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Abstract- Efforts to provide connectionoriented service over the inher-
ently best-effort Internet started almost right after its birth. Today, there
exist a multitude of solutionsthat have beenproposedbut have never been
implementeddue to their impracticability . We proposea practical solution
for fast, low cost,scalable,and yet accurateQoSrouting. Weproposeto use
hierarchical approachesto makethe schemepractical and cost-effective. At
the sametime, we increasenetwork utilization and decreaseinaccuracy of
stale information by the useof multiple paths. An extensive simulation of
the various permutations of schemesover a largesetof topologiesand traf-
�c conditions validate the proposedschemesand prove conclusively that
hierarchical schemeswith multiple path capabilities not only result in sig-
ni�cantly lower overhead, but also give high levels of QoS performance.
This paper presentsthe architectureof our schemes,the multiple path com-
putation algorithm, and the simulation resultsvalidating our claims.

I . INTRODUCTION

Substantialresearchcontributionsto provisioning QoSsup-
port in theInternethave beenmadeby theresearchcommunity
in the last two decadesdevelopingfeatureswhich spantheen-
tire framework rangingfrom the applicationlayer down to the
physicallayer. However, few networks with QoS supportca-
pability havebeendeployed. In this paper, we addresspractical
andspeci�c issuesinvolvedin deployingQoSroutingstrategies.

Thevery �rst issueis scalabilityof QoSroutingsolutionsin
very large networks. Networks operatedby mostwell known
organizationseasilycompriseof severalhundredsof nodes.In
recentnetworkswith link stateapproaches,it hasbeenproposed
to achievescalabilityvia hierarchicalnetwork composition.For
bothscalabilityandsecurityreasons,networksconsistof ahier-
archyof subnetworkscalleddomains(or subnetworks)whichdo
not revealdetailsof their internalstructureto theoutside.This
hierarchicalpropertybecomesasigni�cant technicalmotivation
to adoptQoSrouting schemesproposedanddevelopedso far.
Thus, we proposehierarchicalQoS routing schemeswith the
premiseof fastQoSprovisioningandef�cient networkresource
use.

We alsoproposeto usemultiple QoSpathsin eachdomain.
Thewell-known bene�ts of provisioningmultiple pathsarere-
liable QoSsupportandmore evenlybalancednetworkload. In
order to achieve thesegoals,we revise the schemepresented
in [1] suchthateachsubnetwork provisionsmultipleQoSpaths.
This QoS path provisioning is exercisedtransparentlyto the
outsideof eachsubnetwork. The mechanismis alsoaccompa-
niedwith QoSconstraintsquantizationfor pathprecomputation
which leadsto fastQoSprovisioning.Basedon this fundamen-
tal mechanismdevelopment,wecomposeseveraldifferentvari-
antswhich are adherentto the hierarchicalnatureof network
systems.Thesedifferentschemesareprimarily to show thefun-
damentalbene�tsof hierarchicalroutingandalsoQoS-enabled
routing.Thedetailedmechanismsarediscussedin thefollowing

sections.
This paperis organizedasfollows. SectionII discussesre-

latedworkswhicharethefoundationandgroundworkof ourap-
proach.SectionIII explainsthedetailsof ourproposedschemes
andassociatedcomponents.The proposedschemesareevalu-
atedvia simulationexperimentsandtheir propertiesareinvesti-
gatedin SectionIV.

I I . RELATED WORKS

MostQoSroutingschemesarebasedon “sourcerouting” ap-
proaches.That is, traf�c sourcescomputefeasiblepathswhen
QoSrequestsarrive. In turn, thecomputedpathsare�x edusing
pathpinning-down facilitiessuchasMPLS [2]. However, there
is anotherapproach:distributedhop-by-hopQoS routing [3],
[4], [5], [6]. But,distributedroutingisknowntobeproneto loop
problems. Thus, most QoS routing approachesfollow source
routing schemes,and the schemesthat we arepresentingalso
fall into thesamecategory. In orderto deploy a sourcerouting,
onemustimplementa link statetypeof routingalgorithm(e.g.,
OSPF).With link state,everyrouterin thenetwork canmaintain
a localcopy of theentirenetwork topologyandresourceutiliza-
tion information. This preventsthe schemefrom being scal-
ablesincethesizeof network informationincreasessharplyas
thenetwork sizegrows. Thus,largenetworksareusuallycom-
posedhierarchicallyof several domains(a.k.a. areasin OSPF
networks),andhierarchicalsourcerouting is consideredasthe
mostpromisingscalableQoSroutingapproach[4], [7], [8]. Hi-
erarchicalapproacheshavebeenalreadyusedin ATM networks
with thePNNI routingprotocol[9].

In hierarchicalQoSrouting, network topologyandresource
informationabouta speci�c domainaresummarizedbeforebe-
ing exchangedwith otherdomains.Thisprocessis calledtopol-
ogy aggregation[10], [11], [12], [13], [14]. With the summa-
rized(i.e., aggregated)network information,traf�c sourcesrun
QoSrouting algorithmsto computea sourceroute. The com-
puted path is then explored with proper signaling to reserve
network resources,possiblyin combinationwith a crankback
feature[15], [16]. Topologyaggregationsummarizesandcom-
pressestopologyinformation. It is usedwhenit is importantto
know how a network (a routingdomainor OSPFareaor PNNI
peergroup) can be traversedwithout having to know all the
topology details. After the aggregation step, the sametopol-
ogy may be representedby a mesh,star, or spanning-treenet-
work [15]. Thechallengeis to calculatethelink metricsin such
awaythatthetraversingcharacteristicsremainthesameor sim-
ilar in the aggregatedtopology [13], [14]. When aggregated,
someof thedetailednetwork informationcanbeinevitably lost
dueto theinformationabstraction.



When a network usesa single additive metric (e.g., link
weight or delay),theaggregatedlink metricscanbe computed
using a shortestpath algorithm. Likewise, if a network uses
availablebandwidthasa link metric, then the aggregatedlink
metricscanbecomputedusingawidestpathalgorithm[3], [17].
However, if multiple link metricssuchasavailablebandwidth
anddelayareusedsimultaneously, thetraversingcharacteristics
canno longerberepresentedusingsimplescalarnumbers.The
reasonfor this is that thereusuallyexist multiple pathsthrough
thenetwork, eachof which hasa lower delayor a higherband-
width than the others. Consequently, thereis a completeset
of pathswhich are ef�cient in either one of the metrics[13],
[14]. The setof ef�cient pathsis alsocalledef�cient frontier.
Theef�cient frontiercanalsobeviewedasafunctionthatmaps
availablebandwidthto delay. In this two-dimensionalcase,the
problemof aggregatingatopologybecomes�nding theef�cient
frontieramongall borderrouters.

Traf�c sourcescomputeQoSpathswith the aggregatednet-
work information. This network information may not repre-
sentthe network resourcemapwith suf�cient accuracy dueto
thediscrepancy of truenetwork statesandaggregatedinforma-
tion. Thus,after computingQoSpaths,the sourcesissuesig-
naling packetstraversingthe computedpathsto reserve neces-
sarynetwork resourcesor to ensureresourceavailability. This
additionalsignalingis performedwith eitherRSVP-TE[18] or
CR-LDP [2]. Whenthe signalingpacket encountersthe prob-
lem of unavailableresources,it mustretraceits stepsfrom the
point of blockageback to its original entry point into the do-
main [10]. This crankbackcontinuesuntil either the network
decidesthat no routecanbe found, or certainprotocol timers
expire. Clearly, lowering the frequency of crankbacksis a sig-
ni�cant bene�t of having higher �delity aggregation schemes
sinceit resultsin fastersetuptimesandlessloadonthenetwork
control[10].

The QoS information aggregation has to include the costs
of all possibletransitsthroughthe subnetwork. However, the
sizeof sucha representationcangrow quite large asthe num-
ber of bordernodesincreases.Thus,the performancebene�ts
of having a high �delity aggregationrepresentationneedto be
againproperlytradedoff againstthepracticalcostimposedby
the useof large representations.That is, QoSinformationab-
stractionmay relax the burdensof large anddetailedinforma-
tion representationswith certaininformationlosses.Also, the
QoS-enablednetwork architectureis expectedto provisionQoS
within presettimeconstraints.Thus,thetime introducedby ad-
ditional signalingmustbecarefullyoptimizedin orderto com-
ply with the constraints.Obviously, this requiresthat any dis-
crepancy betweennetwork informationupdatesandthetruenet-
work statusbeavoidedfor undesirablecrankbacksnot to occur.

In orderto effectively dealwith the twin issuesof hierarchi-
cal network compositionandfastandaccurateQoSprovision-
ing, we proposea new schemestemmingfrom thefundamental
premisesof statisticalQoSguaranteesin conjunctionwith the
bene�tsof multipleQoSprovisioning.

I I I . MECHANISM OVERVIEW

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

computation/ path summaryexchange,call admissionwith
pathsummaryinformation,andmultipleQoSpathcomputation.
Theseelementsaremainly to overcomethe limits of theprevi-
ously discussedmethodsandto provide practicalityandeffec-
tivenessin hierarchicalQoSrouting.

A. ConstraintsQuantization

As mentioned,calculatingthe ef�cient frontier with multi-
ple QoSmetricsmay not be feasibledueto its limited number
of manipulatedmetricsandbroadrangeof possibleoutcomes.
To simplify matters,we canprede�ne QoSconstraintsfor the
demandsof certainQoSapplications.Wecall thisprocess“con-
straintsquantization”andthisenablesthenetwork to effectively
dealwith multipleQoSmetricsandevenprecomputeQoSpaths
for the quantizedconstraints.This alsocomplieswith a Diff-
Servarchitecturein whichtraf�c classesarede�nedapriori and
QoSservicesaregrantedper eachclassin an aggregatedfash-
ion. Thisconstraintsquantizationlimits theoutcomeboundaries
andresultsin fewer pathsearches.Moreover, this allows paths
per quantizedconstraintsto be precomputedandpinneddown
betweenborderrouters.Thus,additionalpathveri�cation with
controlmessagescanbeavoidedandfastQoSprovisioningcan
beachieved.

B. LocalPathComputationandPathSummaryExchange

As the�rst steptowardhierarchicalQoSrouting,weareaim-
ing to deploy our architecturein an autonomoussystem. The
main reasonis thatall thesubdomainsin a singleAS arecon-
trolled by a commonadministrationpolicy. Thus, the same
quantizedconstraintsareappliedto all subdomains.
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Fig. 1. Exampleof local path computationfor virtual connectionsbetween
borderrouters.

First, we assumethat an AS consistsof several subdomains
(i.e., “areas” in our case)andeachof them is connectedto a
backbonearea.Fig.1 showsanexample.Eacharearunsits own
routing protocol not revealing its topology information to the
outsideworld. This topologicalsubdivision includesdifferent
typesof routers,namely:
� Edgerouter
A routerthatis directlyconnectedto endhostsandthatreceives
connectionrequestsis anedgerouter. Edgeroutersaretreatedas
traf�c sourcesanddestinations,andthey makeroutingdecisions
accordingto themechanismswearepresentinghere.



� Areainternalrouter(a.k.a.corerouter)
A routerwith interfacesto networksin oneareaonly is consid-
eredto beanareainternalrouter. Internalrouters�ood eacharea
with completeroutingandQoSinformationaboutchangesthat
occurwithin thearea.
� Areaborderrouter
A routerwith oneinterfaceto thebackbonenetwork andoneor
moreinterfacesto additionalareasis consideredto bea border
router. Eachborderrouter connectsoneor more areasto the
backbone.Usingthebackbone,borderroutersdistributerouting
andQoSinformation“summaries”for all areasthroughoutthe
AS.

As in thetopologyaggregationapproach,edge/borderrouters
are involved in gatheringand processingQoS information to
summarizetheir correspondingareas. Within eacharea, the
conventionalQoSinformationexchangesarecarriedout via the
OSPF�ooding mechanism.This area-bounded�ooding carries
the internal QoS information to all edge/borderroutersin the
area.Then,theedgeandtheborderroutersperformpathcom-
putationssimilar to theonerequiredto �nd theef�cient frontier.
However, in our case,we do not needto �nd all possiblepaths
betweentheedge/borderrouters.This is becausewe prede�ne
setsof quantizedQoSconstraintsandQoSservicesaregranted
for eachset. Thus,if Q setsof QoSconstraintsarede�ned, at
mostQ pathsarecomputedfor eachpairof edge/borderrouters
(i.e., edge-to-edge,edge-to-border, andborder-to-border).This
path computationcan be easily carriedout by the QoS rout-
ing algorithmpresentedin [1]. Every areaperformsthesepath
computationsindependentlywith its own link statedatabase.
The computedpathsare pinneddown in their corresponding
areas,and they arerefreshedwhennew link stateinformation
arrives. Thesepathscanbe viewed as“virtual links” between
edge/borderrouterswithin areasasdepictedin Fig. 1.

After pathsarecomputedfor eachquantizedconstraintsset
within eacharea,they are, in turn, summarizedand the path
summariesareexportedto otherareas.This pathsummaryde-
scribesthe QoS-constrainedreachabilitybetweenedge/border
router pairs. For example,an areaconsistsof 4 edge/border
routersand4 setsof quantizedQoSconstraints.Then,theQoS
constraintscanbequantizedin theformatof TableI.

TABLE I

QOS CONSTRAINTS QUANTIZATION EXAMPLE.

QoSindex Bandwidth Delay Jitter
1 b1 d1 j1
2 b2 d2 j2
3 b3 d3 j3
4 b4 d4 j4

Then,thepathsummarycanbegeneratedasin TableII. The
tableis anexampleof pathsummarycreatedby node1. It shows
that node1 canreachnode2 satisfyingall the four QoScon-
straintsets. Likewise, it also reachesnode3 and4 satisfying
constraintsets2,3,and1,3,4 respectively. Thedetailedpathin-
formationis locally keptby node1. Also, eachpathis recorded
with its QoSstatus(i.e.,availablebandwidth,end-to-enddelay,
etc.) for further QoSpathcomputationswith thesepathsum-

maries.Basically, this lookssimilar to thelink statetableentry
createdby node1. Thelink stateentrydescribesthereachability
to adjacentneighborswith link metrics.On theotherhand,the
pathsummaryshows theQoS-constrainedreachabilityto other
edge/borderrouters.

TABLE II

PATH SUMMARY TABLE OF NODE 1.

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

This simpli�ed path summary is exchangedbetweenall
edge/borderrouters. That is, edgeroutersin an areadistribute
their path summariesto other edgeand borderroutersof the
samearea. However, borderroutersof an areasendout their
pathsummariesnotonly to edgeandotherborderroutersin the
areabut alsoto edge/borderroutersin otherareasthey alsobe-
long to. In thepathsummaryexchangeprocess,insteadof the
OSPF�ooding mechanism,aprede�nedsourceroutingscheme
is used. That is, in the previous example, if node1 is send-
ing out its path summaryto node 2, 3, and 4, node 1 may
computethe shortestpathsto thosenodes. Then, the shortest
pathsareusedto carrythepathsummaryby formingdirect“vir -
tual links” betweenthem. This is to avoid unnecessarycontrol
overheadin areas. Sincecore routersare not involved in the
pathdecisionprocessanddo not needto collect thepathsum-
maries,singleshortestpathsbetweenedge/borderroutersmin-
imize the control overhead.This pathsummaryexchangebe-
tweenedge/borderrouterscanbe viewed asa restricted�ood-
ing mechanism. Each edge/borderrouter sendsout its path
summaryto otheredge/borderroutersof the samearea. After
collectingpathsummariesfrom otheredge/borderrouters,the
routersdo not rebroadcastthemasnormal�ooding does.This
is becauseother edge/borderroutersin the sameareaget the
samepathsummaryinformationdirectly from the information
source. However, borderroutersneedto relay the path sum-
mary informationof an areato otherareasto which the router
belongs.

Consequently, all theedge/borderroutersin theAS maintain
threedifferentdatabases:link statedatabase,locally precom-
putedpathdatabase,andtheentirepathsummarytable. Obvi-
ously, thepathsummarytableresemblesthelink statetable,but
thedetailedinformationaboutthephysicalpathsbuilt in other
areasis not included.

C. Call AdmissionControl with PathSummaryInformation

Sinceedgeroutersmaintainthe path summarytables,they
canexerciseacall admissioncontrolwith thepathsummaryin-
formation. The edgeroutersdeterminewhetheror not a new
call is acceptedby examiningpreestablishedQoSpaths. That
is, whena new call comesin andrequestsa “quantized”QoS
service,theedgeroutersearchesfor apathin thepathsummary.
Sincethepathsummarytablecontainstheabstractedpathinfor-
mationto all otheredgeroutersin theAS, the edgeroutercan
determinewhetheror not to acceptthenew call by performing



similar QoSpathcomputation.This computationtakesinto ac-
countpreestablishedpath information(i.e., pathsummary)in-
steadof link stateinformation. It canbe alsoviewed asQoS
path computationwith the “virtual links” as the conventional
QoSroutingdoesit with physicallink states.Most importantly,
after acceptingthe new call, the edgerouterdoesnot needto
issueany pathsetupmessagessincethe QoS-constrainedpath
is alreadyestablishedfrom entryto exit edgerouteracrosssev-
eralareas.Thesourceedgeroutersimply stampsthepathlabel
correspondingto the quantizedQoS constraintsin the packet
headers,and the traf�c follows the precomputedpathsacross
the prede�nedborderrouters.The call setup doesnot require
any additionalcomputationor pathchecking.Thus,it complies
with ourpremiseof fastQoSprovisioning.

D. Multiple QoSPathProvisioning

Another notableproperty of our schemesis that networks
provision multiple QoSpaths. Therearemany reasonsfor us-
ing multiple paths:reliableQoSsupport,loadbalancing,cost-
effective QoS provisioning as presentedin [1], [19]. When
multiple QoS pathsare provisioned, they can be maintained
seamlesslywith thedescribedconstraintsquantizationandpath
summaryprocess. Insteadof searchingfor a single path for
eachquantizedconstraintsset,wecanpreestablishmultipleQoS
pathsfor thedescribedreasons.Thepathsummaryprocessstill
representsthe samereachabilityas if there is only one path.
However, theQoSstatusof the representedpathsummarywill
be thecombinationof computedmultiple paths.That is, repre-
sentedavailablebandwidthwill betheminimumavailableband-
width of all thepaths,anddelaywill bechosenfrom their max-
imum value. Thus, the path summaryinformation still keeps
theactualpathsetuphiddenandrepresentsvirtual links with the
reachabilityandQoSstatusinformation.

When multiple paths becomeavailable, they can be used
mainly in two differentways: call-by-callallocationontoeach
path and packet-by-packet allocationover them. Usually, the
call-basedallocationcan be exercisedin a round-robinfash-
ion or simply by picking oneof multiple pathsrandomly. The
packet-basedallocation scatterspackets over multiple paths.
Thatis, loadbalancingeffect is madewith either�o w or packet
granularity. This differentusagealsoaffectspacket jitter, and
theseissueswill beevaluatedin theexperimentssection.

Multiple pathprovisioning is orthogonalto hierarchicalnet-
work compositionin our casesinceeach�at subdomainprovi-
sionsmultiplepathsindependently. Thus,wecandirectlyapply
themultiple QoSpathcomputationalgorithmpresentedin [1].

With thedescribedbuildingcomponents,in thefollowingsec-
tion, we introduceQoS routing variantswhich usehierarchi-
cally provisionedmultiple QoSpaths. Also, the conventional
�at-spaceQoSroutingis usedandcomparedto show bothfun-
damentalbene�tsof hierarchicalQoSroutingandperformance
effectsof multiple QoSpathprovisioning.

IV. SIMULATION EXPERIMENTS

In thissection,weinvestigatethebene�tsof hierarchicalQoS
routingwhencombinedwith multiplepathQoSprovisioningby
simulatinga hierarchicalnetwork in theSENSE[20] simulator

developedat theNRL in UCLA. Thetopologiesthatwe exam-
ine areof thegenericform shown in Fig. 1. Thus,it consistsof
a backboneareaconnectedto a numberof stubareasforming
a two-level hierarchy. Thebandwidthon the links on theback-
boneis 45 Mbps andthe delayon themis 10 � s. In the stub
areas,the bandwidthon the links is 10 Mbps andthedelayon
them is 1 � s. For purposesof simulation,we considertraf�c
to belongto oneof four QoSconstraintclasses.Theseclasses
correspondto:
� IP Telephony: bandwidth= 64Kbps,delay= 100ms
� Radioover theInternet:bandwidth= 192Kbps,delay= 100
ms
� Video-on-Demand:bandwidth= 1.2Mbps,delay= 50ms
� CBRVPN traf�c: bandwidth= 1.5Mbps,delay= 10ms

Wealsosettleduponthedistributionof theseclassesas30,35,
25,and10percentof thetotalnumberof connectionsgenerated.

A. Parametersvaried

We vary thetopology, theQoSroutingschemes,the�ooding
interval of thelink stateadvertisementsandthedegreeof traf�c
congestionin thenetwork. Eachtopologycanbecharacterized
by thenumberof stubareasandthenumberof sourceroutersin
eacharea.Thus,theparametersthatwevary in thetopologyare
thenumberof arearoutersandthenumberof “traf�c originat-
ing/receiving” routersin eacharea.Topologieswith largernum-
berof areasareexpectedto show lower routingoverheadwhen
hierarchicalschemesareused. Topologieswith larger number
of sourcesinjectsmoreconnectionsinto thenetwork, thustest-
ing thescalabilityof theschemes.Theroutingschemesthatwe
evaluatearethefollowing:
� Flat Single: ConventionalsingleQoSpathrouting with �at
topology.
� Hier Single:SinglepathhierarchicalQoSrouting.
� Hier Rand: Multiple QoSpathsover hierarchicaltopologies
of QoSareaswith randomselectionof onepathout of themul-
tiple paths.
� Hier Scat:Multiple QoSpathsoverhierarchicaltopologiesof
QoSareaswith packetscatteringover themultiple paths.
� FlatScat:Multiple QoSpathsover�at topologieswith packet
scatteringover themultiplepaths.

We vary the link stateadvertisementinterval from 5 seconds
to 30seconds.Here,wepresenttheresultsfor thetwo extremes
(i.e., 5 and 30 seconds).High link refreshratesare expected
to lead to moreaccurateCAC decisionsat the cost of greater
controloverheadandviceversafor low refreshrates.Similarly,
we testedthe topologieswith varying amountsof congestion
andwe presenttwo scenarios:one correspondingto a lightly
loadednetwork andtheothercorrespondingto a highly loaded
network. In a lightly loadednetwork, packetscatteringschemes
areexpectedto do betterthanrandompathselectionschemes,
while in heavily loadednetworks,bothareexpectedto give an
equaldegreeof loadbalancingin thenetwork.

B. Parametersevaluated

We evaluatethevariousQoSschemeson thefollowing crite-
ria:
1. Routingoverhead:We simply calculatethenumberof QoS
scheme-relatedcontrolpacketsgeneratedduringthesimulation



andcall it the routing overhead.Hierarchicalschemesareex-
pectedto give lower overheadsincethey performarea-bounded
link state�ooding andarea-crossingpathsummaryexchanges.
2. QoSperformance:This takes into accountthe QoSperfor-
manceseenby theconnectionsandthenetwork duringthesim-
ulation. For eachquantizedQoSconstraintclass,we calculate
theaverageQoSservicereceivedby theconnectionsbelonging
to thatclassin their lifetime. This consistsof thefollowing pa-
rameters:

� Throughputsatisfaction: The ratio of the received and the
requestedthroughput.

� Delay satisfaction: The ratio of the received and the re-
questeddelay.

� Jitter: Theaveragejitter experiencedby theconnections.
� Load balancingindex: This givesus the network wide de-

greeof loadbalancing.Thedetailsof how wearriveat thenum-
ber to representthe load balancingdegreeis describedin [1].
Thelower theindex, thebetterthedegreeof loadbalancing.

Given the distribution of the variousclasses,we gave them
thoseweightswhile calculatingtheaveragethroughputsatisfac-
tion, delaysatisfaction,andjitter experiencedby all connections
irrespective of class. Throughputand delay statisticsare ex-
pectedto besimilar for all theschemes,while jitter is expected
to be larger for packet scatteringschemesdue to out-of-order
arrival of packets.Loadbalancingontheotherhandis expected
to bebetterfor multiplepathschemesandevenbetterfor packet
scatteringschemesdueto a �ner (i.e.,packet level) granularity.

Thus,for eachtopology, �ooding interval andcongestionde-
gree,we get the routing overhead,throughputsatisfaction,de-
lay satisfaction,jitter and load balancing index. We present
resultsfor both lightly and highly loadedcasesand with low
andhighratesof �ooding. Sincedelaysatisfactionwasfoundto
closelyfollow throughputsatisfaction,we just presentthrough-
put satisfactiongraphshere. Thex-axisconsistsof thevarious
topologiesdepictedasfollows: (A, B) refersto a generictopol-
ogy with A sources/areaandB stubareas.The y-axisconsists
of the variousparametersas experiencedby the variousQoS
schemes.We �rst look at thestatisticsfor low refreshrateand
lightly loadednetwork and then we presentthe graphswhich
differ signi�cantly for theothercases.
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Fig.2 showsthathierarchicalschemesshow muchlowerrout-
ing overheadcomparedto the�at QoSschemes.All thehierar-
chical schemesareclusterednearthe low curve while the �at
schemesareclusterednearthetopcurve. Sincetheonly param-
eterthat in�uencestheroutingoverheadis the refreshrateand
the kind of schemeused,the graphsare the samefor all low

refreshcases.
Fig. 3 shows that all the schemesperform almostsimilarly

whenit comesto providing QoSsatisfaction,sinceall of these
schemesarecapableof supportingQoS.We canstill see,how-
ever, thatmultiple pathschemesperformbetterthansinglepath
schemesin providing theservicethey promised.This is dueto
thebene�tsof loadbalancingin thenetwork.
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Fig. 4 shows that we now have even betterQoSadherence,
sincethe refreshrate is higher, we have more accurateinfor-
mation. Evenhere,multiple pathcasesgive betterQoSperfor-
mance.Thegraphsfor heavily loadedcasesaresimilar andare
thereforeomittedhere.
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Fig. 5. Lightly loadedandlow refreshrate:averagejitter.

Fig. 5 shows that schemeswith packet scatteringgive larger
jitter comparedto single path schemes,which was expected.
Thus, a schemelike Hier Rand is a good option for jitter-
sensitive traf�c. Thejitter graphsfor all theothercasesaresim-
ilar andarethereforeomitted.

Theloadbalancingindex is a measureof how well thetraf�c
is spreadin thenetwork. Fig. 6 shows thatsinglepathschemes
(Flat SingleandHier Single)have muchworseload balancing
thanthemultiple pathschemes(Hier Rand,Hier Scat,andFlat



Scat). Hier Randis a little worsesinceit usesonly singlepath
for each�o w, but evenwith that,it substantiallyreducestheload
balancingindex by allocatingtraf�c connectionsover multiple
pathswith the�o w-level granularity.
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Fig. 6. Lightly loadedandlow refreshrate: loadbalancingindex.
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Fig. 7. Highly loadedandlow refreshrate:loadbalancingindex.

It is expectedthat in heavily loadednetworks, whenall the
network is beingused,Hier Randwill performasgoodasHier
Scator Flat Scatin termsof load balancing,andFig. 7 proves
thatthepresumptionis correct.

The simulationresultsunderlinea few characteristicsof the
variousschemesevaluated.Flat QoSschemesareaccurate,and
whencombinedwith multiple paths,canleadto goodQoSper-
formanceandload balancing.However, they suffer from high
routingoverhead,almostanorderof magnitudemorethancorre-
spondinghierarchicalschemes.HierarchicalQoSschemespro-
videquitehighQoSperformancein spiteof low refreshinterval.
They alsoleadto muchlower routingoverheadandwhencom-
binedwith multiplepaths,they achievefairly goodloadbalanc-
ing. However, dueto thenatureof packet scattering,relatively
high jitter is experienced,andthis problemcanbealleviatedby
selectingonly oneout of the multiple pathsat random. Thus,
a schemelike Hier Rand,while giving low jitter andtolerable
load balancing,can also provide high QoS performance.For
non-jitter sensitive traf�c, Hier Scatis deemedto be ideal be-
causeof its adherenceto hierarchicalnatureof network systems
andfairly effectiveloadbalancing.Thus,weconclusively prove
thathierarchicalQoSschemesarepracticaldueto their low cost
andprovidequiteahighdegreeof adherenceto QoSguarantees
evenwith low refreshinterval rates.

V. CONCLUSION

We proposeda setof approachesfor practical, scalable, fast
QoSprovisioningwith low routingoverheadandhigh stateac-
curacy. By proposingtheuseof multiple pathsat all levelsof

the hierarchy, we provide both reliability for connectionsand
load balancingover the network. Extensive simulationresults
validatedour premises.The hierarchicalschemes(Hier Rand
andHier Scat)giveextremelygoodQoSperformanceevenwith
low refreshrates,andvery low overhead. Hier Scatprovides
muchbetterloadbalancingwhile Hier Randgivesmuchbetter
jitter performance.Therefore,anidealcombinationwouldbeto
useHier Randfor jitter-sensitive traf�c andHier Scatfor other
bandwidth-delaysensitive traf�c. Throughoutthe simulation
experimentswith all thesevariants,we showed the costeffec-
tivenessandhigh performanceof theproposedrouting mecha-
nisms.Also, theirpracticalapplicationto thehierarchicalnature
of network systemcompositionwasshown to beeffective.
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