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Abstract

Thecomplexity and dynamicsof the Internet is driving
the demandfor scalableand efficient networksimulation.
Yet, parallelizing networksimulationat packet level does
notworkefficientlyandthereforedonotscaleto largenum-
ber of processors becauseof tight synchronizationbetween
network components. To overcomethis problem we de-
signeda methodin which a large networkis decomposed
into parts and each part is simulatedindependentlyand
concurrently with the others. Theseparts exchange infor-
mationperiodicallyaboutthepacket delaysanddrop rates
along the pathswithin each part. Each part iteratesover
theselectedsimulatedtimeinterval until theexchangedin-
formationchangeslessthantheprescribedtolerance.

Each decomposedpart mayrepresenta subnetor a sub-
domainof theentirenetwork,therebymirroring thenetwork
structure in thesimulationdesign.Theproposedmethodis
independentof the specificsimulator techniqueemployed
to run simulators of the parts of the decomposednetwork.
Hence, it is a general methodfor efficientparallelizationof
networksimulationbasedon convergenceto thefixedpoint
solution of inter-part traffic. The methodcan be usedin
all applicationsin which the speedof the simulationis of
essence, such as: on-linenetworksimulation,networkman-
agement,ad-hocnetworkdesign,emergencynetworkplan-
ning, large networksimulationor networkprotocol verifi-
cationunderextremeconditions(largeflows).

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

1 Intr oduction

Themajordifficulty in simulatinglargenetworksat the
packetlevel is theenormouscomputationalpowerneededto�
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executeall eventsthat packetsundergo traversingthe net-
work [5]. The usualapproachto providing requiredvast
computationalresourcesrelieson parallelizationof an ap-
plicationto take advantageof a largenumberof processors
running concurrently. Suchparallelizationdoesnot work
efficiently for network simulationsat packet level because
of tight synchronizationbetweennetwork components[3].
To overcomethis difficulty, we designeda method de-
scribedin this paper, in which a large network is decom-
posedinto partsandeachpart is simulatedindependently
andsimultaneouslywith theothers.Eachpart representsa
subnetor a subdomainof the entirenetwork. Theseparts
are connectedto eachother throughedgesthat represent
communicationlinks existing in thesimulatednetwork. In
addition, we partition the total simulationtime into sepa-
rate simulationtime intervals selectedin sucha way that
the traffic characteristicschangelittle duringeachtime in-
terval.

In the initial (zero) iteration of the simulationprocess,
eachpartassumesonits externalin-links eithernotraffic, if
this thethefirst simulatedinterval (alternatively, the initial
external traffic may be definedby the real-timemeasure-
mentsof the simulatednetwork), or the traffic definedby
thepacketdelaysanddropratedefinedin theprevioussim-
ulationtime interval for externaldomains.Then,eachpart
simulatesits internaltraffic, andcomputestheresultingout-
flow of packetsthroughits out-links.

In the subsequent
�����

iteration,the inflow into each
partfrom theotherpartswill begeneratedbasedontheout-
flows measuredby eachpart in the iteration

���
	
. Once

the inflows to eachpart in iteration
�

arecloseenoughto
their counterpartsin the iteration

����	
, the iterationstops

andthesimulationeitherprogressesto thenext simulation
time interval or completesexecutionandproducesthefinal
results(seeFigure1).

More formally, considera network 
������������ , where� is a setof nodesand � (a subsetof Cartesianproduct
����� ), is a set of unidirectionallinks connectingthem
(bidirectionallinks aresimply representedasa pair of uni-
directionallinks). Let �������! " # "����$!� be a disjoint partition-
ing of thenodes,eachpartitionmodeledby asimulator. For



Figure 1. Progress of the Simulation Execu-
tion

eachsubset�&% , we candefinea setof externalout-linksas' %(���*)+�,%-�.�/� � �,%0� , in-links as 1!%(���2)��/� � �,%��3�2�,% ,
andlocal links as � % �4�2)+� % �5� % .

Thepurposeof a simulator 6 % , thatmodelspartition � %
of the network, is to characterizetraffic on the links in its
partitionin termsof afew parameterschangingslowly com-
paredto thesimulationtime interval. In theimplementation
presentedin thispaper, wecharacterizeeachtraffic asanag-
gregationof theflows, andeachflow is representedby the
activity of its sourceandthepacketdelaysanddroprateson
thepathfrom its sourceto theboundaryof thatpart. Since
thedynamicsof thesourcecanbefaithfully representedby
thecopy of thesourcereplicatedto theboundary, thetraffic
is characterizedby thepacket delaysanddrop rateson the
relevantpaths.Thanksto queuingat theroutersandtheag-
gregatedeffectof many flowson thesizeof thequeues,the
pathdelaysandpacket droprateschangemoreslowly than
thetraffic itself.

It shouldbe notedthat we arealsoexperimentingwith
the direct methodof representingthe traffic on the exter-
nal links asa self-similar traffic definedby a few parame-
ters. Theseparameterscanbeusedto generatetheequiva-
lent traffic usingon-linetraffic generatordescribedin [10].
No matterwhich characterizationis chosen,basedon such
characterization,the simulatorcanfind the overall charac-
terizationof thetraffic throughthenodesof its subnet.Let7-8 ��9:� bea vectorof traffic characterizationof thelinks in
set 9 in

�
-th iteration.Eachsimulatorcanbethoughtof as

defininga pair of functions:

7 8 � ' % �*�<; % � 7 8>= � ��1 % �?�@� 7 8 ��� % �*�BA % � 7 8C= � �/1 % �?�
(or, symmetrically,

7-8 �/1D%E�@� 7-8 ���*%0� canbe definedin terms
of
7-8>= �F� ' %G�?� .

Eachsimulatorcanthenberun independentlyof others,
using the measuredor predictedvaluesof

7-8 �/1D%E� to com-
pute its traffic. However, when the simulatorsare linked
together, then of course H $%"I(� 7 8 �/1 % �J�KH $%"I(� 7 8 � ' % �B�H $%#I(� ; % � 7 8>= � ��1 % �?� , sotheglobaltraffic characterizationand
its flow isdefinedby thefixedpointsolutionof theequation.

$L
%#I(�

7-8 ��1D%E�M��N��
$L
%#I(� �

7>8>= �3�/1!%0���@� (1)

where N��GH $%#I(� � 7 8>= � �/1 % �?� is definedas H $%#I(� ; % � 7 8>= � ��1 % ��� .
Thesolutioncanbefounditeratively startingwith someini-
tial vector

7!O ��1D%0� , whichcanbefoundby measuringthecur-
renttraffic in thenetwork.

We believe thatcommunicationnetworkssimulatedthat
waywill convergethanksto monotonicityof thepathdelay
andpacketdropprobabilitiesasthefunctionof thetraffic in-
tensity(congestion).For example,if in aniteration

�
a part

�&% of thenetwork receivesmorepacketsthanthefixedpoint
solution would deliver, then this part will producefewer
packetsthanthefixedpoint solutionwould. Thesepackets
will createinflows in the iteration

��P
	
. Clearly then,the

fixedpoint solutionwill deliver thenumberof packetsthat
isboundedfromaboveandbelow by thenumbersof packets
generatedin two subsequentiterations1 8 and 1 8@Q � . Hence,
in general,iterationswill producealternatelytoo few and
too many packets in the inflows providing the boundsfor
thenumberof packetsin thefixedpointsolution.By select-
ing themiddleof eachbound,thenumberof stepsneededto
convergencecanbelimited to theorderof logarithmof the
neededaccuracy, soconvergenceis expectedto be fast. In
the initial implementationsof themethod,theconvergence
for UDP traffic andsmall networkswasachieved in 2 to 3
iterations.

It shouldbenotedthatthesimilarmethodhasbeenused
for implementationof theflow of imports-exportsbetween
countriesin theprojectLink [4] led by theeconomicsNo-
ble Laureate,LawrenceKlein. The implementation[7] in-
cludeddistributed network of processorslocatedin each
simulatedcountry and it usedglobal convergencecriteria
for termination[8].

One issueof greatimportancefor efficiency of the de-
scribedmethodis frequency of synchronizationbetween
simulatorsof partsof thedecomposenetwork. Shortersyn-
chronizationtime limits parallelismbut decreasesalsothe
numberof iterationsnecessaryfor convergenceto thesolu-
tion becausechangesto the pathdelaysaresmaller. Vari-
anceof thepathdelayof eachflow canbeusedto adaptively
definethetimeof thesynchronizationfor thesubsequentit-
erationor thesimulationstep.

Theefficiency of ourapproachis basedon thefollowing
propertyof network simulation:

Thesimulationtimeof a networkgrowsfasterthan lin-
earlywith thesizeof thenetwork.



Theoreticalanalysisindicatesthat for the network size
of order

' �/RS� , the simulationtime containstermswhich
areof order

' �TR �VU"WFX �TRS�?� , thatcorrespondto sortingevent
queue,of order

' �TRZYC� , thatresultfrom packet routing,and
evenof order

' �TRZ[C� , thatareincurredwhile building rout-
ing tables. Someof our simulationperformancemeasure-
ments[9] indicatethatthedominanttermis of order

' �TRZYC�
even for small networks. Using the leastsquaredmethod
to fit themeasuredexecutiontime for thedifferentnetwork
sizes,we got the following approximateformula for star-
interconnectednetworks:\ �TRS�V�<]^ _3` Pa�  b 	Cc _,��R P��  �3� _3d,��R Y (2)

where
\

is the executiontime of the simulation,and R is
thenumberof nodesin thesimulation.Fromtheabove,we
canseethattheexecutiontimeof anetwork simulationmay
hold a quadraticrelationshipwith thenetwork size.There-
fore, it is possibleto speedup thenetwork simulationmore
than linearly by splitting a large simulation into smaller
piecesandparallelizingtheexecutionof thesepieces.

As we demonstratelater in the performancesection,a
network decomposedinto 16 partswill require less than
1/16 of the time of the entire sequentialnetwork simula-
tion (so also lesscomputationalpower, becausethereare
16 partseachneedinglessthan1/16 of the computational
powerof thesequentialsimulator),despitetheoverheadin-
troducedby externalnetwork traffic sourcesaddedto each
part(asexplainedbelow) andsynchronizationandexchange
of databetweenparts.Hence,with modestnumberof itera-
tionsthetotal executiontime canbecut anorderof magni-
tudeor more.

Anotheradvantageof the proposedmethodis that it is
independentof the specificsimulatortechniqueemployed
to run simulatorsof the partsof the decomposednetwork.
Rather, it is a schemefor efficient parallelizationbasedon
convergenceto the fixed point solutionof inter-part traffic
which is measuredby asetof parametersnecessaryto char-
acterizethis traffic rather then flow of packets. Our pri-
mary applicationis the useof the on-line simulation for
network management[9] to which the presentedmethod
fits very well and can be combinedwith the on-line net-
work monitoring. The simulationsin this applicationpre-
dictschangesin thenetwork performancecausedby tuning
network parameters.Hence,thefixedpoint solutionfound
by our methodis with highprobabilitythepoint into which
therealnetwork will evolve. However, this is astill anopen
issueunderwhatconditionswecanguaranteethatthefixed
point solutionis unique,andif it is not, whenthe solution
found by the methodis the sameasthe point that the real
network reaches.

Themethodcanbeusedin all applicationsin which the
speedof thesimulationis of essence,suchas:
e on-linenetwork simulation,

e ad-hocnetwork design,

e emergency network planning,

e largenetwork simulation,

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

2 Implementation

Our currentsystemdesignis basedon nsnetwork simu-
lator [6]. In ns,a simulationis definedby Tcl scriptswhich
canalsobeusedto interfacethecoreof thesimulator. The
kernelof thesimulationsystemis written in C++. Theease
of addingextensionsand rich suite of the network proto-
colsmadensapopularandcommon,albeitnot tooefficient,
platformfor researchin networking. Hence,webelievethat
implementingour methodwithin ns will enableothersto
experimentwith our system.

Our extensionsto ns enablecollaborationamongindi-
vidual partsinto which the simulatednetwork is divided.
Sincenetwork domainsare convenientgranulesfor such
partitioning,we will refer to thesepartsassimulationdo-
mainsor domainsin short. Eachdomainis simulatedby a
separatecopy of nsrunningon auniqueprocessor. Theim-
plementationspecificsaredescribedin thesectionsbelow.

2.1 New FeaturesAdded to ns

To accomplishper processorbaseddomainsimulation
thefollowing extensionwereaddedto ns.

Figure 2. Active Domain with Connections to
Other Domains



e The ability to suspendthe simulation to enableex-
changeof data on path delaysusing messagepass-
ingbetweenprocessorssimulatingindividualdomains.
During the simulationfreeze,eachindividual simula-
tion domainexchangesinformationon packetsgener-
atedanddroppedalonglinks leaving the domain(cf.
Figure2).

The network in Figure 2 is split into three individ-
ual domains,named1, 2 and3. Eachof the domain
simulationsrunsconcurrentlywith theothersandthey
exchangeinformationaboutthe pathdelaysincurred
by packets leaving the domain. The interval for ex-
changeof this informationis userconfigurable(in the
Tcl script). For example,eachdomainmayrun its in-
dividualsimulationsfor onesecondfrom R -th to R P5	 -
st secondof thesimulationtime,andpausethereafter,
Then,informationaboutdelaysof packetsleaving the
domainduringthis time interval is passedontothetar-
getdomaintowhichthesepacketsaredirected.If these
delaysdiffer significantly from what wasassumedin
the target domain,the simulationof the time interval
�TRV��R P�	 � is repeated.Otherwise,thesimulationpro-
gressesto thetime interval �TR Pa	 ��R Pgf � . Thethresh-
old valueof thedifferencebetweenthecurrentdelays
and the previous onesunderwhich the simulationis
allowed to progressin time it is setby the user. This
thresholdimpactsthespeedof thesimulationprogress
anddefinestheprecisionof thesimulationresults.

A new genericevent calledFreezehasbeenaddedto
ns. It pausesthesimulationat intervalsdefinedby the
user. During theeventexecution,it executesfunctions
providedby the userin Freezedefinition. On return,
Freezereactivatesthesimulation.

e Theability to recordinformationaboutthedelaysand
drop rateexperiencedby the packets leaving the do-
main. Eachdelaymeasuresthe time expired from the
instanceapacketleavesits sourceto thetimeit reaches
thedomainboundary. Packet dropratesarecomputed
for eachflow separately. Also recordedis informa-
tion abouteachpacket sourceand its intendeddesti-
nation.Having this informationenablesusto replicate
the sourcefrom the original domainto the boundary
of the targetdomain(sourcesin skeletonsof domains
2 and3 in Figure2) andpostponean arrival of each
packet producedby the replicatedsourceat the do-
main boundaryby the delay measuredin the source
(andtransient,if necessary)domains.Also, with prob-
ability definedby packet drop rates,packetsare ran-
domly droppedduring thepassageto theboundaryof
thedestinationdomain(D boxesin Figure2).

e Theability to definedomainmembersandidentify in-
dividualsourceswithin thedomainthatgeneratepack-

ets intendedfor nodesexternal to the domain. This
featureenablesus to directly connecta sourceto the
destinationdomainto which it sendspackets.Werefer
to suchreplicatedsourceasa fake source and to the
link thatconnectsit to thedomaininternalnodesasa
fake link, asexplainedbelow. The domainis defined
by theuserusinga Tcl level commandwhich takesas
its parametersthenodesthattheusermarksasbelong-
ing to thedomain.Then,thesimulationof thisdomain
is createdby deactivating all domainsexternal to the
selecteddomain.

2.2 Details of additions and modifications to ns

2.2.1Domain definition: Domainis a Tcl-level script-
ing commandthatis usedto definethenodeswhicharepart
of the domainfor the currentsimulation. In the first iter-
ation of the simulationthe traffic sourcesoutsidethe do-
mainareinactive. The traffic generatedwithin the domain
is recordedandthestatisticscalculated.In thefollowing it-
erations,thesourcesactivewithin otherdomainswith alink
to thedomainin questionareactivated.

Whenadomaindeclarationis madein theTcl script,the
nodesdefinedas a parameterto this commandare stored
in the form of a list. Eachtime a new domainis defined,
the new nodelist is addedto a domainlist (a list of lists).
Theuserselecteddomainis madeactive. Any link with one
endconnectedto a nodein this domainandthe otherend
connectedto a nodein anotherdomainis definedasa cut-
link. All packetssenton theselinks arecollectedfor their
delayanddropratecomputation.

Sourcegeneratorsconnectedto sourcesoutsidethe ac-
tivedomainaredeactivated.Thisis doneby anew Tcl script
statementthat attachesan inactive statusto nodesoutside
theactive domain(cf. 2.2.3. Traffic Generatordescription
below).

2.2.2Connector: The connectorperformsthe function
of receiving, processingandthendelivering the packetsto
theneighboringnodeor droppingthepackets.A modifica-
tion hasbeenmadeto this connectorclasswhich now has
theaddedfunctionalityof filtering out packetsdestinedfor
thenodesoutsidethedomainandstoringthemfor statistical
datacalculation.

A connectorobject is generallyassociatedwith a link.
Whena link is setup, thesimulatorchecksif this link con-
nectsnodesin different domains. If this is the case,this
link is classifiedasacross-linkandtheconnectorassociated
with this link is modifiedto recordpacketsflowing across
it. Eachsuchpacket is either forwardedto the neighbor-
ing nodeor is marked as leaving the domainbasedon its
destination.

2.2.3Traffic Generator: TrafficGenerator Classis used
to generatetraffic flows accordingto a timer. This class



is modified, so that for the domainsimulation,the traffic
sourcescanbeactivatedor deactivated.Initially, at thestart
of thesimulation,thetraffic generatorsuppressesnodesout-
sidethedomainfrom generatingany traffic.

2.2.4FakeLink: Fakelinks areusedto connectthefake
sourcesto a particularcross-linkon theborderof thedesti-
nationdomain.Whena faketraffic sourceis connectedto a
domainby a fake link, thepacketsgeneratedby this source
aresentinto thedomainvia thefake link andnot theregu-
lar links which aresetupby theusernetwork configuration
file. Thefakelink addsadelayand,with certainprobability,
dropsthe packet to simulatepacket’s behavior duringpas-
sagethroughtheregularroute.With thefaketraffic sources
andfakelinks, thestatisticaldatafrom thesimulationof an-
otherdomainarecollected,andthetraffic to thedestination
domainis regenerated.

Whena fake link is built, the sourceconnectorandthe
destinationconnectormustbespecified.A fake link short-
enstheroutebetweenthetwo connectorobjects.Eachcon-
nectoris identifiedby the nodeson both endsof it. Link
connectorsaremanagedin the borderobjectasa link list.
Theflow id to build upafakelink is specified,onefakelink
is usedfor oneflow.

Fake link is usedto simulatea particularflow, so when
thefeatures(packetdelayanddroprate)of thisflow change,
thefake link objectneedsto beupdated.After updatingthe
parametersof the fake link object, the performanceof the
correspondingfake link changesimmediately. Fake links
themselvesaremanagedin theborderobjectasa link list.

2.2.5 Connectors with Fake Targets: In the original
versionof ns, connectorsaredefinedasan NsObjectwith
only a singleneighbor. But our new nssimulationrequired
this definition to be changedto build fake links to short-
cut the routesfor differentpacket flows. Thesefake links
aresetup accordingto the network traffic flows andeach
flow from the fake sourceswill needa separatefake link.
Theflows thatgo throughonesourceconnectormayreach
differentcross-linkconnectorsat thedestinationborder, so
therewill be fake links connectingthis connectorto some
differentconnectors.Differentflows going into one con-
nectoraresentto differentfake links, which aredefinedas
faketargetshere.Thus,theconnectorcouldnow bedefined
asan NsObjectwith oneneighboranda list of fake targets.
When the fake connectionis enabledin a connector, this
connectorwould have a list of fake links (fake targets),and
would classify the incoming packets by flow id and send
themto thecorrectdestinations.

The connectorclasswill maintaina list of fake targets.
Oncea new fake link is setup from this connector, it will
beaddedto this connector’s fake targetlist (this is doneby
theshortcutmethoddefinedin theBorderclass).

2.2.6Border: Borderis anew classaddedto thens. It is
themostimportantclassin the domainsimulation. A bor-

derobjectrepresentstheactivedomainin thecurrentsimu-
lation. Themain functionalityof theborderclassincludes:

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

e Collectingandmaintaininginformationaboutthesim-
ulationobjects,suchasa list of traffic sourceobjects,
a list of theconnectorobjectsanda list of thefakelink
objectsmaintainedby theborderobject.

e Implementingandcontrolling thefake traffic sources:
settingup andupdatingfake links, etc.

The borderobject is set up first, and its referenceits
madeavailable to all objectsin the simulation. A lot of
othernsclassesneedto refer to the variablesandmethods
in the borderobject. The borderclasshasan arraywhich
for eachsimulationobjectstoresthedomainnameto which
this objectbelong. This informationis collectedfrom do-
main descriptionfiles that are createdby the domainob-
ject implementation.Thenamesarecreatedfor thefilesas-
signedto eachdomainto storesomepersistentdataneeded
for inter-domaindataexchangeandrestorationof thestate
from thecheckpoint.

All traffic sourceobjectscreatedin the simulationare
stored.Thesetraffic sourcescanbedeactivatedor activated
usingthe flow id. All the connectorobjectscreatedin the
simulationare stored. Theseconnectorsare identified by
thetwo nodesto which they areconnected.Theconnector
informationis usedto createfake links.

The traffic sourcesoutside the current active domain
aredeactivatedwhile settingup the network anddomains.
Whena fake link is setup for a flow, the traffic sourceof
this flow will bereactivated.Theborderclasssearchesthe
traffic sourcelist to find theobject,andcallsthereactivate()
methodof thematchingsourceobjectto reactivatethisflow.

When the borderreceivesflow information from other
domains,it will setupafakelink for thisflow, andinitialize
theparameterof the fake link usingthe receivedstatistical
data.Whensettingup a fake link, it goesthroughthecon-
nectorlist to find thesourceandthedestinationof thecon-
nectorobjects,andthenshortcutsthe routebetweenthem
by addinga fake target into the sourceconnector. All the
createdfake link objectsarestoredin theborderasa linked
list readyfor furtherupdate.

2.2.7Checkpointing: This featurehasbeenincludedin
ns to enablethe simulationto easily rerun over the same
simulationtime interval. We usedisklesscheckpointing,in
which eachclient processcreatesa child whenit leavesa
freezepoint. The child is suspended,but preservesa state
of the parentat the freezetime. Theparentproceedto the
next freezepoint. Oncethere,theparentdecideswhetherto
returnto the previous state,in which caseit unfreezesthe



child andthenkills itself, or to continuethe simulationto
thenext time interval, in which casethesuspendedchild is
killed. Thismethodis efficientbecausetheprocessmemory
is not duplicatedinitially; lateronly pagesthatbecomedif-
ferentfor theparentandchild areduplicatedduringexecu-
tion of theparent.Theonly significantcostis theexecution
of fork statementcreatingachild, whichhowever is several
ordersof magnitudesmallerthansaving stateto disk.

Figure 3. 64-node netw ork sho wing flo ws
from a sample node

2.2.8Synchronizing Indi vidual Domain Simulations:
Individual domainsimulationsaredistributedacrossmul-
tiple processorsusing a client-server architecture. Multi-
ple clientsconnectto a singleserver thathandlesthemes-
sagepassingbetweenthem. Theserver is definedasa sin-
gle processto avoid the overheadof dealingwith multiple
threadsand/orprocesses.The server usestwo maps(data
structures).Onemapkeepstrack of the numberof clients
thathavealreadysuppliedthedelaydatafor thedestination
domain. The othermap is toggledby clients that needto
performcheckpointing.All messagesto theserver arepre-
cededby Message IdentificationParameterswhich identify
the stateof the client. A decisionwhetherto checkpoint
thecurrentstateor to restorethesavedstateis madeby the
client basedon the comparisonof packet delaysanddrop
ratesin two subsequentiterations.

A client indicatesto theserverwhetherit requirescheck-
pointing in the contentsof the messageitself. A client
which hasto checkpointcausesall other clients to block
until it hasresentthe datato the server andthe server has

deliveredit to thedestinationdomain(in otherwordsa do-
mainon anothermachine).This is achievedby exchanging
themapsat theendof eachiterationduring thesimulation
freeze.

The stepsof collaborationof simulatorsandthe server
areshown in Figure1.

Figure 4. 27-node netw ork sho wing flo ws
from a sample node

3 Performance

We usetwo samplenetwork configurations,onewith 64
and the other with 27 nodesto measurethe performance
of our simulationmethodon two platforms: Sun Solaris
andIBM Netfinity FreeBSDworkstations.Both networks
aredivided into a hierarchyof domains.Therateat which
sourcesgeneratetraffic arevariedto generatetemporalcon-
gestionin the network, especiallyat the nodesat the bor-
dersof thedomains.All sourcesproduceConstantBit Rate
(CBR) traffic with constantpacketsizeof 64 bytes.

The 64-nodenetwork is designedwith a greatdeal of
symmetry. Thesmallestdomainsizeis four nodes;thereis
full connectivity betweenthesenodes.Four suchdomains
togetherareconsideredasa larger domainin which there
is full connectivity betweenthefour sub-domains.Finally,
four largedomainsarefully connectedandform theentire
network configuration(cf. Figure3).

The27-nodenetwork is aPINNI network [1] with ahier-
archicalstructure.Its smallestdomainis composedof three
nodes.Threesuchdomainsform a largerdomainandthree
largedomainsform theentirenetwork (cf. Figure4).



3.1 64-nodenetwork

Figure 5. Simulation vs. execution time on
Sun Solaris for the 64-node netw ork with dif-
ferent decompositions

Eachnode in the network is identified by threedigitsh  ij k , where
��l h �?im��k l ] , that identify domain,sub-

domainandnoderank within the subdomainto which the
nodebelongs.

Eachnodehasnine flows originating from it. In addi-
tion, eachnodealsoactsasa sink to nineflows. Theflows
from anodeh  im k go to nodes:h  ij n�/k P4	 ��o&_ h  im n�/k PJf �po&_ h  im "��k P ]3��o&_h  n�Ti P4	 ��o&_q k h  "�/i PJf �por_s k h  n�Ti P ]3��o&_s k� h P�	 �por_s im k � h PJf ��o&_s im k � h P ]t��o&_q im k
Thus,thisconfigurationformsahierarchicalandsymmetri-
calstructureonwhichthesimulationis testedfor scalability
andspeedup.

In asetof performancemeasurements,thesourcesat the
bordersof domainsproducepackets at the rate of 20000
packets/secfor half of thesimulationtime. Thebandwidth
of the link is 1.5Mbps. Thus, certainlinks are definitely
congestedandcongestionmay spreadto someother links
as well. For the other half of the simulation time, these
sourcesproduce1000packetspersecond.Sincesuchflows
requirelessbandwidththanprovidedby thelinks connected
to eachsource,congestionis notanissue.All othersources
producepacketsat therateof 100packets/secfor theentire
simulation.For theperformancemeasurements,wedefined
sourcesthatproducedonly CBRtraffic andthespeedupwas
measuredby comparingsimulationtimesof domainsto the
simulationtime of the entirenetwork (excluding synchro-
nizationtime).

We measuredspeedup for this configurationoversimu-
lation of 60 secondsof traffic. Thesimulationinterval was
setat14.9999seconds,resultingin fivefreezes.Thesimula-
tion speedupwith 16 processors(domainswith four nodes

each)was superlinearon both Sun Solaris(seeFigure 5)
and IBM Netfinity FreeBSDplatforms(seeTable 1), de-
spiterepetitive simulationsover someof theintervals. The
decomposedsimulationrequiredat most two iterationsto
converge to the solution in eachsimulationtime interval.
Thedifferencesin thetotal numberof packetsin eachflow,
thenumberof droppedpacketsandthesizesof thequeues
attherouterswerewell below 1%for all threedomainsizes.

3.2 27-nodeconfiguration

Thenetwork configurationshown in Figure4, thePINNI
network adoptedfrom [1], consistsof 27 nodesarranged
into 3 differentlevelsof domainscontainingthree,nineand
27 nodes,respectively. Eachnodehassix flows to other
nodesin the configurationandis receiving six flows from
othernodes.Theflows from a nodeh  im k canbeexpressed
as:h  im "��k P4	 ��o,] h  ij n�/k Paf ��o,]h  n�Ti P4	 ��o,]^ k h  n�Ti Paf ��o,]^ k
� h P�	 �po,]^ ij k � h PJf �po,]^ ij k

Figure 6. Simulation vs. execution time on
Sun Solaris for 27-node netw ork with diff erent
decompositions

In these,asin theprevious,performancemeasurements,
thesourcesat thebordersof domainsproducepacketsat the
rate of 20000packets/secfor half of the simulationtime.
Thebandwidthof the link is 1.5Mbps.Thus,congestionis
definitelyproducedon certainlinks shown above andcon-
gestionmay be producedon certainother links. For the
other half of the simulation, thesesourcesproduce1000
packetswhich is lessthanthe total bandwidthof the links
connectedto eachof them.All othersourcesproducepack-
etsat the rateof 100packets/secfor the entiresimulation.
We measuredthe speedup for this configurationover 60
secondsof simulatedtraffic. The simulationinterval was
setat 14.9999seconds,resultingin five freezes.



sizeof domain 27-nodes 64-nodes
large= 1 proc/domain 3946.8 1714.5
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 processorsachieved superlinear
speedupboth on Sun Solaris(seeFigure 6) and for IBM
Netfinity FreeBSDplatform(seeTable1).

This configurationis lessregular thenthe 64-nodecon-
figurationandasresult,thenumberof iterationsneededfor
convergencesvariedfromtwo to four. Thedifferencesin the
totalnumberof packetsin eachflow, thenumberof dropped
packetsandthesizesof thequeuesat therouterswerewell
below 1% for all threedifferentdomainsizes.

4 Conclusionsand Future Work

The needfor scalableand efficient network simulators
increaseswith therapidly growing complexity anddynam-
ics of theInternet.In this paperwe introduceda collabora-
tive on-linesimulationschemeto supportreal-timeon-line
collaborativesimulators.

Traditional parallelizationof simulationpartitionsnet-
work topology into Logical Processors(LPs) [3], but the
simulationis still executedasa whole. Therefore,thepar-
titionedpartshave to exchangea lot of informationto keep
them synchronizedwith eachother. In contrast,our ap-
proachdecomposesthenetwork into theseparatepart.First,
eachpartof thisdecompositionis simulatedseparatelyfrom
a nd concurrentlywith theothersover thesimulationinter-
val. Then, the simulationsare repeatedusing the output
of the other partsas their input until there is no signifi-
cant differencebetweenthe resultsof two consecutive it-
erations.This approachgreatlysimplifiesthesynchroniza-
tion betweenparallel partsand it decreasesits frequency,
thusit cansignificantlyspeedupthesimulationof largenet-
works.Our resultsindicatethatthesuperlinearspeedupfor
the single iterationstepis possibleandis the resultof the
non-linearcomplexity of thenetwork simulation.

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

its outflows, the simulationof the other partsof the net-
works can directly use thesedata to perform the simula-
tion. Finally, the schemecanbe implementedin the fully
distributed fashion,in which a domainis simulatedusing
computationalresourceswithin itself.

Futurework will focuson providing onlinedatacollec-
tion, to increasethebenefitof thereal-timesimulationsup-
portedby this scheme.It shouldbe notedthat thebenefits
of the methodaremultiplicative in regardsto the benefits
of any simulatorthatis employedto simulateindividualdo-
mains. Hence,the choiceof the basicsimulationtool is
important.In thefuture,weplanto replacenswith thesim-
ulatorsthat areat leastan ordermagnitudefasterthanthe
sequentialns,suchasssfnetsimulator[2].

Finally, while this paperdemonstratesthatour approach
fits the simulationof non-feedbackbasedtraffic (suchas
UDP-basedtraffic), we plan to verify our implementation
on TCP-basedtraffic aswell.
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