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Abstract

This paperpropose<fcient algorithmsfor implement-
ing multicastin hetepgeneousworkstation/PCclustes.
Multicastis an importantoperation in manyscienti c and
industrial applications. Its efcient implementationon
distributed-memorymadines plays a critical role in the
performanceof distributed-memoryarallel computingap-
plications.

Our work distinguishsitself betweenothers in two as-
pects:(1) In contrastto theblockingcommunicatiormodel
usedby existingworks,wemodelcommunicatiomn hetep-
geneouglustes more accuratelyby a non-blockingmodel,
and designmulticastalgorithmsthat can fully exploit the
advantaye of non-blokingcommunication(2) While exist-
ing worksonly solvesingle-nodenulticastproblem wepro-
poseefcient algorithmsfor implementinggeneal multi-
nodemulticast(in which single-nodemulticastis a special
case).Our simulationresultsdemonstate performancem-
provemenbf multicastby 20%to 160%compaedto exist-
ing algorithms.

1 Intr oduction

Due to the commaoditynatureof workstationsand net-
workingequipments;lusterenvironmentsaregraduallybe-
coming heterogeneousThis trend is forcing network of
workstations/PCd0 be rede ned as Heterogeneou$let-
work of Workstationg HNOW).

Many researclprojectsarecurrentlyin progresso pro-
vide efcient communicationfor workstation/PCcluster
systemg[1, 4, 7, 9, 8, 5, 16, 6, 11, 10, 15 17]. How-
ever, mostof theseresearclprojectsfocusonhomogeneous
clusters.Communicatioralgorithmsdesignedor homoge-
neousclustershave beenshavn to be very inef cient for
heterogeneoudusterdq?2].

In this paperwe studythe multicastproblemin HNOW
systems.Multicastis animportantoperationin mary sci-
enti ¢, industrialandcommercialpplicationsln asingle-
nodemulticast,a sourcenodesendsthe samemessagdo
a subsebf nodesin the system. Multi-node multicastis a
generalcasein that multiple sourcenodesissuemulticast
communicationsimultaneously Multi-node multicastop-
erationsarefrequentlyusedin sparsematrix computation,
scienti ¢ simulationandinternetapplications.

Multicast can be implemented at different levels:
hardware-supportedietwork interface rmw are-supported,
andsoftwareimplementatiorbasedon point-to-pointmes-
sages. We focus on software implementationof mul-
ticast becauseit does not require modi cation of hard-
ware/ rmware andthusis portableto differentclusteren-
vironments.

Software-basednulticastin heterogeneousystemshas
not beeninvestigatedintil very recently In software-based
approach,a multicastis implementedas sequence®f
send/recaie taskswhere is thenumberof processorin-
volved in the multicast. The factthat nding optimal se-
guence®f tasksfor multicaston heterogeneusystemss
NP-completeéhasled to a numberof researctworkson de-



vising heuristicalgorithmg[12, 2, 13].

The Ef cient Collective Operation(ECO) packagdq12]
was developedfor networks of heterogeneousvorksta-
tions. ECOusesheuristicalgorithmsto partitionthe work-
stationsparticipatingin a collective communicationinto
subnetvarks basedon pairwise round-trip latenciesbe-
tweenworkstationslt thendecomposethecollective com-
municationinto two phases:intersubnetvork and intra-
subnetvork. ECO automaticallychooses suitabletreeal-
gorithmfor eachof thesephases.

Banikazemiet al. [2] proposeda Fastest-Node-First
(FNF) algorithmemploys a heuristicthatin eachiteration
of thealgorithm,thefasteshodewhichhasnotrecevedthe
messagés addedto the tree. The simulationresultsshov
thatthe FNF algorithm achieves nearoptimal solution for
multicastcommunicatioron HNOW systemsof up to 10
nodeq?2].

Bhat et al. [13] proposeda communicatiorframevork
that characterize$ieterogeneityof both processinghodes
andnetworks. A costfunctionis constructedor eachpair
of nodeswhichrepresentthecommunicatiorcostbetween
thetwo nodes Basednthecommunicatiorfframeavork, the
authorsdesignedah numberof heuristicalgorithms(Fastest
EdgeFirst (FEF), EarliestCompletingEdgeFirst (ECF))
for multicastand broadcasbn distributed networks. The
experimentatesultsshav thatFEFandECFoutperfornthe

FNF approachsigni cantly on distributed heterogeneous

networks. TheECFheuristicalsorepresentthebestknovn
resultin thisarea.

The above works have two restrictionshowever. First,
they all focuson single-nodemulticastand hencetheir al-
gorithmscannothandlegeneralcasesof multi-nodemulti-
cast. Second,they all assumea blocking communication
model;thatis, a nodecannotsenda messageintil the pre-
viously sentmessagdasbeenreceved by the destination.
In fact,mary networksandoperatingsystemssupportnon-
blocking communication;that is, after an initial start-up
time, thesendercansendthe next messageT he previously
sentmessagesanbe completedy thenetwork withoutin-
terventionof the sender Thus,a nodecansendout several
messagelseforethe rst messagés recevedby thedestina-
tion. To optimizeperformancef multicastcommunication,
it is extremelyimportantto take the factorof non-blocking
communicatiorinto concernwhichis not possibleundera
blocking communicatiormodel.

In this paperwe desigrntwo ef cient algorithmsnamely
Work-RacingandWork-Racing-Peemptivefor the general
multi-nodemulticastcommunicatioron heterogeneousys-
tems. The Work-Racingalgorithmis a greedyalgorithm
basednthenotionof “virtual time” thatmeasurethetime
that a destinationnodeof a multicasthasspentin recev-
ing messagesWR outperformshe bestknown result,the
Earliest-Completion-ist algorithm by up to 20% in our

simulationresult.

The Work-Racingalgorithm doesnot fully exploit the
adwantageof non-blocking send operation. The Work-
Racing-Peemptivealgorithmfurther reduceshe comple-
tiontime of multicastby actively lling thereceving nodes
idle time frameswith useful sendoperations. With this
optimization the WRP algorithmoutperformghe Earliest-
Completion-Firsialgorithmby up to 160%in our simula-
tion result.

2 Communication Model for Heterogeneous
Clusters

Ourmodelmeasurethecostof apoint-to-pointmessage
transferbetweenthe sender andtherecever  using
threeparameter¢l) thesendoverhead , whichrep-
resentshemessagitializationcostonsender for send-
ing a messag®f length , (2) the network link transmis-
sionrate , which accountdor the unit transmission
timebetween and ,and(3)receveoverhead ,
which representshe softwareoverheadon recever  for
receving andcopying themessagérom the network buffer
to the userspace.Basedon thesethreeparametersthe la-
teng for transmittinga messagef length  betweenthe
two nodesis givenin Equationl. Eachparametein the
equationcanbe measuredisingthe ping-pongschemede-
scribedin [3].

)

Notethatin heterogeneousystemsheseparametersor
eachpair of nodesmayvary dramaticallydueto the hetero-
geneityin systemarchitecture pperatingsystem,network
protocol,network interface,etc. Furthermorewe make the
following assumptions.

A sendoperatioris non-bloking. In otherwords,after
an initial start-uptime (i.e. the sendoverhead)the
sendelcanexecuteits next sendoperation.

A receve operationis blocking. Thatis, afterissuing
areceve operationthereceving nodecancontinueto
executeits next operatioronly whentherecevedmes-
sagearrives and is removed from the local network
buffer to the local memoryof thereceving node. We
considerthis assumptiorreasonabla@sin mostappli-
cationsthe computatiorfollowing areceve operation
is very likely to requiredatain the receved message
and hencethe computationcannotstart until the re-
quireddatais readyin thelocal memory



3 Multi-node Multicast Problem

A multi-nodemulticasthasmultiple sourcenodesmul-
ticastingtheir messageso their destinationnodessimul-
taneously Considera heterogeneouslusterconsistingof

nodesandlet be the setof all
nodes.Let denotethe setof the multicastsourcenodes,
and be the setof destinationnodesfor

sourcenode . After the multicastcommunication,
eachnodein hasa copy of the messagdrom source
node ,denotedy

A multicastis accomplishedby a seriesof communi-
cationtasks A communicatiortask is a send
or recevve operationthat  is scheduledo execute. For

, is scheduledto send to , where
and . For ,
is scheduledo receve from where and
The task scheduleof , denoted
by , is an orderedlist of communicatiortasks
. Thetasksin thetaskscheduleare executedin

theorderthey appear

The multicastschedulingproblemis to determineatask
scheduldor eachparticipatingnodesothatthetime to de-
liver all the messagess asshortaspossible. Finding the
optimal scheduldés NP-complete.We have designedser-
eralheuristicalgorithmsto solve this problem.

3.1. A Lower Bound

We rst derivealowerboundonthetimeto solveamul-
tiple multicastproblem. Sinceit is too computationally
expensve to determinethe optimal completiontime of a
multiple multicast, we idealize our model and deducean
idealizedoptimalcompletiortimeasalower bound.In this
modelwe assumehata nodeis allowedto receve a mes-
sageand, meanwhile,sendmultiple message parallel.
Thatis, areceve operationwill notbedelayedby ary send
operationandthemessagefom onenodeto differentdes-
tinationscanbe processedh parallel.

Sincethe completiontime of a multiple multicastis de-
terminedby themaximumof thetaskcompletiortime of all
the destinatiomodeswe cancomputethe lower boundon
thetaskcompletiontime for eachdestinatiomode,andse-
lectthemaximumasthelowerboundontheoverallcomple-
tiontime. Firstwe computeheshortespathfor eachpairof
sourceanddestinatiorin theidealizedmodel.Let
denotethe costof the shortestpathfrom source to its
destination |, i.e., representshe earliest-ead-
timeatwhichthemessagérom canreach . Thus,the
lower boundon the task completiontime of a destination
nodecanbede ned asfollows.

needso receivemes-
denotethe th source

Definition 1 Assumeéhata node
sagesfrom  sourcenodes.Let

nodefrom which  receivesthe messge. Supposehat

receivesmessgesin the increasingorder of the earli-
estread timesof themessges,i.e.,

for , thenwe call thisreceivingorderthe

earliest-reach- rsbrder

Let bethemessge sizeofthe th souice node
Theearliestreceivingtimefor  to completereceivingthe
messgefromthe thsoucenode ,denotedy ,
canbederivedrecusivelyasfollows. Notethat Equation2
useghefactthatthereceiveoverheadromdifferentsource
nodescannotoverlap,andtheearliest-ead- r stordercan
minimize

@

Thelower boundon the completiortime of the multiple
multicastis the maximunof all ,forall .

4 SchedulingAlgorithms for Multiple Multi-
cast

We rst give severalde nitions in orderto describeour
schedulingalgorithms.

Available time. The available time of , denotedas

, is the earliesttime at which  canexecutea new
task. Initially, the availabletime of the participatingnodes
is zero.

isscheduledosend to
, then will arrive at the

Arrival time. Assumethat
. Let bethe size of
network bufferof  attime

3)

time. The

of a task
ned asfollows. If thedestinatiomode is notavailable
when arrives at its network buffer, it will not be
processedntii  becomeswvailable.

Completion completion time,

is de-

@
4.1. Fastest-Edge-First Algorithm

We extendthe FastestEdgeFirst (FEF) heuristicalgo-
rithm in [14] to solve the multi-node multicastproblem.
Similarto the FEF algorithm,we keepa senderset  and
areceverset for eachsourcenode of themulti-node



multicast.Initially and containsall thedes-
tinationnodesof

In eachiteration we selectthe smallestweight edge

wherenode belonggo andnode belongs
to ,andthenmove from to . Thesamesteps
repeatuntil all becomeempty The weightof anedge

is de ned asthe point-to-pointlateny betweerthe sender
andtherecever.

Similar to [13], a sortededgelist and a sortedsender
list accordingto their edgeweightsis maintainedandthe
compl«ity of this algorithmis where is
thenumberof nodes.

4.2. Earliest-Completion-First Algorithm

Thisalgorithmis basedntheEarliest-Completion-fst
algorithmin [14] Similar to the FEF algorithm, for each
sourcenode of the multi-node multicast we keep a
sendeset andareceiverset . In eachterationtheal-
gorithmselectghe earliestcompletingtaskfor eachsource
nodewhich hasnot yet completedts multicastoperation.
Then,amongtheseearliest-completingasks,it selectshe
task with the minimum completiontime as the next task
to be scheduled.The recever of the selectedaskis then
moved from the recever setto the senderset. The same
stepsepeauntilall ~ becomeampty

In eachiteration,it requires stepgo computethe
availabletimesof the sendersandrecevers. Thealgorithm
iterates  times.Thusthetotaltimefor theECFalgorithm
is

4.3. Work Racing Algorithm

In our communicationmodel, a receve operationis
blocking, thatis, if multiplemessagearrive atthereceving
node,they will be queuedn the buffer until the receving
nodehas nished receving previousmessageThekey idea
in the Work Racing(WR) heuristicis that, if the chanceof
messagéuilt-up at the destinationnodesis reducedthen
the messagesanbe deliveredasearly aspossible result-
ing in earliercompletionof the multicast. Oneway to im-
plementthis strateyy is to allow fasterdestinatiomodeto
receve messagemoreoftenthanslower nodes.However,
theschedulingshouldalsobefair sothatslower nodeswill
notbe stanedforever.

We de ne the conceptof virtual time of a destination
nodeto be the time this nodehasspentin receving mes-
sagesWR selectghedestinatiomodewith theearliestvir-
tualtime astherecever of the next messageThenWR se-
lectsa messaganda senderfor this messagéasedon the
earliest-completion- rsprinciple. The new send/recwtask
is thenappendedo thetaskschedulef thesender/receer.
After that, the virtual time of the recever is increasedy

the amountof work it hasjust accomplishedThis mecha-
nismensureshatthefasterdestinatiomodewill besened
more often, and eachdestinationwill be sened fairly ac-
cordingto theircommunicatiorcapability In thefollowing

we elaborateon this algorithm.

For eachdestination , assuming hasreceied
messageffom sourcesso far, the Work Racingal-
gorithm keepsthe recordof the virtual time, denoted
by , Whichindicatesthe services hasreceved
from sourceslinitially, is setto

While schedulinga new task, the Work Racingalgo-
rithm selectghe destinatiorwhich hasthe earliestvir-
tualtime. If therearemultiple possibilities,it chooses
thefastesbne.

Eachdestinatiomode keepsa setof sourcenodes
of themultiple multicastin which  is adestina-
tion. Eachsourcenode  keepsasetof sendemodes
which containsthe nodesthat have receved mes-
sage . Nodesin mayrelay  to othernodes.

Whenadestination is selectedtheWork Racingal-
gorithmchooses source  from anda sender
from suchthatthe completiontime of the task

is theminimum.

The destination  will be scheduleda receve task
. Assumethatthis is the th receve
taskthat hasbeenscheduledandwe will call the
sourcenodeof thismessag¢he thsourcenodeof ),
thevirtual time of isupdatedasfollows:

(5)

where isthemessagéengthof thisrecevetaskand
is thetime atwhichthe messagérom the th
sourcenodearrivesat . Let the sourcenodeof the
messagéethe thsourcan sender . Then,

is calculatecasfollows:

if is not the source node
otherwise

(6
Finally, thesourcenode isremovedfromthesource
set of the destination , andthe destination
is addedto thesenderset  of thesource of the
multicast.



In generalthecompletedvork of afastemodeadvances
moreslowly thanthatof a slover node. Thusa fasterdes-
tinationnodescan be scheduleckarlierthana slower one.
Consequentlyafastemodehasmorechanceso relaymes-
sagedor the sourcego the slower nodes.

Work-Racing Scheduling Algorithm

Let bethesetof sourcenodedfor areceving node
Initially, containsall the sourcenodesof the multiple
multicastwhich has in their destinatiorsets. Similar to
theFEFandthe ECFalgorithmswe de ne asendeiset
for eachsource of themultiple multicast.

Step 1: Let  bethenodewith the minimum completed
work whosesourceset is notempty If thereare
multiple possibilities choosethefastesbne.

suchthatthecom-
is theminimum.

Step 2: Choose and
pletiontime of thetask

Assumethe sourceof this task(i.e. ) isthe th
sourcein
Step 3: RepeatStep1 and Step2 until all become

empty

For aselectedecever, it takes stepsto selectthe
sourceandthe sender The algorithmiteratesat most
timesfor multiple multicast. Therefore,the overall com-
plexity of the WR algorithmis

4.4. Work-Racing-Preemptive Algorithm

Ourcommunicatioomodelassumethatsendoperations
arenon-blockingandreceve operationsreblocking. After
issueinganon-blockingsenda sendeonly hasto wait until
the messaggoesinto the network beforestartingits next
communication.n contrasta nodeperforminga blocking
receve cannotissuesanothercommunicatioruntil the in-
comingmessagés receved completely(Equationl). We
illustrate this phenomenorby an example. In the Work-
Racingalgorithm we always appendthe new taskto the
endof thetaskscheduleThis canincur muchlongerwait-
ing time thannecessaryin Figurel(a),areceve operation

isissuedattime . However, themessageavill not
arrive until time , makingthe recever idle waiting from
to

To overcomethis problem,we proposean optimization
to preemptblockingreceve with non-blockingsend,under
theassumptiorthatit will notinvalid the original multicast
scheduleAsiillustratedin Figurel(b),if we preempthere-

cevetask, , with thesendasks and ,
andissue at insteadthewaitingtimeis reduced
from to . Theideais thatif anew taskcan

preempta prescheduledeceve tasksafely we canreduce
thewaiting time by delayingthe preemptedeceve task.

| send[1]] recvik]
tl t4

@

| send[2]] send[3] | .
t5 t6 t7

[send[1]] send[2]] send[3]] ki

t1 t2 t3 t4 t5

(b)

Figure 1. Preemptive Scheduling of Send
Tasks

To preempta receving task without interfering or de-
stroying the original schedulewe needto obsere the fol-
lowing rules.

The sendtasksmustbe executedin the orderasthey
appeatrin their scheduldist. As in Figure 2(a), the
task mustappeambefore

If the senderof a taskis not the sourcenode of the
messagethe new sendtask mustbe scheduledafter
thesendehasreceivedthe messageThisis to ensure
that a sendermwill not rely a messagehat it hasnot
yetreceved.Figure2(b) shavsthatonly afterthetask
in whichthesendeof receves
themessagwvill it relayto thereceverof

The preemptingsendtaskscannotdelay the comple-
tion time of the preemptedeceving task. To avoid
interfering the execution of the preemptedreceve

in Figure2(c),thecompletiontime of thepre-
emptingsendtaskmustbe earlierthanthearrival time
of themessagé¢hat is waiting for.

To facilitatethe designof the algorithm,we classifythe
availabletime of anodeasreceiveavailabletimeandsend
availabletime Thereceve availabletime of  is theear
liesttimethat canissuea receve, which is de ned as
themaximumbetweerthe completiontime of thelastsend
taskandthe lastreceve task. The sendavailabletime of



---— _send[k] |—==2_ recyh] = recvh+1] |4t_:—7’ @
task schedule list Tl : T
---—{send[k] |——f TecMAl |- - -—f recMhrul }—+---x-— recihvi] (b)
task schedule list H
— oy
task[j] : task[K] time _ ©
CompleteTime[j] T CompleteTime[k]
ST send overhead . Tecvoverhead

Figure 2. Examples of Preemption Rules

for is de ned asthe earliesttime that  cansend
out thatsatis esall threepropertiedisted above. The
sendavailabletime shouldbe later than both the comple-
tion time of the lastsendby  and the completiontime
of thereceve in which  receves . In addition,based
onthenew de nitions of the availabletime, the completion
time of acommunicatiortaskde ned in Equatior4 should
adoptthe new de nitions of the availabletime.

We improve the work racing algorithm by preempting
thereceve operationswith send. By the preemptve prop-
erty, the new completedwork de nition re ects more ac-
curatelythe amountof work a nodehasperformedasare-
ceiver. For eachiterationthe nodewith the minimumcom-
pletedwork is selectedasthe destinationof the new task.
Thenwe selecta sourcenodeanda sendemnodesothatthe
task completiontime is minimized, underthe assumption
thata sendcanpreemptareceve operation.

Work-Racing-Preemptive Algorithm

Step 1: Let  bethenodewith the minimum completed
work whose is notempty If thereare multiple
possibilitieschoosehefastesbne.

Step 2: Chose and suchthatthe com-
pletiontime of the is theminimum. As-
sume isthe thsourcefor node

Step 3: RepeatStepl and Step2 until all become
empty
Theprocedure dealswith thepre-

emptingprocesof a new sendtaskin the sendnode. The
procedure dealswith theproces®f
appendinghe new receve taskto the lasttaskcurrentlyin
thetaskscheduleof thereceve node.

The compleity of the WRP algorithmis also
sinceit followsthe samestructureof the WR algorithmand
thepreemptingprocessequiresconstansteps.

5 Experimental Results

To evaluatethe performanceof the schedulingalgo-
rithmswe have developeda softwaresimulatorto calculate
thecommunicatiorcompletiontime andcomputatiorover-
heads.The simulatoris modeledby the numberof nodes,
thenetwork capability andthe multicastpatterns We clas-
sify the nodesinto several classesaccordingto their send
andreceveoverheadsTheconstanpartsarein therangeof
80 t0400 ,andthelengthdependenpartsarechoserin
therangeof 0.0001 t00.01 . As for thethe
network capability two link transmissiorrates,

and , areconsideredn our simulations.We consider
threemessagéengthin our experiments- smallmessages
( ), large message$l and1.5 ),

anda hybrid of smallandlarge messagesWe presentand
discusgheresultsfrom threecases- asinglebroadcastall-
to-all broadcasandgeneramultiple multicast.

5.1. Single Broadcast

Thebroadcastimeona -nodesystemis measureds
follows. We repeathebroadcasfor timesandeachtime
a differentprocessois chosenasthe source. The time is
measure@stheaverageof the completiontime from the
broadcasts.

The completiontime of the FEF algorithm is much
longerthanthoseof the others. Sincethe ECE WR and
WRP generataghe sametask scheduledor a singlebroad-
castthecompletiortime of thesahreeheuristicsarealmost
identical.

5.2. Multiple Multicast

For multiple multicastwe considera 64-nodeHNOW
systemyith threedifferentcombination®f messagéength
andtwo classeof networks describedearlier Given the
setof sourcenodes the simulatorpicks the messageizes
andrandomlychooseshedestinatiomodedor eachsource
node. The completiontime is taken from the averageof
1000runswith randomcon gurationof sourceanddestina-
tion nodes.

Figure 3 and Figure 4 shav the completiontimesin a
fastnetwork and a slov network respectrely. The WRP
algorithm performsbestamongall four algorithms,espe-
cially for large messagedlt canbe obsenedthatthe com-
pletiontimesof the WRP algorithmarewithin 2.5timesof
thelower boundson large systems.



6 Conclusionand Future Work

In this paperwe have presentedour algorithmsfor mul-
tiple multicastin heterogeneouBlOW systems. We ex-
tend the Fastest-Edge-Firsand the Earliest-Completion-
First heuristicsin [14, 2] to solve the multiple multicast
problemin a non-blockingcommunicationervironment.
We have alsodesignedwo new algorithms,Work-Racing
andWork-Racing-Preempte that wereinspiredby a ow
controlmechanisnior paclet-switchechetworks.

Thesealgorithmshave beenevaluatedusinga software
simulator A lower boundfor thecompletiontime of multi-
ple multicastis alsoderived. The simulationresultsdemon-
stratetheperformanceadwantageof thetwo new algorithms
onsystemof up to 64 nodes.

Oneof themain challengesn designingmulticastalgo-
rithmsis the handlingof dynamicmulticastpatterns. For
dynamicpatternsthe algorithmmustcomputeshe sched-
ule very quickly, without sacri cing the schedulequal-
ity. Although the Work-Racing and the Work-Racing-
Preemptrealgorithmghatwe have proposedandetermine
efcient scheduleswith neggligible overheadfor multicast
of long messagedhereis roomfor improvementfor short
messagesWe areconsideringanincrementabptimization
approacHor dynamicmultiple multicast. Thatis, givena
multiple multicastpattern anda goodschedule for it,
our goalis to derive a goodscheduléfor a similar pattern

from insteadof recomputehe scheduldrom scratch.

We are also investigatingthe possibility of extending
thiswork to handlingcollectve communicatiorover Wide-
Area-Networks (WAN). The rst steptoward WAN com-
municationis to enhanceour communicationmodel with
the ability to predict the behaior of communicationin
WAN. In orderto do so, we needto statisticallyanalyze
the effect of the cross-tratts from othersessionsandthe
traf c patternof a communicatiorin orderto measurehe
network transmissiorime moreaccurately
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Figure 3. Completion time of multiple multicast in a fast network:
WRP and the lower bound.
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Figure 4. Completion time of multiple multicast in a slow network:
WRP and the lower bound.
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