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ABSTRACT
Simulationof large-scalenetworks remainsto be a challenge,al-
thoughvariousnetwork simulatorsarein place. In this paper, we
identify fundamentalissuesfor large-scalenetwork simulation,and
proposenew techniquesthataddressthem. First, we exploit opti-
mistic parallel simulationtechniquesto enablefast executionon
inexpensive hyper-threaded,multiprocessorsystems.Second,we
provide a compact,light-weight implementationframework that
greatlyreducestheamountof staterequiredto simulatelarge-scale
network models. Basedon the proposedtechniques,we provide
samplesimulationmodelsfor two networking protocols:TCPand
OSPF. We implementthesemodelsin a simulationenvironment
ROSSNet,which is an extensionto the previously developedop-
timistic simulatorROSS.We performvalidation experimentsfor
TCPandOSPFandpresentperformanceresultsof our techniques
by simulatingOSPFandTCPonalargeandrealistictopology, such
asAT&T' sUSnetwork basedonRocketfueldata.Theendresultof
theseinnovationsis that weare able to simulatemillion nodenet-
work topologiesusinginexpensivecommercial off-the-shelfhyper-
threadedmultiprocessorsystemsconsumingless than 1.4 GB of
RAMin total.

Keywords
Large-ScaleNetwork Simulation,TCP, OSPF, Optimisticsynchro-
nizationprotocol

1. INTRODUCTION
Thereis adeliberateneedfor large-scalesimulationof variousnet-
working protocolsin orderto understandtheir dynamics.For ex-
ample, thereare several issuesin routing that needto be under-
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stood,suchascascadingfailures[1], inter/intra-domainroutingsta-
bility, andinteractionsof policy-basedrouting with BGP features
[2]. Oneneedsto performlarge-scalesimulationsof inter-domain
routingprotocolsalongwith varioustraf�c engineeringextensions,
in orderto observe theirdynamicscausingor effectingvariousper-
formanceproblemsin thecurrentInternet.

We addressthis needusingtwo techniques.First, we leveragean
optimisticsynchronizationprotocolto enableef�cient executionon
ahyper-threaded,multiprocessorsystem.Here,simulationobjects,
suchasa hostor router, areallowed to processeventsunsynchro-
nizedwithout regardfor theunderlyingtopologyor timestampdis-
tribution. If anout-of-ordereventcomputationis detected,thesim-
ulationobjectis rolled backandre-processedin thecorrecttimes-
tamp order. Unlike previous optimistic protocols,suchas Time
Warp [3], the rollback mechanismis realizedusingreversecom-
putation. Here,eventsareliterally allowedto executebackwardto
undothe computation.This approachgreatlyreducestheamount
of staterequiredto supportoptimistic event processingaswell as
increasesperformance[4].

Next, we devise an extremelylight-weightmodel implementation
framework calledROSSNetthat is speci�cally designedfor large-
scalenetwork simulation. If we examinestate-of-the-artframe-
works, suchasNs[5], SSFNet[6], DaSSF[7] andPDNS[8], we
�nd modelsthat arehighly detailedalmostto the point of being
full-protocol network emulators.For example,theseframeworks
provide supportfor a singleend-hostto have multiple interfaces,a
full UNIX socketAPI for connectingto realapplications,andother
detailsthat we believe arenot necessarilyrelevant for large-scale
simulationstudies.Theendresultis that thesesystemsrequireal-
mostsuper-computeramountsof memoryandprocessingpower to
executelarge-scalemodels.

In contrast,our framework posesthequestion:whatdo youreally
needto modelin order to answera particular protocol dynamics
questionin a large-scalescenario?For example,areall layersin
a protocolstackreallynecessary?Cana hostjust bea TCPsender
or just a TCPreceiver? Doesthesimulatedhostreally needto be
both? By askingthesekindsof questions,our framework enables
a singleTCPconnectionto berealizedin just 320bytestotal (both
senderandreceiver) and64 bytespereachpacket-event.

Theseinnovationsenablethe simulationof million nodenetwork
topologiesusinginexpensivecommercial off-the-shelfmultiproces-
sorsystemsconsuminglessthan1.4GBof RAMin total.

The remainderof this article is organizedas follows: Section2,



providesadescriptionof oursimulationframework, ROSSNet,and
parallel simulationengine,ROSS.Sections3 and 4 describethe
implmentationof our TCPandOSPFmodelsrespectively. There-
sults from our validation study for both modelsare presentedin
Section5 followedby a performancestudyin Section6. Section7
describesrelatedwork andSection8 presentstheconclusionsfrom
this researchandfuturework.

2. ROSS& ROSSNET
ROSSis an acronym for Rensselaer's Optimistic SimulationSys-
tem.It isaparalleldiscrete-eventsimulatorthatexecutesonshared-
memorymultiprocessorsystems.ROSSisgearedfor runninglarge-
scalesimulationmodels. Here, the optimistic simulatorconsists
of a collectionof logical processesor LPs, eachmodelinga dis-
tinct componentof thesystem,suchasa hostor router. LPscom-
municateby exchangingtimestampedevent messages.Like most
existing parallel/distributedsimulationprotocols,we assumeLPs
may not sharestatevariablesthat are modi�ed during the simu-
lation. ThesynchronizationmechanismmustensurethateachLP
processeseventsin timestamporderto prevent eventsin the sim-
ulatedfuture from affecting thosein thepast. TheTime Warp [3]
mechanismusesa detection-and-recovery protocolto synchronize
the computation.For the recovery, we employ a techniquecalled
reversecomputation.

2.1 ReverseComputation
Under reversecomputation,the roll backmechanismin the opti-
mistic simulatoris realizednot by classicstate-saving, but by lit-
erally allowing to the greatestpossibleextent eventsto be unpro-
cessedin reverseorder, effectively undoingthestatechanges.Thus,
asmodelsaredevelopedfor parallelexecution,both the forward
andreverseexecutioncodemustbewritten.

The key propertythat reversecomputationexploits is that a ma-
jority of the operationsthat modify the statevariablesare “con-
structive” in nature.Thatis, theundooperationfor suchoperations
requiresno history. Only the mostcurrentvaluesof the variables
arerequiredto undotheoperation.For example,operatorssuchas
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operatorsrequirespecialtreatmentin thecase
of multiply or divide by zero,andover�ow/under�ow conditions.
More complex operationssuchascircular shift (swapbeinga spe-
cial case),andcertainclassesof randomnumbergenerationalso
belonghere[4].

Operationsof the form �

���

, modulo and bit-wise computa-
tions that result in the lossof data,are termedto be destructive.
Typically theseoperationscanonly berestoredusingconventional
state-saving techniques.However, we observe thatmany of these
destructive operationsarea consequenceof thearrival of datacon-
tainedwithin theeventbeingprocessed.For example,in our TCP
model,the last-senttime recordsthe time stampof the lastpacket
forwardedon a routerLP. We usetheswapoperationto make this
operationreversible. We will show more examplesof how this
techniquewasusedin our implementationof the TCP modelbe-
low in Section3.4.

2.2 ROSSImplementation
TheROSSAPI is keptvery simpleandlean. Developedin ANSI
C, the API is basedon a logical processor LP model. Services
areprovided to allocateandschedulemessagesbetweenLPs. A
randomnumbergeneratorlibrary is providedbasedon L'Ecuyer's

CombinedLinearCongruentialGenerator[9].EachLP by default
is givena singleseedset. All memoryis directly managedby the
simulationengine. Garbageor “fossil” collection, as de�ned in
the seminalTime Warp researchof Jefferson[3], is driven by the
availability of freeeventmemory. Fossilcollectionfrequenciesare
controlledwith tuningparametersandstart-upmemoryallocation.
Theevent-list priority queuecanbecon�gured to beeithera Cal-
endarQueue[10],SplayTree[11] or a binary heap. For network
models,the Splay Tree is consideredto provide the bestoverall
performance(i.e., is not sensitive to theevent timestampdistribu-
tion).

To reducegarbagecollectionoverheads,ROSSintroduceskernel
processes(KPs).A KP containsthestatisticsandprocessedevent-
list for a collectionof LPs. With KPstherearefewer event-liststo
searchthroughduring garbagecollection,therebyimproving per-
formance,particularlywhenthe numberof LPs is large. For the
experimentspresentedherewe typically allocate4 to 8 KPs per
processorirrespective of thenumberof LPs. We observe KPsare
similar to DaSSFtimelines[7] andUSSFclusters[12].

2.3 ROSSNet
By usingROSSasthe simulationkernel,we arecurrentlydevel-
oping a network simulatorcalledROSSNet.Unlike conventional
network simulators(e.g.,Ns [5], JavaSim[13]) ROSSNetusesthe
�at programmingenvironmentof C ratherthananobject-oriented
paradigmandleveragespointersto functionsin the placeof “vir -
tual methods”.Here,developerssetfunctionpointersfor bothend
hostsandroutersaliketo obtainthedesiredlevel of functionality. If
a hostis to behave like a TCPconnection,it will settheeventpro-
cessingfunctionfor TCP, likewiseif a routeris forwardingpackets
basedoneitherastaticroutingtableor OSPF, it will setits function
pointerappropriately.

Additionally, ROSSNetattemptsto combineor reducethe event
populationand total numberof eventsprocessed.For example,
in the routermodel,both the forwardingplaneandcontrol plane
functionalityareall realizedwithin thesamelogical process(LP).
Thus,eventprocessingon thecontrolplaneside,will immediately
effect the forwardingplanewithout theneedfor explicit eventsto
bepassedbetweenthetwo planes.

ROSSNetwill alsomake useof globaldatastructures.For exam-
ple, in OSPF, eachroutermaintainsa mapof the whole network.
In simulation,this is not necessary. Onecansimply keepa global
datastructurein the simulationsuchthatall the routerscanreach
it. This way redundantusageof memoryis avoided.

Last,ROSSNeteliminatesunnecessarylayersof theprotocolstack.
For example,if oneis interestedin simulatingbehavior of a trans-
port layerprotocol,lower layerscouldbesimpli�ed suchthatthey
requirelessresources.Thiswasdonein ourTCPmodelcon�gura-
tion.

Figure1 shows thestructureof ROSSNet.ROSSNetbasicallycon-
structsa shell on top of the ROSSkernel,which handlessystem
managementissuessuchasevent-listmanagement,optimisticpro-
cessingof events including rollback and recovery, and memory
management.ROSSNetprovides basiccomponentsfor network
simulationsuchasnode,link, andqueue. On top of thesebasic
networking components,ROSSNetimplementsprotocolssuchas
OSPFandTCP. In this paper, we only presentour OSPFandTCP
models.



Figure1: Structur eof ROSSNet.

3. ROSSNET: TCP MODEL
3.1 TCP Overview
The Internet relies on the TCP/IP protocol suite combinedwith
router mechanismsto perform the necessarytraf�c management
functions.TCPprovidesreliabletransportusingaend-to-endwindow-
basedcontrolstrategy [14]. TCPdesignis guidedby the“end-to-
end” principle which suggeststhat “functions placedat the lower
levels may be redundantor of little value whencomparedto the
costof providing themat thelower level” As a consequence,TCP
providesseveralcritical functions,includingreliability, congestion
control,andsession/connectionmanagement.

While TCPprovidesmultiplexing/de-multiplexing anderrordetec-
tion usingmeanssimilar to UDP (e.g.,port numbers,checksum),
onefundamentaldifferencebetweenthemlies is thefact thatTCP
is connectionorientedandreliable.Theconnectionorientednature
of TCPimpliesthatbeforea hostcanstartsendingdatato another
host,it hasto �rst setupa connectionusinga 3-way reliablehand-
shakingmechanism.

The functionsof reliability andcongestioncontrol arecoupledin
TCP. Thereliability processin TCPworksasfollows:

WhenTCPsendsthesegment,it maintainsatimerandwaitsfor the
receiver to sendanacknowledgmentonthereceiptof thepacket. If
an acknowledgmentis not received at the senderbeforeits timer
expires (i.e., a timeoutevent), the segmentis retransmitted.An-
otherway in which TCP candetectlossesduring transmissionis
throughduplicateacknowledgments,which arisedueto thecumu-
lativeacknowledgmentmechanismof TCPwhereinif segmentsare
received out of order, TCP sendsa acknowledgmentfor the next
byte of datathat it is expecting. Duplicateacknowledgmentsre-
fer to thosesegmentsthatre-acknowledgea segmentfor which the
senderhasalreadyreceivedanearlieracknowledgment.If theTCP
senderreceivesthreeduplicateacknowledgmentsfor thesamedata,
it assumesthata packet losshasoccurred.In this casethesender
now retransmitsthemissingsegmentwithout waiting for its timer

to expire. This modeof lossrecovery is called“f astretransmit”.

TCP's �o w andcongestioncontrol mechanismswork as follows:
TCPusesawindow thatlimits thenumberof packetsin �ight, (i.e.
unacknowledged). Congestioncontrol works by modulatingthis
window asafunctionof thecongestionthatit estimates.TCPstarts
with a window size of one segment. As the sourcereceives ac-
knowledgments,it increasesthe window sizeby onesegmentper
acknowledgmentreceived (“slow start”), until a packet is lost, or
the receiver window (�o w control) limit is hit. After this event
it decreasesits window by a multiplicative factor (one half) and
usesthevariabless thresh to denoteits currentestimateof the
network bandwidth-delayproduct. Beyond ss thresh the win-
dow sizefollows a linear increase.This procedureof additive in-
crease/multiplicativedecrease(AIMD) allowsTCPto operatein an
ef�cient andfair manner[15].

Thevarious�a vorsof TCP (TCPTahoe,Reno,SACK) differ pri-
marily in the detailsof the congestioncontrol algorithms,though
TCP SACK alsoproposesan ef�cient selective retransmitproce-
durefor reliability. In TCP Tahoe,whena packet is lost, it is de-
tectedthroughthefastretransmitprocedure,but thewindow is set
to a valueof oneandTCPinitiatesslow startafterthis. TCPReno
attemptsto usethe streamof duplicateacknowledgmentsto infer
the correctdelivery of future segments,especiallyfor the caseof
occasionalpacket loss. It is designedto offer 1/2 round-trip-time
(RTT) of quiettime,followedby transmissionof new packetsuntil
the acknowledgmentfor theoriginal lost packet arrives. Unfortu-
natelyRenooften timesout whena burst of packets in a window
arelost. TCPNewReno�x esthis problemby limiting TCP's win-
dow reductionduring a singlecongestionepoch. TCP SACK en-
hancesNewRenoby addingaselective retransmitprocedurewhere
thesourcecanpinpointblocksof missingdataat receiversandcan
optimizeits retransmission.All versionsof TCPwould timeoutif
the window sizesaresmall (e.g.,small �les) andthe transferen-
countersa packet loss.All versionsof TCPimplementJacobson's
RTT estimationalgorithm(that setsthe timeoutto the meanRTT
plusfour timesthemeandeviationof RTT, roundedup to thenear-
estmultipleof thetimer-granularity(e.g.,500ms)).A comparative
simulationanalysisof theseversionsof TCPwasdoneby Fall and
Floyd[16].

3.2 TCP Host Functionality
Our implementationfollows the TCP Tahoespeci�cation. Below
arethespeci�c capabilitiesof theROSSNetTCPsessiononasingle
host.

� Logs: Thesystemhastheability to log sequencenumbers,
andcongestioncontrol window information. This informa-
tion wasusedin our validationstudy. For performanceruns,
loggingwasdisabled.

� Receiver side: Datais acknowledgedwhenreceived. If the
received packet's sequencenumberis NOT equal-toAND
is greater-thantheexpectedsequencenumber, it is storedin
the receive buffer. Next, anacknowledgmentis sentfor the
wantedpacket (duplicateacknowledgment).Whena packet
with theexpectedsequencenumberis received,thenext ap-
propriateacknowledgmentis sentaccordingto the receive
buffer's contents.

� Senderside: Thesenderwill be in slow-startuntil thecon-
gestionwindow isgreaterthantheslow-startthreshold.After



that, congestionavoidanceis started. If threeduplicateac-
knowledgmentsareobservedby thesender, thenfastretrans-
missionis performed(seebelow). If the acknowledgment
sequencenumberis greaterthenthelowestunacknowledged
sequencenumber, the senderassumesthat a gapwas �lled
andsendstheappropriatepacket.

� Fastretransmission:Whenthreeduplicateacknowledgments
areobserved, fastretransmissionis started.Here,theslow-
startthresholdis setto half theminimumcongestionwindow
sizeor themaximumof thereceive window. If this valueis
lessthantwo timesthemaximumsegmentsize,theslow start
thresholdis resetto thatvalue.Thecongestionwindow is set
to maximumsegmentsize.

� Slow start: In slow start,two packetsaresentfor every ac-
knowledgment.Here,thecongestionwindow grows by one
maximumsegmentsizeevery acknowledgment.

� Congestionavoidance: The window grows by one maxi-
mum segmentsize every window's worth of acknowledg-
ments. Here,one packet per acknowledgmentis normally
sent and two packets are sent every congestionwindow's
worthof acknowledgments.

� Round trip time (RTT): TheRTT is measuredonesegment
at a time. When sendinga packet and RTT is not being
measured,a new measureis initiated. Whenretransmitting,
cancelthe currentRTT measurementif ongoing. The RTT
measurementprocessis completeuponreceiving the�rst ac-
knowledgmentthat covers the RTT packet which is being
measured.

� Round trip timeout (RTO): We approximateRTO usinga
weightedaverageof thepastvaluesof RTO andRTT. Weare
currentlyimplementingJacobson's tick-basedalgorithmfor
computingroundtrip time,whichprovidesmoreof adampen
RTOcomputationby includingthedeviationitsmeasure[14].

3.3 TCP Model Implementation
In theimplementationof theTCPmodeltherearethreemaindata
structures.Themessage,whichis thedatapacket, is sentfrom host
to hostvia theforwardingplane.Therouter'sLPstatemaintainsthe
queuinginformationalongwith the packet lossstatistics.Finally
thehostLP'sdatastructurekeepstrackof thetransferringof data.

A messagecontainsthesourceanddestinationaddress.Thesead-
dressesareusedfor forwarding. Themessagealsohasthe length
of thedatabeingtransferredwhich is usedto calculatethetransfer
timesat therouters.Theacknowledgmentnumberis alsoincluded
for the senderto observe which packetshave beenreceived. The
sequencenumberis anothervariablewhich indicateswhich chuck
of datais beingtransferred.

Now, in ourmodeltheactualdatatransferredis irrelevantandthere-
fore it wasnot modeled.However in the casethat an application
wasrunningon top of TCP, suchastheBorderGateway Protocol
(BGP),packetdatais requiredfor thecorrectnessof thesimulation.
Wearecurrentlyexaminingwaysinwhichto optimizethissituation
aswell.

Routerstateis kept small by exploiting the fact that mostof the
informationis read-onlyanddoesnot changefor thestaticrouting
scenariosdescribedin this paper. Insideeachrouter, only queuing
informationis keptalongwith a packet lossstatistics.

Thereis a global adjacency list which containslink information.
This informationis usedby the All-Pairs-Shortest-Pathalgorithm
to generatethe setof global routing tables(one for eachrouter).
Eachtableis initialized duringsimulationsetupandconsistsonly
of thenext hop/link numberfor all routersin thenetwork.

Giventhelink number, a routercandirectly lookupthenext hop's
IP addressin its entryof theadjacency list. Theadjacency list has
anentryfor eachrouterandeachentrycontainsall theadjacencies
for thatrouter. Along with therouterneighbor'saddress,it contains
thespeed,buffer size,andlink delayfor thatneighbor.

The hosthasthe samedatastructuresfor both the senderandre-
ceiversidesof theTCPconnection.Thereisalsoaglobaladjacency
list for the host,however thereis only oneadjacency perhost. In
ourmodel,a hostis notmulti-homedandcanonly beconnectedto
onerouter. Thereis alsoa read-onlyglobal arraywhich contains
the senderor receiver host status,andsizeof the network trans-
fer. The maximumsegmentsizeand the advertisedwindow size
werealsoimplementedasglobalvariablesto cutdown onmemory
requirements.

The receiver containsa “next expectedsequence”variableanda
buffer for out-of-ordersequencenumbers.On the sendersideof
a connectionthefollowing variablesareusedto completeour TCP
modelimplementation:theroundtrip timeout(RTO), themeasured
round trip time (RTT), the sequencenumberthat is beinguseto
measuretheRTT, thenext sequencenumber, theunacknowledged
packet sequencenumber, the congestioncontrol window (cnwd),
theslow-startthreshold,andtheduplicateacknowledgmentcount.

For all experimentsreportedhere,the RTO is initialized to three
secondsat the beginning of a transfer, along with the slow start
thresholdbeing initialized to 65,536. The maximumcongestion
window sizeis setto 32 packets,however this valueis easilymod-
i�ed. In additionto thevariablesneededfor TCP, thehosthasvari-
ablesfor statisticscollection.Eachhostkeepstrackof thenumber
of packetssent/ received,thenumberof timeoutsandits measure-
mentof thetransfer's throughput.

Our implementationof theroutingtablecontainsonly thenext hop
link number. Here, the maximum number of links per router is
67. Therefore the routing table could be representedin a byte
per entry instead of consuminga full integer sizeaddress. In
oursimulationwehaveanentryin theroutingtablefor eachrouter.
If wehadto haveanentryfor eachhost,theroutingtableswouldbe
extremelylarge. Thehostswereaddressedin sucha way that the
routerthey areconnectedto canbeinferredandthereforearouting
table of only routersis acceptable.In the casethat it cannotbe
inferred,we couldhave a global tableof hostsandtheroutersthat
they areconnectedto. This onetableis a lot smallerthanhaving
a routing tablein eachrouterwith every host. We notethat some
topologiesare suchthat a routing table is not needed,suchas a
hypercube.In thesetopologiesthenext hopcanbe inferredbased
oncurrentrouterandthedestination.

Last, we perform a schedulingoptimizationfor routersthat im-
plementa drop-tail queuingpolicy. Here, routersneednot keep
a queueof packetsto besent.Instead,theroutersschedulepackets
basedon theservicerate(bytesperseconds)andthetimestampof
the lastsentpacket. As anexample,letsassumewe have a buffer
size of two packets, a servicetime of 2.0 time units per packet
and4 packetsarrive at the following times: 1.0, 2.0, 3.0 and3.0.



ack = SV->unack;
SV->unack = M->ack + g_mss;
/* other operations */
M->ack = ack;

Figure 2: LP stateto messagedata swapexamplefor acknowl-
edgmentprocess.

Forward:

M->dest = SV->cwnd;
SV->cwnd = 1;

Reverse:

SV->cwnd = M->dest;

Figure3: Swapof the congestionwindow in a timeout.

Clearly, the lastpacket will bedropped,but lets examinehow we
canimplementthis without queuingthem. If we keeptrackof the
last sendtime, we seethat the packet at 1.0 will be scheduledat
3.0, following 5.0 and7.0. Thus,whenthe lastpacket arrives,the
last senttime is 7.0. If we subtractthearrival time of lastpacket,
3.0 from thelastsenttime of 7.0,this saysthereare4.0 time units
worth of datato besent,which whendividedby theservicetime,
yieldstherearetwo packetsin thequeue.Thus,this packet will be
dropped.We arecurrentlyexamininghow this approachcouldbe
extendedto otherqueuingpoliciesanddynamicroutingscenarios.
Wenotehere,thatothersimulationframeworks,suchasDaSSF[7],
appearto performthis optmizationaswell.

3.4 ReverseComputation
The TCP model usesboth reversecomputationand incremental
statesaving. However, asopposedto usingaloggingstructure[17],
we reusedataspacecontainedwithin theevent that is currentlybe
processed.This not only reducesthecomplexity of our simulation
engineby nothaving to performcomplex memorymanagementon
logs, but also increasesdatalocality. Becausewe know that the
pageof memorya messageis locatedwill be accessedasa con-
sequenceof normalevent process,memoryoverheads(spaceand
time) will not increaseby having to swap databetweenLP state
andexistingmessagedata.

As an example of how the swap operationis usedin our TCP
model, considerthe processingof an acknowledgmentevent, as
shown in Figure 2. A swap operationis performedbetweenthe
message's acknowledgmentvalue

�

��� ����� andtheunacknowl-
edgedsequencenumbercontainedwithin the LP's state �	� �
�

�
�

����� . This is doneto effectively state-save theunacknowledged
sequencenumberprior to is beingoverwrittenwith new acknowl-
edgesequencenumber. The messageacknowledgmentvaluecan
be recreatedby subtractingg mss from the unacknowledgedse-
quencenumber. We alsousethe messagedestinationto swap the
congestionwindow cwnd sincethepacket is alreadyat the desti-
nation.Figure3 shows theforwardandreversecodefor this swap.

Additionally, we �nd thereceiver'sstateandtheoutof orderbuffer
couldconsumeasigni�cant amountof spaceif copiedprior tomod-
i�cation aspartof state-saving. Thereasonfor this is becausethe
wholewindow's worthof packetscouldbeacknowledgedwith the

Forward:

while(SV->out_of_order[cur_var]){
M->RC.dup_count++;
SV->out_of_order[cur_var] = 0;
cur_var++;

}

Reverse:

for(i = M->RC.dup_count; i > 0 ; i--) {
SV->out_of_order[cur_var] = 1;
cur_var--;

}

Figure4: Forward and reversecodefor the out-of-order buffer.

correctsequencenumber. Thus, the buffer would be completely
emptyafter processingthe “acknowledgment”event, resultingin
thewholebuffer beingcopiedprior to modi�cation.

To avoid thisdegenerativecase,wetakeadifferentapproach.Here,
eachbuffer entryhasa oneor a zerodependingif thepacket is in
the buffer. The buffer is circular startingwith the next expected
sequencenumber. Theonly time thebuffer changesstatedramat-
ically is whena sequencenumber�lls in a gap. Theacknowledg-
mentis sentfor next missingsequencenumber. All buffer locations
would be setto zeroup to the next gap. Becausethe buffer loca-
tionsareall consecutive, we areablecounthow many weresetto
zeroandrecordthatnumberasseenin Figure4. Thereverseevent
handlingcodeusesthe packet which was acknowledgedand the
countto revert thepreviousvaluesfrom zerobackto one.

4. ROSSNET: OSPFMODEL
4.1 OSPFOverview
Routingprotocolsin theInternetcouldbeclassi�ed into two main
groups:link-stateroutinganddistance-vectorrouting. Typically in
the currentInternet,distance-vectorrouting protocols(e.g.,BGP)
areusedfor inter-domainrouting(i.e.,routingamongAutonomous
Systems(ASs)),while link-stateroutingprotocols(e.g.,OSPF, and
IS-IS) areusedfor intra-domainrouting.As all theotherlink-state
routing protocols,OSPFmaintainsa map of the network (which
typically correspondsto oneAS in theInternet)atall routers.Each
routercollectstheir local link informationand�oods the network
with that informationso that all the routershave a global mapof
thenetwork.

In OSPF, routerssendHELLO packetsto their neighborsto check
whetherthey areupor down. HELLO packetsaresentperiodically
at everyHelloInterval. If theneighbordoesnot respondaftersome
periodof time,thenit is assumeddead.Thisperiodof timeis called
theRouterDeadInterval, andis typically four timestheHelloInter-
val.

Eachroutermaintainslink statusannouncements(LSAs) received
from otherrouters.Collectionof theseLSAs is calleda Link-State
Database(LS-Database),whichin factshows theglobalmapof the
network. Theroutersrun Dijkstra's or someothershortestpathal-
gorithmto �nd theroutesin thenetwork. Whena link goesdown
or comesup, theroutersdetectsthechangevia HELLO messages.



After updatingits localLS-Database,theroutersendanLS-Update
messagewhichconveys thechangeto otherrouters.Normally, LS-
Updatemessagesaresentwhena changein the LS-Databaseoc-
curs. Sucha changecanhappeneitherbecauseof a local link, or
becauseof anLS-Updatemessagereceivedfrom elsewhere.There
is alsoLS-Refreshmessagessentacrossthe OSPFrouters. Each
OSPFrouter�oods its LS-Databaseto otherroutersateveryLSRe-
freshInterval, which is typically 45minutes.

For scalabilitypurposes,OSPFdividesan AS into areasandcon-
structsa hierarchicalrouting amongthe areas. For eacharea,a
correspondingAreaBorderRouter(ABR) is assigned.In addition
to ABRs, thereareBackboneRouterswhich arethe routernodes
amongwhich inter-arearouting takes place. Among ABRs and
BackboneRouters,onerouteris assignedastheBoundaryRouter,
which is responsiblefor routing to/from otherASs. All theseas-
signmentsof routersare typically done manually in the current
Internet. Multi-arearouting in OSPFhelpsscalability. LSAs are
�ooded only in thearea,ratherthanthewholeAS. ABRs �ood in-
ternalLSAsto otherareasasSummary-LSAs.Thisscales�ooding
of LSAs. Also, routingamongBackboneRoutersoccursbasedon
addresspre�xes,whichscalesroutingtables.

4.2 OSPFModel Implementation
TheOSPFmessagescanbecomefairly large(for example,database
descriptionpacket-exchangeandsubsequentLS Updatesin response
to theLS Requests).Theselongmessagescanbeabig impediment
to modelscalability. In orderto keepmessagesassmallaspossible,
we usepointersto a message,insteadof the actuallarge message
datastructure. Under this approach,the routerwhich createsthe
message,allocatesthe memoryand �lls in the requiredinforma-
tion, andjust sendsacrossthepointer. Dependinguponthetypeof
message,thememoryallocatedis freedby theentity receiving the
messageor theentityoriginatingthemessage.

In the OSPFmodel,HELLO messagesappearto take the largest
shareof total event/messagepopulation. Typically, there is one
event to wake up the interfaceafter every HELLO Interval, and
thenoneeventto sendtheactualHELLO message.Thismeansthat
two eventsarerequiredto generateoneHELLO message.In our
model,we schedulejust oneevent to wake up therouter, andthen
the routersendsthe HELLO messageswith somerandomization
out of every interface. This signi�cantly reducesthe numberof
eventsin thesimulation.

TheLS-Databaseconsumesup thelargestshareof memory, which
is storedoneveryrouter. This is thebiggestlimitation to scalability
(in termsof numberof routers)of anOSPFsimulationmodel.The
informationrequiredto comparetwo LSAs,whenanLS-Updateis
received, is storedin theLS-Header. In practice,thelink informa-
tion is replicatedateveryrouterandin everyLSA. Wesimulatethis
by storingonly oneLink InformationTable(LIT) thatincludesone
copy of eachlink in the topology. So, in our simulation,we store
only onecopy of the link information(for eachlink in the topol-
ogy) globally assharedamongall the routers,insteadof having a
redundantseparatecopy for each.WestoretheLS-Headerslocally
at eachrouter, sothatroutersareableto individually agetheLSAs
andrefreshtheself-generatedLSAsperiodically.

In the caseof a link outage,the routerconnectedto that link de-
tectsthe change,andschedulesan LS-Update,which consistsof
the new LS-Header. In the simulation,we re�ect this link outage
by updatingtheLIT. Routersreceiving theLS-Updatecanusethe

LIT to run theshortest-pathalgorithm,andcalculateits forwarding
table. This methodworkswell for a singlelink outagebeforethe
network converges. However, a problemwith the above strategy
ariseswhentherearemultiple andfrequentlink outagesor recov-
eriesin the simulatedscenario. Here, nodesin the network will
observe differentstatesof thenetwork dependingon thearrival or-
derof LS-Updates.For example,assumetherearetwo subsequent
link outagesthathappenedfor links A andB. It will suchthatsome
nodeswill hearoutageof link A earlierthanoutageof link B, and
someothernodeswill heartheotherway around.So, if thereare
multiple link changeswithin oneconvergencetime, thenwaysof
handlingthesituationin themodelaremorecomplicated.

One possiblemethodof solving this problemis to usemultiple
copiesof theLIT, eachfor onepossiblearrival orderof LS-Update
messages.In this approach,the recipientof LS-Updatemessage
selectswhich copy of the LIT to usebasedon the previous LS-
Updatemessagesit hasreceived. Onefundamentalproblemwith
thisapproach,is thatthesizeof LIT is enormousfor anetwork with
millions of nodesandlinks. So,eachcopy is a signi�cant burden
in termsof memoryconsumption,which is themainbottleneckfor
simulationscalability.

Finally, wenoteherethatourOSPFmodellacksthereverseexecu-
tion codepathto supportoptimisticparallelexecution.That func-
tionality will beavailablein theverynearfuture.Consequently, all
ourOSPFresultsarebasedon sequentialmodelexecution.

5. EXPERIMENT AL VALID ATIONS
In this sectionwe will presentsimplesimulationscenarioswhere
we candemonstratethat our implementationsof TCP andOSPF
protocolsarevalid andaccurate.In orderto validateour TCPim-
plementation,we show thematchingbetweenour TCPimplemen-
tation andSSFNet's TCP implementation.To validateour OSPF
implementation,werunourOSPFimplementationonafour-router
network andobserve changesin the forwardingtablesassomeof
thelinks aretakendown or up.

5.1 TCP Validation
SSFNet[6] hasa setof validationtestwhich shows the basicbe-
havior of TCP. Becauseof spacelimitations, we only show how
ROSSNet'sTCPcompareswith SSFNetfor theTahoefastretrans-
missiontimeoutbehavior. This testis con�guredwith a server and
a client TCPsessionwith a routerin between.Thebandwidthis 8
Mb/secfrom theserver to therouterwith 5 msdelayandtheclient
to therouterhada bandwidthof 800kilobit persecondwith a 100
msdelay. Theserver wastransferringa �le of 13,000bytes.

As canbeseenfrom Figures5-aand5-b,our implementationwith
respectsequencenumberand congestionwindow behavior per-
formsvery similar. Thepacket drop happensat similar timesand
sodoesthefastretransmission.

5.2 OSPFValidation
In orderto validateourOSPFsimulation,weexperimentonasmall
topologyasshown in Figure6. Therearefour routersnumbered
from 0 to 3, andfour end-nodesnumberedfrom 4 to 7. Routersare
shown asgraynodesin theFigure6. Links amongtheroutersare
all 10 Mb, while the links connectingroutersto end-nodesareall
1 Mb in capacity. In Figure6, numberswritten on eachlink repre-
sentsthe OSPFweight (or cost)for that link. Also, numbersthat
arewrittenat thebeginningof eacharrow representsthelocalenu-
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(a)TCPTahoe's sequencenumber (b) TCPTahoe's congestionwindow

Figure 5: Comparison of SSFNetand ROSSNetTCP modelsbasedon (a) sequencenumber, (b) congestionwindow for TCP Tahoe
fast retransmissionbehavior. Top panel is ROSSNetand bottom panel is SSFNet.

merationof thelink at thatnode.Theseenumerationsarenecessary
for forwardingof thepackets.

Wesimulatedascenariowheretherearetwo TCP�o ws. Oneof the
TCP�o wsstartsatnode4 andendsat node7. TheotherTCP�o w
startsat node5 andendsat node6. TheTCP�o ws wererun for a
total simulationtimeof 500seconds.At time50, thebi-directional
link (i.e., the two one-way links) in betweenrouters0 and2 goes
down. Laterattime250,it comesbackup. Weobservedtherouting
tablesat theroutersandbehavior of thetwo TCP�o ws.

Table1 shows theobserved routingtablesat thefour routernodes
during the threestagesof the simulation. Pleasenote,we did not
includeentriesfor end-nodesfor simpli�cation. A 255meansthe
next node is “self”. Observe that router nodescorrectly adjust
themselves in responseto the two link changes.Thereis alsono

changein thebehavior of TCP �o ws, becausetheir routesremain
thesameandarenotaffectedby thelink changes.

6. PERFORMANCE RESULTS
6.1 Con�guration
OurexperimentswereconductedonadualHyper-ThreadedPentium-
4 Xeon processorsystemrunning at 2.8 GHz. Hyper-Threading
is Intel's namefor a simultaneousmultithreaded(SMT) architec-
ture[18]. SMT supportstheco-schedulingof many threadsor pro-
cessesto �ll-up unusedinstructionslotsin thepipelinecausedby
control or datahazards.Becausethesystemknows that therecan
be no control or datahazardsbetweenthreads,all threadsor pro-
cessesthatarereadyto executecanbe simultaneouslyscheduled.
In thecaseof threadsthatsharedata,mutualexclusionis guarded
by locks.Consequently, theunderlyingarchitectureneednotknow



Table 1: Routing tablesfor thr eestagesof the simulation for OSPFvalidation.
Simulation Router0 Router1 Router2 Router3
Stage

0-50

Desti- Next
nation Node
0 255
1 0
2 2
3 1

Desti- Next
nation Node
0 0
1 255
2 1
3 0

Desti- Next
nation Node
0 2
1 0
2 255
3 1

Desti- Next
nation Node
0 1
1 0
2 0
3 255

50-250

Desti- Next
nation Node
0 255
1 0
2 1
3 1

Desti- Next
nation Node
0 0
1 255
2 1
3 0

Desti- Next
nation Node
0 0
1 0
2 255
3 1

Desti- Next
nation Node
0 1
1 0
2 0
3 255

250-500

Desti- Next
nation Node
0 255
1 0
2 2
3 1

Desti- Next
nation Node
0 0
1 255
2 1
3 0

Desti- Next
nation Node
0 2
1 0
2 255
3 1

Desti- Next
nation Node
0 1
1 0
2 0
3 255

Figure 6: Topologyfor experimental validation of OSPFsimu-
lation.

aboutsharedvariablesor how they areusedat the programlevel.
Additionally, becausethe threadsassignedto the samephysical
processorsharethe samecache,there is no additionalhardware
neededto supporta cache-coherency mechanism.

Intel'sHyper-Threadedarchitecturesupportstwo instructionstreams
per processorcore [19]. From the OS schedulingpoint-of-view,
eachphysicalprocessorappearsasif therearetwo distinctproces-
sors.Underthismodeof operation,anapplicationmustbethreaded
to take advantageof theadditionalinstructionstreams.Thedual-
processorcon�guration behavesasif it wasa quadprocessorsys-
tem. Becauseof multiple instructionstreamsper processor, we
denoteinstructionstream(IS) countinsteadof processorcountin
our performancestudyto avoid confusingtheissuebetweenphys-
ical processorcountsandvirtual processorsor separateinstruction
streams.

Thetotal amountof physicalRAM is 6 GB. Theoperatingsystem
is Linux, version2.4.18con�gured with the 64 GB RAM patch.
Here,eachprocessor groupof threads(globally sharingdata)is
limited to a 32bit addressspace,wheretheupper1 GB is reserved
for theLinux kernel. Thus,anapplicationis limited to 3 GBs for
all codeanddata(bothheapandstackspaceandthreadcontroldata
structures).

For all experiments,eachTCPconnectionuseda uniform con�gu-
ration. Thetransfersizewasin�nite, allowing thetransfersto run
for thedurationof thesimulation.Themaximumsegmentsizewas
set to 960 bytes. The total sizeof all headerswas40 bytes. The
initial sequencenumberwasinitialized to zeroandthe slow start
thresholdwas65,536.

All clientsandserverswereconnectedin theway thatthe�rst half
of hostsrandomlyconnectedto thesecondhalf of hosts.Therewas
a distinct client-server pair for eachTCP connectionin the simu-
lation. Becauseof the randomnatureof connections,therewasa
highpercentageof “long-haul” links thatresultin alargenumberof
remoteeventsscheduledbetweenprocessors/ instructionstreams.



Table 2: Performanceresultsfor �
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synthetic topology network for low (500Kb), medium (1.5Mb) and high (45 Mb)
bandwidth scenarioson 1, 2 and 4 instruction streamsusing a dual Hyper-Thr eaded2.8GHz Pentium-4 Xeon. Ef�ciency is the net
eventsprocessed(i.e.,excludesrolled back events)divided by the total number of events.Remoteis the percentageof the total events
processedsentbetweenLPs mappedto differ ent thr eads/instructionstreams.

Numberof Nodes,� EndHostBandwidth NumIS EventRate Ef�ciency % Remote Speedup
4 500Kb 1 441692 NA NA NA
4 500Kb 2 535093 99.388 7.273 1.211
4 500Kb 4 660693 97.411 14.308 1.495
4 1.5Mb 1 386416 NA NA NA
4 1.5Mb 2 440591 99.972 7.125 1.140
4 1.5Mb 4 585270 99.408 14.195 1.516
4 45Mb 1 402734 NA NA NA
4 45Mb 2 440802 99.445 7.087 1.094
4 45Mb 4 586010 99.508 14.312 1.612
8 500Kb 1 210338 NA NA NA
8 500Kb 2 270249 100 7.273 1.284
8 500Kb 4 331451 99.793 10.746 1.575
8 1.5Mb 1 177311 NA NA NA
8 1.5Mb 2 237496 100 7.313 1.339
8 1.5Mb 4 287240 99.993 10.823 1.619
8 45Mb 1 176405 NA NA NA
8 45Mb 2 221182 99.999 7.259 1.253
8 45Mb 4 257677 99.996 10.758 1.460
16 500Kb 1 128509 NA NA NA
16 500Kb 2 172542 100 7.091 1.342
16 500Kb 4 199282 99.987 10.600 1.550
16 1.5Mb 1 100980 NA NA NA
16 1.5Mb 2 137493 100 7.092 1.361
16 1.5Mb 4 153454 99.998 10.626 1.519
16 45Mb 1 99162 NA NA NA
16 45Mb 2 117312 100 7.102 1.183
16 45Mb 4 145628 99.999 10.648 1.468
32 500Kb 1 80210 NA NA NA
32 500Kb 2 108592 100 7.058 1.353
32 500Kb 4 126284 100 10.586 1.57
32 1.5Mb 1 75733 NA NA NA
32 1.5Mb 2 90526 100 7.052 1.20

Table3: Memory requirementsfor �

�
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��

synthetic topologynetwork for low (500Kb), medium (1.5Mb) and high (45Mb)
bandwidth scenarioson 1, 2 and 4 instruction streamsusinga dual Hyper-Thr eaded2.8GHz Pentium-4 Xeon. Optimistic processing
only required7000more event buffers (140byteseach)on averagewhich is less1 MB.

Numberof Nodes,� HostBandwidth Max Event-listSize MemoryRequirements
4 500Kb 4,792 3 MB
4 1.5Mb 5,376 3 MB
4 45Mb 5,376 3 MB
8 500Kb 45,759 11MB
8 1.5Mb 85,685 17MB
8 45Mb 86,016 17MB
16 500Kb 522,335 102MB
16 1.5Mb 1,217,929 202MB
16 45Mb 1,380,021 226MB
32 500Kb 5,273,847 1,132MB
32 1.5Mb 6,876,362 1,364MB



Last, ROSSis con�gured with a binary heapfor all TCP experi-
ments. However, we have recentlyimplementeda SplayTreefor
event-list managementand�nd it producesa 50 to 100%perfor-
manceimprovementover thebinaryheap.All OSPFexperiments
have ROSScon�guredwith thefasterperformingSplayTree.

6.2 Synthetic TopologyExperiments
The synthetictopology is fully connectedat the top andhasfour
levels. A routerat onelevel is connectedto � lower level routers
or hosts.Thetotalnumberof nodesis equalto �

�

�

�

�

�

�

�

�

� .
N wasvariedbetween,4, 8, 16, and32. Thenodesarenumbered
in sucha way that the next hop can be calculatedbasedon the
destinationat eachhop.

Thebandwidth,delayandbuffer sizefor thesynthetictopologyis
asfollows:

� 2.48Gb/sec,a delayof 30ms,and3 MB buffer,

� 620 Mb/sec,a delaybetween10 ms to 30 ms, and750 KB
buffer,

� 155Mb/sec,a delayof 5 ms,10msand30ms,and200KB
buffer,

� 45 Mb/sec,a delayof 5 ms,and60 KB buffer,

� 1.5Mb/sec,adelayof 5 ms,and20KB buffer,

� 500Kb persecond,a delayof 5 ms,and15 KB buffer

We considerthreebandwidthscenarios:(i) high, which has2.48
Gb/secfor the top-level router link bandwidths,and eachlower
level in thenetwork topologyusesthenext lowerbandwidthshown
above yielding a hostbandwidthof 45 Mb/sec,(ii) medium, which
startswith 620 Mb/secand goesdown to 1.5 Mb/secat the end
host,and(iii) low, which startswith 155 Mb/secandgoesdown
to 500 Kb/secat the endhost. Thesebandwidthsandlink delays
arerealisticrelative to networksin practice[20]. We provide more
informationabouttheAT&T topologybelow in Section6.3.

Our experimentswererun on 1, 2 and4 instructionsstreams(IS).
Thesynthetictopologyis mappedwith eachcorerouterandall its
childrenassignedto thesameprocessor.

Table 2 shows the performanceresultsfor all synthetictopology
scenariosacrossvarying numbersof availableinstructionstreams
on the Hyper-Threadedsystem. For all con�gurations,we report
anextremelyhighdegreeof ef�ciency, asshown in thehighlighted
column.Thelowestef�ciency is 97.4%andto our surprisewe ob-
serve a largenumberof zerorollbackcasesfor 2 and4 instruction
streamsresultingin 100%simulatoref�ciency. We observe that
the amountof available work per instructionstream(IS) retards
the rateof forward progressof the simulation,particularly as �

grows andthebandwidthincreases.Thus,remotemessagesarrive
aheadof whenthey needto beprocessedresultingin almostperfect
simulatoref�ciency. This resultholdsdespitean inherentlysmall
lookaheadwhich is a consequenceof link delay(rangingbetween
5 to 30 ms)anda largeamountof remoteevents(rangingbetween
7% to 15%).

The observed speeduprangesbetween1.2 and 1.6 on the dual-
hyper-threadedprocessorsystem.Thesespeedupsarevery much

in line with whatonewould expect,particularlygiventhememory
sizeof themodelsat handrelative to thesmall level-2 cache.We
note that we wereunableto executethe �

� 
��

, 45 Mb band-
width case.Thisaspectandmemoryoverheadsarediscussedin the
paragraphsbelow.

The memory footprint of eachmodel is shown as a function of
nodesandbandwidthin Table3. We reporta steadyincreasein
memoryrequirementsandevent-listsizeasbandwidthandthenum-
ber of nodesin the network increase.The peakmemoryusageis
almost1.4 GB of RAM for the �

� 
��

, 1.5 Mb bandwidthsce-
nario. The amountof additionalmemoryallocatedfor optimistic
processingis 7000event buffers which is lessthan1 MB. Thus,
for 524288TCP connections,this model only consumes2.6 KB
per connectionincluding event data. By comparison,Nicol [21]
reportsthatNsconsumes93KB perconnection,SSFNet(Javaver-
sion)consumes53 KB, JavaSimconsumes22 KB perconnection
and SSFNet(C++ version)consumes18 KB for the “dumbbell”
modelwhichcontainsonly two routers.

Last,we�nd thatthereisaninterplayin how theeventpopulationis
effectedby thenetwork size,topology, bandwidthandbuffer space.
In examiningthememoryutilization results,we�nd thatthemaxi-
mumobservedeventpopulationdiffersby only amoderateamount
for 1.5Mb versus45Mb casewhen �

� ��	

despitearathersignif-
icantchangein network buffer capacity. However, we wereunable
to executethe 45 Mb scenariowhen �

� 
��

becauseit requires
more than17,000,000events,which is the maximumwe can al-
locatefor thatscenariowithout exceedingoperatingsystemlimits
(˜ 3 GB of RAM). This is becausetherearemany morehostsat
a high bandwidth,resultingin muchmoreof the availablebuffer
capacityto beoccupiedwith packetswaiting for service.Thiscase
resultsin a 2.5 timesincreasein the amountof requiredmemory.
This suggested,modeldesignerswill have to performsomecapac-
ity analysis,sincenetworksmemoryrequirementsmayexplodeaf-
ter passingsomesize,bandwidthor buffer capacitythreshold,as
happenedhere.

6.2.1 Hyper­Threadedvs. MultiprocessorSystem
In this seriesof experimentswe comparea standardquadproces-
sor systemto our dual, hyper-threadedsystemin order to better
quantifyourperformanceresultsrelativeto pastprocessortechnol-
ogy. The network topology is the sameas previously described
with �

� �

, thusthereare4680LPs in this simulation. We did
however modify the TCP connectionssuchthat they aremorelo-
cally centered.In total87%of all TCPconnectionswerewithin the
samekernelprocess(KP).

Weobservethatthedualprocessoroutperformsthequadprocessor
systemby 16%despitethatthequadprocessorhaving two timesthe
amountof level-2cache(eachquadprocessorhas512KB for a to-
tal of 2 MB of cache).Therespectivespeedupsrelativeto theirown
sequentialperformanceare3.2 for thequadprocessorand1.7 for
thedualhyper-threadedsystem,which is 80 to 85%of thetheoret-
ical maximum. If we comparecost-performance,the dual hyper-
threadedsystem(˜$7000USD) is the clearwinner over the quad
processorsystem(˜$24,000USD)by overa factorof three,sinceit
costslessthan1/3 thepriceat thedateof purchase.

Additionally, we observe 100%simulatoref�ciency for all parallel
runs. We attribute this phenomenonto the low remotemessages
andlargeamountof work (eventpopulation)perunit of simulation
time.



Table 4: Performance results for �

� �

synthetic topology network medium bandwidth on 1, 2 and 4 instruction streams(dual
Hyper-Thr eaded2.8GHz Pentium-4 Xeon) vs. 1, 2 and 4 processors(quad, 500MHz Pentium-III).

ProcessorCon�guration EventRate % Ef�ciency % Remote Speedup
1 IS, Hyper-Threaded 220098 NA NA NA
2 IS, Hyper-Threaded 313167 100 0.05 1.42
4 IS, Hyper-Threaded 375850 100 0.05 1.71
1 PE,Pentium-III 101333 NA NA NA
2 PE,Pentium-III 183778 100 0.05 1.81
4 PE,Pentium-III 324434 100 0.05 3.20

6.3 AT&T TopologyExperiments
For our performancestudywe usedAT&T' snetwork topologyob-
tainedfrom theRocketfuelInternettopologydatabase[22].

As shown in Figure7, thecoreUS AT&T network topologycon-
tains 13173router nodesand38164links. What makes Internet
topologieslike theAT&T network bothinterestingandchallenging
from a modelingprospective is its sparseconnectivity andpower-
law structure[22]. In thecaseof AT&T, therearelessthan3 links
per routeron average.However, at thesupercorethereis a high-
degreeconnectivity. Typically, anInternetserviceprovider's super
corewill becon�gured asa fully connectedmesh.Consequently,
backbonerouterswill have up to 67 connectionsto otherrouters,
someof which areotherbackboneor supercoreroutersandother
links to regioncorerouters.Onceat theregioncorelevel, thenum-
ber of links per routerreducesandthusthe connectivity between
otherregion coresis sparse.Most of theconnectivity is dedicated
to connectinglocalpointsof presence(PoPs).

In performinga breadth-�rst-searchof the AT&T topology, there
aredistinct eight levels. At the backbone,thereare414 routers.
At eachsuccessive level yields the following routercount: 4861,
5021, 1117, 118, 58, 6 and at the �nal level thereare 5 nodes.
Therewerea numberof routersnot directly reachablefrom within
this network. Thoseroutersaremost likely transit routersgoing
strictly betweenautonomoussystems(AS). With thetransitrouters
removed, our AT&T network scenariohas11670routers. Link
weightsarederivedbasedon the relative bandwidthof the link in
comparisonto otheravailablelinks. In this con�guration, routing
is keepstatic.

Thebandwidth,delay, andbuffer sizefor theAT&T topologyis as
follows:

� Level 0 router: 9.92 Gb/sec,a delayrandomlybetween10
msto 30ms,and12.4MB buffer.

� Level 1 router: 2.48 Gb/sec,a delayrandomlybetween10
msto 30ms,and3 MB buffer.

� Level 2 router: 620 Mb/sec,a delay randomlybetween10
msto 30ms,and750KB buffer.

� Level3 router: 155Mb persecond,adelayof 5 ms,and200
KB buffer.

� Level 4 router: 45 Mb per second,a delayof 5 ms, and60
KB buffer.

� Level 5 router: 1.5 Mb/sec,a delay of 5 ms, and 20 KB
buffer.

� Level 6 router: 1.5 Mb persecond,a delayof 5 ms,and20
KB buffer.

� Level 7 router: 500 Kb per second,a delayof 5 ms, and5
KB buffer.

� link to all hosts: 70 Kb per second,a delayof 5 ms, and5
KB buffer.

Hostsare connectedin the network at PoPlevel routers. These
routersonly have onelink to anotherhigher-level router.

The �rst con�guration is mediumsize,with 96,500nodesor LPs
(hostsplusrouters)total,andthesecondis large,with 266160LPs.
In eachcon�guration, one half the host populationestablishesa
TCPsessionto arandomlyselectedreceiving host.Weobservethis
con�guration is almostpathological for a parallel networksimu-
lation becausethe amountof remotenetworktraf�c will be much
greaterthanis typical in practice. Theamountof remotemessage
traf�c is muchgreaterthanthesyntheticnetwork topologybecause
of thenetwork's sparsestructure.Ourgoalis to demonstratesimu-
latoref�ciency underhigh-stressworkloadsfor realistictopologies.

We observe over 99% ef�ciency for the2 and4 IS runsasshown
in Table 5, yet thereis a substantialreductionin the overall ob-
tain speedup.Here,we reportspeedupsfor the4 IS casesof 1.25
for the mediumsizenetwork and1.29 for the large. We attribute
this reductionto enormousamountof remotemessagessentbe-
tweeninstructionstreams/processors.A parallelsimulationusing
theAT&T network topologywith a round-robinmappingof LP to
processorsresults50 to 80% of the all processedeventsbeingre-
motelyschedule.We hypothesizethat thesehigh remotemessage
ratesreducememorylocality andresultsin muchhighercachemiss
rates.Consequently, all instructionstreamsarespendingmoretime
stalledwaiting for memoryrequeststo besatis�ed.

Thememoryrequirementsfor theAT&T scenariowere269MB for
the mediumsizenetwork and328MB for the large sizenetwork,
yielding a perTCPconnectionoverheadof 2.8KB and1.3KP re-
spectively. Thereasonfor thereductionperconnectionin moving
from mediumto largecon�guration is becausetheamountof net-
work buffer spacewhich effectsthepeakeventpopulationdid not
change,yet thenumberof connectionswentup by almosta factor
of three.

6.4 Initial OSPFResults
OurOSPFexperimentsusethesameAT&T topologycon�guration
asdescribedfor the mediumnetwork size(i.e.,96,500nodestotal
in thenetwork). However, we do increasethebandwidthfor levels



Figure7: AT&T Network Topology(AS 7118)fr om the Rocketfuel data bank for the continental US.

Table 5: Performance resultsfor AT&T network topology for medium (96,500LPs) and large (266160)on 1, 2 and 4 instruction
streams(IS) using the dual-hyper-thr eadedsystem.

Con�guration EventRate % Ef�ciency % Remote Speedup
medium,1 IS 138546 NA NA NA
medium,2 IS 154989 99.947 52.030 1.12
medium,4 IS 174400 99.005 78.205 1.25
large,1 IS 127772 NA NA NA
large,2 IS 143417 99.956 51.976 1.12
large,4 IS 165197 99.697 78.008 1.29

Table 6: OSPF with TCP Performance results for AT&T topology (96,500LPs) scenarioson 1 instruction stream using a dual
Hyper-Thr eaded2.8GHz Pentium-4 Xeon. Simulates100secondsof network traf�c.

Con�guration EventRate Max Event-listSize EventsProcessed MemoryRequirements
OSPF, no TCP 419286.66 150000 796200468 1.92GB
OSPFwith TCP 197954.02 1800000 1783473402 2.29GB

5, 6 and7 to 45 Mb/sec.Thus,theamountof traf�c generatedby
the TCP hostsis muchgreaterin this scenario.We alsonotethat
we con�gure all routersin theAT&T network to beinsidea single
OSPFarea. Consequently, this resultsin extremely large OSPF
routing tables(i.e., �

�

for � routersin an area)and we are in
effect simulatinga pathologicalOSPFscenarioasthetypical “rule
of thumb”for OSPFlimits thenumberof routersperareato 50[23]
with anoperationalupperboundbetween200to 1000evenwith an
optimizedrouter. Our area is 12 to 200 timesthosedesignlimits.
However, despitethesemodelingextremeswe areableto simulate
thisscenarioin conjunctionwith TCPbackgroundtraf�c, asshown
in ourperformanceresults(seeTable6).

As shown in Table6, weobserve thattheeventrateis kepthighby

the SplayTreefor OSPFwithout TCP �o ws, however aswe add
TCP�o ws theeventpopulationincreasesby a factorof 12 (150K
to 1.8M). With this increase,theevent-listmanagementoverheads
riseby afactorof two whichresultsin asharpdecreasein theevent
rate.

Thememoryutilization is quitelargefor ourmodels,rangingfrom
1.9 to 2.3 GB of RAM. We attribute high memoryusageto the
sizeof theadjacency matrix androutingtables.Recall,this model
con�gures OSPFas a single area. While our statecompression
techniquesdo in factreducememoryconsumption,this pathologi-
cal runtimecon�gurationstill requiressubstantialmemoryrequire-
ments.In practice,weanticipatemuchsmallertablesfor multi-area
OSPFscenariosandsigni�cantly lessmemory.



7. RELATED WORK
Much of the current researchin parallel simulation for network
modelsis largely basedon conservative algorithms. PDNS [8]
is parallel/distributed network simulator that leveragesHLA-lik e
technologyto createa federationof Ns [5] simulators.SSFNet[6],
TasKit[24] andGloMoSim [25] all useCritical ChannelTravers-
ing (CCT) [24] astheprimarysynchronizationmechanism.DaSSF
employs a hybrid techniquecalledCompositeSynchronization[7],
whereboththeasynchronousCCTalgorithmandabarriersynchro-
nizationarecombinedto avoid channelscanninglimitationsasso-
ciatedCCTwhile at thesametime reducingthefrequency aglobal
barriermustbeapplied.

Recentoptimistic simulationsystemsfor network modelsinclude
TeD [26], which is a process-orientedframework for construct-
ing high-�delity telecommunicationsystemmodels.Premoreand
Nicol [27] implementa TCP model in TeD, however no perfor-
manceresultsare given. USSF[12] is an optimistic simulation
systemthat dramaticallyreducesmodel run-timestateby LP ag-
gregation,andswappingLPsout of core.Additionally, USSFpro-
posesto executesimulationsunsynchronizedusingtheir NOTIME
approach.Basedon the resultshere,a NOTIME synchronization
could prove bene�cial for large-scaleTCP models. Ungeret. al.
simulatea large-scaleATM network usinganoptimisticapproach
[28]. They reportspeed-upsrangingfrom 2 to 7 on 16 processors
andindicatethatoptimisticoutperformsaconservative protocolon
5 of the7 testedATM network scenarios.Finally, anew �x ed-point
optimisticapproach,calledGenesishasbeenproposedby Szyman-
ski et. al.[29]. This approachyieldsspeedupsup to 18 on 16 pro-
cessorsfor 64 to 256nodeTCPmodels.Super-linearperformance
is attributedto a reductionin thenumberof eventsscheduleacross
machinesbecauseof thestatisticalaggregationof eventswhich is
employedby this approach.

8. CONCLUSIONS AND DISCUSSIONS
In this paper, we proposesolutionsfor theproblemof scalingnet-
work simulationsto millions of nodes.Basedontheproposedtech-
niques,we developscalablesimulationmodelsfor theOSPFrout-
ing protocol andTCP transportprotocol. We ran simulationsof
thesemodelson a very large andrealistic topology. To date,this
capabilityhasnotbeendemonstrated.

With the useof optimistic parallelsimulationtechniquescoupled
with reversecomputation,speedupsof 1.7 for a hyper-threaded
dualprocessorsystemand3.2 for a quadprocessorsystemarere-
ported.Thesespeedupswereachievedwith aninsigni�cant amount
of additionalmemoryfor optimisticprocessing(i.e., �

�

megabyte
in practice).

TheparallelTCPmodelprovedto beextremelyef�cient with very
few rollbacksobserved. Parallel simulatoref�ciency rangedbe-
tween97 to 100% (i.e., zero rollbacks). This suggeststhat the
modelcouldbeexecutedunsynchronizedwith a negligible amount
of error.

Themodelwasimplementedasleanaspossiblewhichallowedfor
themillion nodetopologyto beexecutedon aninexpensive COTS
multiprocessorsystem.We observedmodelmemoryrequirements
between1.3 KB to 2.8 KB perTCP connectiondependingon the
network con�guration(size,topology, bandwidthandbuffer capac-
ity).

The hyper-threadedsystemwasable to provide a low cost / per-

formanceratio. What is even more interestingis that thesesys-
temsblur thelinesin termsof sequentialversusparallelprocessing.
Here,to obtainhigherratesof performancefrom a singleproces-
sor, onehasto resortto executingthe model in parallel. As this
technologymaturesto even high clock rates,we anticipatesingle
processorshaving many moreinstructionstreams,which will pro-
vide an even greateropportunityfor parallelsimulationtools and
techniques.

Therehavebeenmany ideasthathavecomeaboutduringthiswork.
In the future, we plan to develop a scalablesimulationmodel for
BGP and investigateinter-domain routing issues. We will also
be working on the implementationfor a fasterevent-list manage-
mentalgorithmto reducepriority queueoverheads.Also theimple-
mentationof TCPfunctionalitysuchasdelayedacknowledgments,
ticksfor roundtrip timecalculation,andRenocapabilitiesarework
in progress.Theconceptof creatingahierarchicaladdressmapping
schemefrom a randomnetwork topologyaswell asa betterLP to
processormappingschemeto reduceremoteeventsis alsobeing
examined.

Finally, in thecreationof thesemodels,weleveragedexistingmod-
els in both theNs-2andSSFNetframeworks. We �nd that “port-
ing” modelfunctionality to our platform is relatively straightfor-
ward. In the future,we plan to devise portingguidelinesandpro-
vide detailedcasestudiesof how we have portedOSPF, TCP, and
BGPfor useasa reference.
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