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1 Intr oduction

Integrationof serviceds acrucialissuefor the designandthe control of high speechetworks. The Asynchronous
TransferMode technologytry to ensurea quality of servicefor varioustypesof applications.Sucha network is
basedon a decompositiorof messagem fixed-sizedcells which aresentalonga virtual circuit betweerthe two
end-points.The quality of serviceshouldbe guaranteedby the network operator But, thedifficulty is to integrate
severaltypesof traffics andscheduléhe communicationsiccordingto quality criteriafor eachtraffic.

For example,sucha network shouldtransmitfiles without alterationsof the contents.Thisimpliesa guaranty
on the lossrate of paclets,typically 10~?. Anotherapplicationsuchasteleconferencingr on-line video needs
a hugeamountof bandwidthto ensurea goodthroughput,typically 2AM/b/s. Othertypesof traffic, like audio
communicationsneedsa controlonjitter or cellsdelaysvariations...

Consequentlytheidentificationof congestionsthatgeneratehe mostimportantpartof performancelegrada-
tionshasbeenatopic of intensestudy Severalapproachesouldbefollowedto establisttherelationbetweerthe
inputtraffic andthereal performance$l7]. The choiceof a methodologydependsssentiallyon the accurag of
thedesiredestimates.

Mathematicaimodelingtechniquegrovide generalresultson the network behaior[22]. They generallyun-
derlinea canonicaimodelfor input traffic suchasBernoulli procesor Markov-modulatedBernoulli processand
assumeomeindependencpropertiesnsidethenetwork [23]. Theseefficientmethodsareusefulatahighlevel of
abstractiorof themodelandgive realisticordersof magnitudeslt couldalsobeefficienton subsystemstudiedin
isolation. On anothetand,asymptotictechniquedasedon Large Deviation establishresultson rareeventssuch
aslosseq16].

Discreteevent simulation[4] is an alternatie for consideringmore detailedmodels. Simulationlibraries
suchas NS developedat University of California[1] allows compositionof sub-modeldike links, seners, etc.
Performanceandexes that are computedconcernthe generalbehaiour of the network, utilization, load, mean
numbersof cells, responsdime... But estimationof rare eventsprobabilitiesincreasedrasticallythe simulation
duration.Parallel solutionshave beenproposedn [15], evenallinear speedumoesnot offer a direct evaluationof
lossrates.Then,adhocvariancereductiontechniqueshouldbeimplementedo obsene andestimateheseevents.

Obtaininga global andaccurateview of the behaiour of the network appeargo be very difficult with these
approachesBecausaliscreteeventsimulationaddresseatoo large classof modelsandmathematicaimodelsare
covering not enoughgeneralcaseswe have to find a nev modellingtechniquefor which modelsarereasonably
tractableand with a sufficient accurag. One of the major characteristiof ATM networks is the fixed size of
cells. Consequentlythe systemcould appeaiasa clock drivendiscreteeventsystema stepof theclockis simply
the emissiontime of a cell. We have alsoto remarkthat suchsystemsare highly parallel,composediy small
switcheswith mary queueslinks... Thensystemcould be modelledby a hugeautomaton parallel productof
mary elementaryindependent’automatahatrunin a synchronougashion.
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The point of this approachis that suchanautomatorcould easilybe emulatedon a dedicatectircuit. Recon-
figurablearchitecturegmulatethe automatorandmeasurementgive performancéndexesor control parameters.
Stiliadis and Varmahave alreadyfollowed this approactfor schedulinganalysisfor ATM switches. Authorsfo-
cusedon the architectureof the emulatorandillustrate the methodologyon meanbehaiour of the system.The
context wasthe FASTprojectatthe University of CaliforniaSantaCruz[19.

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

Thestructureof the paperis the following. The modelingapproachs detailedin Section2. The softandhard
ervironmentis presentedn section3. Thelastsectionillustratethe methodon a typical problemof performance
evaluationfor Fair Queueingpolicy.

2 Modeling Networks protocolsin a hardware description language

In this section,the methodfor modelling network protocolsin synthesizablé/HDL is described. The method
is basedon discretetime queueingnetworks. Differentways of queuebuilding are proposedshawing that the
hardwarerepresentatiomlependon the adoptedmodel. The two first subsectiorpresentghe randomgenerator
andthe technigueusedto producearrival anddepartureprocess.In the third subsectiorthe caseof the././1/k
gueueis considered.

2.1 Traffic generator

The mostnaturalway to supplya randomword using hardwareresourcesis to usea feedbackshift register[9,
chap.3] or[21]. Therandomgeneratois basednthepolynomiall + X + X '27 andgeneratarandombit ateach
clock cycle. Theimplementatiorin parallelof such16 registersallow the generationgvery clock cycle of a 16
bits randomwordw, 0 < w < 2'6. Thiswordw canbe consideredstherealizationof a uniform pseudo-random
variablewith integervaluesin 0, - - - , 26 — 1.

As we decideto feed our queueingnetwork with randomsourcesthe problemnow is to generate using
hardwareresourcesthe uniform randominto somethingmore complex. For example,to reproducea geometrié
arrival processwith anintensityof p cells per slots, the pseudorandomword w is comparedwith the threshold
6 = p(2'® — 1). For examplewith § = 52429 acell is emittedif w < § andwe obtainanintensityof p ~ 0.8.

Thismethodcanbeusedfor morecomplex sourceslik e for exampleaOn /O f f ModulatedBernoulli Process.
In this casea stateregisteris updatedaccordingto a randomword andto the probability of transition. Thenan
otherrandomword is comparedo the probability of emissionin the currentstate. This canbe enlageto other
M M BP sourcesthediscretetime versionof a Markov ModulatedPoissorProces$6], wheretwo randomwords
areusedonefor the statetransition,onefor theemission(figure 1).
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Figurel: Generalizatiorof randomtraffic sources.

By thisway;, alibrary of traffic generatorsnoduleshasbeendeveloped.Theinterchangeableodulesproduce
a standardutputsignalwhichwill beconnectedo theinput pinsof thequeueinghetwork modules.

lalsocalledBernoulli process



2.2 The .l./1/k gueuemodule

If customersareall similar, only aregisterandsome”logic glue” areneededTheregistercontainshe numberof
waiting customerandis updatedaccordingo input signals:

e thenumberof new customenrrivals,
e thequeuescapacity
e thenumberof senedcustomers.

It isimportantto notethataslot(aslotis atime samplan discretetime)is equivalentto aclockcycle. Consequently
thesimulationdurationis directly relatedto the numberof clock cyclesandis independenof the numberof sened
cells.

To introduceinformationin customersreal paclketscarryinginformationcanbe used. This informationhas
to be queued.This meanghat eachqueueof the network is implementedusinga memorycorrespondingn size
to the queuecapacity However, in the caseof multiple arrivals, multiple information hasto be storedin one
slot. If pacletsarein conflict, they all have to be storedin the memoryin the sametime slot. As aresult,a
slot hasto be decomposednto multiple clock cycles. This increasethe simulationtime —sinceone emulated
slot requiresmultiple clock cycles—andthe hardware size consumptionsinceeachqueueneedsmemory This
representdhowever a considerablextensionaspacketscanbetaggedo take into accountpriority, addresshight
level informationor time stamps.It is thuspossibleto studythe end-to-enddelayanddelayvariation,or evento
studya pointto point communicatiorwith a backgroundraffic.

2.3 Instrumentation

Thepurposeof the modellingis to evaluateperformancendexes: queuesccupationwaiting time, losses More-
over, it couldbevery usefulto know theimpactof traffic parametersn the performancesThenit is necessaryo
createa certainnumberof measuremenhodules.Their purposés to catch,storedandsynthesizénformationson
the stateof the studiedsystem.

For example,to know the lossrate at a queue,it is necessaryo countthe numberof lossesthat hasappear
duringthe simulation,the occupatiorrateis given by the amountof idle slots. More generally a large numberof
performancendexescouldbe computedrom countingspecificevents.

This countingis donethanksto a registeranda simpleadder Counterscould be generalizedo obtainmore
comple statisticestimatorson durations,distributions, correlations.etc. Figure 2 shaws the architectureof the
emulator
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Figure2: Hardwarerepresentatioandinstrumentatiorof simplea queue.



3 Hardware and software ervir onment

This sectionpresentshe hardwarearchitectureandthe softwareervironmentusedto emulatequeueingnetworks.
Thesoftwareis usedto describeacomponentnodelingthequeueinghetwork andthehardwaresimulatoremulates
this component.

3.1 Architecture

The hardwaresimulatoris the Sim-expressmachinefrom Metasystem$5]. The emulatoractslike a giantFPGA
onwhich the circuit to be testedanddeluggedcanbe mapped.This give to the userthe effective useof 500,000
programmabléogic gates.17 Mbytesof memaory(single or doubleport) andanadjustableclock frequeng from
1to 10Mhz.

All this hardware can be shapedto emulateary digital and synchronousircuit. Memoriescan be loaded
(initialized) or dumpedusing ASCII files. The valuesof theinput signalsof the emulatedcomponentredirectly
chosenby theuser Theclock frequeng is 10 Mhz for a very smalloccupatiorof the emulatorbut, undernormal
conditions,the frequeng is usuallycloseto 1 Mhz. The emulatorclock is underusercontrol. All signalsand
registervaluesareavailableon thelast7000clock cycles,whichis very usefulfor delhugging.

This machineis from thefirst genemtion (1994). An up to datemachinehasatleast20 time morelogic gates.

3.2 Software environment

The software flow leadsto the files requiredby the emulatorto reproducehe functionalitiesof a circuit. These
functionalitiesaredescribedn termsof concurrenprocesseasingthe VHDL languageVVHDL is anefficientway
of obtaininga high level descriptionof a hardwarecomponentwhichis thentranslatednto gatesby the Synopsys
synthesigools. From this representatiof the componentsthe Metasystemsompiler produceghe database
requiredby theemulator

Thesoftwareflow is detailedabove:

e aVHDL (VHSIC HardwareDescriptionLanguagelescriptionof thechipis usedto describethe systemin
termsof concurrenprocessef3].

e Synopsyssynthesis this software,provided by Synopsystranslateshe VHDL descriptioninto combina-
tionallogic andregisters(logic gates)which arethe basiclogic elementsisedin electronicsystemg3].

¢ The Metasystem&ompiler computesthe links for the setof gatesavailablein the machine. This is the
routingoperationwhich resultsin connectinghe gateso eachotherthroughthe programmablaetwork of
theemulator

Thosetwo last stepsareentirely automaticexceptfor customizingthe final resultwith Metasystemsnemory
models.

3.3 Simulation control : visualization and statistic analysis

Emulationis performedusingthe MEL tool, which loadsthe emulatorwith the configurationfile, andallows run
control, logic analysis triggeringfeaturesandpatternsverification. MEL canbe drivenby proceduresvrittenin
a C-like code,whichis usefulfor complex simulation.

All the signalsor vectors(bussesgranbedisplayedn awaveformwindow (seeFigure3).

Control of input signalsor registerscanbe donethroughthe monitorwindow (seeFigure3). Any signaland
registervaluecanbe displayedandmodified.

4 Application to Fair Queueing

4.1 GeneralizedProcessorSharing and Fair Queueingpolicies

Variousschedulingstratgieshave beenproposedo guaranteen amountof bandwidthamongthe flows of cells.
Thesepolicies are basedon resenationsof usersand the servicerate for a flow shouldbe proportionalto the
resenation’svalueg; for streami [20], [8].

In a continuouscontext, fluid traffic sourcesandservicesthe policy Generl ProcessorSharing(GPS)guar
anteeghe proportionalrates. Unfortunately ATM networks do not satisfyfluidity assumptionsFair Queueing



Figure3: Thewaveformwindow displayall signalsandregistervaluesonthelast7000clock cycles.

policiestry to approachhebehaiour of GPS[7]. Themainideais to sene cellsaccordingo apriority mark,this
markis computedasif a GPSpolicy wereapplied.A fair queueingsener maintainatableof markscorresponding
to thecellsin the buffers. The computation®f marksis generallybasedn avirtual timewhichis updatedateach
slot. This needsparticularoperatordike minimum, maximum,weightedsums,that mustbe hard-codedn the
switch. Consequentiythe hardwarecomplexity is highly relatedwith the quality of the scheduling.

Thesesystemseento be untractabldy analyticmodelling,thisis dueto theinterleasing of flows andthenon
“feed-forward” computatiorof marks.Moreover, if fair conditionsarerespectedthe structureof the outputtraffic
is very difficult to catch.

Theaim of this sectionis to describea modulethatemulatea simpleFair Queueingprotocolandanalyzethe
outputtraffic. It is shavn thatthe global outputtraffic is statisticallyregular, but, for a givenflow, perturbations
mayappeain thedistribution of outputbursts. This exampleillustratethe capabilityof the hardwaremodellingto
analyzecomplex policies. Thiswork hasbeenappliedfor the CMS switchdevelopedby CNET-Lannion[12, chap
7].

4.2 Hardware description of a FQ discipline

A typical stratggy usedin ATM network is SFF: the cell which hasthe Smallestvirtual Finishingtime attime is
First sened.

To reducethe numberof sumsin the computationg2], [18], thevirtual time () of this disciplineis defined
by :

()= 1 finis in i f s s

Theoreticalstudyon fair queueingdry to catchworstcases.So, they oftenusedperiodicinput traffic. To obsene
morerealisticbehaiiours,randomsourcesasbeenimplementedo make statisticsmeasurements he generated
input is a superpositiorof ~ Bernoulli streamsof intensity ; for streami. The globalload of the systemis
denotedby p = i

The architectureof the fair queueingmoduleis synthesizedn figure 4. It containssourceswaiting queues
(one for eachinput stream),one table of markscorrespondingo the first cell in eachqueueand sener. An
instrumentatiormodulecomputehistogramsof silentor burstdurationsfor eachtraffic andfor the globalstream.

Themodulesparameterandvaluesarethefollowing :
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Figure4: The Fair Queueingmodule.

Parameter | Experimentalalue
Numberof streams| 4
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1

i
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Capacity 00 perstream

For the experimentstheslotis 3 clock cycleslong, the choiceof the cell to be senedis obtainedoy a minimum
onthemarksandtake 5( )+ 1= clockcycles. Thesimulationdurationis decomposeth a startingperiod
of 10.000 slotsto reachthe steadystateanda measuremerperiodof 107 slots. The real simulationtime on the
machines about 0s for oneload.

4.3 Measurementson the silent output periods of the server

We first obsene the utilization of the sener. Theinstrumentatiomodulegiveshistogramson the silentandburst
periodsof theoutputtraffic. Theresultsof figuregivestheempiricaldistributionsfor thesilentdurationgfigure5).
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Figure5: Silentempiricaldistribution for the outputtraffic.

Becausethe schedulingpolicy is non-idling, the silent periodsare geometricallydistributed with parameter
p = (1— ) .A statisticalteston the parametenof the distributionanda 2 teston the whole distribution with
confidencdevel of 95 shaws the adequatiorbetweenthe theoreticalresultsand the empirical measurements.
Theseresultscouldbeinterpretedasa partialvalidationof the emulator

4.4 Measurementson the silent output periods for a specificflow

The previous argumentand other measureshaws that the structureof the global outputtraffic looks like the
structureof theglobalinputtraffic (bulk arrivalsarespreadnthe burstperiods).Sucha propertyis notvalid for a
streamstudiedin isolation. We considetthe outputtraffic of cellsgeneratedby thefirst source As in the previous
case histogramon the outputperiodsaregivenin figure6.

Wefirst obserethatsilentperiodshave notageometriadistribution. Theinput silentperiodaregeometrically
distributedwith parameteil — andarealsoplottedonthefigure. It is alsointerestingo notethatasymptotically
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Figure6: Silentempiricaldistribution for the global outputtraffic generatedby sourcel.

thetail of theempiricaldistribution corvergesto thetail of thegeometriadistribution, whichis very interestingfor
boundingdelays.

Thefactthatthedistributionis notunimodalis moresurprising.In our opinion,the origin of this phenomenon
could bein the algorithmthat choosethe cell whentwo cells have the samemark. The implementedversionis
basedn around-robinpolicy thatalternatesellsissuedrom differenttraffics.

This implies a traffic perturbationof the outputsteamthat degradateghe quality of service,in particularfor
constraintonjitter. Moreover, the traffic perturbationincreasesvith theload of the system this matchwell with
our interpretation.

4.5 Buffer occupation

Considemow a buffer associatetio onestream We obsene thefollowing distributions?.
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Figure7: Silentempiricaldistribution for the outputtraffic generatedby sourcel.

Onceagaintheperturbatiorclearlyappearandis highly relatedwith thegloballoadof thesener. Fortunately
it doesnot affectthetail distribution andconsequentlyhe orderof magnitudeof lossratesshouldnot be affected
by thefair queueingpolicy.

5 Conclusionand extension

In this documenta new methodologyfor simulationandperformancesvaluationfor high-speegaclet switched
networks hasbeenpresented.This new methodologyusesa versatilearchitecture configuredfor the study of



networks protocols. Whatis importantto noteis the fact that this architecturds very easyto configureandto
dehug. Thislastpoint resultsfrom thefactthatall signalsof the configurationareavailable.

This new approacthasbeenappliedto the studyof a Fair Queueingopolicy. A traffic analyzetasbeenusedto
shaw the perturbatiorinducedby the sener policy onthetraffic.

More generally this type of machinecould be usedto emulatenumerougypesof network protocols,andalso
to solwve differentdiscretetime queuingnetwork problems.
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