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Abstract

With the increasinguseof clustes in real-timeapplica-
tions, it hasbecomeessentiato designhigh performance
networkswith quality of service(QoS)guarantees.In this
paper we explore the feasibility of providing QoSin worm-
hole switchedrouters, which are otherwisewell knownfor
designinghigh performanceinterconnects. In particular,
we are interestedin supportingmultimediavideo streams
in additionto the corventionalbest-effort traffic. The pro-
posedMediaWbrm router usesa rate-basedandwidthal-
locationmedanism,called Virtual Clodk, to schedulenet-
workresoucesfor differenttraffic classes.

Our simulationresultson an 8-port router indicatethat
it is possibleto provide jitter-free delivery to VBR/CBR
traffic up to an input load of 70-80% of link bandwidth,
andthe presenceof best-efort traffic hasno adveseeffect
on the real-timetraffic. Althoughthe MediaVrm router
showsa slightly lower performancethan a pipelinedcir-
cuit switched (PCS)router commecial succesof worm-
holeswitdhing coupledwith thesimplerandcheaperdesign
malesit an attractivealternative Simulationofa (2 x 2)
fat-meshusing this router suggeststhat clustes designed
with appropriatebandwidthbalancebetweerinks canpro-
videgoodperformancdor differenttypesof traffic.

Index Terms: ClusterNetwork, PipelinedCircuit Switch-
ing, Quality of Service RouterArchitecture Virtual Clock,
WormholeRouter

1 Intr oduction

Clustersystemsare becominga predominantand cost-
effective style for designinghigh performancecomputers.
Suchsystemsare beingusedin asdiverseapplicationsas
scientificcomputing,web seners, multimediaseners,and
collaboratve ervironments. Theseapplicationsplacedif-
ferentdemand®ntheunderlyingclusterinterconnectmak-
ing it imperatveto reevaluateandpossiblyredesigrthe ex-
istingcommunicatiorarchitecture Multiprocessonetwork
researcthasprimarily focussedn designingscalablehigh
performanceaetworks (low lateng andhigh bandwidth)to
accommodat®est-efort communicatiortraffic. Over the
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years, network designphilosophyhas corverged towards
direct network topology wormholeswitching, and virtual

channel(VC) flow control [7] to meetthesedesigngoals.
Theseresearchdeashave manifestedn mary commercial
switch/routerdesigng13, 27, 28, 4, 24, 31] and have mi-

gratedto, and beensuccessfullyassimilatedn, clusterin-

terconnectq2, 14]. However, mary of the new applica-
tions that have real-time constraintdictate that, in addi-
tion to high bandwidth,the network should provide pre-
dictableperformanceor Quality of Service(QoS)guaran-
tees. Hence,the new challengeis to designa network

(router)that can provide high performanceand QoS guar

anteedor integratedor mixedtraffic.

The ATM Forum hasdefinedthreetraffic classesalled
constantit rate (CBR), variablebit rate (VBR) andavail-
ablebit rate (ABR) [21]. CBRis generatediuringuncom-
pressedvideo/audiotransmissionwhile VBR is exhibited
dueto compression. Thesetwo traffic classesneedQoS
guarantees.Finally, ABR refersto best-efort traffic and
subsumesll otherapplicationsthat do not have real-time
requirements.A clusterinterconnectthe routerin partic-
ular, shouldthereforesupportCBR, VBR and ABR traffic
effectively.

Two switch or router design paradigmshave been
usedto build clusters[11]. Oneis basedon the cut-
throughswitchingmechanismgwormhole[9] andvirtual-
cut-through(VCT) [18]), originally proposedor multipro-
cessorswitches,and the otheris basedon paclet switch-
ing. Currentmultiprocessorouters primarily basedonthe
cut-throughparadigm are suitablefor handlingABR traf-
fic. However, they may not be ableto supportthe strin-
gent QoS requirementfficiently without possibly mod-
ifying the router architecture. On the other hand, paclet
switchingmechanisméike ATM canprovide QoSguaran-
tees,but they arenot suitablefor best-efort traffic primar
ily dueto high messagdatenyy comparedo cut-through
switching[10, 12]. Thereforenoneof theexisting network
architecturesare optimizedto handleboth best-efort and
real-timetraffic in clusterecervironments.

In view of this, afew researcherbave exploredthe pos-
sibility of providing supportfor QoSin routerarchitectures
[10, 3, 20, 26, 12]. Most of thesedesignshave useda hy-
brid approactusingtwo differenttypesof switchingmech-
anismswithin the samerouter— onefor best-efort andthe

1QoSis a genericterm. Sinceour interestis on real-timemultimedia
applicationsthetermsQoSandreal-timeareusedinterchangeably



otherfor real-timetraffic. They have refrainedfrom using
wormholeswitchingbecaus®f potentialunboundedielay
for real-timetraffic.

On the otherhand,in the commercialworld, it appears
that wormhole switching hasbecomea de facto standard
for clustersimultiprocessorsTherefore it would really be
adwantageoud we could leverageoff of the large amount
of effort thathasgoneinto the designand developmentof
thesewormholeroutersandadapthemto supportall traffic
classesvith minimal designchanges Somerecentmodifi-
cationsto wormholeroutershave beenconsideredor han-
dling traffic priority [23, 16, 6, 19, 30]. However, to our
knowledge,therehave beenno previousforaysinto inves-
tigating the viability of supportingmultimediatraffic with
wormholeswitching.

The main motivation of this paperis to investigatethe
feasibility of supportingmixedtraffic (VBR, CBR andbest-
effort) within theframavork of wormholeswitching,while
suggestingminimal modificationsto the existing hard-
ware. Real-timesupportrequiresproviding somemecha-
nism within the router that recognizeshe bandwidthre-
quirementsof VBR and CBR traffic, and accommodates
theserequests.One canborron conceptgproposedoy the
real-timecommunityto provide hardor softguaranteedn-
steadf conseratively reservingesourcesvithin therouter
to achieve thesegoalswith hard guaranteesye areinter-
estedn moreoptimistic solutionsthat provide soft guaran-
tees.In particular the paperattemptdo addresshefollow-
ing questions:

e Canwe provide a mechanismwithin the wormhole
routerthat providessoft-guarantee® VBR andCBR
traffic? Basedon this, canwe develop an admission
control schemethat restrictsaccesse$o the network
sothatQoSrequirement®f currentlysenedrequests
arenotcompromised?

o How doestheexistenceof best-efort traffic affectreal-
timetraffic, andvice versa?

e How do we configurethewormholerouterfor bestre-
wards? Shouldwe supportmore connectionswithin
eachVC (with fewerVCs perphysicalchannel(PC))?
Or shouldwe supportmore VCs with fewer connec-
tions per VC? While a larger numberof VCsis intu-
itively expectedo performbetter it maynotbepossi-
ble to implementa full-crossbar

e Whatistheimpactof messagsizeonreal-timetraffic?

e How doessucha wormhole routing implementation
comparewith a connection-orientegipelinedcircuit
switched(PCS)routerin termsof numberof jitter-free
connectionshardwarecompleity, etc.?

e Finally, how does a cluster network using such
wormhole-switchedoutersperformwith mixed traf-
fic?

We have useda simulationtestbedio answerthe above
guestionsWe proposea new wormholerouterarchitecture,
calledMediaWrm, thatis a modificationof a corventional
pipelinedrouter for meetingbandwidthrequirements. A
rate-basedchedulingalgorithm,calledVirtual Clock [35],

is usedto schedulerouterresourcesamongstthe compet-
ing connections.An 8-port MediaWbrm designhasbeen
evaluatedusinga spectrunof real-timeandbest-efort traf-
fic mixes,with varyingworkloadandhardwareparameters.
We have alsoevaluatedt usinga2 x 2 fat-meshopology

The resultsindicatethat the Virtual Clock algorithmin
the MediaWwbrm doesindeedimprove the QoS delivered
to real-timetraffic comparedo the FIFO schedulingalgo-
rithm thatis typically employedto allocateresourcesvithin
a corventionalwormholerouter In the caseof a single
switch,MediaWbrm canprovidejitter-freedeliveryupto an
input load of 70-80%o0f the physicalchannelbandwidth.
For most realistic operatingconditions, MediaWbrm can
deliver as good (jitter-free) performanceas PCSfor real-
time traffic withoutdroppingary connectiorestablishment
requestgunlikein PCS).This goalcanbeattainedat a sig-
nificantly lower cost(requiresmuchlower numberof VCs).
Increasinghe numberof VCs per PCimprovesthe QoSof
thesystemthoughthe crossbamultiplexing overheadgan
becomesignificant. By allocatingVCs separatelyto best-
effort andreal-timetraffic, we find thatthe formerdoesnot
reallyinterferewith thelatter However, theaveragdatencg
of thebest-efort traffic increasesisexpected.

The restof this paperis organizedasfollows. The next
sectionsummarizesherelatedwork. Section3 presentshe
architecturatletailsof the MediaWorm router andthe Vir-
tual Clock resourceschedulingalgorithm. Section4 gives
detailson the simulationplatformandthe workloadthatis
usedin the evaluation. The performanceesultsfrom the
simulationsaregivenin Section5. Finally, Section6 sum-
marizegheresultsof this studyandidentifiesdirectionsfor
futureresearch.

2 RelatedWork

With thebuilding block of a multiprocessomterconnect
beingits routeror switchfabric,therehasbeena consider
ableamountof researctthat hasgoneinto efficient router
designs. Routersfrom university projects like reliable
router [8] and Chaosrouter[22], and commercialrouters
suchas SGI SPIDER,Cray T3D/E, TandemSenernet-ll,
IBM SP2switch, and Myrinet [13, 27, 28, 14, 31, 2] use
wormholeswitching,while the HAL mercury[34] andSun
S-Connect[25] use virtual cut-through(VCT). Most of
themsupportVCs, andat leastthe Cray T3E, SenerNet-I|
and S-Connechave adaptve routing capability A hybrid
switch including both wormholeand VCT was designed
in [29]. All theseroutersare primarily designedo min-
imize lateng andimprove the network throughput. The
SGI SPIDER, Sun S-Connectand Mercury supportmes-
sagepriority. But, noneof theserouterscanguarante€)oS
asrequiredfor real-timeapplicationslike VOD. Of these
routers,SenerNet-Il is the only one that provides a link
arbitrationpolicy (called ALU-biasing) for implementing
somekind of bandwidthanddelaycontrol, but it still does
not provide ary capabilitiesto supportmultimediatraffic.

Recentlyafew researchersave exploredthe possibility
of providing supportfor QoSin multiprocessor/clusten-
terconnects.The needfor suchservicesgxisting methods
to supportQoS specificallyin WAN/long-haul networks,
andtheir limitations are summarizedn [20, 5]. Kim and
Chien[21] proposea schedulingdiscipline,calledrotating
andcombinedqueue(RCQ), to handleintegratedtraffic in



a paclet switchednetwork. The Switcherlandrouter[12],
designedor multimediaapplicationsnanetwork of work-
stationsusesapacletswitchedmechanisnsimilarto ATM,
while avoiding someof the overheadsassociatedvith the
WAN featuresof ATM. The router architectureproposed
in [26] usesa hybrid approachwhereinwormholeswitch-
ing is usedfor best-efort traffic and paclet switchingis
usedfor time-constrainedraffic.

A multimediarouter architecture proposedn [10, 3],
also adheresto a hybrid approach,using pipelined cir-
cuit switching(PCS)for multimediatraffic andvirtual-cut-
through (VCT) for best-efort traffic. The authorshave
designeda (4 x 4) routerto supportboth PCSandVCT
schemesandhave usedMPEGvideotracesn theirevalua-
tions. While aconnection-orientethechanisnsuchasPCS
is suitablefor multimediatraffic, it shouldbe notedthat
it needsone VC per connection. If we have a link band-
width of 1.24 Gbps,with eachmultimediastreamrequir
ing 4 Mbps, thenit would require256 VCs to fully utilize
a physicalchannel. It is not clear whetherit is practical
to have sucha large numberof VCs per physicalchannel
andwhatwill bethe costof the correspondingnultiplexer
and demultiplexer implementations.Neverthelessthis is,
perhapsthe mostdetailedstudywhererouterperformance
hasbeenanalyzedwith both multimediavideo streamsand
best-efort control traffic. A preemptve PCS network to
supportreal-timetraffic is alsoproposedn [1].

To our knowledge,thereare only a handful of research
efforts that have examinedthe possibility of usingworm-
hole switchednetworksfor real-timetraffic [23, 30, 16, 6,
19]. In mary of thesestudies[23, 30, 19|, the focusis on
providing somemechanismsvithin therouterto implement
priority (for real-timetraffic) andpre-emptior(whenthere-
sourcesareallocatedto a lesscritical message)However,
thesemechanismare not sufficient (and may not even be
necessaryfpr providing softguaranteéor multimediatraf-
fic. Threedifferenttechniquedgor providing QoSin worm-
hole switchingareexploredin [16] usinga simulatedmul-
tistagenetwork. Theseincludeusinga separatesubnetfor
real-timetraffic, supportinga synchronouwirtual network
on the underlyingasynchronousietwork, and employing
VCs. Thefirstapproachmaynotbecost-efective. Thesec-
ondsolutionof usinga synchronousetwork (eitherinher
ently synchronousr simulatedon top of anasynchronous
network asis donein [6] on Myrinet), is not a scalableop-
tion. The third option of usingVCs hasnot beeninvesti-
gatedn depthin [16], whereit hasbeencursorilyexamined
in the context of indirectnetworks.

It is still notclearasto whatis the bestswitchingmecha-
nismthatcansupportall traffic classesShouldwe resortto
hybrid routersthatdifferentially servicethe differenttraffic
classegandpaya high cost)like mary of theabove studies
have done? Or, canwe usea single switchingmechanism
(wormholeswitchingin particular sinceit hasbeenproven
towork well for best-efort traffic andwe canleverageoff of
theimmenséodyof knowledge/infrastructurevailablefor
this mechanismyvith little or no modifications?nsteadof
discardinghewormholeswitchingmechanisnasanoption
for multiple traffic classesn anadhocmannerasmary of
theabove studieshave done this paperexploreshow alarge
numberof multimediaconnectionsanbe supportedin a
jitter-freemanner)with wormholeswitchingin thepresence
of best-efort traffic.

3 Router Architectures

We assumédamiliarity with wormholeswitchedrouters.
Herewe describethe architectureand modificationsintro-
ducedin a basicpipelinedwormholerouterto enhancets
performancdor QoSguaranteesWe thenbriefly describe
PCSrouters.

3.1 Pipelined Design

We use a pipelinedrouter model, called PROUD [32,
33], andaugmentt with abandwidthresenationalgorithm.
The pipelinedmodelwith five stagesas depictedin Fig-
ure 1, representghe recenttrend in commercialdesigns
suchasSGI SPIDER[13] andSGl/CrayT3E[28].

Header Flit Path

Syne, Routing B/W Resv, Buffering
DeMux,

— —= —= |Arbitration [—=> | Xbar Mux, = | VC Mux, —=>

Buffer, Decision
Xbar Route Sync
Stage 4 Stage 5

Decode
Figure 1. Pipeline model for the router

Stage 1 Stage 2 Stage 3

—

Tail/Middle Flit Bypass Path

The first-stageof the pipelinerepresentshe functional
units which synchronizethe incomingflits, demultiplex a
flit sothatit cangoto theappropriatevirtual channebuffer
to be subsequentlgecodedlf theflit is aheadeflit, rout-
ing decisionandarbitrationfor the correctcrossbawoutput
is performedin the next two stagegstage2 and stage3).
On the other hand, middle flits andthe tail flit of a mes-
sagebypassstage® and3 to move directlyto staged. Flits
get routedto the correctcrossbarmutputin stage4. The
bandwidthof the crossbamaybe(optionally) multiplexed
amongsimultiple VCs. This is discussedn detail laterin
this section. Finally, the last stageof the router performs
buffering for flits flowing out of the crossbarmultiplexes
the physical channelbandwidthamongstmultiple virtual
channelsand performshand-shakingand synchronization
with inputportsof otherroutersor the network interfacefor
thesubsequertransferof flits.

A pipelinedroutercanthusbe modeledasmultiple par
allel PROUD pipes. In ann port router, if eachphysical
link (PC) hasm VCs, a router could then be modeledas
(n x m) parallelpipes.Resourceontentioramongsthese
pipeswould occurfor thecrossbaoutputports(andis man-
agedby thearbitrationunit) aswell asfor thephysicalchan-
nel bandwidthof the outputlink (whichis managedy the
virtual channemultiplexer).

3.2 CrossbarDesignOptions

We considertwo differentcrossbaidesignoptions— a
full crossbarandamultiplexedcrossbaf7]. A full crossbar
hasnumberof inputandoutputportsequalto thetotalnum-
berof VCssupported— (nxm) for ann-portrouterwith m
VCs per PC.Onthe otherhanda multiplexed crossbaihas
numberof input/outputports equalto the total numberof
PCs(n). A full crossbamayimprove routerperformance
at a significantly high implementatiorcost; a multiplexed



crossbalis cheapetto implementbut requiresmore com-

plex scheduling. Supportfor a very large numberof VCs

maymandatehe useof amultiplexedcrossbafrom aprac-
tical viewpoint. For amultiplexedcrossbaimplementation,
amultiplexer hasto be usedat the crossbainput portsand

a demultiplexer at the crossbarmutputports. Introduction
of the additionalmultiplexer introducesa new contention
pointin the router Figure2 shaws the variousfunctional
unitsalongarouterpipewhenarouterimplementsa multi-

plexedcrossbar

Input Flit Output vC
Flit Buffer Mux

Flit Buffer Decoder

Crossbar Switch

Figure 2. Functional units along a router pipe
for a 2 port router with 2 VCs per PC. Ad-
ditional functional units such as the routing
decision block and the arbitration unit are not
shown.

Our plan is to usethis router architectureto support
CBR,VBR andbest-efort traffic. In orderto allocateband-
width for differenttraffic types,the messageshouldcarry
the necessarynformationin its headerflit to indicateits
requiremento the router This informationis essentially
the maximumtolerableslack. (i.e. interservicecomple-
tion time) for the flits of that message.We usea band-
width resenation policy, known asthe Virtual Clock algo-
rithm [35], to provide softbandwidthguaranteesThisfunc-
tionality is implementedn Stage4 of thepipelineshavnin
Figurel.

3.3 Virtual Clock

Virtual Clock [35] as originally proposed,is a rate-
basedschedulingalgorithm for resourceallocationin a
connection-basedetwork. It regulatesthe bandwidthus-
ageof eachconnectiornby assigninga virtual clock value,
whichticksateverypaclet/messagarrival onaconnection.

In the algorithm,therearetwo variablescalledauxVC
(auxiliary VirtualClock) and Vt i ck for eachconnection.
The value of thesetwo variablesare determinedvhenthe
connectionis setup. auxVC indicatesthe currentvirtual
clock valueof the connectionwhile Vit i ck is theamount
of time by whichauxVCshouldbeincrementeavheneera
paclket/messagarriveson thatconnection.In fact,Vt i ck
is the expectedserviceinterval (slack)of messages/paeks
onthatconnectior(thatis negotiatedon startup).A smaller
Vt i ck valuemeanshigherbandwidthrequirement.

Oncethesetwo valuesare set, the Virtual Clock algo-
rithm worksasfollows. For eachconnection, whenames-
sage/packt arrivesat theresourceschedulerthe following
two arecomputed:

auxVG; + max(d ock,auxVG)

auxVG; < auxVGC; + Wti ck;

The new arrival is timestampedvith auxVC;, andthe
schedulesservicesthe arrivals in increasingiimestampor-
der

In a wormhole router thereis no explicit connection
setupbetweerthe sourceandthe destination.Rather each
message&equeststs requiredbandwidthat eachrouteron
its way to the destination,and the routerimplementsthe
virtual clock algorithmto allocatethe requestedandwidth
to its flits. Soin our router eachmessageavorks asif it
werea connectionandeachflit worksasif it werea mes-
sageof the originally proposedalgorithm. For instance jf
a messageequiresa bandwidthof 120K flits/sec,thenits
WVt i ck is setto 1/120K.The messagenakesits requesby
carryingits requiredvt i ck in its headerWhenthetail flit
leavestherouter its Vit i ck informationin therouteris dis-
carded.ThevariableCl ock in the above algorithmis the
actualtime (wall-clock time) at the time of flit arrival. For
best-efort traffic, Vt i ck is setto infinity sinceit hasthe
maximumslack.

In arouterimplementatiorwith a multiplexed crossbar
contentionfor link bandwidthcanoccurat oneof 3 places
— thecrossbhamputmultiplexerfor thecrossbamputport,
within the crossbarfor the crossbaioutputport and at the
virtual channelmultiplexer for the output physical chan-
nel. Thesearemarked as(A), (B) and(C) respectrely in
Fig. 2. All theseplacesare potentialcandidatesvherea
Virtual Clock basedandwidthallocationcanbeperformed.
We rule out (B) and(C) for thefollowing reasonsin case
(B), crossbaoutputport arbitrationis performedat a mes-
sagdevel granularity whereasve areinterestedn flit-level
bandwidthallocation. Case(C) correspondingo the VC
multiplexer, is alsonot a strongcandidate.This is dueto
the fact that at mostone of the VCs of an outputPC can
recevve aflit from the multiplexed crossbarper router cy-
cle. Whenonly oneof theVVCs hasaflit in ary givencycle,
the Virtual Clock algorithmessentiallypehaesasa FIFO
schedulerHence we have choserto implementhe Virtual
Clock scheduleatthe crossbainput multiplexer (A).

In arouterthatimplementsa full crossbarthereis no
crossbainput multiplexer (nor ademuliplexer at the cross-
bar output). Thus, the only contentionpoints are for the
crossbamutputport (at the time of arbitration)andin the
VC multiplexer. In sucharouter we have choserto imple-
mentthe Virtual Clock algorithmatthe VC multiplexer.

The hardware requirementsfor implementinga Vir-
tual Clock basedmultiplexing scheduleare as follows.
For eachvirtual channel,two registers are required to
store the Vt i ck (which is set by the headeiflit) and
auxVC values, a two input comparatorfor determining
max(auxVC,d ock) andan adderto incrementauxVC
by Vt i ck. Further a multi-input comparatois neededo
determingheVC with thelowesttimestampghatwins mul-
tiplexing. Dependingon the delay of this hardware com-
paredto the router clock cycle, a flit-level or block-level
multiplexing strateyy canbe adopted.Flit-level multiplex-
ing is usedin this study

3.4 Inter connectionTopologies— Fat Networks

Clusterinterconnectsare typically built with high de-
greeswitches.Myrinet [2] has8 and16 portrouterswhile
Senernet-11[14] routershave 12 ports. Theseportsmaybe



usedto connectto otherswitchesaswell asto endpoints.
Theseendpointanay be computenodessuchasclientsand
seners,aswell asl/O devices.

The differencebetweersuchclusternetworksandthose
in typical multiprocessormterconnectss thatwhile multi-
ple endpointgerswitchmaybecommonin the former, the
latter typically hasonly oneendpointper switch. Depend-
ing on the expectedtraffic pattern,it is likely that multiple
endpointsnayplacehigherinter-switchbandwidthrequire-
menton clusterinterconnects.

Dueto thisreason,fat” topologieshave beenproposed
for clusters Exampleof fattopologiednclude,thefat-tree
andthe fat-mesh[11]. Otherclusterinterconnectsuchas
the tetrahedratopologiesproposediy Horst[17] canalso
use‘fat” links. RoutersuchastheSenernet-I1[14] include
hardwaresupportfor usingmultiple physicallinks connect-
ing a pair of switchesindistinguishablythroughthe notion
of “fat-pipes”.

Although mostof the studiesreportedin this paperde-
tail the performancef a singleswitch,we alsoanalyzethe
performanceof a fat mesh. The fat meshusedhereis a 4-
switch topologywith 8 port crossbarswitches. (We have
limited our studyfor a smallernetwork dueto exceedingly
high simulationtimes. Onecandesigna larger routerand
a larger network usingour model.) Two physicallinks are
usedto interconneceachpair of switchesn a4 nodemesh.
We usedeterministicrouting and a messagecan use ary
one of the two links to traverseto the next nodebasedon
thecurrentload.

3.5 Pipelined Cir cuit Switching

PipelinedCircuit Switching (PCS)[15] is a variant of
wormholeswitchingin which a messages similarly sey-
mentedinto flits. However, unlike wormholerouting in
whichmiddleandtail flits immediatelyfollow theheadeias
it progressetowardsits destinationjn PCS flits of ames-
sagewait until the header(or probe)resenesthe complete
path up to the destination. Once sucha path/connection
hasbeenestablishedan acknavledgmentis sentfrom the
destinationto the source. The restof the flits thenmove
alongthis pathin a pipelinedmanner(similarto wormhole
switching).During pathestablishmenif theheadeicannot
progressowardsthedestinationit caneitherbacktrackand
try alternatve pathsif adaptie routingis permitted. If no
pathcanbeestablishedr if adaptve routingis not permit-
ted, a negative-acknavledgment is sentandthe attempted
connectioris dropped.In this paperwe do notassumeary
adaptve routing capability?. Our intentionis to compare
the PCSschemewith wormholeswitchingwith integrated
traffic.

4 Experimental Platform

4.1 Simulation Testbed

The above architecturatonceptshave beenextensiely
evaluatedthroughsimulation. We have developedworm-

2PipelinedCircuit-Switchingas originally proposedn [15], assumed
non-minimalandadaptve routing capabilitieswith backtrackingandre-
routing. This leadsto low connectiondroppingrates. However, if deter
ministic routingandno backtrackings assumedh a PCSrouter this may
leadto high connectiordroppingrates.

hole and PCSrouter simulationmodelsusing CSIM. The
simulationmodelsare quite flexible in the sensethat one
can specify the numberof physicalchanneldPCs),num-
ber of VCs per PC, link bandwidth,CBR/VBR ratesand
the variationof VBR rate, flit size, messagesize (number
of flits), andtheratio of real-timetraffic (VBR andCBR)to
best-efort traffic. In addition,usingtheserouters,onecan
configurearny network topology

It shouldbe notedthatwe aredoing a detailedflit-level
simulationwith eachstageof therouterpipelinebeingmod-
eled,togethemith seseralsimultaneoustreamsstablished
from eachnodein the system. Typically, we gathersim-
ulation resultsover a few million messagesAs a result,
thesesimulationsare extremelyresourcentensie, bothin
termsof simulationtime and memoryrequirements.Two
factorsthat determinesimulationresourcesare the cross-
bar size, and physicalchannelbandwidth. Consequently
eventhoughcurrenttechnologiepermitlargecrossbasizes
andover 1.28 Gbpslink bandwidthsmary of our simula-
tions usesmallervaluesfor theseparameterswithout loss
of generality to keepthemtractable. We have also con-
ductedsomeexperimentsvaryingtheseparametersandthe
overalltrends/resultstill apply.

The importantoutputparametersre meanframedeliv-
eryintenval (d) for CBR/VBR messagestandardieviation
of frame delivery intenals (o;) for CBR/VBR messages
andaveragelateng for best-efort traffic. Thedeliveryin-
tenal is measuredas the differencebetweenthe delivery
times of two successie framesat the destination. A d =
33 msedndicatesaframerateof 30 frames/seat MPEG-2
rates. Coupledwith a oy = 0, this impliesjitter-free deliv-
ery. A higherd and/oro4 impliesjittersin transmission.

4.2 Workload

Our workloadconsidersnessagegeneratedavith VBR,
CBR and best-efort requirementsand mixes of theseas
describedelow.

4.2.1 VBR and CBR Traffic

The VBR traffic is generatedas a streamof messages
betweenpairs of communicating(source-destinatiopair)
processorsThetraffic in eachstreamis basecon MPEG-2
characteristics,e. framesizeselectedrom a normaldis-
tribution with a meanof 16,666bytes, standarddeviation
of 3333bytes,andainter-frameinterval of 33 milliseconds
(which givesameanrateof 500 KBytes/sor 4 Mbps).

In the caseof wormholerouting,aframeis brokendown
into fixed-sizemessagegexceptpossiblythe last message
of a frame), with eachmessag®f the frame carryingthe
bandwidthrequirementgVt i ck informationfor the Vir-
tual Clock algorithm) and the routing information in its
headerflit. As a result, the network treats/servicegach
messag®f a streamindependentlyof the others. The in-
jectionratefor the messagesf a streamis determinedoy
the messageaize andthe numberof messagesonstituting
a frame. For instancewith a messagesize of 20 flits and
200 message$o a frame, the interval betweensuccessie
messagénjectionsturnsoutto be 165microsecond.

In thecaseof PCS eachstreamis transmittecbveradis-
tinct connection(asit is connectiororiented). Thefirst flit
of the streamestablisheghe circuit betweerthe sourceand



destinationendpoints simultaneouslynforming the inter-
mediateswitchesaboutits bandwidthrequirementgthere-
quired Vt i ck for the entire stream). The framesof the
streamarelogically groupedinto flits, with eachgroupin-
jectedinto the establishedircuit ata specifiedrate(similar
to how messagearegeneratedn the wormholeswitching
case).

In PCS eachconnectior(andhenceastreamjalsoneeds
adistinctVC. Therefore the numberof VCs supportedy
thehardwarehasto begreatetthanor equalto themaximum
numberof concurrentstreamsn the workload. In worm-
hole switching, eachmessagecarriesrouting and band-
width information. As a result, it would be possibleto
supportmultiple connection®n a single VC. This would
malke sensenly whenthebandwidthavailableto aVC is at
leastaslargeasthe sumof thebandwidthslemandedby the
stream®o©nthatVC. Thisis howevernotaproblembecause
eachmessagearriesits VTi ck requirement.

It shouldbenotedthatstreamestablishmendoesnotac-
tually fail in wormhole switching. In PCS,on the other
hand,a connectionestablishmenprobemay not necessar
ily succeedThisis termedasdroppingof a connection.It
is assumedhatconnectionsnaybedroppedonly at stream
set-up.

Oncethe input VC for a connectionis determinedthe
destinationprocessoiis picked randomlyusinga uniform
distribution of all nodes,and the destinationVC is also
drawvn randomlyfrom a uniform distribution of the VCs
availablefor VBR traffic.

Thegeneratiorof the CBR traffic is identicalto the VBR
traffic, with the exceptionthat the frame sizeis kept con-
stant(at 16,666bytes)insteadof usinga normaldistribu-
tion.

4.2.2 Best-Effort Traffic

Thebest-efort traffic is generatedvith a constaninjection
ratethatis allocateduo this classof traffic (explainedin the
next subsection)Themessagéengthis keptconstanat 20
flits, andits destinations picked from a uniform distribu-
tion of the nodesin the system. The input and outputVC
for amessagarepickedfrom a uniform distribution of the
availableVCsfor thistraffic class.

4.2.3 Traffic Mixes

An importantparametethatis variedin our experimentss
theinputload. Thisis expressedsa fraction of the physi-
cal link bandwidth. For a specifiedload, we considerdif-
ferentmixes (z : y, wherez/(z + y) is the fraction of
the load for the VBR/CBR componenandy/(z + y) is
the fraction of the load for the best-efort component}o
generatemixed-modetraffic. We divide the VCs into two
disjoint groups. x%(:c + y) % of the VCs areresened for
theVBR/CBRtraffic, andtheremainingareallocatedo the
best-efort traffic. As mentionedearlier the numberof si-
multaneous/BR/CBR streamshat are possiblefrom/to a
nodeis limited by the numberof VCs in the caseof PCS.
In wormholeswitching,it is limited by the numberof VCs
andthebandwidthallocatedo aVC. For instanceif aphys-
ical channelkcansupport400Mbps,andthetotal numberof
VCsis 16, thenwe cansupportat most6 connectionper
VC (sincethe bandwidthrequiremenbf eachstreamis 4

Mbps).If z = y = 1, thenthenumberof VCsdedicatedor
VBR/CBRtraffic is 8, andtherecanbeatmost6 x 8 = 48
outstanding/incomingtreamsat eachnodein thesystem.

5 PerformanceResults

In this section,we analyzethe performanceresultsfor
the 8-portsinglerouterwith varying parametergswell as
thatof thefatmesh.Therouterparametersisedin this per
formancestudyaregivenin Table1l.

Switch Size 88
Flit Size 32bits
Messagesize 20flits
Flit Buffers 20flits
PCBandwidth 400Mbps
VCs/PC variable(wormhole),
24 (PCS)
Streams/VC | variable(wormhole),
1(PCS)

Table 1. Simulation Parameters

5.1 Virtual Clock vs. FIFO

Figure 3. Virtual Clock vs. FIFO (16 VCs)

We first begin by examininghow atraditionalwormhole
router (which usesFIFO schedulingyerformswith multi-
media/miedtraffic. Fig. 3 shavsthe meandeliveryinter-
val (d) andits standarddeviation (o) for thisrouterwith a
mixtureof VBR andbest-efort traffic (80:20).

We canseethatboth d and o, startgrowing beyond a
load of 0.8, shawving thattherewould be significantjitters
in delivery of VBR traffic beyondthis point. Comparedo
this, if we changethe multiplexer scheduling(from FIFO)
to avirtual clock algorithmat point A in Fig. 2, theresult-
ing routercanprovide jitter-free delivery evenup to a link
loadof 0.96(theload of thereal-timecomponents around
0.75).This clearlyshovstheneedfor arate-basedchedul-
ing algorithmto administerthe available bandwidthin the
wormholeswitchedrouter

5.2 CBR andVBR Traffic Results

Figure 4 depictsthe d and o4 resultswith only CBR
andonly VBR traffic (thereis no best-efort traffic). It can
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Figure 5. Mixed Traffic (16 VCs)

be gleanedthat both exhibit nearlyidentical performance,
with the CBR traffic experiencingjitter-free performance
for slightly higherload. Although, both CBR and VBR
streamshave the samemeanbandwidthrequirementCBR
streamdy their naturearealsointuitively expectedto ex-
periencebetterjitter tolerance Since,VBR streamgresent
amorechallengingwvorkload,we focuson VBR streamsn
therestof the studiesin this paper

5.3 Resultswith Mixed Traffic

Next, wevarytheratio of real-time(only VBR) andbest-
effort traffic for differentinputloads,andstudytheeffecton
jitter for VBR andaveragdateng for the best-efort traffic.
Fig. 5 showvs thevariationof d ando, for theseworkloads.
It canbe obsenredthatup to aninputload of 0.80,thereis
nojitter for VBR traffic regardles®f themix betweerthese
two traffic classes.Beyonda load of 0.80,it is only when
the real-timetraffic becomesa dominantcomponentdoes
thejitter becomesignificant. The effect of VBR traffic on
theaveragdateng of best-efort traffic (in microseconds}
givenin Table2. For agivenmix, thelateny degradeswith
anincreasein the load. The presenceof real-timetraffic
alsoincreaseshelateny of the best-efort traffic ata given
load. Thisis a consequencef the higherpriority givenby
the Virtual Clock algorithmto thereal-timetraffic.

5.4 Impact of VCs and CrossbarCapabilities

It shouldbe notedthat our workload generatesnulti-
ple connection®n eachavailableVC. An importantdesign
consideratioris to determinewhetherone shouldsupport
moreVCswith fewerconnectionperVC, or viceversa.ln-
tuitively, it may appeathata largernumberof VCs would
improve performanceThe performanceesultsin Figure6

InputLoad
xiy ] 0.60]0.70] 0.80 | 0.90 | 0.96

20:80|| 6.3 | 9.0 | 16.2 | 36.9 | 43.6
50:50( 7.7 | 11.4| 255 | 56.1 | 64.6
80:20 || 10.3| 15.8| 39.7 | 106.9| Sat.
90:10|| 11.9| 19.3| 106.2| Sat. | Sat.

Table 2. Average Latency for Best Effort Traf-
fic (8x8 switc h, 16VCs, 400Mbps links)

Figure 6. Impact of VCs and Crossbar Capa-
bilities (400 Mbps links, z :y = 100:0)

also confirm this intuition, where the 16 VC casegives
jitter-free performancaip to a higherload comparedo the
4 and8 VC cases.However, supportinga large numberof
VCs mayrequirea large amountof resourcesn therouter
Lower numberof VCs, on the otherhand,allows usto be
ableto usea full crossbar(insteadof a multiplexed one).
Thisis examinedfor the4 VC case(i.e. a32 x 32 crossbar),
whichshawvsbetterperformancehan8 VVCswith the multi-
plexed crossbaiand competitve performancecomparedo
the16 VC results.

5.5 Effect of MessageSizeon Jitter

20 0 80 160 2560 20 0 80 160 2560
Message Size (fits) Message Size (fits)

Figure 7. Effect of message size on jitter (16
VCs)

Our next experimentexaminesthe impact of message
sizeon VBR traffic. We vary messagsizefor two different
inputloads(0.64and0.8) thatarerepresentatie of the be-
havior obsenedearlier andexaminechangesn d andog.
Theresultsin Fig. 7 showv that exceptfor very small mes-
sagesizesthereis little impacton QoSfor real-timetraffic.
For very small sizes,the effect of the headefflit overhead
becomemoticeable. For instance,1 headerflit in a mes-
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Input Load | #Conn.Attempts | # Established | # Dropped
0.91 718 187 531
0.87 540 175 365
0.80 476 160 316
0.74 372 148 224
0.67 332 134 198
0.64 224 107 117
0.42 172 83 89
0.37 166 73 93

Table 3. Number of attempted, established

and dropped connections in a PCS router.

sagesizeof 20 flits consume$% of the streambandwidth.
Theseesultsshav thatwe do notreally needto gofor large
messagefor multimediatraffic. In fact,smallersizesmay
helpthe lateng for best-efort traffic. However, this needs
furtherinvestigatiorto make conclusve pronouncements.

5.6 Wormhole and PCSComparison

PCSis expectedto provide good performancdor VBR
traffic. Thisis becausét is aconnectiororientedswitching
paradigmand hencecanresenre bandwidthat the time of
connectionestablishment.However, it requiresa VC per
stream therebymandatinga large numberof VCs per PC
for high link bandwidth.

In this experiment,we comparethe performancef Me-
diaWbrm routerto thatof an (8x8) PCSrouter Note that
thisis the only experimentthatwe performfor alink band-
width of 100Mbps(24-25VBR streamscan be supported
perlink, eachwith 4Mbpsbandwidthrequirement) Thisis
primarily becausef thesimulationcomplexity for support-
ing thelargenumberof VCs (upto 100VCs) thatwould be
requiredfor 400Mbpslink bandwidthin a PCSrouter

As canbeexpectedwormholeroutingcansupportitter-
freeperformancenly upto aloadof about0.7 comparedo
over0.8in thecaseof PCS.Thisis, however, notafair com-
parisorbecauseall streamstartedonawormholerouterare
acceptedwhereaghe PCSrouterdropsmary connections
that contendfor busy resources. For the sameoperating
load,thisin effectunfairly improvesthecrossbautilization
for acceptecdtonnectionsn PCScomparedo that for the
wormholerouter

While PCSprovidessuperiomperformancethis is atthe
costof high resourcerequirementglarge numberof VCs)
aswell asavery high numberof droppedconnectionsThe
numberof acceptedand droppedconnectiongor various
inputloadsfor PCSis shavn in Table3.
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Figure 9. Performance of a (2 x 2) fat mesh.

Theseresultsshav thatfor mostrealisticoperatingcon-
ditions(aninputload of 0.7 is reasonabhhigh), wormhole
switching can deliver as good (jitter-free) performanceas
PCSfor real-timetraffic, while not turning down connec-
tion establishmentequestasdonein PCS(around60% of
requestareturneddown ataloadof 0.7).

5.7 Fat-MeshResults

In this subsectionywe examinetheperformancemplica-
tions of using MediaWborm routersin a fat-meshintercon-
nect.In generaljt canbeexpectedhataninterconnectith
multiple routersmay have lower performancéhanthatof a
singlerouter This would be due to the additional points
of resourcecontentionin a network. We limit this studyto
a modest4 node(2x2) network dueto limited simulation
resources.

Fig 9 (a)and(b) shovsthechangen meandeliveryinter
val andthe correspondingtandardieviation for VBR traf-
fic. Thisis studiedwith bothincreasingoadandincreasing
proportionof VBR traffic. The resultsindicatethat VBR
performanceemainsgoodfor smallerproportionsof VBR
traffic (40%and60 %) evenfor atotal inputload of 0.9 of
PC bandwidthcapacity Only at aload of 0.9 with 80% of
traffic being VBR, doesVBR performancealegrade. This
goodperformancdor VBR is at the expenseof best-efort
traffic andis shavnin Fig. 9 (c). As expectedfor ary given
load,averagdateng of best-efort traffic increasesvith in-
creasingproportionof VBR traffic.

It is alsoillustrativeto compargheperformancef a(2 x
2) fat meshto that of a single switch. As expected,the
maximuminputload(for agivenproportionof VBR to best-
effort traffic) that providesijitter-free performancdor VBR
traffic is lower in the fat-meshthanin the caseof a single
switch. This canbe inferredby comparingFigs.5 (a) and
(b) with Figs. 9 (a) and(b). For example,with a load of
0.9 andatraffic mix of 80:20,we canobsere thata single
switchis ableto provide jitter-free performancewhile the
fat-meskcannot.



Admissioncontrolcriteria,thus,have to consider(for an
expectedraffic pattern)whatis the maximumloadandpro-
portion of VBR to best-efort traffic thatwill provide sta-
tistically acceptableQoSto VBR traffic aswell asan ac-
ceptabldateng for best-efort traffic. Thisloadwouldthen
determinghenumberof VBR streamshatmaybeaccepted
for service.

6 Concluding Remarks

Widespreaduse of clusteredsystemsin diverseappli-
cation ervironmentsis placing varied communicationde-
mandson theirinterconnectsCommerciaroutersfor these
ervironmentscurrently supportwormhole switching. Al-
thoughwormholerouterscan provide small latenciesand
good performancefor best-efort traffic, theseroutersare
unableto provide quality of serviceguaranteefor softreal-
time applicationssuchasstreamingmedia.

Our study is motivated by the needto simultaneously
handlemultiple suchtraffic typesthat are becomingim-
portantand prevalentin clusteredervironments. We also
feel that it is imperatie to leverageoff of existing, ma-
ture and commoditytechnologyi.e. wormholeswitching,
for providing a cost-efective solutionratherthanusingrel-
atively new or hybrid switching alternatves proposedby
otherresearchersWe have proposeda new routerarchi-
tecturecalled MediaWrm with only one major modifica-
tion comparedto “vanilla” wormholerouters— incorpo-
ratingarate proportionalresourceschedulecalledVirtual
Clock[35], insteadof thecommonrateagnosticschedulers
suchasFIFO or round-robin.

We have studiedthe capabilitiesof MediaWorm in sup-
porting real-timeand best-efort traffic. Our study makes
thefollowing importantconclusions.

e We confirm that Virtual Clock can provide consider
ably improvedperformancdor traffic thatrequiresoft
real-timeguarantee§VBR/CBR).

e Resultson the effect of mixed VBR and best-efort
traffic on MediaWbrm shaw that thereis no adwerse
effect on performanceof VBR traffic in the presence
of best-efort traffic. However, asthe shareof VBR
traffic increasest a givenload, this adwerselyeffects
the lateny of best-efort traffic. A wormholerouter
canprovidejitter-free delivery to VBR/CBR traffic up
to aloadof 70-80%of physicalchannebandwidth.

e Althoughthe performanceof a PCSrouteris slightly
betterthan MediaWbrm, PCSroutersare more com-
plex thanwormholeroutersandthey maydropalarge
numberof connections.

e Finally, we find that performanceof a smallfat-mesh
network is comparabldo that of a singleswitch. Al-
though it is difficult to extrapolate performanceto
muchlarger clustersizesdirectly from our presente-
sults,we expectthatclustersdesigneadvith appropriate
bandwidthbalanceamongstwariouslinks by theuseof
fat-topologiesand MediaWbrm-like switchesmay be
ableto provide good performancefor both real-time
andbest-efort traffic.

In summary our results suggestthat by augmenting
corventional wormhole routers with rate-basedesource
schedulingtechniques,one can provide a viable, cost-
effective switch for clusterinterconnectdo supportboth
real-timeand best-efort traffic mixes. Admissioncontrol
stratgiesdevisedto track network load and proportionof
differenttraffic mixeswould be ableto assuregoodperfor
mancefor bothtypesof traffic.

The studypresentedn this paperis our maideninvesti-
gationinto the designandperformancef clusterswitches.
We planto expandour investigatiorin thefollowing direc-
tions.

e Characterizatioof communicatiordemand®f popu-
lar clusterapplicationgo quantify traffic patternsye-
qguirementsand proportionof varioustraffic typesis
importantfor routerdesignandevaluation.

e In this paper we have investigatedstatic proportions
of traffic mixes with statically partitionedresources
(VCs). A morepracticalscenariavould be thatof dy-
namic mixeswith dynamicallypartitionedresources.
Oneway to provide thisis to permitmessag@reemp-
tion (contraryto thetypical hold-and-waitresourceis-
age)in wormholerouting[30].

e A scalability study to large network sizesand large
numberof streamsds very resourceintensie for our
currentsimulationmodels. We planto develop more
light-weight simulationmodelsfor our future studies.
We alsoaim to supportmorehybrid routermodelsfor
comparingandevaluatingalternatve designoptions.

e Finally, the MediaWbrm project also aims to inves-
tigate network interface architecturedor supportof
multiple traffic typesand appropriateadmissioncon-
trol stratgjies.
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