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Abstract

DARPA’'s Next GenerationinternetimplementationPlan calls for a capability of simula-
tionsof multiprotocolnetworkswith millions of nodes.Traditionalsequentiasimulatorsareno
longeradequateo performthetask. Parallel simulatorsandnenvy modelingframevorksarethe
betterapproacho simulatelarge-scalenetworks. This thesisdemonstratethe feasibility of op-
timistic parallelsimulationon TCP/IPover ATM networks,andcompareshe performancef a
parallelsimulatorto ProTEuS(a distributedemulationsystemtamgetedfor network simulation)
in termsof speedumndscalability The parallelsimulatorusedin this studyis Geogia Tech.
Time Warp (GTW) which performsparalleldiscreteaventsimulationon shared-memorynulti-
processomachine Network modelshave beendevelopedto constructarge-scaler CP/IPover
ATM scenariogo evaluatethe performanceof GTW. Resultsindicatethatlarge-scalenetwork
simulationcangreatlybenefitfrom optimisticparallelsimulatordueto GTW's capabilityin ex-
ploiting parallelism.However, GTW lacksscalability in termsof network size,whencompared

to ProTEuUS
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Chapter 1

Intr oduction

Computersimulationis the machineevaluationandobsenation of a system.lt providesa prac-
tical methodologyfor analyzingsystembahaiors thatareeithertoo complex for mathematical
analysisor too costlyto studyby prototyping.Simulationhasbecomeanessentiaphaseof de-
sign processem mary areasncludingaeronauticsautomobile weatherforecastinggelectron-
ics, andtelecommunication® evaluateandimprove systemdeforephysicalimplementation.
Theglobalcommunicationgrchitecture®f the nev milleniumwill emegefrom internet-
working of diversifiedwireline, wireless,andsatellitenetworks interconnecteét hundredsof
millions of nodes. One major concernrelatedto network engineerings the behaior of this
very large hierarchicalmultihop network carrying millions of multiprotocolflows. With the
rapidgrowth of globalinfrastructurenetwork configurationf very large sizehave to be simu-
latedto studyissuessuchasscalableouting. Also, to avoid misinterpretingransienbahaiors,
modelsoften have to be simulatedfor a very long timescales.DARPA’'s Next Generationin-
ternetimplementatiorPlancall for a capability of simulationsof 100,000node,multiprotocol
networks [10], andsimulationsof 10,000,000nodenetworks. Cornventionalsequentiakimu-
latorssuchasBONeS[1], OPNET]2] lack the capabilitiesto modelsuchlarge systemswhile
keepingthe simulationtime to a tolerablelevel. New modelingframeavorks andparallelsim-
ulator attemptto addressuchsimulationrequirementsThe DaSSH10] modelingframewvork
developedat DartmouthCollege hasshawvn significantspeedupn anattemptto simulateglob-
al internetwith over 16,000nodesandrouterson a 14-processoSun Enterprisesener [10].

Parallelsimulationreducesexecutiontime by distributing thetotal workloadonto multiple pro-



cessingentities(i.e., processonr workstation).

However, parallel simulationhasnot not yet beenwidely usedin network researchand
industrialpracticedueto the lack of a corvenientmodelingmethodologysuitablefor parallel
execution,andthe absenc®f maturesoftwareervironment. However, parallelsimulationscan
be performedon commoditymultiprocessoseners,andon a network of workstationsall of
which arenow commonlyavailablein academicesearchabsandindustryfacilities.

Parallel discreteevent simulation (PDES)techniqueshave beenactively researcheand
improved over the pastdecade Promisingresultsof PDESS feasibility to ATM networks sim-
ulationhave beendemonstratetly Geogia TechPADS group[4] andthe Telesimproject[31].
Experimentswith large ATM network scenariosvith 100 switchesshav that executiontime
speedup®of 3-5 are possibleon a 16-processoshared-memonsGl PoverChallenge31].
However, thereare significanttechnicalchallengedo overcomeregardingevent granularity
simulationpartitioning,andloadbalancing.OtherparallelsimulatorsncludesUCLA’s ParSec
[24] andPurdues ParaSol[23]. Most parallelsimulatorsrun on shared-memorynultiproces-
sor workstationswhereprocessorand memoryare closely coupledvia high-speedus. The
synchronizatiortanbevery fastandreliable. Neverthelessthelow costandscalabilityof aPC
and ethernet-basedetwork of workstations(NOW) makes NOW anotherattractve platform
for paralleldiscreteevent simulation. Although suchloosely-coupledsystemgequirea more
compl« interprocessocommunicatiormechanisnto ensurecorrectandefficient messagee-
livery, techniquedhave beenproposedn Geogia TechTime Warp (GTW) [6] andParasol [26]

to yield competingperformance.

1.1 Parallel Discrete Event Simulation

Discreteevent simulationis a methodusedto modelreal world systemsby decomposinga
systeminto a setof logical processegLPs) autonomouslyprogressinghroughtime. All in-
terprocessornd intraprocessocommunicationsare handledby messageassing(i.e., event
scheduling) Eacheventis assigned timestampandmusttake placeon a destinatiorLP. The
resultof this event canchangethe stateof an LP, and/orgeneratenen eventsto one or more
otherLPs.

A sequentialdiscreteevent simulation engineassignsall LPs to a single processorand



alwaysprocessventsin strictlogicaltime order Sincetime orderis strictly enforcedandonly
oneeventcanbeprocesseatatime, interprocessoeventscannever arrive at LPseitherout of
sequencer afteraneventwith alaterscheduledimestamphasbeenprocessed.

Many simulationsare sufiiciently large that it is impracticalto run themon a single pro-
cessorwithin a realistictime-frame. The executiontime of a simulationexperimentcan be
reducedby distributing the experimentover multiple processingunits. As a matterfact, using
a multiprocessomachineis much more cost effective than building a single processomith
equialentcomputatiorpower. Theoretically large-scalesimulationwith hugenumberof LPs
inheritsmoreparallelism.Thereforethe simulationshouldbe performedn parallelfashionon
multiprocessocomputers.

Several practicalapproacheso parallelsimulationincludesreplication,conserative tech-
nique, and optimistic technique[20, 9, 13, 29]. A simpleway for distributing a simulation
experimentover mary processorss to runthe samereplicationwith differentparametewvalues
on separat@rocessorsThis replicationtechniquds relatively efficient but it cannotextractall
theparallelismavailablein aproblem especiallywhensearchinghroughaproblems parameter
space.

In practice,several processorganbe usedin a coordinatedfashionto executethe same
simulationreplication. A simulationmodelis partitionedinto LPs. TheselLPs aredistributed
acrosanultiple processorsor simulationandthey communicatenly by messag@assing.The
difficulty is to ensurehatall messageandeventsin the PDESareprocesseth the sameorder
andat the samesimulationtime asin a single processosimulation. Out of orderprocessing
resultsin causalityerrors. Two popularsynchronizatioriechniquego ensureaccurateparallel

discretesventsimulationarethe conserative andthe optimisticapproaches.

1.1.1 Consewative approach

Consenrative approachrepresentsan earliestwork in PDESfirst desicribedby Chandyand
Misra [9]. Simulationsynchronizedby conserative approachconsistsof a network of LPs
communicatingwith timestampednessagesEachLP adwancesits local clock and processes
incomingeventsonly if it coulddeterminghatno causalityerrorswould resultfrom this event.

Causalityerroris detectedvhenan LP receves a messageavith a timestampearlierthanthe



LP’slocal clock. Deadlockis possible dependingn the configurationof the LPs,whenno LP
canobtainthe necessarynformationto adwanceits clock.

Early researcthasshavn thatthe conserative approachcannotexploit the parallelismin
mary simulationmodels. The amountof parallelismis determinedoy how muchthe LP can
lookaheadbasedon local knowledge. And the amountof lookaheaddependson the struture
of a simulationmodel. The conserative approachwvasknown to be lesssuitablefor general
purposenetwork simulationsincethelookaheadwailableis oftentoolittle to exploit significant

parallelism.

1.1.2 Optimistic approach: Time Warp

In contrastto conserative approachpptimistic approachis ableto exploit parallelismwhen
causalityerrorsareallowed but infrequent. It allows clock at eachLP to be advancedwithout
regardto the statesof otherLPs. In otherwords, eachLP executeswithout waiting on other
LPsfor messagesHowever, amechanismis requiredto detectandcorrectcausalityerrorsby
restoringthe simulationstatefrom a previously saved stateand resimulatingfrom that point.
The mostcommonoptimistic protocolis the Time Warp protocol[13] originally proposedby
Jeferson[19].

The Time Warp protocolcorrectscausalityerrorsbhy saving statefor eachLP periodically
thenrolling the simulationbackto the point whencausalityerrorsare detected.Variationsof
Time Warp have beenreported[5, 31] to performexcellenton realistic simulationproblems.
In general,optimistic approachare more usefulfor generalpurposeapplicationscomparedo
conserative approactbecausehe previousrequiredessknowledgeof a system.

A few improvementscanbedonein orderto improve Time Warp’s performanceAn inher
entproblemwith optimistic simulationis the overheadof state-saing to permitrollback. Fu-
jimoto [13] reportedthatthe performancenf anoptimistic simulationwascutin half whenLP
statesizeincreasedrom 100 bytesto 2000bytes. Incrementaktate-saing[27] is onemethod
to reducestate-saing overheadvhereonly changedo the statearesaved.

Rollbackoverheads anothemajorfactorthataffectsperformanceOneway to reducethe
costassociatedvith rollbackis to uselazy cancellation.Time Warp usinglazy cancellatiordo

notimmediatelycancethe messagepreviously sentwhenacausalityerroris detectedIndeed,



themessagearefirst comparedo thosethatwould be generatedy the correctedcomputation
[13]. Only thosemessagethatwerenotgeneratedby the correctedcomputatiorarecanceled.
Achieving load balancingmay be anotherimprovement. For parallel simulationto work
effeciently theLPsmustbedistributedproperlyovertheavailablephysicalprocessorsThe op-
timal distribution cannotbe known without performanceprofiling of the simulation. Dynamic
partitioningcanbe a goodsolutionthoughit is very complicatedo implementin the simulator
During an optimistic simulation,processorshat do not have enoughLPs assigneawill be fre-
guentlyrolled backby old messagesentfrom heavily loadedprocessorandthusproducdittle
usefulwork. Dynamicpartitioningattemptso assignmoreLPsto thoseprocessorsvhich are
not doing muchusefulwork. This techniquenasbeenshavn to decreaséocal time gapamong

LPs,andreducerollbackfrequeng.

1.2 Motivation

Most parallel simulationworks doneon large-scaleATM network have beenfocusingtheir
effort on two distinctareas.First, they exploit inherentparallelismof ATM network scenario
to achieve maximumpossiblespeedupThe secondaskis to studyATM network performance
associatedvith variousqueuingdisciplinesand differenttraffic flows generatedrom video,
audio,anddatasourcesHowever, theissueof how parallelsimulatorreactsto certainnetwork,
particularlythe TCP over ATM networkswith multiple controlloops,have notbeenaddressed.

Little work hasbeendoneto studyhow the performancef parallelsimulatorsaresensitve
to certainpropertiesof the network beingsimulatedsuchasthe network delay (i.e. roundtrip
time of traffic flow), how doesanetwork protocolwith multiple controlloops(e.g. TCP/IPover
ATM, ABR’s EPRCA) affect the rollback frequeng, and how well parallel simulatorsscale
with growing network sizeon certainmultiprocessomachines Furthermorethe performance
of parallelsimulatorsvarieson differenthardwareplatforms.GTW hasbeenshavn to perform
poorly onthe popularSGI Origin2000dueto the newly adoptedCache-Coheremtion-Uniform
Memory Architecture(CC-NUMA) in [8]. Theproposedsolutionis discussedn [7].

This thesiscompareghe performanceof Geogia Tech Time Warp (GTW) (i.e., an opti-
mistic parallel discreteevent simulator)to ProTEuS(i.e., a distributed proportionaltime net-

work emulator) focusingontheissueanentionedabove. GTW andProTEuSwill bediscussed



in thechapter and3.

1.3 Thesisorganization

Chapter2 provides someof the relatedworks regarding ProTEuS.Chapter3 illustratesthe
architectureof GTW, andthe modelinginterface.Chapterd explainsthe designandimplemen-
tation of ATM network modelsusedin simulation. Chapter5 verified the simulationmodels

andpresentanevaluationof GTW’s performanceFinally, chapter6 concludesny thesis.



Chapter 2

RelatedWork

Alternative approachestherthanparalleldiscretesventsimulation(PDES)have beenproposed
to simulateATM networks. Onesuchhardwareapproactis the FPGA-based®TM Simulation
Testbed FAST) developedin University of California, SantaCruz [30]. The testbedusesfield-
programmablgatearrays(FPGAs)to allow implementatiorof importantalgorithmsn anATM
switchin hardware. EachFPGAboardenabledvith I/O devicescanbeusedo simulateanATM
switch,andmultiple boardsmaybeinterconnectedb simulatenetwork of ATM switches.
ProTEuUS[17] is anotherdistributed synchronizatiortechniqueusedto perform cell-level
ATM network simulation. The detail of ProTEuSwill be discussedn the following section
sincethe performancestudiesdonein this thesisare comparedto ProTEuUS.It is usedasa

referenceplatformto shaw the prosandconsof GTW.

2.1 Proportional Time Emulation and Simulation (ProTEuUS)

AlthoughPDEShassuccessfullydemonstrateits feasibility aswell asscalabilityin simulating
large-scalenetwork, it is oftennot known whetherary network specificpropertywill affectits
performance For instance network protocolwith feedbackoop suchasthe TCP andABR’s
EPRCA hasthe potentialto causeexcessie rollbacksthat will degradeTime Warp's perfor
mance.In termsof cost,arackof personatomputerequiredto performdistributedsimulation
costslessthana multiprocessosener suchasthe SGI Origin2000.

ProTEuSIs a generalnetwork simulationsolutiondevelopedto combatthe shortcomings

of PDES.The focusof ProTEuSis a NOW architecturenith commodityPCswherethe sys-

7



tem usesproportionaltime distributed systemtechnique,and embeddedystemtechniqueto
synchronizalistributed simulationsasdescribedn [17]. The systemrepresent&ninnovative
form of parallelsimulationintendecdto speedugsimulationby distributing thework acrossary
numberof physicalmachines. Initial experimentsshavn that ProTEuSoutperformedGTW
in termsof scalability Growing the size of a network in a simulationis often limited by the
available physicalmemoryin a Time Warp simulatorwhile this problemcaneasilybe solved
in ProTEuSby including moredistributed hosts. Anothermerit of ProTEuSIs thatit doesnot
incur state-saing androllback synchronizatioroverheadssrequiredin Time Warpsimulator
ProTEuSusescommercialoff-the-shelfPCsto configurea NOW simulationplatform. The
major interestof ProTEuUSis to simulate ATM network using real systemcode suchasthe
real operatingsystemATM protocolstack(Linux with ATM support)andthe ATM signaling
supportwhich is the sameasan off-boardsignalingarchitecturgQ.Port). This featurecreates
afaithful simulationandavoidstheimplementatiorof systemcodeabstractioninto a software
simulatorasis requiredin GTW. Also, an additionallayer of virtual network device is usedto
supportarbitrarymappingof simulatechetwork entitiesontoagroupof physicalmachinesThe

additionalabstractiorenhanceshe scalabilityof ProTEuUS.



Chapter 3

Georgia TechTime Warp (GTW)

3.1 Overview

The Geogia TechTime Warp (GTW) is an optimistic paralleldiscreteevent simulatordevel-
opedby the PADS groupof Geogia Instituteof Technologyled by Fujimoto[11]. Thesystem
is built on Jefersons Time Warp mechanisn{19]. The primary goal in designingGTW is
to supportefficient executionof small granularitydiscreteevent simulationapplications.The
time requiredto processan eventis very little in smallgranularityapplications.The dominat-
ing performancdactorsarethesend/recee eventoverheadi.e.,enqueue/dequeusej network
paclets,andthe synchronizatioroverheadsncluding state-seing androllback process.Cell-
level simulationof ATM network is anexampleof smallgranularityapplication.lt is thereason
why GTW is choseramongotherTime Warp-basesgimulatorsn this work.

GTW runson cache-coheranshared-memorgnultiprocessosenersincludingtheKendall
SquareResearcltKSR-1 and KSR-2, SequeniSymmetry Sun UltraSFARC workstation,Sun
Enterprisesener, and SGI Challenge/Origin.The latter threeare the major platformsusedin

thiswork.



3.2 GTW kernel

3.2.1 Logical processes

A GTW programconsistsof the definition of a collectionof logical processe$LPs)thatcom-
municateby exchangingtimestampednessagesvents. EachLP is identifiedby a uniquein-
teger ID, andthe mappingof LPsto physicalprocessorss static. The dynamicpartitioning
techniquementionedn previous chapteris not enabledn GTW. The executionof eachLP is
entirelymessagelriven. LP cannot’spontaneouslybegin nev computation Any computation
is adirectresultof receving amessagetience thebehaior of eachLP canbedefinedby three
procedures.

1. Theinitialize() procedureinitialize the LP atthe beginning of the simulation. This pro-
cedureallocatesall memoryrequiredby the LP andindicatesto the GTW kernelwhatportion
of thememoryshouldbe state-saed. Also, stateof the LP is usuallyinitialized hereandinitial
messagearesentto getthe simulationstarted.The procedureexecutesat simulatedtime zero.

2. The process-eent() procedure:This is the procedurethat will be calledwheneer a
messagés receved. It forwardseventsrecevedto the appropriatauserdefinedeventhandlers
for processing.

3. Thewrapup()procedureit is calledattheendof thesimulationoftento outputstatistics.

The executionof GTW programmaoves throughthreephases:initialization, event-driven
execution,wrap-up.

The Initialization phase: A globalinitialization anda local initialization of eachLP will
be performedat this phase.The globalinitialization mustspecifyall LPsinvolvedin the sim-
ulation, andthe staticmappingof LPsto processorsLocal initialization calls the initialize()
procedureof eachLP. Thisis donein parallelwhereeachprocessocallsinitialize() of the LPs
thataremappedao it.

The Simulation phase: The simulationphases driven by callsto eventhandlerspnefor
eachLP receving anenv messageEventsscheduledor LPsonaprocessoareprocessedneat
atimein atime-orderedashionandmay modify statevariablesaswell asscheduleew events
to otherLPsincludingitself in the simulatedfuture.

The Wrap-up phase: Thewrapupphaseconsistf callsto wrapup()proceduresf all LPs

10



in the simulation.Simulationterminatesvhenall wrapup()proceduresrefinished.

3.2.2 Statesand checkpointing

EachLP mustdefinea statevectorwhich containsall of the variablesusedby the LP. These
variablesshouldneverbeaccessely otherLPs. A statevectormayincludethreeseparatéypes
of statevariablesthataredistinguishedy thetype of checkpointingschemehatis performed
onthem.

1. Read-only: Read-onlystatevariablesthatwill never be modifiedaftertheinitialization
phasedo not needto be checkpointed.

2. Full-copy: Statevariablesthat are automaticallycheckpointed.The GTW kernelwill
automaticallymake acopy of all of thesevariablegfull-copy checkpointing)rior to processing
eacheventfor theLP. Thisis donetransparento the userapplication.

3. Incremental: Statevariablesthat are checkpointedvhenthe applicationexplicitly re-
guestsa variable be checkpointed. The GTW kernel usesincrementalcheckpointingwhere
variablesarestate-seed beforemodificationsaremadeon them.

An LP may chooseto have somevariablesautomaticallycheckpointedand othersincre-
mentallycheckpointedThesedesignationsrestaticandcannotbe changediuring simulation.

The overheadof checkpointingcanbe large for someapplications,andcaneasily cripple
GTW’s performance.The variousstatevariabletypesare designedo reducecheckpointing
overheadthroughcareful selectionof an appropriatetype for eachstatevariable. If the state
vectoris small, the state-saing overheads smallrelative to the amountof computationin an
event, then automaticcheckpointingis recommendedor all variablesin statevector Yet if
statevectoris large, and only a few variablesare modified by eachevent, thenincremental

checkpointingshouldbe used.

3.2.3 The event queuedata structure

The original Time Warp proposedby Jefersonusesthreedistinct datastructures:1.) Input
gueuethatholdsprocesse@ndunprocessedvents;2.) Outputqueuethatholdsanti-messages;
and3.) Statequeuethatholdshistory of LP state. However, GTW usesa single event queue

datastructurethat combinesthe functionsof thesethreequeues.Direct cancellationis used.

11



Wheneer aneventcomputatiorschedulesi new event,a pointerto the new eventis keptin the
sendingevent's datastructurerhis eliminatesghe needfor explicit anti-messagesndthe output
queue.

Theeventqueuedatastructure(EvQ) actuallyconsistof two queues.

The processedevent queue: Eachindividual LP on a processommaintainsa processed
eventqueuesortedby receve timestamp Eachprocessed@ventcontaingointersto statevector
history to allow rollback, and pointersto messagescheduledyy the computationassociated
with this event. Note that all eventsand saved-statethat are older than global virtual time
(GVT) canbediscardedo reclaimmemorystorageasit is impossibleto roll backto avirtual
time beforeGVT. This procesf destrying informationolderthanGVT is referredasfossil
collection During fossilcollection the portion of this queuethatis olderthanGVT is located
by scanninghe queuefrom high to low timestamp.Thenthe eventsto be collectedaremoved
to the processos freelist. In this case the fossil collection procedureneednot scanthrough
thelist of eventsthatarereclaimed.

The unprocessedvent queue: Unlike the processedventqueueunprocesseaventsfor
all LPs mappedto a processomre storedin a single priority queue. Using a single priority
gueuefor all LPs eliminatesthe needfor a schedulingalgorithmto enumeratehe next exe-
cutableLPs. It allows the selectionof the next LP to execute,and location of the smallest
timestampedinprocessedventin thatLP to beimplementedvith a singledequeuaperation.
This reduceghe event processingverheadandsimplifiesthe GVT computation.However, if
dynamicload managemenmechanismnis enabledn the future, migrationof an LP to another
processobecomes difficulty.

Theeventqueuemayonly beexclusively accessetly the processomaintainingthe queue.
No locksarerequiredto accesst. In additionto aneventqueue gachprocessoalsomaintains
two additionalqueuedo hold incomingmessageBom otherprocessors.

Messagequeue (MsgQ): Hold incoming positve message¢hat are sentto an LP resid-
ing on this processar Eventsare placedinto this queueby placing”send” commandsn user
applications.Sinceaccesdo this queueis sharedamongother processorslocks are usedfor
synchronization.

The messageancellationqueue(CanQ): Hold messagethathave beencancelled When

12



aprocessowishesto cancela messagepondetectionof causalityerrors,it enqueueshe mes-
sagedeingcancellednto theCanQof theprocessoto whichthe messagewassent.Messages
engqueuedh CanQcanbeviewedasanti-message$fiowever, it is themessagéself ratherthan

anexplicit anti-messagthatis enqueuedAccesgo this queuds alsosynchronizedvith locks.

3.2.4 The main schedulerloop

After the simulationis initialized, eachprocessorentersa loop that repeatedlyperformsthe
following steps:

1.) All incomingmessageareremoved from the MsgQ andfiled into EvQ, oneat atime.
If afiled messageontaingimestampsmallerthanthelasteventprocessedby the LP, causality
erroris detectedandtheLP is rolled back. Messagesentby thisrolled backeventareenqueued
into the CanQof the processoholdingthe messages.

2.) All incoming cancelledmessagesre removed from CanQ and processecne at a
time. Anti-messageannihilatetheircomplementarpositve messages theunprocessedvent
gueue.However, if the positve messagebave beenprocessedsecondaryollbacksmay hap-
penandare handledin the samemannerasrollbackscausedby stragglerpositve messages.
Memory storagdaaken by cancellednessages returnedio processos free memorypool.

3.) Dequeuanunprocessedventwith the smallestimestamprom the EvQ, thenprocess
it by calling the LP’s eventhandler A smallesttimestampfirst schedulingalgorithmis used

whereeventwith smallestimestamps alwaysselectedasthe next oneto be processed.

3.2.5 Computing GVT

GlobalVirtual Time (GVT) is definedasthe lower boundon the timestampof all unprocessed
or partially processethessageandanti-messages thesystem.GVT computatiorensureshe
simulationprogressesndreclaimsmemorystorage.Iln a shared-memorgrvironment,GVT
computatiorcanbegreatlysimplified. An asynchronoualgorithmis usedin GTW to compute
GVT. The algorithmrunsin betweennormal event processing.It requiresno special’GVT
messages”All interprocessocommunicatiomeededor GVT computationis realizedusing
threeglobalvariables:1.) aglobalflag variablecalledGVTFlag; 2.) aglobalarrayto hold each

processos local minimum;and3.) avariableto hold thenew GVT value.
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Any processocaninitiate a GVT computationby settingGVTFlag to the numberof pro-
cessordn the system. GVTFlag holds a value of zerobeforeGVT computation. A lock on
this variableensureghat at mostone processoinitiatesa GVT computation.Eachprocessor
maintainsa local variablecalled SendMirnwhich containshe minimumtimestampof ary mes-
sagesentafter GVTFIlag is set. Uponeachmessag®er anti-messageent,GVTFlag is checled
, and SendMinis updatedif the flag is set. At the beginning of main event processindgoop,
eachprocessorchecksif GVTFlag wasset. If GVTFlag wasset,the processocomputeshe
minimum of the SendMinandthe smallesttimestampon the unprocessedvent queue.Then,
it writesthis minimumvalueinto its entry of the globalarray decrement§&VTFlag to indicate
thatit hasreportedts local minimum. The normaleventprocessingesumesandthe GVTFlag
is now ignoreduntil new GVT valueis receved.

The last processoto computeits local minimum, which is the processothat decrements
GVTFlag to zero, computesGVT from local minimum array and writes the new value into
GVT variable.Eachprocessorealizeghenen GVT by observinghatthevalueof GVT global
variablehaschangedA fossil collectionis performedafternew GVT is receved.

The overheadassociatedvith this algorithmis minimal. No synchronizatioris required.
The majoroverheadn GVT computationis updatingGVTFlag and SendMin And the GVT

calculationis performedby oneprocessor

14



Chapter 4

Implementation of simulation models

with GTW

4.1 Overview

Theimplementatiorof ATM network and TCP time warp simulationmodelsare modularized
basedon protocollayers. Protocollayersimplementedntegrateto form network components
suchasATM end-hostandswitch. Threesources: ABR source VBR sourceand TCP source
with differenttraffic characteristicsimulatetheapplicationlayer A TCP modulesimulateshe
transporiayer A segmentatiorandreassemblySAR) modulesimulatesATM AALS layer An
ATM network module,which canbeviewedasan ATM NIC device, simulatesATM network
serviceqi.e.,ABR, VBR) andmultiplexing. Finally, thereis alink modulethatfunctionsasthe
physicallink layer

This approachprovidesan easyway in constructingnetwork scenarioespeciallyfor large
networks. Network scenariaconstructiorcanadopta bottom-upapproactwherenetwork com-
ponentsanbeinterconnectetb form largernetwork. Also, network scenarioganbemodified,
extended,andmaintainedat ease.However, the performanceof this approaclon GTW is not
known. Eachmodulerepresent&an LP in GTW. The compl«ity (e.g., statesize, amountof
computationper event) of the LPs andthe patternof communicatioramongLPs are factors
determiningGTW'’s performance.This comple taskhasbeena researchissuein the parallel

simulationcommunityandit would beleft asfuturework.
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Thefocal pointsof this implementatiorare model correctnessgompatibility to ProTEUS,
and optimumexecutionon GTW. The developmentof eachmoduleis basedon the publicly
availableNIST ATM simulator[16] sincethe simulatorperformscell-level ATM network sim-
ulation andis also event-driven. The queuingstructure ATM servicesandevent scheduling
schemdrom the NIST simulatorareusedasa referencen this implementatiorto ensurecor
rectnessof ATM simulationsdonein this work. Standardsuchasthe ATM forum'’s traffic
managemenrgpecificatiorareanimportantsource.The modulesdevelopedarealsotailoredto
matchthe designof ProTEuSin termsof queueingdiscipline,ABR cell ratecontrolmechanis-
m, andotherATM functions. This ensureghe performanceomparisorbetweenProTEuSand
GTW is fair because¢he compleities of network modelsin both platformsarematching.

ATM technologyis calibratedto supporta broadspectrumof applicationsincluding loss-
sensitve datatransmissionand the delay-sensitie real time audio and video transmission.
Hence,ATM layer provides four servicecateyories: ConstantBit Rate (CBR), VariableBit
Rate(VBR), AvailableBit Rate(ABR), andUnspecifiedBit Rate(UBR). Theseservicecate-
goriesrelatetraffic characteristicend Quality of Service(QoS)requirementgo network be-
havior. Eachservicecatayory is associateavith differentfunctionsfor routing, Call Admission
Control (CAC), andresourceallocation.

CBR applicationsareguaranteea fixedamountof bandwidththroughoutthe courseof the
connection.This serviceis typically usedfor real-timeapplicationswith strict delayrequire-
ments. VBR serviceis intendedfor applicationswith bandwidthrequirementghat vary with
time suchas interactve multimediaapplicationsand compressedioice/videotransmissions.
VBR applicationsare guaranteea sustainedcell ratein compliancewith a maximumburst
size. ABR serviceis aimedfor applicationsvhosebandwidthrequirementg€annotbe knovn
preciselybut areknown to bewithin anupperandlower bound.ExampleABR applicationsare
FTPsessionspr Internettraffic. Theseapplicationsusestheinstantaneouavailablebandwidth
remainingafterall CBR andVBR traffic requirementiave beensatisfied. The network pro-
videsapplicationwith informationabouttheamountof availablebandwidththroughafeedback
system.EPRCAIis onesuchfeedbacksystemthathasbeenimplementedn this work andwill
be discussedn detail later Finally, UBR recevesthe remainingbandwithafter the previous

traffic classes.UBR is usedby best-efort services,suchas e-mail, which are insensitve to
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delayandloss.

TCP Source
TCP ABR Source | VBR Source
AALS
ATM Network Device ATM Network Device
Link Link
Host (Source/Destination) Switch

Figure4.1: ImplementationProtocollayers

Figure4.1 shaws the protocollayersimplemented.They will bediscussedn detailin the

following sections.

4.2 Application layer

4.2.1 ABR source

The ABR sourcemodule createsgreedyABR traffic that will always senddatacells to the
network device layer sothatthe ABR connectionwill never becomeidle. It keepsthe ABR
gueuein the network device non-emptyat all time. ThesourcecreatesABR datacells,attaches
ATM heademwith necessarynformation (e.g., VPI, PTI, protocol ID, etc.) to the cells, and
thensendghecellsto thenetwork layerto betransmittedat allowed cell rate(ACR). The ABR

sourceis simply a cell generatar

4.2.2 VBR source

TheVBR sourcemodulecreatesdackground/BR traffic. Themoduleis basicallyderivedfrom
ABR source.Thedifferences thatVBR sourcegenerate¥ BR datacellsatacontrollablerate,
thentransmitsthe cellsto the network device layer The cell ratecanbe controlledby explicit
timeline schedulegeneratedy capturingthe cell tracesfrom the movie StarWar MPEG clip

to simulatetransmissiorof compressegideostreanover ATM network. AnothersimpleVBR
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traffic generatowe developedhasa squarewvave transmissiorpatternwith maximumecell rate,

minimumcell rate,anda userdefinedduty cycle.

4.2.3 TCP source

A TCP sourceis alsoa greedysource.Note thatsourcesaredesignedo be greedysothatthe
sourcewill alwaysfill upthe bandwidthavailableto the connection.The aggreatetraffic from
all sourcexanbe predictedandhenceit is easierto controlthe bandwidthutilization of a link
in anetwork.

The TCP sourcesendsbuffers to the TCP layer andit will keepthe input buffer of the
TCPlayerbusysothattherearealwayspacletswaiting in the outputbuffer of TCP layerto be
propagatedo the lower protocol. A TCP connectiorwill never becomedle with this greedy

TCPsource.

4.3 TCP layer

TransmissiorControlProtocol(TCP)offersaconnection-orientedeliablebyte-streanservice.
It is a full-duplex protocolthatguarantees-orderdelivery of a streamof bytes. EachTCP
connectionsupportsa pair of byte streamspone flowing in eachdirection. It alsoincludesa
window-basedflow-control mechanisnfor a connectionthat allows the recever to limit how
muchdatathe sendercantransmit.

In additionto the above features,TCP alsoimplementsa highly tunedcongestiorcontrol
mechanism.The ideaof this mechanisnis to keepthe senderfrom overloadingthe network.
The stratgyy of congestiorcontrolis for eachsourceto determinehow muchcapacityis avail-
ablein the network, so thatit knowvs how mary pacletsit cansafely have in transitin the
network. Oncea given sourcehasthis mary pacletsin transit, it usesthe arrival of an ac-
knowledgment(ACK) asa signalthatoneof its pacletshasreachediestinationandthatit is
thereforesafeto inserta new pacletinto the network without raisingthelevel of congestion.

To determingthe availablecapacityin the network, TCP usesanaggresie approactcalled
slow start to increasethe congestionwindow rapidly from a cold start. Congestionwindow

limits how mary pacletscanbein transitin the network. The higherthe congestionwindow
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the higherthe throughput. Slow start increasesongstionwindow exponentiallyuntil there
is a loss, at which time a timeout causeamultiplicative decrease.Iln otherwords, slow start
repeatedlyincreaseshe loadit imposeson the network in an effort to find the point at which
congestioroccursandthenit backsoff from this point.

Theoriginalimplementatiorof TCPtimeoutsled to long periodsof time duringwhich the
connectiorwentidle while waiting for atimerto expire. A nev mechanisntalledfastretrans-
mit wasaddedto TCR. The mechanisntriggersthe retransmissiotf a droppedpaclet sooner
thanthe regulartimeoutmechanismWhenthe fastretransmitmechanisnsignalscongestion,
ratherthandropthecongestionwindowall theway backto 1 pacletandrunslowstart, it is pos-
sibleto usethe ACKs thatarestill in the pipeto clock the sendingof paclets. This mechanism
calledfast recorery removesthe slow start phasethat happendetweernwhenfast retransmit
detectsa lost paclet andadditive increasebegins. Slowstart is only usedat the beginning of
a connectionandwheneer a regular long timeoutoccurs. At all othertimes, the congestion
windowis following a pureadditive increase/multiplicatie decreas@attern.

Theimplementedl CP layeris adervationof theBSD 4.3 TCP (Renoversion)which will
behae asdescribedabore. The TCP layeralsosupportdelayedACKs- acknavledgingevery

othersegmentratherthanevery segment- whichis optional.

4.4 ATM Segmentationand ReassemblySAR)

ATM cellis fixedatasizeof 53 bytes.Packetshandeddown from high-level protocolareoften
largerthan48 bytes,andthus,will notfit in the payloadof an ATM cell. The solutionto this
problemis to fragmentthe high-level messagé@nto low-level pacletsat the source transmitthe
individual paclets over the network, andthenreassembléhe fragmentsbacktogetherat the
destination.Thetechniques calledseggmentatiorandreassemblySAR).

The ATM AdaptationLayer (AAL) representst SAR layer AAL sitsbetweerATM layer
andthevariable-lengttpaclet protocolssuchaslP. SinceATM is designedo supportanumber
of servicesdifferentserviceswould have differentAAL needs.Hence four adaptatiorayers
were originally defined. AAL1/2 were designedio supportguaranteedit rate serviceslike
voice, while AAL3/4 were intendedto provide supportfor paclet datatransferover ATM.

AALS5 emegesasamoreefficientlayerover AAL3/4 andis thepreferredAAL in thelETF for
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transmittinglP datagram®ver ATM. AAL5 is implementedn this SAR modulesincewe are

assumingnternettraffic onthe TCP connections.

4.5 ATM network layer

4.5.1 Overview of ABR traffic management

ABR requiresconstantinteractionbetweerthe network andthe sourceend-host.The network
consistof switchesthatusetheir currentloadinformationto computethe allowablecell rates
for the sources. The sourceend-hostghenlimit their datatransmissiorto ratesallowed by
the network. Theseratesare sentto the sourcesasfeedbackvia resouce manajement(RM)
cells. RM cellsaregeneratedy the sourcesandtravel acrossnetwork to the destinationend-
host. Thedestinationseturnthe RM cellsto the sources. Th&BR traffic managemerdécheme
is illustratedin Figure4.2. The ABR traffic managemeris rate-basedincethe sourcessend
dataat a specified’rate” which is differentfrom other paclet network suchas TCP where
the controlloop is window-based.The schemes a closed-loopbecausdhereis a continuous

feedbackbetweerthe network andend-hosts.

Data Cells Forward RM Cells

OomRdoooomn. omRogoooom|
Source Switch Ee‘stination

\/

Backward RM Cells

Figure4.2: ABR Traffic Management

During connectiorsetup,ABR applicationsnegotiateseveral parametersvith the network.
Two importantparametersare the peakcell rate (PCR), and the minimum cell rate (MCR).
PCRis the maximumrateatwhich the sourcewill beallowedto transmiton this virtual circuit
(VC). MCR is the guaranteedninimumratea network hasto resere for the VC. During data
transmissiorphase the rate at which a sourceis allowed to sendat ary particularinstantis
calledthe allowed cell rate (ACR). The ACR changesetweenPCR (i.e., upperbound)and

MCR (i.e.,lowerbound).lt is setto initial cell rate(ICR) atthe beginning of the connectioror
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afteralongidle period. Thelist of parametersisedin the ABR serviceis presentedn Table

4.1.

Label | Meaning Default Value
PCR PeakCell Rate -
MCR | Minimum Cell Rate 0
ACR | AllowedCell Rate -
ICR Initial Cell Rate PCR
NRM | Numberof cellsbetweerFRM cells 32
MRM | Minimum numberof cellsbetweerforward RM cells 2
TRM | UpperboundonInterFRM Time 100ms
RIF RatelncreaseFactor +
RDF | RateDecreasdactor =
ADTF | ACR Decreasdime Factor 500ms
TBE TransienBuffer Exposure 16777215
CRM | MissingRM-cell Count [t
CDF | Cutof Decreasdactor =

Table4.1: List of parametern ABR service

The structureof the RM cellsis shavn in Figure4.3. Every RM cell hasthe regular five
bytesATM header The protocolid field is setto 1 indicating ABR connection.The payload
typeindicator (PTI) field is setto 110in binaryto distinguishRM cells from datacells. The
direction (DIR) bit is usedto distinguishforward RM (FRM) cell and backward RM (BRM)
cell. Congestiorindication(Cl) andno increasgNI) bits areusedin explicit rate switchesto
indicatecongestionn the network. The currentcell rate (CCR) field is usedby the sourceto
indicateto the network its currentrate. The explicit rate (ER) field gives feedbackfrom the
network to the sources. It adwertisesthe maximumrate allowed to the source. If either CI
or NI is set,the sourcewill adjustits ACR accordingto Table4.2. Note thatwhenthereare
multiple switchesalongthe path,the lowestER given by the mostcongestedwitchis theone

thatreacheshesourcen BRM.
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1 GFC VPI

2 VPI VCI

3 VCI

4 VCI ‘ PTI ‘ CLP
5 HEC

6 PROTOCOL ID=1
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EXPLICIT-RATE(ER)

CURRENT €ELL RATE (CCR)

MINIMUM CELL RATE- (MCR)

Queue-Length(QL)

-Sequence-Number (SN) -

Reserved
53

X : Not Specified

Figure4.3: Structureof RM cell

Cl | NI | New ACR

0 | MIN(ER, ACR+ PCRx RIF, PCR)
1 | MIN(ER, ACR)
X | MAX(MCR, ACR— ACR x RDF)

= OO

Table4.2: New ACR Uponarrival of BRM

Program 4.1 Pseudaodefor sourcereactionto backwardRM cells

1 if (A =1)

2 ACR = ACR - ACR x RDF;
3

4 else if (C =0) and (NI = 0)
5 ACR = ACR + ACR x RIF;
6 ACR = M N (ACR, PCR);
7 endi f

8 if (ACR > ER

9 ACR = ER

10

11 ACR = MAX (ACR, MCR);

22



45.2 ABR end-host

4.5.2.1 ABR sourcebehavior

1. Thetransmissiomateof sourceshouldequalto orbelov ACR.Also, MCR <= ACR <=

PCR

2. At the bgginning of a connectionsourcessendat ICR. Thefirst cell is alwaysa FRM

cell.

3. Thesourcesarerequiredto sendanFRM afterevery 31 datacells. However, if thesource
rateis low, the time betweenRM cells would be large and network feedbackwill be
delayed.Theproblemcanbe overcomeby imposinga sourceto senda FRM cell if more
than100ms(TRM) haselapsedincethelastFRM. This causesnothemproblemfor low
ratesources.n somecase at every transmissioropportunitythe sourcemayfind thatit
hasexceededlO0O msandneedgo sendan FRM cell. No datacellscanbetransmittedn
this case.Hence,anadditionalconditionwasaddedthattheremustbe at leasttwo other

cells(MRM) betweerFRM cells.

4. If no FRM cells have beensentaftera periodof 500 ms (ADTF), thenthe ACR should

beresetto theminimumof the ACR andICR andan FRM cell shouldbe sent.

5. If atleastCRM numberof FRM cellshave beensentsincethelastbackwardRM cell was
receved,thenACR shallbereducedy atleastACR X CDF, unlesshatreductionwould
resultin aratebelov MCR, in which caseACR shallbesetto MCR.

6. Whena BRM is receved, ABR sourcesshouldresetthe ACR basedon Congestiorin-
dication(Cl), No IncreasgNI), andExplicit Rate(ER) informationfrom the BRM cell.
New ACRis computedasshavn in Table4.2.

4.5.2.2 ABR destination behavior

Theduty of destinationss to turn aroundFRM cellsthey receved. This involveschangingthe

directionbit in the FRM cells sothatthey becomeBRM cells, thenthe destinationsendthem
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back out on the VC on which they werereceved. The following itemsillustrate destination

beh&ior.

1. Whenadatacell is receved, its EFCI bit is storedasthe EFCI stateof the connection.

2. Uponreceving FRM cell, the destinationshouldturn aroundthe cell to returnto the
source.Thedirectionbit will bechangedrom "forward” to "backward”. Also, settheCl

bit if the EFClwassetin thelastdatacell receved.

3. ABR destinationsnaysetCI and/orNI bits, aswell asmodifying the ER in the RM cell

if it is experiencingnternalcongestion.

4. ABR destinationsnay generatea BRM cell without first having receved a FRM cell in
orderto increasethe responsienessof the source. The Backward Explicit Congestion

Notification(BECN) andCl bit in the BRM cell shouldbe set.

4.5.2.3 ABR end-hostqueueingdiscipline and traffic shaping

Generated and turned-around RM cells
M

CB

Priority arbitration
to select a queue
for transmission

CBRVC

VBR VC
VBR )
. To link
Traffic Shaper

L ABR
ABR VC

UB!

UBR VC

Figure4.4: End-hostgueueingiscipline

Whensourcesenddataon a virtual circuit, pacletsfrom applicationpropagateo the SAR
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layer wherethey arechoppednto 48 byte payloads.Five bytesof ATM headerare addedto
eachpayloadanda streamof 53 byte ATM cellspropagateo thelower protocollayer.
Figure4.4 shavs how ATM cells are queuedat the ATM network device. Cells entering
ATM network layerarequeuednto a transmitqueueon a perVC basiswherethey wait to be
enabledby thetraffic shaper Cell-level traffic shapingis performedon every ABR VC in this
implementation. The purposeof traffic shapingis to decidewhetheror not a VC shouldbe
allowedto senda cell basedonits currentcell rate (CCR). The algorithmof traffic shapingis
trivial. The shaperspacesell transmissioron the VC asevenly aspossibleusingCCR. Each
ATM network device hasfive queuesasshavn in Figure4.4. WhenABR cellsareenabledoy
the shaperthey aretransferredrom their VC queueto the ABR queue.VBR traffics arenot
shapedandwill proceedlirectlyto VBR queue.CBRandUBR queuesreunusedn thiswork.
At eachtransmissioropportunity thenetwork device is allowedto sendonecell if they areary
in the device queues.The schemeusedto choosea cell is a strict priority which favors traffic
classesn theorder:RM, CBR,VBR, ABR, andUBR. Hence,if anRM cell waiting, it will be
sentwith highestpriority, regardlesf theoccupang of otherqueuesTheselectectellis then

sentto the physicallink.

4.5.3 Switch Behavior
4.5.3.1 Switchrouting and queueingdiscipline

Thetaskof an ATM switchis to switch cells from anincoming (Port, VC) onto an outgoing
(Port,VC)basedon the contentsof arouting table. Note thatthe currentimplementatiordoes
not supportvirtual path (VPI) switching capabilities. Table4.3 shavs a samplerouting table
with threeconnections Eachentry representsouting informationfor a particularconnection.
For instance cells with VCI=1 comingfrom port number0 areroutedto port number6 with
sameVCIl number

The switch employs perclassqueueingdiscipline. In perclassqueueingeachport hasa
FIFO queuefor eachclassof traffic; CBR,VBR, ABR, andUBR. In addition,thereis aseparate
RM gqueueto seggregateRM cells from datacells. As shavn in Figure4.5,incomingcellsare
routedto the outputport of their connectiorwherethey arequeuedon the particularqueuefor

theirtraffic class.
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In Out

Port | VCI | Port| VCI
0 1 6 1
0 2 7 2
1 3 6 3

Table4.3: Exampleroutingtable

InPort OutPort

Figure4.5: PerClassQueuingin the ATM switch
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Duringeachslottime,onecell from eachportis transmittedo next destination A weighted-
roundrobin schedulingmechanismhasbeenimplementedo servicecells betweenclasseon
eachport. Sincethefocusof this work hasbeenABR serviceandbackgroundvBR traffic, the
schedulingsupports only availablefor ABR andVBR. TheVBR andABR queuesreserviced
with aVBR:ABR weightratio of 200:1. The RM cellsin the RM queueareservicedwith the
highestpriority.

4.5.3.2 Switch congestioncontrol

Despiterouting cellsto their destinationthe principle functionof ATM switchesis to monitor
congestioron the switchesandprovide feedbacko the ABR sourcesDueto the bursty nature
of VBR traffic, theinstantaneoubandwidthavailableto ABR connectionvarieswith time and
maycausecongestiorandcell loss. Theswitchesn anetwork shallreducecongestiorandkeep
cell lossto minimumwhile efficiently allocatingthe network bandwidth.

Uponthe receptionof a BRM cell, switchesinvoke a congestioncontrol algorithmwhich
provides feedbackinformationto the ABR sourcesusing RM cells. Several congestioncon-
trol scheme$have beenproposedandthe two commonforms are binary feedbacksystemand
explicit-ratefeedbaclksystem.

Binary feedbacksystemis feedbackbasedn a binarycondition,normallyaflag to indicate
congestedor not congested The Explicit Forward Congestionindication (EFCI) bit in the
ATM headeiis usedfor this purpose By settingthe EFCI bit, switcheson the pathfrom source
to destinationnotify the destinationthat congestiorwas experienced.Switchesmonitor their
gueudengthsandsetEFClwhenthey exceededpredefinedhreshold.Sourcesealizenetwork
congestiorby observingthe EFCI bit in the returningRM cells, thenthey adjusttheir sending
ratesusingan additionalincrease/multiplicatie decreasalgorithm. However, binary schemes
canbeunfair sincethe penalizedsourcemay not be the onecausingthe congestion.

Explicit-rateschemeprovide sourceswith the actualratesat which to sendcells. Explicit-
rate schemegorvemge fasterthanbinary schemesndthereforemore suitablefor high speed

networks. Typical explicit-rate schemeerformsthe following:
1. Determindoadon switchby eithermonitoringthe queudengthor thequeuegrowth rate.

2. Computethefair shareof the bandwidthfor eachVC thatcanbe supported.
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3. Determinethe explicit ratesandsendtheseinformationto the sourcegshroughRM cells.

Examplesof explicit rate schemesrethe EnhancedProportionalRateControl Algorithm

(EPRCA)andExplicit Ratelndicationfor Congestiomvoidance(ERICA).

45.3.3 EPRCA

EPRCA|[3] operatest eachoutputport of the switch. The RM cellssentby the sourcecontain
adesiredexplicit rate(ER), thecurrentcell rateusuallysetto the ACR andtheCl bit setto zero.
Theswitchcomputesa meanallowedcell rate(MACR)for all VCs usingarunningexponential

weightedaverage MACR is computedoy

MACR = }—SMACR + ]]—GCCR

The switch monitorsits load by keepingtrack of the queuelength. Whenthe RM cellsreturn
from the destinationthe switch reducesER if it experiencedcongestion. The fair shae is

computedo beafractionof 7/8 of the MACR

fairshare = gMACR

Program 4.2 EPRCAuponreceptionof abackward RM cell

MACR = 15/16 * MACR + 1/16 * CCR;
fair share = 7/8 * MACR

if ( queue_length >= HGH) {

a = 1;
Nl = 0;
} else if (( queue_length < HGH & (queue_length > LON) {
a = 0;
N = 1;
} else {
a = 0;
Nl = 0;

}

ER = MN ( ER, fair share );
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Programd.2shavstheoperatiorof EPRCAatthereceptiorof aBRM cell. EPRCAsetsthe
Cl andNI bitsbasednthe ABR queudengthof theportonwhichthe BRM cell wasreceved.
Thevalueof LOW andHIGH thresholdsaresetto 200 cellsand300cellsrespecirely.

If the calculatedfair shae is greaterthan ER valuein the BRM cell, thenthe ER is un-
changedptherwisethe ERis setto thefair shae. Thisensureghatif BRM cell traversesmore
thanoneswitch, the minimum of the fair shae reacheshe source.Thusavoids congestiorat
the bottlenectswitch.

EPRCAIs generallya congestiorreactionschemenhich is computationallysimple. How-
ever, its congestiordetectiormechanismwhichis basednqueudength,hasbeenshavn to be
unfair. A betterapproachs ERICA, a congestioravoidanceschemewhich usedqueuegrowth

rateasloadindicator ERICA is notimplementecandhencewill notbediscussedhere.
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Chapter 5

Evaluation

5.1 Overview

This chapterevaluatesandcompareshe performancef GTW to ProTEuSn termsof speedup,
scalability on network size, aswell asthe impactof network characteristicand simulation
parameters.The next sectionvalidatesthe network modulesimplemented.A fairly comple
topologyis usedto generataletail network resultsto be comparedo thoseof ProTEuS.This
ensuresorrectsimulationresults. The restof the sectionsfocuson large-scaleATM network
topologiesin performingfurther performancestudy

Experimentsn this chaptemwereperformedonan8-processosSunEnterprisesener known
as Clipper locatedat the LawrenceBerkeley National Laboratory Importantinformationon

Clipperis listedin Table5.1

Nodename Clipper

Platform SUN Ultra-Enterprise
OperatingSystem| Sun0S5.7

Numberof CPU | 8

CPUclockspeed | 168MHz

Table5.1: Clippersysteminformation
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5.2 Validation of GTW modelsfor ATM Simulation

This sectionverifiesthe correctnesef modulesimplementedy comparingnetwork resultsto
thoseof ProTEuSusingan ATM network topologywith threeswitchesfive hostsasconfigured

in Figure5.1. Thereare2 ABR and2 VBR streams.

Sources

Switch
10ms Sinks

ABR1[--

-]
j S~. . Bottleneck
3 N UkA T guien 4 ABR1
VBR1|- f—[ j / \
10ms j oms ,’/ » VBR1
-
- |

\

eh B g
e s Y ABR?2
j\\ / \
) ﬂ Link B \ VBR2
Il

ABR2 [ -~

WL

VBR2 [ -~
5ms

Figure5.1: 3-switch,5-hosttopology

Threesetsof experimenthave beenrunwith differentlink delaysfrom thetwo edgeswitch-
esto the bottleneckswitch. The threesetsof delayson link (A,B) are: (5ms,20ms),(15ms,
15ms),(20ms,5ms). Importantsystemparameterareexplainedin Table5.2. Congestiorwas

experiencedatthe outputport of the bottleneckswitch. This exercisegshe EPRCAalgorithm.

Line rate,Switchingrate 8000cps
ABR sources Greedy
PCR=8000JCR=1000,MCR=0cps
VBR sources BurstyMPEG videotraffic
Averagecell rate= 3000cps

EPRCAqueuethreshold Low = 200cells

High =300cells
Simulatedtime 50 seconds

Table5.2: Systemparameters
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5.2.1 Link Utilization

Table 5.3 compareghe meannormalizedlink utilizationson link A and B. In the first set
of experimentwith link delays(A:5ms, B:20ms), the round trip time (RTT) of ABR 1 is
2x(10ms+5ms)y 30mswhile ABR 2 hasa RTT of 2x(5ms+20ms)=50msDue to the fact
thatABR 1 couldincreasets rateat afasterpace we expectedink A would have a higherlink
utilization over link B. This wasconfirmedby the experimentresultsdepictedin Table5.3. In
the othertwo setsof experimentsthe RTT of link B washigher We obsered similar behaior

wherelink B hasbetterlink utilization. The resultsfrom GTW andProTEuSwerevery close

andshown similar trend.

Link A Link B
Experiment | GTW | ProTEUS| GTW | ProTEUS
A:5msB:20ms | 0.502 | 0.503 | 0.498 | 0.497
A:15msB:15ms| 0.498 0.499 0.502 0.501
A:20msB:5ms | 0.498 | 0.499 | 0.502| 0.501

Table5.3: MeanNormalizedLink Utilization

5.2.2 Mean QueueingDelay

Table 5.4 compareshe meanqueueingdelay experiencedby both ABR cell streamsat the
bottleneckswitch. The gueueingdelaysweregenerallyincreaseasthe RTT increasedSimilar
behaior wasobseredin bothGTW andProTEuS andtheir queueingdelayswereoff by less
than2 % .

ABR 1 queuingdelay(sec)| ABR 2 queuingdelay(sec)
Experiment | GTW ProTEUS GTW ProTEuUS
A:5msB:20ms | 0.159 0.156 0.164 0.163
A:15msB:15ms| 0.165 0.163 0.161 0.160
A:20msB:5ms | 0.167 0.165 0.159 0.157

Table5.4: MeanABR Cell QueuingDelay
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5.2.3 ABR Queuelength

We alsocomparedhe ABR queuelengthat the bottleneckport over thefirst 10 seconds.The
delayon links (A,B) were(15ms,15ms)n this case.Figure5.2 shavs the ABR queuelength
curvesfor GTW andProTEuS The EPRCAwasoperatingon the bottleneckswitchwith ahigh
andlow thresholdof 300 and 200 cells respecirely. Whenaer the ABR queuegren beyond
300 cells, all ABR sourceswerethrottled down until the ABR queueaccumulationdropped
below thelow threshold.Thenthe sourceseganto throttle up andthe queuegrew again.The
evidenceof this repeatedactivity canbe obseredfrom thetwo curvesin thefigure moving up
anddown betweenthe high andlow thresholds.Again, ProTEuSandGTW weregettingvery

closeresults.
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Figure5.2: ABR Queuelength(zoom)

5.2.4 ABR SourceRate

Figure 5.3 compareghe ABR sourceratesof ABR source-lover the first 10 seconds.The

delayson links (A,B) were(15ms,15ms)Sincethe switcheswereallowed to processat 8000
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cells/s,the total bandwidthavailableto all sourcesvas8000cells/s. The averagecell rate of

VBR sourcewas3000cells/s.Hence thetwo VBR sourcesccupied000cells/sandleft 2000
cells/sfor thetwo ABR sourcesEachABR sourcewouldreceve anaveragebandwidthof 1000
cells/s.Figure5.3shavs the ABR sourceratefluctuatingon the averagerate of approximately
1000cells/s.

ABR 1 Source Rate
4500 T T T T

T
—— ProTEuUS
- GTW
[
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1500

1000 -
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Figure5.3: ABR SourceRate(zoom)

5.2.5 ExecutionTime

Table5.5lists the executiontimesof all simulationsperformed.The performancef GTW was
slightly betterthanProTEUS However, the scaleof the network topologyconsideredherewas
smallandtheline ratewaslow. Thesituationdoeschangeasthe network sizegrows.

Similar experimenthasbeendoneusingBONeS,a sequentiatliscrete-eent simulator and

the executiontimesareincludedin thetableto contrasthe advantageof GTW andProTEuUS.
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ExecutionTime (HH:MM:SS)

Experiment

BONeS GTW ProTEuUS

A:5msB:20ms
A:15msB:15ms
A:20msB:5ms

01:40:36| 00:01:24| 00:01:28
01:40:36| 00:01:23| 00:01:28
01:40:36| 00:01:22| 00:01:28

Table5.5: ExecutionTime

5.3 GTW performanceon ATM network simulation

This sectionfocuseson the speedupachiezable on ATM network simulationusing multiple

processorsIwo large-scalenetwork scenariogaresetupto studyGTW's performance.

5.3.1 ScenarioA: 2 cores,4 edges40 hosts

Thefirst scenariccomprisedf 2 coreATM switches4 edgeATM switchesand40 hostswas
configuredasshavn in Figure5.4. The configurationof thetopologyis symmetric,asarethe
traffic flows. Eachedgeswitch wasconnectedo ten hosts: 5 VBR connectionsand5 ABR
connectionsTheline ratefor all links wasOC-3rate(i.e., 155Mbps). Switchwasallowedto

switchat OC-3rate. All links have adelayof 5msandthusthe RTT is 50msplus queuingand

transmissioroverheads.

Thebehaiors of thedifferentsourcesaredescribedn Table5.6.

ABR sources

Greedy
PCR=21000cps
ICR=25%PCR
MCR=0cps

VBR sources|

50%squarevave
period=100ms
MAX = 15000cps
MIN =10000cps

TCPsource

Greedy

TCPlayer

Window size= 512KBytes
TCPProcessingime=1ms

Table5.6: ScenarioA: Sourceparameters
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The primary performancemetric to be studiedhereis the executiontimesof simulations.
Thescenariovassimulatedwith four differentloads.For eachload, threesimulationswvererun
utilizing 2, 4, and6 processorsespecirely. Runningsimulationon all 8 processorswvailable
on Clipper is notrecommendedinceone processors alwaysdedicatedo operatingsystems
kernelprocesses.

Thefour loadsaredistinguishedy traffic typesandtraffic directions.Two traffic typesare
raw ABR traffic andTCPover ABR traffic. Andthetwo traffic directionsare:1.) uni-directional
traffic wheredatacellsflow from sourceto destinatiorin onedirection;2.) bi-directionaltraffic
wheredatacells flow in both forward and backward directions. Bi-directionaltraffic roughly
doubledtheload on the network, andhencethe numberof simulatedeventsandexecutiontime
would be doubled.The simulatedtime for eachsimulationis fixedat 10 seconds.

Table5.7 takulatethe numericalresultsfrom the simulations.The histogramsn Figure5.5

shawvn theresultsvisually.

ExecutionTime (seconds)
Experiment | # Processors GTW ProTEuS
Uni-directional 2 1551.75 1191.32
Traffic 4 1228.38 1213.28
ABRonly 6 610.33 1055.88
Bi-directional 2 2622.97 1548.12
Traffic 4 2177.81 1540.79
ABRonly 6 1134.29 1221.99
Uni-directional 2 1600.48 1234.22
Traffic 4 1649.88 1243.12
TCPoverABR 6 663.93 1070.77
Bi-directional 2 3016.11 1540.10
Traffic 4 2730.70 1502.08
TCPoverABR 6 1488.28 1200.08

Table5.7: ScenaricA: ExecutionTime

The numbersshavn in Table5.7 do not intendto indicatethat oneis fasterthanthe oth-
er sinceGTW and ProTEuSoperateon fundamentallydifferent hardware architectureswith
unmatchedCPU processingower, differentinterprocessocommunicatioroverheadsetc. A
morepowerful multiprocessomachingfor GTW or PCsfor ProTEuScandramaticallyimprove

the outcomesf the experiment.Indeedwe focuson thetrendson theresult.

37



Uni-ABR Bi-ABR

3500 3500
Hl GTW
3000 [ ProTEuS 3000
(%) (%2}
g 2500 E 2500
o o
o (5]
& 2000 & 2000
Q [}
£ 1500 ‘ £ 1500 i
S 5
@ 1000 € 1000
w w
500 I 500
0 0
2 4 6 2 4 6
Num. CPU Num. CPU
Uni-TCP/ABR Bi-TCP/ABR
3500 3500
3000 3000
@ 0
2 2500 2 2500
o o
{53 (5]
& 2000 & 2000
() [}
£ 1500 g £ 1500 i
¢ g
© 1000 ¢ 1000
w w
500 I 500
0 0
2 4 6 2 4 6
Num. CPU Num. CPU

Figure5.5: ScenarioA: Executiontime vs NumberCPU

Onemajortrendwe obsered is that ProTEuSscalesbetterwith traffic load comparedo
GTW. Thetraffic load on the network wasdoubledin the bi-directionalcases.GTW required
nearlytwice the executiontime to completethebi-directionalcasecomparedo uni-directional
casesWhereafProTEuSrequiredonly 20%longerexecutiontime. Anotherobseredtrendis
that GTW achiered more speedupvith more numberof processor This indicatesthat GTW

canexploit moreparallelisminheritedin large-scalenetworks.
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Speedup vs # Processors ( Scenario A )
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Figure5.6: ScenaricA: GTW Speedugrelative to 1 processor)

The GTW'’s achieved speedugor all four loadsare plottedin Figure5.6. We were able
to gaina speedupzloseto 3.5 on the simulationsrun on 6 processors.The reportedspeedup
of parallel simulationof ATM network in Telesimprojectdescribedn [31] is belov 3.0 on
simulationusing 8 processorsin generalthe speedumependson the size and configuration
of a network topology aswell asthe partitioningof LPs. Resultsfrom Telesimdescribedn
[31] wereperformedusingrealisticscenariosvhich wereasymmetrian topologyandhardto
be partitioned.Hence lower speedumain wasexpected.Anotherimportantobseration from
theTelesimresultsshavn thattheparallelsimulationspeedupmproveswith therelative sizeof
the ATM network scenarioexecuted aswell aswith therelative traffic load on eachscenario.

In Figure5.6, the obsered speedupvhenusing 4 processorsvaslow asexpected. The
reasornis thatthe partitioningof LPs onto 4 processorsvasdifficult to achieze goodload bal-

ancing.
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5.3.2 ScenarioB: 4 cores,12 edges,120hosts

B

Edge Switch Edge Switch
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Core Switch Core Switch

5

E

Core Switch Core Switch

(1 O mE-
1 O ] O
(1 O 1 O

Figure5.7: 16 Switch120Host Topology

This larger scenarioccomprisedour core switchesandtwelve edgeswitches.The network
topologyis shavn in Figure5.7. The four core switcheswere interconnecte@nd eachcore
switchwasattachedo threeedgeswitches.Every edgeswitchwasconnectedo 10 end-hosts
consistingd ABR sourcesand5 VBR sourcesAgain, the network topologywasdesignedo be

symmetric.All links wereOC-3rate. Thelink delayof everylink was5 msandhencethe RTT
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of all connectionsvas50 ms.

Thebehaiors of thedifferentsourcesaredescribedn Table5.8.

ABR sources| Greedy

PCR=36000cps
ICR=25%PCR
MCR=0cps

VBR sources| 50%squarevave
period=100ms

MAX =36000cps

MIN =10000cps
TCPsource | Greedy

TCPlayer Window size= 128KBytes
TCPProcessingime =1 ms

Table5.8: ScenaridB: Sourceparameters

Simulationswith differentloadsthat have beenperformedon the previous scenariowere
repeatedn this scenario.The only changemadewasthat we reducedthe simulatedfrom 10
secondgo 1 second.Thereducedsimulatedime would still yield stableresultssincethislarger
scenariovould executeapproximatelysix timesmoreeventsthanthe previous scenario.Table
5.9talulatesthenumericakresultsfrom thesimulations.Thehistogramsn Figure5.8 compared

theresultsvisually.
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ExecutionTime (seconds)

Experiment | # Processors GTW ProTEuS
Uni-directional 2 762.88 327.14
Traffic 4 385.36 239.43
ABRonly 6 298.47 178.87
Bi-directional 2 1569.48 527.29
Traffic 4 851.44 335.64
ABRonly 6 662.42 257.88
Uni-directional 2 784.74 349.75
Traffic 4 425.72 241.39
TCPoverABR 6 331.21 178.66
Bi-directional 2 1535.20 549.22
Traffic 4 871.57 327.24
TCPoverABR 6 668.90 251.07

Table5.9: ScenaridB: ExecutionTime

Unlike the previous scenario,ProTEuSoutperformedGTW with a larger mamgin in this
biggerscenario Again, ProTEuSscaledetterwhenthetraffic loadwasdoubled.GTW is better
thanProTEuSn exploiting parallelism(i.e., gainedmorespeedupvith moreprocessors).

The GTW's speedupcunes for all four loadsshawvn in Figure 5.9 are nearlinear The
speedumainedarebettercomparedo thesmallerscalescenaricA. Speedupsing6 processors
couldreachover 4.0 ontwo of thecasesThis betterspeedupnatchedhe obserationfrom the
Telesimprojectmentionedn previous section:the parallelsimulationspeedupmproveswith
therelative sizeof the ATM network scenarioexecuted aswell aswith therelatve traffic load

on eachscenario.
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5.4 Effect of network characteristicson GTW performance

5.4.1 Effect of feedbackloop in network: RollbacksdegradeGTW performance

This sectionstudieshow network feedbackcontrolloopsincreaseaollback activity andimpact
GTW’s performance.Furtherexperimentshave shavn thatthe rollback percentagéi.e., per
centagef processedventsthatarerolled back)notonly depend®ntheinteractionamongnet-
work componentgi.e., communicatiorpatternamongLPs), but several simulationparameters
have impactson the performanceoo. The mostcritical factoris the eventmemoryallocation.

All simulationsin this experimentwere usingthe 6-switchmodelwith link delaysetto 5
ms. Simulatedtime was10 secondsn eachsimulation.

Again, thefour differentloadsexperimentmentionedeforewasusedin studyingrollback
actiity dueto network controlloops. We suspecthe uni-ABRload would have lessrollback
actvities sincetherewasonly onefeedbacKoop (i.e., EPRCAclosedloop control) operating.
Uni-TCP load was subjectedo an additional TCP controlloop. ACK pacletsin the opposite
directionhave the potentialto causemorerollbacks. Both bi-ABRandbi-TCP loadshave bi-
directionaltraffic andhencewould triggerthe mostrollbacks.

Figure5.10shavs how rollback percentagelependean the eventmemoryallocation. In
general,excessie event memoryallocationwould degradeGTW's performance.Despitethe
dependengc of rollback percentag®n event memory the curvesin Figure5.10confirmedour
hypothesis.Uni-ABRload with little backward traffic wascausinglessrollback actiity. Uni-
TCPloadhastwice asmuchrollbackactiity thanthe Uni-ABRIload. Bi-ABRandBi-TCPloads

with heary backwardtraffic have the mostrollbackpercentage.
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Rollback % vs Event momery allocated
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Figure5.10: Rollbackpercentage's Eventmemoryallocated

As mentionedbefore,excessie eventmemorydegradesGTW's performance 10 MB was
the optimum event memoryallocationfor most of the simulationsexceptfor the caseswith
bi-TCP load. Eventmemorylessthan 10 MB would led to memorystanation andsimulation
haltedasa result. This obseration canbe explainedby studyingthe numberof abortedevents
(i.e., eventaborteddueto memorystanation, anda fossil collectionwill be calledto reclaim
memory)andthe numberof fossil collectionshavn in Figure5.11andFigure5.12respectiely.
As the event memoryallocatedincreasedtherewas lessnumberof abortedevent sincethe
allocatedmemorywassuficiently large. Consequentjessabortedeventreducedhe number
of fossil collectionaswe canobsere the dropin Figure5.12. The procesdo abortan event
actually sloved dowvn the moving paceof an LP. In otherwords, LPs advancedslowver when
the eventmemoryallocatedwas small amount,causingmore abortedevents. This slow dowvn
in fact helpedto decreaseéhe numberof potentialrollback. On the otherhand,asthe event
memoryallocatedwaslarge,individual LP could adwanceits local virtual time in a fasterpace
sinceit wasnot experiencingmuchdelayfrom abortedevents. Thelarger gapin local clocks

amongLPscouldpotentiallyleadto morerollbackactuvity.
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The cost of rollback actvity is high. The performanceof GTW worsesas the rollback

percentagancreasesvhenthe eventmemoryallocationbecomesxcessiely high.

5.4.2 Effect of roundtrip time (RTT)

This sectionstudieshow network with long RTT affectsGTW's performanceAll simulations
have beenperformedusingthe 6-switchscenaricA. Six processorsvereusedfor all simulation
runs.Thedelayoneachlink wasvariedfrom: 1,5, 10,20,to 40 ms. Hence theRTT wasvaried
from: 10,50, 100,200,t0 400ms. The400msRTT is realisticconsideringsatellitelinks.
Variationonthe RTT will vary thetraffic load on the network with afixed simulatecdtime,
especiallyin the TCP casesTo ensurea constantoadonthenetwork acrossll simulationruns
with differentRTTs, we fixed the load by requiring all sourcego transfera fixed amountof
traffic asdefinedin Table5.10. All simulationswith varying RTT simulatedequalnumberof
events. The processingoad on eachprocessowasalmostequivalentandhencewe expected

the executiontimesfor all simulationswould be similar despitetheeffect of RTT.

VBR source| Sendexactly 100,000cells
ABR source| Sendexactly 100,000cells
TCPsource | Sendexactly5,120KBytes

Table5.10: Sourcetraffic policy
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However, resultsshavn in Figure 5.13 give evidenceof the effect of changingRTT on
GTW’s performanceThe performancealegradedasthe RTT wasincreasedThis behaior was
amplifiedin the TCP cases.The RTT is obviously afactorimpactingGTW’s performanceyet
the exact reasonfor this behaior is not known at this stage. One obseration on the simu-
lationswasthat the memoryconsumptiorincreasedremendoushasthe RTT wasincreased.
Largermemoryrequirementegradesperformance The real culprit behindthis large memory

consumptiorwill beleft asfuturework.
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Figure5.13: ScenaricA: Executiontimevs. RTT (fixedload)
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ExecutionTime (seconds)

Experiment | RTT (ms) GTW ProTEUS
10 330.44 496.00
Uni-directional 50 333.67 513.50
Traffic 100 341.49 513.46
ABRonly 200 366.40 518.33
400 398.47 533.03
10 609.16 585.95
Bi-directional 50 649.27 603.76
Traffic 100 651.15 602.05
ABRonly 200 708.41 617.11
400 857.33 643.14
10 307.28 565.12
Uni-directional 50 330.40 595.94
Traffic 100 349.24 633.44
TCPoverABR 200 389.14 702.97
400 470.61 858.66
10 574.69 656.51
Bi-directional 50 648.79 684.89
Traffic 100 703.38 754.35
TCPoverABR 200 835.71 802.07

400 1017.36 1098.67

Table5.11: Executiontime vs. RoundTrip Time (RTT)
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In orderto comparghe performancef GTW andProTEuSn termsof RTT. Theapproach
to fix the load is not fair to ProTEuUSIin experimentwith TCP. The TCP sourcesand VBR
sourcedinish their datatransmissionst timesthat arefar apart(dueto differentRTT) in the
simulationwherethe network would experiencdow bandwidthutilization duringthegap. This
uneventraffic loadduringthecourseof simulationfavors GTW but hurtsProTEuSperformance.
Hence we repeatedhe experimentwherewe fixedonly the ABR or TCP source hotthe VBR
source.This changeshouldstill yield meaningfulresults.

Thenew resultsaretalulatedin Table5.11. Figure5.14shavs the executiontimesnormal-
izedto the 10mscase.Theimpactof RTT on ProTEuSis lessolviousin the ABR-onlycases.

However, longer RTT with the TCP layer exists can affect ProTEuS’ performanceas bad as

GTW's.
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5.4.3 Effect of Network Size

This sectionstudieshow well GTW scaleswith network size using six processors.Scenario
A andB describedn previous sectionswere used. ScenarioA has6 switchesand 40 hosts
while scenaridB has16 switchesand120hosts.The network sizeis roughlytripled. However,
the computedraffic loadson both scenariosasa differenceof 5.3 timessincethe sourcesn
scenaridB weresendingat higherrates. The RTT was50 msandthe simulatediime wasfixed
at10seconds.

The executiontimesof all simulationsaretakulatedin Table5.12. Obsere in Figure5.15
thatthe executiontimesfor thetwo scenariogliffer by afactorof approximatelyé timesin the
uni-directionalcasesvhereasr timesin the bi-directionalcases.The incrementis morethan
linearsincetherearemoreoverheadgi.e., moreLPs) involvedin largerscenaridn additionto
theincreasedizeandload. Ontheotherhand,ProTEuSequiredonly twice the executiontime
whenwe multiplied the network sizeandtraffic load.

Note that attemptsto simulatescenarioB with Bi-TCP load for 10 seconddailed dueto
eventmemorystanation (i.e., insufiicient physicalandvirtual memoryavailableon clipper to
completghesimulation). Theerrormessaggivenby theGTW kernelwas’sameGVT in arow
for 100000times”. This failed casecanbe explainedasthe following: Considera successful
simulation.A processohaslocal virtual time (LVT) = x. Theeventmemoryallocateds suffi-
cientenoughto comfortablyaccommodateew events(i.e., laterbecomeunprocesseevents).
After processinghe next unprocessedvent, LVT adwancedto (x+increment). Given thatall
processori the simulationbehae the same,GVT canbe advancedandfossil collectioncan
reclaimmemory Theeventqueueshrankandthereis moreroomfor future events.Considera
larger network scenariovherethe #LP perprocessoincreasesAlso, thetraffic loadincreases
which resultsin moreeventsperLP (i.e., moreprocessedventsneededo be savedtp permit
rollback). At somepointof asimulationthe processe@ventskeptin eventqueuecandominate
the eventmemoryallocated.Thereareno longerenoughspacedor new eventsandthesenewn
eventsarelikely to beaborted . Theunprocessedventqueuecanbecomeemptywhenthesitua-
tion worsen.No new eventcanbeadmittedandhencenounprocessedventcanbeprocessedtb
advanceLVT. During GVT computationpld GVT = newv GVT. Failureto advanceGVT results

in zeromemoryreclaimedonthis particularprocessorThe phenomenoipersistandthe entire
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systemfalls into anunproductie stage(deadlock).After failing to advanceGVT for somary
trials (100000) the simulatorgave up andhaltedthe simulation.Notethatsimilar phenomenon
hasbeenexperiencedn a smallerscalesimulationwhenthe eventmemoryallocationwastoo
little. Thesolutionis to allocatemoreeventmemory However, whentheavailable850MBytes
of physicalmemoryand2.5 GBytesof virtual memoryon the machinewerefully consumedn
this casestudy therewasno extra memorycould be allocated Hence the simulationcould not
becompleted.

In generalthe executiontime increaseasthe network sizeandtraffic loadincreasesYet

ProTEuS’scalabilityon network sizeis betterthanGTW.

ExecutionTime (seconds)
Experiment| Network size/scenariq GTW ProTEuUS

Uni-ABR A 610.33 1055.88
B 3520.28 1754.40

Bi-ABR A 1134.29 1221.99
B 7845.38 2528.08

Uni-TCP A 663.93 1070.77
B 3834.70 1873.59

Bi-TCP A 1488.28 1200.08

B N/A 2579.70

Table5.12: ExecutionTime vs network size
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Ratio of execution time —— scenario B/ A

Increase in execution time from scenario A to B
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Uni—ABR Bi-ABR Uni-TCP Bi-TCP

Figure5.15: Executiontime vs. network size

53



5.5 Effect of simulation parameterson GTW performance

5.5.1 Eventmemory and statememory allocation

We have shavn thenggative effect of eventmemoryallocationin previousstudy Thesimulation
parameteshouldbe tunedto achieve betterperformance.This issuewill be revisited hereto
includetheeffect of statememoryallocation.Statememoryis usedin GTW to keepsavedstate
vectorthatensuregorrectrollback.

Again, the 6-switchmodelwasusedin this experiment.All simulationsvereperformedon

6 processors50 msRTT, usinguni-TCPload. The simulatedime was10 seconds.

Effect of memory allocation on execution time
700 T T T T T T T T T

—— State memory = 10 MB
—©— State memory = 20 MB
—— State memory = 40 MB

650

600

Execution time (s)
(4]
n
o

500

4504

400 ‘ ‘ ‘
10 15 20 25 30 35 40 45 50 55 60

Event memory (MBytes)

Figure5.16: Executiontime vs. eventmemoryallocated

As shawvn in Figure5.16,the eventmemorywasvariedfrom 10 MB to 60 MB. Theperfor
manceworsen(i.e. executiontime increaseqd asthe eventmemoryincreased.This behaior

was studiedand explainedbefore. However, the statememoryhaspositive effect on GTW.
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GTW performedbetteras more statememorywas allocatedto the simulations. Analysison
simulation statisticsshavn that less statememorywould requirethe simulatorto pausefor
more memoryallocationduring the courseof simulation. More pre-allocatedstatememory

preventsthis extra overheadandthusincreaseperformance.
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Chapter 6

Conclusionsand Futur e Work

In this thesis,the performanceof an optimistic parallelsimulationengine,GTW, is evaluated
usinglarge-scaleATM network. Modelsof ATM switchesandend-hosthave beenimplement-
ed usingthe modelinginterface,provided by GTW, which separatethe programmeiffrom the
simulatorkernel. The modelingframewnork providesprogrammers convenientandstructural
way to definethe stateandbehaior of anobjectin sections.The communicatioramongLPs
aredonetrivially by sendingmessagéi.e., eventscheduling).

As we have demonstrateddTM network simulationcanbe done4 timesfasterusing6 pro-
cessor®namultiprocessomachine.To anextent,generahetwork simulationcantruly benefit
from time warp’s optimistic parallelsimulation.However, load balancings animportantissue
to betackledbeforeanoptimumspeeduganbeachiared. Imbalancedoadduringthe courseof
simulationoftenleadsto poorspeeduginceidle processorsould notconstriluteto theoverall
speedup.The currentversionof GTW requiresstaticmappingof LPsto processorsA care-
ful mappingplan mustbe doneby userto achiere good speedup.Automatic LP-to-processor
mappingmechanisnhasbeenproposedo make parallelsimulatormoreuserfriendly, but such
mechanisnis not yet mature. Anothermajor difficulty in performingsimulationon GTW is
that usersare requiredto tune several simulationparametersn orderto ensurea simulation
executessuccessfully Several major parametersequiredto be definedarethe eventmemory
statememory local communicatiorpercentageGVT period, etc. Insuficient event memory
will breaka simulationandthereis no systematiavay to predictthe eventmemoryrequirement

(i.e.,eventmemoryrequirementlepend®ntheLPs’ statesizes network characteristicsuchas
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RTT, etc). Experiencds oftenthetool in determiningthe eventmemoryrequirementFurther
tuning,which s very time consumingjs requiredto achieze optimumperformanceSimilarly,

ProTEuSneeddo addresgheissueof mappingto achieve load balancing.The valueof epod

[17] mustbetunedto a suficientminimumin orderto reduceexecutiontime.

In generalour evaluationhasshavn that GTW caneffectively utilize the availableproces-
sorsto achieve greatspeedup.As the network size grows, more parallelismcan be exploited
using more processors However, ProTEuSoutperformedGTW in term of scalabilityin net-
work size. Resultsalsoshaved that network characteristichiave significantimpacton the per
formanceof GTW. Onecharacteristiave studiedis network with feedbacKoops. We focused
on ABR serviceasits ratecontrolmechanisnwith feedbackraffic canpotentiallyinduceroll-
backs.An additionalTCPlayerontop of ABR caninducemorerollbacksandfurtherly degrade
the performance Figure5.10 confirmedthe hypothesignmade. However, thesefeedbackoops
will never impactthe performanceof ProTEuSasthey doto GTW sinceProTEuUSiIs free of
rollback. Anothernetwork characteristiavhich affectsthe performances the roundtrip time.
Simulationwith longerRTT requiresmoreexecutiontime. RTT haslessimpacton ProTEuUS.

Interestingfuturework is discussedn below:

1. Explorenew stratgiesto reducethe memoryusageof the existing modelssincememory

consumptiorimits the sizeof network scenario.

2. Simulatearealisticscenaridi.e, takenfrom realworld carriers backbonejvhichis often
asymmetridn topologyandloadedwith variouskinds of traffics. Studyhow well GTW

canexploit parallelismto achieve satishctory speedupby addressinghe issueof LP-

mapping.

3. Integratean IP modelandvariousnetworking technologiedesidesATM to the existing

collectionof models.Studythe feasibility of GTW ona moregenerahetwork.

4. ExperimentGTW on a network of workstation(NOW) platform which is more closely

resembldghearchitectureof ProTEUS.
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