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Abstract Efforts to provide connectionoriented sewice over the inher-
ently best-efbrt Inter net started almost right after its birth. Today, there
exista multitude of solutionsthat have beenproposedbut have never been
implementeddue to their impracticability. We proposea practical solution
for fast, low cost,scalable,and yet accurate QoSrouting. We proposeto use
hierarchical approachego makethe schemepractical and cost-effectve. At
the sametime, we increasenetwork utilization and decreaseinaccuracy of
staleinformation by the useof multiple paths. An extensie simulation of
the various permutations of schemesver a large setof topologiesand traf-
¢ conditions validate the proposedschemesand prove conclusiely that
hierarchical schemeswith multiple path capabilities not only resultin sig-
ni cantly lower overhead, but also give high levels of QoS performance.
This paper presentshe architecture of our schemesthe multiple path com-
putation algorithm, and the simulation resultsvalidating our claims.

|. INTRODUCTION

Substantiaresearclcontributionsto provisioning QoS sup-
portin the Internethave beenmadeby the researcitcommunity
in the lasttwo decadeslevelopingfeatureswvhich spanthe en-
tire framework rangingfrom the applicationlayer down to the
physicallayer However, few networks with QoS supportca-
pability have beendeployed. In this paperwe addresgpractical
andspeci cissuesnvolvedin deploying QoSroutingstrateyies.

Thevery rst issueis scalability of QoSrouting solutionsin
very large networks. Networks operatedoy mostwell known
organizationseasily compriseof several hundredsof nodes.In
recentetworkswith link stateapproachest hasbeenproposed
to achieve scalabilityvia hierarchicahetwork composition.For
bothscalabilityandsecurityreasonsnetworksconsistof a hier-
archyof subnetwrkscalleddomaingor subnetvorks)whichdo
not reveal detailsof their internalstructureto the outside. This
hierarchicapropertybecomes signi cant technicaimotivation
to adoptQoSrouting schemegroposedand developedso far.
Thus, we proposehierarchicalQoS routing schemeswith the
premiseof fastQoSprovisioningandefcient networkresouce
use

We alsoproposeto usemultiple QoS pathsin eachdomain.
The well-known bene ts of provisioning multiple pathsarere-
liable QoSsupportandmore evenlybalancednetworkload. In
orderto achieve thesegoals, we revise the schemepresented
in [1] suchthateachsubnetveork provisionsmultiple QoSpaths.
This QoS path provisioning is exercisedtransparentlyto the
outsideof eachsubnetvark. The mechanismis alsoaccompa-
niedwith QoSconstaintsquantizatiorfor pathprecomputation
which leadsto fastQoSprovisioning. Basedon this fundamen-
tal mechanisndevelopmentwe composeseveraldifferentvari-
antswhich are adherento the hierarchicalnatureof network
systemsThesdlifferentschemesreprimarily to shav thefun-
damentabene tsof hierarchicalroutingandalsoQoS-enabled
routing. Thedetailedmechanismarediscussedh thefollowing

sections.

This paperis organizedasfollows. Sectionll discussese-
latedworkswhicharethefoundationandgroundwork of ourap-
proach.Sectionlll explainsthe detailsof our proposedchemes
andassociateddomponents.The proposedschemesre evalu-
atedvia simulationexperimentsandtheir propertiesareinvesti-
gatedin SectionlV.

Il. RELATED WORKS

Most QoSroutingschemesirebasedn “sourcerouting” ap-
proaches.Thatis, traf ¢ sourcescomputefeasiblepathswhen
QoSrequestarrive. In turn, the computedpathsare x edusing
pathpinning-davn facilitiessuchasMPLS [2]. However, there
is anotherapproach:distributed hop-by-hopQoS routing [3],
[4], [5], [6]. But,distributedroutingis knownto beproneto loop
problems. Thus, most QoS routing approachegollow source
routing schemesand the schemeshat we are presentingalso
fall into the samecategory. In orderto deploy a sourcerouting,
onemustimplementalink statetype of routingalgorithm(e.qg.,
OSPF)With link state gveryrouterin thenetwork canmaintain
alocal copy of theentirenetwork topologyandresourcauitiliza-
tion information. This preventsthe schemefrom being scal-
ablesincethe size of network informationincreasesharplyas
the network sizegrows. Thus,large networks are usuallycom-
posedhierarchicallyof several domains(a.k.a. areasin OSPF
networks), and hierarchicalsourceroutingis consideredasthe
mostpromisingscalableQoSroutingapproach4], [7], [8]. Hi-
erarchicabpproachebave beenalreadyusedin ATM networks
with the PNNI routing protocol[9].

In hierarchicalQoS routing, network topology andresource
informationabouta speci c domainaresummarizedeforebe-
ing exchangedvith otherdomains.This processs calledtopol-
ogy aggreyation[10], [11], [12], [13], [14]. With the summa-
rized (i.e., aggreated)network information,traf ¢ sourcesun
QoSrouting algorithmsto computea sourceroute. The com-
puted path is then explored with proper signalingto resene
network resourcespossiblyin combinationwith a crankback
feature[15], [16]. Topologyaggreationsummarizesndcom-
pressesopologyinformation. It is usedwhenit is importantto
know how a network (a routingdomainor OSPFareaor PNNI
peer group) can be traversedwithout having to know all the
topology details. After the aggreation step, the sametopol-
ogy may be representedby a mesh,star or spanning-treaet-
work [15]. Thechallenges to calculatethelink metricsin such
away thatthetraversingcharacteristiceemainthe sameor sim-
ilar in the aggreyatedtopology [13], [14]. When aggreyated,
someof the detailednetwork informationcanbeinevitably lost
dueto theinformationabstraction.



When a network usesa single additive metric (e.g., link
weightor delay), the aggreatedlink metricscanbe computed
using a shortestpath algorithm. Likewise, if a network uses
available bandwidthas a link metric, thenthe aggreyatedlink
metricscanbecomputedisingawidestpathalgorithm[3], [17].
However, if multiple link metricssuchas available bandwidth
anddelayareusedsimultaneouslythetraversingcharacteristics
canno longerberepresentedsingsimplescalamumbers.The
reasorfor thisis thatthereusuallyexist multiple pathsthrough
the network, eachof which hasa lower delayor a higherband-
width thanthe others. Consequentlythereis a completeset
of pathswhich are ef cient in either one of the metrics[13],
[14]. Thesetof ef cient pathsis alsocalledef cient frontier.
Theef cient frontier canalsobeviewedasafunctionthatmaps
availablebandwidthto delay In this two-dimensionatase the
problemof aggreyatingatopologybecomesnding theef cient
frontieramongall borderrouters.

Trafc sourcescomputeQoS pathswith the aggreyatednet-
work information. This network information may not repre-
sentthe network resourcemapwith sufcient accurag dueto
the discrepang of true network statesandaggreyatedinforma-
tion. Thus, after computingQoS paths,the sourcesssuesig-
naling pacletstraversingthe computedpathsto resene neces-
sarynetwork resourcesr to ensureresourceavailability. This
additionalsignalingis performedwith eitherRSVP-TE[18] or
CR-LDP[2]. Whenthe signalingpaclet encounterghe prob-
lem of unavailableresourcesit mustretraceits stepsfrom the
point of blockagebackto its original entry point into the do-
main [10]. This crankbackcontinuesuntil eitherthe network
decidesthat no route can be found, or certainprotocoltimers
expire. Clearly, lowering the frequeng of crankbackss a sig-
ni cant benet of having higher delity aggreyationschemes
sinceit resultsin fastersetuptimesandlessloadonthe network
control[10].

The QoS information aggreyation hasto include the costs
of all possibletransitsthroughthe subnetvark. However, the
size of sucha representatiomangrow quite large asthe num-
ber of bordernodesincreases.Thus, the performancebene ts
of having a high delity aggreationrepresentatiomeedto be
againproperlytradedoff againstthe practicalcostimposedby
the useof large representationsThatis, QoSinformationab-
stractionmay relax the burdensof large and detailedinforma-
tion representationwith certaininformationlosses.Also, the
QoS-enabledetwork architecturds expectedo provision QoS
within presetime constraintsThus,thetime introducedby ad-
ditional signalingmustbe carefully optimizedin orderto com-
ply with the constraints.Obviously, this requiresthat ary dis-
crepany betweemetwork informationupdatesindthetruenet-
work statusbe avoidedfor undesirableerankbacksotto occut

In orderto effectively dealwith the twin issuesof hierarchi-
cal network compositionandfastandaccurateQoS provision-
ing, we proposea new schemestemmingfrom thefundamental
premisesf statistical QoSguaranteesn conjunctionwith the
bene ts of multiple QoSprovisioning

I1l. MECHANISM OVERVIEW

In this section, we presentthe elementsfor hierarchically
provisioning QoS paths: constraintsquantization,local path

computation/ path summaryexchange,call admissionwith

pathsummaryinformation,andmultiple QoSpathcomputation.
Theseelementsaremainly to overcomethe limits of the previ-

ously discussednethodsandto provide practicality and effec-
tivenessn hierarchicalQoSrouting.

A. ConstaintsQuantization

As mentioned,calculatingthe ef cient frontier with multi-
ple QoS metricsmay not be feasibledueto its limited number
of manipulatedmetricsand broadrangeof possibleoutcomes.
To simplify matters,we canprede ne QoS constraintsor the
demand®f certainQoSapplicationsWe call this processcon-
straintsquantization’andthis enableghe network to effectively
dealwith multiple QoSmetricsandevenprecomput&oSpaths
for the quantizedconstraints. This also complieswith a Diff-
Servarchitecturén whichtraf c classesrede nedapriori and
QoSservicesaregrantedper eachclassin an aggreyatedfash-
ion. This constraintgjuantizatiorimits theoutcomeboundaries
andresultsin fewer pathsearchesMoreover, this allows paths
per quantizedconstraintgo be precomputedand pinneddown
betweerborderrouters. Thus,additionalpathveri cation with
controlmessagesanbe avoidedandfastQoSprovisioningcan
beachiered.

B. Local Path Computatiorand Path SummangExdcange

As the rst steptowardhierarchicalQoSrouting,we areaim-
ing to deploy our architecturein an autonomousystem. The
main reasonis thatall the subdomaingn a single AS arecon-
trolled by a commonadministrationpolicy. Thus, the same
guantizedconstraintsareappliedto all subdomains.

Fig. 1.
borderrouters.

Exampleof local path computationfor virtual connectionshetween

First, we assumdhat an AS consistsof several subdomains
(i.e., “areas”in our case)and eachof themis connectedo a
backbonerea.Fig. 1 shavsanexample.Eacharearunsits own
routing protocol not revealing its topology informationto the
outsideworld. This topologicalsubdvision includesdifferent
typesof routersnamely:

Edgerouter
A routerthatis directly connectedo endhostsandthatreceves
connectiomequestss anedgerouter Edgeroutersaretreatedas
traf c sourceanddestinationsandthey make routingdecisions
accordingto themechanismsve arepresentinghere.



Areainternalrouter(a.k.a.corerouter)
A routerwith interfacesto networksin oneareaonly is consid-
eredto beanareainternalrouter Internalroutersood eacharea
with completeroutingandQoSinformationaboutchangeghat
occurwithin thearea.

Areaborderrouter
A routerwith oneinterfaceto the backbonenetwork andoneor
moreinterfacesto additionalareass consideredo be a border
routet Eachborderrouter connectsone or more areasto the
backboneUsingthebackboneborderroutersdistributerouting
andQoSinformation“summaries™for all areasthroughoutthe
AS.

As in thetopologyaggreyationapproachedge/borderouters
are involved in gatheringand processingQosS information to
summarizetheir correspondingareas. Within eacharea, the
cornventionalQoSinformationexchangesrecarriedout via the
OSPF ooding mechanismThis area-boundedoding carries
the internal QoS informationto all edge/borderoutersin the
area.Then,the edgeandthe borderroutersperformpathcom-
putationssimilarto theonerequiredto nd theef cient frontier.
However, in our casewe do notneedto nd all possiblepaths
betweerthe edge/borderouters. This is becauseave prede ne
setsof quantizedQoSconstraintandQoSservicesaregranted
for eachset. Thus,if Q setsof QoSconstraintaarede ned, at
mostQ pathsarecomputedor eachpair of edge/borderouters
(i.e., edge-to-edgesdge-to-borderandborderto-border). This
path computationcan be easily carried out by the QoS rout-
ing algorithmpresentedn [1]. Every areaperformsthesepath
computationsndependentlywith its own link statedatabase.
The computedpathsare pinneddown in their corresponding
areas,andthey arerefreshedvhennew link stateinformation
arrives. Thesepathscanbe viewed as*“virtual links” between
edge/borderouterswithin areasasdepictedn Fig. 1.

After pathsare computedfor eachquantizedconstraintsset
within eacharea,they are, in turn, summarizedand the path
summariesare exportedto otherareas.This pathsummaryde-
scribesthe QoS-constrainedeachabilitybetweenedge/border
router pairs. For example, an areaconsistsof 4 edge/border
routersand4 setsof quantizedQoSconstraints.Then,the QoS
constraintcanbe quantizedn theformatof Tablel.

TABLE |
QOS CONSTRAINTS QUANTIZATION EXAMPLE.

QoSindex Bandwidth Delay Jitter
1 b1l d1 Jil
2 b2 d2 j2
3 b3 d3 i3
4 b4 d4 j4

Then,the pathsummarycanbe generatedsin Tablell. The
tableis anexampleof pathsummarycreatedy nodel. It shovs
thatnode 1 canreachnode?2 satisfyingall the four QoS con-
straintsets. Likewise, it alsoreachesode 3 and4 satisfying
constrainsets?, 3,andl, 3, 4 respectiely. Thedetailedpathin-
formationis locally keptby nodel. Also, eachpathis recorded
with its QoSstatus(i.e., availablebandwidth,end-to-endlelay
etc.) for further QoS path computationswith thesepath sum-

maries.Basically this looks similar to thelink statetableentry
createdhy nodel. Thelink stateentrydescribeshereachability
to adjacenneighborswith link metrics. Onthe otherhand,the
pathsummaryshows the QoS-constrainedeachabilityto other
edge/borderouters.

TABLE I
PATH SUMMARY TABLE OF NODE 1.

Neighbornode QoSindexes
2 1,2,3,4
3 2,3
4 1,3,4

This simplied path summaryis exchangedbetweenall
edge/borderouters. Thatis, edgeroutersin an areadistribute
their path summariegdo other edgeand borderroutersof the
samearea. However, borderroutersof an areasendout their
pathsummariesiot only to edgeandotherborderroutersin the
areabut alsoto edge/borderoutersin otherareaghey alsobe-
long to. In the pathsummaryexchangeprocessjnsteadof the
OSPF ooding mechanisma prede nedsourceroutingscheme
is used. Thatis, in the previous example,if nodel is send-
ing out its path summaryto node 2, 3, and 4, node 1 may
computethe shortestpathsto thosenodes. Then, the shortest
pathsareusedto carrythe pathsummaryby forming direct“vir -
tual links” betweerthem. This is to avoid unnecessargontrol
overheadin areas. Since core routersare not involved in the
pathdecisionprocessanddo not needto collectthe pathsum-
maries,single shortestpathsbetweenedge/borderoutersmin-
imize the control overhead. This path summaryexchangebe-
tweenedge/borderouterscanbe viewed as a restricted ood-
ing mechanism. Each edge/borderouter sendsout its path
summaryto otheredge/borderoutersof the samearea. After
collecting path summariedrom otheredge/borderouters,the
routersdo not rebroadcasthemasnormal ooding does. This
is becauseother edge/borderoutersin the sameareaget the
samepath summaryinformationdirectly from the information
source. However, borderroutersneedto relay the path sum-
mary information of an areato otherareasto which the router
belongs.

Consequentlyall the edge/borderoutersin the AS maintain
threedifferentdatabaseslink statedatabaselocally precom-
putedpathdatabaseandthe entire pathsummarytable. Obvi-
ously, the pathsummarytableresembleshelink statetable,but
the detailedinformationaboutthe physicalpathsbuilt in other
areads notincluded.

C. Call AdmissionContmol with Path Summarnjinformation

Since edgeroutersmaintainthe path summarytables,they
canexercisea call admissiorcontrolwith the pathsummaryin-
formation. The edgeroutersdeterminewhetheror not a new
call is acceptedby examining preestablishe®@oS paths. That
is, whena new call comesin andrequestsa “quantized” QoS
servicetheedgeroutersearchesor apathin thepathsummary
Sincethe pathsummarytablecontaingheabstractegathinfor-
mationto all otheredgeroutersin the AS, the edgeroutercan
determinewhetheror not to acceptthe new call by performing



similar QoS pathcomputation.This computatiortakesinto ac-
countpreestablishegathinformation(i.e., path summary)in-

steadof link stateinformation. It canbe alsoviewed as QoS
path computationwith the “virtual links” as the corventional
QoSroutingdoesit with physicallink statesMostimportantly

after acceptingthe new call, the edgerouter doesnot needto

issueary pathsetupmessagesincethe QoS-constrainegath
is alreadyestablishedrom entryto exit edgerouteracrosssev-

eralareas.The sourceedgeroutersimply stampshe pathlabel

correspondingo the quantizedQoS constraintsin the paclet

headersandthe trafc follows the precomputecpathsacross
the prede nedborderrouters. The call setup doesnot require
ary additionalcomputatioror pathchecking.Thus,it complies
with our premiseof fastQoSprovisioning.

D. Multiple QoSPath Provisioning

Another notable property of our schemess that networks
provision multiple QoS paths. Thereare mary reasondor us-
ing multiple paths:reliable QoS support,load balancing,cost-
effective QoS provisioning as presentedn [1], [19]. When
multiple QoS pathsare provisioned, they can be maintained
seamlesslyvith the describedconstraintgjuantizatiorandpath
summaryprocess. Insteadof searchingfor a single path for
eachquantizectonstraintset,we canpreestablisimultiple QoS
pathsfor the describedeasonsThe pathsummaryprocessstill
representghe samereachabilityas if thereis only one path.
However, the QoS statusof the representegath summarywill
be the combinationof computedmultiple paths.Thatis, repre-
sentedivailablebandwidthwill betheminimumavailableband-
width of all thepaths,anddelaywill bechoserfrom their max-
imum value. Thus, the path summaryinformation still keeps
theactualpathsetuphiddenandrepresentsirtual links with the
reachabilityandQoSstatusinformation.

When multiple paths becomeavailable, they can be used
mainly in two differentways: call-by-callallocationonto each
path and paclet-by-paclet allocationover them. Usually, the
call-basedallocation can be exercisedin a round-robinfash-
ion or simply by picking one of multiple pathsrandomly The
paclet-basedallocation scatterspaclets over multiple paths.
Thatis, loadbalancingeffectis madewith either o w or paclet
granularity This differentusagealso affects paclet jitter, and
theseissueswill be evaluatedn the experimentssection.

Multiple pathprovisioningis orthogonalto hierarchicalnet-
work compositionin our casesinceeach at subdomairprovi-
sionsmultiple pathsindependentlyThus,we candirectly apply
themultiple QoSpathcomputatioralgorithmpresentedn [1].

With thedescribeduilding componentsn thefollowing sec-
tion, we introduce QoS routing variantswhich use hierarchi-
cally provisionedmultiple QoS paths. Also, the corventional
at-spaceQoSroutingis usedandcomparedo showv bothfun-
damentabene ts of hierarchicalQoSrouting andperformance
effectsof multiple QoSpathprovisioning.

IV. SIMULATION EXPERIMENTS

In thissectionwe investigatehebene tsof hierarchicalQoS
routingwhencombinedwith multiple pathQoSprovisioningby
simulatinga hierarchicalnetwork in the SENSE[20] simulator

developedatthe NRL in UCLA. Thetopologiesthatwe exam-
ine areof the genericform shavn in Fig. 1. Thus,it consistsof
a backboneareaconnectedo a numberof stubareasforming
atwo-level hierarchy The bandwidthon the links on the back-
boneis 45 Mbps andthe delayon themis 10 s. In the stub
areasthe bandwidthon the links is 10 Mbps andthe delayon
themis 1 s. For purposesf simulation,we considertraf c
to belongto oneof four QoS constraintclasses.Theseclasses
correspondo:

IP Telephoty: bandwidth= 64 Kbps,delay= 100ms

Radioover the Internet: bandwidth= 192 Kbps, delay= 100
ms

Video-on-Demandbandwidth= 1.2 Mbps, delay= 50 ms

CBRVPN trafc: bandwidth=1.5Mbps,delay=10ms

Wealsosettleduponthedistribution of theseclassess30, 35,
25,and10 percenbpf thetotal numberof connectiongenerated.

A. Parametes varied

We vary thetopology the QoSroutingschemesthe ooding
interval of thelink stateadwertisementsindthedegreeof traf ¢
congestiorin the network. Eachtopologycanbe characterized
by the numberof stubareasandthe numberof sourceroutersin
eacharea.Thus,the parametershatwe varyin thetopologyare
the numberof arearoutersandthe numberof “traf ¢ originat-
ing/receving” routersin eacharea.Topologieswith largernum-
ber of areasareexpectedto shav lower routing overheadvhen
hierarchicalschemesre used. Topologieswith larger number
of sourcesnjectsmoreconnectionsnto the network, thustest-
ing the scalabilityof the schemesTheroutingschemeshatwe
evaluatearethe following:

Flat Single: Corventionalsingle QoS path routing with at
topology

Hier Single: SinglepathhierarchicalQoSrouting.

Hier Rand: Multiple QoS pathsover hierarchicaltopologies
of QoSareaswith randomselectionof onepathout of the mul-
tiple paths.

Hier Scat:Multiple QoSpathsover hierarchicatopologiesof
QoSareaswith paclet scatteringover the multiple paths.

FlatScat:Multiple QoSpathsover at topologieswith paclet
scatteringpverthe multiple paths.

We vary thelink stateadwertisementnterval from 5 seconds
to 30 secondsHere,we presentheresultsfor thetwo extremes
(i.e., 5 and 30 seconds).High link refreshratesare expected
to leadto more accurateCAC decisionsat the costof greater
controloverheadandvice versafor low refreshrates.Similarly,
we testedthe topologieswith varying amountsof congestion
andwe presenttwo scenarios:one correspondingo a lightly
loadednetwork andthe othercorrespondindo a highly loaded
network. In alightly loadednetwork, paclet scatteringschemes
are expectedto do betterthanrandompath selectionschemes,
while in hearily loadednetworks, both areexpectedto give an
equaldegreeof loadbalancingn the network.

B. Parametes evaluated

We evaluatethe variousQoSscheme®n thefollowing crite-
ria:
1. Routingoverhead:We simply calculatethe numberof QoS
scheme-relatedontrol pacletsgeneratediuring the simulation



andcall it the routing overhead.Hierarchicalschemesre ex-

pectedo give lower overheadsincethey performarea-bounded

link state ooding andarea-crossingathsummaryexchanges.
2. QoS performance:This takesinto accountthe QoS perfor
manceseenby the connectionandthe network duringthe sim-

refreshcases.

Fig. 3 shows that all the schemegerform almostsimilarly

whenit comesto providing QoSsatishction,sinceall of these
schemesre capableof supportingQoS.We canstill see,how-
ever, thatmultiple pathschemeperformbetterthansinglepath

ulation. For eachquantizedQoS constraintclass,we calculate schemesn providing the servicethey promised.Thisis dueto
the averageQoSservicereceved by the connectiondelonging thebene tsof loadbalancingn the network.

to thatclassin their lifetime. This consistsof the following pa-
rameters:

Throughputsatisiction: The ratio of the receved andthe
requestedhroughput.

Delay satishction: The ratio of the receved and the re-
guestedielay

Jitter: The averagsitter experiencedy the connections.

Load balancingindex: This givesusthe network wide de-
greeof loadbalancing.Thedetailsof how we arrive atthe num-
ber to representhe load balancingdegreeis describedn [1].
Thelowertheindex, the betterthe degreeof loadbalancing.

Given the distribution of the variousclasseswe gave them
thoseweightswhile calculatingtheaveragethroughpusatisfic-
tion, delaysatishction,andjitter experiencedy all connections
irrespectve of class. Throughputand delay statisticsare ex-
pectedto be similar for all the schemeswhile jitter is expected
to be larger for paclet scatteringschemesiue to out-of-order
arrival of paclets.Loadbalancingontheotherhandis expected
to bebetterfor multiple pathschemesindevenbetterfor paclet
scatteringschemeslueto a ner (i.e., pacletlevel) granularity
Thus,for eachtopology ooding interval andcongestiorde-

gree,we getthe routing overhead throughputsatisfactionde-
lay satisfaction,jitter and load balancingindex. We present
resultsfor both lightly and highly loadedcasesand with low
andhighratesof ooding. Sincedelaysatishctionwasfoundto
closelyfollow throughputsatisfction,we just presenthrough-
put satishctiongraphshere. The x-axis consistsof the various
topologiesdepictedasfollows: (A, B) refersto a generictopol-
ogy with A sources/areandB stubareas.The y-axis consists
of the various parametersas experiencedby the various QoS
schemesWe rst look at the statisticsfor low refreshrateand
lightly loadednetwork and thenwe presentthe graphswhich
differ signi cantly for the othercases.
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Fig. 2. Lightly loadedandlow refreshrate: routingoverhead.

Fig. 2 shavsthathierarchicaschemeshov muchlowerrout-
ing overheaccomparedo the at QoSschemesAll thehierar
chical schemesre clusterednearthe low curve while the at
schemesreclusterechearthetop curve. Sincethe only param-
eterthatin uencestherouting overheads therefreshrateand
the kind of schemeused,the graphsare the samefor all low
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Fig. 4 shavs that we now have even betterQoS adherence,
sincethe refreshrate is higher we have more accurateinfor-
mation. Evenhere,multiple pathcasegyive betterQoSperfor
mance.The graphsfor heaiily loadedcasesaresimilarandare
thereforeomittedhere.
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Fig.5. Lightly loadedandlow refreshrate: averagsitter.

Fig. 5 shavs that schemeswith paclet scatteringgive larger
jitter comparedto single path schemeswhich was expected.
Thus, a schemelike Hier Randis a good option for jitter-
sensitvetraf c. Thejitter graphdor all the othercasesaresim-
ilar andarethereforeomitted.

Theloadbalancingndex is a measuref how well thetraf c
is spreadn the network. Fig. 6 shavs thatsingle pathschemes
(Flat Singleand Hier Single) have muchworseload balancing
thanthe multiple pathschemegHier Rand,Hier Scat,andFlat



Scat). Hier Randis a little worsesinceit usesonly single path
for each o w, butevenwith that,it substantiallyeducegheload
balancingindex by allocatingtraf c connectionsover multiple
pathswith the o w-level granularity
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It is expectedthatin heavily loadednetworks, whenall the
network is beingused,Hier Randwill performasgoodasHier
Scator Flat Scatin termsof load balancing,andFig. 7 proves
thatthe presumptioris correct.

The simulationresultsunderlinea few characteristicef the
variousschemesvaluated.Flat QoSschemesreaccurateand
whencombinedwith multiple paths,canleadto goodQoSper
formanceandload balancing. However, they suffer from high
routingoverheadalmostanorderof magnitudenorethancorre-
spondinghierarchicalschemesHierarchicalQoSschemegro-
vide quitehigh QoSperformanceén spiteof low refreshinterval.
They alsoleadto muchlower routing overheadandwhencom-
binedwith multiple paths they achieve fairly goodloadbalanc-
ing. However, dueto the natureof paclet scatteringrelatively
highjitter is experiencedandthis problemcanbe alleviatedby
selectingonly one out of the multiple pathsat random. Thus,
a schemdike Hier Rand,while giving low jitter andtolerable
load balancing,can also provide high QoS performance. For
non-jitter sensitve traf ¢, Hier Scatis deemedo be ideal be-
causeof its adherencéo hierarchicahatureof network systems
andfairly effective loadbalancing.Thus,we conclusvely prove
thathierarchicalQoSschemesrepracticaldueto their low cost

andprovide quitea high degreeof adherencéo QoSguarantees [19]

evenwith low refreshinterval rates.

V. CONCLUSION

We proposecdh setof approachefor practical, scalable fast
QoSprovisioningwith low routing overheadandhigh stateac-
curacy. By proposingthe useof multiple pathsat all levels of

the hierarchy we provide both reliability for connectionsand
load balancingover the network. Extensve simulationresults
validatedour premises. The hierarchicalschemegHier Rand
andHier Scat)give extremelygoodQoSperformancevenwith

low refreshrates,andvery low overhead. Hier Scatprovides
muchbetterload balancingwhile Hier Randgivesmuchbetter
jitter performanceTherefore anidealcombinationvould beto

useHier Randfor jitter-sensitve traf c andHier Scatfor other
bandwidth-delaysensitve trafc. Throughoutthe simulation
experimentswith all thesevariants,we shoved the costeffec-

tivenessand high performanceof the proposedouting mecha-
nisms.Also, their practicalapplicationto thehierarchicahature
of network systemcompositionwasshown to be effective.
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