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Abstract

Wedemonstratethebene�tsof traf�c engineeringbystudyingthreerealisticnetworkmodelsderivedfrom anactual
serviceprovidernetwork. Weevaluatetraf�c engineeringin thepresenceof QoS-basedroutingschemescompared
with thedestination-basedrouting,thedefault routingbehavior for theInternet.Wealsosimulateprioritizationof
importanttraf�c �o wsby implementingpriority in oneor moreof thepathcaching,pathordering,andactualroute
selectionphasesof theconstraint-basedroutingframework. We observe that traf�c engineeringcanprovide 20%
to 50%network capacitysavings.We alsoobserve thatprioritization in morethanonephaseof constraint-based
routingcanprovide evenmoresigni�cant bene�ts.

Key words: Traf�c engineering,constraint-basedrouting,qualityof servicerouting.

1 Intr oduction

Traf�c engineeringis becomingan increasinglyimportantconsiderationfor managingnetwork perfor-
mance.Also, becomingcrucial is theability for network serviceprovidersto provide high quality ser-
vices to particularsetsof their customers.Thesecustomersexpect to be able to usethe network and
be provided reliableservices,regardlessof the network conditionsor loading.Thesecustomersmight
beemergency workers,thosethatdependon teleconferencing,thosethatuseIP telephony, etc.In many
of today's networks,resourcesareoverprovisioned,socustomersdo not experiencecongestionandare
satis�ed.In certaintypesof today's networks,however, suchasregionalor accessnetworks,overprovi-
sioningis not adequateto meetthe demandsthat might occur. And it is dif�cult to predict if many of
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today'snetworkswill continueto beoverprovisionedin thefutureif network capacitiesupgradesdo not
keeppacewith loadgrowth.

Theobjectivesof traf�c engineeringaretwofold: to alleviatehot spotsin thenetwork by loadbalancing
andto providedependableserviceto certainclassesof traf�c. Traf�c engineeringobjectivesareachieved
differently in packet basednetworks ascomparedto �o w basednetworks. In packet basednetworks,
loadbalancingcanbe achievedby carefullyadjustinglink weightsasshown recentlyin [1], [2]. Such
mechanismscanbe complementedwith variousQoS-basedarchitectureslike differentiatedservicesto
provideacceptablegradeof serviceto particularclassesonanaggregatebasis.

However, if more�ne grainedcontrol is required,suchmechanismsarelimited. For example,consider
what might happenif onewishedto provide reliableQoSto particularvoice communicationsessions
over theInternetby emergency workersafteradisaster. In suchcases,networkswould likely beheavily
overloadedandall traf�c would receivepoorperformance,regardlessof how well link weightswerede-
�ned. If, however, a �o w-basedapproachwereused,particular�o wscouldbegivenspecialtreatmentto
�nd theresourcesthey neededandkeepother�o w-basedor besteffort traf�c from usingthoseresources.
Such�o ws would reserve network resourcesusinga mechanismsuchasintegratedservicesor RSVP,
thenwouldbetransportedusingMPLS,for example.

For �o w basednetworks,bothof theobjectivesof thetraf�c engineeringcanbeaccomplishedin auni�ed
manner. Multi-protocol label switching(MPLS) providessuchan integratedframework. An important
featureof MPLSis theability to setuplabelswitchedpathsfor differentservicesto reservebandwidth,if
andwhenneeded.Furthermore,thepossibilityof doingconstraintbasedroutingin general,andfor spe-
ci�c servicesif needed,is anotherattractive feature.TheIETF literature(bothRFCsandInternetdrafts)
hasbeendelugedrecentlywith variousaspectsandcapabilitiesof MPLS [3], traf�c engineering[4],
andtheuseof variousfeaturesto allow deploymentof controlsandarchitecturessuchasvirtual private
networks[5]. While mostof theseworksdescribethebene�ts in a qualitativemanner(sometimes,from
thepointof view of ”goodfeatures”or ”bestpractices”),very few discusstheactualquantitativebene�t.
For example,thereis a schoolof thoughtthat believesthat MPLS is not necessary;the currentbest-
effort routing (alternatively calledDestination-BasedRouting)is goodenoughif enoughbandwidthis
availablein thenetwork.Further, thereis very limited work thatdiscusseswhetherdifferentcontrolsthat
canbedeployedin anMPLS environmentfor traf�c engineeringareactuallybene�cial from a network
performancestandpoint.

Giventhis debate,we have setout to studythesetrade-offs. Our approachis simple.We considerthree
realistictraf�c modelswith giventopologywheremultiple servicesareprovidedandwherewe have a
goodideaof thetraf�c mix. Thenweposethefollowing questions.
(1) Whatservicelevelscoulddifferentclassesof traf�c receivedependingonacombinationof routing

possibilitiesandvariousnetwork controlsthatmaybeplacedfor traf�c engineering?
(2) Woulduseof suchmechanismsprovidesigni�cant costsavingsin termsof reducednetwork capac-

ity requirements?
(3) Are conclusionsdependenton thespeci�c network beingconsidered?Cangeneralconclusionsbe

made?
(4) Whatcombinationsof mechanismsseemto provide thebestoverallperformance?
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Our work is a casestudyof threenetwork modelsto addressthesequestions.Our team,consistingof
membersfrom both academiaandindustry, have worked togethercloselyto createrealisticsimulation
modelsderived from actualnetworks. Throughthis casestudy, we attemptto gain someinsight into
the tradeoffs. By no meansdo we addressall the possibleissuesregardingdeploymentor capabilities
of MPLS, suchassignalingexchanges.Instead,we focuson thebene�ts that traf�c engineeringcould
provide.

We studytheperformanceof differentservicesin this examplenetwork, andwork from theassumption
thatsomeclassesof traf�c requirebettergrade-of-servicethanothers(i.e., lowerblockingprobabilities).
We chooseto performthe studyfrom the viewpoint of blocking probabilities,but do not assumethat
the network would implementper �o w statein both control andforwardingplanesin a network. The
scalabilityproblemsof suchanapproacharewell documented.Thiswork does,however, provideabasis
from whichperformancecanbeassessedatthe�o w level,whichis averyusefulconstructfrom whichto
understandnetwork behavior andtraf�c engineering.By performingsimulationat the�o w level (instead
of at thepacket level), it is alsopossibleto simulatetheperformanceof thousandsof �o wsin anef�cient
manner. Actual admittanceof �o ws into the network could be implementedusingendpointadmission
control,network statein thecontrolplanebut not in the forwardingplane,RSVP, MPLS with resource
reservations,aggregationmechanisms,etc.The goalof this work is not to assesstheviability of those
options,but ratherto seethebene�tsof traf�c engineeringin general.

It is commonlyknown thatin multiservicenetworksthoseclasseswhichhavehigherbandwidthrequire-
mentsper �o w have higherblocking,becauseit is harderto �nd enoughresourceswhen�o ws require
largebandwidth.Weseekto eliminatethatproblemaswell asgivebettergrade-of-service(GoS)to those
classeswhichneedit themost.In themodelstudiedhere,wehave four serviceclassesandserviceclass
1 (S1)is givenpriority becauseit is assumedthatS1traf�c generateshigherrevenueandcustomershave
highexpectationfor bandwidthto beavailablewhenneeded.

As one importantexample,the mechanismsstudiedherecould be appliedto prioritize disasterman-
agementtraf�c in responseto naturalor man-madeemergencies[6,7]. Recentterrorist eventsin the
UnitedStatesonSeptember11,2001,haveshown thattelecommunicationnetworksprovidetremendous
valueto societyin responseto disasters.Theseeventshave alsoshown what is commonwith disaster
response,however, thattremendousstressis placedon thesenetworksfrom high loadsanddamagedfa-
cilities [8] [9] [10]. Whenresourcesarescarce,thoseusersanduserapplicationsthatareof highervalue
or importanceshouldbegivengreateraccessto resources.During exceptionalconditionslike emergen-
ciesor disasters,usersanduserapplicationsof greatestimportancewouldbethosewhich relievedanger
to life andproperty. A mechanismfor prioritizing usertraf�c would thereforebevaluablein bothnormal
andexceptionaloperatingcontexts.

Of particularinterestaretheperformanceimprovementsthat canberealizedby usingtraf�c engineer-
ing. Onetype of performancecomparisonwould be the amountof capacityneededto provide certain
grade-of-servicelevels whethertraf�c engineering(i.e., implementingmechanismsbeyond OSPFand
BGP)wereusedor not.A particulargrade-of-servicelevel canalwaysbeprovidedgivenenoughsystem
capacity, so the key questionis how much capacityis needed.We comparea network without traf�c
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engineeringto thosewhich implementvarioustraf�c engineeringmechanismsandcomparecapacityre-
quirements.We show for the modelsstudiedherethat a network that doesnot usetraf�c engineering
couldneedon theorderof 20%to 50%morecapacityto meetthesameGoSrequirements.

Anothertypeof performancecomparisonis therelativebene�t of usingdifferenttypesof traf�c engineer-
ing mechanisms,especiallywhensometraf�c classesrequiremuchlower blockingthanothers.We use
theframework presentedin [11] andconsiderQoSroutingto beasubsetof constraint-basedrouting[12].
QoSroutingonly dealswith thedynamicloadconditionsof thenetwork whereasconstraint-basedrout-
ing alsoconsidersconstraintsimposedby network operators.Wedividetheconstraint-basedrouting[12]
into threephases.Therefore,we considerthe�rst two phasesasQoSroutingandthethird phaseasNet-
work Controls.It wasconcludedtherethatQoSroutingneedstobecomplementedby networkcontrolsto
ensuremaximumbene�t. Moreover, authorsin [13] providedresultsfor variouskindsof mechanismsfor
thenetwork controlphaseof theroutingframework from acasestudyusingasinglenetwork model.The
mechanismsstudiedincludetrunk reservation,serviceclassbasedtrunk reservation,andserviceclass
basedmulti-link trunkreservation.It wasobservedthatthesemechanismscanprovidesigni�cant bene�t
to high-priority traf�c classeswhenappliedto thenetwork controlphaseof constraint-basedrouting.

In contrastto [13], wherepriority wasonly implementedin the network control phaseof the routing
process,this work shows how the implementationof priority in all threephasescanprovide evenbet-
ter performance.In otherwords,in additionto usingvariantsof trunk reservationto provide prioritized
gradeof service,priority is alsodeployedby usingpreferencesin thenumbersof cachedpathsandthe
routingmechanismsthatareused(e.g.,DynamicRandomRouting,MaximumAvailableCapacitywith-
out Crankback,etc.).All threephasesarecombinedinto a uni�ed framework thateffectively provides
priority throughthe threephases.To the bestof our knowledge,no work exists which presentssucha
uni�ed routingframework to provideeffectiveprioritizedservice.

Wealsoevaluatethebene�tsfor threeadditionalnetwork modelsbeyondtheonepreviouslyinvestigated,
to demonstratethattheseresultshavegeneralapplicationbeyondjustafew speci�c network models.The
approachwe useis to studythe impactof implementingpriority in any onephase,andtheninvestigate
a seriesof combinationswherepriority is appliedin two or threephases.While not claiming to have
found optimal solutions,we show that somecombinationscan be identi�ed that provide substantial
performanceimprovements.Soin summary, thisworkextends[11], [13] by consideringthreeadditional
network models,but also breaksnew groundby providing a uni�ed approachto prioritized network
resourceallocationusingall threephasesof theroutingframework.

Therestof thepaperis organizedasfollows.First,we review thethree-phaseframework for constraint-
basedrouting anddiscussmechanismsfor providing priority serviceto particulartraf�c classes.Next,
the differentscenariosconsideredin our study are introduced,suchas destination-basedrouting and
differentQoSroutingschemes(with pathcaching).In section3, we discussthenetwork topologyand
data,and the performancemetrics.The resultsare presentedin section4 by consideringa normally
loadednetwork modelandviewing resultswith respectto blockingperformanceandnetwork capacity
requirements.Thenthe othertwo modelsareinvestigatedanddifferencesin resultsarediscussed.We
closewith asummaryof ourobservationsin section5.
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2 Priority Mechanisms

A network thatprovidesdifferentiatedor guaranteedqualityof service(QoS)needsto provide differing
servicesandperformanceto differentserviceclasses.Sucha requirementcalls for moresophistication
in thenetwork ascomparedto simply �nding pathswith thefewestnumbersof hops.Assumingthatall
links block independently, usingthesehopcountmetricswill givepriority to �o wswhich traversefewer
links. As a �o w requestsa longerandlongerpath,the chanceof gettingaccepteddecreases,whereas
for a QoSnetwork higherpriority needsto comefrom theclassof theservice.A �o w of lower priority
having a onehoppathshouldhave lower chancesof gettingacceptedascomparedto a �o w of higher
priority having amulti link path.Hence,notonly doesaQoS-awarenetwork needto recognizetheclass
of a �o w, it alsoneedsto safeguardresourcesfor ahighpriority class.

Acceptanceor rejectionof a �o w belongingto a particularserviceclassdependson the resourcesof-
feredby the network during threephasesbasedon the constraintbasedrouting framework discussed
in [11] [14] [15]. In the�rst phase,a setof shortestpathsarecomputedbasedon simplehopcountand
cached[16] for eachserviceclassby everysourceto all possibledestinationson thenetwork; this is re-
ferredto asthePreliminaryPathCaching(PPC)phase.Thenetwork cachesasmany pathsasis deemed
suitablefor aspeci�c serviceclass.In thesecondphase,thecachedpathsareorderedfrom mostaccept-
ableto leastacceptablepath(e.g.,in termsof residualbandwidth)usinga speci�c routingscheme[17];
this is calledtheUpdatedPathOrdering(UPO)phase.Thenetwork ordersthepathsdependinguponthe
classof serviceandcriteria for �nding thebestpaththroughthenetwork. In the third phase,a speci�c
routeis selectedfrom the orderedpathsto try to accommodatea newly arrived �o w andis namedthe
Actual RouteSelection(ARS) phase.The speci�c routechosendependson the classof the �o w and
resourcesthat arereserved or restrictedfor availability for that classusingtrunk reservation or oneof
its variants.QoSRoutingformsthe�rst two phases,namelyPPCandUPO,of constraintbasedrouting
framework. In otherwords,QoSroutingalongwith theARS phaseis referredto asa constraintbased
routingframework.

We seethat priority asseenby a serviceclassis affectedby the network's choicein the above men-
tionedthreephases.Theresourcesdedicatedby thenetwork for aspeci�c serviceclassin thePPCphase
changesthenumberof routesavailablefor a speci�c serviceclassfor orderingandhencethereachable
links. Similarly for the otherphases,performanceof a serviceclassdependson the choicesmadeby
thenetwork. Priority caneffectively beprovided to a serviceclassin a network by choosinga point in
a threedimensionalspacespannedby the following threedimensions,namelynumberof cachedpaths
(PPCphase),typeof routingscheme(UPOphase)anddegreeof control(ARSphase).Thechoicemade
by thenetwork for thethreephasesfor aspeci�c serviceclasstranslatesinto performanceasseenby the
serviceclass.Thesethreedimensionscanbeseenascharacterizingtheoverallprioritizationmechanism
beingappliedto aserviceclass.Moreelaborationontheuseof prioritizationfor eachphaseis asfollows.

2.1 Priority in thePPCphase(Numberof CachedPaths)

Path Cachinghasbeenshown to have considerableimpacton the performanceof a network asshown
in [18]. It hasbeenshown thatmorepathshelpin loadbalancingandoverallnetwork performance.How-
ever, it hasalsobeenobservedthatanexcessive numberof storedcachedpathsleadsto anoverloaded
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network with inferior performance,becauseit addslongerpathsto the cache.Theselongerpathsuse
morenetwork resources.Weusethepriority for aserviceclassto determinethenumberof cachedpaths
storedfor thatparticularserviceclass.

2.2 Priority in theUPOphase(Choiceof RoutingSchemes)

The UPO phaseusesrouting schemesthat attemptto �nd a paththat satis�esoneor moreconstraints
of interestandthat is optimal with respectto somescalarmetric.The constraintscanincluderesidual
bandwidth,delay, jitter, administrativepolicies,etc.While a feasiblepathcanbeselectedusingasimple
hop-countbasedalgorithm,additionalconstraintscanbeconsideredto improve theresourceutilization
by doingsomemeasureof loadbalancing.Theroutingschemesthatwe usedin this work useresidual
bandwidthor in otherwords,availablebandwidthasanadditionalconstraint.Theresidualbandwidthof
apathis de�ned astheminimumamountbandwidthavailableonany of thelinks in thepath.

Priority in theUPOphaseis implementedby usingdifferentroutingschemesfor differentserviceclasses,
for exampleallowing crankbackfor apriority classbut not for otherclasses.Thevariousroutingschemes
consideredareasfollows.

� DynamicRandomRouting(DRR) - This schemeis a simpleandan ef�cient routing schemebased
on DynamicAlternateRouting[19], [20]. It is alsoreferredto asCachedSticky RandomAdaptive
Routing(CaSRAR)[11]. Thereis no regular UPO phase.For the ARS phase,it 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.

� MaximumAvailableCapacityRoutingwith PeriodicupdatesandNo Crankback(MACRPNC)- The
pathsaresortedfrom mostavailablebandwidthto leastavailablebandwidth.This is doneperiodically
with the periodbeingthe routing updateinterval. The direct path is chosenas the �rst option irre-
spective of the bandwidthavailability on it. If blocked on the direct path,a secondchoicefrom the
setof cachedpathswith mostavailablecapacityis made.If thatpathis alsoblocked,thenthe�o w is
blocked.

� MaximumAvailableCapacityRoutingwith PeriodicupdatesandCrankback(MACRPC)- This is the
sameasMACRPNC,except that after a path is blocked the sourcecancrankbackandkeeptrying
pathsin the cache.This routing schemehasa con�gurableparameterfor the numberof crankbacks
thatareallowed.

� Maximum AvailableCapacityRouting with InstantaneousComputation(MACRIC) - This routing
schemeoperatesthe sameasMACRPCexcept that whena new �o w arrives,the entirenetwork is
freshlyscoutedto �nd a pathwith themostavailablebandwidth(hence,theterminstantaneouscom-
putation).This processis repeatedfor every new �o w arriving into thenetwork. This routingscheme
is utopianbecauseit is impracticalto provide completelyupdatedstateinformationfor eachnewly
arriving �o w. Thismechanismis of theoreticalinterestsinceit servesasabenchmark.

� Destination-BasedRouting(DBR) - This replicatesthedefault routingin today's Internetwhich does
not implementpriority but can be usedin comparisonto the other routing schemes.Becausethe
Internetdoesroutingbasedondestination,noalternateroutingis used.ThewayDBR is implemented
hereis to �nd a pathwith theshortestpathbasedon hopcountandeitherthatpathhasfreeresources
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or the�o w is blocked.

By usingtimevaryingconstraints,suchasavailablebandwidth,frequentupdatesonthestatusof thelinks
arenecessary. Oneof themajorfactorsaffectingtheperformanceis theperiodicityof theseupdates.If the
periodbetweensuccessiveupdatesis too long,thebandwidthavailability informationis no longervalid.
So,the�o wscangetblockedevenif thebestpath(accordingto thelastupdate)is chosen.However, too
frequentupdatesincreasethenetwork overheadandmight introduceoscillationsin thenetwork. We do
notaddressthis issuein depthin thiswork. For furtherdetails,see[18].

2.3 Priority in theARSphase(Activationof Control)

A varietyof controlscanbeimplementedto limit accessto network resourcesfor certaintypesof �o ws.
Theseseekto providebettergrade-of-service(GoS)to higherpriority serviceclassesasfollows.

2.3.1 NoControl (NC)
No Controlis theabsenceof any controlin theARSphase.Here,if theroutingscheme�nds apathwith
bandwidthsuf�cient for the�o w, the�o w is accepted,elseit is blocked.

2.3.2 TrunkReservation(TR)
Trunk reservation [21] is a simplecall admissioncontrolschemethat favorsdirect traf�c (i.e., onehop
paths).Whentheavailablebandwidthonalink fallsbelow aparticularthresholdvalue,alternatelyrouted
�o ws will be blocked even if thereis enoughbandwidthto accommodatethem.In essence,oncethe
thresholdvalueis reached,only thedirect traf�c hasaccessto the link. This preventsa problemwhere
alternateroutingusesmoretotalbandwidth(i.e.,thesumof bandwidthsonall links onapath)thandirect
routingandcanultimatelydecreasetheef�ciency of bandwidthusage.A trunk reservationthresholdis
setasa percentageof link bandwidth.

2.3.3 ServiceClassbasedTrunkReservation(SCTR)
In the previous case,all �o ws belongingto direct traf�c aretreatedequally in accessingthe TR area.
In the SCTRapproach,only �o ws belongingto a GoSstringentserviceclasshave accessto the link
oncethe thresholdis reached.This meansthenon-GoSstringentclass�o ws will beblockedsimilar to
alternatelyrouted�o ws,evenif they aredirect�o ws.

2.3.4 ServiceClassbasedMulti-Link TrunkReservation(SMTR)
SMTRextendstheSCTRapproachby allowing bothdirectandover�ow traf�c of GoSstringentservice
classesto accesstheTR area.Thismeansalternatelyrouted�o wsof aGoSstringentclassstill canaccess
a link in additionto thedirect �o ws of a GoSstringentclasswhentheavailablebandwidthfalls below
thethreshold.

3 Simulation Envir onment and Network Setup

To conductourstudy, wehaveusedMulti-ServiceDynamicRoutingSimulator(MuSDyR)[22]. Thereis
nopacket level detailin thissimulatorwhichallowsusto simulatethousandsof simultaneous�o wsin an
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ef�cient manner. Thisallowedsimulationtimesto besuf�ciently long to producelow variancein there-
sultsovermultiplesimulationrunswith carefullychosenseeds.The�o wsareassumedto follow Poisson
arrival processeswith exponentialholdingtimes,theirmeanratesdependingon thetraf�c classes.

3.1 NetworkTopology

Theprimarynetwork, which we call NetworkI comprisesof ��� nodes(labeledA throughO) connected
by ��� links. This network wasderived from an actualserviceprovider network. Due to thespacecon-
straintsandthe natureof the topology, we do not provide a graphicalpictureof the topology. Instead,
wehaveenumeratedthelinks in Table3.1.Thesecondnetwork westudy, whichwecall NetworkII , is a
reducedcapacityversionderivedfrom Network I. Network III, a moredenselyconnectednetwork was
createdby removing threenodesand21 links. The links we eliminatedfrom the network aretheones
which do not carrydirecttraf�c andtheeliminatednodesdo not generateany traf�c. This createdthree
networksto bestudied,all asymmetricto varyingdegreesandwith varyingload levels.Themotivation
for usingthreenetworkswasto determinethegeneralapplicabilityof ourapproach.

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 - I 933 A - J 933 A - K 1866

A - M 1866 A - O 1866 B - C 1866 B - F 1866

B - G 933 B - H 1866 B - I 1866 B - L 933

C - E 933 C - F 933 C - G 2799 C - I 3732

C - J 1866 C - K 933 C - M 933 C - N 2799

C - O 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 - I 1866 H - J 933 H - K 933

H - L 1866 I - K 1866 I - M 3732 I - N 933

J - K 933 J - L 1866 J - O 933 K - M 933

K - N 2799 L - M 1866 L - O 1866 M - N 3732

M - O 933 N - O 1866

Table1.Network TopologyModel
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3.2 Traf�c Models

The simulatorprovidesmany servicemodelsfrom which serviceclassescan be constructed.All the
modelsrequirespeci�cationof theErlangloadto begeneratedandthe�o w duration.Themodelsdiffer
in the parametersthat characterizetheir bandwidthrequirement.Someof the implementedmodelsin-
cludeFixedRate(FR),Uniform FixedRate(UFR) andVariableRateOn-Off model(VR) which canbe
understoodas:

� FixedRateModel(FR): In thismodel,thebandwidthrequirementof each�o w is equalto theprovided
bandwidth(inputparameter).

� Uniform FixedRateModel (UFR): In thismodel,theeffectivebandwidthrequirementof each�o w is
sampleduniformly in theinterval ��� �"!$#&%(')�*!$#,+ where !-# is theprovidedbandwidth( input
parameter)and .$/0�213',/4� .

� VariableRateModel (VR): In this model,theeffective bandwidthrequirementof each�o w is com-
putedfrom � ve inputparameters,namelytheSustainedFlow Rate(SFR),thePeakFlow Rate(PFR),
theMeanActive BurstPeriod(A), theFlow LossRatio (FLR) andtheBuffer Size(B) basedon the
�uid-�o w modelgivenin [23].

3.3 ServiceClasses

Thetraf�c for thenetwork modelstudiedhereis comprisedof four serviceclasseseachhaving different
loadsbetweeneachpairof nodesfor agivenclass.Eachserviceclasshasits own routingtableandmakes
its decisionbasedon thestatusof thepathsandtheGoSrequirement.Thefour serviceclasses,namely
S1,S2,S3andS4,areexplainedbelow:

� ServiceClass1 (S1):TheS1Serviceclassis consideredto bethehigh priority traf�c class.It is con-
structedusingtheUFRtraf�c model.TheS1serviceclassmultiplexesmultiplesourceswith different
but �x ed bandwidthrequirementsbetweena nodepair. The serviceclassderives its characteristics
from thebehavior of thesources.For a nodepair( 5 , 6 ), let therebe 7$8:9 sourcesmultiplexedto theS1
serviceclasshaving bandwidths;�<>=

8?9

. Thenthemaximumbandwidthof theS1serviceclassbetween

thenodepair( 5 , 6 ) is !-# 8?9"@3ACBED F

=�GIH

;�<J=

8?9

. TheErlangloadof the�o wsfor theS1serviceclassbetween
thenodepair( 5 , 6 ) is KL8?9M@47N8?9 . Sincethebandwidthof theserviceclassis derivedby averagingover
�o ws, thebandwidthof anarriving �o w is determinedfrom a uniformly distributedsamplebetween

O

� % and �	.�. % of !$#P8?9 . The samplingis doneevery time a new �o w arrives for a nodepair. The
average�o w durationis Q�.�. secs.

� ServiceClass2 (S2): The S2 serviceclassis implementedto have a small guaranteedbit rate,plus
unspeci�edrequirementsabovethat.S2is constructedfrom theFRtraf�c model.It comesasarequest
with a minimumbit ratewhich is allocatedto theconnectionanda variableratepart,for which there
areno guaranteesand,hence,no reservationof resources.Every active nodepairgeneratesS2 traf�c
with anFRpartthathasaninter-arrival timeof 10secsand�o w durationof 180secs.

� ServiceClass3 (S3): The S3 serviceclassis constructedfrom theVR traf�c model.For a nodepair
( 5 , 6 ), let therebe 7R8?9 sourcesmultiplexedto the S3 serviceclasshaving peak�o w ratesSUTUV

=

8?9

and
sustained�o w ratesW�TIV�=

8?9

. Thenthepeakandsustained�o w ratesfor theS3serviceclassbetweenthe

nodepair( 5 , 6 ) are XZYR[J8?9"@4ACBED F

=�GIH

W�TIV\=

8:9

and ]RY^[J8?9"@,A_BED F

=`GIH

SaTIVb=

8?9

. Otherparameterswerechosenas
ActiveBurstLengthof � sec,Buffer Sizeof ]^Y^[M8?9 andCell LossRatioof .dce� %. TheErlangloadof
the�o wsfor theS1serviceclassbetweenthenodepair( 5 , 6 ) is Kf8?9*@g7N8?9 . Thesamebandwidthis used
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for all the�o ws for anodepair. Theaverage�o w durationis h�.�. secs.
� ServiceClass4 (S4):TheS4serviceclassis implementedthesameastheS3serviceclasswith Cell

LossRatioas0.01%and�o w durationof �	��. secs.
We have discussedthe approachusedto computethe Erlang load andbandwidthof a �o w. Now, we
de�ne “effective load” of a �o w betweennodepair( 5 , 6 ) of serviceclass W as Kji

8:9$k

!-#,i

8?9

andthat of
serviceclassW is computedas Aml

8on 9qp

K
i

8?9

k

!$#4i

8?9

where WM@gX*��%�Xsrt%�XZQd%�Xvu .

3.4 Traf�c Matrix

The traf�c pro�le consistsof 37 source-destinationpairs,all of which have direct links betweenthem.
This is signi�cant becauseno traf�c needsto usemulti-link paths,except when alternaterouting is
requiredwhenthedirectlink is full. It is alsosigni�cant becausein thetopologythereare ��� links, so rt�

links haveno directtraf�c speci�edandareidle unlessthey areusedfor alternaterouting.

Due to the voluminousnatureof the traf�c matrix, we only give an ideaof the matrix ratherthanthe
completematrix itself. Among the37 active nodepairs,36 of themhave S1 andS3 traf�c, six of them
haveS4traf�c andall of themhaveS2traf�c. TheErlangloadandthebandwidthrequirementof a traf�c
classacrossall thenodepairsarenot necessarilythesame.Theratio of theoverall effective loadof the
traf�c classesis givenby 4.69(S1):4.58(S2):90.71(S3):0.02(S4), asderivedfrom anactualservice
providernetwork. We would like to addthatthetraf�c is not representativeof thenetwork performance
at all times.We believe that themostimportantaspectof the traf�c is thedistribution of effective load
throughoutthetopology, not necessarilytheactualloadinglevelsof thenetwork asawhole.Theloadis
distributedasymmetricallywhich is alwaystrueof real-world networks.

We refer to the traf�c matrix that we discussedabove as 5% S1. From this traf�c matrix, we have
generatedthreeother traf�c matricesnamely10% S1, 15% S1 and 20% S1 with increasingfraction
of S1effective loadto theoverall network effective load.Notethat themajorportionof network traf�c
comesfrom S3 �o ws. Sincewe have consideredtraf�c classS1 asour high priority class,thesetraf�c
matrix variationsallow us to seehow variousmechanismsperformwhenS1becomesa larger fraction
of theoverallnetwork effective load.However, in orderto makesurethatoverall network effective load
is kept�x ed,wemove theeffective loadappropriatelyfrom traf�c classS3to S1in thecaseof 10%S1,
15%S1and20%S1.This approachis aimedat bringingout the interplaybetweenthefractionof high
priority traf�c (to theoverall traf�c) andtheeffectivenessof theconstraintbasedroutingmechanisms.

Let S denotethefractionof S1effectiveload(i.e., Sw@x� in thecaseof 5%S1traf�c matrix).Let K and ;�<

representtheErlangloadandthebandwidthrespectively with subscriptsdenotingtheserviceclass(S1,
S3,etc.)for the5%S1traf�c matrix.In orderto obtainthetraf�c matrices10%S1,15%S1and20%S1,
theErlangloadof theS1andS3traf�c classesfor eachnodepairaregeneratedfrom thecorresponding
nodepairsin the5% S1traf�c matrix usingthe following method.Note that Kty�z�{ representstheErlang
loadobtainedfor thenew traf�c matrix.
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3.5 PerformanceMetric

The primary performanceparameterwe seekto observe is the BandwidthDenial Ratio (BDR) which
considerstheoverall ratio of total admittedbandwidthto total requestedbandwidth.It seeksto capture
the effect of having �o ws of widely differing bandwidthsall attemptingto accessthe network. This is
in contrastto naiveblocking(theclassicalcall blocking)which is anoverly simplisticview of blocking
performancein amulti-classenvironment.Bothof thesearediscussedasfollows.

In orderto describetherelevanceof theBDR, we assumea network with „ classesof service.Let, !R8

betheblockingencountered,…a8 thearrival rate,and ;�<*8 thebandwidthof �o ws for the 5‡†�ˆ class.Here,
!J8 is de�ned as:

!J8‰@3]NVj� Arrival is blockedfrom Class5Š+ (2)

For suchanetwork, variousperformancemeasurescanbeexplainedas:
� Naive Blocking (NB) standsfor the traditionalblockingde�nition which givestheaverageblocking

level acrossall classes,computedasfollows.

7m!‹@

A~Œ

8

!J8

„

(3)

By averagingdirectly over the classes,NB losesthe informationaboutthe compositionof blocked
calls.It is still meaningfulaspreciselytheprobabilitythatacall getsblockedif thereis a singleclass
( „ @•� ) or in a casewheretherearemultiple classesandthey have the samearrival rates( …‰8 's are
equal).Sinceit doesnot accountfor differencesin …U8 's and ;�<*8 's, the utility of the metric is fairly
restrictedin amulti-service,multi classnetwork.

� WeightedBlocking (WB) re�ects the fraction of requeststhat have beenblocked irrespective of the
bandwidthof theconnection.This weightstheoverall blockingcomputationby therelative amounts
of Erlangloadgeneratedby eachclass.

#,!Ž@

A
Œ

8

…j8I!J8

A•Œ

8

…j8

(4)

This metric is theconditionalprobability of a �o w gettingblockedgivena �o w of class 5 arrivesat
the network. The metric weightsthe blocking encounteredby a �o w to the fraction of calls of that
�o w. Hence,it givesa goodmeasureof the probability of a randomlychosencall gettingblocked
if all ;�<•8 's are equal.Sinceit doesnot accountfor the bandwidthinformation of the lost �o w, it
loosesits credibility in thecaseof multi-servicenetworkswith eachclasshaving adifferentbandwidth
requirement.Sincewe know thatblockingencounteredby a classalsodependson thebandwidthof
the�o ws,WB hasrestrictedutility in suchamulti-serviceenvironment,exceptthatit maymakesense
from userperspective.
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� BandwidthDenial Ratio (BDR) re�ects the fraction of bandwidthunits that areblocked by the net-
work. BDR is computedasfollows:

!-‘~[3@

AwŒ

8

…E8I!J8I;�<•8

A Œ

8

…E8I;�<•8

(5)

Anotherway of seeingthemetriccanbeasfollows, let 7 bethesetof �o ws thatarrive to a network
andlet thebandwidthrequirementof �o w 6 begivenby <•9 . Let 7“’ be thesetof �o ws which were
deniedserviceto thenetwork. BDR is thengivenby

!-‘~[_@

A

9�”

Ba•

<s9

A

9�”

B

<s9

(6)

BDR givestheprobabilityof a unit of bandwidthbeingdeniedconditionedon beingrequested.BDR
not only accountsfor the relative Erlang load of a class,but alsocapturesthe differing bandwidth
requirementof classes.Themetricmakessensefrom a serviceprovider perspective sinceit tells the
fractionof bandwidththatwasrejectedby thenetwork. It canbeseenin direct relationshipwith the
effective servicesprovided to the usersassumingthey (services)were requested.In otherwords,a
�o w blockedwith higherbandwidthis a biggerlossthanoneof lower bandwidthgettinglost. BDR
effectively capturesthedifferentlossesincurredin blockingof differentserviceclasses.

3.6 Notation

Thefollowing notationis used.

!-‘~[

i
H

: BDR of only theS1serviceclassacrossthenetwork

!-‘~[

y�z�†

: BDR of all serviceclassesacrossthenetwork
–

i
H

: Numberof cachedpathsfor theS1serviceclass
–•—

i™˜›š

: Numberof cachedpathsfor all otherserviceclasses

[NX

i
H

: Routingschemeusedfor theS1serviceclass

[NX

—

iƒ˜›š

: Routingschemeusedfor otherserviceclasses

3.7 ExperimentSetup

The Experimentsweredevisedto provide priority to �o ws of S1 serviceclassby varying the control
parametersin PPC,UPOandARS phasesaccordingto thefollowing guidelines.

� For thePPCphase:
–

i
H

as u , h and � and
–•—

i™˜qš

varyingfrom u to
–

i
H

. In general,priority is givento
theS1serviceclassby giving morecachedpathsto choosefrom.

� For UPOphase:[NX

i
H

and [NX

—

iƒ˜›š

chosenfrom DRR,MACRIC,MACRPCandMACRPNC.
� For ARS phase:Changesfrom NC, TR, SCTRandSMTR.
The setupallows us to studythe behavior of the overall network andS1 serviceclassunderpossible
variationswhichcanbeexercisedto providedesirableperformanceto theS1serviceclass.Of particular
importanceis the impacton theoverall network performanceby implementingmechanismsto improve
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theGoSof theS1serviceclass.To testtherobustnessof theresults,wehaveconstructedfour traf�c ma-
tricesasexplainedin subsection3.4.Wechoseto movetheloadfrom S3class(sinceit is thepredominant
class)to theS1serviceclass.Hencethefollowing termsshouldbeunderstoodin thisperspective:

� 5%S1:- S1: S3:: ujcœh�• : •�.dc

O

�M��S~@g��+

� 10%S1:- S1: S3:: •dcžrt� : ��hdcžr��“��S~@Ž�	.L+

� 15%S1:- S1: S3:: �	QtcŸ�t� : �Lrfcž.LrR��S~@Ž����+

� 20%S1:- S1: S3:: �

O

cž��u :
O�O

c

O

u-��S~@gr�.�+

We thenapplytheseto threenetwork models.For Network I, all of thecontrolschemesemployedwere
experimentedwith SU bu and SU �r reservationfor theS1serviceclasswhereS is thefractionof traf�c for
thattraf�c class.

4 Resultsand Discussion

We ran extensive simulationsexploring the possibleoptionsfor the PPC,UPO andARS phasesand
presentresultsfor interesting,signi�cant andinsightfulcasesonly. Weview theresultsfrom thevariation
in

–

i
H

and
–¡—

iƒ˜›š

andfrom theperspectiveof varyingcapacityto evaluatethebene�tsandcostof various
optionsfor PPC,UPOandARS phasesfor theS1andotherserviceclasses.

In general,theloadonthenetworkwouldbecharacterizedasnormalloading.Wehavescaledthenetwork
capacityto make a network level BDR of approximately.tc¢�	. . This would correspondto a casewherea
network wasperformingunderstressandis in needof performanceimprovement,eitherby addingnew
capacityto thenetwork or implementingadditionalcontrols.Thegoalof this work is to seehow those
controlswouldperformandwhetherthey wouldobviatetheneedfor new capacity.

We �rst simulatedthis network without any pathcaching,routing schemes,or network controlsusing
Destination-BasedRouting.This performanceis what we would expectwith today's Internetwithout
any constraint-basedrouting,MPLS, etc.Theseresultscanbe usedasa basecaseagainstwhich other
routingmechanismscanbecompared.In thecaseof � % S1,blockingfor Destination-BasedRoutingfor
theS1classis .dcœ.L��h andblockingfor theoverall network is .dce�

O�O

. In thecaseof r�. % S1,blockingfor
S1is .dcœ.L�

O

andblockingfor theoverallnetwork is .tc¢�	ht� .

Notethat in this paperwe have usedhop-countasthemetricfor destination-basedrouting.Recently,
determiningoptimal link weight for networkswith destionation-basedrouting(in particular, OSPFnet-
works [1,2]) hasreceivedsigni�cant attention.Our interestherehasbeento seeif theresultswould be
signi�cantly differentif we wereto useoptimal link weights.Recallthatour network is a loss-network
model;thus,for thegivendemand,no feasible�o w exists thatcancarryall the traf�c throughthenet-
work. Thus,�rst we considera feasiblenetwork for this purposeby doublingthe network bandwidth.
Secondly, we have aggregratedthetraf�c for multiple servicesinto onetraf�c demandvolume(perde-
mandpair) by summingthe productof load andthe bandwidthper sessionfor eachserviceclass.We
have thendeterminedtheoptimal link weightby usingtheduality-basedapproachdescribedin [1]. We
have foundthatfor thetopologyanddemandscenariowe haveconsidered(Network I), theoptimallink
weightsfor all links remainat 1 (i.e., hop-countmetric) except for two links. In otherwords, for all
practicalpurpose,the optimal weight is essentiallyequivalentto hop-countmetric.Thus,we caninfer
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� with ChangingNetwork Controls

thatsimulationresultswouldhaveminimaldifferencewith optimallink weightscomparedto hop-count
metrics,andthustheperformancewould remainar from theroutingschemeswe'veconsideredhere.

4.1 BasicResults

Now examineconstraintbasedrouting, �rst we checkour assertionsfrom the previous sectionsand
observe thebehavior of thenetwork by changingonly a singlemechanism,eithertheroutingschemeor
numberof cachedpaths.For a casewhereall classesusethe DRR routing scheme,we presentresults
in Figure1 on the left plot that show theBDR of theS1serviceclass(on the lower setof curves)and
theoverallnetwork (on theuppersetof curves)for 5% S1.Eachcurveshowshow theBDR changesfor
differentnetworkcontrolsspeci�edalongthex-axisfromNo Control(NC) to SMTRwith areservedarea
of 2.5%of thecapacity. Theproportionof S1traf�c is S©@4��ª , andtheTR, SCTR,andSMTR controls
createreserved areaswith proportionsSU bu and SU �r of link capacity. Variouscurvesareproducedfor
differentcombinationsof

–

i
H

and
–•—

iƒ˜›š

.

Note �rst of all that all of the curves,even whenthereareno controlsandonly DRR is beingused,
demonstrateperformancemuchbetterthanDestination-BasedRoutingwhereblockingwas0.056for S1
and0.177for the overall network. We alsoobserve signi�cantly differentresultswhenwe changethe
balancebetween

–

i
H

and
–•—

iƒ˜›š

. The worst performancefor S1 occurswhen
–

i
H

@

–•—

i™˜›š

@«u (i.e.,
no priority in numbersof cachedpaths).TheBDR for theS1serviceclassimprovessigni�cantly when
theS1classis allowedto usemorecachedpathsthantheotherclasses.For exampleconsiderthecase
usingno controls(NC). Blocking canbehalf asmuchfor S1when

–

i
H

@¬� and
–•—

i™˜qš

@­u thanwhen
–

i
H

@

–•—

i™˜qš

@3u .

We alsocansigni�cantly reduceS1 blocking by implementingTR, SCTR,andSMTR controls.In all
cases,however, tradeoffs mustbemadein thenetwork-level BDR; somemechanismsmaycauseasignif-
icantrisein thenetwork BDR.Onceasuitablecontrolis chosen,thiswouldconstituteanimplementation
of priority in two phases.
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pace*-1.0emntheright plot of Figure1,wecompareroutingschemeswhile keeping
–

i H

@

–•—

iƒ˜›š

@0u .
We get signi�cantly differentresultsby varying the routing schemesbetweenthe S1 serviceclassand
theotherserviceclasses.Notealsothat for somecombinationsof routingschemes,but not all of them,
blockingfor S1canbemuchlower than .tcž.L�bh which would have beentheresultfor Destination-Based
Routing.In all cases,however, theoverallnetwork blockingwasmuchlessthan .tc¢�

O�O

.

The plots in Figure1 lend credenceto usingmechanismsbeyond Destination-BasedRouting.In Sec-
tion 4.4 we examinethis further by consideringthe amountof capacitysavings that could result.The
plots in Figure1 alsosupportour approachof providing differentpriorities to differentserviceclasses
by implementingdifferentmethodsfor numbersof cachedpaths(PPCphase),routing schemes(UPO
phase)andnetwork controls(ARSphase).

4.2 ChangingTraf�c MatricesBetween5% S1and20%S1

In the following sections,we make observationsby comparingthe plots for 5% S1 and20% S1. For
example,seeFigure2 wherethe left plot is for 5% S1 andthe right is for 20%S1.We seethat asthe
fractionof traf�c for theS1serviceclassincreases(andS3decreases),thecompositionof �o ws in the
network is altered.In thetraf�c model,theaverage�o w bandwidthof theS1serviceclassis muchlower
thanthatof S3,andhenceaswe move loadfrom S3to theS1serviceclass,we bring down theaverage
bandwidthper�o w. Hence,theoverallnetwork performance,evenfor nocontrols,improvesaswemove
from 5%S1to 20%S1in all theobservedcases.Anothercheckof intuition wouldbethatasthefraction
of for theS1serviceclassincreases,its impactonthenetwork level BDR in all thecasesis higher. When
service-speci�ccontrols(i.e.,SCTRandSMTR) becomeactiveandalleviatetheBDR of theS1service
class,thenetwork paysapricein termsof theoverallBDR. As thetraf�c matrixchangesfrom 5%S1to
20%S1,aheavier priceis paid,sincethepricefor rescuingabiggerfractionof S1traf�c is higherin all
thecases.

4.3 InteractionsBetweenRoutingSchemes,
–

i
H

, and
–•—

iƒ˜›š

So far we have seenthat we can provide improved performanceto priority traf�c by implementing
priority in two phasesat a time, namelyin theARS phaseusingTR, SMTR, etc.andeitherthePPCor
UPOphase.Now weseekto integrateall threephases.

Routingschemesdiscussedin thesubsection2.2canbesplit into two categoriesbasedon their whether
or not they allow crankback.Routingschemeslike MACRPCaccepta �o w if thereis any pathwhich
canaccommodatethe�o w, only restrictedby thenumberof cachedpathsandthenumberof crankbacks
allowed.While attemptingto routea �o w acrosslongerpaths,theseschemesdo well for the �o ws at
handbut put ahigherloadon theoverallnetwork by moving �o wsover longerandlongerpaths.Hence,
they performwell for lightly loadednetworks whereasfor networks with heavier loads,they have the
tendency to movethenetwork to higherloadedconditions.On theotherhand,schemeslikeMACRPNC
accepta �o w only if it is allowed on the �rst try. Sucha criteria reducesthe possibility of gettingthe
network heavily loadedsincethe �o ws will beblockedassoonasthenetwork startsto getoverloaded
sincechancesof gettingthrougha longerpatharerelatively small.Hence,theseroutingschemeskeep
thenetwork in amorelightly loadedstateby blockingthe�o wsratherthanmoving themto longerpaths.
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They performworsein lightly loadedcaseswhereasfor networkswith higherloadingthey give much
betterperformance.Routingschemeslike DRR randomlymove the loadaround(regardlessof whether
pathsareshorterandlonger)andgiveperformancein betweenthetwo otherdiscussedschemes.

In orderto obtainbetterperformancefor theS1serviceclass,we will bemoreinterestedin caseswhen
[NX

i
H

@ MACRPCor MACRIC and [NX

—

iƒ˜›š

@ MACRPNCandDRR. This will give the S1 class
the chanceto try to be admittedon many possiblepaths,whereotherserviceclasseswill have limited
possibilitiesfor pathsthatcouldbeused.

4.3.1 [NX

i
H

@ MACRPCand [NX

—

iƒ˜›š

@ DRR
ReturningtoFigure2,wecanseetheBDRof theS1serviceclassandtheoverallnetworkwith [NX

i
H

@ MACRPC
and [NX

—

iƒ˜›š

@ DRR for 5% S1and20%S1with changingnetwork controls.We observe that
–

i
H

@4�

and
–•—

i™˜›š

@4h performswell, giving signi�cantly loweroverall network level BDR andfairly low BDR
for theS1serviceclass.

–

i
H

@,u and
–•—

iƒ˜›š

@xu restrictsthenetwork too muchandendsup performing
poorlyonboththenetwork levelandtheS1serviceclasslevel.TheS1serviceclassperformancecompar-
isonfor

–

i
H

@xh and
–•—

iƒ˜›š

@gu with
–

i
H

@x� and
–•—

i™˜qš

@xh is interestingastheir relativeperformance
levels�ip between5%S1and20%S1.In thecaseof 5%S1,boththeBDR of theoverallnetwork andS1
decreaseasweincreasethenumberof cachedpathsfor bothS1andotherserviceclasses.Thesmallfrac-
tion of theS1serviceclassleadsto minimal interferencebetweenclasses.As theS1fraction increases
to r�. % with

–

i
H

@¬� , S1collidesmorewith otherserviceclassescausinga higherBDR. Observe that
a highervalueof

–w—

i™˜›š

allows moreeffective loadof otherserviceclassesto getacceptedandthereby
forcestheS1serviceclassto haveahigherBDR.By allowing theS1serviceclassto uselongerpathswe
allow inef�cient useof links to ensurehigherpriority for theS1serviceclass.Suchanapproachmight
effectively besupplementedby increasedcontrolslikeSMTRwhichallow betterutilizationof resources
andalsoguaranteetherequiredprecedence.

Oneinterestingobservationis thatthetrunk reservation(TR) degradestheperformanceof S1aswell as
theoverallnetwork comparedto NC; this is mostnoticeablein thecaseof 20%S1.Thiscanbeattributed
to thefact that theloadon thenetwork is not uniformly distributedamongthetraf�c pairs,whereasthe
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trunk reservation is uniform over the network. Uniformly reservingcapacityis harmful when lightly
loadedpartsof thenetwork do notevenneedthereservation.

4.3.2 General Conclusions
Otherscenarioswereconsideredlike thatin Figure2. In many waystheplotsandsystembehavior were
similar, andthefollowing additionalconclusionsweremade.

� Prioritization in the ARS phasehasmore impact comparedto prioritization in the PPCphase.In-
creasing

–w¯

H

createssubstantialimprovementin S1performance(with diminishingreturns),sinceit
providesa routingschemelike MACRPCwith morepathsto choosefrom. It is bestto �rst increase

–w¯

H

, sinceit alsomayimproveperformanceat thenetwork level, thanto usemoreextensivecontrols,
sincethey hurt performanceat thenetwork level.

� Improvementat thenetwork level canbeaffectedsubstantiallythroughthechoiceof
–©—

iƒ˜›š

. An appre-
ciableimprovementcanbeseenin Figure2 as

–~—

i™˜›š

wasincreasedfrom 4 to 8. Also, performanceat
thenetwork level wasvirtually thesamefor thesamevaluesof

–®—

i™˜qš

, especiallyfor 5% S1.
� Usinga routingschemelike MACRIC doesnot improve theserviceclasslevel performancemuchas

comparedto MACRPC.In otherwords,routingthatusesinstantaneouslyupdatedinformation(which
hasaheavy signalingcost)isn't necessarilyadvantageousoveronewhereroutingis basedonupdated
informationthatis periodicallydisseminated.

4.4 ChangingNetworkCapacity

In the previous section,we evaluatedthe variousoptionsfor PPC,UPO andARS phases.From those
results,wenow examinethemonthebasisof varyingnetwork capacity. Weintendto exploretherelative
changesencounteredwhenthesecombinationsareemployedin comparatively lightly andheavily loaded
networks.

First consider
–

i
H

@°� ,
–•—

i™˜›š

@±u , [NX

i
H

@ MACRPCand [NX

—

i™˜qš

@ MACRPNC.All controls
are exercisedat Sa bu . We presentresultsin Figure 3 for the BDR of the S1 serviceclassandoverall
network (this time on separateplots) for 5% S1 with varying capacity. The mostobvious resultsfrom
Figure3 arethedifferencein blockingat all capacitylevelsbetweenDestination-BasedRoutingandall
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of theothermechanisms.At 80%of basecapacity, all of theothermechanismscanproducevirtually the
samebandwidthdenialratio for S1asdoesDestination-BasedRoutingat130%of basecapacity. On the
curvesfor theoverall network, thesameperformanceis providedat 100%of basecapacityfor all other
mechanismsasat130%for Destination-BasedRouting.Suchcapacitysavingsallow usto concludethat
30%to 50%morecapacityis neededto providethesameperformancefor Destination-BasedRoutingas
is providedby usingalternateroutingcombinedwith network controls.

Wealsoobserve thatfor theoverallnetwork level BDR, TR performsslightly betterthanNC for heavier
loadbut not aswell asNC asthenetwork is lightly loaded.For theS1serviceclassactivecontrolhelps
improve the S1 performanceat lower loadsbut the controlsandNC merge with increasingcapacity.
Rightfully, asthenetwork getsenoughcapacity, theclasswith lower average�o w bandwidthmanages
to get lower BDR even for NC. The observation draws our attentiontowardsthe in�uence of various
controlsandprioritizationmechanismson theBDR of theS1serviceclass.Thesemechanismsnot only
ensuregoodperformanceat highercapacities(NC alsodoesit) but alsoat therelatively heavily loaded
conditions.Hence,to a large extent thesemechanismscanbe usedto avoid or delayupgradesof the
network.

We investigatedothercombinationsof PPC,UPOandARSphases.Thoseresultsshowedsimilar results
asFigure3,exceptthatthetypesof network controlscausedmoreor lesssigni�cant differencesbetween
curvesdependingon thecombination.

4.5 OverloadedNetworks-NetworksII & III

In this section,we checkandselecta few combinationsof routing schemesandcachedpathson two
othernetwork modelsto seeif the sameconclusionswe have reachedin previous sectionswould also
be applicablehereandapplicablein general.This modelkeepsthe samenetwork topologybut hasa
higher load to the point the network would be consideredoverloaded.Thereare threeways in which
a network canbe madeto be overloaded,(1) by decreasingthe capacityof eachlink proportionately,
(2) by removing selective links, and(3) by doingboth.Thetwo caseswhich we foundinterestingwere
by decreasingthecapacityproportionatelyandby doingboth(removing selective links anddecreasing
capacityproportionately).

4.5.1 NetworkII-ProportionalDecrease
In subsection4.4,we have shown theperformanceof S1serviceclassandOverall network for chosen
combinationswith varying network capacityin Network I. For this experiment,we take a snap-shot
whenthenetwork capacityis decreasedto h�h % of its capacityin Network I proportionatelyon all links.
Sucha downsizednetwork is referredto as Network II. Here, we considerthe performanceof two
combinationsof routing schemes.We presentresultsin Figure4 for the BDR of the S1 serviceclass
andtheoverallnetwork for 5%S1with variousnetwork controls.Weobserve thatTR doeshaveasmall
positive impacton the network level BDR hereasthe network is heavily loaded.In the �rst network
model,TR madeperformanceworse.We alsoobserve that with the activationof S1-speci�ccontrols,
S1performanceimprovessigni�cantly whereasat thenetwork level, a heavier priceis paidastheBDR
risesasmuchas0.05.Whencomparedwith thenormallyloadednetwork in Network I, we observe that
harsherreservationis warrantedto ensurethesameBDR for theS1serviceclass.Sincethenetwork level
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BDR is higher, morereservation(now at levels S and r³S insteadof SU \u and SU �r ) is neededto bring the
BDR of theS1serviceclassto thesamelevel. Thuswe seethatdeploying service-speci�ccontrolsin a
heavily loadednetwork causesmoredegradationin theoverallnetwork level performance.

4.5.2 NetworkIII-Link reductionandProportionalDecrease
Now considerthethird network model,in which we removedlinks without any direct traf�c andlet the
oneswith direct traf�c remain.This createsa network with moreevenly distributedloadsinceall links
have directtraf�c. Then,we decreasethenetwork capacityto h�h % of its capacityproportionatelyon all
links. Sucha downsizednetwork suffers from high BDR. We presentresultsin Figure5 for the BDR
of theS1serviceclassandtheoverall network with [NX

i
H

@ MACRPC, [NX

—

i™˜›š

@ MACRPNCand
[NX

i
H

@ MACRPC,[NX

—

i™˜qš

@ MACRICfor 5%S1with increasingnetwork controls.Theperformance
resultsarequitesimilar for thisnetwork andfor thesecondnetwork. Theonly differenceis with SMTR.
Sinceclasseshavelessoptionsfor �nding alternateroutesthroughidle links,multi-link trunkreservation
haslesseffecton reducingBDR.
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In examiningthesetwo additionalnetworks,themainconclusionis thatimplementingprioritiesin num-
bersof cachedpaths,routingschemes,andnetwork controlshassimilarbene�t. Sofor thethreenetworks
studiedwe observedsimilar performanceevenwith changingloadinglevelsandloaddistribution.This
allowsusto view ourconclusionsassomewhatgeneralin nature,ratherthanapplicableonly to aspeci�c
network.

5 Conclusion

In our work, we have comparedvariousmechanismsof providing priority to a speci�c serviceclass.
Theframework usedfor QoSroutingfor traf�c engineeringhasthreephases:PPC,UPOandARS.The
PPCphasecharacterizesthenumberof cachedpathsto bemaintainedat thenodegroupfor eachservice
class.The UPO phasedecidesthe degreeof coordinationbetweenthe nodegrouprouting entriesand
thestateof links of thenetwork. The ARS phaseexercisesthe controlsanddecidesthepathto try for
an incoming �o w. The choicemadeby the network during thesethreephasesre�ects the precedence
givento thespeci�c serviceclass.We thereforeseethepriority providedto a serviceclassasa point in
this threedimensionalspaceandthevalueschosen(for caching,routingschemesandnetwork controls)
in�uence theperformanceasseenby a serviceclass.

Westartedwith arepresentativenetwork andtraf�c, thenconductedextensivesimulationsandattempted
to get insightsinto theinterdependencebetweenthechosenvaluesfor thethreephases.We alsoexper-
imentedwith variationsof traf�c (differentcompositionof serviceclasses)andthreenetwork models.
Werealizedthatdoingtoomuchalongany onevector(phase)doesnotseemef�cient andencountersdi-
minishingreturns.KeepinghigherdifferencesbetweentheNumberof CachedPathsfor differentservice
classesis effectivefor reasonablevaluesof differenceafterwhichtheperformanceof theoverallnetwork
deteriorateswith no gainat theserviceclasslevel. Attemptingto exerciseharshernetwork controls(in-
creasingthetrunkreservationlevelswith respectto S ) only leadsto substantialdegradationof theoverall
network level performancewith minimal improvementin theperformanceof theserviceclass.Along the
samelines,usinga routingschemelike MACRIC doesnot improve theserviceclasslevel performance
muchascomparedto MACRPC.In otherwords,routingthatusesinstantaneouslyupdatedinformation
(which hasa heavy signalingcost) isn't necessarilyadvantageousover onewhererouting is basedon
updatedinformationthatis periodicallydisseminated.

Suchobservationleadsusto believe thatef�cient andeffective prioritizationcanbeachievedby giving
soft (lessharsh)priority at multiple levels to a serviceclass.Suchan approachnot only causeslesser
harmat thenetwork level but alsoprovidesmoreeffective priority to theserviceclass.And �nally , we
canmaketheoverallconclusionthattheimplementationof QoSroutingschemescanprovidesubstantial
bene�tswhenusedin conjunctionwith network controls.Wehavenotstudiedthenetwork protocolsthat
wouldbeneededto implementtheseschemes,but ratherhaveshown how TE mechanismscouldprovide
substantialbene�ts,regardlessof whichcandidateprotocolsthatareused.
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