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Abstract

Gangschedulingis currently themostpopularschedul-
ing schemefor parallel processingin a time shared envi-
ronment. Onemajor drawback of using gang scheduling
is theproblemof fragmentation.Theconventionalmethod
to alleviate this problemis to allow jobs running in multi-
ple timeslots.However, our experimentalresultsshowthat
simplyapplyingthis methodalonecannotsolvethe prob-
lemof fragmentation,but on thecontrary it mayeventually
degradetheefficiencyof systemresourceutilisation. In this
paperweintroducean efficientresourceallocationscheme
which effectivelyincorporatestheideasof re-packing jobs,
runningjobsin multipleslotsandminimisingtimeslotsinto
the buddy basedsystemto significantly improve the sys-
tem and job performancefor gang scheduling. Because
there is no processmigration involvedin job re-packing,
this schemeis particularly suitablefor clustered parallel
computingsystems.

1. Intr oduction

With therapiddevelopmentsin bothhardwareandsoft-
waretechnologytheperformanceof scalablesystemssuch
asclustersof workstations/PCs/SMPshassignificantlybeen
improved.It is expectedthatthiskind of systemwill domi-
natetheparallelcomputermarketin thenearfuturebecause
of thecontinuedcost-effective growth in performance.For
this typeof machineto betruly utilisedasgeneral-purpose
high-performancecomputingservers for variouskinds of
applications,effective job schedulingfacilities have to be
developedto achievehighefficiency of resourceutilisation.

Many job schedulingschemeshave beenintroducedfor
parallel computingsystems. (Seea good survey in [4].)

Theseschedulingschemescan be classified into either
spacesharing, or timesharing. Becauseatimesharedenvi-
ronmentis moredifficult to establishfor parallelprocessing
in a multiple processorsystem,currentlymostcommercial
parallelsystemsonly adoptspacesharingschemessuchas
theLoadLevelerschedulerfrom IBM for theSP2[8]. How-
ever, onemajordrawbackof spacesharingis theblockade
situation,thatis, smalljobscaneasilybeblockedfor a long
time by largeones.Thustime sharingschemesneedto be
considered.

It is known thatcoordinatedschedulingof paralleljobs
acrosstheprocessorsis a critical factorto achieve efficient
parallelexecutionin a time sharedenvironment.Currently
themostpopularschemefor coordinatedschedulingis ex-
plicit coscheduling[6], or gangscheduling[5]. With gang
schedulingprocessesof the samejob will run simultane-
ously for a certain amountof time, which is called the
schedulingslot, or time slot. Whena time slot is ended,
theprocessorswill context-switchat thesametime to give
the serviceto processesof anotherjob. All parallel jobs
in the systemtake turnsto receive the servicein a coordi-
natedmanner. If spacepermits,a numberof jobs may be
allocatedin the sametime slot andrun simultaneouslyon
differentsubsetsof processors.Thusgangschedulingcan
beconsideredasaschedulingschemewhichcombinesboth
spacesharingandtimesharingtogether.

One disadvantageassociatedwith conventional gang
schedulingfor clustered(or networked)computingsystems
is its purelycentralisedcontrol for context switchesacross
theprocessors.Thatis, acentralcontrolleris usedto broad-
castmessagesto all theprocessorstelling which job should
beschedulednext. Whenthesizeof a systemis large,ef-
ficient spacepartitioning policies are not easily incorpo-
rated,mainly due to this frequentbroadcasting.To deal
with this problemwedesigneda new coschedulingscheme



called loose gang scheduling, or scalablegang schedul-
ing [11, 12]. Using our schedulingschemethe disadvan-
tagesassociatedwith conventionalgangschedulingaresig-
nificantlyalleviated,especiallytherequirementfor frequent
broadcasting.Thebasicstructureof thisschedulingscheme
hasbeenimplementedon a 16-processorFujitsuAP1000+.
Although the function of the currentcoschedulingsystem
is limited and needsto be further enhanced,the prelimi-
nary experimentalresultsshow that the schemeworks as
expected[10]. This enablesus to considermoreeffective
methodsfor resourceallocationto significantlyenhancethe
performanceof gangscheduling.

Currentlymostallocationschemesfor gangscheduling
only considerprocessorallocationwithin thesametimeslot
andtheallocationin onetime slot is independentof theal-
locationin othertimeslots.Onemajordisadvantagein this
kind of resourceallocationis theproblemof fragmentation.
Becauseresourceallocationis consideredindependentlyin
differenttime slots,somefreedresourcesdueto job termi-
nationmay remainidle for a long time even thoughthey
areableto bere-allocatedto existing jobsrunningin other
time slots. One way to alleviate the problemis to allow
jobsto run in multiple time slotswhenever possible[2, 9].
When jobs are allowed to run in multiple time slots, the
buddy basedallocationschemewill perform much better
thanmany otherexistingallocationschemesin termsof av-
eragejob turnaroundtime [2].

The buddy basedschemewas originally developedfor
memoryallocation[7]. To allocateresourcesto a job of
size � usingthebuddybasedscheme,theprocessorsin the
systemarefirst divided into subsetsof size � for ��������	� � . Thejob is thenassignedto onesuchsubsetif there
is a time slot in which all processorsin thesubsetareidle.
Although the buddy schemecausesthe problemof inter-
nal fragmentation,jobswith aboutthesamesizetendto be
head-to-headalignedin different time slots. If one job is
completed,the freedresourcescaneasilybe reallocatedto
otherjobsrunningonthesamesubsetof processors.There-
fore, jobshaveabetterchanceto run in multiple timeslots.
An interestingpoint is that we cannotguaranteethe im-
provementin systemresourceutilisationby simply running
jobsin multiple time slots.We shallshow thatsimply run-
ning jobsin multiple timeslotsmayeventuallydegradethe
efficiency in systemresourceutilisationunlessspecialcare
is taken.

To alleviate the problemof fragmentationwe proposed
anotherscheme,namelyjob re-packing[13]. In thisscheme
wetry to rearrangetheorderof job executionontheirorigi-
nally allocatedprocessorssothatsmallfragmentsof idle re-
sourcesfrom differenttime slotscanbecombinedtogether
to form a largerandmoreusefulonein a singletime slot.
Whenthisschemeis incorporatedinto thebuddybasedsys-
tem,we cansetup a workloadtreeto recordtheworkload

conditionsof eachsubsetof processors.With this work-
load treewe areableto simplify the searchprocedurefor
resourceallocationandalsoto balancetheworkloadacross
theprocessors.

In this paperwe introducean efficient resourcealloca-
tion scheme.Thisschemeeffectively incorporatesthetech-
niquesof re-packingjobs,runningjobsin multipleslotsand
minimising the time slots into the buddy basedsystemto
significantlyenhancesystemandjob performance.In Sec-
tion 2 we first describetheworkloadmodelusedin our ex-
periments.The ideasof job re-packingandworkloadtree
for thebuddybasedsystemarethenpresentedin Section3.
Section4 givessomeexperimentalresultswhich show that
simply runningjobs in multiple time slotscannotsolve the
problemof fragmentation,but on the contrarymay even-
tually degradetheefficiency of systemresourceutilisation.
Our efficient allocationschemeis describedandsomeex-
perimentalresultsarealsopresentedin Section5. Finally
theconclusionsaregivenin Section6.

2. The Workload Model

In our experimentswe adopteda workloadmodelpro-
posedin [1]. Both job runtimesandsizes(the numberof
processorsrequired)in thismodelaredistributeduniformly
in log space(or uniform-logdistributed),while the interar-
rival timesareexponentiallydistributed. This modelwas
constructedbasedon observationsfrom the Intel Paragon
at the SanDiego SupercomputerCenterandthe IBM SP2
at the Cornell TheoryCenterandhasbeenusedby many
researchersto evaluatetheir parallel job schedulingalgo-
rithms.

Sincethe model was originally built to evaluatebatch
schedulingpolicies,we madea few minor modificationsin
our simulationfor gangscheduling.In many real systems
jobs areclassifiedinto two classes,that is, interactive and
batchjobs. A batchjob is one which tendsto run much
longerandoftenrequiresalargernumberof processorsthan
interactive ones.Usuallybatchqueuesareenabledfor ex-
ecutiononly during thenight. In our experimentswe only
considerinteractive jobs. Jobruntimeswill have a reason-
ably wide distribution, with many shortjobsbut a few rel-
atively large onesand they are roundedto the numberof
timeslotswithin a rangebetween1 and120.Assumingthe
lengthof atimeslotis fiveseconds,thelongestjob will then
be10 minutesandtheaveragejob lengthis abouttwo min-
utes. In the experimentwe alsoassumethat thereare128
processorsin thesystem.

We aremoreinterestedin thetransientbehaviors, rather
thanthe steadystateof a system. In the experimenteach
time only a small set of 200 jobs were usedto evaluate
the performanceof eachschedulingscheme.For eaches-
timatedsystemworkload,however, 20differentsetsof jobs



weregeneratedusingtheworkloadmodelandthefinal re-
sultsaretheaverageof the20experimentsfor eachschedul-
ing scheme.

Duringthesimulationwecollectthefollowing statistics:


 averageprocessoractive ratio �� : the averagenum-
berof timeslotsin whicha processoris activedivided
by theoverallsystemcomputationaltimein timeslots.
If the resourceallocationschemeis efficient, the ob-
tainedresultshouldbe closeto theestimatedaverage
systemworkload � which is definedas �������� �� ���
where � is job arrival rate, �� and �� aretheaveragejob
lengthandsizeand � is thetotalnumberof processors
in thesystem.


 averagenumberof time slots� � : If
���

is thetotal time
whenthereare � time slotsin thesystem,theaverage
numberof timeslotsin thesystemduringtheoperation
canbe definedas ����� ���� �"! � � � � ���� �"! � �

where��#
is the largestnumberof time slotsencounteredin the
systemduringthecomputation.


 averageturnaroundtime
� � : The turnaroundtime is

the time betweenthe arrival andcompletionof a job.
In theexperimentwemeasuredtheaverageturnaround
time

��$ � for all 200jobs.We alsodividedthejobsinto
threeclasses,that is, small (between1 and 12 time
slots),medium(between13 and60)andlarge(greater
than60)andmeasuredtheaverageturnaroundtimefor
theseclasses,

��% � ,
��& � and

� #'� , respectively.

3. Job Re-Packing and Workload Tree

In the following discussionwe assumethat proces-
sors in a parallel system are logically organisedas a
one-dimensionallinear array. Note that the term one-
dimensionallinear array is purely defined in the gang
schedulingcontext. A logical one-dimensionalarray is de-
finedasa setof ( processorswhich areenumeratedfrom
1 to ( (or from 0 to (*),+ ) regardlessof their physical
locationsin the system. Thus we can simply usea two-
dimensionalglobal schedulingmatrix suchas the one in
Fig. 1. Usingtheterm linear array we meanthatonly con-
secutively numberedprocessorscanbeallocatedto a given
job. Thusthis kind of regularity is only associatedwith the
globalschedulingmatrix,butnotwith thephysicallocations
of processors.

Oneway to alleviatetheproblemof fragmentationis to
allow jobs to run in multiple time slotswhenever possible.
A simpleexampleis depictedin Fig. 1. In thisexamplethe
systemhaseight processorsand originally threeslots are
createdto handlethe executionof nine jobs. Now assume
that two jobs -/. and -0. . in slot 132 areterminated.If jobs
areallowedto run in multiple time slots,jobs -54 and -2 in

J

J 7

J

P7P6P5

S1

S2

S3 J 5 J 5 J 5 J 6 J 6 J 7 J 7

J 4 J 4

J 1 J 1 J 2 J 2 J 3 J 3 J 3

P1 P2 P3 P4 P5 P6 P7 P8

4

(J’) (J") (J")(J’)(J’) (J’)

J

1 P

P4P3P2P

S3

S2

S1

J 5 J 5 J 5 J 6 J 6 J 7

2 P

1P

J 4

8

1 J 1 J 2 J 2

J 1 J 1 J 2 J 2

J 7 J 7

J 3 J 3

7

3

P

2 J 2

P3 P4 P5 P6

J J

P8

7S2

S1

J 1 J 1 J J

5 3J

4 J 4

J 5 J

7

J 5 J 36 J 6 J 3 J

(b)

(a)

(c)

Figure 1. An example of alleviating the frag-
mentation problem by (b) running jobs in mul-
tiple time slots and (c) re-packing jobs to re-
duce the total number of time slot.

slot 1�4 andjob -6 on 187 canoccupy thefreedresourcesin132 , asshown in Fig. 1(b). Therefore,mostprocessorscan
bekeptbusyall thetime. However, thiskind of resourcere-
allocationmaynotbeoptimalwhenjob performanceis con-
sidered.Assumenow therearrivesanew job whichrequires
morethanoneprocessor. Becausethefreedresourceshave
beenreallocatedto therunningjobs,thefourthtimeslothas
to becreatedandthentheperformanceof theexisting jobs
which run in a singletimeslotwill bedegraded.

Now considerjob re-packing. We first shift jobs - 4
and -�2 from slot 194 to slot 132 and then move jobs -:
and -; down to slot 194 and job -6 to slot 132 . After this
rearrangementor re-packingof jobs,time slot 137 becomes
completelyempty. We cantheneliminatethis emptyslot,
as shown in Fig. 1(c). It is obvious that this type of job
re-packingcangreatly improve the overall systemperfor-
mance.Notethatduringthere-packingjobsareonly shifted
betweenrows from onetime slot to another. We actually
only rearrangetheorderof job executionon theiroriginally
allocatedprocessorsin a schedulingroundandthereis no
processmigrationbetweenprocessorsinvolved. This kind
of job rearrangementis particularly suitablefor clustered
parallelmachinesin whichprocessmigrationis expensive.

Sinceprocessesof the samejob needcoordinationand
they mustbeplacedin thesametime slotsall thetime dur-
ing the computation,therefore,we cannotre-packjobs in



anarbitraryway. A shift is saidto be legal if all processes
of thesamejob areshiftedto thesameslotat thesametime.
In job re-packingwealwaysutilisethiskind of legalshift to
rearrangejobsbetweentimeslotssothatsmallfragmentsof
idle resourcesin differenttimeslotscanbecombinedinto a
largerandmoreusefulone.

When processorsare logically organisedas a one-
dimensionallineararray, wehavetwo interestingproperties
which aredescribedbelow. (Theproofsof theseproperties
canbefoundin [13].

Property 1 Assumethatprocessorsarelogicallyorganised
asa one-dimensionallinear array. Any two adjacentfrag-
mentsof availableprocessorscanbegroupedtogetherin a
singletimeslot.

Property 2 Assumethatprocessorsarelogicallyorganised
asa one-dimensionallineararray. If everyprocessorhasan
idle fragment,jobsin thesystemcanbere-packedsuch that
all theidle fragmentswill becombinedtogetherin a single
timeslotwhich canthenbeeliminated.

Basedon job re-packingwe cansetup a workloadtree
(WLT) for the buddy schedulingsystem,as depictedin
Fig. 2, to balancethe workloadacrossthe processorsand
also to simplify the searchprocedurefor resourcealloca-
tion.

0 3 2 3

0 5

0

0 0 1 2

WLT

1 1 1 2

S1

S2

S3 J 5 J 5 J 6J 6J 5

J 3 J 3 J 4 J 4J 4J 3 J 3

J 1J 1 J 2 J 2

P2 P3 P4 P5 P6 P7 P8P1

Figure 2. The binar y workload tree (WLT) for
the buddy based allocation system.

Theworkloadtreehas<>=�?/(A@�+ levelsfor ( thenumber
of processorsin thesystem.Eachnodein thetreeis associ-
atedwith a particularsubsetof processors.Thenodeat the
top level is associatedwith all ( processors.The ( pro-
cessorsaredividedinto two subsetsof equalsizeandeach
subsetis thenassociatedwith a child nodeof theroot. The
division andassociationcontinuesuntil thebottomlevel is

reached.Eachnodein thetreeis assignedanintegervalue.
At the bottom level the value assignedto eachleaf node
is equalto the numberof idle time slotson the associated
processor. For example,thenodecorrespondingto proces-
sor � 4 is givenavalue0 becausethereis noidle slotonthat
processor, while thevalueassignedto thelastnodeis equal
to 2 denotingtherearecurrentlytwo idle slotson proces-
sor �0B . For a non-leafnodethe valuewill be equalto the
sumof thevaluesof its two childrenwhenbothvaluesare
nonzero.Otherwise,it is setto zerodenotingtheassociated
subsetof processorswill notbeavailablefor new arrivals.

For the conventional allocation method, adding this
workloadtreemay not be ableto assistthe decisionmak-
ing for resourceallocation.This is becausetheinformation
containedin the treedoesnot tell which slot is idle on a
processor, but processesof the samejob have to be allo-
catedin thesametime slot. With job re-packing,however,
we know that on a one-dimensionallinear array any two
adjacentfragmentsof availableprocessorscanbegrouped
togetherto form a largeronein asingletimeslotaccording
to Property1. To searchfor a suitablesubsetof available
processors,therefore,weonly needto checkthevaluesata
properlevel. Considerthesituationdepictedin Fig. 2 and
assumethatanew job of sizeC arrives.In thiscaseweneed
only to checkthe two nodesat thesecondlevel. Sincethe
valueof the secondnodeat that level is nonzero(equalto
5), thenew job canthenbeplacedon theassociatedsubset
of processors,that is, the last four processors.To allocate
resourceswe first re-packjob -; into timeslot 1�4 andthen
placethenew job in time slot 137 . Sincetheworkloadcon-
ditionson theseprocessorsarechangedaftertheallocation,
the valuesof the associatednodesneedto be updatedac-
cordingly.

Therearemany otheradvantagesin usingthis workload
tree.To ensureahighsystemandjob performanceit is very
importantto balanceworkloadsacrosstheprocessors.Us-
ing theworkloadtreeit will becomemucheasierfor us to
handletheproblemof loadbalancing.Becausethevalueof
eachnodereflectsthe informationaboutthecurrentwork-
loadconditionon theassociatedprocessorsubset,thesys-
temcaneasilychoosea subsetof lessactive processorsfor
an incomingjob by comparingthenodevaluesat a proper
level.

To enhancethe efficiency of resourceutilisation jobs
shouldbeallowedto run in multiple time slotsif thereare
freeresourcesavailable.Althoughtheideaof runningjobs
in multipletimeslotswasoriginallyproposedin [2, 9], there
were no methodsgiven on how to effectively determine
whetheran existing job on a subsetof processorscanrun
in multiple time slots. Using theworkloadtreethis proce-
durebecomessimple.In Fig. 2, for example,therightmost
two nodesatthethird level of theworkloadtreearenonzero
andjobs -2 and -; arecurrentlyrunningwithin eachof the



scheme D E�F G9H G9F I�JKF IMLNF I�OPF IMH F
BC 0.20 0.19 3 1.16 31.10 5.67 40.52 112.45
BR 0.19 3 0.45 30.01 5.52 39.29 108.18
BRMS 0.19 4 0.57 29.25 5.37 37.86 106.56
BC 0.50 0.46 6 2.84 70.00 14.04 89.27 246.08
BR 0.46 5 2.27 58.65 11.68 75.23 206.45
BRMS 0.45 15 6.11 57.28 15.99 73.83 184.98
BC 0.70 0.55 10 5.23 129.65 25.03 166.21 456.72
BR 0.58 8 4.09 102.21 20.27 130.17 359.00
BRMS 0.53 30 14.39 96.95 35.78 128.23 271.12
BC 0.90 0.58 14 7.62 189.60 35.91 246.73 670.42
BR 0.65 11 6.00 150.18 29.50 195.49 526.64
BRMS 0.56 43 20.17 120.53 51.84 170.61 356.94

Table 1. Some experimental results 1.

two associatedsubsetsof processors,respectively. These
two jobs canthenbe allocatedan additionaltime slot and
run in multiple timeslots.

Sincetherootof theworkloadtreeis associatedwith all
the processors,we areable to know quickly whena time
slot canbedeletedby simplycheckingthenodevalue.If it
is nonzero,we immediatelyknow that thereis at leastone
idle slot on eachprocessor. Accordingto Property2 these
idle fragmentscanbe combinedtogetherin a single time
slotwhichcanthenbeeliminated.

4. Running Jobsin Multiple Time Slots

In this section we presentsome experimentalresults
obtained from implementing three different allocation
schemesto show thatsimply runningjobs in multiple time
slotsmaynot solve theproblemof fragmentation.Thefirst
one is just the conventionalbuddy (BC) systemin which
theworkloadbalancingis notseriouslyconsideredandeach
job only runsin asingletimeslot. Thesecondscheme(BR)
utilisestheworkloadtreetobalancetheworkloadacrossthe
processorsandre-packsjobswhennecessaryto reducethe
averagenumberof time slotsin thesystem,but it doesnot
considerto run jobs in multiple time slots. The third allo-
cationscheme(BRMS) is a modifiedversionof thesecond
one,in which jobsareallowedto run in multiple time slots
whenever possible.Whena job is givenanextra time slot
in this schedulingscheme,it will keeprunningin multiple
time slotsto completionandnever relinquishthe extra re-
sourcesgainedduringthecomputation.

Someexperimentalresultsare given in Table 1. First
considerthat jobsonly run in a singletime slot. Whenjob
re-packingis appliedto reducethenumberof time slotsin
the systemand the workload tree is usedto balancethe
workload acrossthe processors,we expect that both job
performanceandsystemresourceutilisationshouldbe im-

proved. Our experimentalresultsconfirm this prediction.
It canbe seenfrom the tablethat schemeBR consistently
outperformsBC underall categoriesalthoughtheimprove-
ment is not significantfor the estimatedsystemworkload�Q�AR5S �TR .

It is seenthatschemesBRMS which allows jobs to run
in multipleslotscanreducetheaverageturnaroundtime

��$ � .
This is understandablesincea job runningin multipleslots
mayhave a shorterturnaroundtime. An interestingpoint,
however, is that applying BRMS will result in a much
longeraverageturnaroundtime for short jobs. The main
reasonwhy BRMS cancausea longeraverageturnaround
timefor shortjobsmaybeasfollows: If jobsareallowedto
run in multiple slotsanddo not relinquishadditionalslots
gainedduringthecomputation,thenumberof time slotsin
thesystemmaybecomevery largemostof the time. Note
that long jobswill stayin thesystemlongerandthenhave
a betterchanceto run in multiple time slots. However, the
systemresourcesare limited. Whena short job arrives,it
canonly obtaina very small portion of CPU utilisation if
allocatedonly in a singletimeslot.

It seemsthat we canincreasetheaverageprocessorac-
tive ratio if jobs areallowed to run in multiple time slots.
However, anotherinterestingpoint is thatusingthealloca-
tion schemeBRMS will eventuallydecreasetheefficiency
in resourceutilisation.As shown in Table1 theaveragepro-
cessoractive ratio canevenbe lower thanthatobtainedby
usingthe conventionalbuddy schedulingschemeBC. The
main reasonmay be that, whena job running in multiple
slotsfinishes,the processorson which it wasrunningwill
be idle in thosemultiple time slots until a changein the
workloadconditionoccurs,suchasanew job arriving to fill
the freedresources,or someslotsbecomingtotally empty
whichcanbeeliminated.



5. Efficient Allocation Scheme

It canbeseenfrom Table1 thatsimply runningjobs in
multiple timeslotswill greatlyincreasethenumberof time
slots in the system. To confirm that this greatincreasein
systemslotnumbersis themaincausefor thedegradationof
systemperformance,We designedtwo allocationschemes
whichconsiderthereductionof thenumberof timeslotsin
thesystemwhile allowing jobsto run in multipleslots.
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Figure 3. Two workload trees (WLTS and
WLTM) used for reducing the number of time
slots in the system.

Becausethe systemtries to reducethe numberof time
slots, jobs running in multiple time slotsmay have to re-
linquishtheadditionalresourcesgainedduringthecompu-
tation. Now theproblemis how to determinewhena time
slot shouldbedeletedandwhena job shouldbeallowedto
run in multiple timeslots.Thesetwo issuesusuallyconflict
with eachother. To dealwith this problemwe setup two
workloadtreesWLTM andWLTS.An exampleis depicted
in Fig. 3. Thetwo treesarethesameexcepttheir nodeval-
ues.If all thejobsarerunningin asingletimeslot,thenode
valuesin bothtreesareexactly thesame.Whensomejobs,
for example,jobs -�7 and -: in Fig. 3, aregivenextra time
slots,we only updatethe nodevaluesin treeWLTM, but
leaveWLTS intact.

Since WLTM containsthe information on the actual

workloadconditionin the system,it canbe usedto deter-
minewhena job canbegivenanextra timeslot. For exam-
ple,in Fig. 3 therightmostnodeat thethird level is nonzero
andjob - 2 is runningwithin the associatedsubsetof pro-
cessors.If therearenonew arrivals, - 2 canrunin bothtime
slots 1 4 and 1 7 .

TreeWLTSdoesnothaveany informationaboutrunning
jobsin multiple timeslots.If it is usedto makeresourceal-
locationdecisions,however, somejobs have to relinquish
extra timeslots.Sincethevalueof therootnodeis nonzero
in Fig. 3, for example,we canthendeletea time slot in the
system.To achieve this job - 2 is first shiftedto slot 1 4 and
thenjobs - 7 and - : relinquishonetimeslotthey gaineddur-
ing thecomputation.Thusslot 137 will becomecompletely
emptyandcanbedeleted.

To reducetime slots in the systemour first alloca-
tion schemeBRMMSU works as follows: The workload
treeWLTM is usedto allocateresourcesto new arrivalsand
to determinewhenajob canrunin multipletimeslots.This
is exactly the sameasthat in BRMS. However, the work-
loadtreeWLTS is alsousedto determinewhena time slot
canbeeliminated.Thustheaveragenumberof timeslotsin
thesystemwill becomesmallerthanthenumbercreatedby
usingBRMS.

In BRMMSU jobs relinquishtheir extra time slotsonly
when a time slot is to be eliminated. However, our sec-
ond allocationschemeBRMMS is more vigorous in re-
ducingtime slots. This schemeworksmorelike allocation
schemeBR. It usesworkloadtreeWLTS to allocatethere-
sourcesto new arrivals and to determinethe reductionof
time slotsin thesystem.TheworkloadtreeWLTM is only
usedto determinewhenrunning jobs can run in multiple
time slotsif thereareno new arrivals. Thusjobsmayhave
to relinquishthe extra time slots whena new job arrives,
but it cannotbeallocatedin theexisting time slots. There-
fore,wecanexpectthattheaveragenumberof timeslotsin
thesystemwill neverbegreaterthanthenumbercreatedby
usingschemeBR.

Someexperimentalresultsaregivenin Table2. There-
sultsobtainedby usingBRMSarealsorelistedin thetable.
It is easyto seefrom the table that reducingtime slots in
thesystemcansignificantlyimprove theperformance.We
can also seethat schemeBRMMS performsmuch better
thanBRMMSU underall categories.To enhancethesystem
andjob performance,therefore,it is moreimportantto min-
imisethenumberof timeslotsin thesystemthanto simply
run jobsin multiple timeslots.

In ordertogiveabetterview for thecomparisonweshow
two picturesfor averageturnaroundtime for shortjobs

� % �
andaverageprocessoractive ratio � � in Fig. 4. We cansee
from the figure that using schemeBRMS will result in a
long averageturnaroundtime for short jobs anda low av-
erageprocessoractive ratio andthe resultsareevenworse



scheme D E�F GVH G9F IWJXF IYLNF I�OZF I�H F
BRMS 0.20 0.19 4 0.57 29.25 5.37 37.86 106.56
BRMMS[ 0.19 3 0.45 28.81 5.26 37.21 105.38
BRMMS 0.19 3 0.44 28.66 5.24 37.09 104.68
BRMS 0.50 0.45 15 6.11 57.28 15.99 73.83 184.98
BRMMS[ 0.46 7 2.78 49.19 9.98 62.18 178.27
BRMMS 0.47 5 2.06 44.05 8.77 55.82 159.75
BRMS 0.70 0.53 30 14.39 96.95 35.78 128.23 271.12
BRMMS[ 0.55 13 6.14 81.47 18.50 103.76 280.47
BRMMS 0.61 7 3.58 66.23 13.96 83.19 234.05
BRMS 0.90 0.56 43 20.17 120.53 51.84 170.61 356.94
BRMMS[ 0.58 20 9.86 117.71 29.07 153.45 391.67
BRMMS 0.68 10 5.51 98.51 20.80 124.69 345.48

Table 2. Some experimental results 2.
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Figure 4. (a) Average turnar ound time for
small jobs

� % � and (b) Average processor ac-
tive ratio � � .

thanthoseobtainedby usingaverysimplebuddyallocation
schemeBC. We concludethat,to ensurea highsystemand
job performance,simply runningjobsin multiple timeslots
shouldbeavoided.

AlthoughBRMMSU performsbetterthanBRMS, it can
only producea worseprocessoractive ratio thanBR. Note
that in the allocationschemeBR jobs only run in a single
time slots, which may result in a low averagenumberof
timeslotsin thesystem.Thisgivesanotherclearindication

of theimportanceof reducingtimeslotsin thesystem.
It can be seenfrom the above tablesand picturesthat

BRMMS is thebestof thefive allocationschemes.It con-
sistentlyoutperformsall otherschemesunderall categories.
To improvejob andsystemperformance,jobsshouldbeal-
lowedto runin multipletimeslotssothatfreeresourcescan
bemoreefficiently utilised. However, simply runningjobs
in multiple time slotscannotguaranteetheimprovementof
performance.Theminimisationof time slotsin thesystem
hasto beseriouslyconsidered.

6. Conclusions

Onemajordrawbackof usinggangschedulingfor paral-
lel processingis theproblemof fragmentation.A conven-
tionalwayto alleviatethisproblemwasto allow jobsto run
in multiple time slots. However, simply adoptingthis idea
alonemaycauseseveralproblems.Thefirst obviousoneis
the increasedsystemschedulingoverhead.This is because
simply runningjobs in multiple time slotscangreatly in-
creasethe averagenumberof time slotsin the systemand
then the systemtime will be increasedto managea large
numberof time slots. The secondproblemis the unfair
treatmentto small jobs. Long jobs will stayin the system
for relatively a long time andthenhave a betterchanceto
run in multiple time slots. However, the systemresources
are limited and in consequencea newly arrived short job
mayonly obtainrelatively averysmallportionof CPUutil-
isation. Anothervery interestingpoint obtainedfrom our
experimentis thatsimplyrunningjobsin multipletimeslots
maynotsolvetheproblemof fragmentation,but onthecon-
trary it mayeventuallydegradetheefficiency of systemre-
sourceutilisation.

We canseefrom our experimentalresultsthat the min-
imisation of time slots in the systemis very important
to ensurea high systemand job performance. We thus



highly recommendour resourceallocation schemeBR-
MMS. This schemeeffectively combinesthe techniques
of job re-packing,runningjobs in multiple time slotsand
minimising time slots in the systemtogetherso that job
turnaroundtimesaregreatlyreducedandthe efficiency of
systemresourceutilisation is significantlyenhanced.Be-
causethereis no processmigrationinvolvedwhenjob re-
packingis applied,this schemeis particularlysuitablefor
clusteredparallelcomputingsystems.

It shouldbe notedthat in our experimentwe assumed
that the memoryspaceis unlimited and characteristicsof
jobs are totally unknown. In practice,however, the size
of memory in eachprocessoris limited. Thus jobs may
have to come to a waiting queuebefore being executed
andlarge runningjobs may have to be swappedwhenthe
systembecomesbusy. Along with the rapid development
of high-performancecomputinglibraries,characteristicsof
jobsmayno longerbeconsideredcompletelyunknown be-
forebeingexecuted.Theseconditionswill beconsideredin
our futureresearch.
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