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Abstract

In this paper, we proposea new hardware tree-based
routing algorithm (HTA) for multicastcommunicationun-
der virtual cut-through switching in k-ary n-cubesthat
out-performsexisting software and hardware path-based
multicast routing schemes. Simulation results are com-
paredagainstseveral commonlyusedmulticastroutingal-
gorithmsandshowthatHTA performsextremelywell under
manydifferentconditions.

1 Intr oduction

Efficient routing of multicast messagesis extremely
important to the performanceof multiprocessors. Since
most current multiprocessorsonly support unicast com-
munication,multicast is thereforeimplementedas multi-
ple unicastmessagesresulting in high messagelatencies.
Hardware-basedmulticastsupportcangreatlyimproveper-
formance. Among the proposedhardware-basedschemes
for multicastare path-basedand tree-basedrouting algo-
rithms [1, 2, 3, 4, 5, 7]. Eachoneof theseschemesuses
multi-destinationmessages,which aremessagesthat have
more than one headerflit. The main differencebetween
thesetwo typesof multicastschemeslies in how theheader
flits in a multi-destinationmessagearerouted. Path-based
techniquesonly requireroutingof thefirst headerflit ateach
nodewhile tree-basedrequiresroutingof all headerflits.

In tree-basedrouting,no orderingof the destinationsis
requiredbeforethemessageis injectedinto thenetwork and
theshortestpathsbetweenthesourcenodeandall destina-
tionsarealwaystaken.However, thistypeof routingsuffers
from ahighprobabilityof messageblockingatintermediate
nodesleadingto higher deadlockprobability. Path-based
routing doesnot suffer from this high probability of mes-
sageblocking. However, it doesrequiredestinationsto be

orderedat thesourceanddoesnotalwaysprovidetheshort-
estpathbetweenthesourcenodeandeachdestinationnode.

In this paper, we proposea hardwaretree-basedrouting
algorithm(HTA) which attemptsto reducethe probability
of messageblocking, resulting in low messagelatencies.
Theprobabilityof a messageblockingis keptlow by using
virtual cut-throughswitching,independentvirtual channels
(VCs) for unicastandmulticastmessages,severalVCs per
physicalchannel(PC),an efficient deadlockdetectionand
recoveryscheme,anddelayedheaderflit routing.TheHard-
wareTree-basedroutingalgorithm(HTA) is afully adaptive
andminimal tree-basedroutingschemefor multicastrout-
ing. The schemeis fully compatiblewith existing unicast
routingschemes.Althoughtree-basedroutinghasnot been
seenin the pastas very practicalbecauseof large block-
ing probabilities,we demonstratethat it canbe madevery
competitive by judicial combinationof existing techniques
in additionto thenew conceptof delayedheaderflit routing.

2 Hardware Tree-BasedMulticast Routing
Algorithm (HTA)

HTA is aroutingschemethatcombinestwo distinctrout-
ing algorithms,onefor unicastcommunicationandonefor
multicastcommunication.Both routingalgorithmsareim-
plementedwithin thesamenetwork andeachmessageis as-
signedto theappropriateroutingalgorithmwheninput into
thenetwork. Although � -ary � -cubenetworksaresimulated
here,any directnetwork canbeusedwith HTA aslongasit
is compatiblewith theunicastroutingalgorithm.Themain
characteristicsof HTA areasfollows: Virtual cut-through
switchingis usedwith distinctvirtual pathsfor unicastand
multicastmessages,eachpathusingthreeVCs perdimen-
sion(totalof six VCsperdimension).Unicastmessagesare
routedusingthe deadlock-freeroutingalgorithmproposed
in [11, 12] (briefly explainedin Section2.1).Any otheruni-
castalgorithmthatis compatiblewith thenetwork topology
couldalsobeimplementedin HTA. Multicastmessagesare



routedusingtree-based,fully adaptiveroutingalongwith a
deadlockdetectionandrecovery scheme(Sections2.1 and
2.3) and delayedheaderflit routing (Section2.2). Each
messageis composedof all headerflits followedby all data
flits. Eachheaderflit holdsonedestinationaddressanddes-
tinationsdo not needto beorderedwithin a multicastmes-
sage.

2.1 The Routing Scheme
OurproposedHTA schemeconsistsof two separaterout-

ing algorithmsfor unicastandmulticastmessages,which
aredescribedbelow.

Unicast Communication Routing Algorithm. The
deadlock-freerouting algorithm proposedin [11, 12] is
usedfor unicastcommunicationin HTA andis anadaptive
routing algorithm basedon dimension-orderrouting. In
this adaptive routing scheme,a messageis routed on
any adaptive channeluntil it is blocked. Once blocked,
a messageis routed using dimension-orderrouting if
possible.A messagemayreturnto theadaptivechannelsin
thefollowing routingdecisionsif theadaptivechannelsare
available.

Whena messageis routedusingdimension-orderrout-
ing, it is routedalongdecreasingdimensionswith a dimen-
siondecreaseoccurringonly whenzerohopsremainin all
higherdimensions.By assigninganorderto thenetwork di-
mensions,no cycle existsin thechannel-dependency graph
and the algorithm is deadlock-free.A minimum of three
VCs per dimensionis requiredfor deadlock-freerouting
in k-ary n-cubes. Two VCs per dimensionare usedfor
dimension-orderroutingandall remainingVCsareusedfor
adaptiverouting.

Multicast Communication Routing Algorithm. Multi-
castmessagesareroutedthroughthenetwork usinga tree-
based,delayedheaderflit routing algorithm along with a
deadlockdetectionandrecovery scheme.The first header
flit of a multicastmessageis routedto any freechannelus-
ing thefollowingpriority scheme: themessagefirst requests
any freechannelin thedimensionin which it hasthegreat-
estdistanceleft to travel. If morethanonedimensionhas
the samedistanceleft to travel, a dimensionis randomly
selected.If thereareno free channelswithin the selected
dimension,thenany freechannelin thedimensionwith the
next furthestdistanceleft to travel is requested.This type
of requestingcontinuesuntil a channelhasbeenassigned
to the headerflit of this messageor until no free channels
have beenfound. If no freechannelsarefound,theheader
flit at thetop of thequeueblocks.No otherheaderflits can
be routeduntil this headerflit hasbeenrouted. After the
headerflit is routedat thecurrentnode,it is thenmovedto
theneighboringnode’s queue.Becausedelayedheaderflit
routingis used(explainedin Section2.2),theheaderflit just
routedremainsat theneighboringqueueuntil all remaining

headerflits in this multicastmessagehave beenroutedat
thecurrentnode.

After thefirst headerflit is routed,all remainingheader
flits areroutedin the samemanneras the first headerflit,
with one exception. When eachof the remainingheader
flits reachesthetop of thequeue,it is first routed(if possi-
ble) to any channelalreadyallocatedto this multicastmes-
sageby any of theprecedingheaderflits thathave already
beenrouted.If thisheaderflit cannotberoutedin any of the
previouslyrouteddimensions,thenit is routedusingthepri-
ority schemedescribedabovefor thefirst flit in themessage.
By trying to routetheremainingheaderflits to alreadyallo-
catedchannelsfor eachmulticastmessage,extra channels
areonly assignedto themulticastmessagewhennecessary.
Thiskeepsotherchannelsavailablefor othermulticastmes-
sagesin the network andreducesthe probability of block-
ing sincelessnumberof channelsareassignedpernodefor
eachmulticastmessage.

Once all headerflits for each multicast messageare
routed,the dataflits for this messageare moved simulta-
neouslyto all channelsallocatedto this multicastmessage.
HTA allows full adaptivity for multicast messagessince
there is no channelrouting restriction. To deal with po-
tentially deadlocked situationsthe deadlockdetectionand
recovery schemedescribedin Section2.3 is used. The
schematicof the HTA routing algorithmis shown in Fig-
ure1.

2.2 HeaderFlit Routing
Theschememostcommonlyusedfor routingheaderflits

[9, 4] is referredto hereas immediateheaderflit routing.
To increaseperformancea new typeof schemeis proposed
calleddelayedheaderflit routing.
Immediate Header Flit Routing. Whena headerflit is
routed at the current node and moved to a neighboring
queue,it is routedat this neighboringnodewithoutwaiting
for the remainingheaderflits in the messageto be routed.
Figure3 shows an exampleof immediateheaderflit rout-
ing. In this figure,headerflit ����� is blockedwhile header
flit �	��
 continuesto be routed,holding VCs and causing
message� to block.
DelayedHeaderFlit Routing. HTA usesdelayedheader
flit routing to lower the probability of messagesblocking
andto increaseperformance.In delayedheaderflit routing,
a headerflit at a neighboringnodeis preventedfrom being
routeduntil all headerflits at the currentnodehave been
routed.

Becausein tree-basedrouting,theremainingheaderflits
may not be immediatelyrouted,it’s moreadvantageousto
keepall headerflits within closeproximity of oneanother
usingdelayedheaderflit routing. Thiscloseproximity pre-
ventsheaderflits from beingassignedto queuesat down-
streamnodesbeforeall flits in the messagecanusethem.
This keepsthe downstreamqueuesfree so that they are
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Figure 1. HTA Routing Algorithm for a multicast messa ge
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Figure 2. Deadloc k Probabilities for an � -ary � -cube netw ork
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available for other messagesin the network that can use
themimmediately. This schemeonly requiresa smalladdi-
tionalamountof controllogic to detectwhenall headerflits
at the currentnodehave beenroutedandoneextra control
line perVC usedto notify theheaderflits at theneighboring
nodeswhenroutingcancontinue.Figure4 showsanexam-
ple of delayedheaderflit routing. In this figure,headerflit��� � is blockedwhile headerflit

��� 
 waits at the neighbor
nodeuntil the last headerflit in this message(flit

��� � ) is
routed. Message� cannow be routed. As the numberof
destinationsgrows,delayedheaderflit routingbecomesin-
creasinglyimportantin reducingtheprobabilityof message
blocking.

2.3 DeadlockDetectionandRecovery Mechanism
In HTA, eachnodehasa dedicatedholdingqueuecalled

the deadlockqueue. If a headerflit currently undercon-
siderationcannotberoutedto a channelin a predetermined
amountof time (timeout delay), the headerflit is consid-
eredto bein a potentialdeadlocksituationandis routedto
thedeadlockqueueat thecurrentnode.This timeoutdelay
valuewill furtherbeexploredin Section3.

Onceoneof the headerflits in a messagehasbeenas-
signedto the deadlockqueue,all remainingheaderflits in
the messagemustbe routedassoonas they reachthe top

of the queue. If any remainingheaderflit cannotbe im-
mediatelyrouted,it is alsoconsideredto be in a potential
deadlockand is routedto the deadlockqueueat the cur-
rentnode. Messagesin the deadlockqueuearere-injected
into thenetwork aftera predeterminedamountof time (re-
injectiondelay). This re-injectiondelaywill be furtherex-
ploredin Section3.

When the deadlockqueueis full and anothermessage
is potentiallydeadlocked,an interruptis generatedandthe
messageis absorbedinto the currentnode. When space
is availablein the router’s deadlockqueue,the messageis
prefetchedfrom thelocalprocessingnodeandmovedto the
deadlockqueuein therouter. If a newly generatedmessage
and a potentially deadlocked messagefrom the absorbed
queuesimultaneouslyrequestthe sourcequeue,the mes-
sagefrom theabsorbedqueueis givenpriority. By allowing
theoverflow of messagesto bestoredin the local process-
ing node,this deadlockqueuebecomesessentiallyinfinite
for all practicalpurposeswithoutcausingany additionalde-
lay in routingandeliminatesthepossibilityof deadlock.

3 PerformanceEvaluation by Simulation
Extensive simulation experimentswere carried out to

comparethe performanceof our proposedHTA scheme
with two commonly-usedmulticastschemes,e.g.Software
Multicast (one unicastmessageis sent for every destina-
tion addressin the multicast message)and Column-Path
[1] (Thedestinationsin a multicastmessageareplacedinto
submulticastmessagesaccordingto thecolumnthedestina-
tion is in. For example,in a unidirectionaltorus,at mostk
sub-multicastmessagescanbesentpermulticastmessage,
onesub-multicastmessagesentpercolumn).

A discrete-timesimulatorwasusedfor 8-ary2-cubeand
16-ary2-cubenetworks. Messagesizesvariedfrom 16 to
64 flits andnumberof destinationsper multicastmessage
wererandomlychosenandvariedfrom 8 to 32. Thebuffer
sizesusedin thesimulationareall equalto asinglemessage
length.All routerimplementationsusesix VCs perdimen-
sion. TheSoftwareMulticastandColumn-Pathalgorithms
both usetwo VCs per dimensionfor deterministicrouting
andfour for adaptive. The timeoutandre-injectiondelays
for all messagesizesandnumberof destinationsper mes-
sagesimulatedherefor HTA are16and50clockcycles,re-
spectively. Fifty cyclesis a feasibledelaybecausethedead-
lock detectionandrecoveryschemeis nota software-based
approach.Instead,thedeadlockqueuethatholdspotentially
deadlockedmessagesin HTA is locatedin the router. The
deadlockqueuecan hold one multicastmessagewith all
overflow messagesbeingabsorbedby the local processing
node.

The communicationstartuptime requiredfor ordering
themessagesin theColumn-Pathalgorithmis not included
in thesimulations.Thetimerequiredfor creatingandplac-
ing the messagesin the sourcequeueis alsonot included



for any of the routing algorithms simulatedhere. The
simulationsusea stabilizationthresholdof a 0.005differ-
encebetweentraffic 1000clock cyclesapartto determine
steadystate. Traffic was varied from 0.1 until saturation
wasreachedin 0.1increments.Simulationswereperformed
for traffic composedof only multicastcommunication,only
unicastcommunication,andhalf unicastandhalf multicast
communication.

To reducetheprobabilityof deadlocknearsaturation,in-
jection limitation schemesareoften used[13, 14, 15]. In
the simulationsperformedhere, messageinjectionswere
limited to threeunicastand one multicastmessagein the
sourcequeuesimultaneously. This back-pressuremecha-
nismsometimesresultsin a fairly flat curvenearsaturation
in thelatency versusnormalizedappliedloadgraphs.

All implementationsuse12sinkchannels.Althoughthis
is anunusuallyhigh numberof consumptionchannels,the
Column-Pathroutingalgorithmrequiresthismany channels
for deadlockfreedomsincethe adaptive routingalgorithm
proposedin [11, 12] is usedfor thebaseroutingconformed
path (as opposedto e-cuberouting wherelessnumberof
sinkchannelsarerequired).For fairness,theSoftwareMul-
ticastandHTA are also simulatedwith 12 sink channels,
althoughbothonly requireonesinkchannel.

Figure2 shows the probability of deadlockversusnor-
malizedappliedloadfor HTA. Figures5, 6, 7, and8 show
themessagelatenciesversusnormalizedappliedloadplots
of the three multicast routing algorithmsfor unicastand
multicasttraffic for variousmessagesizesandnumberof
destinationnodes. Whenboth unicastandmulticastcom-
municationaresimulatedsimultaneously, messagelatency
includesboth unicastandmulticastlatency. A discussion
of theseresultsis found in the following sections. Note
thatmessagelatency for HTA includesthetime thatpoten-
tially deadlockedmessageswait in theabsorbedqueueand
that reinjectionof potentiallydeadlockedmessagesarenot
countedasnew throughputinto thenetwork.

3.1 DeadlockProbability
Figure2 shows the probability of deadlockversusnor-

malized applied load for HTA. The probability of dead-
lock is the total numberof potentially deadlocked mes-
sages(PDM) dividedby thenumberof messagesthathave
reachedtheir destinations.Theprobabilitiesarelow except
nearsaturation.Taking into accountthe differencesin the
simulations(e.g. time-outandre-injectiondelays,bidirec-
tionality, switchingtype,messageandnetwork size),HTA’s
resultsarecomparableto thosereportedfor k-ary n-cubes
underunicasttraffic in [16, 17, 18, 19, 15].

In schemessuchasDISHA, whena potentialdeadlock
occursoneof themessagesin thedeadlockedsetis removed
from the network usingadditionalbuffers at eachnodeto
routethe messagedirectly and immediatelyto its destina-
tion andthereforethe PDM doesnot have anotherchance

of deadlocking[18, 16]. In HTA thePDM is removedfrom
thenetwork atthecurrentnodeandis reinjectedinto thenet-
work aftera givenamountof time at thesamecurrentnode
in which it deadlocked. The re-injectedPDM may poten-
tially deadlockagainalongthepathto its destinationnode.
HTA doesnot requireasmuchcomplex logic, is scalable,
anddoesnot haveasinglepointof failure.

Increasingthe numberof destinationsper messagere-
sults in a greaterprobability that a destinationwill block,
increasingdeadlockprobability. The greaterthe message
size,thegreaterthedeadlockprobabilitybecausemorere-
sourcesareoccupied. Increasingnetwork sizeresultsin a
longerpathbetweensourceanddestinationandalsoresults
in greaterdeadlockprobability.

3.2 Multicast Latency
MessageLatency. Figure 5 shows that HTA performs
bestamongall threealgorithmsat all utilization andfor all
messagesizes,evenwithout includingthetime for destina-
tion orderingin theColumn-Pathalgorithm.Thisis because
theprobabilityof messageblockinghasbeenkept low, the
deadlockdetectionandrecovery algorithmis efficient, and
becausetree-basedroutingdoesnotunnecessarilycopy data
flits whenroutingmulticastmessages.

As the numberof destinationsper messageincreases,
the Column-Path algorithm performsbetter(althoughnot
aswell asHTA) becausemoredestinationscanbegrouped
together, requiringlessnumberof sub-multicastmessages
to besentpermulticastmessage.

HTA always performsbetter than Software Multicast.
Even thoughHTA hasgreatermessageblocking probabil-
ity at eachnodeaswell asfewer VCs per dimensionthan
SoftwareMulticast, the necessityof sending� completely
separatemessagesfor � differentdestinationsin Software
Multicast greatly outweighsthesedisadvantagesof HTA
(especiallyfor large numberof destinations).In addition,
HTA keepsmessageblocking at eachnodeto a minimum
by routing all destinationsthroughthe samepathas long
aspossibleandby not restrictingthe useof any available
channel(unlikedeadlockpreventionschemes).

Saturation Point. HTA alwayshasthehighestsaturation
point sincechannelsare only usedanddataflits are only
copiedwhennecessary. Traffic in the network is kept low
resultingin increasedsaturationpoints.

Effectsof Network Size. HTA’sperformanceincreasesas
the8-ary2-cubenetwork is increasedin sizeto a 16-ary2-
cubenetwork (Figure6). Its performanceis alwaysbetter
thantheothertwo algorithmsfor all messagesizes.

TheColumn-Pathalgorithmperformanceslightly suffers
due to the lower probability that messageswill fall in the
samecolumnand thereforeusesmoresub-multicastmes-
sages.TheHTA ismuchmoreflexible with respectto topol-
ogyandits latency remainslow.



Effects of Traffic Type (Unicast vs. Multicast). When
traffic is composedof all unicastmessages(Figure7), the
Column-PathandSoftwareMulticastalgorithmsgive simi-
lar performancebecauseboththesealgorithmsusethesame
unicastroutingschemeandhave the samenumberof VCs
devotedto unicastmessages.Theslight variancesaresim-
ply dueto therandomgenerationof messages.

At low utilization,HTA performsbestbecauseonly three
VCs per dimensionaredevotedto unicastcommunication
while theothertwo algorithmsdevoteall six VCs. Having
fewer numberof VCs per dimensionmeanslessmessage
multiplexing, resultingin lowermessagelatencies.

At high utilization, theColumn-PathandSoftwareMul-
ticastalgorithmsperformbetterbecauseeachof thesealgo-
rithmshassix VCsperdimensionfor unicastmessages.Six
VCs providesgreateradaptivity for messagesto be routed
aroundblocked messagesat high utilization, resulting in
highersaturationpoints.

Whentraffic is composedof half unicastandhalf mul-
ticast traffic (Figure8), unicastandmulticastlatency ver-
susnormalizedappliedload graphsareshown. HTA per-
formscomparableto or betterthantheotheralgorithmsfor
all messagessizesandutilization.
4 Comparisonof HTA with Existing Schemes

HTA differs in many importantrespectsfrom theprevi-
ouslyproposedtree-basedroutingalgorithms[9, 4, 7, 10].
Below, we provide a detailedcomparisonof HTA with the
existingschemes.� In most tree-basedrouting algorithms, wormhole

switching is implementedresultingin large blocking
probabilitiesandpoorperformance.As shown in [18],
virtual cut-throughswitchingcangreatlydecreasethe
probability of deadlock for unicast communication
overwormholeswitchingwhena fixednumberof vir-
tual channelsare used. Although in [7] cut-through
switchingis used,theswitchingis implementedusing
a commonbuffer pool andthebuffer is locatedin the
localprocessingnode(not in therouteritself). In HTA
a buffer is implementedat every VC andevery buffer
is locatedin the router. This greatlyincreasesperfor-
mance.

� In [7] only onePC (with no VCs per PC) is usedper
dimensionandonly onesink channelis implemented.
As shown in [18, 16], increasingthe numberof VCs
for unicastcommunicationincreasesrouting freedom
which in turn exponentiallydecreasesthe probability
of deadlockandincreasesperformance.

� Although [7] usesa deadlockdetectionandrecovery
scheme,the HTA schemeis more efficient. When
a headerflit blocks for a predeterminedamountof
time in HTA, the headerflit is routedto the deadlock
queue.All remainingheaderflits arethenimmediately

routedto, first, any previously routedchannels,then
to any availableandapplicablechannelandfinally to
thedeadlockqueueif nootherroutingoptionremains.
TheHTA schemeimprovesuponthe deadlockrecov-
ery methodin [7] in which all headerflits (including
all thosethat have alreadybeenroutedat the current
nodeandatany of thedownstreamnodes)areaborted.
In addition, for their deadlockrecovery scheme,the
entiremessageis alwayscopiedto the local process-
ing nodewhena multicastis split (whetherdeadlock
occursor not). Whenanabortdoeshappen,themes-
sageis alreadystoredat thelocal nodeandis readyto
bereinjectedinto thenetwork aftera givenamountof
time. However, this methodwastesvaluablechannel
bandwidthandcausescontentionin thenetwork if two
multicastchannelsrequestthesplit channel.

� Choicesfor timeoutvaluesfor deadlockdetectionand
recovery schemesinclude timeoutsequivalent to the
sizeof themessage[19], four timesthemessagelength
[15], 8-16cycles[20], and800-1000cycles[14]. Tree-
basedmulticastcommunicationtimeoutrequirements
areslightly differentthanthosefor unicastcommuni-
cation. In tree-basedmulticast,morethanoneheader
flit is usuallyroutedat eachnode.If thetimeoutis too
greatfor eachheaderflit, messageprogressthroughthe
network will be very slow sincedataflits arenot for-
wardeduntil all headerflits arerouted.If thetimeoutis
too small,many falsedeadlockswill result.HTA uses
16 cyclesfor all messagesizesandnumberof destina-
tionspermessage.

� Reinjection delays for unicast communication on
wormholeswitchingunderk-ary n-cubenetworksare
around200 cycles [14, 15]. Deadlockdetectionand
recovery techniquessimilar to DISHA [20] do not re-
quire re-injectiondelaysbecausewhenmessagesare
potentiallydeadlockedthey areimmediatelyroutedus-
ing ”floating buffers” to their destination.HTA usesa
re-injectiondelayof 50 cycles.

� It wasshown in [18] thatbidirectionalnetworkshave
a lower deadlockprobability thanunidirectionalnet-
works.Deadlockrecoveryschemesusingbidirectional
channelsinclude[19, 14,18, 15]. Unidirectionalchan-
nelsareaddressedin [18, 17]. HTA usesunidirectional
channels.

� The QBM scheme[10] is a deadlock-freealgorithm.
Thislimits routingoptionsto only thosepathsvalid for
deadlockfreedom.Theschemealsorequiresa startup
delay for building a QBM treeat the beginning of a
user-level multicastmaking it more suitablefor bulk
multicasts.HTA hasmoreroutingflexibility sinceany
availablepathis a valid routingoption in its deadlock
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Figure 5. All multicast comm unication for an � -ary � -cube netw ork with messa ge size = 64 flits.
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Figure 6. All multicast comm unication for a 
�� -ary � -cube netw ork with messa ge size = 64 flits.
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Figure 7. All unicast comm unication with messa ge size = 64 flits for an � -ary � -cube .
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Figure 8. 50% unicast and 50% multicast comm unication for an � -ary � -cube netw ork with messa ge
size = 64 flits.



detectionandrecovery schemeandHTA doesnot re-
quireany additionalstartupdelay.

� Severalmachinesalreadyhavesomehardwaresupport
for multicast. ThenCUBE-2is a wormhole-switched
hypercubewhich supportsbroadcastwithin eachsub-
cube.However, deadlockis possibleif multiplemulti-
castsexist [21]. TheNEC Cenju-3supportsbroadcast
within eachcontinuousregion, but deadlockis once
again possibleif multiple multicastsexist. Finally,
theThinkingMachinesCorporation(TMC) CM-5sup-
portsonemulticastat a timevia thecontrolnetwork.
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