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Abstract

Balancingthe load amongmultiple resourcess critical for their efficient utilization. It hasbeen
shavn in variouscontexts that very goodbalancingis achieved by assigningeacharriving taskto the
resourcewith the shortestqueueamongall queuesor even amonga randomlychosensmall subsetof
the queues.Thereare, however, factorsthat limit the performanceof suchJSQschemesn practical
systemstheseincludeuntimely stateinformationandthe unknavn servicetime of the queuedasks.In
theabsencef any queue-statenformation,a differentapproachprioritized dispersalcanbe effective.
There,moreresourceshanareneededarerequestedbut the extra requestareassigned low priority;
this representselectve exploitation of redundang basedon partial but currentinformation. In this
paper we presenta combinedscheme JSQ-PD,wherebya high-priority requestis submittedto the
(supposedly3hortesfjueue andlow-priority redundantequestaresubmittedo otherqueuesAnalysis
of thecaseof duplicaterequestshavs thatthe new hybrid schemesubstantiallyoutperformsISQin the
caseof untimely queue-lengttinformationor significantvariancein servicetime, andis never inferior
to JSQ.Possibleapplicationsof this approachare numerousjncluding parallel computerspoperating
systemsandcommunicatiometworks.
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1. Intr oduction

An attractve way to increasethe potential performancef a systemis to useparallelarchitecturesBy so
doing,onecantake advantageof the mostcost-efective technologymorewer, fault-tolerances facilitated.
However, the potentialperformancesanbefully realizedonly if theloadis equallyapportionecamongthe
multiple resourcesThesemay be statelesssuchas processorsindcommunicatiorpaths,soary resource
canbeusedfor ary task;in othercasessuchasstoragelevicesandmemorybankstheresourcesrestateful,
in which casethe choiceamongthemis limited. Theissueof load balancinghasbeenstudiedextensiely
for avarietyof applications.

Intuitively, the loadis balancedoy allocatingtasksto unloadedresource®r by transferringtasksfrom
loadedresourceso lessloadedones.In mary caseshowever, transferringaskss costlyor evenimpossible.
Thefocusof this paperis on allocationschemesvithoutreallocation.

1.1 “Jointhe shortestqueue” (JSQ) policies

Inits purestform, thisschemeentailsassigninganarriving taskto theresourcevith theleastnumberof tasks
in its queue.In practice thechoicemayberestrictedby thefactthatnot every resourcecancarryout every
task;exampledncludethechoiceof acell siteby amobilecommunicatiorunit [1] andmirroreddisk arrays.
Moreover, evenif this restrictiondoesnot apply the costof discorering the queuelengthof all resources
may be prohibitive, leadingto a voluntaryrestrictionon the choice. Mitzenmache|f2] andVvedenskaya
[3] shaved thateven suchlimited load balancingsufficesfor obtainingan exponentialimprovementin the
decayof thetail of the queue-lengthprobability densityfunctionwhencomparedwith the assignmenof a
taskto arandomly-chosesener.

Performancecan often be enhancedy permittinga taskto be partitionedsuchthat multiple resources
canjointly seneit. Partitioningcanalsobeviewedasanenableifor finerloadbalancingsinceanunequal
numberof subtask€anbeassignedo differentresource#f desired.

Yet anotherversionof JSQ-basetbad balancingwaspresentedn [4] and[5] for redundantisk arrays:
atrecordingtime, a block of datais partitionedinto m subblocksandr redundanbnesarecomputedrom
those,suchthat ary m of the m+r sufiice for reconstruction. Theseare then storedin m+-r different
(“randomly” chosen)disk drives. Whena block is requestedary m of the m+r disks containingthe
subblocksmay be accessed.Here, the choiceis morerestrictedthanin the original scheme. However,
sincestatefulresourcesreinvolved, this permitsan interestingtrade-of between(storage)overheadand
flexibility. [4] furtheraddressethe costof accessingredundant’blocksinsteadof the original onesin the
contet of avideo-on-demandener. It introducesselectivesxploitation of redundancywhich weighsthe
benefitof loadbalancingagainstheextracost(processingndbuffer spacehendecidingwhichsubblocks
toread.

JSQhasbeenproposedor numerouspplicationsincludingmultiprocessosystemg¢6][7][8], diskarrays
[5][4], andcommunicatiometworks[9] [10]. While it is a goodtechniquesereralfactorsmaylimit JSQ5
effectivenessn practicalsituations:

e Thequeue-lengtinformationmaybeoutdatediueto physicallimitationsor theprohibitive overhead
associateavith constantlyupdatingit (e.g.,[11]).
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e Theservicetime for eachqueuedaskis oftenunknavn. In this case shortesgueuedoesnot neces-
sarilyimply least-loadedesource.

e A resourceproviding servicemay be stalled,awaiting informationfrom otherresourcessoeventhe
netservicetime for ataskis notnecessarilanaccurataneasure.

1.2 Prioritized dispersal[12]

In multipathcommunicatiometworks, the stateof theresourcegnetwork links) is never fully known. Max-
emchuk][13] proposedlispesity routing wherebya messagés partitionedinto several (m) submessages,
which arethensentto the destinatiorover the differentpathsin a store-and-fonard network. Dispersahs-
sistsin balancingheloadamongpaths.Also, the differentsubmessagesmnbetransmittecandpropagated
concurrentlytherebyreducinglateng. However, all submessagasaustbereceved beforethe messagean
bereconstructedsothe delayalongthe slovestpathdetermineshe delayof themessage.

To overcomethe “weakestlink” sensitvity of dispersityrouting, Maxemchukalsosuggestededundant
dispesity routing anumber(r) of additional,“redundant’submessagesmederived from the original ones
andarealsotransmittedandary suficiently large subsef submessagesificesfor thereconstructiorof
theoriginalmessagelater, Rabin[14] suggestetheInformationDispeisal Algorithm(IDA), whichimple-
mentsredundantlispersalandanalyzedt in the context of interconnectiometworks suchasahypercube.

Redundantlispersakantoleratesomeloadedpaths,but increaseshe overall load, reducescapacityand
may thusevenincreasedelay andlossprobability This problemcanbe mitigatedby usingthe recently-
proposedrioritized dispesal schemg12], whereby‘redundant’submessagagceie lower priority than
the“original” onesanddo notinterferewith them;morewer, the useof non-FCFSjueuingpoliciesfor the
redundansubmessagdeadsto thetimely arrival of atleasta fractionof themevenunderheary load.

Castingprioritizeddispersaln genericerms,it entailspartitioningataskinto m subtaskalongwith r re-
dundansubtasksandassigninghetasksto arandomly-chosesetof m+r resourcesWhile noknowledge
pertainingto theload ontheresourcess availableat assignmentime, the assignmenof low priority to the
redundansubtasksctsat eachresourcdo exploit it whenavailablewhile deferringto “original” subtasks
whenit is loaded.This helpsbalanceheloadamongtheresourcesvith a biastowardfair treatmenbf the
differenttasks.Clearly this schemds imprecise but the partialinformationthatdoesgetused(implicitly)
is current,andanalysisshaws it to offer substantiahdvantages.

JSQandprioritized dispersarepresentifferentapproacheto helpingbalanceheload. The main con-
tribution of this paperis JSQ-PD a family of schemeghat combinethe two approachesUsing a simple
membetrof the family, we shawv thatthis hybrid approachmay offer substantiabenefits.

The remainderof the paperis organizedasfollows. In section2., we describethe JSQ-PDfamily of
schemesln section3., we describeandanalyzea specificschemeSectiond. presents numericalcompar
isonamongschemesandsection5. offersconcludingremarks.

2. The JSQ-PDfamily of schemes

Jointhe ShortesQueueandPrioritizedDispersalPD) pursuecomplementargpproache$or load balanc-
ing. JSQexploits stateinformation, but mustdo so at an early stage(taskarrival time). PD, in contrast,
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emplgss aninitially randomdecision; however, the additionallow-priority tasksthat are assignedo re-
sourcespermitit to take advantageof thosewhenthey are available (without causingary harm). This
“decision” whetheror not a low-priority taskrecevesservice albeitdistributed,impreciseandimplicit, is
postponeadndthusbenefitdfrom morecurrentstateinformationattheresources.

Motivatedby thisobsenration,we proposdo combinethetwo schemestheinitial decisions basednthe
availablestateinformation,but redundantlow-priority tasksareassignedo additional presumablybusier
seners. The simplestform is taskreplication,but the sameideacanbe appliedin conjunctionwith any of
theaforementionedSQor dispersakchemes.

We next describea specificJSQ-PDschemepresent queuingmodelanduseit to analyzethe schemes
performancen termsof delaydistribution.

3. Analysisof asimple JSQ-PDscheme

3.1 The(1,1)JSQ-PDScheme

For eacharriving task,two resourcesre picked at random(from amongthe availableresourcesandcon-
sidered.Onecopy of the taskis assigned high priority andis submittedto the resourcevhosequeueis
believed to be shorter anda secondcopy is assignedh low priority and submittedto the resourcevhose
gueueis believedto belonger In the caseof equalityor lack of queue-staterformation,the assignmenis
random.Serviceis provided by aresourcebasedon priority. H-P tasksaresened FCFS,andL-P onesare
senedLCFS.

3.2 Queuingmodel

We modelthe setof parallelresourcessa systemof N parallelqueuespneperresource.Thetwo copies
of ataskareassignedo two randomlychosergqueuesN is assumedo belarge andthe queuesareassumed
to bei.i.d., soit suficesto analyzea singlequeue.

The order of servicein the queuess FCFSfor the high priority submessageand LCFS for the low-
priority ones.A preemptie-resumeoriority disciplineis usedto favor H-p tasks,andis alsoappliedamong
low priority tasks.Thelatteris mainly for simplicity of analysis.

Thearrival procesof H-P tasksto ary singlequeues Poissorwith rateA; taskservicetimeis distributed
exponentiallyandindependentlyrom taskto task,with mean%l; theresultingloadisp = %1 Thesameholds
for theL-p tasks.We alsoassumehatthe H-P andH-P arrival processe® ary givenqueueareindependent.

We assumehatthe task-assignmerdlgorithmdoesnot know whetherthe stateinformationthatit pos-
sessess reliable. We expressthis questionableeliability asa probability: for ary given arriving task,
thereis probability B thatthe informationis reliable,resultingin a correctJSQdecision;with probability
P = 1 — Ry, theinformationis unreliableandtheresultingassignmenis effectively random.

We now proceedto analyzea single priority queuewith FCFSservicefor H-P customersand LCFS
servicefor L-P customers.In view of the symmetryand independencamongqueues this sufiices. It
should,however, be notedthatthe queuestatesasseenby arriving taskscanbecomecoupledthroughthe
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assignmenpolicy. With pure JSQ,for example,it is known that the queuejoined by the L-p taskis at
leastaslong asthatjoined by the correspondingi-p task. We begin the analysisby computingoccupang
probabilities andthenusethoseto computethedistribution of delay

3.3 Occupancyprobabilities for the (1,1)JSQ-PDscheme

Mitzenmachef2] andVvedenskayd43] consideredh systemin which tasksare assignedo the resource
with the shortesfgueueamongd resourceshoserrandomlyfrom amongN >> d resourcesThey do not

assumehatqueuesareindependengbut the resultsobtainedareasymptoticallythe sameasthoseobtained
for independengueues). They analyzedsucha systemwith Poissonarrivals of tasksand exponentially
distributed servicetimes, and shaved that the decayof the tail of the occupang probability function is

doubly exponential. This is an exponentialimprovementover the non-balancedase whereineachtaskis

assignedo arandomlychosersener. In [2], theanalysisvasextendedo the casewhereinreliablequeue-
lengthinformationexists andis usedwith probability By; with probability P,, = 1 — B, suchinformation

is unavailableandtheassignmenis maderandomly (We use“nb” and“Ib” to denoteno balancingrandom
assignmentandloadbalancing(JSQ) respectiely.)

Ouranalysiof (1,1)JSQ-PDuseghefactthatL -p tasksdo notinterferewith theH-p ones.Consequently
the occupang probabilitiesfor H-pP tasksis equalto the occupang probabilitiescalculatedby [2] and[3]
for asinglepriority level.

Let L;j betheprobabilityfor atleasti high-priority tasksin arandomlychosemueue By [2],

Li=pLi—1(Pw+(1—-PwLi-1); Lo=1 0<pw<1l

For pureJSQ(informationalwaysavailable),thisbecomes
Li=p"™", Pmw=0.

R, theprobabilityfor i high-priority tasksin arandomlychosemueuds simply

P =L —Liu.

With an LCFS—preemptie-resumajueueingdisciplinefor the L-p tasks,the delayof a taggedL-p task
dependonly on the numberof H-p tasksthatit seesuponarrival andon the numberof H-P andL-P tasks
thatarrive (subsequentlylpeforeits serviceends.The numberof L-p tasksfoundin the queueatthetagged
L-pP tasks arrival time doesnot affect its delaybecausehey arenot sened until the taggedtasks service
ends.

Let P" (k|lb) and P" (k|nb) denotethe probability that an arriving H-P taskjoins a queuewith k H-P
customergyiventhatit chosethe shortesamongthe two queuesr a queueatrandom respectiely. Also,
let P-(j|Ib,k) and P-(j|nb,k) denotethe probability that an arriving L-P taskjoins a queuewith j H-P
tasksgiven thatits H-P partner having chosenthe shorteramongtwo queuesor one of themat random,
respectiely, joineda queuewith k H-P customers.

Obviously, whenthe queuesarechosermatrandom,

PH(knb) =R, k>0 (1)

5



and
P (jlnbk) =Pj, j>0. )

Whenthe H-P taskjoins the shortestjueue,

k
P (K|Ib) = 2P - Lyy1 + P? = 2R (1—2)P,-> +P?, k>0 (3)
=
and
P(illb k) = = = —5—. >k (4)
Le  1-35P;

3.4 DelayDistrib ution

Thedelayincurredby ataskis the minimumof the delaysincurredby its copies.In this sectionwe derive
D(t), the probabilitythatthis delayis smallerthant. Let D" (t|k, nb) andD" (t|k,Ib) denotethe probability
thatthe delayof anH-pP taskis smallerthant giventhatit joins a queuewith k H-P tasksbasedon JSQor
randomassignmentiespectiely. Also, let D" (t |k, nb), DL(t|k, Ib) denotethe probabilitythatthedelayof an
L-P taskis smallerthant giventhatits H-P partnerjoins a queuewith k H-pP tasksbasedon JSQor random
assignmentiespectiely. Then,

D(t) = Pap iPH(kmb) -D(t|k,nb) + Py iPH(kHb) .D(t|k,Ib), where
k= k=

D(t|k,nb) =1 — (1—D"(t|k,nb)) - (1—D"(t|k,nb)) and
D(t|k,1b) = 1— (1—D"(t|k,Ib)) - (1— D (t|k,Ib)).

The delayof an H-pP taskthatjoins a queuewith k H-P tasksconsistsof k + 1 exponentiallydistributed
servicetimes,so

t T
DM (t|k,Ib) = D t|k, nb) :/ “(“X)%dx.
0 .

If the H-P taskjoins a queuewith k H-P tasksbasedon JSQ,its partnerL-p taskjoins a queuewith at
leastk H-P tasks. In the caseof a randomselectionthe arriving L-p task seesthe a priori queuelength
distribution. Consequently

D" (t|k, nb) = Z)D!‘(t)P. and
i=

Dt (t|k,Ib) = _io}(t) -P(i[lb, k).

Substitutingfor P-(i|lb, k) from (4) yields

@ =
D(t|k,Ib) = § DH(t) —————,
e =2 2 0w

whereD}(t) is the probabilitythatanarriving L-P taskthatfindsi H-P tasksin thequeuencursadelayless
thanor equalto t.



Derivation of D-(t)

To derive the sojourntime (delay)distribution of a low-priority subtaskhatfindsi high-priority tasksin
the queuewhenit arrives, we first definea stochastigorocesdJ (t) — the remainingwork (at time t) that
shouldbe donebeforethe terminationof the serviceof the taggedow priority subtaskhatarrived attime
to. The sojourntime of the taggedsubtaskis the time neededor U to reachzero. U (t;) consistsof the
residualservicetime of the H-P subtaskn serviceplusthe servicetime of the high priority subtasksvaiting
in thequeue U (tp) includes jn addition,thetaggedsubtasks servicetime. If high-or low-priority subtasks
arrive beforeU reachesero,their servicetimesareaddedto U. Onemay noticethat, sincethe systemis
work conservingl (t) is independenof the orderin which serviceis grantedo thosethataresened prior
to thecompletionof thetagged.-pP subtasks service.

For corvenience we assumehe following orderof service:first sene the H-P subtaskn service the high
priority subtaskshatwerewaitingin the queueatty andthetagged. -p subtaskall togetherareconsidered
as “the first service”, with Laplacetransformedime distritution B¥(s)). Thensene the (high and low
priority) subtaskshatarrived duringthefirst serviceandafterward until U reachezero.

This procedurds the sameasthe oneusedto derive the distribution of busy perioddurationin a queuein
whichthereis exceptionalfirst service(U (to) = B} (s) in our case).For suchsystemsthe Laplacetransform
of thebusyperiodis

Dif(5) = Bi(s+2\ —2\Y; (5)), (5)

whereY;(s) is the Laplacetransformof the busy periodin anordinaryM/G/1 queug(with non-eceptional
first service)andarrival rate2A. It canbecalculatedas

Y*(s) = B*(s+ 21 — 20 (9)) (6)
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