227 | 1.8 11.8 | 0.2 91| 02 | 79 0.1

G-FCFS 0 100.6 | 124 | 288 | 2.8 119 03 | 91| 02 | 79 0.1
G-SJF 0 25.0 0.5 18.7 | 0.7 11.7 | 0.2 91| 02 | 79 0.1
G-FF 0 87.5 114 | 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 local queuegivesthe shortesturn-aroundimes.

In Figs. 4, 5 and 6, the turn-aroundtimes for all
jobs, for sequentialjobs and for four-task jobs are
shown for thefive schedulingpolicieswithoutalocal
queue.As might be expected the S-SJFpolicy does
bestfor the sequentiajobsaswell (thelarge majority
of thejobsis sequential)but L-SJFdoesmuchbetter
for thefour-taskjobs.
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Figure4: Turn-aroundtimeswith five global strate-
gieswithoutlocal queuefor all typesof job

When a local queueis used(Figure 7), usingan
SJFpolicy for the local queueresultsin the shortest
aover-all turn-aroundtime, and FF appeardo be the
next best.lts biasagainstarge paralleljobsresultsin
longerturn-aroundimesfor thosejobs.

4.4 Standard Deviation and Slowdown

The averageturn-aroundtimesare not a goodin-
dicator for the ways the schedulingdelaysare dis-
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Figure5: Turn-aroundtimeswith five global strate-
gieswithoutlocal queuefor sequentiajobs
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Figure 6: Turn-aroundtimeswith five global strate-
gieswithoutlocal queuefor four-taskjobs

tributed over the jobs. The standarddeviation of the
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Figure 7: Turn-aroundtimeswith S-SJFfor various
local policies

turn-aroundtime is a measurethat increaseswvhen
jobsexperiencdarge differencesn delays.This may
indicatethatthe behaviour of the systemis unstable,
but it canalsobe dueto a strongpreferenceor one
type of job above another Slowvdown is a measure
for thedelayexperiencedy ajob, ascomparedo its
minimal executiontime (Figure 8). It teststhe com-
mon expectationthat small jobs shouldonly experi-
encelittle delay

| ogarithm ef sl owdown
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Figure8: Slawdown of five global stratgieswithout
local queue Notethattheverticalaxisis logarithmic.

Theslowvdown indicatesthatfor thehighestarrival
rates shortjobsreceive amuchbetterservicefrom all
variantsof the SJFpolicy. The spreadn turn-around
timesalsois somavhatsmallerfor thesepolicies(data
notshown).

4.5 Throughput

Our measurementsf the systemutilisation and
jobsremainingin thequeug(datanot shavn) indicate
that for the highestarrival rate, the processingags
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
measuresleterioratan all casesjndicatingthatafter
4000jobs, the systemhasnot yet reachedts equilib-
rium state. Yet, averageturn-aroundtimes, jobs re-
mainingin queueand otherindicatorsfor saturation
do not appearto grow out of boundsfor ary of the
schedulingpolicies. At this arrival rate,the FF policy
leadsto the bestsystemutilisation both at the global
andthe local levels, closelyfollowed by FCFS.SJF
continuego shav shortaveragegurnaroundtimesand
smallslovdown values.

5 Discussionand Conclusions

In this paper we have reportedon simulationex-
perimentntheeffectivenessf variousstrateiesfor
the global schedulerin our system. We have com-
paredthe useof a single queuefor all typesob job
with the useof separat@ueuesThe purposeof split-
ting the globalqueueis to allow a moredetailedcon-
trol overtheallocationof resourceso jobs.

Averagedover all jobs, the results(Table 2) indi-
catethattheturn-aroundimefor the S-SJFpolicy (no
localqueuels slightly shorterthanthatobtainedor a
singleglobalqueuewith thesamepolicy, G-SJFCon-
sideringspecifictypesof jobs, we find thatfor four-
taskjobs, the L-SJFpolicy is moreprofitablethanS-
SJFpolicy. Ontheotherhand,the S-SJFpolicy gives
the bestperformancdor sequentiajobs.

In generaltheperformancef S-SJHs betterthan
L-SJFfor high arrival rates(Figure4). The SJFand
FF policiesshav betterperformanceshanthe FCFS
policy almostfor all jobs. If agoodglobalpolicy (S-
SJF)is used,the configurationwithout a local queue
has a shorterturn-aroundthan those using a local
queue.Althoughmostperformancdiguresarebetter
for the SJFpoliciesthanfor FCFS,SJFcanresultin
extremedelaysfor long-runningjobs; S-SJFin par
ticular is strongly biasedagainstlarge jobs and can,
in principle, resultin stanationfor thosejobs. From
the experiments,we concludethat the beststratayy
stronglydepend®n the desiredperformancecharac-
teristics.

In our paper we have madea variety of simplify-
ing assumptionghatmayinfluencetheresults.

e We have assumedno (variable) background
loadsfor the clusters,andalsothatthe expected
work-loadsfor a job, asusedby the scheduler
is a perfect predictor of the actual work-load.
Dropping these assumptionsshould make de-
layed global scheduling(with a minimal local
queue)evenmoreprofitable.

¢ We haveassume@dhomogeneousystem.Drop-
ping this assumptiorleadsto a far more com-



plex schedulingproblem, particularly if jobs
with inhomogeneousesourcerequirementsre
allowed.

The resultsof thesesimulation experimentswill
be usedin our researcton run-timesupportsystems,
including our work on “Dynamite” [8], which sup-
portsdynamicload balancingfor PVM andMPI jobs
in clustershroughthe migrationof tasks.
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