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1 Intr oduction

Integrationof servicesis a crucial issuefor thedesignandthecontrolof high speednetworks.TheAsynchronous
TransferModetechnologytry to ensurea quality of servicefor varioustypesof applications.Sucha network is
basedon a decompositionof messagesin fixed-sizedcellswhich aresentalonga virtual circuit betweenthetwo
end-points.Thequality of serviceshouldbeguaranteedby thenetwork operator. But, thedifficulty is to integrate
severaltypesof trafficsandschedulethecommunicationsaccordingto qualitycriteriafor eachtraffic.

For example,sucha network shouldtransmitfiles without alterationsof thecontents.This impliesa guaranty
on the lossrateof packets,typically �����	� . Anotherapplicationsuchasteleconferencingor on-linevideoneeds
a hugeamountof bandwidthto ensurea good throughput,typically 
���
���� . Other typesof traffic, like audio
communications,needsa controlon jitter or cellsdelaysvariations...

Consequently, theidentificationof congestions,thatgeneratethemostimportantpartof performancedegrada-
tionshasbeena topic of intensestudy. Severalapproachescouldbefollowedto establishtherelationbetweenthe
input traffic andtherealperformances[17]. Thechoiceof a methodologydependsessentiallyon theaccuracy of
thedesiredestimates.

Mathematicalmodelingtechniquesprovide generalresultson the network behavior[22]. They generallyun-
derlinea canonicalmodelfor input traffic suchasBernoulli processor Markov-modulatedBernoulli processand
assumesomeindependencepropertiesinsidethenetwork [23]. Theseefficientmethodsareusefulatahighlevel of
abstractionof themodelandgiverealisticordersof magnitudes.It couldalsobeefficientonsubsystemsstudiedin
isolation.On anotherhand,asymptotictechniquesbasedon Large Deviation establishresultson rareeventssuch
aslosses[16].

Discreteevent simulation[4] is an alternative for consideringmore detailedmodels. Simulation libraries
suchasNSdevelopedat University of California [1] allows compositionof sub-modelslike links, servers,etc.
Performanceindexes that are computedconcernthe generalbehaviour of the network, utilization, load, mean
numbersof cells, responsetime... But estimationof rareeventsprobabilitiesincreasedrasticallythe simulation
duration.Parallelsolutionshavebeenproposedin [15], evena linearspeedupdoesnot offer a directevaluationof
lossrates.Then,adhocvariancereductiontechniqueshouldbeimplementedto observeandestimatetheseevents.

Obtaininga globalandaccurateview of the behaviour of the network appearsto be very difficult with these
approaches.Becausediscreteeventsimulationaddressesa too largeclassof modelsandmathematicalmodelsare
coveringnot enoughgeneralcases,we have to find a new modellingtechnique,for which modelsarereasonably
tractableandwith a sufficient accuracy. One of the major characteristicof ATM networks is the fixed sizeof
cells. Consequently, thesystemcouldappearasa clock drivendiscreteeventsystem,a stepof theclock is simply
the emissiontime of a cell. We have also to remarkthat suchsystemsarehighly parallel,composedby small
switcheswith many queues,links... Thensystemcould be modelledby a hugeautomaton,parallelproductof
many elementary“independent”automatathatrun in a synchronousfashion.�
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Thepoint of this approachis thatsuchanautomatoncouldeasilybeemulatedon a dedicatedcircuit. Recon-
figurablearchitecturesemulatetheautomatonandmeasurementsgiveperformanceindexesor controlparameters.
StiliadisandVarmahave alreadyfollowedthis approachfor schedulinganalysisfor ATM switches.Authorsfo-
cusedon the architectureof the emulatorandillustratethe methodologyon meanbehaviour of the system.The
context wastheFASTprojectat theUniversityof CaliforniaSantaCruz[19].

The aim of this paperis to detail this approachbasedon emulationon a programmablecircuit, a versatile
architecture.This hasbeenvalidatedby an implementationon a versatilearchitectureSim-express.Severalnet-
work behaviour have alreadybeenstudied: evaluationof lossratein multistageinterconnectionnetworks [13],
modellingof discretetime networks[11], analysisof complex schedulingdisciplines[12]. A generalpresentation
of theemulationtool havebeendonein [14] and[10].

Thestructureof thepaperis thefollowing. Themodelingapproachis detailedin Section2. Thesoft andhard
environmentis presentedin section3. Thelastsectionillustratethemethodon a typical problemof performance
evaluationfor Fair Queueingpolicy.

2 Modeling Networks protocolsin a hardware description language

In this section,the methodfor modellingnetwork protocolsin synthesizableVHDL is described.The method
is basedon discretetime queueingnetworks. Differentwaysof queuebuilding areproposed,showing that the
hardwarerepresentationdependson the adoptedmodel. The two first subsectionpresentsthe randomgenerator
andthe techniqueusedto producearrival anddepartureprocess.In the third subsectionthe caseof the �������������
queueis considered.

2.1 Traffic generator

The mostnaturalway to supplya randomword usinghardwareresources,is to usea feedbackshift register[9,
chap.3] or [21]. Therandomgeneratoris basedonthepolynomial �����������! #" andgeneratearandombit ateach
clock cycle. The implementationin parallelof such16 registersallow the generation,every clock cycle of a 16
bits randomword $ , �&%'$�('
)�+* . Thisword $ canbeconsideredastherealizationof auniformpseudo-random
variablewith integervaluesin �-,�.�.�./,0
)�+*21'� .

As we decideto feed our queueingnetwork with randomsources,the problemnow is to generate,using
hardwareresources,theuniform randominto somethingmorecomplex. For example,to reproducea geometric1

arrival processwith an intensityof 3 cells per slots,the pseudorandomword $ is comparedwith the threshold465 3	78
)�+*21��:9 . For examplewith
465<; 
�=�
�> a cell is emittedif $?% 4

andweobtainanintensityof 3A@B�-� C .
Thismethodcanbeusedfor morecomplex sources,likefor examplea DFEG�HDJI/I ModulatedBernoulliProcess.

In this casea stateregisteris updatedaccordingto a randomword andto the probability of transition. Thenan
otherrandomword is comparedto the probability of emissionin the currentstate. This canbe enlarge to other���?K6L sources,thediscretetimeversionof aMarkov ModulatedPoissonProcess[6], wheretwo randomwords
areusedonefor thestatetransition,onefor theemission(figure1).

Bernouilli process

State register

Bernouilli Process
On/Off Modulated Markov Modulated

Bernouilli Process

>ρ

Random word

ρ

Random words

Emission
rate

Transition
State

Random words

>

Figure1: Generalizationof randomtraffic sources.

By thisway, a library of traffic generatorsmoduleshasbeendeveloped.Theinterchangeablemodulesproduce
a standardoutputsignalwhichwill beconnectedto theinput pinsof thequeueingnetwork modules.

1alsocalledBernoulli process
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2.2 The ././1/k queuemodule

If customersareall similar, only a registerandsome”logic glue” areneeded.Theregistercontainsthenumberof
waitingcustomersandis updatedaccordingto input signals:

M thenumberof new customerarrivals,

M thequeue’scapacity,

M thenumberof servedcustomers.

It is importanttonotethataslot(aslotisatimesamplein discretetime)isequivalentto aclockcycle. Consequently
thesimulationdurationis directlyrelatedto thenumberof clockcyclesandis independentof thenumberof served
cells.

To introduceinformationin customers,real packetscarryinginformationcanbe used. This informationhas
to bequeued.This meansthateachqueueof thenetwork is implementedusinga memorycorrespondingin size
to the queuecapacity. However, in the caseof multiple arrivals, multiple informationhasto be storedin one
slot. If packetsare in conflict, they all have to be storedin the memoryin the sametime slot. As a result, a
slot hasto be decomposedinto multiple clock cycles. This increasethe simulationtime –sinceone emulated
slot requiresmultiple clock cycles–andthe hardwaresizeconsumption,sinceeachqueueneedsmemory. This
represents,howeveraconsiderableextension,aspacketscanbetaggedto take into accountpriority, address,hight
level informationor time stamps.It is thuspossibleto studytheend-to-enddelayanddelayvariation,or evento
studyapoint to point communicationwith a backgroundtraffic.

2.3 Instrumentation

Thepurposeof themodellingis to evaluateperformanceindexes: queuesoccupation,waiting time, losses.More-
over, it couldbevery usefulto know theimpactof traffic parameterson theperformances.Thenit is necessaryto
createacertainnumberof measurementmodules.Theirpurposeis to catch,storedandsynthesizeinformationson
thestateof thestudiedsystem.

For example,to know the lossrateat a queue,it is necessaryto count the numberof lossesthat hasappear
duringthesimulation,theoccupationrateis givenby theamountof idle slots.More generally, a largenumberof
performanceindexescouldbecomputedfrom countingspecificevents.

This countingis donethanksto a registeranda simpleadder. Counterscouldbe generalizedto obtainmore
complex statisticestimatorson durations,distributions,correlations,etc. Figure2 shows the architectureof the
emulator.
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Figure2: Hardwarerepresentationandinstrumentationof simpleaqueue.
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Hardware and softwareenvir onment

Thissectionpresentsthehardwarearchitectureandthesoftwareenvironmentusedto emulatequeueingnetworks.
Thesoftwareis usedto describeacomponentmodelingthequeueingnetwork andthehardwaresimulatoremulates
this component.

3.1 Ar chitecture

Thehardwaresimulatoris theSim-expressmachinefrom Metasystems[5]. Theemulatoractslike a giantFPGA
on which thecircuit to betestedanddebuggedcanbemapped.This give to theusertheeffective useof 500,000
programmablelogic gates,17 Mbytesof memory(singleor doubleport) andanadjustableclock frequency from
1 to 10Mhz.

All this hardwarecan be shapedto emulateany digital and synchronouscircuit. Memoriescan be loaded
(initialized) or dumpedusingASCII files. Thevaluesof theinput signalsof theemulatedcomponentaredirectly
chosenby theuser. Theclock frequency is 10 Mhz for a very smalloccupationof theemulatorbut, undernormal
conditions,the frequency is usuallycloseto 1 Mhz. The emulatorclock is underusercontrol. All signalsand
registervaluesareavailableon thelast7000clock cycles,which is veryusefulfor debugging.

Thismachineis from thefirst generation ( �O>H>�= ). An up to datemachinehasat least20 timemorelogic gates.

3.2 Software envir onment

The softwareflow leadsto the files requiredby the emulatorto reproducethe functionalitiesof a circuit. These
functionalitiesaredescribedin termsof concurrentprocessesusingtheVHDL language.VHDL is anefficientway
of obtainingahigh level descriptionof ahardwarecomponent,which is thentranslatedinto gatesby theSynopsys
synthesistools. From this representationof the components,the Metasystemscompilerproducesthe database
requiredby theemulator.

Thesoftwareflow is detailedabove:

M aVHDL (VHSIC HardwareDescriptionLanguage)descriptionof thechip is usedto describethesystemin
termsof concurrentprocesses[3].

M Synopsyssynthesis: this software,providedby Synopsys,translatestheVHDL descriptioninto combina-
tional logic andregisters(logic gates),which arethebasiclogic elementsusedin electronicsystems[3].

M The Metasystemscompiler computesthe links for the set of gatesavailable in the machine. This is the
routingoperation,which resultsin connectingthegatesto eachotherthroughtheprogrammablenetwork of
theemulator.

Thosetwo laststepsareentirelyautomaticexceptfor customizingthefinal resultwith Metasystemsmemory
models.

3.3 Simulation control : visualization and statistic analysis

Emulationis performedusingtheMEL tool, which loadstheemulatorwith theconfigurationfile, andallows run
control, logic analysis,triggeringfeatures,andpatternsverification.MEL canbedrivenby procedureswritten in
a C-likecode,which is usefulfor complex simulation.

All thesignalsor vectors(busses)canbedisplayedin awaveformwindow (seeFigure3).
Controlof input signalsor registerscanbedonethroughthemonitorwindow (seeFigure3). Any signaland

registervaluecanbedisplayedandmodified.

4 Application to Fair Queueing

4.1 GeneralizedProcessorSharing and Fair Queueingpolicies

Variousschedulingstrategieshave beenproposedto guaranteeanamountof bandwidthamongtheflows of cells.
Thesepolicies are basedon reservationsof usersand the servicerate for a flow shouldbe proportionalto the
reservation’svalue PRQ for streamS [20], [8].

In a continuouscontext, fluid traffic sourcesandservices,thepolicy General ProcessorSharing(GPS)guar-
anteesthe proportionalrates. Unfortunately, ATM networks do not satisfyfluidity assumptions.Fair Queueing

4



Figure3: Thewaveformwindow displayall signalsandregistervalueson thelast7000clock cycles.

policiestry to approachthebehaviour of GPS[7]. Themainideais to servecellsaccordingto apriority mark,this
markis computedasif aGPSpolicy wereapplied.A fair queueingservermaintaina tableof markscorresponding
to thecellsin thebuffers.Thecomputationsof marksis generallybasedonavirtual timewhich is updatedateach
slot. This needsparticularoperatorslike minimum, maximum,weightedsums,that mustbe hard-codedon the
switch.Consequently, thehardwarecomplexity is highly relatedwith thequality of thescheduling.

Thesesystemsseemto beuntractableby analyticmodelling,this is dueto theinterleaving of flowsandthenon
“feed-forward” computationof marks.Moreover, if fair conditionsarerespected,thestructureof theoutputtraffic
is verydifficult to catch.

Theaim of this sectionis to describea modulethatemulatea simpleFair Queueingprotocolandanalyzethe
outputtraffic. It is shown that theglobaloutputtraffic is statisticallyregular, but, for a givenflow, perturbations
mayappearin thedistributionof outputbursts.Thisexampleillustratethecapabilityof thehardwaremodellingto
analyzecomplex policies.Thiswork hasbeenappliedfor theCMSswitchdevelopedby CNET-Lannion[12, chap
7].

4.2 Hardwaredescription of a FQ discipline

A typical strategy usedin ATM network is SFF : thecell which hastheSmallestvirtual Finishingtimeat time T is
First served.

To reducethenumberof sumsin thecomputations[2], [18], thevirtual time UR7VT!9 of this disciplineis defined
by : U	7WT!9 5 U)SYXOT[Z	\�]�IRSYE/S+�:^_SYE	`aT[SYbdcfe�IgT!^�ch]V\���Ti�OcOXOU�c:jlkmc:]V]+�
Theoreticalstudyon fair queueingtry to catchworstcases.So,they oftenusedperiodicinput traffic. To observe
morerealisticbehaviours,randomsourceshasbeenimplementedto makestatisticsmeasurements.Thegenerated
input is a superpositionof n Bernoulli streamsof intensity o Q for streamS . The global load of the systemis
denotedby 3 5qp o Q .

The architectureof the fair queueingmoduleis synthesizedin figure 4. It containssources,waiting queues
(one for eachinput stream),one table of markscorrespondingto the first cell in eachqueueand server. An
instrumentationmodulecomputehistogramsof silentor burstdurationsfor eachtraffic andfor theglobalstream.

Themodulesparametersandvaluesarethefollowing :
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Figure4: TheFair Queueingmodule.

Parameter Experimentalvalue
Numberof streams 4o Q �-�r�:
 ; , �-� 
�
 ; , ( 3 5 �_� ; , �-� > )P Q �s
Capacity t��H� perstream

For theexperiments,theslot is 3 clock cycleslong, thechoiceof thecell to beservedis obtainedby a minimum
on themarksandtake ]VeO`  78nu9i�<� 5 t clock cycles.Thesimulationdurationis decomposedin a startingperiod
of ���-� ���H� slotsto reachthesteadystateanda measurementperiodof ��� " slots. The realsimulationtime on the
machineis about tH��� for oneload.

4.3 Measurementson the silent output periods of the server

We first observe theutilization of theserver. Theinstrumentationmodulegiveshistogramson thesilentandburst
periodsof theoutputtraffic. Theresultsof figuregivestheempiricaldistributionsfor thesilentdurations(figure5).
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Figure5: Silentempiricaldistribution for theoutputtraffic.

Becausethe schedulingpolicy is non-idling, the silent periodsaregeometricallydistributedwith parameter3�w 5 7+�a1xoy9+z . A statisticalteston theparameterof thedistribution anda {G teston thewholedistribution with
confidencelevel of > ;�| shows the adequationbetweenthe theoreticalresultsandthe empiricalmeasurements.
Theseresultscouldbeinterpretedasa partialvalidationof theemulator.

4.4 Measurementson the silent output periods for a specificflow

The previous argumentand other measuresshows that the structureof the global output traffic looks like the
structureof theglobalinput traffic (bulk arrivalsarespreadontheburstperiods).Suchapropertyis notvalid for a
streamstudiedin isolation.We considertheoutputtraffic of cellsgeneratedby thefirst source.As in theprevious
case,histogramson theoutputperiodsaregivenin figure6.

Wefirst observethatsilentperiodshavenot ageometricdistribution. Theinput silentperiodaregeometrically
distributedwith parameter�y1}o andarealsoplottedon thefigure. It is alsointerestingto notethatasymptotically,
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Figure6: Silentempiricaldistribution for theglobaloutputtraffic generatedby source1.

thetail of theempiricaldistributionconvergesto thetail of thegeometricdistribution,which is very interestingfor
boundingdelays.

Thefactthatthedistribution is notunimodalis moresurprising.In ouropinion,theorigin of this phenomenon
could be in the algorithmthat choosethe cell whentwo cells have the samemark. The implementedversionis
basedon around-robinpolicy thatalternatescellsissuedfrom differenttraffics.

This impliesa traffic perturbationof the outputsteamthatdegradatesthe quality of service,in particularfor
constraintson jitter. Moreover, thetraffic perturbationincreaseswith theloadof thesystem,this matchwell with
our interpretation.

4.5 Buffer occupation

Considernow a buffer associatedto onestream.We observethefollowing distributions7.
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Figure7: Silentempiricaldistribution for theoutputtraffic generatedby source1.

Onceagain,theperturbationclearlyappearsandis highly relatedwith thegloballoadof theserver. Fortunately,
it doesnot affect thetail distribution andconsequentlytheorderof magnitudeof lossratesshouldnot beaffected
by thefair queueingpolicy.

5 Conclusionand extension

In this document,a new methodologyfor simulationandperformanceevaluationfor high-speedpacket switched
networks hasbeenpresented.This new methodologyusesa versatilearchitecture,configuredfor the studyof
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networks protocols. What is importantto note is the fact that this architectureis very easyto configureandto
debug. This lastpoint resultsfrom thefactthatall signalsof theconfigurationareavailable.

Thisnew approachhasbeenappliedto thestudyof aFair Queueingpolicy. A traffic analyzerhasbeenusedto
show theperturbationinducedby theserverpolicy on thetraffic.

More generally, this typeof machinecouldbeusedto emulatenumeroustypesof network protocols,andalso
to solvedifferentdiscretetimequeuingnetwork problems.
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