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Abstract
Current state-of-the-arton-chip networksprovide ef�ciency,

high throughput, and low latency for one-to-one(unicast)
traf�c. The presenceof one-to-many(multicast) or one-to-all
(broadcast)traf�c can signi�cantly degrade the performance
of thesedesigns,since they rely on multiple unicaststo pro-
vide one-to-manycommunication. This results in a burst of
packets from a single source and is a very inef�cient way
of performing multicast and broadcast communication.This
inef�ciency is compounded by the proliferation of architectures
and coherenceprotocols that require multicast and broadcast
communication.In this paper, we characterizea wide array of
on-chip communicationscenarios that bene�t from hardware
multicastsupport.We proposeVirtual Circuit TreeMulticasting
(VCTM) and presenta detailed multicast router design that
improves network performance by up to 90% while reducing
networkactivity (hencepower)by up to 53%.Our VCTMrouter
is �exible enoughto improve interconnect performancefor a
broad spectrumof multicasting scenarios, and achieves these
bene�ts with straightforward and inexpensive extensions to a
state-of-the-artpacket-switched router.

1. Intr oduction
Futuremany-core architectureswith dozensto hundredsof

nodeswill requirescalableandef�cient on-chipcommunication
solutions [15]. This has motivated substantial researchinto
network-on-chip designs.Recent proposals[12], [14], [20],
[21], [30] have successfullydriven down interconnectdelay
to approachthat of pure wire delay. However, one of the
implicit assumptions in the evaluation of theseproposalsis
that the vast majority of traf�c is of a one-to-one(unicast)
nature.Unfortunately, currentrouterarchitecturesareextremely
inef�cient at handlingmulticast andbroadcasttraf�c.

In this work, we leverage several popular researchinno-
vations to demonstratethat the assumptionof predominantly
unicast traf�c 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
architecturesto ef�ciently handlemulticastcommunicationcan
also have performancerami�cations for unicast communica-
tions.Unicastcommunicationsoccurringat the same time asa
multicastcommunicationare likely to be delayedby the burst
of communication.
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Figure 1. Performance of multicasts on packet-switched
interconnect

Figure1 shows the performanceof a state-of-the-artpacket-
switched router in a 4x4 mesh in the presenceof uniform
randomtraf�c. This routerperformsvery well whenall injected
packets are intendedfor a single destination(No MC). When
we startinjectingpacketsin thesamecycle, at thesamesource
destined for multiple nodes, we see signi�cant throughput
degradation;MC 1% converts 1% of injected packets into a
multicastdestinedfor a randomnumberof destinations(< =15).
If 1% of injected packets are multicaststhe saturationpoint
dropsfrom 40%capacityto 25% capacity. Saturationis de�ned
to be when the latency is double the zero-loadlatency. The
network saturatesat 20% and 5% for 5% and 10% multicasts
respectively. These multicast packets are broken down into
multiple unicasts by the network interface controllers as the
packet-switchedrouters are not designedto handle multiple
destinationsfor one packet. More details about the packet-
switchedrouterunderevaluation arediscussedin Section3.

Figure2 shows a multicastoriginatingfrom nodeX intended
for nodesA, B, C and D. The network interface controller
createsfour identical copies of the message(1A-1D). With
deterministicdimension-orderedrouting, all 4 messageswant
to traversethe samelink in the samecycle. Messages1B and
1D successfullyarbitratefor the output in subsequentcycles.
However, the messagesnow intendedfor nodesA and C are
blocked waiting for B andD to gain accessto a busy channel.
Messagesintendedfor B andD will again competefor thesame
outputport.

Thereareseveral problemsin this scenario.The �rst issueis
stalledmessages1A and 1C; this problemcould be addressed
with more virtual channelsand buffers at each router. The
secondproblemis competition for thesamebandwidth; this can
bealleviatedwith wider links. Both of thesesolutionsarecostly
in terms of areaand power and exhibit poor scalability. The
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Figure 2. Multiple unicast approach to multicasting

bandwidthbottleneck along the links could also be alleviated
throughtheuseof anadaptive routingalgorithm. However, this
doesnot addressthe fundamentalinef�ciency of thesimultane-
ouspresenceof multiple unnecessarymessagesin the network.
In a network with moderateload or approachingsaturation,
theseadditionalmessages,even when spreadout over disjoint
paths,coulddrive up averagenetwork latency 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
packets.

In addition to the performanceinef�ciencies, the multiple
unicastapproach to multicastingconsumesadditionalpowerdue
to redundant packetstraversingthenetwork. Power hasbecome
a �rst-order designconstraintfor chip-multiprocessors.On-chip
networks consumea signi�cant fraction of total on-chippower
[5], [42]; up to � 30% for Intel's 80-coretera�opsnetwork [15]
and36%for theRAW [39] on-chipnetwork. Our VCTM router
substantiallyreducesthe power consumedby the network by
eliminatingthemajority of these redundantpackets(Section5).

The design choices for the communicationmedium are
tightly coupledwith the communicationcharacteristicsof the
applicationdomainor the coherenceprotocol. Whenconsider-
ing futuremany-corearchitecturesit would beunwiseto design
an interconnectwithout thoughtto the type of communication
that will be most prevalent. Designsrequiring multicastcom-
municationmotivatethe needfor an ef�cient on-chipmulticast
router design.However, the absence of multicast routers for
on-chipnetworks will hinder the deployment of protocolsthat
requirethis classof communication.

Several recent research proposalsand industry trends lend
themselves to a multicast routing architecture.In somecases,
such as architecturesutilizing operandnetworks (e.g. RAW
[39], TRIPS[31], Wavescalar[37]), they performwell without
multicastingbut could be further enhanced with multicasting.
Otherdesignssuchasbroadcastcoherenceprotocols experience
prohibitive latency without on-chip multicast supportand are
often quickly dismissedason-chip solutions.We outline these
scenariosbelow andwil l demonstratethe performancebene�ts
of multicastingin Section5:

� Broadcast-basedcoherenceprotocols
– Token Coherence: the TokenB protocol requires

broadcastingof tokensthatmaintainorderingamongst
requests[26].

– Intel's next-generation QPI protocol: supports un-

orderedbroadcastingbetweensubsetsof nodes[17].
– AMD OpteronProtocol:order is maintainedby com-

municating requeststo an ordering point (memory
controller) and then broadcastingfrom the ordering
point [10].

– Uncorq [35]: unorderedsnoopdelivery,
� Multicast-basedcoherenceprotocols such as Multicast

Snooping[4] andDestinationSet Prediction[28]
� Invalidation requestsin Directory Protocols

– Invalidationrequestsfor widely shareddatarepresent
the primary needfor multicasts.

� Operanddelivery in scalaroperandnetworks
– Operandsthat are consumedby multiple instructions

could be multicastthroughthe network.
� New Innovations

– New coherence protocols, prefetching, and global
cache replacementpolicies are researchareas that
could bene�t from the presenceof on-chip hardware
multicastsupport.

Theabove-mentionedmulticastingscenarioswill beexplored
in greaterdepthin Section2.

Multicasting supporthas beenwell researchedfor off-chip
networks, particularly for multistageinterconnection networks
[25], [33], [36], [41]. Communicationsacrossoff-chip networks
are able to bene�t from multicasting; the sameis true for on-
chip network communication.Several of the designtrade-offs
madeto realize off-chip multicasting are re-examinedin this
work. However, as power and areaconstraintsfor off- vs. on-
chip routersdiffer substantially, prior off-chip multicastrouters
which requirehugeamountsof resources,suchaslarge central
sharedbuffers [36] andhigh-port-countswitches [41], arenot
suitablefor on-chipusage.

Virtual Circuit Tree Multicasting (VCTM) brings multicast
functionalityon chip without addingsigni� cantoverheadto the
router pipeline. We employ a novel tree construction method
to easerouting complexity; treeconstruction occursin parallel
with messagedelivery so our designavoids the setuplatency
associatedwith circuit-switching.With amodestamountof stor-
age,the Virtual Circuit Tablecanhold the routing information
for a large number of simultaneouslyactive multicast trees.
Our low-overheaddesignrealizes substantialnetwork latency
savingsovercurrenton-chipapproaches(e.g.multipleunicasts).

In this work, we
1) Characterizetraf�c for a variety of architecturesand

motivate the needfor hardware multicastsupport
2) Explore the de�ciencies of packet-switchedrouters for

mimicking multicastfunctionality
3) Discussoff-chip multicasting mechanisms,their charac-

teristics that can be leveragedon-chip as well as down-
sidesthat make themunsuitable for on-chip

4) Designaninnovativeon-chipmulticast routerthatreduces
power and improves performancefor a variety of multi-
castingscenarios.

2. Multicast Moti vation
Several recent researchproposals could leveragehardware

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-the-art on-chip network designs.For
all scenarios,we assumea tiled architectureconnectedvia a
4x4 (5x5 for TRIPs) 2D packet-switched meshwith 16-byte
wide links (seeTable4).

2.1. CoherenceProtocols
In general-purposechip multiprocessors,the most natural

sourceof multicast traf�c will be messagesgeneratedby the
coherenceprotocol. A wide variety of implementedand pro-
posedcoherenceprotocols will bene�t from hardwaremulticast
support.

2.1.1 Dir ectory-based coherence. Directory-basedprotocols
are often chosenin scalabledesignsdue to the point-to-point
natureof communication;however, they arenot immuneto one-
to-many stylecommunications.Directoryprotocols,suchasthe
SGI-Origin Protocol[22], sendout multiple invalidationsfrom
a singledirectory to nodessharinga block; theseinvalidations
could leveragehardware multicast support.While not neces-
sarily on the critical path, these requestscan be frequent and
can wastepower and hurt the performanceof other network
requeststhat areon the critical path.

Characterizationof theseinvalidationmessagesin a full sys-
tem simulationinfrastructure[7] with a variety of commercial
andscienti�c workloads[34], [40], [44] shows that invalidation
messageshave an averagenetwork latency of up to 2 timesthe
overall averagenetwork latency. Table1 shows the percentage
of total requeststhat are invalidates.

2.1.2 TokenCoherence.In broadcast-basedprotocols,ordering
(for correctness)is often implicit throughthe useof a totally-
orderedinterconnect.To improve scalability, token coherence
removesthis implicit assumptionandinsteadusestokencounts
to ensureproper ordering of coherencerequests.A processor
must hold at least1 token to reada cacheline and must hold
all tokensto write to a cacheline.

Broadcastingfor thesetokenscanbea signi�cant bottleneck.
Originally intendedas a chip-to-chip protocol with off-chip
multicast support, the absenceof multicast functionality on-
chip hurts the performanceof token coherenceandreducesits
attractiveness.Note that token coherencedoesnot require all
processorsto respondto token requests,leadingto fewer mes-
sagesascomparedto the Intel QPI andOpteron-like protocols.

Figure3 shows the slowdown of the TokenB protocolwhen
the assumption of hardware multicast support is removed.
GEMS 2.1 [27] was usedto generatethis data for a 16-core
system.This releaseof GEMS include's Princeton's Garnet
[2], a detailednetwork simulatorwhich modelslink contention
androutermicroarchitectures.We usedGarnet's Flexible model
and modeledthe router as a single-cycle pipeline with in�nite
buffering. Despitethe unrealisticallyaggressive router model,
substantialslow down is alreadyobserved dueto NIC andlink
bandwidthbottlenecks.

2.1.3 Intel QPI Protocol. Intel's new QuickpathInterconnect
[17] will support unorderedbroadcastingamong nodes. As
with Token Coherence,ordering in QPI has been decoupled
from the interconnect.Broadcastinghasthe potentialto deliver
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Figure 3. Token coherence slowdown in the absenceof
hardware multicast support

shareddata faster than a directory protocol by avoiding the
indirection through the directory. However, as the numberof
coherentnodesin thesystemgrows, thecostof broadcastingin
termsof delay, power andareabecomesprohibitive. Hardware
multicasting will lower the latency and power consumption
associatedwith on-chipbroadcasting.

2.1.4 AMD Opteron (HT) Protocol. AMD' s Opteronprotocol
[10] has been designedfor maintaining coherencebetween
chipsin a traditionalmultiprocessorsystem.Coherencerequests
are sent to a central ordering 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
performanceprovidedby theinterconnect,andcanbeimproved
with multicasting. Recentresearchproposalshave compared
themselves to an on-chipOpteron-styleprotocol [35].

2.1.5 RecentCoherenceInnovations. Evaluatingthe feasibil-
ity of usingtheOpteronprotocolon-chipalsobringsto light the
issueof new coherenceinnovationsthat might be hamperedor
discardeddue to the lack of on-chipmulticastsupport.Virtual
Hierarchies[29] highlightakey characteristicof futuresystems;
speci�cally in many-coreCMPs,maintainingglobal coherence
among all nodeswill be very rare. The prohibitive cost of
global coherencewill lead to a commoncaseof maintaining
coherenceamonga limited subsetof nodes.Virtual Hierarchies
proposetwo �a vors of hierarchicalcoherence.The �rst is a
two level directory protocol and the secondis a �rst level
local directory protocol with a backing broadcast mechanism
for global coherencerequests.Global broadcastswill likely be
rarein thisscenariobut will experiencelower latency andpower
by utilizing a multicastrouter.

An alternative protocol, one that broadcaststo a limited
subsetof nodeswith a backingdirectory for global coherence
would bene�t substantiallyfrom our proposedmulticast router.
We envision a region-basedbroadcastmechanism,which lever-
agesCoarse-GrainCoherenceTracking[8], originally designed
to avoid unnecessarybroadcasts.This structurecanbeextended
to track nodesthat are sharingwithin that region; a multicast
can then be used to enforce coherenceof lines within that
region. On a miss to a sharedregion, the processor multicasts
the coherencerequestto coressharingthat region. If there is
no region information cachedat the core, the miss request is
sentdirectly to the secondlevel directory. The directory then
multicaststherequestto theregionsharersandsendsthesharing
list to the requestor. Broadcastingto this small subsetof nodes
will provide better performancethan a global broadcastor an



indirection througha directory.
Maintaining global coherenceamongall nodeswill be pro-

hibitive as many-core architecturesscale to 100s of cores.
Furthermore,certain classesof applications,such as server
consolidation[13] will requireonly minimal global coherence
asvirtual machineskeepmuchof 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 ef�cient multicasting, these types of otherwise
promising coherenceprotocols becomemuch less attractive.
Consideringthe large numberof cores that will be available
moving forward, interconnectsupportfor low latency one-to-
many communicationis critical. The tight coupling of on-chip
resourcesmandatesthat interconnectionnetwork be designed
with communicationbehavior in mind and that coherence
protocolsbe designedwith interconnectcapabilitiesin mind.
Providing hardware multicastingsupportwill facilitate signi�-
cant innovationsin on-chipcoherence.

The following two scenariosrepresentmore specializedar-
chitectures;however, operandnetworksandnon-uniform caches
representplausibleandinterestingsolutionsto the problemsof
growing wire delayandscalability. We considerthemhere due
to their amenabilityto multicasting.

2.2. Operand Network Ar chitectures and NUCA
Caches

ArchitecturessuchasTRIPS[31], RAW [39] andWavescalar
[37] use operand networks to communicateregister values
betweenproducerand consumerinstructions.The result of an
instructionis communicatedto consumertiles which thenwake
up and �re instructionsthat are waiting on the new data. If
the result of one instruction is consumedby multiple subse-
quent instructions on different tiles, operanddelivery could
be expediatedby a multicast router. Studieshave shown 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 decisions in this style of
architecture[19].

To mitigate increasing on-chip wire delays, non-uniform
cache architectures(NUCA) have been proposed.Dynamic
NUCA [18] uses a packet-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
performance[16].

2.3. Characterization
Our evaluation in Section5 will focus on a subsetof the

above scenarios, namelydirectory coherence,TokenB, region-
basedcoherence,the Opteronprotocol and the TRIPsoperand
network.

Table1 andFigures4 and5 highlight someof the different
multicastcharacteristicsamongthesescenarios.In Figure1, we
demonstratethatevena multicastrateof 1% is enoughto cause
signi�cant throughputdegradation.Table 1 shows that all the
above scenariosexceeda multicastrateof 1% andwill bene�t
from VCTM, our proposedhardware supportfor multicasting.

Despite the large potential number of unique multicasting
combinations,Figure4 shows that thereis signi�cant reuseof

TABLE 1
PERCENTAGE OF NETWORK REQUESTS THAT CAN BE MULTICAST

Scenario Percentage
Multicast

Directory Protocols 5.1
Token Coherence 5.5
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,TokenCoherencewhichusesone-to-all
communication,hasvery few distinct multicastcombinations.
Multicasting for invalidationsfrom a directoryshows the least
reuseof destinationsetsfor all the scenarios.

Figure5 showsthebreakdown of thenumberof nodesin each
multicast destinationset. Multicasts in Token Coherenceand
Opteronincludeall possibledestinations.At the otherextreme,
the majority of multicasts in TRIPS are to only 2 nodes.
Invalidationsfrom the directory in the SGI Origin protocolgo
to only 2 nodeson averageaswell.

The bottom line is that architectures and protocols that
requiremulticastsupporthave a variety of characteristics.For
example,someprotocolsperform broadcaststo all nodeswhile
othershave relatively small destinationsets.A robust multicast
routerdesignmustbeableto perform well undera wide variety
of conditions.

3. Network Design
Virtual Circuit Tree Multicasting builds on existing router

hardware in state-of-the-art networks, and augmentsit with a
lookuptablethatperformsmulticastroutecalculations.To sim-
plify routeconstruction,multicasttreesarebuilt incrementally,
by observingthe initial setof multiple unicastsandstoring the
routing information in the lookup table.This approachavoids
theoverheadof encodingmulticastdestinationsetsin theinitial
setupmessage,andenablesan ef�cient tree-ID basedapproach
for addressingmulticast messagesonce the tree has beenset
up. As an additional bene�t, conventional unicast traf�c is
unaffected by thesestraightforward additions to the network
router. Before we explain the details of our proposedVCTM
router, we will discussthe highly optimized packet-switched
routerusedasa baselinein all our experiments.
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3.1. Packet-Switched Router
Figure6a 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.In thepresence
of low loads,speculationwill beableto eliminatethis stage.In
stage4, the �i t 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 pipeline to a single stage.Our baseline
leverageslookaheadsignalsto reducethe pipeline to 2 stages
asdepictedin Figure6b. While the �it is traversingthe switch,
a lookaheadsignalis traveling to thenext routerto performthe
routing computation.In the next cycle when the �it arrives, it
will proceeddirectly to switchallocation;resultingin a 2 cycle
pipeline (VA/SA + ST).

The vast majority of currentnetwork-on-chipproposalsig-
nore the issue of multicast communication. There are a few
exceptionswhich will be discussedfurther in Section6. Pro-
posalsthat might effectively leveragea multicast router either
naively assumethe existenceof an on-chipmulticastrouteror
fail to modelnetwork contention(oncecontentionis modeled,
the needfor hardware multicast supportbecomesabundantly
clear).

State-of-the-artpacket-switchedrouterscanof courseutilize
multiple unicast messagesto achieve multicast functionality.
Decomposinga multicast into several unicastscan consume
additional cycles and causea bottleneckat the injection port
as multiple messagestry to accessthe network in the same
cycle. In the baselinerouter, this injection bottleneckcan add
several cycles to the averagenetwork latency.

Many currentrouteroptimizations,suchasspeculativevirtual
channelallocation, are effective only at low loads. Multiple
unicastsdrive up the network load, even if only brie�y , and
easilyrendertheseoptimizationsineffective. Several redundant
messagescanbewaiting in virtual channelsfor thesameoutput
port (as illustratedin Figure2).

Even in relatively small systems,on the order of 16 nodes,
multiple unicasts can signi� cantly degrade performance, as
demonstratedin Section2. The poor performanceof the mul-
tiple unicast approach will be exacerbatedby the presence
of more one-to-many or one-to-all communicationas systems
grows to encompassdozensor hundredsof nodes.
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3.2. Virtual Cir cuit 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 commonpath and branches(replicates)the message
whennecessaryto achieve a minimal routeto eachdestination.
An alternative to tree-basedrouting is a path-basedrouting,e.g.
thenetwork �rst routesto theclosestmulticastdestination, then
from thereto thesecondnearest,andsoon, ratherthanbuilding
a multicasttreeconnecting thedestinationset(seeSection6 for
moredetails).Onceamulticasttreehasbeensetup,packetswill
be routedbasedon this VCT numberat eachrouter. Multiple
VCTsaretime-multiplexedon physicallinks, asin conventional
virtual circuit switching [11]. However, unlike virtual circuit
switchingwhereintermediate routersdo �o w control based on
virtual circuits,andthusneedto supportall virtual circuits, we
useVCTs only for routing. Virtual channelsare still usedfor
�o w control at the intermediaterouters,with virtual channels
dynamicallyallocatedto eachvirtual circuit at eachhop.

Thevirtual circuit tableis staticallypartitionedamongsource
nodes;virtual circuit treenumbersarelocal to eachsource.The
virtual circuit table is partitioned into n smaller tables each
needinga Read/Writeport for accessfrom 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
can only be evicted at the source; this preventsany multicast
packets from missing in a downstreamVCT table. Exploring
thebene�ts of dynamicallypartitioningtheVCT tableis left to
future work.

Restrictingthenumberof currently active VCTs requiresthat
therebe reuseof destinationsetsto seebene�t. Data in Figure
4 indicatesthat there is someamountof reuseacrossall of
our scenarios.The directory and region protocols have less
reusethan the other scenarios; however, this �gure obscures
any temporalcomponentof reuse.Even if a large numberof
treesare touchedacrossthe entire execution, thesescenarios
seebene�t from the temporal reuseof somemulticasttrees.

VCTM supports three different types of packets: normal



Head/
Body/Tail

MC/UC Id VCT #, Src
(Route)

UC 
Dst

VC # Payload
(Command/Addr)

2 bits 2 bits 1 bit 10 bits 4 bits 3 bits

Fields

Width

Unicast
(Normal)

Unic st

00 -Head 00
Normal

x Route 
Encoding

x0001 x001 Invalidate
x3000

00 H d 01 1 003 0001 001 I l id tUn cast
(Setup)

00 - Head 01
Setup

1 x003 x0001 x001 Inval date
x3000

00 -Head 10
MC

1 x003 xxxx x001 Invalidate
x3000

Multicast

Figure 7. Header packet encoding format, assuming1024
virtual circuits, 16 network nodes,and 8 virtual channels.

unicast,unicast+setup,and multicast. Normal unicastpackets
are equivalent to thosefound in a traditional packet-switched
router, unicast+setuppacketsaresentto setup a multicasttree,
and multicastpackets are sentafter multicast treesare set up.
Figure 7 shows the different �elds encodedin each type of
packet. If the packet is a normalunicast, the lookaheadrouting
information is encodedin the 4th �eld insteadof the virtual
circuit treenumber.

3.2.1 Router Micr oarchitecture. Theroutermicroarchitecture
is shown in Figure 8. Normal Unicast packets traverse the
highly optimizedpipelineshown in Figure6; 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 packet can result in signi�cant com-
plexity; we avoid this complexity through the use of the
unicast+setuppackets to incrementally construct the trees.
Unicast+setuppackets deliver a packet payload to a single
destinationnode; however, while delivering this packet, they
also add their destinationto a multicast tree. The example
in Figure 9 walks through the processof constructinga new
multicasttree.

When the network interface controller at Node 0 initiates
a multicast message,it accessesa DestinationSet CAM, con-
tainingall of its currentlyactive multicasttrees(Step1). In this
example,no matching entryis found,sothenodewill invalidate
its oldest tree (say VCT 1) and begin establishinga new tree
(Step2).

Step3 decomposesthe multicast into oneunicastpacket per
destination.Thepacket type �eld is setto beunicast+setup,the
Id bit of formerVCT 1 was0 sothenew Id bit is 1. MatchingId
bits indicatethata new nodeis beingaddedto anexisting tree;

Src VCTnum

Virtual Circuit Tree Table

Switch Allocator

Virtual Channel Allocator

Output Ports

VC 0

Id Ej N S E W Fork

.

.

.

0 1 0 1 1 0 3

VC 0

MVC 0

VC 0

VC x

MVC 0

VC 0

VC x

MVC 0VC x

Input 
Ports

Figure 8. Router microarchitecture

while differing Id bits indicateanold treeis beingreplacedwith
a new one.Eachpacket is given the sameVCT numberbut a
differentdestination. Additionally, all threepacketscontainthe
samepayload(i.e. memoryaddressplus command).

In Step 4, each packet is injected into the network in
consecutive cycles.Unicastpacketsaredimension-order(X-Y)
routedwith respectto the sourceso the resultingmulticasttree
will alsobe dimensionorder routed.

Thevirtual circuit tableupdatesat Node1 areshown in Steps
5-8. Step5 shows the entriesprior to the creationof new VCT
1 (highlighted row 2 correspondsto VCT 1). Packet A is routed
�rst. Uponarrival atNode1, A determinesthattheVCT 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 theunicastroutinghardware;in this case,theEastport. The
�nal column in the row is also updatedto re�ect the number
of outputports this multicast will be routedto.

At Step 7, the unicastdestinedfor Node 4 will updatethe
VCT entry. TheId bits arenow thesame,soit will not clearthe
informationwritten by Packet A. A onewill be storedinto the
Southcolumnandtheoutputport countis updatedto re�ect an
additionaloutput.Finally, Packet C traversesthe link to Node
1; Packet C will also use the East output port. Since Packet
A alreadyindicatedthat this multicastwill use the Eastport,
Packet C doesnot needto make any updatesat Node1.

Similar updateswill be performedat each Virtual Circuit
Table along the route.Updatesto the Virtual Circuit Table do
not impactthecritical paththroughtherouterfor normalunicast
packetsasthey do not perform any computationneededby the
unicastpacket to reachits destination.

Whena subsequentmulticastdestinedfor 5, 4, and2 arrives
at Node 0, it will �nd its destinationset in the CAM. In this
case,the nodewill form a multicastpacket with VCT 1. The
virtual circuit tree numberwill index into the Virtual Circuit
Table at eachrouter that will output the output ports that this
packetneedsto beroutedto. All threedestinationsof thispacket
shareda commonroute to Node1 wherethe �rst fork occurs.
After the �rst fork, one packet is routed to Node 4 and one
packet is routedto the Easttowardsnodes2 and5. At Node 2,
the packet forks again, with one packet being deliveredto the
ejectionport andanotherpacket continuingon to Node5.

We encodethe destinationsetby usinga virtual circuit tree
identi�er. The virtual circuit tree identi�er can be encoded
with log2(N umberof V i r tualCi r cuitT r ees) bits. This is a
muchmorescalablesolutionthanthedestinationencodingused
in prior work while still allowing us the �e xibilty to access
all destinations and have a variety of multicast tree active
concurrently.

3.2.2 Router Pipeline. Figure 10 depicts the changesto the
router pipeline originally shown in Figure 6. Unicast packets
usethe original pipeline.VCTM makesonly onechangeto the
router pipeline; for multicast packets the routing computation
stage is replacedwith the VCT table lookup. Additionally,
VA/SA, ST and LT can occur multiple times if the packet is
branchingat this node;if this is not a multicastbranchingnode,
theneachof thesestagesexecutesonce.

Speculative virtual channel allocation is still performedfor
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multicastpackets.As in the baseline,we assumethat we will
get the VCs neededfor each output port and speculatively
do switch allocation.However, eachinput may now generate
multiple output VC requests.We generateone requesteach
cycle until all multicastoutputsaredone(thenumberof output
ports in the last column of the table tells us how many times
to iterate). Flow control is managedusing virtual channels,
which are dynamically allocated to virtual circuits. Therefore
our designdoesnot requirea large numberof VCs.

Switchallocationoccursin asimilar fashion.Sinceeachinput
VC maygenerate multiple switch requests,the routergenerates
onepercycle and queuesthemup. Our baseline routerassumes
credit based �o w control; credit turnaroundis lengthenedby
the splitting of �its at branchnodes;once the �nal �it at the
branchnodehas traversedthe switch, a credit can be sent to
the upstreamrouter.

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

Virtual Circuit Table is accessedand that information is used
to pre-setupthe switch.

Both the baselinerouter and VCTM use dynamic buffer
managementto sharebuffers amongthe input virtual channels
of one port; this reducesthe amountof buffering neededto
supportthepotentiallylongeroccupancy of a packet in a buffer.
As mentioned in the example, the last column of the VCT
entry contains the numberof output ports that a multicast is
destinedfor (3 bits wide to accomodate5 outputports).A �it
must remain in the input buffer until the switch allocatorhas
grantedthe numberof requests equal to the port count stored
in this column.Onceall allocatorrequestshave beengranted,
the input buffer can be freed and a credit wil l be sent to the
upstreamrouter. Sincethe multicasttreesare dimensionorder
routed,deadlockis avoided. Multicasting in wormhole routed
networks can lead to deadlock due to output dependencies
betweendifferentmulticastpackets;however, theVCTM router
doesnot reserve resourcesfor trailing �its which eliminatesthis
deadlockscenario.

4. Power and Ar ea Analysis
In thefollowing sections,we exploretheoverheadassociated

with virtual circuit tables.While theadditionalstructuresin our
VCTM router consumeadditionalpower, this is offset by power
savings shown in Section5.

4.1. Virtual Cir cuit Tables
We usedCacti [38] to calculatetheareaandpower overhead

associatedwith addinga virtual circuit treetableto eachrouter
shown in Table2. Four differentVCT tablesizesarecalculated
for a 70nmtechnology;energy reportedis dynamicenergy per
readaccess.Eachentry is 9 bits wide asillustratedin Section3;
theseresultsareestimationsasCacti cannotproducethe exact
geometryof our table.Assuminga 1 nsclock period,eachtable



canbe accessedin lessthanhalf a cycle. In Section5, we will
demonstratethata smallnumberof entries(512) is suf�cient to
achieve signi�cant performancegains; the table size could be
reducedfurther by using dynamicinsteadof staticpartitioning
amongnodes;this is left to future work. Dynamicpartitioning
of theVCT tableswould allow theapproachto scaleto a larger
numberof nodes.

TABLE 2
VCT TABLE OVERHEAD

Numberof Area Energy 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

WealsoaddaDestinationSetCAM to eachnetwork interface
controller. This small CAM is searchedfor the VCT number
matchingthe given destination setandcanbe overlappedwith
the messageconstructionand doesnot add additional latency
to the critical path.The NIC speculatesthat an active treewill
be found and insertsthe VCT numberreturnedby the CAM
search.In the event of a misspeculation, it is reasonableto
assumethat decomposinga request into multiple unicast+setup
packetswill take a coupleof cycles,oneper destination.Each
CAM sizein Table3 correspondsto thenumberof VCT entries
partitioned evenly among 16 nodes.32 to 64 entry CAMS
can be accessedin under a cycle and will give eachsource
a reasonable numberof concurrentmulticast trees.We do not
foreseeeachcoreneedingmore treesas the systemscales.

TABLE 3
DESTINATION CAM OVERHEAD

Numberof Area Energy Time Total Bytes
entries (mm

2 ) (nJ) (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 thedirectoryandregion-basedprotocols
were generatedin PHARMsim [7], a full-system simulator.
Thesetracesare collectedfrom end-to-endruns of 8 workloads
including 4 commercialworkloads,SPECjbb,SPECweb,TPC-
H and TPC-W and 4 scienti�c workloadsfrom the Splash-2
suite. To collect tracesfor Token Coherenceand the Opteron
protocol, GEMS 2.1 with Garnet [2] full systemsimulation
environment was used;eachSplash-2workloadswas run for
the entire parallel phase.Finally, the TRIPs tracesuse SPEC
[34] and MediaBench[1] workloads. They were run on an
instantiationof the Grid ProcessorArchitecture containingan
ALU executionarrayandlocal L1 memorytiles connectedvia
a 5x5 network.

5.2. Synthetic Traf�c
In additionto traf�c from realworkloads,we utilize synthetic

traf�c to furtherstressour routerdesign. With auniformrandom
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Figure 11. Reduction in buffering, link and crossbar
traversals

traf�c generator, we can adjust the network load as well as
the percentageof multicasts.This traf�c generator wasusedto
collect the datain Figure1.

5.3. Network Con�guration
In the next sections,we presentthe improvementin network

latency observed with VCTM relative to our baselinepacket-
switchednetwork with no multicast supportfor eachoutlined
scenario.In each graph, 0 Virtual Circuit Trees corresponds
to the baselinenetwork wherea multicast is decomposedinto
multiple unicasts.We vary the size of the Virtual Circuit Tree
tablealongthex-axisin Figures12-16.Thenetwork parameters
aregiven in Table4.

TABLE 4
NETWORK & V IRTUAL CHANNEL ROUTER PARAMETERS

Topology 4-ary 2-mesh
5-ary 2-meshTRIPS

Routing X-Y Routing
ChannelWidth 16 Bytes
Packet Size 1 �it (Coherencereq Addr+Cmd)

5 �its (Data)
3 �its (TRIPs)

Virtual Channels 4
Buffers per port 24
Routerports 5
VCTs Varied from 16 to 4K

(1 to 256 VCTs/core)

5.4. Power Savings
The virtual circuit table increasesthe power consumption of

our multicast router over the baselinepacket-switchedrouter;
however, this increase in power consumption is offset by
reducingredundantlink switching andbuffering.

Figure 11 shows the reductionin buffering, link and cross-
bar traversalsacrossthe different scenariosunder evaluation
comparedto the baselinerouter. Thesethreecomponentcon-
sumenearly 100% of the router power [43]; the reductionin
switchingshown will translatedirectly into signi�cant dynamic
power savings over the useof multiple unicastmessages.This
�gure shows the power savings for a very small number of
multicast trees(16) and a very large numberof trees(4096).
As performancelevelsoff at or before4K VCTs, thesenumbers
representthemaximumpowersavingsthatcanbeachievedwith
our technique.

Buffer accessesare alreadyreducedin our baselinethrough
theuseof bypassingin state-of-the-artrouters.VCTM is ableto
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further reduceoverall accessedby removing redundantpackets
from the network. Removing redundantpackets allows more
packets to bypassinput buffers than in the basecase.

Virtual Circuit TreesareconstructedalongX-Y routingpaths.
Theuseof X-Y routingresultsin deadlockfree treeformations;
however, X-Y routing does not necessarilyproduceoptimal
trees.All destinationsare routed to in a minimal fashionbut
alternative routing algorithms may producetrees that 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 multicasts is only 2%. Despite this large possible
reduction,the average reductionin link traversalsis less than
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 mentionedearlier, thepotentialperformanceimprovement

come from two main factors,reductionin network load (im-
proved throughput)and reducedcontentionfor network injec-
tion ports.The VCTM router reducesthe number of messages
injected into the network from the size of the destinationset
to a single message.Injection port contention accountsfor
up to 35% of packet latency in the baseline. On average,
alleviating injection pressurereducesthe cycles spent in the
network interfaceby 0.2 (directory),6 (token), 5 (region), 0.5
(TRIPs)and3.5 (Opteron)cycles.

5.5.1 Coherence Protocols. For the directory protocol we
simulate 32KB L1 cachesand private 1MB L2 caches.Ad-
dressesaredistributedacross16 directories,with onedirectory
locatedat eachprocessortile. Thereductionin network latency
for a directory protocol is shown in Figure 12. Invalidation
requestsrepresentapproximately5% of network requestsfor
thedirectoryprotocol.However, sincethenetwork load for this
protocolis low for applicationslike specJBB,TPC-H,Raytrace
and Ocean,VCTM is unable to realize substantialbene�ts.
SPECwebhasa slightly higherload which translatesinto 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.Normalizedinterconnectlatency is presentedin Figure
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13. To requesttokens,the sourcenodebroadcasts to all other
nodeson-chip;asa result,only onevirtual circuit multicasttree
is neededpernode.If thesourcenodesentout a multicastwith
a variabledestinationset, a VCT count larger than 16 would
be useful. Radiosity has reached network saturationwith the
baselinecon�guration; relieving thepressurecausedby multiple
unicastsresultsin substantiallatency improvementof close to
100%.BarnesandLU arealsovery closeto saturation,leading
to closeto 90% savings in latency.

We further evaluateVCTM usingpath-basedmulticastrout-
ing ratherthan tree-basedmulticasting.For workloadsnearor
at saturation,a path-basedmulticastcanalsoeffectively relieve
network pressureand reduce latency by an averageof 70%;
however, for workloads not nearing saturation (FFT, FMM,
andOcean),thepath-basedmulticastincreasesnetwork latency
by 48% over the baseline.For more discussionon path-based
routing trade-offs seeSection 6.

Theregion-basedcoherenceprotocoluses2KB regions;each
region covers 32 cachelines. Region coherencearrays(RCA)
are usedto store the sharinglist for each2KB region; these
RCAs sit alongsidethe L2 cache.The 16-corecon�guration
used to generatethese tracesconsistsof 32 KB L1 caches
and a private 1MB L2 cacheper core. Figure 14 presentsthe
improvementin network latency for this region-basedscheme.
This coherenceprotocol needs more simultaneousmulticast
trees than the other scenariosto seesubstantial bene�t. The
destinationsetsusedby the region protocol vary much more
widely; however, the overheadof supportingadditional trees
is low, 512 or 2048 VCTs would be a feasible design and
would reducenetwork latency by up to 65%.Without multicast
support,this type of coherenceprotocol would seeprohibitive
network latency for sendingout snooprequests.

Figure 15 shows benchmarkswith varying degreesof im-
provementdueto multicastsupportfor the TRIPsarchitecture.
Art seesthe mostbene�t dueto the network load approaching
saturationanda signi�cant reductionin the numberof packets
by using VCTM. The majority of workloads seeup to 20%
improvementdueto the low numberof nodesin thedestination
set (average 2). Additionally, many of the multicast trees
constructedfor this workloadbranchat the sourcenode.If the
branchoccursat thesourcenode,no bene�t is seenastherewill
be no reductionin packets over the multiple unicastbaseline
approach.Path-basedmulticasting outperformsVCTM for art,
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bzip2, andswim by 4% heredue to moreeffectively reducing
the network load.

Tracesweregeneratedfor the Opteronprotocolwith 64 KB
L1 cachesand a 16 MB fully sharedL2 cache.The Opteron
protocol seessteadyimprovementwith the addition of Virtual
Circuit Trees;once512VCTs areavailable,performancelevels
off with a savingsof 47%in network latency. Some�l teringof
destinationsoccursin this protocolresulting in a largernumber
of treesthantheTokenBprotocol.In all cases,path-basedmul-
ticastingperformsworsethan the baselineandVCTM. Nearly
all multicastsin the Opteronprotocol go to 15 destinationsso
a path-basedmulticast has to snake through the chip to each
node;if a non-optimalpathis chosen,latency will be high. An
additional downside to path-basedmulticasting,not re�ected
in the network latency is that the requestor will have to wait
until the last node in the path has received and respondedto
the snoop.VCTM deliversall snoopsin a moretimely fashion
resultingin fastersnoopresponse.

For VCT tables with 512 entries,we are able to achieve
signi�cant reuseacrossall scenarios. AverageVCT table hit
ratesrangefrom 62% to 99%; with directorycoherenceseeing
the lowesthit ratesoverall.

5.5.2 Synthetic Traf�c. Several aggressive packet-switched
networks are evaluatedin Figure 17a for their ability to ap-
proachthe performanceof VCTM. The PSbaselinerepresents
thesamebaselinecon�guration usedabove. The network inter-
face(NIC) representsa substantial bottleneckfor multicasting,
sotheWide-NIC con�gurationallows theNIC to inject asmany
packets as are waiting in a cycle (in the baseline only one
packet canbe acceptedper cycle). We addto Wide-NIC nearly
in�nite Virtual Channelsandbuffers (wide-nic+vcs).To better
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distribute the network load, we utilize adaptive routing (wide-
nic+vcs+adapt).Finally, we compare eachof thesescenarios
to VCTM with 2048 VCTs. Here, approximately half of the
latency penaltyassociatedwith themultiple unicastapproachis
paid in theNIC; creatinga wider issueNIC would likely result
in signi�cant overheadandcomplexity; more so thanour pro-
posal.Wide-NIC+VCs+AdaptoutperformsVCTM for moderate
loads; performance improvements in VCTM are predicated
on tree reusewhich is very low for uniform random traf�c.
Building a design with a very large number of VCs would
have a prohibitive cost(areaandpower); we believe our design
is much more practical. Figure 17b illustrates that with real
workloads,VCTM outperformsa highly aggressive (unrealistic)
packet-switchedrouter. We compareone benchmarkrunning
with 512 VCTs from eachscenarioto Wide-NIC+VCs+Adapt.

6. Related Work
In this section,we differentiateVCTM from prior proposals

along threeaxes: routing, destination encodinganddeadlock.

6.1. Routing
There are two techniquesfor routing multicast messages:

path-basedrouting and tree-basedrouting. In path-basedrout-
ing, eachdestinationis visitedsequentiallyuntil the lastnodeis
reached.Pathsmust be carefully selectedto avoid a deadlock;
cycles can occur in the network even in the presenceof
dimensionorder routing. Path-basedmulticastingalso has the
addedcomplexity of �nding the shortestpath that visits all
nodesin the destinationset.

Very little prior work focuses on the design of on-chip
multicast routers. In [24], the authors construct circuits for
multicastingin a wormhole network. Path-basedrouting plus
therequirementof setupandacknowledgementmessagesresults
in a long latency overheadfor their approach.Alternatively, we
focus on a tree-basedmulticast routing in this work but also
compareagainstpath-basedmulticasting.

With apath-basedmulticast,currentlookaheadroutingmech-
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 thecurrentpacket-switchedrouter. Recentwork has
shown network latency to be a critical factor for commercial
workloadson CMPs [12]; therefore,it is preferableto avoid
the sequential latency associatedwith a path-basedrouting
approach.Our designis able to leveragelookaheadtechniques



14

16

18

20
ct

 L
at

en
cy

6

8

10

12

0% 5% 10% 15% 20% 25% 30%

In
te

rc
on

ne
c

Load (% of Link  Capacity)

PS Baseline

VCTM (2048)

Wide-NIC

Wide-NIC + VCs

Wide-NIC + VCs + Adapt

(a) Uniform RandomTraf�c with 10% Multicasts

8

10

12

14

16

18

20

ne
ct

 L
at

en
cy

Wide-NIC 
+ VCs + 
Adapt

VCTM -
512 VCTs

0

2

4

6

8

Dir 
(specWEB)

Token 
(Barnes)

Region 
(TPC-H)

TRIPS 
(bzip2)

Opteron 
(FMM)

In
te

rc
on

(b) VCTM vs. Aggressive PSNetwork

Figure 17. Comparison against aggressive (unrealistic)
network

by usingslightly widerbundlesto remove theVCT lookupfrom
the critical path.

A multicast router [16] for DNUCA cachesis constrained
to matchvery speci�c characteristicsof this design space,i.e.
many routesare unused.Additionally, the detailsof how they
realizetheir multicast router 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 interconnectionnetworks
[36], [41]. Domain speci�c requirements 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
numberof ports are prohibitively expensive for on-chip net-
worksmakingthis typeof solutionunattractive.While a lookup
table is also indexed to �nd the properoutput port mappings,
VCTM utilizes a much smaller lookup table that is more
suitablefor on-chipdesigns.Additionally, their work addsand
removesnodesincrementallyto a multicasttreewhile our work
createsa new treeat low latency andoverheadandhencedoes
not supportadditionor deletionof nodes;this featurecould be

easilyachieved with VCTM but assessingits usefulnessis left
to future work. Anotherdesign[36] alsousesa lookup tableto
determinethe routesbut advocatesusingsoftware 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,softwareapproachesto routing may incur too
muchoverhead.

Recently, Anton [32], speci�cally designedfor molecular
dynamics,uses off-chip multicasting;multicastscanbe sentto
limited setsof nodes.ThePiranhaarchitecture's [3] novel tech-
nique,cruisemissileinvalidateslimits the numberof messages
injectedinto theoff-chip network from asingle request;eachin-
validatemulticaststo asubsetof nodes.As with VCTM, Piranha
seesimproved invalidationlatenciesby reducingthenumberof
messages.They also reducethe number of acknowledgements;
we deferstudyof similar reductionoperationsto future work.

6.2. Destination Encoding
Anothersigni�cantchallengewith on-chipmulticastingis the

destinationencodingwithin the header�i t. There are several
approachesto destinationencoding [9] includingall-destination
encodingandbit-string encoding. The all-destinationapproach
encodeseach destinationnode number into the header. The
headercan beof variablesizewith anendof headercharacterto
delineateit from the payload.Bit string encoding usesa single
bit for eachpossibledestination.If the nodeis includedin the
destinationset,thebit will besetto 1. Theheadersizeneededto
encodethe numberof destinationsgrows asthe network grows
for eachof theseapproaches.

Nodes can also be partitioned into regions and multicasts
sent to destinations within each region. The headersize can
be �x ed to limit the number of possibledestinationsthat a
multicast can reach; however, our solution is more �e xible.
The 16 bits necessaryto encodeall possibledestinations in
a 4x4 meshcould reference216 different trees.Virtual Circuit
Tree Multicasting is thus a much more scalablesolution than
destinationor bit-string encoding.

In anoff-chip network design,multiport encoding [33] deter-
mineswhento replicatea packet in eachstageof a multistage
network; this restrictsthedestinationsetsthatcanbereachedby
a packet. Somemulticastsrequiremultiple passesthroughthe
network to reachall destinations;dueto the latency sensitivity
of our workloads, multiple passesare undesirable.Multiple
outputportsareencodedin theheader�its; a differentoutputis
usedin eachpassuntil all destinationarereached.Thisapproach
is closelytied to themultistagetopologyandwould be dif�cult
to implement in a two dimensionalmesh.VCTM ef�ciently
routesmulticastsin a straightforward manner. Their work also
acknowledgestheinef�ciencies of themultipleunicastapproach
but in an off-chip setting.

6.3. Deadlock
Routingdecisionsaremorecomplex with tree-basedrouting.

Dif�culties arise when a branchoccurs in the multicast tree.
Routing to multiple destinations simultaneously would require
either replication of the routing hardware for all n possible
destinationsof a multicastpacket 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 prunedestinationsfrom the header�it
or improperly pruning destinationswould result in deadlock.
VCTM usesthe VCT number to avoid the partitioning and
pruning the destinationset.

Researchinto deadlock-free multicasttree routing [25] uses
pruning to prevent deadlock in a wormhole-routed network.
Their work targetssmallmessagessuchasinvalidatesin a DSM
system.In VCTM, for a given tree,all of the leaf destinations
are reachedvia dimension-orderrouting with respectto the
source node; therefore no cycles can occur within a single
multicast tree instance.If a tree were allowed to adaptively
route with respectto a branch (an intermediate route point)
deadlockwould be a problem.

We evaluateVCTM with proposalsthat represent a range of
scenarios;however we believe VCTM is widely amenableto
otherproposalsmentionedin Sections1 and2. For example,if
destinationsetsexhibit temporalreuse,VCTM will work well
with DestinationSetPrediction [28].

7. Conclusion
In this paper, we presenta casefor hardware support for

on-chip multicasting.Our characterizationof existing network
applications(directory coherence,Opteroncoherenceprotocol)
as well as proposed future applications (Token Coherence,
TRIPS, Region coherence)strongly supportsour claim that
multicasting is both necessaryand useful. Furthermore, the
availability of ef�cient support for on-chip multicasting will
mostlikely enablefuture techniquesthatmay otherwiseappear
unattractive or even infeasible.

In supportof theseexisting and proposedapplications,we
describea novel on-chipmulticastrouter that �lls a signi�cant
gapin thedesignspace.We believe VCTM is the�rst multicast
router for a general-purposeCMP 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-artdesignsthat do not directly supportmul-
ticasting.On averagewe seea 29%, 22% and 20% reduction
in link switching,buffer andcrossbarpower respectively; with
a maximum savings of 53%, 49% and 38%. Virtual Circuit
Tree Multicasting is also able to reducenetwork latency by
up to 90% with an averagelatency reduction of 39%. Even
thoughmany of our scenariosare not operatingat saturation,
we seesigni�cant bene�ts throughimproved speculationfrom
this reduction.Network latency-throughputis a critical factor
for many applications;this signi�cant reduction will not only
bene�t existing applicationsandarchitecturesbut alsopave the
way for new coherenceprotocol innovations.
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