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ABSTRACT

Simulationof large-scalenetworks remainsto be a challenge al-
thoughvariousnetwork simulatorsarein place. In this paper we
identify fundamentaissuedor large-scalenetwork simulation,and
proposenew techniqueghat addresghem. First, we exploit opti-
mistic parallel simulationtechniquego enablefast executionon
inexpensve hyperthreaded multiprocessosystems.Secondwe
provide a compact,light-weight implementationframevork that
greatlyreducegshe amountof staterequiredto simulatelarge-scale
network models. Basedon the proposedechniqueswe provide
samplesimulationmodelsfor two networking protocols: TCPand
OSPFE We implementthesemodelsin a simulationenvironment
ROSSNet,which is an extensionto the previously developedop-
timistic simulatorROSS. We perform validation experimentsfor
TCP andOSPFandpreseniperformanceesultsof our techniques
by simulatingOSPFandTCPonalargeandrealistictopology such
asAT&T' sUS network basedn Rocletfueldata. Theendresultof
theseinnovationsis that we are able to simulatemillion nodenet-
work topolggiesusinginexpensivecommetial off-the-shelhyper
threadedmultiprocessorsystemsconsuminglessthan 1.4 GB of
RAMin total.

Keywords
Large-ScaléNetwork Simulation, TCR, OSPF Optimisticsynchro-
nizationprotocol

1. INTRODUCTION

Thereis adeliberateneedfor large-scalesimulationof variousnet-
working protocolsin orderto understandheir dynamics. For ex-
ample, thereare several issuesin routing that needto be under
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stood,suchascascadindailures[1], inter/intra-domairmroutingsta-
bility, andinteractionsof policy-basedrouting with BGP features
[2]. Oneneedgo performlarge-scalesimulationsof inter-domain
routingprotocolsalongwith varioustraf c engineeringxtensions,
in orderto obsere their dynamicscausingor effectingvariousper

formanceproblemsin the currentinternet.

We addresghis needusingtwo techniques.First, we leveragean

optimisticsynchronizatiomprotocolto enablesf cient executionon

ahyperthreadedmultiprocessosystem.Here,simulationobjects,
suchasa hostor router areallowedto processventsunsynchro-
nizedwithoutregardfor theunderlyingtopologyor timestampdis-

tribution. If anout-of-ordereventcomputatioris detectedthesim-

ulationobjectis rolled backandre-processeth the correcttimes-
tamp order Unlike previous optimistic protocols,suchas Time

Warp [3], the rollback mechanisnis realizedusing reverse com-
putation Here,eventsareliterally allowedto executebackwardto

undothe computation. This approachgreatlyreduceghe amount
of staterequiredto supportoptimistic event processingaswell as
increaseperformanceg4].

Next, we devise an extremely light-weight modelimplementation
frameawork calledROSSNethatis speci cally designedor large-

scalenetwork simulation. If we examine state-of-the-arframe-
works, suchasNs[5], SSFNet{6], DaSSH7] and PDNS[8], we

nd modelsthat are highly detailedalmostto the point of being
full-protocol network emulators. For example, theseframevorks

provide supportfor a singleend-hosto have multiple interfacesa

full UNIX soclet API for connectingo realapplicationsandother
detailsthat we believe are not necessarilyelevant for large-scale
simulationstudies.The endresultis thatthesesystemgequireal-

mostsupercomputeramountof memoryandprocessingpower to

executelarge-scalanodels.

In contrast,our framavork poseshe question:whatdo youreally
needto modelin order to answera particular protocol dynamics
questionin a large-scalescenario? For example,areall layersin
aprotocolstackreally necessaryZanahostjustbea TCP sender
or justa TCPrecever? Doesthe simulatedhostreally needto be
both? By askingthesekinds of questionspur framewvork enables
asingleTCP connectiorto berealizedin just 320 bytestotal (both
senderandrecever) and64 bytespereachpaclet-event.

Theseinnovations enablethe simulationof million nodenetwork
topolagiesusinginexpensiveeommecial off-the-shelimultiproces-
sor systemgonsumindessthan 1.4 GB of RAMin total.

The remainderof this article is organizedas follows: Section2,



providesadescriptionof our simulationframevork, ROSSNetand
parallel simulationengine,ROSS. Sections3 and 4 describethe
implmentationof our TCP andOSPFmodelsrespectiely. There-
sults from our validation study for both modelsare presentedn
Section5 followedby a performancestudyin Section6. Section7
describeselatedwork andSection8 presentshe conclusiongrom
this researclandfuturework.

2. ROSS& ROSSNET

ROSSis an acrorym for Rensselaes' Optimistic SimulationSys-
tem. It is aparalleldiscrete-gentsimulatorthatexecuteonshared-
memorymultiprocessosystemsROSSis gearedor runninglarge-
scalesimulationmodels. Here, the optimistic simulatorconsists
of a collection of logical processe®r LPs, eachmodelinga dis-
tinct componenbf the system suchasa hostor router LPscom-
municateby exchangingtimestampedvent messagesLike most
existing parallel/distrituted simulationprotocols,we assumd.Ps
may not sharestatevariablesthat are modi ed during the simu-
lation. The synchronizatiormechanismmustensurethateachLP
processesventsin timestamporderto prevent eventsin the sim-
ulatedfuture from affecting thosein the past. The Time Warp [3]
mechanisnmusesa detection-and-res@ry protocolto synchronize
the computation.For the recorery, we emplag/ a techniquecalled
reversecomputation

2.1 ReverseComputation
Underreversecomputation the roll back mechanisnin the opti-
mistic simulatoris realizednot by classicstate-swing, but by lit-
erally allowing to the greatespossibleextent eventsto be unpro-
cessedh reverseorder effectively undoingthestatechangesThus,
asmodelsare developedfor parallel execution, both the forward
andreverseexecutioncodemustbe written.

The key propertythat reversecomputationexploits is that a ma-

jority of the operationsthat modify the statevariablesare “con-

structive” in nature.Thatis, theundooperatiorfor suchoperations
requiresno history. Only the mostcurrentvaluesof the variables
arerequiredto undothe operation.For example,operatorsuchas

, , , and belongto this categyory. Note,

thatthe and operatorgequirespeciakreatmentn thecase
of multiply or divide by zero,andover ow/under ow conditions.
More complex operationsuchascircular shift (swapbeinga spe-
cial case),and certainclassesof randomnumbergeneratioralso

belonghere[4].

Operationsof the form , modulo and bit-wise computa-
tions that resultin the loss of data,are termedto be destructive
Typically theseoperationsanonly berestoredusingcorventional
state-saing techniques.However, we obsere thatmary of these
destructie operationsarea consequencef thearrival of datacon-
tainedwithin the eventbeingprocessedFor example,in our TCP
model,the last-sentime recordsthe time stampof the lastpaclet
forwardedon a routerLP. We usethe swapoperationto male this
operationreversible. We will shav more examplesof how this
techniguewasusedin our implementatiorof the TCP modelbe-
low in Section3.4.

2.2 ROSSImplementation

The ROSSAPI is keptvery simpleandlean. Developedin ANSI
C, the API is basedon a logical processor LP model. Services
are provided to allocateand schedulemessagebetweenLPs. A
randomnumbergeneratotibrary is provided basedon L'Ecuyer's

CombinedLinear CongruentialGenerator[9].EachLP by default
is givenasingleseedset. All memoryis directly managedy the
simulationengine. Garbageor “fossil” collection, as de ned in
the seminalTime Warp researctof Jeferson[3], is driven by the
availability of freeeventmemory Fossil collectionfrequenciesre
controlledwith tuning parameterandstart-upmemoryallocation.
The event-list priority queuecanbe con guredto be eithera Cal-
endarQueue[10],Splay Tree[11] or a binary heap. For network
models,the Splay Treeis consideredo provide the bestoverall
performancdi.e., is not sensitve to the event timestampdistribu-
tion).

To reducegarbagecollection overheadsROSSintroduceskernel
processe$KPs). A KP containgthe statisticsandprocessedvent-
list for a collectionof LPs. With KPstherearefewer event-liststo
searchthroughduring garbagecollection, therebyimproving per
formance,particularlywhenthe numberof LPsis large. For the
experimentspresentecherewe typically allocate4 to 8 KPs per
processoirrespectie of the numberof LPs. We obsere KPsare
similarto DaSSRimelines[7] andUSSFclusterg12].

2.3 ROSSNet

By using ROSSasthe simulationkernel,we are currently devel-
oping a network simulatorcalled ROSSNet. Unlike corventional
network simulators(e.g.,Ns [5], JazaSim[13]) ROSSNetusesthe
at programmingervironmentof C ratherthanan object-oriented
paradigmand leveragespointersto functionsin the placeof “vir -
tual methods”.Here,developerssetfunction pointersfor bothend
hostsandroutersalike to obtainthedesiredevel of functionality If
ahostis to behae like a TCP connectionijt will settheeventpro-
cessingunctionfor TCR likewiseif arouteris forwardingpaclets
basedneitherastaticroutingtableor OSPF:it will setits function
pointerappropriately

Additionally, ROSSNetattemptsto combineor reducethe event
populationand total numberof events processed.For example,
in the router model, both the forwarding planeand control plane
functionality areall realizedwithin the samelogical procesqLP).
Thus,eventprocessingn the control planeside,will immediately
effect the forwarding planewithout the needfor explicit eventsto
be passedetweerthetwo planes.

ROSSNetwill alsomake useof global datastructures.For exam-
ple, in OSPFE eachrouter maintainsa map of the whole network.
In simulation,this is not necessaryOnecansimply keepa global
datastructurein the simulationsuchthatall the routerscanreach
it. Thisway redundantisageof memoryis avoided.

Last,ROSSNetliminatesunnecessarpayersof theprotocolstack.
For example,if oneis interestedn simulatingbehaior of atrans-
portlayer protocol,lower layerscouldbe simpli ed suchthatthey
requirelessresourcesThis wasdonein our TCPmodelcon gura-
tion.

Figurel shavsthestructureof ROSSNet ROSSNetasicallycon-
structsa shell on top of the ROSSkernel, which handlessystem
managemernissuessuchasevent-listmanagemengptimistic pro-
cessingof eventsincluding rollback and recosery, and memory
management.ROSSNetprovides basic componentgor network
simulationsuchas node, link, and queue. On top of thesebasic
networking componentsROSSNetimplementsprotocolssuchas
OSPFandTCP In this paper we only presenbur OSPFandTCP
models.
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Figure 1: Structur e of ROSSNet.

3. ROSSNET TCP MODEL
3.1 TCP Overview

The Internetrelies on the TCP/IP protocol suite combinedwith
router mechanismgo perform the necessangrafc management
functions. TCPprovidesreliabletransporusingaend-to-endvindow-
basedcontrol strateyy [14]. TCP designis guidedby the “end-to-
end” principle which suggestghat “functions placedat the lower
levels may be redundantr of little value when comparedo the
costof providing thematthelower level” As a consequencéCP
providesseveralcritical functions,includingreliability, congestion
control,andsession/connectiomanagement.

While TCPprovidesmultiplexing/de-multipleing anderrordetec-
tion usingmeanssimilar to UDP (e.g.,port numberschecksum),
onefundamentabifferencebetweerthemlies is thefactthat TCP
is connectiororientedandreliable. The connectiororientednature
of TCPimpliesthatbeforea hostcanstartsendingdatato another
host,it hasto rst setupaconnectiorusinga 3-way reliablehand-
shakingmechanism.

The functionsof reliability and congestiorcontrol are coupledin
TCR Thereliability processn TCPworksasfollows:

WhenTCPsendghesegment,it maintainsatimerandwaitsfor the
receverto sendanacknaviedgmenbonthereceiptof the paclet. If
an acknavledgmentis not receved at the senderbeforeits timer
expires (i.e., a timeoutevent), the sggmentis retransmitted.An-
otherway in which TCP can detectlossesduring transmissioris
throughduplicateacknavledgmentswhich arisedueto the cumu-
lative acknavledgmenimechanisnof TCPwhereinif sggmentsare
receved out of order TCP sendsa acknavledgmentfor the next
byte of datathatit is expecting. Duplicateacknavledgmentsre-
fer to thoseseggmentsthatre-acknavledgea sggmentfor which the
sendehasalreadyrecevedanearlieracknavledgment.If the TCP
senderecevesthreeduplicateacknavledgmentdor thesamedata,
it assumeshata paclet losshasoccurred.In this casethe sender
now retransmitghe missingsegmentwithout waiting for its timer

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

TCP's o w and congestioncontrol mechanismsvork asfollows:
TCPusesawindow thatlimits the numberof pacletsin ight, (i.e.
unacknavledged). Congestioncontrol works by modulatingthis
window asafunctionof thecongestiorthatit estimatesTCP starts
with a window size of one sggment. As the sourcereceves ac-
knowledgmentsijt increaseshe window size by one segmentper
acknavledgmentreceved (“slow start”), until a pacletis lost, or
the receiver window (o w control) limit is hit. After this event
it decreasests window by a multiplicative factor (one half) and
usesthevariabless _thresh to denoteits currentestimateof the
network bandwidth-delayroduct. Beyond ss _thresh  the win-
dow sizefollows alinearincrease.This procedureof additive in-
crease/multiplicatie decreas€AIMD) allows TCPto operatén an
ef cient andfair mannef15].

The various avors of TCP (TCP Tahoe,Reno,SACK) differ pri-

marily in the detailsof the congestioncontrol algorithms,though
TCP SACK alsoproposesan ef cient selectve retransmitproce-
durefor reliability. In TCP Tahoe,whena paclet is lost, it is de-
tectedthroughthe fastretransmitprocedureput the window is set
to avalueof oneandTCP initiatesslow startafterthis. TCP Reno
attemptsto usethe streamof duplicateacknavledgmentsto infer
the correctdelivery of future sgments,especiallyfor the caseof

occasionapaclet loss. It is designedo offer 1/2 round-trip-time
(RTT) of quiettime, followed by transmissiorof new pacletsuntil

the acknavledgmentfor the original lost paclet arrives. Unfortu-
nately Renooften timesout whena burst of pacletsin a windowv

arelost. TCP NewReno x esthis problemby limiting TCP'swin-

dow reductionduring a single congestiorepoch. TCP SACK en-
hancesNewRenoby addinga selectve retransmifprocedurevhere
the sourcecanpinpointblocksof missingdataat receversandcan
optimizeits retransmissionAll versionsof TCP would timeoutif

the window sizesaresmall (e.g.,small les) andthe transferen-
countersa paclet loss. All versionsof TCPimplementJacobsors
RTT estimationalgorithm (that setsthe timeoutto the meanRTT

plusfour timesthe meandeviation of RTT, roundedup to thenear

estmultiple of thetimer-granularity(e.g.,500ms)). A comparatre
simulationanalysisof theseversionsof TCPwasdoneby Fall and
Floyd[16].

3.2 TCP Host Functionality

Our implementatiorfollows the TCP Tahoespeci cation. Below
arethespeci c capabilitienf theROSSNefTCPsessioronasingle
host.

Logs: The systemhasthe ability to log sequenceaumbers,
andcongestiorcontrol window information. This informa-
tion wasusedin our validationstudy For performanceuns,
loggingwasdisabled.

Recever side: Datais acknavledgedwhenreceved. If the
receved paclet's sequencenumberis NOT equal-toAND
is greatetthanthe expectedsequenc@umber it is storedin
thereceve buffer. Next, anacknavledgmentis sentfor the
wantedpaclet (duplicateacknavledgment).Whena paclet
with the expectedsequenc@eumberis receved, the next ap-
propriateacknavledgmentis sentaccordingto the receve
buffer's contents.

Senderside: Thesendemill bein slow-startuntil the con-
gestiorwindow is greatethantheslow-startthreshold After



that, congestioravoidanceis started. If threeduplicateac-
knowledgmentsaareobseredby thesenderthenfastretrans-
missionis performed(seebelaw). If the acknavledgment
sequenc@aumberis greaterthenthe lowestunacknavledged
sequenceumber the senderassumeshat a gapwas lled
andsendgheappropriategaclet.

Fastretransmission: Whenthreeduplicateacknavledgments
areobsered, fastretransmissioris started.Here, the slow-
startthresholds setto half theminimumcongestiorwindow
sizeor the maximumof thereceve window. If this valueis
lessthantwo timesthe maximumsegmentsize,theslow start
thresholds resetto thatvalue. The congestiorwindow is set
to maximumsegmentsize.

Slow start: In slow start,two pacletsaresentfor every ac-
knowledgment.Here,the congestiorwindow grows by one
maximumsegmentsizeevery acknaviedgment.

Congestionavoidance: The window grows by one maxi-
mum segmentsize every window's worth of acknavledg-
ments. Here, one paclet per acknavledgmentis normally
sentand two paclets are sentevery congestionwindow's
worth of acknavledgments.

Round trip time (RTT): TheRTT is measurednesegment
at a time. When sendinga paclet and RTT is not being
measureda nev measuras initiated. Whenretransmitting,
cancelthe currentRTT measuremerif ongoing. The RTT

measuremernirocesss completeuponreceving the rst ac-
knowledgmentthat covers the RTT paclet which is being
measured.

Round trip timeout (RTO): We approximateRTO usinga
weightedaverageof thepastvaluesof RTO andRTT. We are
currentlyimplementingJdacobsors tick-basedalgorithmfor

computingroundtrip time, which providesmoreof adampen
RTO computatiorby includingthedeviationits measuré¢l4].

3.3 TCP Model Implementation

In theimplementatiorof the TCP modeltherearethreemaindata
structuresThemessagewhichis thedatapaclet, is sentfrom host
to hostviatheforwardingplane.TheroutersLP statemaintainghe
queuinginformationalongwith the paclet loss statistics. Finally
thehostLP's datastructurekeepstrack of thetransferringof data.

A messageontainsthe sourceanddestinatioraddress Thesead-
dressesre usedfor forwarding. The messagealsohasthe length
of thedatabeingtransferredvhich is usedto calculatethe transfer
timesat therouters.The acknavledgmentumberis alsoincluded
for the senderto obsenre which paclets have beenreceved. The
sequenc&umberis anothervariablewhich indicateswhich chuck
of datais beingtransferred.

Now, in ourmodeltheactualdatatransferreds irrelevantandthere-
fore it wasnot modeled. However in the casethat an application
wasrunningon top of TCPR, suchasthe Border Gatavay Protocol
(BGP),pacletdatais requiredfor thecorrectnessf thesimulation.
We arecurrentlyexaminingwaysinwhichto optimizethis situation
aswell.

Routerstateis kept small by exploiting the fact that most of the
informationis read-onlyanddoesnot changefor the staticrouting
scenarioglescribedn this paper Insideeachrouter only queuing
informationis keptalongwith a paclet lossstatistics.

Thereis a global adjaceng list which containslink information.
This informationis usedby the All-Pairs-Shortest-&halgorithm
to generatehe setof global routing tables(one for eachrouter).
Eachtableis initialized during simulationsetupand consistsonly
of the next hop/link numberfor all routersin the network.

Giventhelink number aroutercandirectly lookupthe next hop's
IP addressn its entry of theadjaceny list. The adjaceng list has
anentryfor eachrouterandeachentry containsall theadjacencies
for thatrouter Along with therouterneighbors addressit contains
the speedbpuffer size,andlink delayfor thatneighbor

The hosthasthe samedatastructuresfor both the senderandre-

ceiversidesof theTCPconnectionThereis alsoaglobaladjaceng

list for the host,however thereis only oneadjaceng per host. In

our model,ahostis not multi-homedandcanonly beconnectedo

onerouter Thereis alsoa read-onlyglobal arraywhich contains
the senderor recever host status,and size of the network trans-
fer. The maximumsegmentsize andthe adwertisedwindow size
werealsoimplementedasglobalvariablesto cutdovn on memory
requirements.

The recever containsa “next expectedsequencevariableanda
buffer for out-of-ordersequenceumbers. On the senderside of
aconnectiorthefollowing variablesareusedto completeour TCP
modelimplementationtheroundtrip timeout(RTO), themeasured
roundtrip time (RTT), the sequencenumberthatis being useto
measurghe RTT, the next sequenc@umbey the unacknavledged
paclet sequencenumbey the congestioncontrol window (cnwd),
the slow-startthreshold andthe duplicateacknaviedgmentcount.

For all experimentsreportedhere,the RTO is initialized to three
secondsat the beginning of a transfer alongwith the slow start
thresholdbeing initialized to 65,536. The maximum congestion
window sizeis setto 32 paclets,however this valueis easilymod-
i ed. In additionto thevariablesneededor TCP, thehosthasvari-
ablesfor statisticscollection. Eachhostkeepstrack of the number
of pacletssent/ receved,the numberof timeoutsandits measure-
mentof thetransfers throughput.

Ourimplementatiorof 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

our simulationwe have anentryin theroutingtablefor eachrouter

If we hadto have anentryfor eachhost,theroutingtableswould be
extremelylarge. The hostswereaddresseth sucha way thatthe
routerthey areconnectedo canbeinferredandthereforearouting
table of only routersis acceptable.In the casethat it cannotbe

inferred,we could have a globaltable of hostsandthe routersthat
they areconnectedo. This onetableis a lot smallerthanhaving

arouting tablein eachrouterwith every host. We notethatsome
topologiesare suchthat a routing tableis not neededsuchasa

hypercube In thesetopologiesthe next hop canbe inferredbased
on currentrouterandthe destination.

Last, we perform a schedulingoptimizationfor routersthat im-
plementa drop-tail queuingpolicy. Here, routersneednot keep
aqueueof pacletsto besent.Insteadtheroutersschedulepaclets
basedon the servicerate (bytespersecondsandthetimestampof
the lastsentpaclet. As anexample,letsassumeve have a buffer
size of two paclets, a servicetime of 2.0 time units per paclet
and4 pacletsarrive at the following times: 1.0, 2.0, 3.0 and 3.0.



ack = SV->unack;

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

Figure 2: LP stateto messagalata swapexamplefor acknowl-
edgmentprocess.

Forward:

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

Reverse:

SV->cwnd = M->dest;

Figure 3: Swapof the congestionwindow in a timeout.

Clearly, the last paclet will be dropped,but lets examinehowv we
canimplementthis without queuingthem. If we keeptrack of the
last sendtime, we seethat the paclet at 1.0 will be scheduledat
3.0, following 5.0 and7.0. Thus,whenthe last paclet arrives, the
lastsenttime is 7.0. If we subtractthe arrival time of last paclet,
3.0from the lastsenttime of 7.0, this saysthereare4.0time units
worth of datato be sent,which whendivided by the servicetime,
yieldstherearetwo pacletsin the queue.Thus,this pacletwill be
dropped.We arecurrentlyexamininghow this approactcould be

extendedto otherqueuingpoliciesanddynamicrouting scenarios.

We notehere thatothersimulationframenorks,suchasDaSSH7],
appeato performthis optmizationaswell.

3.4 ReverseComputation

The TCP model usesboth reverse computationand incremental
statesaving. However, asopposedo usingaloggingstructurd17],

we reusedataspacecontainedwithin the eventthatis currentlybe
processedThis not only reduceghe compleity of our simulation
engineby nothaving to performcomplex memorymanagemeran

logs, but alsoincreasegiatalocality. Becausewe know that the
pageof memorya messages locatedwill be accesse@sa con-
sequenc®f normalevent processmemoryoverheadgspaceand
time) will not increaseby having to swap databetweenLP state
andexisting messagelata.

As an example of how the swap operationis usedin our TCP
model, considerthe processingof an acknavledgmentevent, as
shawvn in Figure2. A swap operationis performedbetweenthe
messaga acknavledgmentvalue andthe unacknavl-
edgedsequenceaumbercontainedwithin the LP's state

. Thisis doneto effectively state-sae the unacknavledged
sequence&umberprior to is beingoverwrittenwith new acknavl-
edgesequencewumber The messageacknaviedgmentvalue can
be recreatedby subtractingg_mss from the unacknavledgedse-
qguencenumber We alsousethe messagelestinatiorto swap the
congestionwindow cwnd sincethe paclet is alreadyat the desti-
nation.Figure3 shavs theforward andreversecodefor this swap.

Additionally, we nd therecever's stateandthe out of orderbuffer
couldconsumesigni cant amouniof spacef copiedprior to mod-
i cation aspartof state-seing. The reasorfor this is becausehe
wholewindow's worth of pacletscouldbe acknaviedgedwith 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.

correctsequenceaumber Thus, the buffer would be completely
empty after processinghe “acknonvledgment” event, resultingin
thewhole buffer beingcopiedprior to modi cation.

To avoid thisdegeneratre casewe take adifferentapproachHere,
eachbuffer entry hasa oneor a zerodependingf the pacletisin

the buffer. The buffer is circular startingwith the next expected
sequence&umber The only time the buffer changestatedramat-
ically is whena sequenc&wumber lls in agap. The acknavledg-
mentis sentfor next missingsequencaumber All buffer locations
would be setto zeroup to the next gap. Becausehe buffer loca-
tions areall consecutie, we areablecounthon mary weresetto

zeroandrecordthatnumberasseenin Figure4. Thereverseevent
handling code usesthe paclet which was acknavledgedand the
countto revert the previousvaluesfrom zerobackto one.

4. ROSSNET OSPFMODEL
4.1 OSPFOverview

Routingprotocolsin the Internetcould beclassi edinto two main

groups:link-stateroutinganddistance-vectorouting Typicallyin

the currentinternet,distance-ectorrouting protocols(e.g.,BGP)

areusedfor inter-domainrouting(i.e., routingamongAutonomous
SystemgASs)),while link-staterouting protocols(e.g.,O0SPFand
I1S-1S) areusedfor intra-domainrouting. As all the otherlink-state
routing protocols,OSPFmaintainsa map of the network (which

typically corresponds$o oneAS in theInternet)atall routers.Each
routercollectstheir local link informationand oods the network

with thatinformationso that all the routershave a global map of

thenetwork.

In OSPFE routerssendHELLO pacletsto their neighborgo check
whetherthey areup or down. HELLO pacletsaresentperiodically
atevery HelloIntenal. If the neighbordoesnotrespondaftersome
periodof time, thenit is assumediead.Thisperiodof timeis called
the RouterDeadIntemd, andis typically four timesthe HelloInter

val.

Eachroutermaintainglink statusannouncementd SAs) receved
from otherrouters.Collectionof theseLSAsiis calleda Link-State
DatabaséLS-Database)yhichin factshavs theglobalmapof the
network. Theroutersrun Dijkstra's or someothershortespathal-
gorithmto nd theroutesin the network. Whena link goesdownn
or comesup, theroutersdetectghe changevia HELLO messages.



After updatingits local LS-DatabaseheroutersendanLS-Update
messagevhich corveys thechangeo otherrouters.Normally, LS-

Updatemessagesare sentwhena changein the LS-Databasec-

curs. Sucha changecanhappereitherbecausef a local link, or

becausef anLS-Updatemessageecevedfrom elsavhere.There
is also LS-Refreshmessagesentacrossthe OSPFrouters. Each
OSPFrouter oods its LS-Databas#o otherroutersatevery LSRe-
freshinteral, whichis typically 45 minutes.

For scalability purposesQSPFdividesan AS into areasandcon-
structsa hierarchicalrouting amongthe areas. For eacharea,a
correspondingireaBorderRouter(ABR) is assignedIn addition
to ABRs, thereare BackboneRouterswhich arethe routernodes
amongwhich inter-arearouting takes place. Among ABRs and
BackboneRouters onerouteris assignedsthe BoundaryRouter
which is responsibldor routing to/from otherASs. All theseas-
signmentsof routersare typically done manuallyin the current
Internet. Multi-arearouting in OSPFhelpsscalability LSAs are
ooded only in thearea ratherthanthewhole AS. ABRs ood in-
ternalLSAsto otherareasasSummary-LSAsThis scalesooding
of LSAs. Also, routingamongBackboneRoutersoccurshasecon
addrespre xes,which scalegoutingtables.

4.2 OSPFModel Implementation
TheOSPFmessagesanbecomédairly large(for example database
descriptiorpaclet-exchangeandsubsequeritS Updatesn response
totheLS Requests)Thesdong messagesanbeabig impediment
to modelscalability In orderto keepmessageassmallaspossible,
we usepointersto a messageinsteadof the actuallarge message
datastructure. Underthis approachthe routerwhich createshe
messageallocatesthe memoryand lls in the requiredinforma-
tion, andjust sendsacrosghe pointer Dependinguponthetype of
messagethe memoryallocateds freedby the entity receving the
messager the entity originatingthe message.

In the OSPFmodel, HELLO messageappearto take the largest
shareof total event/messag@opulation. Typically, thereis one
event to wake up the interface after every HELLO Intenal, and
thenoneeventto sendtheactualHELLO messageThis meanghat
two eventsarerequiredto generateone HELLO messageln our

model,we schedulgust oneeventto wake up the router andthen
the router sendsthe HELLO messagesvith somerandomization
out of every interface. This signi cantly reducesthe numberof

eventsin thesimulation.

ThelLS-Databaseonsumesip thelargestshareof memory which
is storedoneveryrouter Thisis thebiggestimitation to scalability
(in termsof numberof routers)of an OSPFsimulationmodel. The
informationrequiredto comparegwo LSAs, whenanLS-Updateis
receved, is storedin the LS-Header In practice thelink informa-
tionis replicatedateveryrouterandin every LSA. We simulatethis
by storingonly oneLink InformationTable(LIT) thatincludesone
copy of eachlink in thetopology So,in our simulation,we store
only one copy of the link information (for eachlink in the topol-
ogy) globally assharedamongall the routers,insteadof having a
redundanseparateopy for each.We storethe LS-Headersocally
ateachrouter sothatroutersareableto individually agethe LSAs
andrefreshthe self-generateti SAs periodically

In the caseof alink outage the routerconnectedo thatlink de-
tectsthe change,and schedulesan LS-Update,which consistsof
the new LS-Header In the simulation,we re ect this link outage
by updatingthe LIT. Routersreceving the LS-Updatecanusethe

LIT toruntheshortest-patlalgorithm,andcalculateits forwarding
table. This methodworks well for a singlelink outagebeforethe
network converges. However, a problemwith the above strateyy
ariseswhenthereare multiple andfrequentlink outagesor recor-
eriesin the simulatedscenario. Here, nodesin the network will
obsere differentstatesof the network dependingon thearrival or-
derof LS-UpdatesFor example,assumeherearetwo subsequent
link outageghathappenedor links A andB. It will suchthatsome
nodeswill hearoutageof link A earlierthanoutageof link B, and
someothernodeswill hearthe otherway around. So, if thereare
multiple link changeswithin one corvergencetime, thenways of
handlingthe situationin themodelaremorecomplicated.

One possiblemethodof solving this problemis to use multiple
copiesof the LIT, eachfor onepossiblearrival orderof LS-Update
messagesln this approachthe recipientof LS-Updatemessage
selectswhich copy of the LIT to usebasedon the previous LS-
Updatemessageit hasreceived. Onefundamentaproblemwith
thisapproachis thatthesizeof LIT is enormougor anetwork with
millions of nodesandlinks. So,eachcoyy is a signi cant burden
in termsof memoryconsumptionwhichis the mainbottleneckfor
simulationscalability

Finally, we noteherethatour OSPFmodellacksthereverseexecu-
tion codepathto supportoptimistic parallelexecution. Thatfunc-
tionality will beavailablein thevery nearfuture. Consequenthall
our OSPFresultsarebasedn sequentiaodelexecution.

5. EXPERIMENT AL VALID ATIONS

In this sectionwe will presentsimple simulationscenarioavhere
we candemonstratehat our implementationof TCP and OSPF
protocolsarevalid andaccurate.In orderto validateour TCPim-

plementationwe shav the matchingbetweerour TCPimplemen-
tation and SSFNets TCP implementation.To validateour OSPF
implementationye run our OSPFmplementatioron afour-router
network and obsere changesn the forwardingtablesas someof

thelinks aretakendown or up.

5.1 TCP Validation

SSFNet[6] hasa setof validationtestwhich shavs the basicbe-
havior of TCRP. Becauseof spacelimitations, we only shav howv
ROSSNets TCP comparesvith SSFNeffor the Tahoefastretrans-
missiontimeoutbehaior. Thistestis con guredwith asenerand
aclient TCP sessiorwith arouterin between.The bandwidthis 8
Mb/secfrom the sener to therouterwith 5 msdelayandtheclient
to the routerhada bandwidthof 800kilobit persecondwith a 100
msdelay Thesenerwastransferringa le of 13,000bytes.

As canbe seernfrom Figures5-aand5-b, ourimplementatiorwith
respectsequencenumberand congestionwindow behaior per
formsvery similar. The paclet drop happensat similar timesand
sodoesthefastretransmission.

5.2 OSPFValidation

In orderto validateour OSPFsimulation,we experimentonasmall
topology asshawn in Figure 6. Therearefour routersnumbered
from O to 3, andfour end-nodesiumberedrom 4 to 7. Routersare
shavn asgray nodesin the Figure6. Links amongthe routersare
all 10 Mb, while the links connectingroutersto end-nodesreall

1 Mb in capacity In Figure6, numberswritten on eachlink repre-
sentsthe OSPFweight (or cost)for thatlink. Also, numbersthat
arewritten atthe beginningof eacharrow representshelocal enu-
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Figure 5: Comparison of SSFNetand ROSSNetTCP modelsbasedon (a) sequencenumber, (b) congestionwindow for TCP Tahoe
fast retransmissionbehavior. Top panelis ROSSNetand bottom panelis SSFNet.

merationof thelink atthatnode.Theseenumerationarenecessary
for forwardingof the paclets.

We simulatecascenariovheretherearetwo TCP o ws. Oneof the
TCP o wsstartsatnode4 andendsat node7. TheotherTCP ow
startsat node5 andendsat node6. The TCP o wswererunfor a
total simulationtime of 500secondsAt time 50, the bi-directional
link (i.e., thetwo one-way links) in betweerroutersO and2 goes
down. Laterattime 250,it comeshackup. We obseredtherouting
tablesat theroutersandbehaior of thetwo TCP o ws.

Table 1 shavs the obsered routing tablesat the four routernodes
during the threestagesof the simulation. Pleasenote,we did not
includeentriesfor end-nodegor simpli cation. A 255 meansthe
next nodeis “self”. Obsene that router nodescorrectly adjust
themselesin responseo the two link changes.Thereis alsono

changein the behaior of TCP o ws, becauseheir routesremain
thesameandarenot affectedby thelink changes.

6. PERFORMANCE RESULTS

6.1 Con guration
OurexperimentsvereconductesnadualHyperThreadedPentium-
4 Xeon processosystemrunning at 2.8 GHz. HyperThreading
is Intel's namefor a simultaneousnultithreaded SMT) architec-
ture[18]. SMT supportshe co-schedulingf mary threadsor pro-
cessedo ll-up unusednstructionslotsin the pipeline causedoy
control or datahazards.Becausehe systemknows thattherecan
be no control or datahazardsbetweenthreadsall threadsor pro-
cesseghatarereadyto executecanbe simultaneoushscheduled.
In the caseof threadghat sharedata,mutualexclusionis guarded
by locks. Consequentiytheunderlyingarchitecturaneednotknow



Table 1: Routing tablesfor thr eestagesof the simulation for OSPFvalidation.

Simulation | RouterQ Routerl Router2 Router3
Stage
Desti- | Next Desti- | Next Desti- | Next Desti- | Next
nation | Node nation | Node nation | Node nation | Node
0 255 0 0 2 0 1
0-50 1 0 1 1 0 1 0
2 2 2 2 255 2 0
3 1 3 3 1 3 255
Desti- | Next Desti- | Next Desti- | Next Desti- | Next
nation | Node nation | Node nation | Node nation | Node
0 255 0 0 0 0 1
50-250 1 0 1 1 0 1 0
2 1 2 2 255 2 0
3 1 3 3 1 3 255
Desti- | Next Desti- | Next Desti- | Next Desti- | Next
nation | Node nation | Node nation | Node nation | Node
0 255 0 0 2 0 1
250-500 | — 0 1 1 0 1 0
2 2 2 2 255 2 0
3 1 3 3 1 3 255
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Figure 6: Topologyfor experimental validation of OSPF simu-
lation.

aboutsharedvariablesor how they areusedat the programlevel.
Additionally, becausehe threadsassignedo the samephysical
processorsharethe samecache,thereis no additional hardware
neededo supporta cache-cohereganechanism.

Intel'sHyperThreadedrchitecturesupportdwo instructionstreams
per processorcore [19]. From the OS schedulingpoint-of-view,
eachphysicalprocessonppearssif therearetwo distinctproces-
sors.Underthismodeof operationanapplicatiormustbethreaded
to take adwantageof the additionalinstructionstreams.The dual-
processoron guration behaesasif it wasa quadprocessosys-
tem. Becauseof multiple instruction streamsper processqrwe
denoteinstructionstream(lS) countinsteadof processorcountin
our performancestudyto avoid confusingthe issuebetweerphys-
ical processocountsandvirtual processorsr separaténstruction
streams.

Thetotal amountof physicalRAM is 6 GB. The operatingsystem
is Linux, version2.4.18con gured with the 64 GB RAM patch.
Here, eachprocessor group of threads(globally sharingdata)is

limited to a 32 bit addresspacewheretheupperl GB is resered
for the Linux kernel. Thus,an applicationis limited to 3 GBsfor

all codeanddata(bothheapandstackspaceandthreadcontroldata
structures).

For all experimentsgachTCP connectioruseda uniform con gu-
ration. Thetransfersizewasin nite, allowing thetransfersto run
for thedurationof thesimulation. The maximumsegmentsizewas
setto 960 bytes. The total size of all headersvas40 bytes. The
initial sequenceaumberwasinitialized to zeroandthe slow start
thresholdwas65,536.

All clientsandsenerswereconnectedn thewaythatthe rst half
of hostsrandomlyconnectedo the secondhalf of hosts.Therewas
a distinct client-serer pair for eachTCP connectionin the simu-
lation. Becauseof the randomnatureof connectionstherewasa
highpercentagef “long-haul” links thatresultin alargenumberof
remoteeventsscheduledetweerprocessorsinstructionstreams.



Table 2: Performanceresultsfor synthetic topology network for low (500Kb), medium (1.5Mb) and high (45 Mb)
bandwidth scenarioson 1, 2 and 4 instruction streamsusing a dual Hyper-Threaded2.8 GHz Pentium-4 Xeon. Ef ciency is the net
eventsprocessedi.e.,excludesrolled back events)divided by the total number of events. Remoteis the percentageof the total events
processedentbetweenLPs 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

Table 3: Memory requirementsfor synthetictopology network for low (500Kb), medium (1.5Mb) and high (45 Mb)

bandwidth scenarioson 1, 2 and 4 instruction streamsusing a dual Hyper-Thr eaded2.8 GHz Pentium-4 Xeon. Optimistic processing
only required 7000more event buffers (140byteseach)on averagewhich is less1 MB.

Numberof Nodes,

HostBandwidth | Max Event-listSize | MemoryRequirementg

4 500Kb 4,792 3MB

4 1.5Mb 5,376 3MB

4 45Mb 5,376 3MB

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 1,380,021 226 MB
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 Splay Tree for
event-list managemenand nd it producesa 50 to 100% perfor
manceimprovementover the binary heap. All OSPFexperiments
have ROSScon guredwith thefastermperformingSplayTree.

6.2 Synthetic Topology Experiments

The synthetictopologyis fully connectedat the top and hasfour
levels. A routerat onelevel is connectedo  lower level routers
or hosts.Thetotalnumberof nodess equalto .

N wasvariedbetween4, 8, 16, and32. The nodesare numbere

in sucha way that the next hop can be calculatedbasedon the
destinatiorat eachhop.

The bandwidth,delayandbuffer sizefor the synthetictopologyis
asfollows:

2.48Gb/secadelayof 30 ms,and3 MB buffer,

620 Mb/sec,a delay betweenl0 msto 30 ms,and 750 KB
buffer,

155 Mb/sec,a delayof 5 ms, 10msand 30ms,and 200 KB
buffer,

45 Mb/sec,adelayof 5 ms,and60 KB buffer,
1.5Mb/sec,adelayof 5 ms,and20 KB buffer,
500Kb persecondadelayof 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 topologyuseghenext lower bandwidthshavn
above yielding a hostbandwidthof 45 Mb/sec,(ii) mediumwhich
startswith 620 Mb/secand goesdown to 1.5 Mb/secat the end
host, and (iii) low, which startswith 155 Mb/secand goesdown
to 500 Kb/secat the endhost. Thesebandwidthsandlink delays
arerealisticrelative to networksin practice[20]. We provide more
informationaboutthe AT&T topologybelow in Section6.3.

Our experimentswererun on 1, 2 and4 instructionsstreamg(S).
The synthetictopologyis mappedwith eachcorerouterandall its
childrenassignedo the sameprocessor

Table 2 shaws the performanceresultsfor all synthetictopology
scenariosacrossvarying numbersof availableinstructionstreams
on the HyperThreadedsystem. For all con gurations,we report
anextremelyhigh degreeof ef ciency, asshavn in the highlighted
column. Thelowestef ciency is 97.4%andto our surprisewe ob-
sene alarge numberof zerorollback casedor 2 and4 instruction
streamsresultingin 100% simulatorefciency. We obsenre that
the amountof available work per instruction stream(lS) retards
the rate of forward progressof the simulation, particularly as
grows andthe bandwidthincreasesThus,remotemessagearrive
aheadf whenthey needto beprocessedesultingin almostperfect
simulatoref ciency. This resultholdsdespitean inherentlysmall
lookaheadvhich is a consequencef link delay (rangingbetween
5 to 30 ms)anda large amountof remoteevents(rangingbetween
7%t0 15%).

The obsened speeduprangesbetweenl.2 and 1.6 on the dual-
hyperthreadedprocessosystem. Thesespeedupsre very much

in line with whatonewould expect,particularlygiventhe memory
size of the modelsat handrelative to the small level-2 cache.We
note that we were unableto executethe , 45 Mb band-
width case . Thisaspecandmemoryoverheadsarediscussedh the
paragraphselow.

The memoryfootprint of eachmodelis shavn as a function of

nodesand bandwidthin Table 3. We reporta steadyincreasen

memoryrequirementandevent-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
processings 7000 event buffers which is lessthan1 MB. Thus,
for 524288TCP connectionsthis model only consume<.6 KB

per connectionincluding event data. By comparisonNicol [21]

reportsthatNs consume®3 KB perconnectionSSFNet(Javaver

sion) consume$3 KB, JasaSimconsume®2 KB per connection
and SSFNet(C++ version)consumesl8 KB for the “dumbbell”

modelwhich containsonly two routers.

Last,we nd thatthereis aninterplayin how theeventpopulationis

effectedby the network size topology bandwidthandbuffer space.
In examiningthememoryutilizationresultswe nd thatthe maxi-

mumobsened eventpopulationdiffersby only amoderateamount
for 1.5Mb versusA5 Mb casewvhen despitearathersignif-

icantchangean network buffer capacity However, we wereunable
to executethe 45 Mb scenariowhen becauset requires
more than 17,000,000events, which is the maximumwe canal-

locatefor that scenariovithout exceedingoperatingsystemlimits

(" 3 GB of RAM). This is becausdhereare mary more hostsat
a high bandwidth,resultingin much more of the available buffer

capacityto be occupiedwith pacletswaiting for service.This case
resultsin a 2.5 timesincreasan the amountof requiredmemory
This suggestednodeldesignersvill have to performsomecapac-
ity analysissincenetworksmemoryrequirementsnay explodeaf-

ter passingsomesize, bandwidthor buffer capacitythreshold,as
happenedhere.

6.2.1 HyperThreadedvs. MultiprocessoiSystem
In this seriesof experimentswve comparea standarcdquadproces-
sor systemto our dual, hyperthreadedsystemin orderto better
quantify our performanceesultsrelative to pastprocessotechnol-
ogy. The network topology is the sameas previously described
with , thusthereare4680LPsin this simulation. We did
howvever modify the TCP connectionsuchthatthey aremorelo-
cally centeredIn total 87%of all TCPconnectionsverewithin the
samekernelprocesgKP).

We obsere thatthedualprocessoout performsthequadprocessor
systenby 16%despitehatthequadprocessohaving two timesthe
amountof level-2 cachegleachquadprocessohas512KB for ato-
tal of 2 MB of cache).Therespectie speedupselative to theirown
sequentiaperformanceare 3.2 for the quadprocessoand 1.7 for
thedualhyperthreadedsystemwhichis 80 to 85% of thetheoret-
ical maximum. If we comparecost-performancethe dual hyper
threadedsystem("$7000USD) is the clearwinner over the quad
processosystem("$24,000USD) by over afactorof three sinceit
costslessthan1/3 the price atthe dateof purchase.

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



Table 4: Performance resultsfor

synthetic topology network medium bandwidth on 1, 2 and 4 instruction streams(dual

Hyper-Threaded2.8 GHz Pentium-4 Xeon)vs. 1, 2 and 4 processorgquad, 500MHz Pentium-III).

[ Processo€on guration |

EventRate | % Ef ciency | % Remote| Speedup|

11S, HyperThreaded | 220098 NA NA NA
21S,HyperThreaded | 313167 100 0.05 1.42
41S,HyperThreaded | 375850 100 0.05 1.71
1 PE,Pentium-Ill 101333 NA NA NA
2 PE,Pentium-IlI 183778 100 0.05 181
4 PE,Pentium-llI 324434 100 0.05 3.20

6.3 AT&T TopologyExperiments
For our performancestudywe usedAT&T' s network topologyob-
tainedfrom the Rocletfuel Internettopologydatabas¢?2].

As shavn in Figure 7, the coreUS AT&T network topologycon-
tains 13173 router nodesand 38164links. What makes Internet
topologiedikethe AT&T network bothinterestingandchallenging
from a modelingprospectie is its sparseconnectivity and power-
law structure[22]. In the caseof AT&T, therearelessthan3 links
perrouteron average.However, atthe supercorethereis a high-
degreeconnectiity. Typically, aninternetserviceprovider's super
corewill becon guredasa fully connectednesh. Consequently
backbonerouterswill have up to 67 connectiongo otherrouters,
someof which areotherbackboneor supercoreroutersandother
links to region corerouters.Onceattheregion corelevel, thenum-
ber of links per routerreducesandthusthe connectiity between
otherregion coresis sparse.Most of the connectvity is dedicated
to connectindocal pointsof presenc¢PoPs).

In performinga breadth- rst-searctof the AT&T topology there
aredistinct eight levels. At the backbonethereare 414 routers.
At eachsuccessie level yields the following routercount: 4861,
5021,1117,118, 58, 6 and at the nal level thereare 5 nodes.
Therewerea numberof routersnot directly reachabldrom within

this network. Thoseroutersare mostlikely transitroutersgoing
strictly betweerautonomousystemgAS). With thetransitrouters
removed, our AT&T network scenariohas 11670routers. Link

weightsarederived basedon the relative bandwidthof the link in

comparisorto otheravailablelinks. In this con guration, routing
is keepstatic.

Thebandwidth delay andbuffer sizefor the AT&T topologyis as
follows:

Level O router: 9.92 Gh/sec,a delayrandomlybetweenl10
msto 30ms,and12.4MB buffer.

Level 1 router: 2.48 Gh/sec,a delayrandomlybetweenl0
msto 30 ms,and3 MB bulffer.

Level 2 router: 620 Mb/sec,a delay randomlybetweenl0
msto 30 ms,and750KB buffer.

Level 3router: 155Mb persecondadelayof 5 ms,and200
KB huffer.

Level 4 router: 45 Mb per seconda delayof 5 ms, and60
KB huffer.

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

Level 6 router: 1.5Mb perseconda delayof 5 ms,and20
KB buffer.

Level 7 router: 500 Kb per seconda delayof 5 ms,and5
KB buffer.

link to all hosts: 70 Kb perseconda delayof 5 ms,and5
KB buffer.

Hostsare connectedn the network at PoP level routers. These
routersonly have onelink to anothethigherlevel router

The rst con guration is mediumsize,with 96,500nodesor LPs
(hostsplusrouters)total, andtheseconds large,with 266160LPs.
In eachcon guration, one half the host populationestablishes
TCPsessiorto arandomlyselectedeceving host.\We observethis
con guration is almostpatholajical for a parallel networksimu-
lation becausehe amountof remotenetworktrafc will be mudh
greaterthanis typical in practice Theamountof remotemessage
traf ¢ is muchgreatetthanthe syntheticnetwork topologybecause
of thenetwork's sparsestructure.QOur goalis to demonstratsimu-
lator ef ciency underhigh-stressvorkloadsfor realistictopologies.

We obsere over 99% ef ciency for the 2 and4 IS runsasshavn
in Table 5, yet thereis a substantiareductionin the overall ob-
tain speedup Here,we reportspeedupgor the 4 IS casef 1.25
for the mediumsize network and 1.29 for the large. We attribute
this reductionto enormousamountof remotemessagesentbe-
tweeninstructionstreams/processor#\ parallelsimulationusing
the AT&T network topologywith a round-robinmappingof LP to
processorsesults50 to 80% of the all processe@ventsbeingre-
motely schedule.We hypothesizehat thesehigh remotemessage
ratesreducememorylocality andresultsin muchhighercachemiss
rates.Consequentlyall instructionstreamsarespendingnoretime
stalledwaiting for memoryrequestgo besatis ed.

Thememoryrequirement$or the AT&T scenariovere269MB for
the mediumsize network and 328 MB for the large size network,
yielding a per TCP connectioroverheadof 2.8 KB and1.3KP re-
spectvely. Thereasorfor thereductionperconnectionn maving
from mediumto large con guration is because¢he amountof net-
work buffer spacewhich effectsthe peakevent populationdid not
changeyet the numberof connectionsventup by almosta factor
of three.

6.4 Initial OSPFResults

Our OSPFexperimentaisethesameAT&T topologycon guration
asdescribedor the mediumnetwork size(i.e.,96,500nodestotal
in the network). However, we do increasethe bandwidthfor levels



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

Table 5: Performanceresultsfor AT&T network topology for medium (96,500LPs) and large (266160)on 1, 2 and 4 instruction

streams(1S) using the dual-hyper-thr eadedsystem.

Con guration | EventRate | % Ef ciency | % Remote| Speedup|

medium,11S | 138546 NA NA NA
medium,2 1S | 154989 99.947 52.030 112
medium,4 1S | 174400 99.005 78.205 1.25
large,11S 127772 NA NA NA
large,2 1S 143417 99.956 51.976 112
large,4 1S 165197 99.697 78.008 1.29

Table 6: OSPF with TCP Performance resultsfor AT&T topology (96,500LPs) scenarioson 1 instruction stream using a dual
Hyper-Thr eaded2.8 GHz Pentium-4 Xeon. Simulates100secondsf network traf c.

| Con guration

| EventRate | Max Event-listSize | EventsProcessed MemoryRequirementg

OSPENoTCP | 419286.66 | 150000

796200468 1.92GB

OSPFwith TCP | 197954.02| 1800000

1783473402 2.29GB

5, 6 and7 to 45 Mb/sec. Thus,the amountof traf c generatedy
the TCP hostsis muchgreaterin this scenario.We alsonotethat
we con gure all routersin the AT&T network to beinsideasingle
OSPFarea. Consequentlythis resultsin extremely large OSPF
routing tables(i.e., for  routersin an area)andwe arein

effect simulatinga pathologicalOSPFscenaricasthetypical “rule

of thumb”for OSPHimits thenumberof routersperareato 50[23]

with anoperationalipperboundbetweer200to 1000evenwith an
optimizedrouter Our areais 12 to 200timesthosedesignlimits.

However, despitethesemodelingextremeswe areableto simulate
this scenaridn conjunctionwith TCPbackgroundrafc, asshavn

in our performanceesults(seeTable6).

As shavn in Table6, we obsene thattheeventrateis kepthigh by

the Splay Treefor OSPFwithout TCP o ws, hovever aswe add
TCP o ws the event populationincreasedy a factorof 12 (150K
to 1.8 M). With thisincreasethe event-listmanagementverheads
riseby afactorof two whichresultsin asharpdecreas@ theevent
rate.

Thememoryutilization is quitelargefor our models rangingfrom
1.9to 2.3 GB of RAM. We attribute high memoryusageto the
sizeof theadjaceng matrix androutingtables.Recall,this model
con gures OSPFas a single area. While our statecompression
technigueslo in factreducememoryconsumptionthis pathologi-
calruntimecon gurationstill requiressubstantiamemoryrequire-
ments.In practice we anticipatemuchsmallertablesfor multi-area
OSPFscenariosmndsigni cantly lessmemory



7. RELATED WORK

Much of the currentresearchin parallel simulationfor network
modelsis largely basedon conserative algorithms. PDNS [8]

is parallel/distriluted network simulatorthat leveragesHLA-lik e
technologyto createa federationof Ns [5] simulators.SSFNe{6],

TasKit[24] and GloMoSim [25] all useCritical ChannelTravers-
ing (CCT)[24] astheprimarysynchronizatiomechanismDaSSF
emplagys a hybrid techniquecalled CompositeSyndironizatiorf7],

whereboththeasynchronou€CT algorithmandabarriersynchro-
nizationarecombinedto avoid channelscannindimitations asso-
ciatedCCT while atthe sametime reducingthefrequeng aglobal
barriermustbeapplied.

Recentoptimistic simulationsystemsor network modelsinclude
TeD [26], which is a process-orientedramewvork for construct-
ing high- delity telecommunicatiorsystemmodels. Premoreand
Nicol [27] implementa TCP modelin TeD, however no perfor
manceresultsare given. USSF[12] is an optimistic simulation
systemthat dramaticallyreducesmodel run-time stateby LP ag-
gregation,andswappingLPsout of core. Additionally, USSFpro-
posedo executesimulationsunsynchronizedisingtheir NOTIME
approach.Basedon the resultshere,a NOTIME synchronization
could prove bene cial for large-scaleTCP models. Ungeret. al.
simulatea large-scaleATM network usingan optimistic approach
[28]. They reportspeed-upsangingfrom 2 to 7 on 16 processors
andindicatethatoptimisticoutperformsa conserative protocolon
5 of the7 testedATM network scenariosFinally, anewv x ed-point
optimisticapproachgalledGenesishasheenproposedy Szyman-
ski et. al.[29]. This approactyields speedupsip to 18 on 16 pro-
cessordor 64 to 256 nodeTCP models.Supeflinearperformance
is attributedto areductionin the numberof eventsscheduleacross
machineshecausef the statisticalaggreation of eventswhich is
emplogyed by this approach.

8. CONCLUSIONS AND DISCUSSIONS

In this paper we proposesolutionsfor the problemof scalingnet-
work simulationgo millions of nodes Basedontheproposedech-
nigues,we develop scalablesimulationmodelsfor the OSPFrout-
ing protocol and TCP transportprotocol. We ran simulationsof
thesemodelson a very large andrealistictopology To date,this
capabilityhasnot beendemonstrated.

With the useof optimistic parallel simulationtechniquesoupled
with reversecomputation,speedupf 1.7 for a hyperthreaded
dual processosystemand3.2 for a quadprocessosystemarere-

ported.Thesespeedupsvereachiezedwith aninsigni cant amount
of additionalmemoryfor optimisticprocessindi.e., megabyte
in practice).

Theparallel TCP modelprovedto be extremelyef cient with very
few rollbacksobsered. Parallel simulatorefciency rangedbe-
tween 97 to 100% (i.e., zerorollbacks). This suggestghat the
modelcouldbe executedunsynaronizedwith a negligible amount
of error.

Themodelwasimplementedasleanaspossiblewhich allowedfor
themillion nodetopologyto be executedon aninexpensve COTS
multiprocessosystem.We obserned modelmemoryrequirements
betweenl.3 KB to 2.8 KB per TCP connectionrdependingon the
network con guration (size,topology bandwidthandbuffer capac-

ity).

The hyperthreadedsystemwas able to provide a low cost/ per

formanceratio. Whatis even more interestingis that thesesys-

temsblur thelinesin termsof sequentiaversusparallelprocessing.
Here,to obtainhigherratesof performancdrom a singleproces-
sor, one hasto resortto executingthe modelin parallel. As this

technologymaturesto even high clock rates,we anticipatesingle

processoriaving mary moreinstructionstreamswhich will pro-

vide an even greateropportunityfor parallelsimulationtools and

techniques.

Therehave beenmary ideasthathave comeaboutduringthiswork.
In the future, we plan to develop a scalablesimulationmodelfor
BGP and investigateinter-domain routing issues. We will also
be working on the implementatiorfor a fasterevent-list manage-
mentalgorithmto reducepriority queueoverheadsAlso theimple-
mentationof TCPfunctionalitysuchasdelayedacknavledgments,
ticksfor roundtrip time calculationandRenocapabilitiesarework
in progressTheconcepbf creatingahierarchicahddressnapping
schemedrom arandomnetwork topologyaswell asa betterLP to
processomappingschemeto reduceremoteeventsis also being
examined.

Finally, in thecreationof thesemodels we leveragedxisting mod-
elsin boththe Ns-2 and SSFNetframevorks. We nd that“port-
ing” modelfunctionality to our platformis relatively straightfor-
ward. In the future, we planto devise porting guidelinesand pro-
vide detailedcasestudiesof how we have portedOSPFE TCPR, and
BGPfor useasareference.
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