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Abstract

Wedemonstratéhebene tsof traf ¢ engineerindpy studyingthreerealisticnetwork modelsderivedfrom anactual
serviceprovider network. We evaluatetraf ¢ engineeringn thepresencef QoS-basedoutingschemesompared
with the destination-baseuting, the default routingbehaior for the Internet.We alsosimulateprioritization of
importanttrafc 0 wsby implementingpriority in oneor moreof thepathcaching pathordering,andactualroute
selectionphase®f the constraint-baserbuting framework. We obsere thattrafc engineeringcanprovide 20%
to 50% network capacitysavings. We alsoobsere that prioritizationin morethanone phaseof constraint-based
routingcanprovide evenmoresigni cant bene ts.
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1 Intr oduction

Trafc engineerings becominganincreasinglyimportantconsideratiorfor managingnetwork perfor
mance Also, becomingcrucial is the ability for network serviceprovidersto provide high quality ser
vicesto particularsetsof their customersThesecustomersxpectto be ableto usethe network and
be provided reliable servicesyegardlessof the network conditionsor loading. Thesecustomersnight
be emegeng workers,thosethatdependon teleconferencinghosethatuselP telephoty, etc.In mary
of today's networks, resourcesre overprovisioned,so customerslo not experiencecongestiorandare
satis ed. In certaintypesof today's networks, however, suchasregional or accessietworks, overprovi-
sioningis not adequatdo meetthe demandghat might occur And it is dif cult to predictif mary of
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today's networkswill continueto be overprovisionedin thefutureif network capacitiesipgradesio not
keeppacewith load growth.

Theobjectvesof traf c engineeringaretwofold: to alleviate hot spotsin the network by load balancing
andto provide dependablserviceto certainclasse®f traf c. Trafc engineeringbjectvesareachiered
differently in paclet basednetworks ascomparedo o w basednetworks. In paclet basednetworks,
load balancingcanbe achieved by carefully adjustinglink weightsasshaowvn recentlyin [1], [2]. Such
mechanismg&anbe complementedvith variousQoS-basedrchitecturedik e differentiatedserviceso
provide acceptablgradeof serviceto particularclasse®n anaggreatebasis.

However, if more ne grainedcontrolis required,suchmechanismarelimited. For example,consider
what might happenif onewishedto provide reliable QoSto particularvoice communicatiorsessions
overtheInternetby emegengy workersafteradisasterin suchcasesnetworkswould likely be heavily
overloadedandall traf c would receve poorperformancetegardlesof how well link weightswerede-

ned. If, however, a o w-basedapproactwereused particular o ws couldbegivenspecialtreatmento

nd theresourceshey neededindkeepother o w-basedr besteffort traf c from usingthoseresources.
Such o ws would resene network resourcesisinga mechanisnmsuchasintegratedservicesor RSVR
thenwould betransportedisingMPLS, for example.

For o w basedhetworks,bothof theobjectivesof thetraf ¢ engineeringganbeaccomplishedh auni ed
manner Multi-protocol label switching (MPLS) providessuchan integratedframeavork. An important
featureof MPLS s theability to setup labelswitchedpathsfor differentservicego resere bandwidthjf
andwhenneededFurthermorethe possibility of doing constraintbasedoutingin generalandfor spe-
ci ¢ servicedf neededis anothemattractive feature.The IETF literature(bothRFCsandInternetdrafts)
hasbeendelugedrecentlywith variousaspectsand capabilitiesof MPLS [3], trafc engineering4],
andthe useof variousfeaturego allow deploymentof controlsandarchitecturesuchasvirtual private
networks[5]. While mostof theseworksdescribethe bene tsin a qualitatve manner(sometimesfrom
thepointof view of "good features’or "bestpractices”) very few discusgheactualquantitatve bene t.
For example,thereis a schoolof thoughtthat believesthat MPLS is not necessarythe currentbest-
effort routing (alternatvely called Destination-Base&outing)is goodenoughif enoughbandwidthis
availablein thenetwork. Furthery thereis very limited work thatdiscussesvhetherdifferentcontrolsthat
canbedeplo/edin anMPLS ernvironmentfor traf c engineeringareactuallybene cial from a network
performancestandpoint.

Giventhis debatewe have setout to studythesetrade-ofs. Our approachs simple.We considerthree
realistictraf c modelswith giventopologywheremultiple servicesare provided andwherewe have a
goodideaof thetraf ¢ mix. Thenwe posethefollowing questions.
(1) Whatservicelevelscoulddifferentclasse®f traf c receve dependingpn a combinationof routing
possibilitiesandvariousnetwork controlsthatmaybe placedfor traf c engineering?
(2) Woulduseof suchmechanismgrovide signi cant costsavingsin termsof reducechetwork capac-
ity requirements?
(3) Are conclusiondependenbn the speci ¢ network beingconsideredZangeneralkonclusionse
made?
(4) Whatcombinationf mechanismseento provide the bestoverall performance?



Our work is a casestudy of threenetwork modelsto addresghesequestionsOur team,consistingof

memberdrom both academiaandindustry have worked togethercloselyto createrealistic simulation
modelsderived from actualnetworks. Throughthis casestudy we attemptto gain someinsight into

the tradeofs. By no meansdo we addressall the possibleissuesregardingdeploymentor capabilities
of MPLS, suchassignalingexchangeslnstead,we focuson the bene tsthattraf c engineeringcould

provide.

We studythe performanceof differentservicesn this examplenetwork, andwork from the assumption
thatsomeclasse®f traf c requirebettergrade-of-servicéhanothers(i.e.,lowerblockingprobabilities).
We chooseto performthe studyfrom the viewpoint of blocking probabilities,but do not assumehat
the network would implementper o w statein both control and forwarding planesin a network. The
scalabilityproblemsof suchanapproaclarewell documentedThis work does however, provide abasis
from which performanceanbeassessedtthe o w level, whichis avery usefulconstrucfrom whichto
understanaetwork behaior andtrafc engineeringBy performingsimulationatthe o w level (instead
of atthepacletlevel), it is alsopossibleto simulatethe performancef thousand®f o wsin anef cient
manner Actual admittanceof o ws into the network could be implementedusing endpointadmission
control, network statein the control planebut notin the forwardingplane,RSVR MPLS with resource
resenations,aggreyationmechanismsetc. The goal of this work is not to assesshe viability of those
options,but ratherto seethebene tsof traf c engineeringn general.

It is commonlyknown thatin multiservicenetworksthoseclassesvhich have higherbandwidthrequire-
mentsper o w have higherblocking, becauset is harderto nd enoughresourcesvhen o ws require
large bandwidth We seekto eliminatethatproblemaswell asgive bettergrade-of-servic€GoS)to those
classesvhich needit themost.In the modelstudiedhere,we have four serviceclassesandserviceclass
1 (S1)is givenpriority becausé is assumedhatS1traf c generatesigherrevenueandcustomeriave
high expectationfor bandwidthto be availablewhenneeded.

As oneimportantexample,the mechanismstudiedherecould be appliedto prioritize disasterman-
agementrafc in responsdo naturalor man-madeemegencies|[6,7]. Recentterroristeventsin the
United Stateson Septembel 1, 2001 ,have shavn thattelecommunicatiometworksprovide tremendous
valueto societyin responsdo disastersTheseeventshave alsoshavn whatis commonwith disaster
responsehowever, thattremendoustresss placedon thesenetworksfrom high loadsanddamageda-
cilities [8] [9] [10]. Whenresourcesirescarcethoseusersanduserapplicationghatareof highervalue
or importanceshouldbe givengreateraccesdo resourcesDuring exceptionalconditionslike emegen-
ciesor disastersysersanduserapplicationf greatestmportancenvould bethosewhich relieve danger
to life andproperty A mechanisnifor prioritizing usertraf c wouldthereforebevaluablein bothnormal
andexceptionaloperatingcontets.

Of particularinterestarethe performancamprovementshat canberealizedby usingtrafc engineer
ing. Onetype of performancecomparisorwould be the amountof capacityneededo provide certain
grade-of-servicdevels whethertraf ¢ engineering(i.e., implementingmechanism¥eyond OSPFand
BGP)wereusedor not. A particulargrade-of-servicéevel canalwaysbe providedgivenenoughsystem
capacity so the key questionis how mud capacityis neededWe comparea network without traf c



engineeringo thosewhich implementvarioustraf ¢ engineeringnechanismandcomparecapacityre-
guirementsWe show for the modelsstudiedherethat a network that doesnot usetraf c engineering
couldneedon theorderof 20%to 50% morecapacityto meetthe sameGoSrequirements.

Anothertypeof performanceomparisons therelatve bene t of usingdifferenttypesof traf c engineer
ing mechanismsgspeciallywhensometrafc classesequiremuchlower blockingthanothers.We use
theframavork presentedh [11] andconsideiQoSroutingto beasubsebdf constraint-baseuting[12].

QoSroutingonly dealswith the dynamicload conditionsof the network whereasconstraint-baserbut-
ing alsoconsidergonstraintsmposedoy network operatorsWe divide the constraint-baserbuting[12]

into threephasesThereforewe considertherst two phasesasQoSroutingandthethird phaseasNet-
work Controls.It wasconcludedherethatQoSroutingneedgo becomplementedy network controlsto

ensurenaximumbene t. Moreover, authorsn [13] providedresultsfor variouskindsof mechanismsor

thenetwork controlphaseof theroutingframewvork from a casestudyusingasinglenetwork model.The
mechanismstudiedincludetrunk resenation, serviceclassbasedtrunk resenation, and serviceclass
basedmulti-link trunk resenation. It wasobsenedthatthesemechanismsanprovide signi cant bene t
to high-priority traf c classesvhenappliedto the network controlphaseof constraint-basecbuting.

In contrastto [13], wherepriority wasonly implementedn the network control phaseof the routing
processthis work shavs how the implementatiorof priority in all threephasesanprovide evenbet-
ter performanceln otherwords,in additionto usingvariantsof trunk resenationto provide prioritized
gradeof service,priority is alsodeployed by usingpreferencesn the numbersof cachedpathsandthe
routingmechanismshatareused(e.g.,DynamicRandomRouting,Maximum Available Capacitywith-
out Crankbacketc.).All threephasesarecombinedinto a uni ed framework that effectively provides
priority throughthe threephasesTo the bestof our knowledge,no work exists which presentsucha
uni ed routingframeawork to provide effective prioritizedservice.

We alsoevaluatethebene tsfor threeadditionalnetwork modelsbeyondtheonepreviouslyinvestigated,
to demonstratéhattheseresultshave generabpplicationbeyondjustafew speci ¢ network models.The

approachwe useis to studythe impactof implementingpriority in any onephaseandtheninvestigate
a seriesof combinationsvherepriority is appliedin two or threephasesWhile not claiming to have

found optimal solutions,we shov that somecombinationscan be identi ed that provide substantial
performanceémprovementsSoin summarythiswork extends[11], [13] by consideringhreeadditional
network models,but also breaksnen groundby providing a uni ed approachto prioritized network

resourceallocationusingall threephase®f theroutingframework.

Therestof the paperis organizedasfollows. First, we review the three-phasé&amework for constraint-
basedrouting anddiscussmechanismgor providing priority serviceto particulartrafc classesNext,

the differentscenariosconsideredn our study are introduced,suchas destination-basetbuting and
differentQoSrouting schemegwith pathcaching).In section3, we discussthe network topologyand
data,and the performancemetrics. The resultsare presentedn section4 by consideringa normally
loadednetwork modelandviewing resultswith respecto blocking performanceandnetwork capacity
requirementsThenthe othertwo modelsareinvestigatedand differencesn resultsare discussedWe
closewith a summaryof our obsenationsin section5.



2 Priority Mechanisms

A network thatprovidesdifferentiatecor guaranteedjuality of service(QoS)needdo provide differing
servicesandperformanceo differentserviceclassesSucha requirementalls for moresophistication
in the network ascomparedo simply nding pathswith the fewestnumbersof hops.Assumingthatall
links block independentlyusingthesehop countmetricswill give priority to o wswhichtraversefewer
links. As a o w requestsa longerandlonger path,the chanceof gettingacceptedlecreasesyhereas
for a QoSnetwork higherpriority needso comefrom the classof the service. A o w of lower priority
having a one hop pathshouldhave lower chancesf gettingacceptecascomparedo a o w of higher
priority having a multi link path.Hence notonly doesa QoS-avarenetwork needto recognizetheclass
of a ow, it alsoneedgo safgguardresourcesor a high priority class.

Acceptanceor rejectionof a o w belongingto a particularserviceclassdependson the resource®f-
fered by the network during three phasedasedon the constraintbasedrouting framework discussed
in [11] [14] [15]. In the rst phasea setof shortespathsarecomputedbasedon simplehop countand
cached16] for eachserviceclassby every sourceto all possibledestination®n the network; thisis re-
ferredto asthe PreliminaryPath Caching(PPC)phaseThe network cachesasmary pathsasis deemed
suitablefor a speci ¢ serviceclass.In the secondphasethe cachedoathsareorderedrom mostaccept-
ableto leastacceptablgath(e.qg.,in termsof residualbandwidth)usinga speci ¢ routingschemd17];
thisis calledthe UpdatedPath Ordering(UPO) phaseThenetwork ordersthe pathsdependinguponthe
classof serviceandcriteriafor nding the bestpaththroughthe network. In the third phasea speci ¢
routeis selectedrom the orderedpathsto try to accommodat@ newly arrived o w andis namedthe
Actual Route Selection(ARS) phase.The speci ¢ route chosendependson the classof the ow and
resourceghatareresered or restrictedfor availability for that classusingtrunk resenation or one of
its variants.QoSRoutingformsthe rst two phasespamelyPPCandUPO, of constraintbasedouting
framework. In otherwords,QoSrouting alongwith the ARS phaseis referredto asa constraintbased
routing framework.

We seethat priority asseenby a serviceclassis affectedby the network's choicein the above men-
tionedthreephasesTheresourcesledicatedy thenetwork for aspeci ¢ serviceclassin the PPCphase
changeshe numberof routesavailablefor a speci ¢ serviceclassfor orderingandhencethe reachable
links. Similarly for the other phasesperformanceof a serviceclassdependsn the choicesmadeby
the network. Priority caneffectively be providedto a serviceclassin a network by choosinga pointin
athreedimensionakpacespannedy the following threedimensionspnamelynumberof cachedpaths
(PPCphase)typeof routingschemgUPO phaseanddegreeof control (ARS phase)Thechoicemade
by the network for thethreephasegor a speci c serviceclasstranslatesnto performanceasseenby the
serviceclass.Thesethreedimensionsanbe seemascharacterizinghe overall prioritizationmechanism
beingappliedto aserviceclass More elaboratiorontheuseof prioritizationfor eachphasds asfollows.

2.1 Priority in the PPCphase(Numberof CachedPaths)
Path Cachinghasbeenshown to have considerablempacton the performanceof a network asshowvn

in [18]. It hasbeenshovn thatmorepathshelpin loadbalancingandoverall network performanceHow-
ever, it hasalsobeenobsenedthatan excessve numberof storedcachedpathsleadsto an overloaded



network with inferior performancebecauset addslongerpathsto the cache.Theselongerpathsuse
morenetwork resourcesWe usethe priority for a serviceclassto determinghe numberof cachedpaths
storedfor thatparticularserviceclass.

2.2 Priority in the UPO phase(Choiceof RoutingSdemes)

The UPO phaseusesrouting schemeghat attemptto nd a paththat satis esoneor more constraints
of interestandthatis optimal with respectto somescalarmetric. The constraintscanincluderesidual
bandwidth delay jitter, administratve policies,etc. While afeasiblepathcanbe selectedusinga simple

hop-countbasedalgorithm,additionalconstraintsanbe consideredo improve the resourceutilization

by doing somemeasureof load balancing.The routing schemeshatwe usedin this work useresidual
bandwidthor in otherwords,availablebandwidthasanadditionalconstraint.Theresidualbandwidthof

apathis de ned asthe minimumamountbandwidthavailableon ary of thelinks in the path.

Priority in theUPOphasds implementedy usingdifferentroutingschemesor differentserviceclasses,

for exampleallowing crankbacKkor a priority classbut notfor otherclassesThevariousroutingschemes

consideredhreasfollows.
DynamicRandomRouting (DRR) - This schemes a simpleandan ef cient routing schemebased
on DynamicAlternateRouting[19], [20]. It is alsoreferredto as CachedSticky RandomAdaptive
Routing (CaSRAR)[11]. Thereis no regular UPO phase For the ARS phase,jt maintainsa direct
path(if oneexists)anda preferredalternatepath.The o w triesthedirectpath rst andif thereis not
enoughbandwidthon it, the alternatepathis tried next. Whena o w getsblocked on the preferred
alternatepath,it is blockedandcleared For future o ws, it randomlyselectsanew alternatepathfrom
thecachedpaths.
Maximum Available CapacityRoutingwith PeriodicupdatesandNo CrankbackMACRPNC)- The
pathsaresortedfrom mostavailablebandwidthto leastavailablebandwidth.Thisis doneperiodically
with the period beingthe routing updateinterval. The direct pathis chosenasthe rst optionirre-
spectve of the bandwidthavailability on it. If blocked on the direct path,a secondchoicefrom the
setof cachedpathswith mostavailablecapacityis made.If thatpathis alsoblocked,thenthe ow is
blocked.
MaximumAvailableCapacityRoutingwith PeriodicupdatesandCrankbacK MACRPC)- Thisis the
sameas MACRPNC,exceptthat after a pathis blocked the sourcecan crankbackand keeptrying
pathsin the cache.This routing schemehasa con gurable parametefor the numberof crankbacks
thatareallowed.
Maximum Available CapacityRouting with Instantaneou€omputation(MACRIC) - This routing
schemeoperateghe sameas MACRPCexceptthatwhena nev o w arrives,the entire network is
freshlyscoutedo nd apathwith the mostavailablebandwidth(hence theterminstantaneousom-
putation).This processs repeatedor every nev o w arriving into the network. This routingscheme
is utopianbecauset is impracticalto provide completelyupdatedstateinformationfor eachnewly
arriving o w. This mechanisms of theoreticalinterestsinceit sernesasabenchmark
Destination-BaseBouting(DBR) - This replicateghe default routingin today’s Internetwhich does
not implementpriority but can be usedin comparisonto the other routing schemesBecausehe
Internetdoesroutingbasedn destinationno alternateoutingis used. Theway DBR is implemented
hereis to nd apathwith the shortespathbasedon hop countandeitherthatpathhasfreeresources



or the o w is blocked.

By usingtime varyingconstraintssuchasavailablebandwidth frequentupdate®nthestatusof thelinks
arenecessaryOneof themajorfactorsaffectingtheperformances the periodicityof theseupdateslf the
periodbetweersuccessie updatess too long, the bandwidthavailability informationis nolongervalid.
So,the o wscangetblockedevenif thebestpath(accordingo thelastupdate)s chosenHowever, too
frequentupdatesncreasedhe network overheadandmight introduceoscillationsin the network. We do
notaddresghisissuein depthin this work. For furtherdetails,see[18].

2.3 Priority in the ARSphase(Activationof Control)

A varietyof controlscanbeimplementedo limit accesso network resourcesor certaintypesof o ws.
Theseseekto provide bettergrade-of-servicGoS)to higherpriority serviceclassessfollows.

2.3.1 NoControl (NC)

No Controlis theabsenc®f any controlin the ARS phaseHere,if theroutingschemends apathwith
bandwidthsufcient for the o w, the o w is acceptedelseit is blocked.

2.3.2 TrunkReservatior{TR)

Trunk resenation[21] is a simplecall admissioncontrol schemehatfavorsdirecttrafc (i.e.,onehop
paths) Whentheavailablebandwidthonalink falls belowv a particularthresholdvalue alternatelyrouted
o ws will be blocked evenif thereis enoughbandwidthto accommodat¢hem.In essencepncethe
thresholdvalueis reachedpnly the directtraf ¢ hasaccesgo thelink. This preventsa problemwhere
alternateoutingusesmoretotal bandwidth(i.e.,the sumof bandwidthnall links onapath)thandirect
routingandcanultimately decreasehe ef ciency of bandwidthusageA trunk resenationthresholdis
setasa percentagef link bandwidth.

2.3.3 ServiceClassbasedTrunk Reservatiof{SCTR)

In the previous case,all o ws belongingto directtrafc aretreatedequallyin accessinghe TR area.
In the SCTR approachponly o ws belongingto a GoS stringentserviceclasshave accesdo the link

oncethethresholdis reachedThis meanghe non-GoSstringentclass o ws will be blocked similar to

alternatelyrouted o ws, evenif they aredirect o ws.

2.3.4 ServiceClassbasedMulti-Link Trunk Reservatio{SMTR)

SMTR extendsthe SCTRapproactby allowing bothdirectandover ow traf c of GoSstringentservice
classeso accesshe TR area.Thismeanslternatelyrouted o ws of a GoSstringentclassstill canaccess
alink in additionto thedirect o ws of a GoSstringentclasswhenthe available bandwidthfalls below
thethreshold.

3 Simulation Environmentand Network Setup

To conductour study we have usedMulti-ServiceDynamicRoutingSimulator(MuSDyR)[22]. Thereis
no pacletlevel detailin this simulatorwhich allows usto simulatethousandsf simultaneouso wsin an



ef cient mannerThis allowedsimulationtimesto be sufciently longto produceow variancen there-
sultsover multiple simulationrunswith carefullychoserseedsThe o wsareassumedo follow Poisson
arrival processewith exponentialholdingtimes,their meanratesdependingnthetrafc classes.

3.1 NetworkTopolagy

The primary network, which we call Networkl compriseof  nodeglabeledA throughO) connected
by links. This network wasderived from an actualserviceprovider network. Due to the spacecon-

straintsandthe natureof the topology we do not provide a graphicalpicture of the topology Instead,
we have enumeratethelinks in Table3.1. Theseconchetwork we study which we call Networkll, is a

reducedcapacityversionderived from Network I. Network 11, a moredenselyconnectedetwork was

createdby remaoving threenodesand 21 links. The links we eliminatedfrom the network arethe ones
which do not carry directtraf c andthe eliminatednodesdo not generatery trafc. This createdhree

networksto be studied,all asymmetrido varying degreesandwith varyingloadlevels. The motivation

for usingthreenetworkswasto determinethe generakpplicability of our approach.

Link | Cap(Mbps)|| Link | Cap(Mbps)|| Link | Cap(Mbps)| Link | Cap(Mbps)
A-B 933 A-C 933 A-E 1866 A-G 1866
A-H 1866 A-l 933 A-J 933 A-K 1866
A-M 1866 A-0O 1866 B-C 1866 B-F 1866
B-G 933 B-H 1866 B-1 1866 B-L 933
C-E 933 C-F 933 C-G 2799 C-1 3732
Cc-J 1866 C-K 933 C-M 933 C-N 2799
C-0O 933 D-E 933 D-H 1866 D-I 933
D-J 933 D-M 933 E-G 2799 E-I 2799
E-K 1866 E-N 2799 F-G 933 F-H 1866
F-J 933 G-H 933 G-K 933 G-M 2799
G-N 933 H-1 1866 H-J 933 H-K 933
H-L 1866 I -K 1866 |- M 3732 I-N 933
J-K 933 J-L 1866 J-0O 933 K-M 933
K-N 2799 L-M 1866 L-O 1866 M - N 3732
M-0O 933 N-O 1866

Table 1.Network TopologyModel



3.2 Trafc Models

The simulatorprovides mary servicemodelsfrom which serviceclassescan be constructedAll the
modelsrequirespeci cationof the Erlangloadto be generate@ndthe o w duration.The modelsdiffer
in the parametershat characterizeheir bandwidthrequirementSomeof the implementednodelsin-
cludeFixedRate(FR), Uniform Fixed Rate(UFR) andVariableRateOn-Off model(VR) which canbe
understoods:
FixedRateModel (FR): In thismodel,thebandwidthrequirementf each o w is equalto theprovided
bandwidth(input parameter).
Uniform Fixed RateModel (UFR): In this model,the effective bandwidthrequiremenbf eacho w is
sampleduniformly in theinterval where is the provided bandwidth( input
parameterand .
VariableRateModel (VR): In this model,the effective bandwidthrequiremenbf each o w is com-
putedfrom ve input parametersjamelythe Sustained-low Rate(SFR),the PeakFlow Rate(PFR),
the MeanActive BurstPeriod(A), the Flow LossRatio (FLR) andthe Buffer Size (B) basedon the
uid- o w modelgivenin [23].

3.3 ServiceClasses

Thetraf ¢ for thenetwork modelstudiedhereis comprisedf four serviceclassegachhaving different
loadsbetweereachpair of nodedor agivenclass Eachserviceclasshasits own routingtableandmakes
its decisionbasedon the statusof the pathsandthe GoSrequirementThe four serviceclassesnamely
S1,S2,S3andS4,areexplainedbelow:
ServiceClassl (S1): The S1Serviceclassis consideredo bethe high priority trafc class.It is con-
structedusingthe UFR traf c model. The S1serviceclassmultiplexesmultiple sourceswith different
but x ed bandwidthrequirementdbetweena nodepair The serviceclassderivesits characteristics
from the behaior of the sourcesFor anodepair( , ), lettherebe sourcesnultiplexedto the S1
serviceclasshaving bandwidths . Thenthe maximumbandwidthof the S1 serviceclassbetween

thenodepair( , )is . TheErlangloadof the o wsfor theS1serviceclassbetween
thenodepair(, )is . Sincethe bandwidthof the serviceclassis dervedby averagingover
o ws, the bandwidthof anarriving o w is determinedrom a uniformly distributedsamplebetween

% and % of . The samplingis doneevery time a nev o w arrivesfor a nodepair The

average o w durationis secs.

ServiceClass2 (S2): The S2 serviceclassis implementedo have a small guaranteedit rate, plus
unspeci edrequirementsibove that.S2is constructedrom the FR traf c model.lt comesasarequest
with a minimumbit ratewhich is allocatedto the connectioranda variablerate part,for which there
areno guaranteeand,henceno resenration of resourcesEvery active nodepairgenerates2traf c
with anFR partthathasaninter-arrival time of 10 secsand o w durationof 180secs.
ServiceClass3 (S3): The S3 serviceclassis constructedrom the VR traf c model.For a nodepair
(, ), lettherebe sourcegnultiplexedto the S3 serviceclasshaving peak o w rates and
sustainedo w rates . Thenthe peakandsustainedo w ratesfor the S3serviceclassbetweerthe

nodepair , ) are and . Otherparametersverechoseras
Active BurstLengthof sec,Buffer Sizeof andCell LossRatioof  %. The Erlangload of
the o wsfor theS1serviceclassbetweerthenodepair( , )is . Thesamebandwidthis used



for all the o wsfor anodepairTheaverage o w durationis secs.

ServiceClass4 (S4): The S4 serviceclassis implementedhe sameasthe S3 serviceclasswith Cell

LossRatioas0.01%and o w durationof secs.
We have discussedhe approachusedto computethe Erlangload and bandwidthof a o w. Now, we
de ne “effective load” of a o w betweennodepair(, ) of serviceclass as andthat of
serviceclass is computedas where

3.4 Trafc Matrix

Thetrafc prole consistsof 37 source-destinatiopairs,all of which have directlinks betweenthem.
This is signi cant becauseno trafc needsto use multi-link paths,exceptwhen alternaterouting is
requiredwhenthedirectlink is full. It is alsosigni cant becausén thetopologythereare links, so
links have no directtrafc speci edandareidle unlesshey areusedfor alternaterouting.

Due to the voluminousnatureof the traf c matrix, we only give anideaof the matrix ratherthanthe
completematrix itself. Amongthe 37 active nodepairs 36 of themhave S1andS3trafc, six of them
have S4traf ¢ andall of themhave S2traf c. TheErlangloadandthebandwidthrequiremenof atrafc
classacrossall the nodepairsarenot necessarilthe same.The ratio of the overall effective load of the
trafc classess givenby 4.69(S1):4.58(S2):90.71(S3):0.02(S4) asdervedfrom anactualservice
provider network. We would like to addthatthetraf c is notrepresentate of the network performance
at all times.We believe thatthe mostimportantaspecif thetraf ¢ is the distribution of effective load
throughouthetopology not necessarilghe actualloadinglevels of the network asawhole. Theloadis
distributedasymmetricallywhich is alwaystrue of real-world networks.

We refer to the trafc matrix that we discussedabove as 5% S1. From this trafc matrix, we have
generatedhreeothertrafc matricesnamely 10% S1, 15% S1 and 20% S1 with increasingfraction
of S1effective loadto the overall network effective load. Note thatthe major portion of network traf c
comesfrom S3 o ws. Sincewe have consideredrafc classS1asour high priority class,thesetrafc
matrix variationsallow usto seehow variousmechanismperformwhenS1becomes larger fraction
of the overall network effective load. However, in orderto make surethatover all network effective load
is kept x ed,we move the effective loadappropriatelyfrom traf ¢ classS3to S1in thecaseof 10%S1,
15% S1and20% S1. This approachs aimedat bringing out the interplay betweerthe fraction of high
priority traf c (to theoveralltraf c) andtheeffectivenesf the constraintbasedoutingmechanisms.

Let denotehefractionof S1effectiveload(i.e., in thecaseof 5% S1traf c matrix).Let and
representhe Erlangload andthe bandwidthrespectrely with subscriptdenotingthe serviceclass(S1,
S3,etc.)for the5% S1ltraf ¢ matrix.In orderto obtainthetraf c matricesl0%S1,15%S1and20%S1,
the Erlangload of the S1andS3traf ¢ classedor eachnodepairaregeneratedrom the corresponding
nodepairsgn the 5% S1trafc matrix usingthe following method.Note that representshe Erlang
loadobtainedfor the new traf c matrix.

- (1a)

(1b)

10



(1c)

3.5 PerformanceMetric

The primary performancegparametefmve seekto obsere is the BandwidthDenial Ratio (BDR) which

considerghe overall ratio of total admittedbandwidthto total requestedandwidth.lt seekgo capture
the effect of having o ws of widely differing bandwidthsall attemptingto accesshe network. This is

in contrasto naive blocking (the classicalcall blocking) whichis anoverly simplisticview of blocking

performancen a multi-classervironment.Both of thesearediscusse@sfollows.

In orderto describeherelevanceof the BDR, we assume network with  classe®f service.Let,
bethe blockingencountered, thearrival rate,and  thebandwidthof o wsfor the class.Here,
is de ned as:

Arrival is blockedfrom Class (2)

For sucha network, variousperformanceneasuresanbeexplainedas:

Naive Blocking (NB) standgor the traditionalblocking de nition which givesthe averageblocking
level acrossall classesgcomputedasfollows.

3)

By averagingdirectly over the classesNB losesthe informationaboutthe compositionof blocked

calls.lt is still meaningfulaspreciselythe probabilitythata call getsblockedif thereis a singleclass
( ) or in a casewherethereare multiple classesandthey have the samearrival rates( 's are
equal).Sinceit doesnot accountfor differencesn 'sand 's, the utility of the metricis fairly

restrictedn amulti-service multi classnetwork.

WeightedBlocking (WB) re ects the fraction of requestghat have beenblocked irrespectve of the

bandwidthof the connectionThis weightsthe overall blocking computatiorby the relatve amounts
of Erlangloadgeneratedby eachclass.

(4)

This metricis the conditionalprobability of a o w gettingblocked givena o w of class arrivesat
the network. The metric weightsthe blocking encounteredby a o w to the fraction of calls of that
o w. Hence,it givesa good measureof the probability of a randomlychosencall getting blocked
if all 's are equal.Sinceit doesnot accountfor the bandwidthinformation of the lost o w, it
loosedts credibility in thecaseof multi-servicenetworkswith eachclasshaving adifferentbandwidth
requirementSincewe know thatblocking encounteredby a classalsodepend®n the bandwidthof
the o ws,WB hasrestrictedutility in sucha multi-serviceernvironment,exceptthatit maymake sense
from userperspeciie.
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BandwidthDenial Ratio (BDR) re ects the fraction of bandwidthunits that are blocked by the net-
work. BDR is computedasfollows:

(5)

Anotherway of seeingthe metriccanbe asfollows,let  bethesetof o wsthatarrive to a network
andlet the bandwidthrequiremenbf ow begivenby . Let bethesetof o wswhichwere
deniedserviceto thenetwork. BDR is thengivenby

(6)

BDR givesthe probability of a unit of bandwidthbeingdeniedconditionedon beingrequestedBDR
not only accountdfor the relative Erlangload of a class,but also capturegshe differing bandwidth
requiremenbf classesThe metric makessensdrom a serviceprovider perspectie sinceit tells the
fraction of bandwidththatwasrejectedby the network. It canbe seenin directrelationshipwith the
effective servicesprovided to the usersassuminghey (services)wererequestedin otherwords,a
o w blockedwith higherbandwidthis a biggerlossthanoneof lower bandwidthgettinglost. BDR
effectively captureghedifferentlossesncurredin blockingof differentserviceclasses.

3.6 Notation

Thefollowing notationis used.
BDR of only the S1serviceclassacrosghe network

BDR of all serviceclassescrosghe network
Numberof cachedpathsfor the S1serviceclass
Numberof cachedoathsfor all otherserviceclasses
Routingschemeausedfor the S1serviceclass

Routingschemausedfor otherserviceclasses

3.7 ExperimenSetup

The Experimentswvere devisedto provide priority to o ws of S1 serviceclassby varying the control
parametertin PPC,UPOandARS phasesccordingo thefollowing guidelines.

ForthePPCphase: as , and and varyingfrom to . In general priority is givento
the S1serviceclassby giving morecachedpathsto choosefrom.
For UPOphase: and choserfrom DRR, MACRIC,MACRPCandMACRPNC.

For ARS phaseChangedrom NC, TR, SCTRandSMTR.
The setupallows us to studythe behaior of the overall network and S1 serviceclassunderpossible
variationswhich canbe exercisedo provide desirableperformanceo the S1serviceclass.Of particular
importanceas theimpacton the overall network performancédoy implementingmechanismso improve
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the GoSof the S1serviceclass.To testtherobustnes®f theresults we have constructedour trafc ma-
tricesasexplainedin subsectior8.4.We choseto movetheloadfrom S3class(sinceit is thepredominant
class)to the S1serviceclass Hencethefollowing termsshouldbe understoodn this perspectie:

5%S1:- S1:S3::

10%S1:- S1: S3::

15%S1:- S1: S3::

20%S1:- S1: S3::
We thenapplytheseto threenetwork models.For Network I, all of the controlschemegmployedwere
experimentedwvith and resenationfor the S1serviceclasswhere is thefractionof trafc for
thattrafc class.

4 Resultsand Discussion

We ran extensve simulationsexploring the possibleoptionsfor the PPC,UPO and ARS phasesand
presentesultsfor interestingsigni cant andinsightful caseonly. We view theresultsfrom thevariation
in and andfrom the perspectie of varyingcapacityto evaluatethebene tsandcostof various
optionsfor PPC,UPOandARS phasegor the S1andotherserviceclasses.

In generaltheloadonthenetwork would becharacterizedsnormalloading.We have scaledhenetwork

capacityto make a network level BDR of approximately . Thiswould correspondo a casewherea
network wasperformingunderstressandis in needof performancemprovement eitherby addingnew

capacityto the network or implementingadditionalcontrols.The goal of this work is to seehow those
controlswould performandwhetherthey would obviatethe needfor new capacity

We rst simulatedthis network without ary pathcaching,routing schemespr network controlsusing
Destination-Base®outing. This performanceas what we would expectwith today’'s Internetwithout
ary constraint-basetbuting, MPLS, etc. Theseresultscanbe usedasa basecaseagainstwhich other
routingmechanismsanbecomparedin thecaseof % S1,blockingfor Destination-Base&outingfor
theS1classis andblockingfor the overall network is .Inthecaseof % S1,blockingfor
Slis andblockingfor the overall network is

Notethatin this paperwe have usedhop-countasthe metricfor destination-baseuting. Recently
determiningoptimallink weightfor networkswith destionation-baseuting (in particular OSPFnet-
works[1,2]) hasreceved signi cant attention.Our interestherehasbeento seeif theresultswould be
signi cantly differentif we wereto useoptimallink weights.Recallthatour network is a loss-netvork
model;thus,for the givendemandno feasible o w existsthatcancarryall thetraf c throughthe net-
work. Thus, rst we considera feasiblenetwork for this purposeby doublingthe network bandwidth.
Secondlywe have aggr@ratedthetraf ¢ for multiple servicesnto onetrafc demandvolume(perde-
mandpair) by summingthe productof load andthe bandwidthper sessiorfor eachserviceclass.We
have thendeterminedhe optimallink weightby usingthe duality-basedpproachdescribedn [1]. We
have foundthatfor thetopologyanddemandscenariove have consideredNetwork 1), the optimallink
weightsfor all links remainat 1 (i.e., hop-countmetric) exceptfor two links. In otherwords,for all
practicalpurposethe optimal weightis essentiallyequivalentto hop-countmetric. Thus,we caninfer
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Fig. 1. BDR of S1sewice classand Overall Network for 5% S1with (left) DRR and

(right) with Changing Network Controls

thatsimulationresultswould have minimal differencewith optimallink weightscomparedo hop-count
metrics,andthusthe performancevould remainar from the routingschemesve've consideredere.

4.1 BasicResults

Now examine constraintbasedrouting, rst we checkour assertiondrom the previous sectionsand
obsenre thebehaior of the network by changingonly a singlemechanismeitherthe routingschemeor

numberof cachedpaths.For a casewhereall classesisethe DRR routing schemewe presentesults
in Figure1 on theleft plot that shonv the BDR of the S1 serviceclass(on the lower setof curves)and
theoverall network (ontheuppersetof curves)for 5% S1.Eachcurve shovs how the BDR changedor

differentnetwork controlsspeci edalongthex-axisfrom No Control(NC) to SMTRwith areseredarea
of 2.5%o0f the capacity The proportionof S1trafc is , andthe TR, SCTR,andSMTR controls
createresened areaswith proportions and of link capacity Variouscurves are producedfor

differentcombinationf and

Note rst of all thatall of the curves,evenwhenthereare no controlsandonly DRR is being used,
demonstratperformancenuchbetterthanDestination-Base&outingwhereblockingwas0.056for S1
and0.177for the overall network. We alsoobsenre signi cantly differentresultswhenwe changethe
balancebetween and . The worst performancdor S1 occurswhen (i.e.,
no priority in numbersof cachedpaths).The BDR for the S1 serviceclassimprovessigni cantly when
the S1 classis allowedto usemore cachedpathsthanthe otherclassesFor exampleconsiderthe case
usingno controls(NC). Blocking canbe half asmuchfor S1when and thanwhen

We alsocansigni cantly reduceS1 blocking by implementingTR, SCTR,and SMTR controls.In all
caseshowever, tradeofs mustbemadein thenetwork-level BDR; somemechanismsay causeasignif-
icantrisein thenetwork BDR. Onceasuitablecontrolis chosenthis would constituteanimplementation
of priority in two phases.
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pace*-1.0emiheright plot of Figurel, we compareoutingschemesvhile keeping
We getsigni cantly differentresultsby varyingthe routing schemesetweenhe S1 serwceclassand
the otherserviceclassesNote alsothatfor somecombinationf routing schemesbut not all of them,
blockingfor S1canbe muchlowerthan which would have beenthe resultfor Destination-Based
Routing.In all caseshowever, the overall network blockingwasmuchlessthan

The plotsin Figure 1 lend credenceo usingmechanism®eyond Destination-Base®Routing.In Sec-

tion 4.4 we examinethis further by consideringthe amountof capacitysavings that could result. The

plotsin Figure 1l alsosupportour approaclof providing differentpriorities to differentserviceclasses
by implementingdifferentmethodsfor numbersof cachedpaths(PPCphase)routing schemegUPO

phaselandnetwork controls(ARS phase).

4.2 ChangingTraf c MatricesBetweerb% S1and20%S1

In the following sectionswe make obsenationsby comparingthe plots for 5% S1 and 20% S1. For
example,seeFigure2 wherethe left plot is for 5% S1 andtheright is for 20% S1. We seethat asthe
fractionof trafc for the S1serviceclassincreasegand S3 decreases}the compositionof o wsin the
network is altered.In thetraf ¢ model,theaverage o w bandwidthof the S1serviceclassis muchlower
thanthatof S3,andhenceaswe move loadfrom S3to the S1serviceclass,we bring dowvn the average
bandwidthper o w. Hence the overallnetwork performanceevenfor no controls,improvesaswe move
from 5% S1to 20%S1in all the obsenedcasesAnothercheckof intuition would bethatasthefraction
of for the S1serviceclassincreasests impactonthenetwork level BDR in all thecasess higher When
service-speci ccontrols(i.e., SCTRandSMTR) becomeactive andalleviatethe BDR of the S1service
class thenetwork paysa pricein termsof theoverall BDR. As thetraf ¢ matrixchangegrom 5% S1to
20%S1,aheavier priceis paid,sincethe pricefor rescuinga biggerfractionof S1trafc is higherin all
thecases.

4.3 InteractionsBetweerRoutingSdhemes, , and

So far we have seenthat we can provide improved performanceto priority trafc by implementing
priority in two phasest a time, namelyin the ARS phaseusingTR, SMTR, etc.andeitherthe PPCor
UPOphaseNow we seekto integrateall threephases.

Routingschemesliscussedn the subsectior?.2 canbe split into two cateyoriesbasedon their whether
or not they allow crankback Routingschemedike MACRPCaccepta o w if thereis any pathwhich
canaccommodatéhe o w, only restrictedby the numberof cachedpathsandthe numberof crankbacks
allowed. While attemptingto routea o w acrosdonger paths,theseschemeslo well for the o ws at
handbut put a higherloadon the overall network by moving o wsoverlongerandlongerpaths.Hence,
they performwell for lightly loadednetworks whereador networks with heavier loads,they have the
tendeng to move the network to higherloadedconditions Ontheotherhand,schemedike MACRPNC
accepta ow only if it is allowedon the rst try. Sucha criteriareduceshe possibility of gettingthe
network heavily loadedsincethe o ws will be blocked assoonasthe network startsto getoverloaded
sincechancef gettingthrougha longerpatharerelatively small. Hence theserouting schemekeep
thenetwork in amorelightly loadedstateby blockingthe o wsratherthanmoving themto longerpaths.
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They performworsein lightly loadedcasesvhereador networks with higherloadingthey give much
betterperformanceRoutingschemedike DRR randomlymove the load around(regardlessof whether
pathsareshorterandlonger)andgive performancen betweerthetwo otherdiscussedgchemes.

In orderto obtainbetterperformancdor the S1serviceclass,we will be moreinterestedn casesvhen

MACRPCor MACRIC and MACRPNCandDRR. This will give the S1 class
the chanceto try to be admittedon mary possiblepaths,whereotherserviceclasseswill have limited
possibilitiesfor pathsthatcouldbeused.

4.3.1 MACRPCand DRR

Returningo Figure2, we canseethe BDR of the S1serviceclassandtheoverallnetwork with MACRPC
and DRR for 5% S1and20% S1with changingnetwork controls.We obsenre that

and performswell, giving signi cantly lower overall network level BDR andfairly low BDR

for the S1serviceclass. and restrictsthe network too muchandendsup performing
poorlyonboththenetwork level andtheS1serviceclasdevel. The S1serviceclassperformanceompar

isonfor and with and is interestingastheir relative performance

levels ip betweerb% S1and20%S1.In thecaseof 5% S1,boththe BDR of theoverallnetwork andS1
decreasasweincreaseahenumberof cachedathsfor bothS1andotherserviceclassesThesmallfrac-
tion of the S1 serviceclassleadsto minimal interferencebetweenclassesAs the S1fractionincreases
to % with , S1collidesmorewith otherserviceclassesausinga higherBDR. Obsene that
a highervalue of allows moreeffective load of otherserviceclassedo getacceptedandthereby
forcestheS1serviceclassto have ahigherBDR. By allowing the S1serviceclassto uselongerpathswe
allow inef cient useof links to ensurehigherpriority for the S1 serviceclass.Suchanapproachmight
effectively besupplementedly increaseaontrolslike SMTR which allow betterutilization of resources
andalsoguarante¢herequiredprecedence.

Oneinterestingobsenationis thatthetrunk reseration (TR) degradeghe performanceof S1aswell as
theoverallnetwork comparedo NC; thisis mostnoticeablen thecaseof 20%S1.Thiscanbeattributed
to the factthattheload on the network is not uniformly distributedamongthetraf c pairs,whereaghe
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trunk resenation is uniform over the network. Uniformly reservingcapacityis harmful when lightly
loadedpartsof the network do not evenneedtheresenation.

4.3.2 Genenl Conclusions

In

Otherscenariosvereconsideredik e thatin Figure2. In mary waysthe plotsandsystembehaior were
similar, andthefollowing additionalconclusionsveremade.

Prioritizationin the ARS phasehasmore impactcomparedo prioritization in the PPCphase.In-
creasing createssubstantialmprovementin S1 performancgwith diminishingreturns),sinceit
providesa routing schemdike MACRPCwith morepathsto choosefrom. It is bestto rst increase
, sinceit alsomayimprove performancetthenetwork level, thanto usemoreextensve controls,
sincethey hurt performancetthe network level.
Improvementatthe network level canbe affectedsubstantiallythroughthe choiceof . An appre-
ciableimprovementcanbe seenin Figure2 as wasincreasedrom 4 to 8. Also, performanceat
thenetwork level wasvirtually the samefor the samevaluesof , especiallyfor 5% S1.
Usingaroutingschemdike MACRIC doesnotimprove the serviceclasslevel performancenuchas
comparedo MACRPC.In otherwords,routingthatusesnstantaneouslypdatednformation(which
hasa heavy signalingcost)isn't necessarilyadvantageousveronewhereroutingis basecn updated
informationthatis periodicallydisseminated.

4.4 ChangingNetworkCapacity

the previous section,we evaluatedthe variousoptionsfor PPC,UPO and ARS phasesFrom those

resultswe now examinethemonthebasisof varyingnetwork capacity We intendto exploretherelative
change&ncountereavhenthesecombinationsareemplo/edin comparatrely lightly andheavily loaded

networks.
First consider : : MACRPCand MACRPNC.AIl controls
areexercisedat . We presentresultsin Figure 3 for the BDR of the S1 serviceclassand overall

network (this time on separatelots) for 5% S1 with varying capacity The mostobvious resultsfrom
Figure3 arethedifferencen blockingat all capacitylevels betweerDestination-Base®outingandall
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of the othermechanismsAt 80%of basecapacityall of theothermechanismsanproducevirtually the
samebandwidthdenialratio for S1asdoesDestination-Base®outingat 130%o0f basecapacityOnthe
curvesfor the overall network, the sameperformances providedat 100%of basecapacityfor all other
mechanismasat 130%for Destination-Base®outing.Suchcapacitysavzingsallow usto concludethat
30%to 50% morecapacityis neededo provide the sameperformancdor Destination-BaseBoutingas
is provided by usingalternateroutingcombinedwith network controls.

We alsoobsenre thatfor the overall network level BDR, TR performsslightly betterthanNC for heavier
load but notaswell asNC asthe network is lightly loaded.For the S1serviceclassactive controlhelps
improve the S1 performanceat lower loadsbut the controlsand NC meige with increasingcapacity
Rightfully, asthe network getsenoughcapacity the classwith lower average o w bandwidthmanages
to getlower BDR evenfor NC. The obsenation draws our attentiontowardsthe in uence of various
controlsandprioritizationmechanismen the BDR of the S1serviceclass.Thesemechanismsotonly
ensuregoodperformanceat highercapacitiegNC alsodoesit) but alsoat the relatively heavily loaded
conditions.Hence,to a large extent thesemechanismgan be usedto avoid or delay upgradesof the
network.

We investigatedthercombination®of PPC,UPOandARS phasesThoseresultsshavedsimilar results
asFigure3, exceptthatthetypesof network controlscausednoreor lesssigni cant differencedbetween
curvesdependingn the combination.

4.5 Overloaded\etworks-Networkd & IlI

In this section,we checkand selecta few combinationsof routing schemesand cachedpathson two
othernetwork modelsto seeif the sameconclusionsve have reachedn previous sectionswould also
be applicablehereand applicablein general.This modelkeepsthe samenetwork topology but hasa
higherload to the point the network would be consideredverloaded.Therearethreewaysin which
a network canbe madeto be overloaded (1) by decreasinghe capacityof eachlink proportionately
(2) by removing selectve links, and(3) by doing both. The two caseswvhich we foundinterestingwere
by decreasindhe capacityproportionatelyandby doing both (removing selectve links anddecreasing
capacityproportionately).

4.5.1 Networkll-ProportionalDecrease

In subsectior.4, we have shovn the performanceof S1 serviceclassandOverall network for chosen
combinationswith varying network capacityin Network I. For this experiment,we take a snap-shot
whenthe network capacityis decreasetb % of its capacityin Network | proportionatelyon all links.
Sucha downsizednetwork is referredto as Network Il. Here, we considerthe performanceof two
combinationsof routing schemesWe presentresultsin Figure 4 for the BDR of the S1 serviceclass
andtheoverall network for 5% S1with variousnetwork controls.We obsere thatTR doeshave asmall
positive impacton the network level BDR hereasthe network is hearily loaded.In the rst network
model, TR madeperformancevorse.We alsoobsene that with the activation of S1-speci ccontrols,
S1performancemprovessigni cantly whereasat the network level, a heavier priceis paidasthe BDR
risesasmuchas0.05.Whencomparedvith the normallyloadednetwork in Network |, we obsere that
harsheresenationis warrantedo ensurehesameBDR for the S1serviceclass Sincethenetwork level
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BDR is higher morereseration(now atlevels and insteadof and ) is neededo bringthe
BDR of the S1serviceclassto the samelevel. Thuswe seethatdeploying service-speci ccontrolsin a
heavily loadednetwork causesnoredegradationin the overall network level performance.

4.5.2 Networklll-Link reductionand ProportionalDecrease

Now considerthe third network model,in which we removedlinks without any directtraf c andlet the
oneswith directtrafc remain.This createsa network with moreevenly distributedload sinceall links
have directtrafc. Then,we decreas¢he network capacityto % of its capacityproportionatelyon all
links. Sucha downsizednetwork suffers from high BDR. We presentresultsin Figure5 for the BDR
of the S1serviceclassandthe overall network with MACRPC, MACRPNCand

MACRPC, MACRICfor 5% S1with increasingnetwork controls.The performance

resultsarequite similar for this network andfor the seconchetwork. The only differences with SMTR.
Sinceclassehave lessoptionsfor nding alternateroutesthroughidle links, multi-link trunkresenation
haslesseffectonreducingBDR.
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In examiningthesetwo additionalnetworks,the mainconclusionis thatimplementingprioritiesin num-
bersof cachedpathsroutingschemesandnetwork controlshassimilarbene t. Sofor thethreenetworks
studiedwe obsered similar performancesvenwith changingloadinglevelsandload distribution. This
allows usto view our conclusionsassomeavhatgeneralin nature ratherthanapplicableonly to aspeci ¢
network.

5 Conclusion

In our work, we have comparedvariousmechanism®f providing priority to a speci ¢ serviceclass.
Theframavork usedfor QoSroutingfor traf ¢ engineerindhasthreephasesPPC,UPOandARS. The
PPCphasecharacterizethe numberof cachedathsto be maintainedat the nodegroupfor eachservice
class.The UPO phasedecidesthe degreeof coordinationbetweenthe nodegrouprouting entriesand
the stateof links of the network. The ARS phaseexerciseshe controlsanddecidesthe pathto try for
anincoming o w. The choicemadeby the network during thesethreephasegse ects the precedence
givento the speci ¢ serviceclass.We thereforeseethe priority providedto a serviceclassasa pointin
this threedimensionabpaceandthe valueschoser(for caching,routingschemesndnetwork controls)
in uence the performancesseenby a serviceclass.

We startedwith arepresentatie network andtraf c, thenconductedxtensie simulationsandattempted
to getinsightsinto the interdependencketweernthe chosernvaluesfor the threephasesWe alsoexper
imentedwith variationsof traf ¢ (differentcompositionof serviceclassespndthreenetwork models.
We realizedthatdoingtoo muchalongary onevector(phaseoesnot seemef cient andencountersli-
minishingreturns Keepinghigherdifferencedvetweerthe Numberof CachedPathsfor differentservice
classess effective for reasonablealuesof differenceafterwhichthe performancef theoverall network
deterioratesvith no gainatthe serviceclasslevel. Attemptingto exerciseharshemetwork controls(in-
creasinghetrunkresenationlevelswith respecto ) only leadsto substantiatlegradatiorof theoverall
network level performancevith minimalimprovementn the performancef theserviceclass Along the
samelines, usinga routing schemdike MACRIC doesnotimprove the serviceclasslevel performance
muchascomparedo MACRPC.In otherwords,routing thatusesinstantaneouslypdatednformation
(which hasa heary signalingcost)isn't necessarilyadvantageousver one whererouting is basedon
updatednformationthatis periodicallydisseminated.

Suchobsenationleadsusto believe thatef cient andeffective prioritization canbe achiezed by giving
soft (lessharsh)priority at multiple levelsto a serviceclass.Suchan approachnot only causedesser
harmat the network level but alsoprovidesmore effective priority to the serviceclass.And nally , we
canmalke theoverallconclusiorthattheimplementatiorof QoSroutingschemesanprovide substantial
bene tswhenusedin conjunctionwith network controls.We have not studiedthe network protocolsthat
would beneededo implementheseschemeshut ratherhave shavn how TE mechanismsouldprovide
substantiabene ts, regardlesf which candidatgrotocolsthatareused.
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