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Abstract

Current state-of-the-arton-chip networksprovide efciency,
high throughput, and low latency for one-to-one (unicast)
trafc. The presenceof one-to-many(multicast) or one-to-all
(broadcast)trafc can signi cantly degrade the performance
of thesedesigns,since they rely on multiple unicaststo pro-
vide one-to-manycommunicatia. This resultsin a burst of
padkets from a single source and is a very inefcient way
of performing multicast and broadcastcommunication.This
inefciency is compoundd by the proliferation of architectuies
and coheenceprotocolsthat require muticast and broadcast
communicationln this paper we characterizea wide array of
on-chip communicationscenaros that bene t from hardware
multicastsupport.We proposeVirtual Circuit Tree Multicasting
(VCTM) and presenta detaled multicast router design that
improves network performane by up to 90% while reducing
networkactivity (hencepower)by upto 53%.0ur VCTMrouter
is exible enoughto improve interconrect performancefor a
broad spectrumof multicasting scenaros, and achievesthese
bene ts with straightforward and inexpensive extensiors to a
state-of-the-arppadet-switded router

1. Intr oduction

Future mary-core architectureswith dozensto hundredsof
nodeswill requirescalableandef cient on-chipcommunication
solutions [15]. This has motivated subgantial researchinto
network-on-chip designs. Recat proposals[12], [14], [20],
[21], [30] have successfullydriven down interconnectdelay
to approachthat of pure wire delay However, one of the
implicit assunptions in the evaluation of these proposalsis
that the vast majority of trafc is of a one-to-one(unicast)
nature.Unfortunately currentrouterarchitecturegreextremely
inefcient at handlingmulticast and broadcastraf c.

In this work, we leverage several popular researchinno-
vations to demonstratehat the assumptionof predominantly
unicasttrafc is not a valid one for on-chip networks and
motivate the design of our multicast router Virtual Circuit
Tree Multicasting (VCTM). The inability of current router
architecturedo ef ciently handlemulticastcommunicatiorcan
also have performancerami cations for unicastcommunica-
tions. Unicastcommunication®ccurringat the sare time asa
multicastcommunicationare likely to be delayedby the burst
of communication.
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Figure 1. Performance of multicasts on packet-switched
interconnect

Figure 1 shaws the performanceof a state-of-the-arpaclet-
switched router in a 4x4 mesh in the presenceof uniform
randomtraf c. Thisrouterperformsvery well whenall injected
paclets are intendedfor a single destination(No MC). When
we startinjecting pacletsin the samecycle, at the samesource
destined for multiple nodes, we see signi cant throughput
deggradation;MC 1% corverts 1% of injected paclets into a
multicastdestinedor arandomnumberof destinationg< =15).
If 1% of injected paclets are multicaststhe saturationpoint
dropsfrom 40% capacityto 25% capacity Saturationis de ned
to be when the lateny is double the zero-loadlateny. The
network saturatesat 20% and 5% for 5% and 10% multicasts
respectiely. These multicast paclets are broken down into
multiple unicasts by the network interface controllers as the
paclet-switchedrouters are not designedto handle multiple
destinationsfor one paclet. More details about the paclet-
switchedrouter underevaludion are discussedn Section3.

Figure2 shavs a multicastoriginatingfrom nodeX intended
for nodesA, B, C and D. The network interface controller
createsfour identical copies of the message(1A-1D). With
deterministicdimension-orderedouting, all 4 messagesvant
to traversethe samelink in the samecycle. Messages1B and
1D successfullyarbitratefor the outputin subsequentycles.
However, the messagesow intendedfor nodesA and C are
blocked waiting for B andD to gain accesdo a busy channel.
Messagetendedfor B andD will again competefor the same
outputport.

Thereare several problemsin this scenario.The rst issueis
stalledmessaged A and 1C; this problemcoud be addressed
with more virtual channelsand buffers at each router The
secondoroblemis competiton for the samebandwdth; this can
be alleviated with wider links. Both of thesesolutionsarecostly
in terms of areaand power and exhibit poor scalability The
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Figure 2. Multiple unicag approach to multicasting

bandwidthbottlereck along the links could also be alleviated
throughthe useof anadaptve routing algorithm. However, this

doesnot addresghe fundamentainef ciency of the simultane-
ouspresencef multiple unnecesary messages the network.

In a network with moderateload or approachingsaturation,
theseadditionalmessagesgven when spreadout over disjoint

paths,could drive up averagenetwork lateng signi cantly. The
use of multiple unicastsalso causesadditional congestionin

the network interfacecontroller (NIC); the competitionfor the
injection port into the network can add signi cant delay to

paclets.

In addition to the performanceinef ciencies, the multiple
unicastapproab to multicastingconsumesdditionalpower due
to redundahpacletstraversingthe network. Pover hasbecome
a rst-order designconstraintfor chip-multiprocessorOn-chip
networks consumea signi cant fraction of totd on-chip power
[5], [42]; upto  30% for Intel's 80-coretera ops nework [15]
and36%for the RAW [39] on-chipnetwork. Our VCTM router
substantiallyreducesthe powver consumedby the network by
eliminatingthe majority of these redundanpaclets(Section5).

The design choices for the communicationmedium are
tightly coupledwith the communicationcharacteristicof the
applicationdomainor the coherencepratocol. When consider
ing future mary-corearchitecturest would be unwiseto design
an interconnectwithout thoughtto the type of communication
that will be most prevalent. Designsrequiring multicastcom-
municationmotivate the needfor an ef cient on-chipmulticast
router design. However, the absace of multicast routers for
on-chip networks will hinderthe deploymentof protocolsthat
requirethis classof communiation.

Several recentreseach proposalsand industry trendslend
themseles to a multicastrouting architectureln somecases,
such as architecturesutilizing operandnetworks (e.g. RAW
[39], TRIPS[31], Wavescalaf37]), they performwell without
multicastingbut could be further enhancd with multicasting.
Otherdesignssuchasbroadcastoherencerotocds experience
prohibitive lateny without on-chip multicast supportand are
often quickly dismissedas on-chp solutions.We outline these
scenariodelonv andwill demonstratehe performancebene ts
of multicastingin Section5:

Broadcast-basedoherenceprotocols
— Token Coherence:the TokenB protocol requires
broadcastingf tokensthatmaintainorderingamongst
requestg26].
— Intel's next-generatdn QPI protocol: suppors un-

orderedbroadcastingbetweensubsetf nodes[17].

— AMD OpteronProtocol:orderis maintainedby com-
municating requeststo an ordering point (memory
controller) and then broadcastingfrom the ordering
point [10].

— Uncorq[35]: unorderedsnoopddivery,
Multicast-basedcoherenceprotocols such as Multicast
Snooping[4] and DestinationSet Prediction[28]
Invalidationrequestsn Directory Protocols

— Invalidationrequestdor widely shareddatarepresent
the primary needfor multicasts.

Operanddelivery in scalaropaand networks

— Operandghat are consumedby multiple instructions
could be multicastthroughthe network.

New Innovations

— New coherence protocols, prefetching, and global
cache replacementpolicies are researchareasthat
could bene t from the presenceof on-chip hardware
multicastsupport.

The abore-mentionednulticastingscenariowill be explored
in greaterdepthin Section2.

Multicasting supporthas beenwell resarchedfor off-chip
networks, particularly for multistageinterconnectia networks
[25], [33], [36], [41]. Communicationgcrosoff-chip networks
are ableto bene t from multicaging; the sameis true for on-
chip network communication.Several of the designtrade-ofs
madeto realize off-chip multicasting are re-examinedin this
work. However, as power and areaconstraintsfor off- vs. on-
chip routersdiffer substantiallyprior off-chip multicastrouters
which requirehugeamountsof resourcessuchaslarge central
sharedbuffers [36] andhighport-countswitches [41], arenot
suitablefor on-chip usage.

Virtual Circuit Tree Multicasting (VCTM) brings multicast
functionality on chip without addingsigni cantoverheado the
router pipeline. We employ a novel tree constriction method
to easerouting compleity; tree constructiom occursin parallel
with messagedelivery so our designavoids the setuplateng
associateavith circuit-switching.With amodesiamountof stor
age,the Virtual Circuit Table can hold the routing information
for a large number of simultaneouslyactive multicast trees.
Our low-overheaddesignrealizes substantialnetwork lateng
savingsover currenton-chipapproachege.g.multiple unicasts).

In this work, we

1) Characterizetrafc for a variety of architecturesand
motivate the needfor hardware multicastsupport
Explore the de ciencies of packet-switchedrouters for
mimicking multicastfunctionality

Discussoff-chip multicastirg mechanismstheir charac-
teristicsthat can be leveragedon-chip as well as down-
sidesthat make them unsuiable for on-chip
Designaninnovative on-chipmulticag routerthatreduces
power and improves performancefor a variety of multi-
castingscenarios.

2)

3)

4)

2. Multicast Motivation

Several recentresearchpropos#s could leverage hardware
multicast support to further enhancetheir performance.In
this section, we will explore the opportunitieswithin existing



proposalsfor multicasting. Beyond thesescenarios hardware

multicastsupportwill enablenew researchdirectionsthatwould

previously have suffered from poor interconnectperformance
despiteutilizing state-of-theart on-chip network designs.For

all scenarioswe assumea tiled architectureconnectedvia a

4x4 (5x5 for TRIPs) 2D paclet-swiched meshwith 16-byte
wide links (seeTable 4).

2.1. CoherenceProtocols

In general-purposechip multiprocessorsthe most natural
sourceof multicag trafc will be messagegeneratedby the
coherenceprotocol. A wide variety of implementedand pro-
posedcoherencgrotocok will bene t from hardware multicast
support.

2.1.1 Directory-based coherence. Directory-basedprotocols
are often chosenin scalabledesignsdue to the point-to-point
natureof communicationhowever, they arenotimmuneto one-
to-mary style communicationsDirectory protocols,suchasthe

SGI-Origin Protocol[22], sendout multiple invalidationsfrom

a singledirectoryto nodessharinga block; theseinvalidations
could leveragehardware multicast support. While not neces-
sarily on the critical path, the® requestscan be frequent and
can waste power and hurt the performanceof other network

requestghat are on the critical path.

Characterizatiomf theseinvalidationmessages a full sys-
tem simulationinfrastructurg[7] with a variety of commercial
andscienti ¢ workloads[34], [40], [44] shavs thatinvalidation
messagebave an averagenetwork lateng of up to 2 timesthe
overall averagenetwork lateng. Table 1 shows the percentage
of total requestghat are invalidates.

2.1.2 Token Coherence.In broadcast-basqutotomls, ordering
(for correctness)s often implicit throughthe use of a totally-
orderedinterconnect.To improve scalability token coherence
removesthis implicit assumptiorandinsteadusestoken counts
to ensureproperordering of coherencaequestsA processor
musthold at least1 token to reada cacheline and musthold
all tokensto write to a cacheline.

Broadcastingor thesetokenscanbe a signi cant bottleneck.
Originally intendedas a chip-to-chip protocol with off-chip
multicast support, the absenceof multicast functionality on-
chip hurtsthe performanceof token coherenceand reducests
attractveness.Note that token coherencedoesnot require all
processorgo respondto token requests|eadingto fewer mes-
sagesascomparedo the Intel QP and Opteron-lile protocols.

Figure 3 shaws the slowvdown of the TokenB protocolwhen
the assumptia of hardware multicast support is removed.
GEMS 2.1 [27] was usedto generatethis daa for a 16-core
system. This releaseof GEMS include's Princetons Garnet
[2], a detailednetwork simulatorwhich modelslink contention
androutermicroarchitecturesWe usedGarnets Flexible model
and modeledthe router as a single-g/cle pipeline with in nite
buffering. Despitethe unrealisticallyaggressie router model,
substantiaklow down is alreadyobsenred dueto NIC andlink
bandwidthbottlenecks.

2.1.3 Intel QPI Protocol. Intel's new Quickpathinterconnect
[17] will support unorderedbroadcastingamong nodes As
with Token Coherenceprdering in QPI has beendecoupled
from the interconnectBroadcastinghasthe potentialto deliver
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Figure 3. Token coherence slowdown in the absenceof

hardware multicast suppart

shareddata fasterthan a directory protocol by avoiding the

indirection through the directory However, as the number of

coherentodesin the systemgrows, the costof broadcastingn

termsof delay powver and areabecomegrohibitive. Hardware
multicasting will lower the lateny and power consumption
associatedvith on-chip broadcasting.

2.1.4 AMD Opteron (HT) Protocol. AMD' s Opteronprotocol

[10] has been designedfor maintaining coherencebetween
chipsin atraditionalmultiprocessosystem.Coherenceequests
are sentto a central orderirg point (memory controllers)and

then broadcastto all nodes.The feasibility and potential for

moving this style of protocol on-chip is directly tied to the

performanceprovided by the interconnectandcanbeimproved

with multicasting. Recentresearchproposalshave compared
themselesto an on-chip Opteron-styleprotocol [35].

2.1.5 RecentCoherencelnnovations. Evaluatingthe feasibil-
ity of usingthe Opteronprotocolon-chipalsobringsto light the
issueof new coherencennovationsthat might be hanperedor
discardeddueto the lack of on-chip multicastsupport.Virtual
Hierarchieqd29] highlighta key characteristiof future systems;
speci cally in mary-core CMPs, maintainingglobal coherence
among all nodeswill be very rare. The prohibitive cost of
global coherencewill lead to a commoncaseof maintaining
coherencemonga limited subsetof nodes.Virtual Hierarchies
proposetwo avors of hierarchicalcoherenceThe rst is a
two level directory protocol and the secondis a rst level
local diredory protocol with a backing broadcast mechanism
for global coherencaequestsGlobal broadastswill likely be
rarein this scenaridout will experiencdower lateny andpower
by utilizing a multicastrouter.

An alternatve protocol, one tha broadcaststo a limited
subsetof nodeswith a backingdirectoryfor global coherence
would bene t substantiallyfrom our proposedmnulticast router
We ervision a region-basedroadcastnechanismyhich lever-
agesCoarse-GrairCoherencédracking[8], originally designed
to avoid unnecessarproadcastsThis structurecanbe extended
to track nodesthat are sharingwithin that region; a multicast
can then be usedto enforce coherenceof lines within that
region. On a missto a sharedregion, the proceser multicasts
the coherenceaequestto coressharingthat region. If thereis
no region information cachedat the core, the miss reques is
sentdirectly to the secondlevel directory The directory then
multicastgherequesto theregion sharersandsendghe sharing
list to the requestarBroadcastingo this small subsetof nodes
will provide better performancethan a global broadcasbr an



indirectionthrougha directory

Maintaining global coherenceamongall nodeswill be pro-
hibitive as mary-core architecturesscale to 100s of cores.
Furthermore,certain classesof applications,such as sener
consolidation[13] will requireonly minimal global coherence
asvirtual machineskeepmuch of the addressspaceprivate to
a subsetof cores.With a region-basedmulticastprotocol,only
a limited subsetof coreswill needto be noti ed of coherence
requestswithin a given memoryregion.

Without efcient multicasting, these types of otherwise
promising coherenceprotocols becomemuch less attractie.
Consideringthe large number of coresthat will be available
moving forward, interconnectsupportfor low lateny one-to-
mary communications critical. The tight coupling of on-chip
resourcesmandateshat interconnectionnetwork be designed
with communicationbehaior in mind and that coherence
protocolsbe designedwith interconnectcapabilitiesin mind.
Providing hardware multicastingsupportwill facilitate signi -
cantinnovationsin on-chip coheence.

The following two scenariogrepresentmore specializedar
chitectureshowever, operanchetworksandnon-unifam caches
represenplausibleandinterestingsolutionsto the problemsof
growing wire delayandscalability We considerthemhere due
to their amenabilityto multicasting.

2.2. Operand Network Architectures and NUCA
Caches

ArchitecturessuchasTRIPS[31], RAW [39] andWavescalar
[37] use operandnetworks to communicateregister values
betweenproducerand consumelinstructions.The result of an
instructionis communicatedo consumetiles which thenwake
up and re instructionsthat are waiting on the new data. If
the result of one instructionis consumedby multiple subse-
guent instructions on different tiles, operanddelivery could
be expediatedby a multicastrouter Studieshave shavn that
35% of dynamic values generatedby an application have 2
or more future uses[6]. The cost of on-chip communication
can signi cantly impact compiler decisionsin this style of
architectureg[19].

To mitigate increasing on-chip wire delays, non-uniform
cache architectures(NUCA) have been proposed.Dynamic
NUCA [18] usesa paclet-switchednetwork and is further
optimized through the use of a multicast to quickly locate
a block within a cacheset. Recently a multicast router has
beenproposedto speedup this searchoperationand improve
performancd16].

2.3. Characterization

Our evaluationin Section5 will focus on a subsetof the
above scenaios, namelydireciory coherenceTokenB, region-
basedcoherencethe Opteronprotocol and the TRIPs operand
network.

Table 1 and Figures4 and5 highlight someof the different
multicastcharacteristicanong thesescenariosin Figurel, we
demonstratéhat even a multicastrate of 1% is enoughto cause
signi cant throughputdegradation.Table 1 shows that all the
above scenarioexceeda multicastrate of 1% andwill bene t
from VCTM, our proposedhardware supportfor multicasting.

Despite the large potential number of unique multicasting
combinationsFigure 4 shavs that thereis signi cant reuse of

TABLE 1
PERCENTAGE OF NETWORK REQUESTS THAT CAN BE MULTICAST

Scenario Percentage
Multicast

Directory Protocols 5.1

Token Coherence 55

Region-BasedCoherence 8.5

OperandNetworks (TRIPS) | 12.4

OpteronProtocol 3.1

a small percentageof multicasts.Multicast reuseis de ned as
multicastsfrom the samesourceintendedfor the samedestina-
tion set.At oneextreme,Token Coherenceavhich usesone-to-all
communication hasvery few distinct multicastcombinations.
Multicasting for invalidationsfrom a directory shavs the least
reuseof destinationsetsfor all the scenarios.

Figure5 shaws the breakdaevn of thenumberof nodesn each
multicast destinationset. Multicasts in Token Coherenceand
Opteronincludeall possibledestinationsAt the otherextreme,
the majority of multicastsin TRIPS are to only 2 nodes.
Invalidationsfrom the directory in the SGI Origin protocolgo
to only 2 nodeson averageaswell.

The bottom line is that archtectures and protocols that
require multicastsupporthave a variety of characteristicsFor
example,someprotocolsperform broadcasts$o all nodeswhile
othershave relatively small destinationsets.A robust multicast
routerdesignmustbe ableto pefform well undera wide variety
of conditions.

3. Network Design

Virtual Circuit Tree Multicasting builds on existing router
hardware in state-of-the-d networks, and augmentsit with a
lookuptablethat performsmulticastroute calculations.To sim-
plify route constructionmulticasttreesare built incrementally
by observingthe initial setof multiple unicastsand storing the
routing informationin the lookup table. This approachavoids
the overheadof encodingmulticastdestinatiorsetsin theinitial
setupmessge, andenablesan ef cient tree-ID basedapproach
for addressingmulticast message®nce the tree has beenset
up. As an additional benet, corventional unicasttrafc is
unafected by thesestraightforvard additionsto the network
router Before we explain the details of our proposedVCTM
router we will discussthe highly optimized packet-switched
router usedas a baselinein all our experiments.

Token
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destination sets



3.1. Packet-Switched Router

Figure 6a depictsa 4-stagerouter pipeline. The rst stageis
the buffer write (BW); the routing computation(RC) occursin
the secondstage.In the third stage, virtual channelallocation
(VA) andswitchallocation(SA) are performed.n the presence
of low loads,speculatiorwill be ableto eliminatethis stage.In
stage4, the it traversesthe switch (ST). Each pipeline stage
takes one cycle followed by one cycle to do the link traversal
(LT) to the next router

Recentwork [14], [21] useslookaheadsignalsor advanced
bundlesto shortenthe pipelineto a single stage.Our baseline
leveragedookaheadsignalsto reducethe pipelineto 2 stages
asdepictedin Figure6b. While the it is traversingthe switch,
alookaheadsignalis traveling to the next routerto performthe
routing computation.In the next cycle whenthe it arrives, it
will proceeddirectly to switch allocation;resultingin a 2 cycle
pipeline (VA/SA + ST).

The vast majority of currentnetwork-on-chip proposalsig-
nore the issue of multicast communcation. There are a few
exceptionswhich will be discussedurther in Section6. Pro-
posalsthat might effectively leveragea multicast router either
naively assumethe existenceof an on-chip multicastrouteror
fail to model network contention(once contentionis modeled,
the needfor hardware multicags supportbecomesalundantly
clear).

State-of-the-arpaclet-switchedrouterscan of couse utilize
multiple unicastmessagegso achieze multicast functionality.
Decomposinga multicastinto several unicastscan consume
additional cycles and causea bottleneckat the injection port
as multiple messagedry to accessthe network in the same
cycle. In the baselinerouter this injection bottleneckcan add
several cyclesto the averagenetwork lateng.

Many currentrouteroptimizatons,suchasspeculatre virtual
channelallocation, are effective only at low loads. Multiple
unicastsdrive up the network load, even if only briey, and
easilyrendertheseoptimizationsineffective. Several redundant
messagesanbe waiting in virtual channeldor the sameoutput
port (asillustratedin Figure 2).

Evenin relatively small systemson the order of 16 nodes,
multiple unicasts can signi cantly degrade perfamance, as
demonstratedn Section2. The poor performanceof the mul-
tiple unicast approach will be exacerbatedby the presence
of more one-to-mag or one-to-al communicationas systems
grows to encompasslozensor hundredsof nodes.
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3.2. Virtual Circuit Tree Multicasting

With VCTM, each multicast rst forms a virtual circuit
connectingthe sourcewith the destinationset; identi ed by
a VCT number unique to each source and destination set
combination.In a tree-basedapproach,a multicast continues
along a common path and branches(replicates)the message
whennecessaryo achieze a minimal routeto eachdestination.
An alternatve to tree-basedoutingis a path-baedrouting, e.g.
thenetwork rst routesto the closestmulticastdestinaion, then
from thereto the seconchearestandsoon, ratherthanbuilding
amulticasttree conneting the destinatiorset(seeSection6 for
moredetails).Oncea multicasttreehasbeensetup, pacletswill
be routed basedon this VCT numberat eachrouter Multiple
VCTs aretime-multiplexed on physicallinks, asin corventional
virtual circuit switching [11]. However, unlike virtual circuit
switchingwhereintermedate routersdo o w control basd on
virtual circuits, andthusneedto supportall virtual circuits, we
useVCTs only for routing. Virtual channelsare still usedfor
ow control at the intermediaterouters,with virtual channels
dynamicallyallocatedto each virtual circuit at eachhop.

Thevirtual circuit tableis staticallypartitioned amongsource
nodesyvirtual circuit treenumbersarelocal to eachsourceThe
virtual circuit table is partitionad into n smaller tables each
needinga Read/Writeport for accesdrom the sourceassigned
that partition. A table with 1024 VCT entrieswould allocate
64 entriesto eachsourcenode. In Section5, we demonstrate
that signi cant performanceimprovementscan be achieved
with a much smaller numberof virtual trees.Multicast trees
canonly be evicted at the saurce; this preventsary multicast
paclets from missingin a dovnstreamVCT table. Exploring
the bene ts of dynamicallypartitioningthe VCT tableis left to
future work.

Restrictingthe numberof currenty active VCTs requiresthat
therebe reuseof destinationsetsto seebenet. Datain Figure
4 indicatesthat there is someamountof reuseacrossall of
our scenarios.The directory and region protocols have less
reusethan the other scenaios; however, this gure obscures
ary temporalcomponentof reuse.Even if a large numberof
treesare touchedacrossthe entire execution, thesescenarios
seebene t from the tempor reuseof somemulticasttrees.

VCTM supportsthree different types of paclets: normal



Eields Head/ MC/UC | Id VCT#, Src | UC VC # | Payload
X Body/Tail (Route) Dst (Conmand/Addr)

Width  [5hits |2bits | 1bit | 10bits | 4bits | 3 bits
Unicast [ 0o -Head | 00 X Route %0001 | x001 | Invalidate
(Normal) Normal Encoding x3000
Unicasi | 00-Hea |01 1 %002 x000] | x001 | Inva date
(Setup) Setup x3000

: 00 -Head | 10 1 x003 xxxx | x001 | Invalidate
Multlcast‘ MC ‘ 43000 ‘
Figure 7. Header packet enaoding format, assuming1024

virtual circuits, 16 network nodes,and 8 virtual channels.

unicast,unicast+setupand multicast. Normal unicastpaclets
are equialentto thosefound in a traditional paclet-switched
router unicast+setupacletsaresentto setup a multicasttree,
and multicast paclets are sentafter multicasttreesare setup.

Figure 7 shaws the different elds encodedin eachtype of

paclet. If the pacletis a normalunicast, the lookaheadouting

information is encodedin the 4th eld insteadof the virtual

circuit tree number

3.2.1 Router Micr oarchitecture. Theroutermicroarchtecture
is shavn in Figure 8. Normal Unicast paclets traverse the
highly optimizedpipeline shovn in Figure 6; they do not need
to accessthe Virtual Circuit Tree Table and are routed via
existing hardware in therouterpipeline(e.g.dimension-ordered
routing).

Routing a multicast paclet can result in signi cant com-
plexity; we avoid this compkxity through the use of the
unicast+setuppaclets to incrementally construct the trees.
Unicast+setuppaclets deliver a paclet payload to a single
destinationnode; however, while delivering this paclet, they
also add their destinationto a multicast tree. The example
in Figure 9 walks throughthe processof constructinga newv
multicasttree.

When the network interface controller at Node 0O initiates
a multicastmessageit accesses DestinationSet CAM, con-
tainingall of its currentlyactive multicasttrees(Stepl). In this
example,no matchirg entryis found,sothenodewill invalidate
its oldesttree (say VCT 1) and begin establishinga new tree
(Step2).

Step3 decomposethe multicastinto one unicastpaclet per
destinationThe paclet type eld is setto be unicast+setupthe
Id bit of formerVCT 1 wasO0 sothenew Id bit is 1. Matchingld
bits indicatethata newv nodeis beingaddedto an existing tree;

Virtual CircuitTreeTable

-VCTnum

0 [& [N]s[e]w] Fok

Virtual ChanneAllocator

Switch Allocator

Output Pots

[ —————

—

5

Figure 8. Router microarchitecture

while differing Id bits indicateanold treeis beingreplacedwith
a new one.Eachpaclet is given the sameVCT numberbut a
differentdestinaton. Additionally, all three packetscontainthe
samepayload(i.e. memoryaddressplus command).

In Step 4, each paclet is injected into the network in
consecutie cycles. Unicastpackets are dimension-orde(X-Y)
routedwith respecto the sourceso the resultingmulticasttree
will alsobe dimensionorde routed.

Thevirtual circuit tableupdatesat Node 1 areshavn in Steps
5-8. Step5 shaws the entriesprior to the creationof new VCT
1 (highlighted row 2 correpondsto VCT 1). Packet A is routed

rst. Uponarrival atNodel, A determineshatthe VCT entryis

stale(dueto differing Id bits). Packet A will clearthe previous

bits in the row andthenupdatethe row with a 1 corresponding
to its output port basedon the routing computationperformed
by the unicastrouting hardware;in this case the Eastport. The

nal columnin the row is also updatedto re ect the number
of outputportsthis multicast will be routedto.

At Step 7, the unicastdestinedfor Node 4 will updatethe
VCT entry Theld bits arenow the same soit will notclearthe
informationwritten by Packet A. A onewill be storedinto the
Southcolumnandthe outputport countis updatecto re ect an
additionaloutput. Finally, Packet C traversesthe link to Node
1; Packet C will also usethe Eastoutput port. Since Packet
A alreadyindicatedthat this multicastwill usethe Eastport,
Paclet C doesnot needto make ary updatesat Node 1.

Similar updateswill be performedat each Virtual Circuit
Table along the route. Updatesto the Virtual Circuit Table do
notimpactthecritical paththroughtherouterfor normalunicast
pacletsasthey do not perfam ary computationmnealedby the
unicastpaclet to reachits destination.

Whena subsequentulticastdestinedfor 5, 4, and2 arrives
at Node O, it will nd its destinationsetin the CAM. In this
case,the nodewill form a multicastpaclet with VCT 1. The
virtual circuit tree numberwill index into the Virtual Circuit
Table at eachrouter that will outputthe output ports that this
pacletneedgo beroutedto. All three destination®f this paclet
shareda commonrouteto Node 1 wherethe rst fork occurs.
After the rst fork, one paclet is routedto Node 4 and one
paclet is routedto the Easttowardsnodes2 and5. At Node 2,
the packet forks again, with one paclket being deliveredto the
ejectionport and anotherpadet continuingon to Node 5.

We encodethe destinationsetby usinga virtual circuit tree
identi er. The virtual circuit tree ideni er can be encoded
with log (N umberof VirtualCircuitT rees) bits. This is a
muchmorescalablesolutionthanthe destinatiorencodingused
in prior work while still allowing us the e xibilty to access
all destinatims and have a variety of multicast tree active
concurrently

3.2.2 Router Pipeline. Figure 10 depictsthe changesto the
router pipeline originally shavn in Figure 6. Unicast paclets
usethe original pipeline. VCTM makesonly onechangeto the
router pipeline; for multicast paclets the routing computation
stageis replacedwith the VCT table lookup. Additionally,
VA/SA, ST and LT can occur multiple times if the paclet is
branchingat this node;if thisis nota multicastbranchingnode,
then eachof thesestagesexecutesonce.

Speculatie virtual chamel allocationis still performedfor
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Unicast VA Virtual Circuit Table is accessedind that informationis used
pipeine | BW | RC | gp | ST | LT to pre-setupthe switch.
_ re | VA st | T Both the baselinerouter and VCTM use dynamic buffer
With Lookahead SA managemento sharebuffers amongthe input virtual channels
NN of one port; this reducesthe amountof buffering neededto
Mutticast| gy, | ver | VA jST /LT/> supportthe potentiallylongeroccupang of a pacletin a buffer.
pipeine SA As mentoned in the example, the lag column of the VCT
_ ver | YA | st | ot entry contans the numberof output ports that a multicastis
With Lockahead SA ; ; ; ;
oA destinedfor (3 bits wide to accomodateb output ports). A it

Figure 10. VCTM router pipeline

multicastpaclets. As in the baseline we assumethat we will
get the VCs neededfor each output port and speculatiely
do switch allocation. However, eachinput may now generate
multiple output VC requests.We generateone requesteach
cycle until all multicastoutputsare done(the numberof output
portsin the last column of the tabletells us how mary times
to iterate). Flow control is managedusing virtual channels,
which are dynamically allocatel to virtual circuits. Therefore
our designdoesnot requirea large numberof VCs.

Switchallocationoccursin a similarfashion.Sinceeachinput
VC may generag multiple switch requeststhe routergenerates
onepercycle and queueghemup. Our baselire routerassumes
credit based ow contrd; credit turnaroundis lenghenedby
the splitting of its at branchnodes;once the nal it atthe
branchnode has traversedthe switch, a credit can be sentto
the upstreanrouter

Our lookaheadsignal network needsto be wide enough
to encodethe Virtual Circuit Tree (VCT) number When the
lookahead it reachesthe router it will accessthe Virtual
Circuit Tableto determinethe appropriaterouting at this stage;
this takes the routing computationoff the critical path The

mustremainin the input buffer until the switch allocator has
grantedthe numberof requess equalto the port count stored
in this column. Onceall allocatorrequestshave beengranted,
the input buffer can be freed and a credit will be sentto the
upstreamrouter Sincethe multicasttreesare dimensionorder
routed, deadlockis avoided. Multicasting in wormholerouted
networks can lead to deadock due to output dependencies
betweerdifferentmulticastpaclets; however, the VCTM router
doesnotresene resourcedor trailing its which eliminatesthis
deadlockscenario.

4. Power and Area Analysis

In the following sectionswe explore the overheadassociated
with virtual circuit tables.While the additionalstructuesin our
VCTM router consumeadditionalpower, thisis offset by power
saszings shavn in Section5.

4.1. Virtual Circuit Tables

We usedCacti[38] to calculatethe areaand power overhead
associatedvith addinga virtual circuit treetableto eachrouter
shawvn in Table2. Four differentVCT tablesizesarecalculated
for a 70nmtechnology;enegy reportedis dynamicenepgy per
readaccessEachentryis 9 bits wide asillu stratedin Section3;
theseresultsare estimationsas Cacti cannotproducethe exact
geometryof our table.Assuminga 1 nsclock period, eachtable



canbe accessedh lessthanhalf a cycle. In Section5, we will
demonstratehata smallnumberof entries(512) is sufcient to
achiese signi cant performancegains; the table size could be
reducedfurther by using dynamicinsteadof static partitioning
amongnodes;this is left to future work. Dynamic partitioning
of the VCT tableswould allow the approactto scaleto a larger
numberof nodes.

TABLE 2
VCT TABLE OVERHEAD
Numberof | Area Enegy [ Time
entries (mm?2) | (nJ) (ns)
512 0.024 0.0018 | 0.43
1024 0.041 0.0023 | 0.44
2048 0.078 0.0030 | 0.46
4096 0.101 0.0037 | 0.51

We alsoadda DestinationSetCAM to eachnetwork interface
controller This small CAM is searchedor the VCT number
matchingthe given destinatio setand can be overlappedwith
the messge constructionand doesnot add additiona lateng
to the critical path. The NIC speculateshat an active tree will
be found and insertsthe VCT numberreturnedby the CAM
search.In the event of a misspeulation, it is reasonableo
assumehat decomposing request into multiple unicast+setup
pacletswill take a coupleof cycles,one per destination.Each
CAM sizein Table3 correspodsto the numberof VCT entries
partitioned evenly among 16 nodes.32 to 64 entry CAMS
can be accessedn under a cycle and will give eachsource
a reasonald numberof concurrentmulticasttrees.We do not
foreseeeachcore needingmore treesasthe systemscales.

TABLE 3

DESTINATION CAM OVERHEAD
Numberof | Area Enegy | Time | Total Bytes
entries (mm?2) | (nd) (ns) | 16 nodes(25)
32 0.018 0.007 0.87 | 64(96)
64 0.021 0.010 0.90 | 128(192)
128 0.029 0.017 1.09 | 256(384)
256 0.077 0.040 1.53 | 512(768)

5. Evaluation
5.1. Workloads Traces

To study a variety of architecturesand coherenceprotocols
we leveragetraf c tracescollectedfrom several simulationen-
vironments.Tracesfor the directoryandregion-basegrotocols
were generatedin PHARMsim [7], a full-system simulator
Thesetracesare collectedfrom end-to-enduns of 8 workloads
including 4 commercialworkloads,SPECjbb,SPECweb;,TPC-
H and TPC-W and 4 scienti ¢ workloadsfrom the Splash-2
suite. To collect tracesfor Token Coherenceand the Opteron
protocol, GEMS 2.1 with Garnet[2] full systemsimulation
ervironmentwas used; each Splash-2workloadswas run for
the entire pardlel phase.Finally, the TRIPs tracesuse SPEC
[34] and MediaBench[1] workloads. They were run on an
instantiationof the Grid ProcessoArchitecture containingan
ALU executionarrayandlocal L1 memorytiles connectedria
a 5x5 network.

5.2. Synthetic Traf c

In additionto trafc from realworkloadswe utilize synthetic
traf ¢ to furtherstressour routerdesign With auniformrandom
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Figure 11.
traversals

Reduction in buffering, link and crossbar

trafc generatgr we can adjust the network load as well as
the percentag®f multicasts.This trafc genersor wasusedto
collectthe datain Figure 1.

5.3. Network Con guration

In the next sectionswe presenthe improvementin network
lateny obsered with VCTM relative to our baselinepaclet-
switchednetwork with no multicast supportfor eachoutlined
scenario.In eachgraph, 0 Virtual Circuit Trees corresponds
to the baselinenetwork where a multicastis demmposedinto
multiple unicasts.We vary the size of the Virtual Circuit Tree
tablealongthe x-axisin Figures12-16.Thenetwork parameters
aregivenin Table4.

TABLE 4
NETWORK & VIRTUAL CHANNEL ROUTER PARAMETERS
Topology 4-ary 2-mesh
5-ary 2-meshTRIPS
Routing X-Y Routing
ChannelWidth 16 Bytes
Paclet Size 1 it (CoherenceeqAddr+Cmd)
5 its (Data)
3 its (TRIPs)

Virtual Channels| 4

Buffersperport | 24

Routerports 5

VCTs Variedfrom 16 to 4K
(1 to 256 VCTs/core)

5.4. Power Savings

The virtua circuit tableincreaseghe power consumgion of
our multicast router over the baselinepaclet-switchedrouter;
however, this increasein power consumptionis offset by
reducingredundantink switching and buffering.

Figure 11 shaws the reductionin buffering, link and cross-
bar traversalsacrossthe different scenariosunder evaluation
comparedto the baselinerouter Thesethree componentcon-
sumenearly 100% of the router power [43]; the reductionin
switchingshawvn will translatedirectly into signi cant dynamic
power savings over the useof multiple unicastmessagesrhis
gure shaws the power savings for a very small number of
multicasttrees(16) and a very large numberof trees(4096).
As performancdevels off ator beforedK VCTs, thesenumbers
representhe maximumpower savingsthatcanbeachieved with
our technique.

Buffer accessesare alreadyreducedin our baselinethrough
theuseof bypassingn state-ofthe-artrouters VCTM is ableto
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further reduceoverall accessedtby removing redundanipaclets
from the network. Remasing redundantpaclets allows more
pacletsto bypassinput buffers thanin the basecase.

Virtual Circuit TreesareconstrictedalongX-Y routingpaths.
Theuseof X-Y routingresultsin deadlockiree treeformations;
however, X-Y routing does not necessarilyproduce optimal
trees.All destinationsare routedto in a minimal fashionbut
alternate routing algorithms may producetreesthat utilize
fewer links to reach those destinations.To determine how
close to optimal our trees are, we remove the X-Y routing
restriction; as a result minimum spanningtreescan be found
that use up to 60% fewer links; however, the overall savings
acrossall multicastsis only 2%. Despite this large possible
reduction,the average reductionin link traversalsis lessthan
1% when comparedto the saving achieved with X-Y routing.
As a result, the power savings detailedin Figure 11 are close
to the maximumpossiblesavings.

5.5. Performance Evaluation

As mentioneckarlier the potentialperformanceémprovement
come from two main factors,reductionin network load (im-
proved throughput)and reducedcontentionfor network injec-
tion ports. The VCTM routerreduceshe number of messages
injectedinto the network from the size of the destinationset
to a single messagelnjection port contention accountsfor
up to 35% of paclet lateny in the bagline. On average,
alleviating injection pressurereducesthe cycles spentin the
network interfaceby 0.2 (directory), 6 (token), 5 (region), 0.5
(TRIPs)and 3.5 (Opteron)cycles

5.5.1 Coherence Protocols. For the directory protocol we
simulate 32KB L1 cachesand private 1MB L2 caches.Ad-
dressesredistributed acrossl6 directorieswith onedirectory
locatedat eachprocessotile. Thereductionin network lateng
for a directory protocol is shovn in Figure 12. Invalidation
requestsrepresentapproximately5% of network requestsfor
the directoryprotocol. However, sincethe network load for this
protocolis low for applicationdike specJBB,TPC-H, Raytrace
and Ocean,VCTM is unableto realize substantialbene ts.
SPECwethasa slightly higherload which translatesnto more
bene t from VCTM (up to 12%).

Token coherencesimulations were con gured with 64 KB
L1 cachesand1 MB privateL2 cacheswith a MOESI TokenB
protocol.Normalizedinterconnectateng is presentedn Figure
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Figure 13. TokenB network performance with VCTM

13. To requesttokens, the sourcenode broadcats to all other
nodeson-chip;asa result,only onevirtual circuit multicasttree
is neededbernode.If the sourcenodesentout a multicastwith
a variable destinationset,a VCT count larger than 16 would
be useful. Radiosity has reached network saturationwith the
baselinecon guration; relieving the pressureausedy multiple
unicastsresultsin substantialateny improvementof close to
100%.BarresandLU arealsovery closeto sauration,leading
to closeto 90% savings in latengy.

We further evaluateVCTM using path-basednulticastrout-
ing ratherthan tree-basednulticasting.For workloadsnearor
at satuation, a path-b@edmulticastcanalsoeffectively relieve
network pressureand redu@ lateny by an averageof 70%;
however, for workloads not nearing saturaibn (FFT, FMM,
andOcean) the path-basednulticastincreasesetwork lateng
by 48% over the baseline.For more discussionon path-based
routing trade-ofs seeSectbn 6.

Theregion-basedoherencerotocoluses2KB regions;each
region covers 32 cachelines Region coherencearrays(RCA)
are usedto storethe sharinglist for each2KB region; these
RCAs sit alongsidethe L2 cache.The 16-core con guration
usedto generatethesetracesconsistsof 32 KB L1 caches
and a private 1MB L2 cachepe core. Figure 14 presentshe
improvementin network lateng for this region-basedscheme.
This coherenceprotocol need more simultaneousmulticast
treesthan the other scenariosto see substantl benet. The
destinationsetsusedby the region protocol vary much more
widely; however, the overheadof supportingadditional trees
is low, 512 or 2048 VCTs would be a feasible desgn and
would reducenetwork lateng by up to 65%. Without multicast
support,this type of coherenceprotocol would seeprohibitive
network lateng for sendingout snooprequests.

Figure 15 shavs benchmarkswith varying degreesof im-
provementdueto multicastsupportfor the TRIPs architecture.
Art seesthe mostbene t dueto the network load approaching
saturationand a signi cant reductionin the numberof paclets
by using VCTM. The majority of workloads seeup to 20%
improvementdueto the low numberof nodesin the destination
set (average 2). Additionally, mary of the multicast trees
constructedor this workload branchat the sourcenode.If the
branchoccursatthe sourcenode,no benet is seemastherewill
be no reductionin padets over the multiple unicastbaseline
approach Path-basedmulticasting outperformsVCTM for art,
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bzip2, and swim by 4% heredue to more effectively reducing
the network load.

Traceswere generatedor the Opteronprotocolwith 64 KB
L1 cachesanda 16 MB fully sharedL2 cache.The Opteron
protocol seessteadyimprovementwith the addition of Virtual
Circuit Trees;once512 VCTs areavailable,peiformancelevels
off with a savingsof 47%in network latengy. Some | tering of
destinationccursin this protocolreailting in a larger number
of treesthanthe TokenB protocol.In all casespath-basednul-
ticasting performsworsethanthe baselineand VCTM. Nearly
all multicastsin the Opteronprotocol go to 15 destinationsso
a path-basednulticasthas to snale throughthe chip to each
node;if a non-optimalpathis chosenJatency will be high. An
additional downside to path-basedmulticasting, not re ected
in the network lateny is that the requestr will have to wait
until the lastnodein the path hasreceved and respondedo
the snoop.VCTM deliversall snoopsin a moretimely fashion
resultingin fastersnooprespons.

For VCT tableswith 512 entries,we are able to achiese
signi cant reuseacrossall scenaios. AverageVCT table hit
ratesrangefrom 62% to 99%; with directory coherenceseeing
the lowest hit ratesoverall.

5.5.2 Synthetic Trafc. Several aggressie paclet-switched
networks are evaluatedin Figure 17a for their ability to ap-
proachthe performanceof VCTM. The PSbaselinerepresents
the samebaselhe con guration usedabore. The network inter-
face(NIC) representa substantil bottleneckfor multicasting,
sothe Wide-NIC con gurationallows the NIC to injectasmary
paclets as are waiting in a cycle (in the baline only one
paclet canbe acceptedoer cycle). We addto Wide-NIC nearly
in nite Virtual Channelsand buffers (wide-nic+vcs).To better
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distribute the network load, we utilize adative routing (wide-
nic+vcs+adapt) Finally, we compae eachof thesescenarios
to VCTM with 2048 VCTs. Here, approximaely half of the
lateny penaltyassociatedvith the multiple unicastapproachs
paidin the NIC; creatinga wider issueNIC would likely result
in signi cant overheadand complexity; more so than our pro-
posal.Wide-NIC+VCs+AdapbutperformsV/CTM for moderate
loads; performance improvementsin VCTM are predicated
on tree reusewhich is very low for uniform randam trafc.
Building a designwith a very large humber of VCs would
have a prohibitive cost(areaand power); we believe our design
is much more practical. Figure 17b illustratesthat with real
workloads,VCTM outperformsa highly aggressie (unrealistic)
paclet-switchedrouter We compareone benchmarkrunning
with 512 VCTs from eachscenarioto Wide-NIC+VCs+Adapt.

6. Related Work
In this section,we differentiateVCTM from prior proposals
alongthreeaxes: routing, degination encodingand deadlock.

6.1. Routing

There are two techniquesfor routing multicast messages:
path-basedouting and tree-basedouting. In path-basedout-
ing, eachdestinationis visited sequentiallyuntil the lastnodeis
reachedPathsmustbe carefully selectedo avoid a deadlock;
cycles can occur in the network even in the presenceof
dimensionorder routing. Path-basednulticastingalso hasthe
addedcomplity of nding the shortestpath that visits all
nodesin the destinationset

Very little prior work focuseson the design of on-chip
multicast routers. In [24], the authors construct circuits for
multicastingin a wormhole network. Path-basedouting plus
therequiremenbf setupandacknowledgemenmessagegesults
in along lateny overheadfor their approachAlternatively, we
focus on a tree-basednulticast routing in this work but also
compareagpinst path-basednulticasting.

With a path-basednulticast,curentlookaheadoutingmech-
anismscan be used as only one destinationis being routed
to at a time. Path multicastingis attractive for its simplicity;
implementinga pathmulticastwould requireonly minor modi-
cations to the currentpaclet-switchedrouter Recentwork has
shovn network lateny to be a critical factor for commercial
workloadson CMPs [12]; therefore,it is preferableto avoid
the sequerial lateny associatedwith a path-basedrouting
approachOur designis ableto leveragelookaheadechniques
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by usingslightly wider bundlesto remove the VCT lookupfrom
the critical path.

A multicast router [16] for DNUCA cachesis constrained
to matchvery speci ¢ characteristicof this desiqn space,i.e.
mary routesare unused.Additionally, the detailsof how they
realize their multicastrouter are sparse Circuit-switchingand
time-division multiplexing have beenusedfor on-chipnetworks
that provide multicast functionality [23], but suffer from the
constrainedbandwidthof circuit switching.

Signi cant work hasbeendonefor off-chip multicastrouters.
Several proposalstarget multistage interconnection networks
[36], [41]. Domain specic requiremerg of off-chip networks
(e.g. ATM switches)can be quite different [41]; this work
targets a switch with 1000 input ports. Routerswith a large
number of ports are prohibitively expensie for on-chip net-
works makingthis type of solutionunattractve. While a lookup
tableis alsoindexedto nd the properoutput port mappings,
VCTM utilizes a much smaller lookup table that is more
suitablefor on-chipdesgns. Additionally, their work addsand
removesnodesincrementallyto a multicasttreewhile our work
createsa new treeat low lateng andoverheadand hencedoes
not supportaddition or deletionof nodesthis featurecould be

easily achiered with VCTM but assessingts usefulnesss left

to future work. Anotherdesign[36] alsousesa lookuptableto

determinethe routesbut advocatesusing software to pre-setup
this table; this approachwould work well for x ed routesthat

endurefor a signi cant amountof time. For ne-grained on-

chip parallelism,software approacheso routing may incur too

much overhead.

Recently Anton [32], specicdly designedfor molecular
dynamics,uses off-chip multicasting;multicastscan be sentto
limited setsof nodes.ThePiranhaarchitectures [3] novel tech-
nique, cruise missileinvalidateslimits the numberof message
injectedinto the off-chip network from a single requestgachin-
validatemulticastgo asubsebf nodesAs with VCTM, Piranha
seesmproved invalidationlatenciesby reducingthe numberof
messagesThey al reducethe numker of acknavledgements;
we defer study of similar reduction operationgo future work.

6.2. Destination Encoding

Anothersigni cantchallengewith on-chipmulticastingis the
destinationencodingwithin the header i t. There are several
approacheto destinationenading [9] including all-destination
encodingand bit-string encaling. The all-destinationapproach
encodeseach destinationnode numberinto the header The
headeican be of variablesizewith anendof headercharacteto
delineateit from the payload.Bit string encoding usesa single
bit for eachpossibledestinationIf the nodeis includedin the
destinatiorset,the bit will besetto 1. Theheadessizeneededo
encodethe numberof destinationgyrows asthe network grows
for eachof theseapproaches

Nodes can also be partitionedinto regions and multicasts
sentto destirations within eachregion. The headersize can
be x ed to limit the numbe of possibledestinationsthat a
multicast can reach; however, our solution is more e xible.
The 16 bits necessaryto encodeall possibledestindions in
a 4x4 meshcould reference2?® differenttrees.Virtual Circuit
Tree Multicasting is thus a much more scalablesolution than
destinationor bit-string encoding.

In an off-chip network design,multiport encodng [33] deter
mineswhento replicatea paclet in eachstageof a multistage
network; this restrictsthe destinatiorsetsthatcanbereachedy
a paclket. Somemulticastsrequire multiple passeghroughthe
network to reachall destinationsdueto the lateny sensitvity
of our workloads, multiple passesare undesirable.Multiple
outputportsareencodedn the headerits; adifferentoutputis
usedin eachpassuntil all destinatiorarereachedThis approach
is closelytied to the multistagetopologyandwould be dif cult
to implementin a two dimensionalmesh.VCTM efciently
routesmulticastsin a straghtforward manner Their work also
acknavledgesheinef ciencies of the multiple unicastapproach
but in an off-chip setting.

6.3. Deadlock

Routingdecisionsaremore complex with tree-basedouting.
Dif culties arise when a branchoccursin the multicasttree.
Routingto multiple destinaibns simultaneouly would require
either replication of the routing hardware for all n possible
destinationf a multicastpaclet or would requiren iterations
through the routing logic. Lookaheadrouting could encode
multiple output ports for the next hop in network, however,



the destinationset would needto be properly partitioned. At
a fork, a subsetof destinationswould needto be encodedin
eachbranch.Failing to prunedestnationsfrom the header it
or improperly pruning destinationswould result in deadlock.
VCTM usesthe VCT numberto avoid the partitioning and
pruningthe destinationset.

Researclinto deadlo&-free multicasttree routing [25] uses
pruning to prevent deadlockin a wormhole-rated network.
Theirwork targetssmallmessagesuchasinvalidatesin aDSM
system.In VCTM, for a giventree,all of the leaf destinations
are reachedvia dimension-orderrouting with respectto the
source node; therdore no cycles can occur within a single
multicast tree instance.If a tree were allowed to adaptvely
route with respectto a branch (an intermedate route point)
deadlockwould be a problem.

We evaluateVCTM with proposalghat represat a rarge of
scenarioshowever we believe VCTM is widely amenableto
otherproposalamentionedn Sectionsl and2. For example,if
destinationsetsexhibit temporalreuse,VCTM will work well
with DestinationSet Predicton [28].

7. Conclusion

In this paper we presenta casefor hardware supportfor
on-chip multicasting.Our charaterizationof existing network
applications(direcory coherenceQpteroncoherenceprotocol)
as well as proposed future applications (Token Coherence,
TRIPS, Region coherence)strongly supportsour claim that
multicasting is both necessaryand useful. Furthermoe, the
availability of efcient supportfor on-chip multicasting will
mostlikely enablefuture technguesthat may otherwiseappear
unattractve or even infeasible.

In supportof theseexisting and proposedapplications,we
describea novel on-chip multicastrouterthat lls a signi cant
gapin thedesignspaceWe believe VCTM is the rst multicast
router for a general-purpos€€MP designwith the e xibility
to provide superiorperformanceacrossa variety of scenarios;
future work will explore additional novel scenariosthat are
madepossiblethroughour VCTM router

Our VCTM designsubstantiallyreducespower consumption
over state-of-the-artlesignsthat do not directly supportmul-
ticasting. On averagewe seea 29%, 22% and 20% reduction
in link switching, buffer and crossbampower resgectively; with
a maximum savings of 53%, 49% and 38%. Virtual Circuit
Tree Multicasting is also able to reducenetwork lateny by
up to 90% with an averagelateng rediction of 39%%. Even
thoughmary of our scenariosare not operatingat saturation,
we seesigni cant benets throughimproved speculationfrom
this reduction.Network lateng-throughputis a critical factor
for mary applications;this signi cant reducton will not only
bene t existing applicationsandarchitecturedut alsopave the
way for new coherenceprotocolinnovations.
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