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Abstract

In this paper we proposea new hardware tree-based
routing algorithm (HTA) for multicastcommunicatiorun-
der virtual cut-thmpugh switching in k-ary n-cubesthat
out-performsexisting softwae and hardware path-based
multicast routing schemes. Simulationresults are com-
pared againstseveral commonlyusedmulticastrouting al-
gorithmsandshowthat HTA performsextremelywell under
manydifferentconditions.

1 Intr oduction

Efficient routing of multicast messagess extremely
importantto the performanceof multiprocessors. Since
most current multiprocessorsonly support unicast com-
munication, multicastis thereforeimplementedas multi-
ple unicastmessagesesultingin high messagdatencies.
Hardware-basedhulticastsupportcangreatlyimprove per
formance. Among the proposedhardware-basedchemes
for multicastare path-basednd tree-basedouting algo-
rithms|[1, 2, 3, 4, 5, 7]. Eachone of theseschemesises
multi-destinationmessagesyhich are messagethat have
more than one headerflit. The main differencebetween
thesetwo typesof multicastschemediesin how theheader
flits in a multi-destinationmessagarerouted. Path-based
technique®nly requireroutingof thefirst headeflit ateach
nodewhile tree-basedequiresrouting of all headefflits.

In tree-basedouting, no orderingof the destinationss
requiredbeforethemessagés injectedinto thenetwork and
the shortespathsbetweernthe sourcenodeandall destina-
tionsarealwaystaken. However, thistypeof routingsuffers
from ahigh probabilityof messagélockingatintermediate
nodesleadingto higher deadlockprobability. Path-based
routing doesnot suffer from this high probability of mes-
sageblocking. However, it doesrequiredestinationgo be
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orderecatthesourceanddoesnotalwaysprovide theshort-
estpathbetweerthesourcenodeandeachdestinatiomode.
In this paper we proposea hardwaretree-basedouting
algorithm (HTA) which attemptsto reducethe probability
of messageblocking, resultingin low messagdatencies.
The probability of a messagélockingis keptlow by using
virtual cut-throughswitching,independentirtual channels
(VCs) for unicastandmulticastmessagesseveral VCs per
physicalchannel(PC), an efficient deadlockdetectionand
recoveryschemeanddelayecheadeflit routing. TheHard-
wareTree-basedoutingalgorithm(HTA) is afully adaptve
andminimal tree-basedouting schemefor multicastrout-
ing. The schemeis fully compatiblewith existing unicast
routingschemesAlthoughtree-basedouting hasnot been
seenin the pastas very practical becauseof large block-
ing probabilities,we demonstrat¢hatit canbe madevery
competitive by judicial combinationof existing techniques
in additionto thenew concepbf delayedheadeflit routing.

2 Hardware Tree-BasedMulticast Routing
Algorithm (HTA)

HTA is aroutingschemehatcombinegwo distinctrout-
ing algorithms,onefor unicastcommunicatiorandonefor
multicastcommunication.Both routing algorithmsareim-
plementedvithin thesamenetwork andeachmessagés as-
signedto theappropriateoutingalgorithmwheninputinto
thenetwork. Althoughk-aryn-cubenetworksaresimulated
here ary directnetwork canbe usedwith HTA aslongasit
is compatiblewith the unicastrouting algorithm. The main
characteristicef HTA areasfollows: Virtual cut-through
switchingis usedwith distinctvirtual pathsfor unicastand
multicastmessagesachpathusingthreeVCs perdimen-
sion(total of six VCs perdimension).Unicastmessageare
routedusingthe deadlock-freeouting algorithm proposed
in[11, 12] (briefly explainedin Section2.1). Any otheruni-
castalgorithmthatis compatiblewith thenetwork topology
couldalsobeimplementedn HTA. Multicastmessageare



routedusingtree-basediully adaptve routingalongwith a
deadlockdetectionandrecovery schemgSections2.1 and
2.3) and delayedheaderflit routing (Section2.2). Each
messagés composedf all headeflits followedby all data
flits. Eachheadefflit holdsonedestinatioraddresanddes-
tinationsdo not needto be orderedwithin a multicastmes-
sage.

2.1 The Routing Scheme

OurproposedTA schemeonsistof two separateout-
ing algorithmsfor unicastand multicastmessagesyhich
aredescribedelow.

Unicast Communication Routing Algorithm. The
deadlock-freerouting algorithm proposedin [11, 12] is
usedfor unicastcommunicatiorin HTA andis anadaptve
routing algorithm basedon dimension-orderouting. In
this adaptve routing scheme,a messageis routed on
ary adaptve channeluntil it is blocked. Once blocked,
a messageis routed using dimension-orderrouting if
possible A messagenayreturnto theadaptve channelsn
thefollowing routing decisiondf the adaptie channelsare
available.

Whena messageés routedusing dimension-orderout-
ing, it is routedalongdecreasinglimensionswith adimen-
siondecreas®ccurringonly whenzerohopsremainin all
higherdimensionsBy assigninganorderto thenetwork di-
mensionsno cycle existsin the channel-dependeggraph
andthe algorithmis deadlock-free. A minimum of three
VCs per dimensionis requiredfor deadlock-freerouting
in k-ary n-cubes. Two VCs per dimensionare usedfor
dimension-orderoutingandall remainingVCs areusedfor
adaptve routing.

Multicast Communication Routing Algorithm.  Multi-
castmessageareroutedthroughthe network usinga tree-
based,delayedheaderflit routing algorithm alongwith a
deadlockdetectionandrecovery scheme.The first header
flit of a multicastmessagés routedto ary free channelus-
ing thefollowing priority scheme themessagérstrequests
ary freechannein thedimensionin whichit hasthe great-
estdistanceleft to travel. If morethanonedimensionhas
the samedistanceleft to travel, a dimensionis randomly
selected.If thereareno free channelswithin the selected
dimensionthenary free channeln thedimensionwith the
next furthestdistanceleft to travel is requested.This type
of requestingcontinuesuntil a channelhasbeenassigned
to the headefflit of this messager until no free channels
have beenfound. If no free channelsarefound,the header
flit atthetop of the queueblocks. No otherheadefflits can
be routeduntil this headerflit hasbeenrouted. After the
headefflit is routedat the currentnode,it is thenmovedto
the neighboringnodes queue.Becausalelayednheaderflit
routingis used(explainedin Section2.2),theheadeflit just
routedremainsatthe neighboringgueueuntil all remaining

headerflits in this multicastmessagéave beenroutedat
thecurrentnode.

After thefirst headeflit is routed,all remainingheader
flits areroutedin the samemannerasthe first headefflit,
with one exception. When eachof the remainingheader
flits reacheghetop of the queuei,it is first routed(if possi-
ble) to any channeklreadyallocatedto this multicastmes-
sageby ary of the precedingheadefflits thathave already
beenrouted.If thisheadeflit cannotberoutedin any of the
previouslyrouteddimensionsthenit is routedusingthe pri-
ority schemeadescribedbovefor thefirstflit in themessage.
By trying to routetheremainingheadeflits to alreadyallo-
catedchanneldfor eachmulticastmessageextra channels
areonly assignedo the multicastmessag@hennecessary
Thiskeepsotherchannelsvailablefor othermulticastmes-
sagedn the network andreduceghe probability of block-
ing sincelessnumberof channelsareassignegernodefor
eachmulticastmessage.

Once all headerflits for each multicast messageare
routed, the dataflits for this messagere moved simulta-
neouslyto all channelsallocatecto this multicastmessage.
HTA allows full adaptvity for multicast messagesince
thereis no channelrouting restriction. To dealwith po-
tentially deadlocled situationsthe deadlockdetectionand
recovery schemedescribedin Section2.3 is used. The
schematiocof the HTA routing algorithmis showvn in Fig-
urel.

2.2 HeaderFlit Routing

Theschemanostcommonlyusedfor routingheadeflits
[9, 4] is referredto hereasimmediateheaderflit routing
To increaseperformance new type of schemes proposed
calleddelayedheadefflit routing.

Immediate Header Flit Routing. Whena headefflit is

routed at the current node and moved to a neighboring
gueueijt is routedat this neighboringnodewithoutwaiting

for the remainingheadefflits in the messagéo be routed.
Figure 3 shavs an exampleof immediateheaderflit rout-

ing. In this figure, headefflit A.2 is blockedwhile header
flit A.1 continuesto be routed, holding VCs and causing
message3 to block.

DelayedHeader Flit Routing. HTA usesdelayedheader
flit routing to lower the probability of message®locking
andto increaseperformanceln delayedheaderflit routing,

a headefflit at a neighboringnodeis preventedfrom being
routeduntil all headerflits at the currentnode have been
routed.

Becauseén tree-basedouting,theremainingheadeflits
may not be immediatelyrouted,it's more advantageouso
keepall headefflits within closeproximity of oneanother
usingdelayedheaderflit routing This closeproximity pre-
ventsheaderflits from being assignedo queuesat down-
streamnodesbeforeall flits in the messageanusethem.
This keepsthe downstreamqueuesfree so that they are
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Figure 1. HTA Routing Algorithm for a multicast message
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available for other message#n the network that can use
themimmediately This schemeonly requiresa smalladdi-
tionalamountof controllogic to detectwhenall headeflits
atthe currentnodehave beenroutedand oneextra control
line perVC usedto notify theheadeflits attheneighboring
nodeswvhenroutingcancontinue.Figure4 shavs anexam-
ple of delayedheaderflit routing. In this figure, headefflit
A.2 is blocked while headerflit A.1 waits at the neighbor
nodeuntil the last headerflit in this messagdflit A.2) is
routed. MessageB cannow be routed. As the numberof
destinationgrows, delayedheaderflit routingbecomesn-
creasinglyimportantin reducingthe probabilityof message
blocking.

2.3 DeadlockDetectionand Recovery Mechanism

In HTA, eachnodehasa dedicatecholdingqueuecalled
the deadlockqueue. If a headerflit currently undercon-
siderationcannotbe routedto a channeln a predetermined
amountof time (timeoutdelay), the headerflit is consid-
eredto bein a potentialdeadlocksituationandis routedto
thedeadlockgueueat the currentnode. This timeoutdelay
valuewill furtherbeexploredin Section3.

Onceoneof the headerflits in a messagéasbeenas-
signedto the deadlockqueue all remainingheadefflits in
the messagenustbe routedas soonasthey reachthe top

of the queue. If ary remainingheaderflit cannotbe im-

mediatelyrouted, it is also consideredo bein a potential
deadlockandis routedto the deadlockqueueat the cur-

rentnode. Messagedn the deadlockqueuearere-injected
into the network aftera predetermine@mountof time (re-
injectiondelay). This re-injectiondelaywill be furtherex-

ploredin Section3.

When the deadlockqueueis full and anothermessage
is potentiallydeadlocled, aninterruptis generateéndthe
messageas absorbednto the currentnode. When space
is availablein the router's deadlockqueue the messagés
prefetchedrom thelocal processinghodeandmovedto the
deadloclkqueuein therouter If anewly generatednessage
and a potentially deadlocled messagdrom the absorbed
gueuesimultaneouslyrequestthe sourcequeue,the mes-
sagefrom theabsorbedjueuds givenpriority. By allowing
the overflow of messageto be storedin the local process-
ing node,this deadlockqueuebecomesessentiallyinfinite
for all practicalpurposesvithout causingary additionalde-
lay in routingandeliminatesthe possibility of deadlock.

3 PerformanceEvaluation by Simulation

Extensve simulation experimentswere carried out to
comparethe performanceof our proposedHTA scheme
with two commonly-usednulticastschemese.g. Softwae
Multicast (one unicastmessageés sentfor every destina-
tion addressin the multicastmessagelnd Column-Rth
[1] (Thedestinationsn a multicastmessagareplacedinto
submulticastnessageaccordingo thecolumnthedestina-
tion is in. For example,in a unidirectionaltorus,at mostk
sub-multicastmessagesanbe sentper multicastmessage,
onesub-multicastessagsentpercolumn).

A discrete-timesimulatorwasusedfor 8-ary2-cubeand
16-ary 2-cubenetworks. Messagesizesvariedfrom 16 to
64 flits and numberof destinationgper multicastmessage
wererandomlychosenandvariedfrom 8 to 32. The buffer
sizesusedn thesimulationareall equalto asinglemessage
length. All routerimplementationsisesix VCs perdimen-
sion. The Software Multicastand Column-Rath algorithms
both usetwo VCs per dimensionfor deterministicrouting
andfour for adaptve. The timeoutandre-injectiondelays
for all messageizesand numberof destinationgper mes-
sagesimulatecherefor HTA arel6 and50clock cycles,re-
spectvely. Fifty cyclesis afeasibledelaybecaus¢he dead-
lock detectionandrecovery schemas not a software-based
approachlnsteadthedeadlockqueuethatholdspotentially
deadloclked messagem HTA is locatedin the router The
deadlockqueuecan hold one multicastmessagewith all
overflov messagebeingabsorbedy the local processing
node.

The communicationstartuptime requiredfor ordering
themessagem the Column-Rathalgorithmis notincluded
in the simulations.Thetime requiredfor creatingandplac-
ing the message# the sourcequeueis alsonot included



for ary of the routing algorithms simulatedhere. The
simulationsusea stabilizationthresholdof a 0.005differ-

encebetweentraffic 1000 clock cyclesapartto determine
steadystate. Traffic was varied from 0.1 until saturation
wasreachedn 0.1lincrementsSimulationsvereperformed
for traffic composeaf only multicastcommunicationpnly

unicastcommunicationandhalf unicastandhalf multicast
communication.

To reducetheprobability of deadlocknearsaturationjn-
jection limitation schemesre often used[13, 14, 15]. In
the simulationsperformedhere, messagénjections were
limited to threeunicastand one multicastmessageén the
sourcequeuesimultaneously This back-pressurenecha-
nismsometimesesultsin afairly flat curve nearsaturation
in thelateng versusnormalizedappliedload graphs.

All implementationsise12 sink channelsAlthoughthis
is an unusuallyhigh numberof consumptiorchannelsthe
Column-Rathroutingalgorithmrequireshis mary channels
for deadlockfreedomsincethe adaptve routing algorithm
proposedn [11, 17] is usedfor the baseroutingconformed
path (as opposedo e-cuberouting wherelessnumberof
sinkchannelarerequired).For fairnessthe SoftwareMul-
ticastand HTA are alsosimulatedwith 12 sink channels,
althoughbothonly requireonesink channel.

Figure 2 shows the probability of deadlockversusnor-
malizedappliedload for HTA. Figures5, 6, 7, and8 shav
the messagdatenciesversusnormalizedappliedload plots
of the three multicastrouting algorithmsfor unicastand
multicasttraffic for variousmessagesizesand numberof
destinationnodes. When both unicastand multicastcom-
municationare simulatedsimultaneouslymessagdatencgy
includesboth unicastand multicastlateng. A discussion
of theseresultsis found in the following sections. Note
thatmessagdateng for HTA includesthetime thatpoten-
tially deadlocledmessagewait in the absorbedjueueand
thatreinjectionof potentiallydeadlocled messagearenot
countedasnew throughputinto the network.

3.1 DeadlockProbability

Figure 2 shaws the probability of deadlockversusnor-
malized applied load for HTA. The probability of dead-
lock is the total numberof potentially deadlocled mes-
sageqPDM) divided by the numberof messagethathave
reachedheir destinationsThe probabilitiesarelow except
nearsaturation.Taking into accountthe differencedn the
simulations(e.g. time-outandre-injectiondelays,bidirec-
tionality, switchingtype,messagandnetwork size),HTA's
resultsare comparableo thosereportedfor k-ary n-cubes
underunicasttraffic in [16, 17, 18, 19, 15].

In schemesuchasDISHA, whena potentialdeadlock
occursoneof themessagem thedeadlocledsetis removed
from the network using additionalbuffers at eachnodeto
route the messagalirectly andimmediatelyto its destina-
tion andthereforethe PDM doesnot have anotherchance

of deadlockind18, 16]. In HTA the PDM is removedfrom

thenetwork atthecurrentnodeandis reinjectednto thenet-
work aftera givenamountof time atthe samecurrentnode
in which it deadlocled. There-injectedPDM may poten-
tially deadlockagainalongthe pathto its destinatiomode.
HTA doesnot requireas muchcomplex logic, is scalable,
anddoesnot have a singlepoint of failure.

Increasingthe numberof destinationgper messagee-
sultsin a greaterprobability that a destinationwill block,
increasingdeadlockprobability The greaterthe message
size,the greaterthe deadlockprobability becausemorere-
sourcesare occupied. Increasingnetwork sizeresultsin a
longerpathbetweersourceanddestinatiorandalsoresults
in greaterdeadlockprobability.

3.2 Multicast Latency

Messagelatency. Figure 5 shaws that HTA performs
bestamongall threealgorithmsat all utilization andfor all
messagsizes,evenwithoutincludingthetime for destina-
tion orderingin the Column-Rathalgorithm.Thisis because
the probability of messagdlocking hasbeenkeptlow, the
deadlockdetectionandrecovery algorithmis efficient, and
becauséree-basedoutingdoesnotunnecessarilgopy data
flits whenroutingmulticastmessages.

As the numberof destinationgper messagencreases,
the Column-Rath algorithm performsbetter (althoughnot
aswell asHTA) becausenoredestinationcanbe grouped
together requiringlessnumberof sub-multicasimessages
to besentpermulticastmessage.

HTA always performsbetter than Software Multicast.
EventhoughHTA hasgreatermessagédlocking probabil-
ity at eachnodeaswell asfewer VCs per dimensionthan
Software Multicast, the necessityof sendingn completely
separatenessagesor n differentdestinationsn Software
Multicast greatly outweighsthesedisadwantagesof HTA
(especiallyfor large numberof destinations).In addition,
HTA keepsmessagélocking at eachnodeto a minimum
by routing all destinationghroughthe samepath aslong
aspossibleand by not restrictingthe useof any available
channelunlike deadlockpreventionschemes).

Saturation Point. HTA alwayshasthe highestsaturation
point sincechannelsare only usedand dataflits are only

copiedwhennecessaryTraffic in the network is keptlow

resultingin increasedaturatiorpoints.

Effectsof Network Size. HTA'sperformancéncreasess
the 8-ary 2-cubenetwork is increasedn sizeto a 16-ary2-
cubenetwork (Figure6). Its performances always better
thanthe othertwo algorithmsfor all messagsizes.

The Column-Rathalgorithmperformancelightly suffers
dueto the lower probability that messagesvill fall in the
samecolumn and thereforeusesmore sub-multicastmes-
sagesTheHTA ismuchmoreflexible with respecto topol-
ogy andits lateng remaindow.



Effects of Traffic Type (Unicastvs. Multicast). When
traffic is composedf all unicastmessagegFigure7), the
Column-RathandSoftware Multicastalgorithmsgive simi-
lar performancdecausdoththesealgorithmsusethe same
unicastrouting schemeandhave the samenumberof VCs
devotedto unicastmessagesThe slight variancesaresim-
ply dueto therandomgeneratiorof messages.

At low utilization,HTA performsbestbecausenly three
VCs per dimensionare devotedto unicastcommunication
while the othertwo algorithmsdevote all six VCs. Having
fewer numberof VCs per dimensionmeanslessmessage
multiplexing, resultingin lower messagdatencies.

At high utilization, the Column-Rathand SoftwareMul-
ticastalgorithmsperformbetterbecauseachof thesealgo-
rithmshassix VCs perdimensiorfor unicastmessagesSix
VCs providesgreateradaptvity for messageto be routed
aroundblocked messagest high utilization, resultingin
highersaturatiorpoints.

Whentraffic is composedf half unicastand half mul-
ticasttraffic (Figure 8), unicastand multicastlatengy ver-
susnormalizedappliedload graphsare shovn. HTA per
formscomparabldo or betterthanthe otheralgorithmsfor
all messagesizesandutilization.

4 Comparisonof HTA with Existing Schemes

HTA differsin mary importantrespectdrom the previ-
ously proposedree-basedouting algorithms[9, 4, 7, 10].
Below, we provide a detailedcomparisorof HTA with the
existing schemes.

e In most tree-basedrouting algorithms, wormhole
switchingis implementedresultingin large blocking
probabilitiesandpoorperformanceAs shovnin [18],
virtual cut-throughswitchingcangreatlydecrease¢he
probability of deadlockfor unicastcommunication
over wormholeswitchingwhena fixed numberof vir-
tual channelsare used. Although in [7] cut-through
switchingis used the switchingis implementedising
a commonbuffer pool andthe buffer is locatedin the
local processingnode(notin therouteritself). In HTA
a buffer is implementedat every VC andevery buffer
is locatedin therouter This greatlyincreaseperfor
mance.

e In [7] only onePC (with no VCs per PC)is usedper
dimensionandonly onesink channelis implemented.
As shawn in [18, 16|, increasingthe numberof VCs
for unicastcommunicatiorincreasegouting freedom
which in turn exponentiallydecreaseshe probability
of deadlockandincreaseperformance.

e Although[7] usesa deadlockdetectionandrecorery
scheme,the HTA schemeis more efficient. When
a headerflit blocks for a predeterminecamount of
time in HTA, the headefflit is routedto the deadlock
gueue All remainingheadeflits arethenimmediately

routedto, first, any previously routedchannelsthen
to ary availableandapplicablechannelandfinally to

thedeadlockqueueif no otherroutingoptionremains.
The HTA schemdamprovesuponthe deadlockrecov-

ery methodin [7] in which all headerflits (including

all thosethat have alreadybeenroutedat the current
nodeandatary of thedownstreammodes)areaborted.
In addition, for their deadlockrecovery schemethe

entire messages always copiedto the local process-
ing nodewhena multicastis split (whetherdeadlock
occursor not). Whenan abortdoeshappenthe mes-
sageis alreadystoredat the local nodeandis readyto

bereinjectedinto the network aftera givenamountof

time. However, this methodwastesvaluablechannel
bandwidthandcausegontentionin the network if two

multicastchannelgequesthe split channel.

Choicesfor timeoutvaluesfor deadlockdetectionand
recovery schemesdnclude timeoutsequivalentto the
sizeof themessag§l 9], four timesthemessagéength
[15], 8-16cycles[20], and800-100Ccycles[14]. Tree-
basedmulticastcommunicatiortimeoutrequirements
areslightly differentthanthosefor unicastcommuni-
cation. In tree-basednulticast,morethanoneheader
flit is usuallyroutedat eachnode.If thetimeoutis too
greatfor eachheadeflit, messagerogresshroughthe
network will be very slow sincedataflits arenot for-
wardeduntil all headeflits arerouted.If thetimeoutis
too small, mary falsedeadlockswill result. HTA uses
16 cyclesfor all messagsizesandnumberof destina-
tionspermessage.

Reinjection delays for unicast communication on
wormholeswitchingunderk-ary n-cubenetworks are
around200 cycles[14, 15]. Deadlockdetectionand
recovery techniquessimilar to DISHA [20] do notre-
quire re-injectiondelaysbecausevhen messagesre
potentiallydeadlocledthey areimmediatelyroutedus-
ing "floating buffers” to their destination.HTA usesa
re-injectiondelayof 50 cycles.

It wasshawn in [18] that bidirectionalnetworks have
a lower deadlockprobability than unidirectionalnet-
works. Deadlockrecorery schemesisingbidirectional
channelsnclude[19, 14,18, 15]. Unidirectionalchan-
nelsareaddresseih [18, 17]. HTA usesunidirectional
channels.

The QBM schem€[10] is a deadlock-freealgorithm.
Thislimits routingoptionsto only thosepathsvalid for
deadlockfreedom.The schemealsorequiresa startup
delay for building a QBM tree at the beginning of a
userlevel multicastmakingit more suitablefor bulk
multicasts HTA hasmoreroutingflexibility sinceary
availablepathis a valid routing optionin its deadlock
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detectionandrecovery schemeandHTA doesnot re-
quireary additionalstartupdelay

Severalmachinesalreadyhave somehardwaresupport
for multicast. The nCUBE-2is a wormhole-switched
hypercubewhich supportsbroadcastvithin eachsub-
cube.However, deadlockis possibleif multiple multi-
castsexist [21]. The NEC Cenju-3supportsroadcast
within eachcontinuousregion, but deadlockis once
again possibleif multiple multicastsexist. Finally,
theThinkingMachineCorporation(TMC) CM-5 sup-
portsonemulticastat atime via the controlnetwork.
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