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Abstract

Thispaperproposesef�cient algorithmsfor implement-
ing multicast in heterogeneousworkstation/PCclusters.
Multicast is an importantoperation in manyscienti�c and
industrial applications. Its ef�cient implementationon
distributed-memorymachinesplays a critical role in the
performanceof distributed-memoryparallel computingap-
plications.

Our work distinguishsitself betweenothers in two as-
pects:(1) In contrastto theblockingcommunicationmodel
usedbyexistingworks,wemodelcommunicationonhetero-
geneousclustersmoreaccuratelybya non-blockingmodel,
and designmulticastalgorithmsthat can fully exploit the
advantageof non-blockingcommunication,(2) Whileexist-
ingworksonlysolvesingle-nodemulticastproblem,wepro-
poseef�cient algorithmsfor implementinggeneral multi-
nodemulticast(in which single-nodemulticastis a special
case).Our simulationresultsdemonstrateperformanceim-
provementof multicastby 20%to 160%comparedto exist-
ing algorithms.

1 Intr oduction

Due to the commoditynatureof workstationsandnet-
workingequipments,clusterenvironmentsaregraduallybe-
coming heterogeneous.This trend is forcing network of
workstations/PCsto be rede�ned as HeterogeneousNet-
work of Workstations(HNOW).

Many researchprojectsarecurrentlyin progressto pro-
vide ef�cient communicationfor workstation/PCcluster
systems[1, 4, 7, 9, 8, 5, 16, 6, 11, 10, 15, 17]. How-
ever, mostof theseresearchprojectsfocusonhomogeneous
clusters.Communicationalgorithmsdesignedfor homoge-
neousclustershave beenshown to be very inef�cient for
heterogeneousclusters[2].

In this paperwe studythemulticastproblemin HNOW
systems.Multicast is an importantoperationin many sci-
enti�c, industrialandcommercialapplications.In a single-
nodemulticast,a sourcenodesendsthe samemessageto
a subsetof nodesin thesystem.Multi-nodemulticastis a
generalcasein that multiple sourcenodesissuemulticast
communicationsimultaneously. Multi-node multicastop-
erationsarefrequentlyusedin sparsematrix computation,
scienti�c simulationandInternetapplications.

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

Software-basedmulticastin heterogeneoussystemshas
not beeninvestigateduntil very recently. In software-based
approach,a multicast is implementedas � sequencesof
send/receive tasks,where� is thenumberof processorsin-
volved in the multicast. The fact that �nding optimal se-
quencesof tasksfor multicaston heterogeneussystemsis
NP-completehasled to a numberof researchworkson de-



visingheuristicalgorithms[12, 2, 13].
TheEf�cient Collective Operation(ECO)package[12]

was developed for networks of heterogeneousworksta-
tions. ECOusesheuristicalgorithmsto partitionthework-
stationsparticipatingin a collective communicationinto
subnetworks basedon pair-wise round-trip latenciesbe-
tweenworkstations.It thendecomposesthecollectivecom-
municationinto two phases:inter-subnetwork and intra-
subnetwork. ECOautomaticallychoosesa suitabletreeal-
gorithmfor eachof thesephases.

Banikazemi et al. [2] proposeda Fastest-Node-First
(FNF) algorithmemploys a heuristicthat in eachiteration
of thealgorithm,thefastestnodewhichhasnotreceivedthe
messageis addedto the tree. Thesimulationresultsshow
that the FNF algorithmachievesnearoptimal solutionfor
multicastcommunicationon HNOW systemsof up to 10
nodes[2].

Bhat et al. [13] proposeda communicationframework
that characterizesheterogeneityof both processingnodes
andnetworks. A costfunctionis constructedfor eachpair
of nodes,whichrepresentsthecommunicationcostbetween
thetwonodes.Basedonthecommunicationframework, the
authorsdesigneda numberof heuristicalgorithms(Fastest
EdgeFirst (FEF), EarliestCompletingEdgeFirst (ECF))
for multicastand broadcaston distributednetworks. The
experimentalresultsshow thatFEFandECFoutperformthe
FNF approachsigni�cantly on distributed heterogeneous
networks.TheECFheuristicalsorepresentsthebestknown
resultin thisarea.

The above works have two restrictionshowever. First,
they all focuson single-nodemulticastandhencetheir al-
gorithmscannothandlegeneralcasesof multi-nodemulti-
cast. Second,they all assumea blocking communication
model;that is, a nodecannotsenda messageuntil thepre-
viously sentmessagehasbeenreceivedby thedestination.
In fact,many networksandoperatingsystemssupportnon-
blocking communication;that is, after an initial start-up
time,thesendercansendthenext message.Thepreviously
sentmessagescanbecompletedby thenetwork without in-
terventionof thesender. Thus,a nodecansendout several
messagesbeforethe�rst messageis receivedby thedestina-
tion. To optimizeperformanceof multicastcommunication,
it is extremelyimportantto take thefactorof non-blocking
communicationinto concern,which is not possibleundera
blockingcommunicationmodel.

In thispaper, wedesigntwoef�cient algorithms,namely,
Work-RacingandWork-Racing-Preemptive, for thegeneral
multi-nodemulticastcommunicationonheterogeneoussys-
tems. The Work-Racingalgorithm is a greedyalgorithm
basedonthenotionof “virtual time” thatmeasuresthetime
that a destinationnodeof a multicasthasspentin receiv-
ing messages.WR outperformsthebestknown result,the
Earliest-Completion-First algorithm by up to 20% in our

simulationresult.
The Work-Racingalgorithm doesnot fully exploit the

advantageof non-blocking send operation. The Work-
Racing-Preemptivealgorithmfurther reducesthe comple-
tion timeof multicastby actively �lling thereceivingnode's
idle time frameswith useful sendoperations. With this
optimization,theWRPalgorithmoutperformstheEarliest-
Completion-Firstalgorithmby up to 160%in our simula-
tion result.

2 Communication Model for Heterogeneous
Clusters

Ourmodelmeasuresthecostof apoint-to-pointmessage
transferbetweenthe sender��� and the receiver ��� using
threeparameters(1) thesendoverhead���	��

��� , which rep-
resentsthemessageinitializationcostonsender��� for send-
ing a messageof length � , (2) the network link transmis-
sionrate ���	��
���� , which accountsfor theunit transmission
timebetween� � and � � , and(3) receiveoverhead������
���� ,
which representsthesoftwareoverheadon receiver � � for
receiving andcopying themessagefrom thenetwork buffer
to theuserspace.Basedon thesethreeparameters,the la-
tency for transmittinga messageof length � betweenthe
two nodesis given in Equation1. Eachparameterin the
equationcanbemeasuredusingtheping-pongschemede-
scribedin [3].

� ����
���

��� �!������

����"#������
�����$%�&"��'����

��� (1)

Notethatin heterogeneoussystemstheseparametersfor
eachpairof nodesmayvarydramaticallydueto thehetero-
geneityin systemarchitecture,operatingsystem,network
protocol,network interface,etc.Furthermore,wemake the
following assumptions.

( A sendoperationis non-blocking. In otherwords,after
an initial start-up time (i.e. the sendoverhead),the
sendercanexecuteits next sendoperation.

( A receive operationis blocking. That is, after issuing
a receive operationthereceiving nodecancontinueto
executeits next operationonly whenthereceivedmes-
sagearrives and is removed from the local network
buffer to the local memoryof thereceiving node.We
considerthis assumptionreasonableasin mostappli-
cations,thecomputationfollowing areceiveoperation
is very likely to requiredatain the receivedmessage
and hencethe computationcannotstart until the re-
quireddatais readyin thelocalmemory.



3 Multi-node Multicast Problem

A multi-nodemulticasthasmultiple sourcenodesmul-
ticastingtheir messagesto their destinationnodessimul-
taneously. Considera heterogeneousclusterconsistingof�

nodesandlet � ��������
��
	 
����
� 
����
� be thesetof all
nodes.Let � denotethesetof themulticastsourcenodes,
and ����������������� be the set of destinationnodesfor
sourcenode � ��� � . After the multicastcommunication,
eachnodein ��� hasa copy of the messagefrom source
node� � , denotedby ��� .

A multicast is accomplishedby a seriesof communi-
cation tasks. A communicationtask �"! � 
�� 
 ��
�# � is a send
or receive operationthat � � is scheduledto execute. For! � �%$
&�')( , � � is scheduledto send �+* to � � , where
� � �,�.-�"/���0-1� and � � �,�.- . For ! � �32�&�465 , � �
is scheduledto receive �+* from � � where � � ���.- and
� � �7�.- ",���0-8� . The task scheduleof � � , denoted
by 9;:=<�>)?A@B<
C � , is an orderedlist of communicationtasks
�B! � 
���
���
�# � . The tasksin the taskscheduleareexecutedin
theorderthey appear.

Themulticastschedulingproblemis to determinea task
schedulefor eachparticipatingnodesothat thetime to de-
liver all the messagesis asshortaspossible. Finding the
optimal scheduleis NP-complete.We have designedsev-
eralheuristicalgorithmsto solve thisproblem.

3.1. A Lower Bound

We�rst derivea lowerboundonthetimeto solveamul-
tiple multicastproblem. Sinceit is too computationally
expensive to determinethe optimal completiontime of a
multiple multicast,we idealizeour model and deducean
idealizedoptimalcompletiontimeasa lowerbound.In this
modelwe assumethata nodeis allowedto receive a mes-
sageand,meanwhile,sendmultiple messagesin parallel.
Thatis, a receiveoperationwill notbedelayedby any send
operation,andthemessagesfrom onenodeto differentdes-
tinationscanbeprocessedin parallel.

Sincethecompletiontime of a multiple multicastis de-
terminedby themaximumof thetaskcompletiontimeof all
thedestinationnodes,we cancomputethelower boundon
thetaskcompletiontime for eachdestinationnode,andse-
lectthemaximumasthelowerboundontheoverallcomple-
tion time. Firstwecomputetheshortestpathfor eachpairof
sourceanddestinationin theidealizedmodel.Let DFE � � 
�� �BG
denotethe costof the shortestpath from source� � to its
destination� � , i.e., DFE � � 
 � �BG representstheearliest-reach-
timeat which themessagefrom � � canreach� � . Thus,the
lower boundon the taskcompletiontime of a destination
nodecanbede�ned asfollows.

Definition 1 Assumethat a node � � needsto receivemes-
sagesfrom ' � sourcenodes.Let H ��# � denotethe # th source

nodefrom which � � receivesthe message. Supposethat
� � receivesmessages in the increasingorder of the earli-
estreach timesof themessages,i.e., DIE H ��# � 
 � � GKJ DIE H �"#I�L � 
�� � G for

L0M #.NO'�� , thenwecall this receivingorder the
earliest-reach-�rstorder.

Let P * be themessage sizeof the # th sourcenode H �"# � .
Theearliestreceivingtimefor ��� to completereceivingthe
messagefromthe # thsourcenodeH �"# � , denotedby

�RQ ��� 
S# � ,
canbederivedrecursivelyasfollows.NotethatEquation2
usesthefact that thereceiveoverheadfromdifferentsource
nodescannotoverlap,andtheearliest-reach-�r stordercan
minimize

� Q �	��
S# � .
TVU�WYX�Z"[]\1^`_baKc d We[]\fZBXeg [;^ihjlk�m]n TVU�WeX�Z�[Ao�h�\qp�rsWeX"Zutwv�\fZ aKc d We[]\fZBXegexyhsz{[l|�}q~

(2)

Thelower boundon thecompletiontimeof themultiple
multicastis themaximumof all

�KQ �	��
�'�� � , for all � .

4 SchedulingAlgorithms for Multiple Multi-
cast

We �rst give severalde�nitions in orderto describeour
schedulingalgorithms.

Available time. The available time of � � , denotedas� 5q� �fP � , is the earliesttime at which � � canexecutea new
task. Initially, theavailabletime of theparticipatingnodes
is zero.

Arrival time. Assumethat � � is scheduledto send�+* to
� � . Let P�* be the size of �+* , then ��* will arrive at the
network buffer of � � at time

� 2�2 �f5q�qP � � ��& ����
���
�# � .
� 2�2 �f5q�qP � � ��& ����
���
�# � � � 5q� �fP � "�������

����"#������
�����$;P�*

(3)

Completion time. The completion time,� ! � ��PB&���& � � ��&���� 
 ��
�# � of a task �"$�&�')( 

��
���
�# � is de-
�ned asfollows. If thedestinationnode � � is not available
when � * arrives at its network buffer, it will not be
processeduntil � � becomesavailable.

�R�����6�e�f�B�u� � ����� �B� ��� *������s��� �Y� Q�Q �Y��� �Y� � ����� �B�	��� *6� � � ��� � � � ��¡)¢ � ��� �Y£ �
(4)

4.1. Fastest-Edge-First Algorithm

We extendthe FastestEdgeFirst (FEF) heuristicalgo-
rithm in [14] to solve the multi-nodemulticastproblem.
Similar to theFEFalgorithm,we keepa senderset

� * and
areceiverset ¤0* for eachsourcenode�s* of themulti-node



multicast.Initially
� * � � � * � and ¤0* containsall thedes-

tinationnodesof �s* .
In each iteration we select the smallestweight edge

�	��
���
1# � wherenode� � belongsto
� * andnode� � belongs

to ¤0* , andthenmove � � from ¤0* to
� * . Thesamesteps

repeatuntil all ¤0* becomeempty. The weightof an edge
is de�ned asthepoint-to-pointlatency betweenthesender
andthereceiver.

Similar to [13], a sortededgelist and a sortedsender
list accordingto their edgeweightsis maintained,andthe
complexity of this algorithmis

� � �������	��� � where
�

is
thenumberof nodes.

4.2. Earliest-Completion-First Algorithm

Thisalgorithmis basedontheEarliest-Completion-First
algorithm in [14] Similar to the FEF algorithm, for each
sourcenode � * of the multi-node multicast we keep a
senderset

� * andareceiverset¤ * . In eachiteration,theal-
gorithmselectstheearliestcompletingtaskfor eachsource
nodewhich hasnot yet completedits multicastoperation.
Then,amongtheseearliest-completingtasks,it selectsthe
task with the minimum completiontime as the next task
to be scheduled.The receiver of the selectedtaskis then
moved from the receiver set to the senderset. The same
stepsrepeatuntil all ¤�* becomeempty.

In eachiteration,it requires
� � ��
 � stepsto computethe

availabletimesof thesendersandreceivers.Thealgorithm
iterates

��

times.Thusthetotaltimefor theECFalgorithm

is
� � �
� � .

4.3. Work Racing Algorithm

In our communicationmodel, a receive operationis
blocking, thatis, if multiplemessagesarriveatthereceiving
node,they will be queuedin the buffer until the receiving
nodehas�nished receiving previousmessage.Thekey idea
in theWork Racing(WR) heuristicis that, if thechanceof
messagebuilt-up at the destinationnodesis reduced,then
the messagescanbe deliveredasearly aspossible,result-
ing in earliercompletionof themulticast.Oneway to im-
plementthis strategy is to allow fasterdestinationnodeto
receive messagesmoreoftenthanslower nodes.However,
theschedulingshouldalsobefair sothatslower nodeswill
notbestarvedforever.

We de�ne the conceptof virtual time of a destination
nodeto be the time this nodehasspentin receiving mes-
sages.WR selectsthedestinationnodewith theearliestvir-
tual timeasthereceiverof thenext message.ThenWR se-
lectsa messageanda senderfor this messagebasedon the
earliest-completion-�rstprinciple. Thenew send/recvtask
is thenappendedto thetaskscheduleof thesender/receiver.
After that, the virtual time of the receiver is increasedby

theamountof work it hasjust accomplished.This mecha-
nismensuresthatthefasterdestinationnodewill beserved
moreoften, andeachdestinationwill be served fairly ac-
cordingto theircommunicationcapability. In thefollowing
weelaborateon thisalgorithm.

( For each destination ��� , assuming� � has received
messagesfrom # sourcesso far, the Work Racingal-
gorithm keepsthe recordof the virtual time, denoted
by � �B� * , which indicatestheservices� � hasreceived
from sources.Initially, � �B� � is setto �V&�2]! .

( While schedulinga new task,the Work Racingalgo-
rithm selectsthedestinationwhichhastheearliestvir-
tual time. If therearemultiplepossibilities,it chooses
thefastestone.

( Eachdestinationnode � � keepsa setof sourcenodes
� � � of themultiplemulticastin which � � is adestina-
tion. Eachsourcenode� * keepsa setof sendernodes� * which containsthe nodesthat have receivedmes-
sage� * . Nodesin

� * mayrelay � * to othernodes.
Whenadestination��� is selected,theWork Racingal-
gorithmchoosesa source� � from � � � anda sender
� � from

� � suchthatthecompletiontime of thetask
�"$�&�')( 
���

��

��� is theminimum.

( The destination� � will be scheduleda receive task
��2]&�4�& �f5 & 
�� 
 ��
�# � . Assumethat this is the # th receive
taskthat � � hasbeenscheduled(andwe will call the
sourcenodeof thismessagethe # thsourcenodeof � � ),
thevirtual time � �B� * of � � is updatedasfollows:

� ��� * �
� � Q E # 

� G "����	��
�P * � # � L����� ��� �B� *���� 
 � Q E # 
�� G �%" ����� 
�P�* � #�� L

(5)

whereP * is themessagelengthof this receivetaskand� Q E # 

� G is thetime at which themessagefrom the # th
sourcenodearrivesat � � . Let the sourcenodeof the
messagebethe ' th sourcein sender� � . Then,

� Q E # 

� G
is calculatedasfollows:

����� * ��� ��� _ �"!$# % ¡'& �)( � �Y£ � ¡+* �,( � � �.- �Y£ if / ! is not the source node& �,( � � £ � ¡+* �,( � � �.- � £ otherwise
(6)

( Finally, thesourcenode� � is removedfrom thesource
set � � � of the destination��� , andthe destination���
is addedto the senderset

� * of the source�s* of the
multicast.



In general,thecompletedwork of afasternodeadvances
moreslowly thanthatof a slower node.Thusa fasterdes-
tinationnodescanbe scheduledearlierthana slower one.
Consequently, a fasternodehasmorechancesto relaymes-
sagesfor thesourcesto theslowernodes.

Work-Racing Scheduling Algorithm

Let � � � bethesetof sourcenodesfor a receiving node��� .
Initially, � � � containsall thesourcenodesof themultiple
multicastwhich has � � in their destinationsets.Similar to
theFEFandtheECFalgorithms,wede�ne asenderset

� *
for eachsource�s* of themultiplemulticast.

Step 1: Let ��� be the nodewith the minimum completed
work whosesourceset � � � is not empty. If thereare
multiplepossibilities,choosethefastestone.

Step 2: Choose� * � � � � and ����� � * suchthatthecom-
pletiontimeof thetask ��$
&�')( 
���

��
S# � is theminimum.
Assumethe sourceof this task (i.e. � * ) is the � th
sourcein � � .

� *�� � *�" � � � �
��� � � � � � � � � *q�� ! � ������& � �B� �� � ��&
')( � ��$�# �B9;:=<
>)?�@"<�C�� 
 �"<��	��
 

��
�@ 
�> �
�� 5 � �uP ��� � 5q� �fP �%" ��� ��
�P * �� � ��&
')( � ��$�# �B9;:=<
>)?�@"<�C�� 
 �����	��� 
�@ 

��
�> �
�� 5 � �uP ��� � ! � �1P"&���& � ����&�� ��

��
S# �

Step 3: RepeatStep1 and Step2 until all � � � become
empty.

For a selectedreceiver, it takes
� � � � stepsto selectthe

sourceandthe sender. The algorithmiteratesat most
� 


times for multiple multicast. Therefore,the overall com-
plexity of theWR algorithmis

� � ��� � .
4.4. Work-Racing-Preemptive Algorithm

Ourcommunicationmodelassumesthatsendoperations
arenon-blockingandreceiveoperationsareblocking.After
issueinganon-blockingsendasenderonly hasto wait until
the messagegoesinto the network beforestartingits next
communication.In contrast,a nodeperforminga blocking
receive cannotissuesanothercommunicationuntil the in-
comingmessageis receivedcompletely(Equation1). We
illustrate this phenomenonby an example. In the Work-
Racingalgorithm we always appendthe new task to the
endof thetaskschedule.This canincur muchlongerwait-
ing time thannecessary. In Figure1(a),a receive operation2�&�465 E # G is issuedat time � L . However, themessagewill not
arrive until time ��� , makingthe receiver idle waiting from� L to ��� .

To overcomethis problem,we proposean optimization
to preemptblockingreceive with non-blockingsend,under
theassumptionthatit will not invalid theoriginalmulticast
schedule.As illustratedin Figure1(b),if wepreemptthere-
ceivetask,2]&�465 E # G , with thesendtasks$
&�')(�E � G and $
&�')(�E � G ,
andissue$�&�')(1E # G at ��� instead,thewaiting time is reduced
from �B��� ��� L � to ������� ��� � . Theideais thatif anew taskcan
preempta prescheduledreceive tasksafely, we canreduce
thewaiting timeby delayingthepreemptedreceivetask.

send[2]recv[k] send[3]send[1]

send[1] send[2] send[3] recv[k]

t1

t4

t5 t6 t7

t5t1 t2 t3

t4
(a)

(b)

send[2]recv[k] send[3]send[1]

send[1] send[2] send[3] recv[k]

t1

t4

t5 t6 t7

t5t1 t2 t3

t4
(a)

(b)

Figure 1. Preemptive Scheduling of Send
Tasks

To preempta receiving task without interfering or de-
stroying theoriginal schedule,we needto observe the fol-
lowing rules.

( The sendtasksmustbe executedin the orderasthey
appearin their schedulelist. As in Figure 2(a), the
task $�&�')(�E # G mustappearbefore $
&�')(�E # " L G .

( If the senderof a task is not the sourcenodeof the
message,the new sendtask mustbe scheduledafter
thesenderhasreceivedthemessage.This is to ensure
that a senderwill not rely a messagethat it hasnot
yet received.Figure2(b)showsthatonly afterthetask2]&�465�E � "�� G in whichthesenderof $
&�')(�E # " L G receives
themessagewill it relayto thereceiverof $
&�')(�E #%" L G .

( The preemptingsendtaskscannotdelay the comple-
tion time of the preemptedreceiving task. To avoid
interfering the execution of the preemptedreceive����$�# E # G in Figure2(c), thecompletiontimeof thepre-
emptingsendtaskmustbeearlierthanthearrival time
of themessagethat ���q$�# E # G is waiting for.

To facilitatethedesignof thealgorithm,we classifythe
availabletime of a nodeasreceiveavailabletimeandsend
availabletime. Thereceive availabletime of ��� is theear-
liest time that � � can issuea receive, which is de�ned as
themaximumbetweenthecompletiontimeof thelastsend
taskandthe last receive task. The sendavailabletime of



send[k+1]

send[k] recv[h] recv[h+1] recv[h+v]

send[k] recv[h] recv[h+u] recv[h+v]

send[k+1]

task[k]task[j]
recvrecvor send

time

recvoverheadsend overhead>=

new send

(a)

(b)

(c)

task schedule list

task schedule list

send[k+1]

send[k] recv[h] recv[h+1] recv[h+v]

send[k] recv[h] recv[h+u] recv[h+v]

send[k+1]

task[k]task[j]
recvrecvor send

time

recvoverheadsend overhead>=

new send

(a)

(b)

(c)

task schedule list

task schedule list

CompleteTime[k]CompleteTime[j]

Figure 2. Examples of Preemption Rules

� � for � * is de�ned as the earliesttime that � � cansend
out ��* that satis�esall threepropertieslisted above. The
sendavailabletime shouldbe later thanboth the comple-
tion time of the last sendby � � and the completiontime
of thereceive in which � � receives ��* . In addition,based
onthenew de�nitions of theavailabletime,thecompletion
timeof a communicationtaskde�ned in Equation4 should
adoptthenew de�nitions of theavailabletime.

We improve the work racing algorithm by preempting
thereceive operationswith send.By thepreemptive prop-
erty, the new completedwork de�nition re�ects moreac-
curatelytheamountof work a nodehasperformedasa re-
ceiver. For eachiterationthenodewith theminimumcom-
pletedwork is selectedasthe destinationof the new task.
Thenwe selecta sourcenodeanda sendernodesothatthe
taskcompletiontime is minimized,underthe assumption
thata sendcanpreempta receiveoperation.

Work-Racing-Preemptive Algorithm

Step 1: Let ��� be the nodewith the minimum completed
work whose � � � is not empty. If therearemultiple
possibilities,choosethefastestone.

Step 2: Chose�s*�� ��� � and � � � � * suchthatthecom-
pletiontimeof the ��$�&
')( 
���
�� 
S# � is theminimum.As-
sume� * is the � th sourcefor node� � .
� * � � * " � � ���
� � � � � � � � � � * �� ! � ������& � �B� �� ��(V� ��& �0&�4�& �f5q&�2 �s���V��&���� 
 ��
�# 
 � ! � ��PB&���& � � ��&�� ��
�� 
S# �
�� ��(V� ��& �s&�')(V&�2 � ��� ��&�� ��

��
S# � � 5 � �uP � � � 5 � �uP � "�������
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Step 3: RepeatStep1 and Step2 until all � � � become
empty.

Theprocedure
� �1( �V��& �s&�')( &�2 �s���V��& dealswith thepre-

emptingprocessof a new sendtaskin thesendnode. The
procedure

� ��(V� ��& �0&�4�& �f5q&�2 �s���V��& dealswith theprocessof
appendingthenew receive taskto thelast taskcurrentlyin
thetaskscheduleof thereceivenode.

The complexity of the WRP algorithm is also
� � � � �

sinceit followsthesamestructureof theWR algorithmand
thepreemptingprocessrequiresconstantsteps.

5 Experimental Results

To evaluate the performanceof the schedulingalgo-
rithmswehave developeda softwaresimulatorto calculate
thecommunicationcompletiontimeandcomputationover-
heads.The simulatoris modeledby the numberof nodes,
thenetwork capability, andthemulticastpatterns.We clas-
sify the nodesinto several classesaccordingto their send
andreceiveoverheads.Theconstantpartsarein therangeof
80�K$ to400�K$ , andthelengthdependentpartsarechosenin
therangeof 0.0001�K$������q��& to 0.01�K$��	���q��& . As for thethe
network capability, two link transmissionrates,

L�
�
	
 � � $
and
L�� � � $ , areconsideredin oursimulations.We consider

threemessagelengthin our experiments– smallmessages
( N L #����q��&]$ ), large messages(1


 ���q��&]$ and1.5

 ���q��&]$ ),

anda hybrid of smallandlargemessages.We presentand
discusstheresultsfrom threecases– asinglebroadcast,all-
to-all broadcastandgeneralmultiplemulticast.

5.1. Single Broadcast

Thebroadcasttime on a
�

-nodesystemis measuredas
follows. Werepeatthebroadcastfor

�
timesandeachtime

a differentprocessoris chosenasthe source. The time is
measuredastheaverageof thecompletiontimefrom the

�
broadcasts.

The completion time of the FEF algorithm is much
longer than thoseof the others. Sincethe ECF, WR and
WRPgeneratethesametaskschedulesfor a singlebroad-
cast,thecompletiontimeof thesethreeheuristicsarealmost
identical.

5.2. Multiple Multicast

For multiple multicastwe considera 64-nodeHNOW
system,with threedifferentcombinationsof messagelength
and two classesof networks describedearlier. Given the
setof sourcenodes,the simulatorpicks the messagesizes
andrandomlychoosesthedestinationnodesfor eachsource
node. The completiontime is taken from the averageof
1000runswith randomcon�gurationof sourceanddestina-
tion nodes.

Figure3 and Figure4 show the completiontimes in a
fast network and a slow network respectively. The WRP
algorithmperformsbestamongall four algorithms,espe-
cially for largemessages.It canbeobservedthat thecom-
pletiontimesof theWRPalgorithmarewithin 2.5 timesof
thelowerboundson largesystems.



6 Conclusionand Future Work

In thispaperwehavepresentedfour algorithmsfor mul-
tiple multicast in heterogeneousNOW systems. We ex-
tend the Fastest-Edge-Firstand the Earliest-Completion-
First heuristicsin [14, 2] to solve the multiple multicast
problem in a non-blockingcommunicationenvironment.
We have alsodesignedtwo new algorithms,Work-Racing
andWork-Racing-Preemptive that wereinspiredby a �o w
controlmechanismfor packet-switchednetworks.

Thesealgorithmshave beenevaluatedusinga software
simulator. A lowerboundfor thecompletiontimeof multi-
plemulticastis alsoderived.Thesimulationresultsdemon-
stratetheperformanceadvantageof thetwo new algorithms
onsystemsof up to 64nodes.

Oneof themainchallengesin designingmulticastalgo-
rithms is the handlingof dynamicmulticastpatterns.For
dynamicpatterns,thealgorithmmustcomputesthesched-
ule very quickly, without sacri�cing the schedulequal-
ity. Although the Work-Racing and the Work-Racing-
Preemptivealgorithmsthatwehaveproposedcandetermine
ef�cient scheduleswith negligible overheadfor multicast
of long messages,thereis roomfor improvementfor short
messages.We areconsideringanincrementaloptimization
approachfor dynamicmultiple multicast. That is, givena
multiple multicastpattern� anda goodschedule� for it,
our goal is to derive a goodschedulefor a similar pattern
��� from � insteadof recomputetheschedulefrom scratch.

We are also investigatingthe possibility of extending
thiswork to handlingcollectivecommunicationoverWide-
Area-Networks (WAN). The �rst steptoward WAN com-
municationis to enhanceour communicationmodel with
the ability to predict the behavior of communicationin
WAN. In order to do so, we needto statisticallyanalyze
the effect of the cross-traf�cs from othersessionsandthe
traf�c patternof a communicationin orderto measurethe
network transmissiontimemoreaccurately.
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Figure 3. Completion time of multiple multicast in a fast network: from left to right: FEF, ECF, WR,
WRP and the lower bound.
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Figure 4. Completion time of multiple multicast in a slow network: from left to right: FEF, ECF, WR,
WRP and the lower bound.


