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Abstract

The compleity and dynamicsof the Internetis driving
the demandfor scalableand efficient network simulation.
Yet, parallelizing network simulationat padet level does
notwork efficientlyandtherefore do notscaleto large num-
ber of processos becausef tight syndironizationbetween
network components. To overcomethis problemwe de-
signeda methodin which a large networkis decomposed
into parts and each part is simulatedindependentlyand
concuriently with the otheis. Theseparts exchange infor-
mationperiodically aboutthe pacet delaysanddrop rates
along the pathswithin eadch part. Eac part iteratesover
the selectedsimulatedtime interval until the exchangedin-
formationchangeslessthanthe prescribedtolerance

Each decomposegart mayrepresenta subnetor a sub-
domainoftheentire network therebymirroring the network
structue in the simulationdesign.Theproposednethodis
independenbf the specificsimulator technique employed
to run simulatoss of the parts of the decomposedetwork.
Hence it is a generl methodfor efficientparallelization of
networksimulationbasedon convergenceto the fixed point
solution of inter-part traffic. The methodcan be usedin
all applicationsin which the speedof the simulationis of
essencesud as: on-linenetworksimulation,networkman-
agementad-hocnetworkdesign,emegencynetworkplan-
ning, large networksimulationor networkprotocol verifi-
cationunderextremeconditions(large flows).

The paper describesthe method, its implementation
basedonnssimulator andits performancdor samplecom-
municationnetworks.

1 Intr oduction

The major difficulty in simulatinglarge networks at the
pacletlevelistheenormousomputationapowverneededo
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executeall eventsthat paclketsundego traversingthe net-
work [5]. The usualapproachto providing requiredvast
computationakesourceselieson parallelizationof an ap-
plicationto take advantageof a large numberof processors
running concurrently Such parallelizationdoesnot work
efficiently for network simulationsat paclet level because
of tight synchronizatiorbetweemetwork componentg3].
To overcomethis difficulty, we designeda method de-
scribedin this paper in which a large network is decom-
posedinto partsand eachpartis simulatedindependently
andsimultaneouslywith the others. Eachpartrepresents
subnetor a subdomainof the entire network. Theseparts
are connectedo eachother through edgesthat represent
communicatiorinks existing in the simulatednetwork. In
addition, we partition the total simulationtime into sepa-
rate simulationtime intervals selectedin sucha way that
thetraffic characteristicehangdittle during eachtime in-
terval.

In the initial (zero)iteration of the simulationprocess,
eachpartassumesnits externalin-links eithernotraffic, if
this the the first simulatedinterval (alternatiely, the initial
externaltraffic may be definedby the real-time measure-
mentsof the simulatednetwork), or the traffic definedby
thepacletdelaysanddropratedefinedin theprevioussim-
ulationtime interval for externaldomains.Then,eachpart
simulatests internaltraffic, andcomputegheresultingout-
flow of pacletsthroughits out-links.

In the subsequenkt > 0 iteration,the inflow into each
partfrom theotherpartswill begeneratedasedntheout-
flows measuredy eachpartin theiterationk — 1. Once
the inflows to eachpartin iteration & are closeenoughto
their counterpartsn theiterationk — 1, theiterationstops
andthe simulationeitherprogresse$o the next simulation
time interval or completesxecutionandproduceghefinal
results(seeFigurel).

More formally, considera network I' = (N, L), where
N is a setof nodesand L (a subsetof Cartesianproduct
N x N), is a setof unidirectionallinks connectingthem
(bidirectionallinks aresimply representedsa pair of uni-
directionallinks). Let (IVq, ..., V) be a disjoint partition-
ing of thenodesgachpartitionmodeledby a simulator For
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eachsubsetN;, we candefinea setof externalout-linksas
0; = L&NZX (N—NZ), in-links asl; = L&(N—N,) x N;,
andlocallinks asL; = L& N; x N;.

The purposeof a simulatorS;, that modelspartition NV;
of the network, is to characterizédraffic on the links in its
partitionin termsof afew parametershangingslovly com-
paredto thesimulationtime interval. In theimplementation
presentedh this paperwe characterizeachtraffic asanag-
gregationof the flows, andeachflow is representetby the
activity of its sourceandthepacletdelaysanddroprateson
the pathfrom its sourceto the boundaryof thatpart. Since
thedynamicsof the sourcecanbefaithfully representetly
thecopy of thesourcereplicatedo theboundarythetraffic
is characterizedby the paclket delaysanddrop rateson the
relevantpaths.Thanksto queuingat theroutersandthe ag-
gregatedeffect of mary flows onthesizeof the queuesthe
pathdelaysandpaclet droprateschangemoreslowly than
thetraffic itself.

It shouldbe notedthat we are also experimentingwith
the direct methodof representinghe traffic on the exter-
nal links asa self-similartraffic definedby a few parame-
ters. Theseparameterganbe usedto generatehe equiva-
lenttraffic usingon-linetraffic generatodescribedn [10].
No matterwhich characterizatiotis chosenpasedon such
characterizationthe simulatorcanfind the overall charac-
terizationof the traffic throughthe nodesof its subnet.Let
& (M) beavectorof traffic characterizatiof thelinks in
setM in k-th iteration.Eachsimulatorcanbethoughtof as
defininga pair of functions:

§e(0:) = fi(&h—1(13)), & (Li) = 9i(&r—1(L3))

(or, symmetrically & (I;), & (L;) canbe definedin terms
of 5/;—1(01))

Eachsimulatorcanthenbe runindependentlyf others,
using the measuredr predictedvaluesof & (I;) to com-
puteits traffic. However, whenthe simulatorsare linked
together then of courseJ?_, & (L) = UL, &(0:) =
UL, fi(&k—1(I;)), sotheglobaltraffic characterizatioand
its flow is definedby thefixedpointsolutionof theequation.

q q
U &) = F( €1 (1)), )
i=1 i=1
whereF(Jj_, (§x—1(Z;)) is definedasU;_, fi(&x—1(L:)).
Thesolutioncanbefounditeratively startingwith someini-
tial vectoréy (I;), which canbefoundby measuringhecur-
renttraffic in thenetwork.

We believe thatcommunicatiometworks simulatedthat
way will corvergethanksto monotonicityof the pathdelay
andpacletdropprobabilitiesasthefunctionof thetraffic in-
tensity(congestion) For example,if in aniterationk a part
N; of thenetwork recevesmorepaclketsthanthefixedpoint
solution would deliver, then this part will producefewer
pacletsthanthe fixed point solutionwould. Thesepaclets
will createinflows in theiterationk + 1. Clearlythen,the
fixed point solutionwill deliver the numberof pacletsthat
isboundedrom aboseandbelon by thenumbersf paclets
generatedh two subsequeriterationsl;, andl;4,. Hence,
in general,iterationswill producealternatelytoo few and
too mary pacletsin the inflows providing the boundsfor
thenumberof pacletsin thefixedpointsolution. By select-
ing themiddle of eachbound thenumberof stepsneededo
convergencecanbe limited to the orderof logarithmof the
neededaccurag, so convergences expectedto befast. In
theinitial implementation®f the method,the corvergence
for UDP traffic andsmall networks wasachievedin 2 to 3
iterations.

It shouldbe notedthatthe similar methodhasbeenused
for implementatiorof the flow of imports-exportsbetween
countriesin the projectLink [4] led by the economicdNo-
ble Laureate LawrenceKlein. Theimplementatior{7] in-
cludeddistributed network of processordocatedin each
simulatedcountry and it usedglobal corvergencecriteria
for termination[8].

Oneissueof greatimportancefor efficiency of the de-
scribedmethodis frequeng of synchronizationbetween
simulatorsof partsof thedecompos@etwork. Shortersyn-
chronizationtime limits parallelismbut decreasesalsothe
numberof iterationsnecessaryor corvergenceto the solu-
tion becausechangedo the pathdelaysare smaller Vari-
anceof thepathdelayof eachflow canbeusedto adaptvely
definethetime of thesynchronizatiorior the subsequerit-
erationor the simulationstep.

Theefficiengy of ourapproachs basecn thefollowing
propertyof network simulation:

Thesimulationtime of a networkgrowsfasterthan lin-
early with the sizeof the network.



Theoreticalanalysisindicatesthat for the network size
of order O(n), the simulationtime containstermswhich
areof orderO(n * log(n)), thatcorrespondo sortingevent
queueof orderO(n?), thatresultfrom paclet routing,and
evenof orderO(n?), thatareincurredwhile building rout-
ing tables. Someof our simulationperformanceaneasure-
ments[9] indicatethatthe dominantermis of orderO(n?)
evenfor small networks. Using the leastsquaredmethod
to fit the measurea@xecutiontime for the differentnetwork
sizes,we got the following approximateformula for star
interconnectedetworks:

T(n) = 3.49 + 0.8174 x n. + 0.0046 x n>  (2)

whereT is the executiontime of the simulation,andn is
thenumberof nodesin thesimulation.Fromthe above, we
canseethatthe executiontime of anetwork simulationmay
hold a quadraticrelationshipwith the network size. There-
fore, it is possibleto speedup the network simulationmore
than linearly by splitting a large simulationinto smaller
piecesandparallelizingthe executionof thesepieces.

As we demonstratdater in the performancesection,a
network decomposednto 16 partswill requirelessthan
1/16 of the time of the entire sequentiaihetwork simula-
tion (so alsolesscomputationalpower, becausehereare
16 partseachneedinglessthan 1/16 of the computational
power of the sequentiakimulator),despitethe overheadn-
troducedby externalnetwork traffic sourcesaddedto each
part(asexplainedbelon) andsynchronizatiomndexchange
of databetweerparts.Hence with modestumberof itera-
tionsthetotal executiontime canbe cutanorderof magni-
tudeor more.

Anotheradwantageof the proposedmethodis thatit is
independentf the specificsimulatortechniqueemployed
to run simulatorsof the partsof the decomposedetwork.
Rather it is a schemdor efficient parallelizationbasedon
convergenceto the fixed point solution of inter-part traffic
whichis measuredby a setof parametersecessaryo char
acterizethis traffic ratherthen flow of paclets. Our pri-
mary applicationis the use of the on-line simulation for
network managemenf9] to which the presentednethod
fits very well and can be combinedwith the on-line net-
work monitoring. The simulationsin this applicationpre-
dictschangesn thenetwork performancecausedy tuning
network parametersHence the fixed point solutionfound
by our methodis with high probability the point into which
therealnetwork will evolve. However, thisis a still anopen
issueunderwhatconditionswe canguarante¢hatthefixed
point solutionis unique,andif it is not, whenthe solution
found by the methodis the sameasthe point that the real
network reaches.

The methodcanbe usedin all applicationdgn which the
speedf the simulationis of essencesuchas:

e on-linenetwork simulation,

ad-hocnetwork design,

emegeng network planning,

large network simulation,

network protocol verification under extreme condi-
tions (largeflows).

2 Implementation

Our currentsystemdesignis basedon nsnetwork simu-
lator [6]. In ns,asimulationis definedby Tcl scriptswhich
canalsobe usedto interfacethe coreof the simulator The
kernelof the simulationsystemis writtenin C++. Theease
of addingextensionsandrich suite of the network proto-
colsmadensapopularandcommon albeitnottooefficient,
platformfor researchn networking. Hence we believe that
implementingour methodwithin ns will enableothersto
experimentwith our system.

Our extensionsto ns enablecollaborationamongindi-
vidual partsinto which the simulatednetwork is divided.
Since network domainsare cornvenientgranulesfor such
partitioning, we will referto thesepartsas simulationdo-
mainsor domainsin short. Eachdomainis simulatedby a
separateopy of nsrunningon a uniqueprocessarTheim-
plementatiorspecificsaredescribedn the sectionshelow.

2.1 NewFeaturesAdded to ns

To accomplishper processotbaseddomain simulation
thefollowing extensionwereaddedo ns.
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- Internal router/source/destination
o

Packet delay/drop functionality
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Figure 2. Active Domain with Connections to
Other Domains



e The ability to suspendthe simulationto enableex-
changeof dataon path delaysusing messagepass-
ing betweerprocessorsimulatingindividualdomains.
During the simulationfreeze,eachindividual simula-
tion domainexchangesnformationon pacletsgener
atedanddroppedalonglinks leaving the domain(cf.
Figure?2).

The network in Figure 2 is split into three individ-
ual domains,namedl, 2 and3. Eachof the domain
simulationsrunsconcurrentlywith the othersandthey
exchangeinformation aboutthe path delaysincurred
by pacletsleaving the domain. The interval for ex-
changeof this informationis userconfigurable(in the
Tcl script). For example,eachdomainmayruniits in-
dividual simulationgfor onesecondromn-thton+1-
st secondof the simulationtime, andpausehereafter
Then,informationaboutdelaysof pacletsleaving the
domainduringthistime interval is passentothetar
getdomainto whichthesepacletsaredirected.If these
delaysdiffer significantly from what was assumedn
the target domain, the simulationof the time interval
(n,n + 1) is repeated Otherwise the simulationpro-
gresseso thetimeinterval (n + 1, n + 2). Thethresh-
old value of the differencebetweerthe currentdelays
andthe previous onesunderwhich the simulationis
allowedto progressn time it is setby the user This
thresholdmpactsthe speedf the simulationprogress
anddefinegthe precisionof the simulationresults.

A new genericevent called Freezehasbeenaddedto
ns. It pauseghe simulationat intervals definedby the
user During the eventexecution,it executesunctions
provided by the userin Freezedefinition. On return,
Freezereactvatesthe simulation.

e Theability to recordinformationaboutthe delaysand
drop rate experiencedby the pacletsleaving the do-
main. Eachdelaymeasureshe time expired from the
instanceapacletleavesits sourceto thetimeit reaches
the domainboundary Packet drop ratesarecomputed
for eachflow separately Also recordedis informa-
tion abouteachpaclet sourceandits intendeddesti-
nation.Having this informationenablesisto replicate
the sourcefrom the original domainto the boundary
of the targetdomain(sourcesn skeletonsof domains
2 and 3 in Figure 2) and postponean arrival of each
paclet producedby the replicatedsourceat the do-
main boundaryby the delay measuredn the source
(andtransientjf necessaryjlomains.Also, with prob-
ability definedby paclet drop rates,pacletsare ran-
domly droppedduring the passagéeo the boundaryof
thedestinatiordomain(D boxesin Figure?2).

e Theability to definedomainmembersandidentify in-
dividual sourceswithin thedomainthatgeneratgack-

etsintendedfor nodesexternal to the domain. This
featureenablesus to directly connecta sourceto the
destinatiordomainto which it sendgaclets. We refer
to suchreplicatedsourceas a fake source andto the
link thatconnectst to the domaininternalnodesasa
fake link, asexplainedbelon. The domainis defined
by theuserusinga Tcl level commandwhich takesas
its parameterthenodeghattheusermarksasbelong-
ing to thedomain.Then,thesimulationof this domain
is createdby deactvating all domainsexternalto the
selecteddomain.

2.2 Details of additions and modificationsto ns

2.2.1Domain definition: Domainis a Tcl-level script-
ing commandhatis usedto definethenodeswhich arepart
of the domainfor the currentsimulation. In the first iter-
ation of the simulationthe traffic sourcesoutsidethe do-
main areinactive. Thetraffic generatedvithin the domain
is recordedandthe statisticscalculatedIn thefollowing it-
erationsthesourcesctive within otherdomainswith alink
to thedomainin questionareactivated.

Whenadomaindeclaratioris madein the Tcl script,the
nodesdefinedas a parametetto this commandare stored
in the form of alist. Eachtime a new domainis defined,
the new nodelist is addedto a domainlist (a list of lists).
Theuserselectedlomainis madeactive. Any link with one
endconnectedo a nodein this domainandthe otherend
connectedo a nodein anotherdomainis definedasa cut-
link. All pacletssenton theselinks arecollectedfor their
delayanddropratecomputation.

Sourcegeneratorsonnectedo sourcesoutsidethe ac-
tivedomainaredeactvated.Thisis doneby anew Tcl script
statementhat attachesan inactive statusto nodesoutside
the active domain(cf. 2.2.3. Traffic Generatodescription
below).

2.2.2Connector: The connectomperformsthe function
of receving, processingandthendelivering the pacletsto
the neighboringnodeor droppingthe paclkets. A modifica-
tion hasbeenmadeto this connectorclasswhich now has
the addedfunctionality of filtering out pacletsdestinedor
thenodesoutsidethedomainandstoringthemfor statistical
datacalculation.

A connectorobjectis generallyassociatedvith a link.
Whenalink is setup, the simulatorchecksf thislink con-
nectsnodesin differentdomains. If this is the case,this
link is classifiedasa cross-linkandtheconnectoassociated
with this link is modifiedto recordpacletsflowing across
it. Eachsuchpaclet is eitherforwardedto the neighbor
ing nodeor is marked asleaving the domainbasedon its
destination.

2.2.3Traffic Generator: TrafficGeneator Classis used
to generateraffic flows accordingto a timer. This class



is modified, so that for the domainsimulation, the traffic
sourceganbeactivatedor deactvated.Initially, atthe start
of thesimulation thetraffic generatosuppressesodesout-
sidethe domainfrom generatingary traffic.

2.2.4FakeLink: Fakelinks areusedto connecthefake
sourcedo a particularcross-linkon the borderof the desti-
nationdomain.Whenafake traffic sourceis connectedo a
domainby afake link, the pacletsgeneratedby this source
aresentinto the domainvia the fake link andnot theregu-
lar links which aresetup by theusernetwork configuration
file. Thefakelink addsadelayand,with certainprobability,
dropsthe paclet to simulatepaclet’s behavior during pas-
sagethroughtheregularroute. With the fake traffic sources
andfakelinks, the statisticaldatafrom the simulationof an-
otherdomainarecollected,andthetraffic to thedestination
domainis regenerated.

Whena fake link is built, the sourceconnectorandthe
destinationconnectomustbe specified.A fake link short-
enstheroutebetweerthetwo connectoobjects.Eachcon-
nectoris identified by the nodeson both endsof it. Link
connectorsare managedn the borderobjectasalink list.
Theflow id to build up afakelink is specifiedpnefake link
is usedfor oneflow.

Fake link is usedto simulatea particularflow, sowhen
thefeaturegpaclketdelayanddroprate)of thisflow change,
thefakelink objectneeddo be updated After updatingthe
parameter®f the fake link object,the performanceof the
correspondindake link changesmmediately Fake links
themselesaremanagedn theborderobjectasalink list.

2.2.5 Connectors with Fake Targets: In the original
versionof ns, connectorsare definedasan NsObjectwith
only a singleneighbor But our new nssimulationrequired
this definition to be changedto build fake links to short-
cut the routesfor differentpaclet flows. Thesefake links
are setup accordingto the network traffic flows andeach
flow from the fake sourceswill needa separatdake link.
The flows thatgo throughonesourceconnectomay reach
differentcross-linkconnectorsat the destinatiorborder so
therewill be fake links connectingthis connectorto some
different connectors. Differentflows going into one con-
nectoraresentto differentfake links, which aredefinedas
faketargetshere.Thus,theconnectoicouldnow be defined
asan NsObjectwith oneneighboranda list of fake targets
Whenthe fake connectionis enabledin a connector this
connectomwould have alist of fake links (fake targets),and
would classify the incoming paclets by flow id and send
themto the correctdestinations.

The connectorclasswill maintaina list of fake targets.
Oncea new fake link is setup from this connectorit will
be addedto this connectors fake targetlist (this is doneby
the shortcutmethoddefinedin the Borderclass).

2.2.6Border: Borderis anew classaddedo thens. It is
the mostimportantclassin the domainsimulation. A bor-

derobjectrepresentsheactive domainin the currentsimu-
lation. Themainfunctionalityof the borderclassincludes:

e Initializing the currentdomain: settingup the current
domainid, assigningnodesto differentdomains,set-
ting up the dateexchangeetc.

e Collectingandmaintaininginformationaboutthe sim-
ulation objects,suchasallist of traffic sourceobjects,
alist of theconnectoobjectsandalist of thefake link
objectsmaintainedby the borderobject.

¢ Implementingandcontrolling the fake traffic sources:
settingup andupdatingfake links, etc.

The borderobjectis setup first, and its referenceits
madeavailable to all objectsin the simulation. A lot of
othernsclasseseedto referto the variablesandmethods
in the borderobject. The borderclasshasan arraywhich
for eachsimulationobjectstoreshe domainnameto which
this objectbelong. This informationis collectedfrom do-
main descriptionfiles that are createdby the domainob-
jectimplementationThe namesarecreatedor thefiles as-
signedto eachdomainto storesomepersistentlataneeded
for inter-domaindataexchangeandrestorationof the state
from the checkpoint.

All traffic sourceobjectscreatedin the simulationare
stored.Thesetraffic sourcexanbedeactvatedor activated
usingthe flow id. All the connectombjectscreatedn the
simulationare stored. Theseconnectorsare identified by
the two nodesto which they areconnected.The connector
informationis usedto createfake links.

The traffic sourcesoutsidethe currentactive domain
aredeactvatedwhile settingup the network anddomains.
Whena fake link is setup for a flow, the traffic sourceof
this flow will bereactvated. The borderclasssearcheshe
traffic sourcdist to find theobject,andcallsthereactivate()
methodof the matchingsourceobjectto reactvatethis flow.

Whenthe borderrecevesflow information from other
domainsjt will setupafakelink for thisflow, andinitialize
the parametenf the fake link usingthe receved statistical
data. Whensettingup a fake link, it goesthroughthe con-
nectorlist to find the sourceandthe destinatiorof the con-
nectorobjects,andthen shortcutsthe route betweenthem
by addinga fake targetinto the sourceconnector All the
createdake link objectsarestoredin theborderasalinked
list readyfor furtherupdate.

2.2.7Checkpointing: This featurehasbeenincludedin
ns to enablethe simulationto easily rerun over the same
simulationtime interval. We usedisklesscheckpointingjn
which eachclient processcreatesa child whenit leavesa
freezepoint. The child is suspendedyut preseresa state
of the parentat the freezetime. The parentproceedo the
next freezepoint. Oncethere theparentdecidesvhethero
returnto the previous state,in which caseit unfreezeghe



child andthenkills itself, or to continuethe simulationto

the next time interval, in which casethe suspendedghild is

killed. Thismethodis efficientbecaus¢heprocessnemory
is notduplicatednitially; lateronly pageghatbecomedif-

ferentfor the parentandchild areduplicatedduring execu-
tion of the parent.Theonly significantcostis the execution
of fork statementreatinga child, which howeveris several
ordersof magnitudesmallerthansaving stateto disk.

64 —node Network configuration

A sample source for flows
Sinks for the chosen source
Flows from the given source to its respective sinks

Figure 3. 64-node network showing flows
from a sample node

2.2.8Synchronizing Individual Domain Simulations:
Individual domainsimulationsare distributed acrossmul-
tiple processoraising a client-sener architecture. Multi-
ple clientsconnectto a single sener that handleshe mes-
sagepassingoetweerthem. The sener is definedasa sin-
gle procesgo avoid the overheadof dealingwith multiple
threadsand/orprocessesThe sener usestwo maps(data
structures).Onemap keepstrack of the numberof clients
thathave alreadysuppliedthedelaydatafor thedestination
domain. The othermapis toggledby clientsthat needto
performcheckpointing. All messagew the sener arepre-
cededby Message IdentificationParametes which identify
the stateof the client. A decisionwhetherto checkpoint
the currentstateor to restorethe saved stateis madeby the
client basedon the comparisorof paclet delaysanddrop
ratesin two subsequeriterations.

A clientindicatego thesenerwhetherit requirescheck-
pointing in the contentsof the messagadtself. A client
which hasto checkpointcausesall other clientsto block
until it hasresentthe datato the sener andthe sener has

deliveredit to the destinationdomain(in otherwordsa do-
mainon anothemachine).Thisis achievedby exchanging
the mapsat the endof eachiterationduringthe simulation
freeze.

The stepsof collaborationof simulatorsandthe sener
areshowvnin Figurel.

. A sample source for flows
° Sinks for the chosen source
Flows

Figure 4. 27-node network showing flows
from a sample node

3 Performance

We usetwo samplenetwork configurationspnewith 64
and the otherwith 27 nodesto measurethe performance
of our simulationmethodon two platforms: Sun Solaris
andIBM Netfinity FreeBSDworkstations. Both networks
aredividedinto a hierarchyof domains.The rateat which
sourcegjeneratéraffic arevariedto generatéemporalcon-
gestionin the network, especiallyat the nodesat the bor-
dersof thedomains.All sourcegproduceConstanBit Rate
(CBR)traffic with constanpacletsizeof 64 bytes.

The 64-nodenetwork is designedwith a greatdeal of
symmetry The smallestdomainsizeis four nodesithereis
full connectvity betweernthesenodes. Four suchdomains
togetherare considerechsa larger domainin which there
is full connectvity betweerthe four sub-domainsFinally,
four large domainsarefully connectedandform the entire
network configuration(cf. Figure3).

The27-nodenetwork is aPINNI network [1] with ahier-
archicalstructure.lts smallesidomainis composef three
nodes.Threesuchdomainsform alargerdomainandthree
large domainsform the entirenetwork (cf. Figure4).



3.1 64-nodenetwork

Distributed Domain Simulation (Speedup) - 64 node
configuration
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Figure 5. Simulation vs. execution time on
Sun Solaris for the 64-node network with dif-
ferent decompositions

Eachnodein the network is identified by three digits
z.y.z, where0 < z,y,z < 3, thatidentify domain,sub-
domainand noderank within the subdomairto which the
nodebelongs.

Eachnodehasnine flows originating from it. In addi-
tion, eachnodealsoactsasa sink to nine flows. The flows
from anodez.y.z goto nodes:

y(z+1)%4  zy.(2 +2)%4
z.(y + N)%4.2 z.(y +2)%4.2 z.(y +3)%4.2
(x+1)%4.y.z (z +2)%4.y.2 (x +3)%4.y.z
Thus,this configuratiorformsa hierarchicabndsymmetri-
calstructureonwhichthesimulationis testedfor scalability
andspeedup.

In asetof performanceneasurementshesourcesatthe
bordersof domainsproducepaclets at the rate of 20000
paclets/sedor half of the simulationtime. The bandwidth
of the link is 1.5Mbps. Thus, certainlinks are definitely
congestedand congestiormay spreadto someotherlinks
aswell. For the other half of the simulationtime, these
sourceproducel 000pacletspersecondSincesuchflows
requirelessbandwidththanprovidedby thelinks connected
to eachsourcecongestions notanissue.All othersources
producepacletsat therateof 100 paclkets/sedor theentire
simulation.For the performanceneasurementsye defined
sourceghatproducednly CBRtraffic andthespeedupvas
measuredy comparingsimulationtimesof domaingo the
simulationtime of the entire network (excluding synchro-
nizationtime).

We measuredpeedup for this configurationover simu-
lation of 60 second®f traffic. The simulationinterval was
setat14.999%econdsresultingin fivefreezes.Thesimula-
tion speedupwith 16 processorgdomainswith four nodes

z.y.(z + 3)%4

each)was superlinearon both Sun Solaris (seeFigure 5)
and IBM Netfinity FreeBSDplatforms(seeTable 1), de-
spiterepetitve simulationsover someof theintervals. The
decomposedimulationrequiredat mosttwo iterationsto
cornverge to the solutionin eachsimulationtime interval.
Thedifferencesn thetotal numberof pacletsin eachflow,
the numberof droppedpaclketsandthe sizesof the queues
attherouterswerewell belov 1%for all threedomainsizes.

3.2 27-nodeconfiguration

Thenetwork configuratiorshavnin Figure4, thePINNI
network adoptedfrom [1], consistsof 27 nodesarranged
into 3 differentlevelsof domainscontainingthree,nineand
27 nodes,respectiely. Eachnodehassix flows to other
nodesin the configurationandis receving six flows from
othernodes.Theflows from anodez.y.z canbeexpressed
as:

y.(z +1)%3
z.(y + 1)%3.2
(x+1)%3.y.2

z.y-(z +2)%3
z.(y +2)%3.2
(z 4+ 2)%3.y.2

Distributed Domain Simulation (Speedup) - 27 node
configuration
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Figure 6. Simulation vs. execution time on
Sun Solaris for 27-node network with diff erent
decompositions

In theseasin the previous, performancaneasurements,
thesourcesatthebordersof domaingoroducepacletsatthe
rate of 20000 paclets/sedor half of the simulationtime.
The bandwidthof thelink is 1.5Mbps. Thus,congestioris
definitely producedon certainlinks shavn above andcon-
gestionmay be producedon certainotherlinks. For the
other half of the simulation, thesesourcesproduce1000
pacletswhich is lessthanthe total bandwidthof the links
connectedo eachof them.All othersourcegproducepack-
etsat the rate of 100 paclets/sedor the entire simulation.
We measuredhe speedup for this configurationover 60
secondof simulatedtraffic. The simulationinterval was
setat 14.9999econdstesultingin five freezes.



sizeof domain 27-nodes| 64-nodes
large= 1 proc/domain 3946.8 17145
medium= 3(4) procs/domains 776.0 414.7
small=9(16) procs/domains 237.3 95.1
speedup for smalldomain 12.4 18.0

Table 1. Performance measurements on IBM
Netfinities (times are in seconds, averaged
over five runs)

The simulationwith 9 processorschieved superlinear
speedupboth on Sun Solaris(seeFigure 6) and for IBM
Netfinity FreeBSDplatform(seeTablel).

This configurationis lessregularthenthe 64-nodecon-
figurationandasresult,the numberof iterationsneededor
convergencevariedfromtwo to four. Thedifferencesn the
totalnumberof pacletsin eachflow, thenumberof dropped
pacletsandthe sizesof the queuesattherouterswerewell
belowv 1% for all threedifferentdomainsizes.

4 Conclusionsand Futur e Work

The needfor scalableand efficient network simulators
increasesvith the rapidly growing compleity anddynam-
ics of the Internet.In this paperwe introduceda collabora-
tive on-line simulationschemeo supportreal-timeon-line
collaboratve simulators.

Traditional parallelizationof simulation partitions net-
work topology into Logical ProcessorgLPs) [3], but the
simulationis still executedasawhole. Therefore the par
titioned partshave to exchangea lot of informationto keep
them synchronizedwith eachother In contrast,our ap-
proachdecomposethenetwork into theseparatart. First,
eachpartof thisdecompositioris simulatedseparatelyrom
and concurrentlywith the othersover the simulationinter-
val. Then, the simulationsare repeatedusing the output
of the other parts as their input until thereis no signifi-
cantdifferencebetweenthe resultsof two consecutie it-
erations.This approachyreatlysimplifiesthe synchroniza-
tion betweenparallel partsand it decreasedts frequeng,
thusit cansignificantlyspeedipthesimulationof largenet-
works. Our resultsindicatethatthe superlineaspeedugor
the singleiteration stepis possibleandis the resultof the
non-linearcomplexity of the network simulation.

In addition to the speedupthe advantagesof the pre-
sentedmethodinclude fault tolerance,ability to integrate
simulationsandmodelsin onerunandsupportfor truly dis-
tributedexecution.Whenoneof the participatingprocesses
fails, the rest can usethe old paclet delay and drop rate
datato continuea simulation. Whenthe only information
availableabouta domainaredelaysacrosshe domainand

its outflows, the simulation of the other parts of the net-
works can directly usethesedatato perform the simula-
tion. Finally, the schemecanbe implementedn the fully
distributed fashion,in which a domainis simulatedusing
computationatesourcesvithin itself.

Futurework will focuson providing online datacollec-
tion, to increasehe benefitof thereal-timesimulationsup-
portedby this scheme.lt shouldbe notedthat the benefits
of the methodare multiplicative in regardsto the benefits
of ary simulatorthatis employedto simulateindividual do-
mains. Hence,the choice of the basicsimulationtool is
important.In thefuture,we planto replacenswith the sim-
ulatorsthat are at leastan order magnitudefasterthanthe
sequentiahs, suchasssfnetsimulator|2].

Finally, while this paperdemonstratethatour approach
fits the simulation of non-feedbackbasedtraffic (suchas
UDP-basedraffic), we planto verify our implementation
on TCP-basedraffic aswell.
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