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Abstract

A large numberof clusters are being usedin all dif-
ferentorganizationssuch asuniversities,laboratories,etc.
Theseclustersare, however, usuallyindependentfromeach
other even in the sameorganizationor building. To pro-
vide a single image of such clusters to users and utilize
themin an integratedmanner, cluster-of-clusters hasbeen
suggested.However, sinceresearch groupsusuallydo not
havethe actual backbonenetworksfor cluster-of-clusters,
which can be recon�gured with respectto delay, packet
loss,etc. as needed,it is not feasibleto carry out practi-
cal research over realistic environments.Accordingly, the
demandfor an ef�cient way to emulatethe backbonenet-
works for cluster-of-clusters is overreaching. In this pa-
per, wesuggesta novel designfor emulatingthebackbone
networksof cluster-of-clusters.TheemulatornamedNemC
cansupportthe�ne-grainednetworkdelayresolutionmin-
imizingtheadditionaloverheads.Theexperimentalresults
showthat NemCcanemulatethelow delayandhigh band-
widthbackbonenetworksmoreaccuratelythanexistingem-
ulators such as NISTNetand NetEm.We also presentthe
performanceevaluation resultsof MPI applicationsover
cluster-of-clustersenvironmentusingNemCasa casestudy,
demonstrating the ability of NemCto accurately evaluate
thepossiblebene�tsfor applicationsexecutingovercluster-
of-clusters environmentswith varyingnetworkcharacteris-
tics.

Keywords: Network Emulator, Cluster-of-Clusters,
High-SpeedBackboneNetworks,andMPI

1. Intr oduction

Clustersystemsarebecomingmorepopularfor a wide
rangeof applicationsowing to their cost-effectiveness.A
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largenumberof suchclustersarebeingusedin all different
organizationssuchasuniversities,laboratories,etc. These
clustersare,however, usuallyindependentfrom eachother
even in the sameorganization.That is, applications(e.g.,
scienti�c parallel applications)can run only on a single
clusterandcannotutilize theidle resourcesof otherclusters.
Thusit is highly desiredthat theclustersin thesameorga-
nizationprovide a singleimageto usersandareutilized in
anintegratedmanner. As ananswerfor thisrequirement,re-
searchershavesuggestedCluster-of-Clusters[3, 22], which
aims to constructa clustercombiningfew or many clus-
terswith high-speedbackbonenetworks.Thoughthis term
canbe also referredasGrid, in this paper, we considerit
asa clusterof clustersthat geographicallydistributedin a
smallarea(i.e.,thesameorganizationor building),whichis
moretightly coupledsystemthanGrid. Thiscomputingen-
vironmentwill be bene�cial to theorganizationsthatwant
to fully utilize their clustersproviding a singleimagewith-
outexposingthesystemto theout side.

The cluster-of-clustersenvironment posesseveral re-
searchchallengesincludingperformance,compatibility, se-
curity, authentication,etc.However, beforeaddressingsuch
researchchallenges,one of the foremostcritical issuesis
how to constructthe experimentalenvironmentof cluster-
of-clusters.Sinceresearchgroupsusuallydo not have the
actualbackbonenetworksfor cluster-of-clusters,whichcan
be recon�guredwith respectto delay, packet loss,etc. as
needed,it is hard to carry out practical researchover re-
alistic environments.Accordingly, the demandfor an ef-
�cient way to emulatethe backbonenetworks for cluster-
of-clustersis overreaching.Approachesinvolving simula-
tions and modeling are widely acceptedto achieve this
goal[9, 4,6]; however, thisapproachhasthelimitationsthat
it cannotrunactualsoftware(i.e.,applications,middleware,
andsystemsoftware).On the otherhand,if we canemu-
lateonly thebackbonenetworks runningactualclusters,it
will provide morerealisticenvironmentfor the cluster-of-
clustersresearches.

Thoughthereareseveralexisting network emulators[7,
12, 18, 19], they arefocusingonlargescaleWideAreaNet-
works (WANs) suchasInternet.However, therearemany



prominentlydifferent characteristicsbetweensuchWANs
andthe backbonenetworks for cluster-of-clusters.For ex-
ample,the backbonenetworks usuallyhave a muchlower
delaythantypicalWAN environmentsthoughthebackbone
networks have a higher delay than the intra-clusterLAN
environments.The emulatorsthat canemulatea millisec-
ond network delayresolutionmay not be enoughto emu-
latethehigh-seedbackbonenetworks.In addition,theband-
width provided by the backbonenetworks for cluster-of-
clustersis higher than the WAN case.Hencethe emula-
tor shouldbe ableto emulatehigherbandwidthnetworks.
To re�ect the low delay and high bandwidthcharacteris-
tics, thepacket schedulingmechanismof theemulatorhas
to support�ne-graineddelayresolutionwith minimumad-
ditional overhead.Most of the existing emulators'packet
scheduling,however, highly dependson a systemtimer. If
this timergeneratesinterruptsfor everyor few ticks to sup-
port �ne-graineddelayresolution,its handlingwouldcause
a signi�cant overheads.On the otherhand,if this timer is
slow, it can only supportcoarse-graineddelay resolution.
Therefore,weneedto designtheemulatorverycarefullyto
emulatethehigh-speedbackbonenetworksandthis is nota
trivial researchchallenge.

In this paper, we suggesta novel designfor emulating
thebackbonenetworksof cluster-of-clusters.Theemulator
namedNemC(Network Emulatorfor Cluster-of-Clusters)
cansupportthe �ne-grainednetwork delayresolutionmin-
imizing the additionaloverheads.We designa new packet
schedulingmechanismthat performson-demandschedul-
ing, which is independenton any systemtimers.Also we
minimize the additional overheadby designingit at the
kernel-level to emulatehigh bandwidthnetworks. In addi-
tion to the network delayemulation,currentimplementa-
tion of NemCcanemulatepacket lossesandout-of-order
packets.To thebestof our knowledge,no researchhasfo-
cusedon thenetwork emulationfor cluster-of-clusterenvi-
ronmentsandNemCis the�rst emulatorto addressthis.

The experimentalresultsshow that NemCcanemulate
thelow delayandhighbandwidthbackbonenetworksmore
accuratelythanexistingemulatorssuchasNISTNet[7] and
NetEm [12]. We also presentthe performanceevaluation
resultsof MPI [10] applicationssuchasNAS [2] andGro-
macs[5] over cluster-of-clustersenvironmentusingNemC
asa casestudy. The experimentalresultsreveal that NAS
EPcanbe improvedsigni�cantly by employing cluster-of-
clusterswhile otherapplicationssuchasGromacsd.villin,
NAS IS, CG, and FT can perform badly over cluster-of-
clusterswith high-delaybackbonenetworks.

Rest of this paper is organizedas follows: Section2
brie�y overviewsthecluster-of-clustersenvironmentandits
emulationasa background.Section3 suggestsa new net-
work emulatorfor cluster-of-clustersanddetailsits design.
Theexperimentalevaluationof theemulatorandexampleof
its usearepresentedin Section4. The relatedwork is dis-
cussedin Section5. Finally, thispaperconcludesin Section
6.

2. Emulation of Cluster-of-Clusters

To combinethe clustersthat geographicallydistributed
in a relatively small areaandutilize themin an integrated
manner, cluster-of-clustershasbeensuggested.Theclusters
in a cluster-of-clustersenvironmentareconnectedthrough
high-speedbackbonenetworksasshown in Figure1.

Thewaysto connectdifferentclusterscanbecategorized
into end-nodeandgateway-basedconnections.In the end-
nodebasedconnection,eachnodehasadirectnetwork con-
nectionthroughswitchor bridgeto theout sideof theclus-
ter. In thegateway-basedconnection,oneor morenodesin
eachclusteraredesignatedasgatewaynodeswhicharecon-
nectedto the out side of the cluster. The gateway can be
alsoastandalonenetwork equipment.In thiscon�guration,
all inter-clustercommunicationneedsto be�rst sentto the
gatewaynodewhichwill sendthedatato theremotecluster.
Not only connectingthe clustersbut alsoef�cient manag-
ing thecluster-of-clustersis a researchchallenge,which in-
cludesperformance,compatibility, security, authentication,
andmanagementpolicy.

As wehavediscussedin Section1, having actualcluster-
of-clustersenvironmentis critical but infeasibleto mostof
researchgroups.Thus the emulationof cluster-of-clusters
(especiallyits backbonenetworks) is a practicalsolution,
which can provide very closeenvironmentsto the actual
systemsbut alsocangive �e xibility to changethe system
parameters,suchasnetwork delay, packet loss,etc.For the
emulation,a workstationcanbecon�guredasa routerwith
multiple Network InterfaceCards(NICs),of which eachis
connectedto a clusterthrougheitherswitchor gateway. By
runninga network emulationsoftware that generatesarti-
�cial network delay, packet loss,etc. on the workstation-
basedrouter we can emulatethe backbonenetworks for
cluster-of-clusterswhile runningactualapplications,mid-
dleware,andsystemsoftwareover the clustersin a trans-
parentmanner. Thustheemulationcanopenaway to study
on actualsoftwarerunningon realclusterswhile thesimu-
lationandmodelingcannotprovidethis.

High-Speed
Backbone
Network

Cluster A

Cluster B

Cluster C

Figure 1. Cluster -of-Cluster s Envir onment



3. Designand Implementation of NemC

In this section,we detail the designand implementa-
tion of our network emulatorfor cluster-of-clustersnamed
NemC. NemC is implementedusing the netfilter
hooksprovided by Linux, which can be dynamically in-
sertedto thechainof packetprocessingby a run-timeload-
able kernel module,and runs on Linux-basedrouters.Its
designdoesnot requireany kernelmodi�cations.Thecur-
rent implementationcan generatenetwork delay with
�ne-grained resolution, packet drops, and out-of-order
packets.

Figure2 shows the overall designof NemC.As shown
in the�gure, NemCconsistsof four components:(i) NemC
net�lter, (ii) NemCschedulingdaemon,(iii) NemCkernel
moduleand(iv) userapplications.The NemCnet�lter in-
terceptsthe packetsarrived at the routernodeafter the IP
routingdecision.Basedon theparametershavebeensetby
theuserapplicationstheNemCnet�lter performsa packet
drop,generatesout-of-orderpacket, or introducesnetwork
delay. The userapplicationsgive the usersrun-time con-
trol over theseparameters.The NemCschedulingdaemon
is auser-level process,whichrequeststhenet�lter to search
thepacketsthathasbeendelayedmorethandesireddelay
andreinjecttheminto thenetwork.Thekernelmoduletakes
careof insertionof thenet�lter in theinitializationphasebut
alsoprovidesaccessto the internaldatastructuresandpa-
rametersof the NemC net�lter to the schedulingdaemon
andtheuserapplications.

Thecluster-of-clustersusuallyhavesmallernetwork de-
lays as comparedto typical WANs. Thus it is highly de-
siredthat theemulatorshouldemulatethedelaywith �ne-
grainedresolution.In addition,sincethenetworksbetween
clustersusuallysupporthighbandwidth,theemulatorneeds
to be carefully designedto avoid becominga bottleneck
andtherebyef�ciently emulatinghighbandwidthnetworks.
In the following subsectionswe suggesta novel designto
tackletheseissues.

Linux-based Router

IP

Netfilter
Insersion

Network Devices

Routing
Decision

SwitchSwitch
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Packet SchedulingNetwork Parameters

Device Driver
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Figure 2. Overall Design of NemC

3.1. Packet Scheduling for Fine­Grained Delay
Resolution

Thebackbonenetworks for cluster-of-clustershave low
network delaycomparedto generalWANs suchasInternet.
To emulatesuchnetworks theemulatoris requiredto sup-
port �ne-graineddelayresolution.Thedelayresolutionof a
networkemulatoris mainlydecidedby thetriggeringmech-
anismof packetscheduling.Thepacketsdelayedmorethan
thegiventime,net delay, at therouternodearereinjected
into thenetwork by thepacketschedulingroutine.Themost
widely usedmechanismto trigger thepacket schedulingis
to invoke the schedulingroutinefor every timer interrupt.
This mechanismis simpleto designandimplement;how-
ever, sinceit dependsonthesystemtimer resolution,it may
notbeableto support�ne-graineddelayresolution.For ex-
ample,if thenetwork emulatorusesLinux timer thenit can
supportonly 10ms(with kernelversion2.4) or 1ms(with
kernel version2.6) delay resolution,which is too coarse-
grainedto emulatethe backbonenetworks for cluster-of-
clusters.Ontheotherhand,if thenetwork emulatordirectly
usesa hardware timer in the system,the interrupt can be
generatedtoo muchfrequentlyandactualpacket process-
ing cangetdelayed.

To overcometheselimitationsof thetimer basedmech-
anism,wesuggesttheon-demandpacketschedulingmech-
anism.In this mechanism,thepacket schedulingroutineis
triggeredby eithernew arrived packet or schedulingdae-
mon.That is, whenever thereis a new packet arrivedat the
routernode,it triggersthepacket schedulingroutine,while
theuser-level schedulingdaemonkeepson trying to invoke
the packet schedulingroutine if thereis no packets wait-
ing to be processedin the protocolstacksand the system
is idle. It is to be notedthat theuser-level schedulingdae-
monhaslowerpriority thanthekernel-levelpacketprocess-
ing context. Thus,if packetsarrive at the routernodein a
burstymannertheschedulingroutinewill be invokedvery
frequentlyby thosepackets.On the otherhand,if packets
arrive intermittently then the user-level daemonwill con-
tinuouslytrigger thepacket scheduling.In this manner, we
cantriggertheschedulingroutineasmuchaspossible(i.e.,
in a �ne-grainedmode)without any affectionto theactual
packetprocessingof theprotocolstacks.In thismechanism,
sincebothnewly arrivedpacketsandtheuser-level daemon
invoketheschedulingroutine,whichaccessesthesamedata
structuresin theNemCnet�lter, weguaranteethatonly one
canaccessthedatastructuresat a timeby locking.

We usethetime stampin thesk buff datastructureof
the Linux kernel to calculatethe total time durationspent
by the packet in the routernode.Thoughthis time stamp
canbesetby eitherNIC's interrupthandleror bottomhalf,
mostof currentNIC device driver implementationssetthis
�eld in the interrupthandler. We canalsoconsiderto uti-
lize thetime stampin theTCPoptionheader, which is usu-
ally usedto estimatethe roundtrip time for the TCP con-
gestioncontrol. Sincethis time stamphasbeengenerated



in the senderside, if we calculatethe time differencebe-
tweensenderandemulatornodefor the connectionestab-
lishmentphase,wecanusethisvalueto �gure outhow long
the packet hasbeenstayedin the network. Unfortunately,
this timestampusuallyhasamillisecondresolution.There-
fore,thiscannotsupportthedesired�ne-graineddelayreso-
lution. Moreover, only TCPpacketsincludethetime stamp
valuein their header. Thusthis mechanismcannotwork for
otherprotocol'spackets(e.g.,UDP packets).

3.2. Low Overhead Emulation for High Band­
width Support

Another important characteristicof the backbonenet-
worksfor cluster-of-clustersis high bandwidth.To emulate
the high bandwidthnetworks, we needto addressseveral
critical issues,which canbe summarizedinto three:i) de-
lay cascading,ii) emulationoverhead,and iii) scheduling
priority.

If an emulatorholdsa packet for a given time to adda
delaywithout yielding theCPUresource,this delaywill be
cascadedto thenext packetsthathave beenalreadyarrived
at the router node.For example,if an emulatoris imple-
mentedasa high priority kernel-level processandpolls the
timer occupying the CPU resource,the delaycan be cas-
cadedto the next packets. To avoid this delay cascading
problem,we queuethepacketsthatneedto bedelayedinto
a doubly linked list andimmediatelyreturnthe context to
theoriginal routine.Thepacketsqueuedarere-injectedby
thepacketschedulingmechanismdescribedin Section3.1.

If theoverheadinvolvedin thenetwork emulationis sig-
ni�cant, the emulatorreducesthe bandwidthbetweenthe
clustersin the experimentalsystems,which is a undesired
sideeffect.Broadly, theemulatorcanbeimplementedat the
user-level or the kernel-level. The user-level emulationre-
quirestwo datacopiesbetweenuserandkernelbuffers for
eachpacket. This copy operationis a well-known bottle-
neckof packetprocessing[13]. Hence,our network emula-
tor is designedat thekernel-level to preventany additional
datacopy.

Due to the high bandwidthlink of the backbonenet-
works,thepacket arrival ratecanbedrasticallyhigh. Thus
it is importantthattheactualpacketprocessingin theproto-
col stackshasto beretainedwithoutaffectionby theemula-
tor. Otherwise,thepacket processinggetsdelayed,packets
areaccumulatedin the routernode,andfollowing packets
aredroppeddueto thelackof systemresources(e.g.,mem-
ory). It is to be notedthat this drop is not intendedby the
emulatorfor thepurposeof network emulation.To prevent
this packet drop,we assigna lower priority to theschedul-
ing daemonthanthe actualpacket processingroutines.In
this case,thoughthe schedulingdaemonmay not invoke
thepacketschedulingin time,westill cantriggerthepacket
schedulingandsatisfythe requirementfor the �ne-grained
delayresolutionbecausenewly arrivedpacketsalsoinvoke
thepacketschedulingasdescribedin Section3.1.

3.3. Packet Drop

Sincethebackbonenetworks for cluster-of-clusterscan
use store-and-forward networks also there can be packet
dropsbecauseof network congestion.To emulatesuchcase,
we generatepacket drops basedon the packet drop rate
value,drop rate, givenby aNemCuserapplication.NemC
choosesapacketrandomlyfor everydrop rate packetsand
simply dropsthis packet freeingall theresourcesoccupied
by thispacket.

3.4. Out­of­Order Packet Generation

Out-of-orderpacketscanoccurin cluster-of-clustersdue
to multi-pathandadaptive routing. To emulatesuchcase,
wegenerateout-of-orderpacketsusingagivenout-of-order
packet generationrate, ooo rate, and a delay for out-of-
orderpackets,ooodelay. Thesevaluesaresetby a NemC
userapplication.It is guaranteedthatthevalueof ooo delay
is always larger than that of net delay. NemC choosesa
packetrandomlyfor everyooo rate packetsanddelaysthis
packet as much as ooodelay. Sincethis packet hasbeen
delayedmorethanotherpacketsit becomesanout-of-order
packetif thepacketintervalbetweenthispacketandthenext
is smallerthanooodelay.

4. Experimental Evaluation of NemC

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

In this section,we describeour experimentalmethodol-
ogy. We provide the detailsof our testbedin Section4.1.
Section4.2 comparesour network emulatorNemC with
popularexistingnetwork emulatorsandevaluatesthebene-
�ts of NemC.In Section4.3,weoutlinetheoverallusageof
NemCandwe demonstratethemain usesof NemC.Since
it wasdif�cult to connectour clustersthrougha realback-
bonenetwork, in this paperwe couldnot comparetheem-
ulatedresultswith realresults.We intendto show thecom-
parisonin futurework.
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4.1. Experimental Testbed

For all our experimentswe usedtwo clusterswhosede-
scriptionsareasfollows:

Cluster A: A clustersystemconsistingof 4 nodesbuilt
aroundSuperMicroSUPERP4DL6motherboardsandGC
chipsetswhich include64-bit 133 MHz PCI-X interfaces.
Eachnodehastwo Intel Xeon 2.4 GHz processorswith 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 ServerWorks 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 533MHz front sidebus and512MB of main mem-
ory. We usedtheRedHat9.0Linux distribution.

Thenodesareconnectedwith AmmassoGigabitEther-
netinterfacecards.Thesoftware(SDK) versionusedis 1.2-
ga2.Theseclusternodesareinternallyconnectedwith Net-
gearGS524TGigabitSwitches.As shown in Figure2 these
switchesareconnectedeachotherthroughtheworkstation-
basedrouter that is similar in con�guration to ClusterB
nodes'.This routernoderunsNemCto emulatethe back-
bonenetworks.

Latency is andbandwidthis measuredusingthenttcp

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 measurethe
latency and the bandwidthwith nttcp varying the emu-
latednetwork delay. Sincethefocusof thepaperis the�ne-
grainednetwork delayemulationfor cluster-of-clusterswe
do not includetheexperimentalresultsfor packet dropand
out-of-orderpacketcases.

Figure 3(a) shows the 512B messagelatency between
two nodesin different clusters,ClustersA and B, while
emulatingthe network delay using NemC,NISTNet, and
NetEm.Wevary thenetwork delayfrom 0� s to 1600� s.As
we canseein the �gure, NetEmshows almostconstantla-
tency regardlessof theexpectednetwork delay. Also this la-
tency is muchhigherthanthegivendelay. It is becausethe
packet schedulingof NetEmusesthe Linux systemtimer,
which hasmillisecondstimer resolution.Hence,it cannot
generatethe�ne-grainednetwork delay. On theotherhand,
NemCandNISTNetgeneratethenetwork delayveryclose
to thegivendelayvalue.

To closelylook at NemCandNISTNet,we measurethe



512B messagelatency againwith �ner network delayval-
ues.Figure3(b) presentsthe results.We canobserve that
NISTNet shows interestinglythe almostsamelatency for
100� s and150� s delayvalues.We canobserve the same
trendwith 200� s,250� s,and300� s delayvalues.It is due
to thefactthatNISTNetusestheMC146818real-timeclock
for thepacketschedulingof which thetick resolutionis ap-
proximately122� s. Therefore,it cannotsupport�ner net-
work delayresolutionthan122� s.Ontheotherhand,aswe
canseein the �gure, NemCis emulatingthe given delay
valuesaccurately. Thereasonwhy weseearound200� s la-
tency with 100� snetwork delayis becauseof thedefault la-
tency betweentwo nodes,which is roughly100� s.

Figure4 shows the512Bmessagebandwidthresultsbe-
tweentwo nodesin differentclusterswhile emulatingthe
network delayusing NemC,NISTNet, andNetEm.Simi-
larly to the latency results,NetEmshows almostthe same
bandwidthnomatterwhatdelayvaluehasbeengiven.Since
NetEmaddsto muchdelayfor smalldelayvaluestheband-
width is alsovery low. More importantly, we canobserve
thatNemCcanachieve higherbandwidth(up to 37%)than
NISTNet for small network delayvalues.The reasonwhy
thebandwidthof NemCandNISTNetdropswith largernet-
work delay is that the maximumTCP window sizeset to
512KBduringthetestcannot�ll thenetwork pipeof which
sizeincreasesasthenetwork delaybecomeslarger. To com-
pareNemCandNISTNet in detail,we executetcpdump
ontherouternode,in whichtheemulatoris running,andob-
serve the behavior of eachemulatorwhile performingthe
bandwidthtest.For this experiment,we have set the net-
work delayinto 250� s.Themessagesizeis 512B.Figures
5(a)and(b) presenta snapshotfor 0 to 2msof NemCand
NISTNet,respectively. Thegraphsshow wheneachpacket
hasbeenarrived at the routernode(indicatedwith empty
circles in the �gures) and when it has left (plotted with
�lled rectanglesin the �gures). With these�gures we can
clearly seehow long thepacketshave beendelayedin the
routernodeby theemulator. As we canobserve in the �g-
ure,NemCemulates250� 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
of­Clusters

In thissection,weevaluateandanalyzetheperformance
of MPI applicationsover cluster-of-clustersusingour net-
work emulator, NemC.Further, we studythe trendsshown
by various applications running over cluster-of-clusters
with differentdelaycharacteristics.We choosethe the fol-
lowing applicationsas a representative set for evaluation:
(i) NAS (ClassB)- EP, IS, MG, CG andFT and(ii) Gro-
macs- d.villin.

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

(ii) executiononacluster-of-clusterswith varyingemulated
network delay (representedby the correspondingnetwork
delayin the graphs).Eachsingleclustercontains4 nodes.
Thecluster-of-clusterexperimentsutilize thenodesof both
theclusters.Theseareconnectedasdescribedearlierin Sec-
tion 4.1.

Figure 6(a) shows the performanceof EP. The single
clusterexecutionof EPtakes82.5s.Further, we noticethat
theexecutiontimesof EPoveracluster-of-clusterdonotde-
pendlargely on thenetwork delay. Basedon this observa-
tion we concludethatthenetwork communicationrequired
by thisapplicationis verylow andthattheapplicationis pri-
marily CPUbound.PerformanceandExecutiontimeof ap-
plicationslikeEPcanhencebeimprovedimmenselyby uti-
lizing thenodesof cluster-of-clusters.In addition,sincethe
network delaydoesnoteffect theexecutiontimeof EPexe-
cutedon cluster-of-clusterssigni�cantly, theseapplications
canbene�t evenfrom cluster-of-clustersformedby widely
separatedclusterswith highnetwork delay.

In Figure 6(b), we observe that the network de-
lay shows a fair impact on the execution times of IS
and MG. The execution times of theseapplicationsexe-
cutedon singleclusters(50.3sand24.4srespectively) are
higher than the their executiontimeswith well-connected
cluster-of-clusters (about 30.0s and 16.4s respectively
for network delay of 100� s). This shows that theseap-
plications can perform up to 67% and 48% faster us-
ing the cluster-of-cluster setup. Further, we notice that
the bene�t of usingcluster-of-clustersdiminisheswith in-
creasing network delay. Hence these applications can
bene�t from runningon multiple clustersfor network de-
laysup to someextent.Figure7(a)shows theapplications
CGandFT thatfollow similarexecutiontrends.

Performanceof Gromacs- d.villin shown in Figure7(b)
shows that the singleclusterexecutionof this application
performssigni�cantly betterthanits executionon cluster-
of-clusters(with all delays).It is to be noted that the y-
axisof thisgraphis Simulations/Day. Sincethisapplication
is highly communicationintensive, the executionon more
numberof nodesspreadover the high delaynetworks in-
creaseits communicationoverheadsheavily. Henceappli-
cationslike thesecanrarelybene�t from cluster-of-cluster
systems.

In aggregate,we have demonstratedthat our network
emulatorNemC can accuratelyanswerthe following: (i)
Can a given application execute faster on a cluster-of-
cluster?(ii) What is the maximumnetwork delaythat can
sustainthisbene�t?and(iii) Whatis themeasureof theex-
tentof bene�t possible?Thecapabilityof NemCto emulate
�ne-graineddelayenablesus to evaluateandpredictthese
trendsaccurately.

5. RelatedWork

There have beenseveral researchesfor network emu-
lation. NISTNet [7] and NetEm [12] are the widely em-
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ployednetwork emulatorsrunningonLinux systems.How-
ever, theseemulatorsarefocusingon how to emulategen-
eral WANs. Hence�ne-grained network delay resolution
was not an important factor to theseemulatorsas shown
in Section4.2. On the other hand, NemC has beende-
signedcarefullyto dealwith low delayandhighbandwidth
network characteristicsof cluster-of-clusters.For FreeBSD
basedsystems,Dummynet[18] and ModelNet [19] have
beensuggested.Again, theseemulatorstarget large scale
WANs ratherthancluster-of-clustersenvironment.

Therearealsowell designedGrid emulators.For exam-
ple,MicroGrid [16] providesavirtual Grid environmentfor
Grid applications.Netbed[21] providesintegratedaccessto
simulated,emulated,andwide-areanetwork testbeds.These
emulatorsareverybene�cial to developandevaluateappli-
cationsover largescaleGrid environments.

In addition,thereareseveralwirelessnetworkemulators.
ONE [1] is a satellitecommunicationemulatorrunningon
Solaris.MOST Emulator[8], Ntrace[17], andMobile Em-
ulab [15] arealsoexamplesof mobile network emulators.
Sincemobile networks have different characteristicswith
the high-speedbackbonenetworks for cluster-of-clusters,
suchemulatorsarenotsuitablefor theemulationof cluster-

of-clustersenvironment.
We also have introduceda simple delay generatorfor

network emulationin oneof our previous works to evalu-
ateRDMA over IP [14]. This emulator, however, doesnot
considerall thedesignissuesdiscussedin thispaperandhas
only limited features.

6. Conclusionsand Future Work

In this paper, we suggesta novel designfor emulating
the backbonenetworks of cluster-of-clusters.The emula-
tor namedNemCcansupportthe �ne-grainednetwork de-
lay resolutionminimizing the additionaloverheads.To re-
�ect the low delay and high bandwidthcharacteristicsof
thebackbonenetworks,wedesignanew packetscheduling
mechanismthatperformson-demandscheduling,which is
independenton any systemtimers.Also we minimize the
additionaloverheadby designingit at the kernel-level to
emulatehigh bandwidthnetworks. In addition to the net-
work delayemulation,currentNemCimplementationcan
emulatepacket lossesandout-of-orderpackets.

The experimentalresultsclearly show that NemC can
emulatethe low delayandhigh bandwidthbackbonenet-



works more accuratelythan existing emulatorssuch as
NISTNet and NetEm. We also presentthe performance
evaluation resultsof MPI applicationssuch as NAS and
Gromacsover cluster-of-clustersenvironmentusingNemC
asacasestudy. Theexperimentalresultsrevealthatapplica-
tions like NAS EPcanbe improvedsigni�cantly by utiliz-
ing cluster-of-clusters.OtherapplicationssuchasNAS IS,
MG, CG,andFT canshow worseperformanceovercluster-
of-clustersfor high-delaybackbonenetworks.Amongthese
applications,we alsonoticethatNAS MG shows lesssen-
sitivity on the network delay as comparedto other appli-
cations(i.e., IS, CG, andFT). Performanceof Gromacs-
d.villin shows that the singleclusterexecutionof this ap-
plicationperformssigni�cantly betterthanits executionon
cluster-of-clusters.On thewhole,we demonstratetheabil-
ity of NemC to accuratelyevaluatethe possiblebene�ts
(or lack thereof)for applicationsexecutingover cluster-of-
clustersenvironmentswith varyingnetwork characteristics.

As future work, we plan to add more featuressuchas
generatingduplicatedpacketsandstatisticalgenerationof
delay. In addition,we intendto evaluateNemCwith 10 Gi-
gabit Ethernet[20]. We also plan to evaluatethe applica-
tionsovera largersystemsizeandcomparewith realback-
bonenetwork results.
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