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Abstract

A large numberof clustes are being usedin all dif-
ferentorganizationssud as univessities, laboratories, etc.
Theseclustes are, however, usuallyindependentromead
other evenin the sameorganizationor building. To pro-
vide a single image of sud clustes to uses and utilize
themin an integrated manney clusterof-clustes hasbeen
suggested.However, sincereseach groupsusually do not
havethe actual badkbonenetworksfor clusterof-clustes,
which can be recon gured with respectto delay padet
loss, etc. as neededjt is not feasibleto carry out practi-
cal reseach over realistic ervironments Accodingly, the
demandfor an efcient way to emulatethe badkbonenet-
works for clusterof-clustes is overreading. In this pa-
per, we suggesta novel designfor emulatingthe badkbone
networksof clusterof-clustes. TheemulatornamedNemC
cansupportthe ne-grainednetworkdelayresolutionmin-
imizing the additional overheadsTheexperimentalresults
showthat NemCcanemulatethelow delayandhigh band-
width badkbonenetworksmnore accuratelythanexistingem-
ulators sudh as NISTNetand NetEm.We also presentthe
performanceevaluation resultsof MPI applicationsover
clusterof-clusteservironmenusingNemCasa casestudy
demonstating the ability of NemCto accumately evaluate
thepossiblebene tsfor applicationsexecutingover cluster
of-clustes environmentswith varying networkcharacteris-
tics.

Keywords: Network Emulator Clusterof-Clustes,
High-SpeedBadboneNetworksand MPI

1. Intr oduction

Clustersystemsare becomingmore popularfor a wide
rangeof applicationsowing to their cost-efectivenessA
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large numberof suchclustersarebeingusedin all different
organizationssuchas universities,laboratoriesgtc. These
clustersare,however, usuallyindependenfrom eachother
evenin the sameorganization.That is, applications(e.g.,
scienti ¢ parallel applications)can run only on a single
clusterandcannotutilize theidle resourcesf otherclusters.
Thusit is highly desiredthatthe clustersin the sameorga-
nizationprovide a singleimageto usersandareutilized in

anintegratedmannerAs anansweifor thisrequirementte-
searcherdave suggestelusterof-Clusterd3, 22], which

aimsto constructa clustercombiningfew or mary clus-
terswith high-speedackbonenetworks. Thoughthis term
canbe alsoreferredas Grid, in this paper we considerit

asa clusterof clustersthat geographicallydistributedin a
smallarea(i.e.,thesameorganizatioror building), whichis

moretightly coupledsystemthanGrid. This computingen-
vironmentwill be bene cial to the organizationghat want
to fully utilize their clustersproviding a singleimagewith-

out exposingthe systemto theout side.

The clusterof-clusters ervironment posesseveral re-
searctthallengesncluding performancegompatibility, se-
curity, authenticationgtc.However, beforeaddressinguch
researctchallengespne of the foremostcritical issuesis
how to constructthe experimentalervironmentof cluster
of-clusters.Sinceresearchgroupsusually do not have the
actualbackbonenetworksfor clusterof-clusterswhich can
be recon guredwith respectto delay paclet loss, etc. as
neededjt is hardto carry out practical researchover re-
alistic environments.Accordingly, the demandfor an ef-
cient way to emulatethe backbonenetworks for cluster
of-clustersis overreaching Approachesnvolving simula-
tions and modeling are widely acceptedto achieve this
goal[9, 4, 6]; however, thisapproachhasthelimitationsthat
it cannotrun actualsoftware(i.e.,applicationsmiddlevare,
and systemsoftware). On the other hand,if we canemu-
late only the backbonenetworks runningactualclustersit
will provide morerealisticervironmentfor the clusterof-
clustersresearches.

Thoughtherearesereral existing network emulatorg7,
12,18, 19], they arefocusingonlargescaleWide AreaNet-
works (WANSs) suchas Internet.However, thereare mary



prominently different characteristichetweensuch WANs
andthe backbonenetworks for clusterof-clusters.For ex-
ample,the backbonenetworks usually have a muchlower
delaythantypical WAN ernvironmentghoughthebackbone
networks have a higher delay than the intra-clusterLAN
ervironments.The emulatorsthat can emulatea millisec-
ond network delay resolutionmay not be enoughto emu-
latethehigh-seedackbonaetworks.In addition theband-
width provided by the backbonenetworks for clusterof-
clustersis higherthan the WAN case.Hencethe emula-
tor shouldbe ableto emulatehigher bandwidthnetworks.
To re ect the low delay and high bandwidthcharacteris-
tics, the paclet schedulingmechanisnof the emulatorhas
to support ne-graineddelayresolutionwith minimumad-
ditional overhead Most of the existing emulators'paclet
schedulinghowever, highly dependsn a systemtimer. If
thistimer generatemterruptsfor every or few ticks to sup-
port ne-graineddelayresolution,its handlingwould cause
a signi cant overheadsOn the otherhand,if this timer is
slow, it canonly supportcoarse-grainedelay resolution.
Thereforewe needto designthe emulatorvery carefullyto
emulatethe high-speedbackbonenetworksandthisis nota
trivial researcltthallenge.

In this paper we suggesta novel designfor emulating
the backbonenetworks of clusterof-clusters.Theemulator
namedNemC (Network Emulatorfor Clusterof-Clusters)
cansupportthe ne-grainednetwork delayresolutionmin-
imizing the additionaloverheadsWe designa new paclet
schedulingmechanisnthat performson-demandschedul-
ing, which is independenbn ary systemtimers. Also we
minimize the additional overheadby designingit at the
kernel-level to emulatehigh bandwidthnetworks. In addi-
tion to the network delay emulation,currentimplementa-
tion of NemC canemulatepaclet lossesand out-of-order
paclets.To the bestof our knowledge,no researchhasfo-
cusedon the network emulationfor clusterof-clusterervi-
ronmentsaandNemCis the rst emulatorto addresghis.

The experimentalresultsshov that NemC can emulate
thelow delayandhigh bandwidthbackbonenetworksmore
accuratehthanexistingemulatorsuchasNISTNet[7] and
NetEm [12]. We also presentthe performanceavaluation
resultsof MPI [10] applicationssuchasNAS [2] andGro-
macs[5] over clusterof-clusterservironmentusingNemC
asa casestudy The experimentalresultsreveal that NAS
EP canbe improvedsigni cantly by employing clusterof-
clusterswhile otherapplicationssuchas Gromacsd.villin,
NAS IS, CG, and FT can perform badly over clusterof-
clusterswith high-delaybackbonenetworks.

Rest of this paperis organizedas follows: Section2
brie y overvienstheclusterof-clustersernvironmentandits
emulationasa backgroundSection3 suggests new net-
work emulatorfor clusterof-clustersanddetailsits design.
Theexperimentakvaluationof theemulatorandexampleof
its usearepresentedn Section4. Therelatedwork is dis-
cussedn Section5. Finally, this paperconcludesn Section
6.

2. Emulation of Cluster-of-Clusters

To combinethe clustersthat geographicallydistributed
in arelatively small areaand utilize themin an integrated
mannerclusterof-clustershasbeensuggestedrheclusters
in a clusterof-clusterservironmentare connectedhrough
high-speedackboneetworksasshown in Figurel.

Thewaysto connectifferentclusterscanbecategorized
into end-nodeand gatavay-basedtonnectionsin the end-
nodebasedconnectioneachnodehasadirectnetwork con-
nectionthroughswitchor bridgeto the out sideof the clus-
ter. In the gatavay-basedonnectionpneor morenodesin
eachclusteraredesignate@sgatavay nodesvhicharecon-
nectedto the out side of the cluster The gatavay canbe
alsoastandalonenetwork equipmentin thiscon guration,
all inter-clustercommunicatiomeedgo be rst sentto the
gatevay nodewhichwill sendthedatato theremotecluster
Not only connectingthe clustersbut alsoef cient manag-
ing the clusterof-clusterss aresearctthallengewhichin-
cludesperformancegompatibility, security authentication,
andmanagemerpolicy.

Aswe havediscussedh Sectionl, having actualcluster

of-clusterservironmentis critical but infeasibleto mostof
researchgroups.Thus the emulationof clusterof-clusters
(especiallyits backbonenetworks) is a practicalsolution,
which can provide very close ervironmentsto the actual
systemsbut alsocangive e xibility to changethe system
parameterssuchasnetwork delay pacletloss,etc.For the
emulation,aworkstationcanbe con gured asarouterwith
multiple Network InterfaceCards(NICs), of which eachis
connectedo a clusterthrougheitherswitch or gatevay. By
running a network emulationsoftware that generatesrti-
cial network delay paclet loss, etc. on the workstation-
basedrouter we can emulatethe backbonenetworks for
clusterof-clusterswhile running actualapplications mid-
dleware, and systemsoftware over the clustersin a trans-
parentmanner Thusthe emulationcanopenaway to study
on actualsoftwarerunningon real clusterswhile the simu-
lation andmodelingcannotprovide this.
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Figure 1. Cluster -of-Cluster s Environment




3. Designand Implementation of NemC

In this section,we detail the designand implementa-
tion of our network emulatorfor clusterof-clustersnamed
NemC. NemC is implementedusing the netffilter
hooks provided by Linux, which can be dynamicallyin-
sertedto the chainof pacletprocessindy arun-timeload-
able kernel module,and runs on Linux-basedrouters.lts
designdoesnot requireary kernelmodi cations. The cur
rent implementation can generatenetwork delay with
ne-grained resolution, paclet drops, and out-of-order
paclets.

Figure 2 shows the overall designof NemC.As shovn
in the gure, NemCconsistof four components(i) NemC
net lter, (i) NemCschedulingdaemoniii) NemCkernel
moduleand (iv) userapplications.The NemCnet Iter in-
terceptsthe paclets arrived at the router node after the IP
routingdecision Basedon the parameterfiave beensetby
the userapplicationghe NemCnet Iter performsa paclet
drop, generatesut-of-orderpacket, or introducesnetwork
delay The userapplicationsgive the usersrun-time con-
trol over theseparametersThe NemC schedulingdaemon
is auserlevel processwhichrequestshenet Iter to search
the pacletsthat hasbeendelayedmorethandesireddelay
andreinjecttheminto thenetwork. Thekernelmoduletakes
careof insertionof thenet Iter in theinitialization phasebut
alsoprovidesaccesso the internaldatastructuresand pa-
rametersof the NemC net Iter to the schedulingdaemon
andtheuserapplications.

The clusterof-clustersusuallyhave smallernetwork de-
lays as comparedto typical WANs. Thusit is highly de-
siredthatthe emulatorshouldemulatethe delaywith ne-
grainedresolution.In addition,sincethe networks between
clustersusuallysupportighbandwidth theemulatomeeds
to be carefully designedto avoid becominga bottleneck
andtherebyef ciently emulatinghigh bandwidthnetworks.
In the following subsectionsve suggest novel designto
tacklethesdssues.
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Figure 2. Overall Design of NemC

3.1. Packet Scheduling for Fine-Grained Delay
Resolution

The backbonenetworksfor clusterof-clustershave low
network delaycomparedo generaMANSs suchaslinternet.
To emulatesuchnetworks the emulatoris requiredto sup-
port ne-graineddelayresolution.Thedelayresolutionof a
network emulatoris mainly decidedoy thetriggeringmech-
anismof pacletschedulingThe pacletsdelayedmorethan
thegiventime, net_delay, attherouternodearereinjected
into thenetwork by thepacletschedulingoutine.Themost
widely usedmechanismto triggerthe paclet schedulings
to invoke the schedulingroutine for every timer interrupt.
This mechanismis simpleto designandimplement;how-
ever, sinceit depend®nthe systemimer resolutionjt may
notbeableto support ne-graineddelayresolution.For ex-
ample,if thenetwork emulatoruses_inux timerthenit can
supportonly 10ms(with kernelversion2.4) or 1ms (with
kernelversion2.6) delay resolution,which is too coarse-
grainedto emulatethe backbonenetworks for clusterof-
clustersOntheotherhand,f thenetwork emulatordirectly
usesa hardwaretimer in the system,the interrupt can be
generatedoo muchfrequentlyand actualpaclket process-
ing cangetdelayed.

To overcometheselimitations of the timer basedmech-
anism,we suggesthe on-demangaclet schedulingnech-
anism.In this mechanismthe paclet schedulingoutineis
triggeredby eithernew arrived paclet or schedulingdae-
mon. Thatis, wheneer thereis a new pacletarrivedat the
routernode,it triggersthe paclet schedulingoutine,while
theuserlevel schedulingdaemorkeepson trying to invoke
the paclet schedulingroutineif thereis no paclets wait-
ing to be processedn the protocol stacksand the system
is idle. It is to be notedthatthe userlevel schedulingdae-
monhaslower priority thanthekernel-leszel pacletprocess-
ing context. Thus,if paclketsarrive at the routernodein a
bursty mannerthe schedulingroutinewill beinvokedvery
frequentlyby thosepaclets.On the otherhand,if paclets
arrive intermittently then the userlevel daemonwill con-
tinuouslytriggerthe paclet schedulingln this manneywe
cantriggertheschedulingoutineasmuchaspossible(i.e.,
in a ne-grained mode)without ary affectionto the actual
pacletprocessin@f the protocolstacksin this mechanism,
sincebothnewly arrivedpacketsandthe userlevel daemon
invoketheschedulingoutine , whichaccessethesamedata
structuresn theNemCnet Iter, we guarante¢hatonly one
canaccesshedatastructuresatatime by locking.

We usethetime stampin thesk _buff datastructureof
the Linux kernelto calculatethe total time durationspent
by the paclet in the router node. Thoughthis time stamp
canbessetby eitherNIC's interrupthandleror bottomhalf,
mostof currentNIC device driverimplementationsetthis
eld in the interrupthandler We canalso considerto uti-
lize thetime stampin the TCP optionheaderwhichis usu-
ally usedto estimatethe roundtrip time for the TCP con-
gestioncontrol. Sincethis time stamphasbeengenerated



in the senderside, if we calculatethe time differencebe-
tweensenderand emulatornodefor the connectionestab-
lishmentphasewe canusethisvalueto gure outhow long

the paclet hasbeenstayedin the network. Unfortunately
thistime stampusuallyhasa millisecondresolution.There-
fore,thiscannotsupporthedesiredne-graineddelayreso-
lution. Moreover, only TCP pacletsincludethetime stamp
valuein their headerThusthis mechanisntannotwork for

otherprotocol's paclets(e.g.,UDP paclets).

3.2. Low Overhead Emulation for High Band-
width Support

Another important characteristicof the backbonenet-
worksfor clusterof-clusterds high bandwidth.To emulate
the high bandwidthnetworks, we needto addressseveral
critical issueswhich canbe summarizednto three:i) de-
lay cascadingiji) emulationoverheadandiii) scheduling
priority.

If anemulatorholdsa paclet for a giventime to adda
delaywithoutyielding the CPUresourcethis delaywill be
cascadedo the next pacletsthathave beenalreadyarrived
at the router node. For example,if an emulatoris imple-
mentedasa high priority kernel-level processandpolls the
timer occupying the CPU resourcethe delay can be cas-
cadedto the next paclets. To avoid this delay cascading
problem,we queuethe pacletsthatneedto be delayednto
a doubly linked list andimmediatelyreturnthe context to
the original routine. The pacletsqueuedarere-injectedby
the paclet schedulingnechanisndescribedn Section3.1.

If theoverheadnvolvedin the network emulationis sig-
ni cant, the emulatorreducesthe bandwidthbetweenthe
clustersin the experimentalsystemswhich is a undesired
sideeffect. Broadly, theemulatorcanbeimplementeditthe
userlevel or the kernel-level. The userlevel emulationre-
quirestwo datacopiesbetweenuserandkernelbuffers for
eachpaclet. This copy operationis a well-known bottle-
neckof pacletprocessing13]. Hence,our network emula-
tor is designecht the kernel-lesel to preventary additional
datacopy.

Due to the high bandwidthlink of the backbonenet-
works, the paclet arrival ratecanbe drasticallyhigh. Thus
it isimportantthattheactualpacletprocessingn theproto-
col stackshasto beretainedwithout affectionby theemula-
tor. Otherwise the paclet processingyetsdelayedpaclets
areaccumulatedn the routernode,andfollowing paclets
aredroppeddueto thelack of systenresourcege.g.,mem-
ory). It is to be notedthat this dropis not intendedby the
emulatorfor the purposeof network emulation.To prevent
this paclet drop, we assigna lower priority to the schedul-
ing daemonthanthe actualpaclet processingoutines.In
this case,thoughthe schedulingdaemonmay not invoke
thepaclketschedulingn time,we still cantriggerthepaclet
schedulingandsatisfythe requiremenfor the ne-grained
delayresolutionbecauseewly arrived packetsalsoinvoke
thepaclet schedulingasdescribedn Section3.1.

3.3. PacketDrop

Sincethe backbonenetworks for clusterof-clusterscan
use store-and-fonard networks also there can be paclet
dropsbecausef network congestionTo emulatesuchcase,
we generatepaclet drops basedon the paclket drop rate
value,drop_r ate, givenby aNemCuserapplicationNemC
chooses pacletrandomlyfor everydrop_r ate pacletsand
simply dropsthis paclet freeingall the resource®ccupied
by this paclet.

3.4. Out-of-Order Packet Generation

Out-of-ordemacketscanoccurin clusterof-clustersdue
to multi-path and adaptve routing. To emulatesuchcase,
we generateut-of-ordempacletsusinga givenout-of-order
paclet generationrate, ooarate, and a delay for out-of-
orderpaclets,ooadelay. Thesevaluesaresetby a NemC
userapplicationlt is guaranteethatthevalueof ooadelay
is always larger thanthat of net_delay. NemC choosesa
pacletrandomlyfor every ooar ate pacletsanddelaysthis
paclet as much as ooadelay. Sincethis packet hasbeen
delayedmorethanotherpacletsit becomesnout-of-order
pacletif thepacletinterval betweerthispacletandthenext
is smallerthanooadelay.

4. Experimental Evaluation of NemC
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Figure 4. Performance Comparison of Band-
width with Varying Network Delay

In this section,we describeour experimentaimethodol-
ogy. We provide the detailsof our testbedin Section4.1.
Section4.2 comparesour network emulator NemC with
popularexisting network emulatorsandevaluateghe bene-
ts of NemC.In Sectiord.3,we outlinetheoverall usageof
NemCandwe demonstratéhe main usesof NemC. Since
it wasdif cult to connectour clustersthrougha real back-
bonenetwork, in this paperwe could not comparethe em-
ulatedresultswith realresults. We intendto shov the com-

parisonin futurework.
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Figure 5. TCP Flow Analysis for (a) NemC and (b) NISTNet

4.1. Experimental Testbed

For all our experimentawe usedtwo clusterswhosede-
scriptionsareasfollows:

Cluster A: A clustersystemconsistingof 4 nodesbuilt
aroundSuperMicroSUPERP4DL6 motherboardand GC
chipsetswhich include 64-bit 133 MHz PCI-X interfaces.
Eachnodehastwo Intel Xeon 2.4 GHz processorsvith a
512KB L2 cacheanda400MHz front sidebusand512MB
of main memory We usedthe RedHat9.0 Linux distribu-
tion.

Cluster B: A cluster system consisting of 4 nodes
built around SuperMicro SUPER X5DL8-GG mother
boardswith SenerWorks GC LE chipsetswhich include
64-bit 133 MHz PCI-X interfaces.Eachnodehastwo In-
tel Xeon 3.0 GHz processorswith a 512 KB L2 cache
anda 533 MHz front sidebus and512 MB of main mem-
ory. We usedthe RedHat9.0 Linux distribution.

The nodesareconnectedvith AmmassoGigabit Ether
netinterfacecards.Thesoftware(SDK) versionusedis 1.2-
ga2.Theseclusternodesareinternally connectedvith Net-
gearGS524TGigabitSwitches As showvn in Figure2 these
switchesareconnecteaachotherthroughthe workstation-
basedrouter that is similar in con guration to ClusterB
nodes'. This router noderuns NemCto emulatethe back-
bonenetworks.

Lateng is andbandwidthis measuredisingthe nttcp

Version-1.47 We have usedthe MPI [10] library MPICH
Version1.2.7p1[11] for our applicationlevel casestudy
Gromacsversion3.3[5] andNAS Version2.3[2] areused
for MPI applications.

4.2. Micr obenchmarks

In this section we compareNemCwith existing emula-
torssuchasNISTNet[7] andNetEm[12]. We measurd¢he
latengy andthe bandwidthwith nttcp  varying the emu-
latednetwork delay Sincethefocusof the paperis the ne-
grainednetwork delayemulationfor clusterof-clusterswe
do notincludethe experimentakesultsfor packetdropand
out-of-ordermpaclet cases.

Figure 3(a) shavs the 512B messagdateny between
two nodesin different clusters,ClustersA and B, while
emulatingthe network delay using NemC, NISTNet, and
NetEm.We vary thenetwork delayfrom 0 sto 1600 s.As
we canseein the gure, NetEmshavs almostconstanta-
teng regardlesof theexpectedhetwork delay Also thisla-
teng is muchhigherthanthe givendelay It is becaus¢he
paclet schedulingof NetEmusesthe Linux systemtimer,
which hasmillisecondstimer resolution.Hence,it cannot
generatehe ne-grainednetwork delay Ontheotherhand,
NemCandNISTNetgeneratdhe network delayvery close
to thegivendelayvalue.

To closelylook at NemCandNISTNet,we measurghe



512B messagéateny againwith ner network delayval-
ues.Figure 3(b) presentghe results.We canobsene that
NISTNet shows interestinglythe almostsamelateng for
100 sand150 s delayvalues.We canobsene the same
trendwith 200 s,250 s,and300 sdelayvalues.t is due
tothefactthatNISTNetusegtheMC146818eal-timeclock
for the paclet schedulingof which thetick resolutionis ap-
proximately122 s. Therefore,it cannotsupport ner net-
work delayresolutionthan122 s.Ontheotherhand,aswe
canseein the gure, NemCis emulatingthe given delay
valuesaccuratelyThereasonwhy we seearound200 sla-
teng/ with 100 snetwork delayis becausef thedefaultla-
teng/ betweerntwo nodeswhichis roughly 100 s.
Figure4 shavs the 512B messagdandwidthresultsbe-

tweentwo nodesin differentclusterswhile emulatingthe
network delay using NemC, NISTNet, and NetEm. Simi-
larly to the lateng results,NetEmshavs almostthe same
bandwidthno matterwhatdelayvaluehasbeengiven.Since
NetEmaddsto muchdelayfor smalldelayvaluestheband-
width is alsovery low. More importantly we canobsenre
thatNemC canachieve higherbandwidth(up to 37%)than
NISTNetfor small network delayvalues.The reasorwhy
thebandwidthof NemCandNISTNetdropswith largernet-
work delayis that the maximumTCP window size setto
512KBduringthetestcannotll thenetwork pipeof which
sizeincreasesisthenetwork delaybecomegarger To com-
pareNemCandNISTNetin detail, we executetcpdump
ontherouternode,in whichtheemulatoris running,andob-
sene the behaior of eachemulatorwhile performingthe
bandwidthtest. For this experiment,we have setthe net-
work delayinto 250 s. Themessagsizeis 512B.Figures
5(a) and(b) presenta snapshofor 0 to 2msof NemCand
NISTNet, respectiely. The graphsshav wheneachpaclet
hasbeenarrived at the router node (indicatedwith empty
circlesin the gures) andwhenit hasleft (plotted with
lled rectanglesn the gures). With these gures we can
clearly seehow long the pacletshave beendelayedin the
routernodeby the emulator As we canobsere in the g-
ure,NemCemulate250 s network delayvery accurately
while NISTNet addsmore than 350 s, which is 40% er
ror. This is why we seebetterbandwidthwith NemCthan
NISTNetin Figure4.

4.3. CaseStudy: MPI Applications over Cluster-
of-Clusters

In this sectionwe evaluateandanalyzethe performance
of MPI applicationsover clusterof-clustersusing our net-
work emulator NemC.Further we studythe trendsshavn
by various applicationsrunning over clusterof-clusters
with differentdelaycharacteristicsWe choosethe the fol-
lowing applicationsas a representatie setfor evaluation:
(i) NAS (ClassB)- EP, IS, MG, CG andFT and (i) Gro-
macs- d.villin.

Eachevaluationis divided into two parts: (i) Execution
on a single cluster(representedby 4x1 in the graphs)and

(i) executiononaclusterof-clusterswith varyingemulated
network delay (representedby the correspondingietwork
delayin the graphs).Eachsingleclustercontains4 nodes.
The clusterof-clusterexperimentautilize the nodesof both
theclustersTheseareconnectedsdescribeakarlierin Sec-
tion4.1.

Figure 6(a) shaws the performanceof EP. The single
clusterexecutionof EPtakes82.5s.Further we noticethat
theexecutiontimesof EPoveraclusterof-clusterdonotde-
pendlargely on the network delay Basedon this obsena-
tion we concludethatthe network communicationrequired
by thisapplicationis verylow andthattheapplicationis pri-
marily CPUbound.PerformancendExecutiontime of ap-
plicationslike EP canhencebeimprovedimmenselyby uti-
lizing thenodesof clusterof-clustersin addition,sincethe
network delaydoesnot effectthe executiontime of EP exe-
cutedon clusterof-clusterssigni cantly, theseapplications
canbene t evenfrom clusterof-clustersformedby widely
separatedlusterswith high network delay

In Figure 6(b), we obsere that the network de-
lay shows a fair impact on the execution times of IS
and MG. The executiontimes of theseapplicationsexe-
cutedon single clusters(50.3sand 24.4srespectiely) are
higherthan the their executiontimes with well-connected
clusterof-clusters (about 30.0s and 16.4s respectiely
for network delay of 100 s). This shows that theseap-
plications can perform up to 67% and 48% faster us-
ing the clusterof-cluster setup. Further we notice that
the bene t of using clusterof-clustersdiminisheswith in-
creasing network delay Hence these applications can
bene t from running on multiple clustersfor network de-
lays up to someextent. Figure 7(a) shavs the applications
CG andFT thatfollow similar executiontrends.

Performancef Gromacs d.villin shovn in Figure7(b)
shaws that the single clusterexecutionof this application
performssigni cantly betterthanits executionon cluster
of-clusters(with all delays).It is to be notedthat the y-
axisof thisgraphis Simulations/DaySincethis application
is highly communicatiorintensive, the executionon more
numberof nodesspreadover the high delay networks in-
creasdts communicatioroverheadshearily. Henceappli-
cationslik e thesecanrarely bene t from clusterof-cluster
systems.

In aggreyate,we have demonstratedhat our network
emulatorNemC can accuratelyanswerthe following: (i)
Can a given application execute fasteron a clusterof-
cluster?(ii) Whatis the maximumnetwork delaythat can
sustairthis bene t?and(iii) Whatis the measuref the ex-
tentof bene t possible?Thecapabilityof NemCto emulate

ne-graineddelay enablesusto evaluateandpredictthese
trendsaccurately

5. RelatedWork

There have beensereral researchesor network emu-
lation. NISTNet [7] and NetEm [12] are the widely em-
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ployednetwork emulatorgunningon Linux systemsHow-

ever, theseemulatorsarefocusingon how to emulategen-
eral WANs. Hence ne-grained network delay resolution
was not an importantfactor to theseemulatorsas shavn

in Section4.2. On the other hand, NemC has beende-
signedcarefullyto dealwith low delayandhigh bandwidth
network characteristicef clusterof-clusters For FreeBSD
basedsystems,Dummynet[18] and ModelNet[19] have
beensuggestedAgain, theseemulatorstarget large scale
WANS ratherthanclusterof-clusterservironment.

Therearealsowell designedGrid emulatorsFor exam-
ple,MicroGrid [16] providesavirtual Grid ervironmentfor
Grid applicationsNetbed21] providesintegratedaccess$o
simulatedemulatedandwide-areanetwork testbedsThese
emulatorsarevery bene cial to developandevaluateappli-
cationsover large scaleGrid ervironments.

In additionthereareseveralwirelessnetwork emulators.
ONE [1] is a satellitecommunicatioremulatorrunningon
Solaris.MOST Emulator[8], Ntrace[17], andMobile Em-
ulab[15] arealsoexamplesof mobile network emulators.
Since mobile networks have different characteristicwith
the high-speedackbonenetworks for clusterof-clusters,
suchemulatorsarenot suitablefor the emulationof cluster

of-clusterservironment.

We also have introduceda simple delay generatorfor
network emulationin one of our previous works to evalu-
ate RDMA over IP [14]. This emulator however, doesnot
considerll thedesignissuegliscusseth thispaperandhas
only limited features.

6. Conclusionsand Future Work

In this paper we suggesta novel designfor emulating
the backbonenetworks of clusterof-clusters.The emula-
tor namedNemC cansupportthe ne-grained network de-
lay resolutionminimizing the additionaloverheadsTo re-
ect the low delay and high bandwidthcharacteristicof
thebackboneetworks,we designa new packetscheduling
mechanisnthat performson-demandschedulingwhich is
independenbn ary systemtimers. Also we minimize the
additional overheadby designingit at the kernel-level to
emulatehigh bandwidthnetworks. In additionto the net-
work delay emulation,currentNemCimplementationcan
emulatepacletlossesandout-of-orderpaclets.

The experimentalresultsclearly shov that NemC can
emulatethe low delay and high bandwidthbackbonenet-



works more accuratelythan existing emulatorssuch as [9] K. Fall andK. Varadhan. The NS Manual (Formerly NS

NISTNet and NetEm. We also presentthe performance NotesandDocumentation)February2006.
evaluationresultsof MPI applicationssuch as NAS and [10] MessagéPassingnterfaceForum. MPI: A Message-&ssing
Gromacsover clusterof-clusterservironmentusingNemC InterfaceStandardyersionl.1,Junel995.

asacasestudy Theexperimentalresultsrevealthatapplica- ~ [11] W. Gropp, E. Lusk, N. Doss, and A. Skjellum. High-
tionslike NAS EP canbeimprovedsigni cantly by utiliz- performanceportableimplementatiorof the MPI Message

PassinginterfaceStandard Parallel Computing 22(6):789—
828,1996.

[12] S.Hemminger Network Emulationwith NetEm. In Pro-
ceedingsof Australia's National Linux Confeence(LCA),

ing clusterof-clusters.OtherapplicationssuchasNAS IS,
MG, CG,andFT canshaowv worseperformancever cluster
of-clusterdor high-delaybackboneetworks.Amongthese

applicationswe alsonoticethat NAS MG shaws lesssen- April 2005

sitivity on the network delay as comparedo otherappli- -1 4 \y 3in, p Balaji, C. Yoo, J.-Y. Choi, andD K. Panda.Ex-

Cat!o.ns(l.e., IS, CG, a”?' FT). Performancepf Gromacs' ploiting NIC ArchitecturalSupportfor EnhancinglP based

d.villin shaws that the single clusterexecutionof this ap- Protocolson High PerformancéNetworks. Journal of Paral-

plicationperformssigni cantly betterthanits executionon lel and Distributed Computing 65(11):1348—1365\ovem-

clusterof-clusters On the whole, we demonstratéhe abil- ber2005.

ity of NemC to accuratelyevaluatethe possiblebene ts [14] H.-W.Jin,S.Narraula, G. Brown, K. VaidyanathanP Bal-

(or lack thereof)for applicationsexecutingover clusterof- aji, and D. K. Panda. PerformanceEvaluationof RDMA

clusterservironmentswith varyingnetwork characteristics. over IP: A CaseStudywith the AmmassoGigabit Ethernet
As future work, we plan to add more featuressuchas NIC. In Proceeding®f Workshopon High Performanceln-

terconnectdor DistributedComputingHPI-DC), page41—
48, July 2005.

[15] D. Johnson,T. Stack, R. Fish, D. Flickinger, L. Stoller,
R. Ricci, andJ. Lepreau.Mobile Emulab:A RoboticWire-
lessand SensorNetwork Testbed. In Proceedingsof the
25th IEEE Confeenceon ComputerCommunicationgIN-
FOCOM), April 2006.
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