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Abstract

Quality-of-service(QoS) requirementsfor the timely delivery of real-timemultimedia

raisenew challengesfor the networking world. A key componentof QoSis QoSrout-

ing which allows the selectionof network routeswith sufficient resourcesfor requested

QoSparameters.Severaltechniqueshavebeenproposedin theliteratureto computeQoS

routes,mostof which requiredynamicupdateof link-stateinformationacrossthe Inter-

net.Giventhegrowing sizeof theInternet,it is becomingincreasinglydifficult to gather

up-to-datestateinformationin a dynamicenvironment.We proposea new techniqueto

computeQoSrouteson the Internetin a fastandefficient mannerwithout any needfor

dynamicupdates.Ourmethod,known asSelectiveFlooding,checksthestateof thelinks

onasetof pre-computedroutesfrom thesourceto thedestinationin parallelandbasedon

this informationcomputesthe bestrouteandthenreservesresources.We implemented

Selective Floodingon a QoSroutingsimulatorandevaluatedtheperformanceof Selec-

tive Floodingcomparedto sourcerouting for a varietyof network parameters.We find

SelectiveFloodingconsistentlyoutperformssourceroutingin termsof call-blockingrate

andoutperformssourcerouting in termsof network overheadfor somenetwork condi-

tions.Thecontributionsof this thesisincludethedesignof anew QoSroutingalgorithm,

SelectiveFlooding,extensiveevaluationof SelectiveFloodingunderavarietyof network

conditionsandaworkingsimulationmodelfor futureresearch.



Acknowledgements

Wordsfail me in expressingmy gratitudeto Prof. Mark Claypool. He hasbeenmy

mentor, colleagueandfriendall atonce.His confidencein mehasboostedmy moraleto

no limits. On countlessoccassionshehasgoneout of his way to helpmewith anything

andeverything.For all these,andmore,thankyou,Mark.

I would like to thankeveryoneatPEDSandPERFORM.Theircomments,criticisms,

suggestionsandinsightshave helpeda lot in shapingthis thesis.I would like to mention

my bestfriendsat WPI, Daniel andAnshul, for being therewhenever I neededthem.

Thanksalsoto all my otherfriendshereatWPI for their supportandmotivation.I would

like to thankAndreasfor all his helpwith latex. Had it not beenfor him this document

wouldhavebeenin MS-Word.

Overall the entireprocess,from the settingof goalsto thecompletionof this report

hasbeena learningone,which I will rememberfor a long time to come.

i



Contents

1 Intr oduction 1

1.1 QOS-SensitiveNetwork Services . . . . . . . . . . . . . . . . . . . . . 2

1.2 AdditionalComponentsof aQoSNetwork . . . . . . . . . . . . . . . . . 3

1.3 Issueswith QoSRouting . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 RelatedWork 7

2.1 SourceRouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 DistributedRouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 HierarchicalRouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Selective Flooding 15

3.1 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 Extensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Implementation 21

4.1 SimulatingQoSRouting . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.1.1 routesimFeatures. . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.1.2 Constraintsto routesim. . . . . . . . . . . . . . . . . . . . . . . 25

4.2 ImplementingSelectiveFloodingon routesim . . . . . . . . . . . . . . . 26

ii



4.2.1 FindingMultiple Paths . . . . . . . . . . . . . . . . . . . . . . . 26

4.2.2 TheSelectiveFloodingAlgorithm . . . . . . . . . . . . . . . . . 27

4.2.3 Changesto routesim . . . . . . . . . . . . . . . . . . . . . . . . 30

5 Evaluation 32

5.1 Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.2 Call-Blocking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.3 Network Overhead . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.4 Valueof k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.5 OtherCosts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.6 Effectof Bandwidth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6 Conclusions 47

6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.2 FutureWork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

iii



List of Figures

3.1 QoSRoutingIllustration (a)-Topology(b)-SourceRouting(c)-Selective

Flooding. The lettersarenodes.Thenumbersindicatesequentialsteps.

TheX’s indicateroutingfailures. . . . . . . . . . . . . . . . . . . . . . 17

4.1 SampleConfigurationFile for routesim . . . . . . . . . . . . . . . . . . 22

4.2 Sampletestfor multiple pathsalgorithm. Tableshows the routesstored

atSource0 for variousdestinationsascalculatedby ourprogram. . . . . 27

4.3 Pseudocodefor theSelectiveFloodingalgorithm. . . . . . . . . . . . . . 28

4.4 Sampletestof SelectiveFloodingalgorithmImplementation . . . . . . . 29

4.5 Call-blockingvs link-stateupdateperiod- Randomtopology(100nodes)

(a)-Testrun (b)-Previouslypublished[26] . . . . . . . . . . . . . . . . . 31

5.1 Call-blockingvs link-stateupdateperiod- MCI topology . . . . . . . . . 35

5.2 Call-blockingvs link-stateupdateperiod- Randomtopology(50nodes) . 35

5.3 Call-blockingvs link-stateupdateperiod- Randomtopology(75nodes) . 36

5.4 Call-blockingvs link-stateupdateperiod- All Topologies. . . . . . . . . 36

5.5 Network Overheadvs link-stateupdateperiod- MCI topology . . . . . . 39

5.6 Network Overheadvs link-stateupdateperiod- Random(50nodes) . . . 40

5.7 Network Overheadvs link-stateupdateperiod- Random(75nodes) . . . 40

5.8 Call blockingratefor differenttopologiesat thesamenetwork cost . . . . 41

iv



5.9 Effectof Numberof pathsprobed(k) oncall blockingrateacrosstopologies 42

5.10 Effectof Numberof pathsprobed(k) onCall-blockingandNetwork cost-

MCI topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.11 Call blockingatthesameNetwork costfor differentvaluesof k - Random

Topology(50node) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.12 Effectof bandwidthon theCall blockingrate(SourceRouting)-MCI . . 45

5.13 Effectof bandwidthon thevalueof k (SelectiveFlooding)- MCI . . . . . 46

v



List of Tables

5.1 Topologiesusedfor Simulations.. . . . . . . . . . . . . . . . . . . . . . 33

vi



Chapter 1

Intr oduction

Thenotionof Quality-of-Service(QoS) hasbeenproposedto capturethequalitatively or

quantitatively definedperformancecontractbetweena serviceprovider anduserappli-

cations[7]. Multimediaandreal-timeapplicationshave stringentbandwidthandtiming

requirements.With advancesin thefield of high-speednetworks it is now becomingin-

creasinglyrealistic to expect reasonableperformacefrom suchapplications. However

work still needsto bedonein termsof providing guaranteedlevelsof serviceto applica-

tions.Thischapterintroducestheideaof Quality-of-ServiceRouting.

Today’s Internetis mainly a connectionless,best-effort network. Datapacketsfrom

thesameapplicationcantake differentpathsto thedestination.Further, packetscanbe

lost, duplicatedor arrive out of order. Network resources(switches,buffers etc.) are

shareduniformly amongstvariousapplications.This infrastructureworks fine for con-

ventionaltext-basedapplications.However, it doesnot meetthe requirementsof inte-

gratedservicenetworks(existing ISDN andB-ISDN networksandfutureISPNnetworks

[20]). Specificallyit doesnotprovideResourceReservation,whichis vital for guaranteed

end-to-endperformance.

It is thereforepredictedthatthenext generationof theInternetwill beconnectionori-
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ented[10]. Thismeansthatfor everyflow, therewouldbeafixednetwork pathconsisting

of switchesandlinks. Routingin this context is theproblemof finding thenetwork path

for connectionestablishment.QoSroutingcanbedefinedasfinding a network paththat

will satisfyapplicationperformancerequirementsby selectingpathsbasedonconnection

traffic parametersandavailablelink capacity.

1.1 QOS-SensitiveNetwork Services

Therehasbeena generalmove towardsQoS-sensitivenetwork services.In orderto sup-

port theQoSdemandsof applications,boththeATM andtheIP communityhavedefined

serviceclassesthat provided per-flow guaranteesto applications.At the network layer

(layer 3) resourcereservation canbe doneusingDiff-serv [5] or Multi ProtocolLabel

Switching(MPLS) [1]. The Routingprotocoltypically usedfor this is an extensionto

OSPFcalledQOSPF[28]. Applicationsat this level areclassifiedasbest-effort, rate-

sensitive or delaysensitive androutedappropriately. At thedata-linklayer(layer 2) we

have ATM which usesa hierarchicalroutingprotocol(PNNI [12]). Virtual Channelsare

usedto reserve resourcesfrom thesourceto the destination.TheQoSmetricsusedare

maxCTD(maximumCell TransferDelay),peak-to-peakCDV (Cell DelayVariation)and

CLR (Cell LossRatio).

Applicationscan typically specify their QoS requirementsas a set of constraints.

Thesecould be either link constraintsor path constraints. Link constraintsspecify a

restrictionon the useof individual links in building a path. For example,a bandwidth

constraintof a unicastconnection1 couldrequirethatlinks composingthepathhave cer-

tainamountof freebandwidthavailable.A pathconstraint,on theotherhand,specifiesa

requirementon theentirepath.For example,a delayconstraintof amulticastconnection

1Thetermscall, connectionandrequestareusedinterchangeably.
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mayrequirethatthelongestend-to-enddelayfrom thesenderto any receiver not exceed

anupperbound.Thebasicfunctionof QoSroutingis to find a feasiblepath(a paththat

hassufficientresidualresourcesto satisfytheQoSconstraintsof aconnection).Addition-

ally, we would like to find theoptimal(leastcost)pathamongall feasiblepaths,in order

to improvetotalnetwork utilization.

1.2 Additional Componentsof a QoSNetwork

Thereareotherpartsto a QoS-sensitive network besidesQoSrouting. This sectiondis-

cussestheinteractionsof QoSroutingwith theseparts.

ResourceReservation: Routingandreservationarecloselyrelatednetwork compo-

nents. In orderto provide guaranteedservicesresourcesneedto be reserved for every

acceptedconnection.ATM doesthis throughVirtual channels.For every call it reserves

a virtual channelover all links on the routefrom the sourceto the destination.RSVP

canbeusedto do reservationat theIP layer[6]. MPLS andDiff-servareotheremerging

techniquesto reserve resourcesin intermediateresourcesfor differentflowsor classesof

service.

AdmissionControl: Giventhelimited network resources,it is notpossibleto provide

QoSto every requestingconnection.Therefore,we needsomesortof admissioncontrol,

which will accepta call only if the network cansupportthat call at that instance.For

every QoSrequest,we try to reserve thenecessarynetwork resources.If we succeedthe

call is accepted,otherwiseit is refused.

QoS negotiation: A QoS routing algorithmmay fail to find a path for a prticular

request.In suchcasesit caneitherrejectthecall or negotiateby returningbackthebest

that canbe supported.If this negotiationis successfulthenthe pathcanbe usedright

away.
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1.3 Issueswith QoSRouting

Althoughconceptuallysimple,QoSroutingsuffersfrom variousproblemssuchasdiverse

QoSspecifications,dynamicallychangingnetwork stateandtheneedto coexist with best-

effort traffic [7]. Eachoneof theseis discussedin detailbelow.

Differentdistributedapplicationssuchasteleconferences,videoon demand,Internet

phoneandWeb-basedgameshave differentQoSrequirements.Applicationscanspecify

differentQoSconstraintssuchasdelay, jitter (variationin delay),bandwidth,lossratio,

etc. It is alsopossiblethatthey placeaconstraintonthecostthey canafford to getaQoS

path. Multiple constraintfurther complicatesthe problem. For example,finding a path

with two independentpathconstraintsis anNPcompleteproblem.

Futurenetworksarelikely to carrybothQoStraffic andbest-effort traffic. Thismakes

theissueof optimizationcomplicated.This is mainlybecausetheirdistributionsandper-

formancemetricsaredifferent.AlthoughQoStraffic will notbeaffected,dueto resource

reservation, the throughputof best-effort traffic will suffer if theoverall traffic distribu-

tion is misjudged.MeetingtheQoSrequirementsof eachindividualcall andreducingthe

call blocking rateareimportantmetricsfor QoSwhile fairness,overall throughputand

averageresponsetime areimportantmetricsfor best-effort routing. Varioustechniques

havebeensuggestedto integrateQoSwith best-effort traffic [21].

In orderto computea QoSroutewe needaccurateinformationof thenetwork state.

This informationconsistsof thenetwork topologyandthe link-stateinformation(avail-

ablebandwidth,delaythroughthe link, etc)on eachlink of thenetwork. Therearedif-

ferentroutingstrategies(describedin Chapter2) dependingon wherethis informationis

storedandhow it is parsed.Variousmetricsareusedto evaluateandcomparedifferent

routingalgorithms.Primaryamongthemare:

� Call-blockingrate: This refersto thepercentageof callsblockedor thepercentage
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of callsthatwerenot admittedinto thesystem.Typically for a giventopologyand

a giventraffic pattern,thereis a minimumCall-blockingrate.Thenetwork cannot

acceptany morecallsbecauseit actuallydoesnot have theresourcesrequestedby

thecall at that time. Any routingalgorithmshouldtry to have a call-blockingrate

asnearto thisminimumaspossible.

� NetworkOverhead: This refersto the overheadincurredby the network due to

routing.Thiscanbefurtherdividedinto thebandwidthusedfor communicationby

theroutingalgorithmandthecomputationalloadon theroutersdueto therouting

algorithm.

� Call SetupTime: This is the time from whenthe sourcereceivesa QoSrequstto

thetime theactualconnectionto thedestinationis established.

� SourceComputationCost: This refersto thecomputationcostat thesourcerouter

whichreceivestheoriginalQoSrequest.

� Scalability:This refersto how theroutingalgorithmwill performasthesizeof the

network increases.

Usingaccuratenetwork informationhelpsin gettingareducedcall-blockingrate.This

informationis difficult to obtainasthe network statecontinuouslychangesdueto load

fluctuations.Further, thereis a network overheadinvolvedin maintainingthis informa-

tion. Transmittinglink-stateinformation(asis donein sourcerouting)to everyothernode

at regular intervalsconsumesnetwork bandwidth. Every routeralsohasa computation

overhead,asit needsto updateits routingtables.On theotherhand,usingstalenetwork

informationto computeQoSpathscanseriouslydegradetheperformanceof thesystem

andincreasethecall-blockingrate,sincetheinformationwhichis beingusedto makethe

routing decisioncould be potentiallydifferentfrom the actualnetwork state. Thus,we
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havea tradeoff betweenthecall-blockingrateachievedandthenetwork overheadcaused

by routing. Also, asthe network sizegrows the costof keepingaccuratelink-statein-

formationfor thewholenetwork growsexponentially. Thusscalabilityis aproblemwith

mostQoSroutingalgorithms.

Thisthesisproposesanew QoSroutingalgorithm,SelectiveFlooding. Briefly theway

Selective Floodingworks is asfollows: every sourcehasa staticimageof the topology,

consistingof agraphof thenodesandtheconnectionsbetweenthem.Basedonthisgraph

multiple routesfrom the sourceto every destinationarecomputedandstored. No link

stateinformationis updated.WheneveraQoSrequestarrives,controlpacketsareflooded

throughtheseprecomputedroutes.ThesecontrolpacketscollectQoSinformationontheir

way. Basedon this informationthebestpathis computedat thedestination.Resources

arethenreservedalongthispath.

We expectSelective Floodingto performcloseto optimumin termsof call-blocking

rateasit usesthemostrecentlink-stateinformationto routetheconnectionrequests.Fur-

ther, sincenolink-stateupdateis performed,thenetwork overheadshouldalsobereduced

versussourcerouting. In this thesis,we simulatethe Selective Floodingalgorithmand

evaluateits performancecomparedto sourcerouting.

Therestof this thesisreportis organizedasfollows. In Chapter2, wediscussvarious

proposedroutingstrategies. In Chapter3, we describein detail thedesignof theSelec-

tive Floodingroutingalgorithm. Chapter4 describesthe set-upwe useto simulateand

evaluateSelective Flooding.Chapter5 presentsresultsfrom our experiments.Finally in

Chapter6, weconcludewith ourfindingsandfuturework.
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Chapter 2

RelatedWork

Thegoalsof QoSroutingasdiscussedin thepreviouschapterare(1) satisfyingtheQoS

requirementsfor everyadmittedconnectionand(2)achievingglobalefficiency in network

utilization.

Routinginvolvestwo basicsteps:(1) collectingthe lateststateinformationat every

nodeon thenetwork, and(2) searchingthestateinformationfor a feasiblepath.In order

to find an optimal path which satisfiesthe constraints,the stateinformationaboutthe

intermediatelinks betweenthesourceandthedestination(s)mustbeknown. Thesearch

for feasiblepathsgreatlydependsonhow thestateinformationis collectedandwherethis

informationis stored.Therearethreeroutingstrategies,classifiedaccordingto wherethe

stateinformationis maintainedandhow thesearchof feasiblepathsis carriedout. These

aresourcerouting,distributedroutingandhierarchical routing.

In sourcerouting,eachnodemaintainsthe completeglobalstate,including the net-

work topologyandthestateinformationof everylink. Basedontheglobalstate,afeasible

pathis locally computedat thesourcenode.A controlmessageis thensentoutalongthe

selectedpathto inform theintermediatenodesof theirprecedentandsuccessivenodes.A
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link-stateprotocol(suchasQoSextensionsto OSPF[28,14]) is usedto updatetheglobal

stateateverynode.

In distributedrouting,thepathis computedby adistributedcomputationduringwhich

controlmessagesareexchangedamongthenodesandthestateinformationkeptat each

nodeis collectively usedfor thepathsearch.Most distributedroutingalgorithmsneeda

distancevectorprotocolto maintainaglobalstatein theform of distancevectorsatevery

node.Basedon thedistancevectors,theroutingis doneonahop-by-hopbasis.

In hierarchicalrouting, nodesareclusteredinto groups,which arerecursively clus-

teredinto higherlevel groups,creatingamulti-level hierarchy. Eachphysicalnodemain-

tainsanaggregatedglobalstate,which containsthedetailedstateinformationaboutthe

nodesin the samegroupand the aggregatedstateinformationaboutthe othergroups.

Sourcerouting is usedto find a feasiblepath on which somenodesare logical nodes

representinggroups.A controlmessageis thensentalongthis pathto establishthecon-

nection. When the bordernodeof a grouprepresentedby a logical nodereceives the

message,it usessourceroutingto expandthepaththroughthegroup.

In thenext few sectionseachoneof theseroutingstrategiesis discussedin detailwith

specificexamplesof routingalgorithms.

2.1 SourceRouting

Sourceroutingachievesits simplicity by transforminga distributedprobleminto a cen-

tralized one. By maintaininga completeglobal state,the sourcenodecalculatesthe

entirepath locally. It avoids dealingwith the distributedcomputingproblemssuchas

distributedstatesnapshot,deadlockdetectionandresolution,anddistributedtermination

problem. Sourcealgorithmsareconceptuallysimpleandeasyto implement,evaluate,

8



debugandupgrade.In addition,it is mucheasierto designcentralizedheuristicsfor some

NP-completeroutingproblemsthanto designdistributedones.

Sourcerouting hasseveral problems[7]. First, the global network statemaintained

at every nodehasto be updatedfrequentlyenoughto copewith the dynamicsof net-

work parameterssuchasbandwidthanddelay. Second,thelink statealgorithmcanonly

provide approximateglobal statedueto non-negligible propagationdelayof statemes-

sages.This imprecisioncancauseQoSrouting to fail. [26] discussin detail theeffects

of stalelink-stateinformationandrandomfluctuationsin traffic loadon theroutingand

signallingoverheadsof sourcerouting. Third, thecomputationoverheadat thesourceis

excessively high, moreso for multicastor multi-constraintrouting. In summary, source

routingsuffersfrom scalabilityproblems.

Variousalgorithmshavebeenproposedfor bothunicastandmulticastsourcerouting.

All of themrequirea global stateto be maintainedat every node. Most algorithmsfor

unicastsourceroutingtransformtheroutingproblemto ashortestpathproblemandthen

solve it by Djikstra’s or Bellman-Ford algorithm.Themostpopularamongsourcerout-

ing alogorithmsis theproposedQoSextensionsto theOSPFknown asQOSPF[28, 14].

QOSPFincludesan“explicit routing” mechanismfor source-directedrouting. However

aswith otherSourceroutingprotocols,QOSPFimposesasignificantbandwidthandpro-

cessingloadonthenetwork,sinceeachswitchmustmaintainits ownview of theavailable

link resources,distributelink-stateinformationto otherswitches,andfinally computeand

establishroutesfor everyconnection.

The sourcerouting algorithm is typically executedat connectionarrival on a per-

connectionbasis,increasingtheruntimecomputationoverhead.[25] studypathprecom-

putationandcachingandsuggestthe following techniquesto improve the efficiency of
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sourcerouting:

� Coarse-grainlink costs:Path selectionis basedon link-cost metrics,which area

functionof link-stateinformation.Limiting link coststo a smallnumberof values

reducesthecomputationalcomplexity of thepathselectionalgorithm.Coarsegrain

link costsdo not significantlydegradeperformance,andincreasethelikelihoodof

having morethanoneminimumcostrouteto adestination.

� Precomputationof minimum-costgraph:Eachswitchor routerprecomputesacom-

pactdatastructurethatstoresall minimumcostroutesto eachdestination.Instead

of storing the precomputedpathsin a cache,route extraction is postponeduntil

connectionarrival.

� Routeextraction with feasibility check: As part of route extraction, the source

checksthefeasibility of eachlink, basedon themostrecentlink stateinformation

andthebandwidthrequirementof thenew connection.Thefirst routethatsatisfies

thecommoncaseis extracted.

� Rerankingof multipleroutes:As partof routeextraction,thesourcecanrerankthe

links to improvethepathselectionprocessfor thenext connection.Thisprovidesa

simpleframework for anumberof alternateroutingpolicies.

Thesemechanismsenableawiderrangeof policiesfor whento computenew routes,how

many candidateroutesto try for a new connection,andhow often to updatelink-state

information,thuscausingasignificantreductionof processingoverheadandset-updelay,

in comparisionto traditionalon-demandsourceroutingalgorithms.

As with SourceRouting,Selective Floodingcomputestheentirepathto thedestina-

tion at thesourceitself. However Selective Floodingdoesnot needany link-stateinfor-

mationpropogation.Sincewe usethemost-recentlink-stateinformation,we hopeto do
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betterthanSource-Routingin termsof call-blockingrate,asin our casecallswill not be

refuseddueto stalelink-stateinformation.It shouldbenotedthatSelectiveFloodinghas

aper-call network routingoverheadwhile SourceRoutingtypically hasnetwork overhead

onceevery link-stateupdateperiod. While [25] do pathprecomputationbasedon link-

stateinformation,we do pathprecomputationbasedtotally on thetopologyinformation.

Furtherthey precomputejustonefeasiblepathfrom thesourceto thedestinationwhile we

precomputemultiplepossiblepathsto thedestination.In Chapter4 wecompareSelective

Floodingto asourceroutingalgorithm,measuringthecall-blockingrateandthenetwork

cost.

2.2 Distrib uted Routing

In thecaseof DistributedRouting,thepathcomputationis distributedamongtheinterme-

diatenodesbetweenthesourceandthedestination.Hence,theroutingresponsetimecan

bemadeshorterandthealgorithmmorescalable.Typically a DistanceVectorprotocol

is usedfor routing. Here,throughcontinuousstateupdates,eachnodeknows for every

destinationthenext hopon thebestpath.Also, searchingmultiple pathsin parallelfor a

feasiblepathis madepossible,which increasesthe chanceof success.Most distributed

routingalgorithmsrequireeachnodeto maintaina globalnetwork state,basedon which

the routing decisionis madeon a hop-by-hopbasis. Floodingalgorithms,on the other

hand,donot requireany globalstateto bemaintained.

Distributedalgorithmsthatdependontheglobalstatehavesimilarproblemsto thatof

sourceroutingalgorithms.In additionthey alsoneedto addressdistributedcomputation

problemssuchasdistributedstatesnapshot,deadlockdetectionandresolution,andthe

distributedterminationproblem. Inconsistentglobal statesat differentnodescancause

loopsto occur. It is alsodifficult to comeup with efficient heuristicsfor NP-complete

11



routingproblems.

Different distributed techniqueshave beenpresentedin the literature. Kweon and

Shin [17] suggesta techniqueof boundedfloodingwhereroutingmessagesareflooded

into thenetwork for a certainhopcountin all directions.No globalstateis requiredto

bemaintainedat any node. However, it is possiblethatwith certainsetsof constraints,

thehopcountmight not includetheoptimalpathin thesearchspace.A flooding-based

routing techiniquewas proposedby Hou [15] for routing in ATM networks. Another

algorithmwhich usesfloodingwasproposedby ChenandNahrstedt[8]. They suggest

a distributedrouting framework basedon selective probing. Unlike in [17] probesare

forwardedonly to a subsetof outgoinglinks selectedbasedon thetopologicaldistances

to thedestination.Furthertheprobesproceedonly whenthenodesandthe links on the

wayhavesufficient resources.This reducestheoverheadascomparedto [17]

Somealgorithmscoupleroutingwith reservation. Cidonet al [9] proposereserving

resourcesin parallelalongmultipleroutes.Hereeverynodestill maintainapictureof the

whole topologyandthestatuson every link, andfor every connectionrequest,multiple

pathsaretried in parallel.Along eachpathresourcesarereservedfor theconnectionre-

quest.After thebestrouteis selectedresourcespreviouslyreservedalongotherroutesare

released.Reservingresourceson multiple pathsmakesroutingmoreresilientto changes

in thenetwork state.But it alsoincreasesthecall-blockingratioasconnectionsmightbe

deniedrequestedpathseventhoughthenetwork canactuallysupporttheir requirements.

[9] improvesits performanceby continuingits reservationon a pathonly if thepathcan

supporttheQoSrequested.

Selective Flooding is essentiallya distributedrouting algorithm. Unlike other dis-

tributedalgorithmsthough,we precomputeat thesourceitself a list of possiblepathsto
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thedestinationandthenflood only alongtheseroutes.Currentlink-stateinformationof

the pathto the destinationis collectedin a distributedfashion. Selective Floodinghas

much lessoverheadthanother flooding algorithmsas we flood only over links which

definitelylie onapathto thedestination.

2.3 Hierar chical Routing

HierarchicalRoutinghelpsin overcomingthe scalabilityproblemwhich sourcerouting

faces.This is becauseeachnodeonly maintainsa partial global statewheregroupsof

nodesareaggregatedinto logical nodes. The sizeof suchan aggregatedstateis loga-

rithmic in the sizeof the completeglobalstate.Thesourceroutingalgorithmsarethen

directlyusedateachlevel to find feasiblepathsbasedontheaggregatedstatesmaintained

at nodes.Thushierarchicalroutingretainsmostof theadvantagesof sourcerouting. It

hasalsosomeadvantagesof distributedrouting becausemany nodessharethe routing

computation.

However aggregationof nodesintroducesfurther imprecisionin the link stateinfor-

mation.AlsowhenmultipleQoSconstraintsareinvolved,differentpathsmayexistwithin

eachlogical nodeto optimizedifferentconstraints.Theremaynot exist a pathwith the

bestpropertiesfor all constraints.How to aggregatesuchinformation is still an open

problem.

Therehasbeenwork doneonhow to scaleSourceRoutingalgorithmsby considering

a hierarchicalarchitecture[2, 3, 4]. At the datalink layer, the PNNI(PrivateNetwork-

Network Interface)[12] standardfor routingin ATM networksis hierarchical.PNNI uses

a crankbackmechanismto searchmultiple pathssequentially. Whenthe selectedpath

doesnot meettherequirement,theroutingprocessis crankedbackandresumeswith an
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alternativepath.While thisworksfine, it hasa longerroutingtime.

SelectiveFloodingeasilylendsitself to HierarchicalRoutingthusmakingit scalable.

In this casethe sourcewill computeandstoremultiple hierarchicalroutesto the desti-

nation. Eachsuchroutewould consistof physicalandlogical (aggregated)nodes.Thus

while PNNI checksmultiple routesfrom thesourceto thedestinationin a serialmanner,

HierarchicalSelective Floodingdoesthesamein parallel. HierarchicalSelective Flood-

ing is explainedin thenext chapter.

In this chapter, we have analyseddifferentroutingstrategiesandcomparedthemin

brief to SelectiveFlooding.In thenext chapterwe describein detailtheSelectiveFlood-

ing QoSroutingalgorithm.
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Chapter 3

SelectiveFlooding

Sourcerouting storestwo importantpiecesof information at every source. One, the

network topology (nodesand presenceof links betweenthem). Two, the latest link-

stateinformationaboutthewholenetwork. Thetopologyis relatively staticanddoesnot

costmuch in termsof network overhead.Transmittinglink-stateinformationhowever

is expensive,needingto bedoneat regular intervalsthusconsumingnon-trivial amounts

of bandwidthacrossthenetwork andusingup considerablecomputingresourcesat each

router. Themorefrequenttheselink-stateupdates,themoretheseresourcesareused.On

theotherhand,thecall-blockingrateincreasesasweusemorestalelink-stateinformation.

Thus,with SourceRouting,we have a tradeoff betweennetwork usage(efficiency) and

call-blockingrate.SelectiveFloodingproposesto storethenetwork topologybut not the

link-stateinformationacrossthenetwork andobtaina low call blockingrateby doingon

demandselectivepathexplorationfor eachcall.
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3.1 Approach

Thebasicideaof Selective Floodingis to checkmultiple routesfrom a sourceto a des-

tinationin parallel.Eachsourceon thenetwork is assumedto have a staticimageof the

entirenetwork. This imageneedsto consistonly of the setof nodesandedgeswhich

make thewholetopology. No link-stateinformationis necessary. As mentionedbefore,

suchtopologyinformationis fairly staticanddoesnot needto be updatedon a regular

basis. Using this network topology, every sourcecomputesall possiblepathsto every

destination.Theseroutesarethenstoredin aneasilyretrievableroutingtable.

Whena QoSrequestis receivedfrom anapplicationata higherlevel, controlpackets

(messages)(either ICMP or TCP packets)arefloodedacrossall possibleroutesto the

destinationas listed in the precomputedrouting table. Along eachroute traversed,at

eachrouter, the control messagecollectsQoSinformationsuchascumulative delayor

theavailablebandwidthon theoutgoinglink. Whenall thecontrolmessagesarriveat the

destination,the bestpaththat satisfiesthe initial QoSconstraintscanbe computedand

resourcesalongthispathcanbereserved.

TheQoSinformationcollectedat eachintermediatenodedependson theparameters

onwhich theQoSapplicationplacesrequests.For delay-sensitiveapplicationsthiscould

be the cumulative delayalongthe route. For rate-sensitive applicationsthe QoSinfor-

mationcouldbetheavailablebandwidthon eachlink alongtheroute. In bothcasesthis

informationwill give usa list of feasiblepathsfrom thesourceto thedestinationfor the

particularQoSrequest.We canthencomputethe bestpathfrom amongthesefeasible

paths.As in [8] thecontrolmessagesproceedonly whenthenodesandthe links on the

pathhave sufficient resources.Thusevery control messagearriving at the destination

detectsa feasibleroutingpath.
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Figure 3.1: QoS Routing Illustration (a)-Topology (b)-SourceRouting (c)-Selective
Flooding. The lettersarenodes.The numbersindicatesequentialsteps.The X’s indi-
cateroutingfailures.

To betterillustrateSelective Floodingconsiderthesampletopologyin Figure3.1(a).

At initializationeachsourcecomputesall thepossiblepathsfrom thesourceto thedesti-

nation.Whenanapplicationat A makesa QoSrequestfor a pathto E, A retrievesfrom

its precomputedtablea list of possibleroutesto E. It thensendsin parallelcontrolpack-

etsalongall theroutesto E (Figure3.1(c)). Thesepacketscontinuealongthepathonly

if the pathhasthe requestedresources.Thusunlike in SourceRouting(Figure3.1(b)),

evenif thereis asinglefeasiblepathSelectiveFloodingfindsthepath.Thetime takento

make this routingdecisionis a constantandcorrespondsto thelengthof thelongestpath

probed.

Thebestpathmeansthepathamongall feasiblepathswhich maximizescall admit-

tanceinto thenetwork andimprovesthenetwork performance.Differentmetricscanbe

usedto definethe bestpathdependingon the kind of QoSconstraintsandthe resource

whoseutilizationneedsto beoptimized.Wecouldchooseeithertheshortestfeasiblepath

in termsof numberof hopsor choosethepathwhich maximisestheresidualbandwidth

asthebestpath.Usingtheshortestfeasiblepathasthebestpathreducestheclient wait-

ing time. Further, it is possibleto markcertainlinks as“avoid” or “preferred”basedon

currentlink-usagethusperformingload-balanceacrossthenetwork. Thebestpathcanbe
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determinedeitherat thedestinationitself or all theinformationcanbepassedbackto the

sourceandthedecisioncanbemadeat thesource.

3.2 Analysis

Most of the proposedQoSrouting algorithmsrequireextensive andcurrentknowledge

of the entirenetwork in termsof link-stateinformationto computefeasibleQoSpaths.

Selective Floodingeliminatesthe needfor all this information. Only knowledgeof the

topology(which is relatively static) is required. This hasenormouspotentialto reduce

thecomputationat therouterandalsoreducethecall-blockingrate.Thelink-stateinfor-

mationthatis usedto computethebestpathin this caseis staleby oneRoundTrip Time

(RTT) and the computationtime of the algorithm, typically far betterthanany source

routingmechanism.SinceSelective Floodingusesthe latestlink-stateinformation,it is

expectedthat it will have a Call-blockingratecloseto thebestachievablefor the given

topologyunderthegiventraffic. This is muchbetterthantypical SourceRoutingwhich

usesstalelink-stateinformationandconsequentlyhasahighCall-blockingrate.

Thereis a network costinvolvedwith every call. Thenetwork overheadin Selective

Floodingis per-callwhearasin SourceRoutingit is perlink-stateupdateperiod.For every

call, Selective Floodingneedsto sendprobepacketsinto thenetwork alongtheprecom-

putedpaths.This costis proportionalto the averagelengthof the pathandthe number

of pathswe probefor eachcall. In thecaseof SourceRoutinglink-stateupdatepackets

aretransmittedthroughoutthenetwork everytimetheglobalstateis updated.Theoverall

numberof packetssentdueto routingis morein thecaseof SelectiveFlooding.However

we alsoneedto considerthe computationcostat eachrouterwhena routingpacket ar-

rive. In SourceRoutingfor every link-stateupdatepacket eachrouterneedsto updateits

imageof thenetwork andrecalculateits routingtable. This consumesa lot of computa-
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tion power at therouter. During Selective Flooding,whenever a controlmessage(probe

packet) arrives,all that the routerneedsto do is to load the necessaryQoSinformation

onto the packet andsendit to its next hop. Thuseven thoughSelective Floodingsends

moreroutingpacketsinto thenetwork, it savesa lot of preciouscomputationtime at the

routers.

Selective Floodingrequiresthateachsourcebeableto storemultiple pathsto every

destination.The storagespacerequiredfor doing this is proportionalto the numberof

nodesin thenetworkandtheoverallnetworkconnectivity. Thereisastart-upcomputation

costwhenthesourcehasto actuallycomputeall theroutesto everypossibledestination.

But this is staticanddoneonly onceatboottime.

In Chapter5we presentresultsfrom our experimentalevaluationof Selective Flood-

ing.

3.3 Extensions

Several heuristicscanbe appliedto further speedup the pathselectionprocessandto

reducenetwork resourceutilization.

While theoreticallywe couldstoreall possiblepathsfrom every sourceto every des-

tination,it is obviousthat this is not required.As mentionedbeforethenetwork costin-

curreddoingSelective Floodingis proportionalto thenumberof pathswe probe.Based

on thenetwork topologywe couldcompute(throughexperiments)MAX-PATHS asthe

maximumnumberof pathswe needto storefrom a sourceto every destination.MAX-

PATHS thusrepresentsthethresholdbeyondwhich storingadditionalpathswill not give

us addedbenefitin termsof further reducingcall-blockingrate. As we will show later,

this MAX-PATHS is typically a small numberthussignificantly reducingthe network
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overhead.An upperlimit canbe seton the hop countof all the pathsstoredinitially,

reducingthenumberof controlmessages.Basedonpastlink-utilization patterns,we can

restrictfloodingto only thoseroutesthathaveahighprobabilityof satisfyingtheQoS.

The conceptof Selective Floodingeasilylendsitself to hierarchicalrouting. In this

case,at the source,routesarecomputedandstoredin a hierarchicalmanner. Using a

hierarchicalformat for routingreducesthe storagespaceat every sourceandalsohelps

increasetheefficiency of thealgorithmby easilylendingitself to theconceptof flooding.

In this case,controlmessagesaresentacrossmultiple hierarchicalroutes.Eachlogical

node,by its very nature,canbe assumedto know the bestpathwithin itself. It is also

reasonableto expectthat eachprivatenetwork (logical nodeon any hierarchicalroute)

knows thebestpathwithin it, thusfurtherreducingthenumberof pathschecked. In all,

HierarchicalSelectiveFlooding(HSF)canresultin substantialgainsin termsof reduced

network utilizationandfasterroutecomputation.In thiscontext ATMs crank-backPNNI

routingtechnique[12] canbevisualizedasa serializedversionof HierarchicalSelective

Flooding.

In thenext chapterwe describehow we have evaluatedtheSelective Floodingalgo-

rithm.
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Chapter 4

Implementation

As mentionedin Chapter1, theperformanceof any QoSroutingalgorithmcanbemea-

suredby two main performanceparameters:call-blockingrateandnetwork overhead.

Ourprimarygoalin evaluatingSelectveFloodingwasto compareits performanceto that

of sourcerouting, themostcommonform of QoSrouting [26]. We evaluatedSelective

Floodingthroughsimulationasusingananalyticalmodelwould be too coarsegivenall

thepossibleparametersandanactualimplementationis difficult for reasonsof interoper-

ability.

4.1 Simulating QoSRouting

We have usedroutesimasthe simulatorto conductour tests[24]. routesimis anopen-

source,eventdrivensimulatorusedto studyQoSroutingin largenetworks. It is written

in C andwasdevelopedby AneesShaikhat theUniversityof Michigan.

routesimallowsprecisecontrolovernetwork traffic characteristics,network topology,

routing algorithmsand policies, and link-stateupdatepolicy. routesimhasa number

of tunableparameterswhich are usedto specify theseand other characteristicsof the
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topology-type file
network-model SINGLE
arrival-spec ARR_UNIFORM
arrival-dist POISSON
arrival-scale .100
arrival-shape 1.00
traffic-multiplier 1.0
holding-time-spec EXP
holding-time-shape 1.0
holding-time-scale 10.00
mean-bandwidth 0.060
bandwidth-spread 1.99000
update-trigger 100000.0000
refresh-interval 10.000000
refresh-skew 0.05
min-update-interval 0.000000
min-requests 500000
min-warmup 100000
min-sim-time 300.0
warmup-proportion 0.25
blocking-policy BLOCKING
routing-policy ON_DEMAND
routing-algorithm WIDE_SHORT
distance-function HOPCOUNT
hopcount-threshold 1
wide-short-maxhops 10
alternate-routing NO_ALT
multi-route-policy UNIQ
uniq-route-policy RANDOM
max-sig-attempts 1
prune-policy NO_PRUNE
link-state-accuracy STALE
random-seed 1013553325
confidence-level 99
sim-tolerance .05
warmup-tolerance .075

Figure4.1: SampleConfigurationFile for routesim
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simulator. Typically all theseparametersarespecifiedusinga “configurationfile”. A

sampleconfigurationfile is shown in Figure4.1.

A major reasonin choosingroutesimfor our simulationswasits designandimple-

mentation. It had a fairly flexible architecture. The codefor the most part was well

documentedandclean,thusmakingit easyfor us to introducethechangesnecessaryto

implementSelectiveFlooding.Anotherbig advantageis thatthissimulatorhasbeenused

to compareotherSource-DirectedQualityof ServiceRoutingtechniques[26], [25], [23]

. Thus,we could borrow resultsfrom theseexperimentsfor ours,andalsovalidateour

useof thesimulatorby comparingour resultsfrom themodifiedsimulatorto his original

results.routesimis availableon Solaris,Irix64 andLinux platforms.We ranall our tests

on theSunSolarisplatform.

4.1.1 routesim Features

In thenext few paragraphswediscusssomeimportantparametersin routesim.

Topology: Any kind of topologycanbedefinedfor thesimulations.Theseinclude

k-aryn-cubegraphs(with dimensionsandedgesspecified),fully connectedgraphs(with

numberof nodesspecified),randomgraphor evenuserdefined.For auserdefinedtopol-

ogy the“rstopology.dat” file is usedto describeanarbitrarynetwork topology. Eachline

in thisfile definesaunidirectionalnetwork link. For eachsuchunidirectionallink wecan

specifythelink capacity, propogationdelayandthemaximumnumberof callsit cansup-

port. Additionally we canalsoprovide anarbitraryadministrative weight for eachlink.

The first line in the file containsthe numberof nodesin the network. The format of a

topologyfile is asfollows:
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num nodes
from to capacity propdelay adminweight maxcalls
.
.
.

In our experiments,we assumedthat all links hadequalcapacitiesandpropogation

delays.We used3 differenttopologiesfor oursimulations.

� Sparse19-nodeMCI backbone(averagedegree- 3.4)

� 50-nodeRandomTopology(averagedegree- 7.0)

� 75-nodeRandomTopology(averagedegree- 5.8)

Traffic Generation: Varioustypesof traffic patternscanbegeneratedusingroutesim.

TheseincludeUniformdistribution,PoissondistributionandWeibull distribution.Wecan

alsospecifya meanbandwidtharoundwhich call requestsaremade.The“rstraffic.dat”

file in routesimis usedto definea routesimtraffic matrix. This traffic matrix specifies

the arrival ratebetweeneachsource-destinationpair. It alsoallows differentvaluesfor

differenttimesof theday. Network traffic distribution is typically modelledusingaPois-

sondistribution[16]. For all ourexperiments,weassumedanuniformtraffic patternwith

Poissonflow interarrival distribution.

Routing Algorithm and Policy: VariousQoS routing policieshave beenimple-

mentedon the simulator. Theseinclude2 link-staterouting protocols,oneusingDijk-

stra’aalgorithmandthe otherBellman-Ford. Both the algorithmsprovide almostsame

performance.Theroutingpolicy canalsobesetto “precompute”to simulateQoSrout-

ing usingpre-computation[25]. In our experientswe usedthe Bellman-Ford algorithm

asa representative sourceroutingalgorithmandcomparedtheperformanceof Selective

Floodingto thesame.
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Link-state Update Policy: We canspecifythecostof eachlink andthenumberof

discretecostlevels.Wecanspecifytheminimuminterval betweenlink-stateupdatesand

thelink stateupdatetriggerthreshold.Furtherwe have theoptionto monitorandlog the

link stateof variouslinks over time. Weranteststo seehow sourceroutingperformedas

wevariedthelink-stateupdateperiods.

Statistics: Oncompletionof thesimulationroutesimprovidesnumeroususefulstatis-

ticsaboutthesimulation.Theseincludethenumberof routingandsignallingfailures,the

call-blocking rate and variousroute computationand link updatestatistics. The main

metric of interestfor us wasthe call-blockingrate for variousrouting algorithms. For

link-stateprotocols,wewerealsointerestedin theactualnumberof link-updatesfor var-

iousupdateperiods.

4.1.2 Constraints to routesim

routesimhasa restrictive event model. It hasonly 3 eventsSTARTCALL, ENDCALL

andPRECOMP. TheSTARTCALL eventis responsiblefor routing,extractinga feasible

pathandsignalling.While this is adequatefor simulatingsomeaspectsof source-routing,

it fell short in a numberof ways. Therewasno notion of network bandwidthcost in-

curredfrom signalling. The bandwidthcostof link-stateupdatesin sourceroutingwas

notconsidered,norwastheroutecomputationcostatthesource.Also, it wasnotpossible

for usto measureaccuratelythecostsincurredby our techniquein termsof routingtime.

The topologymodelcould not be viewed in a hierarchicalmanner. Hencewe did not

implementtheheuristicof HierarchicalSelectiveFlooding(Section3.3).
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4.2 Implementing SelectiveFlooding on routesim

ImplementingSelectiveFloodinghad3 majorparts.First,to implementafunctionwhich

would, given any topology, returnmultiple pathsfrom any sourceto destination. Ths

secondwas to implementthe actualSelective Flooding algorithm. Finally we had to

integratethesepartswithin routesimandaddadditionalcostmetrics. We describeeach

oneof thesein detail.WealsopresentValidationandVerificationresultsfor eachstep.

4.2.1 Finding Multiple Paths

As afirststepweneedtofindandstorefor eachsourcemultiplepathsto everydestination.

Variousalgorithmscanbeusedto computemultiplepathsfrom asourceto adestination.

Thetechniquewhich we have usedwasdevelopedby David Eppstein[11]. This method

findsmultiple shortpathsconnectingtwo verticesin a graph(allowing repeatedvertices

andedgesin thepaths)in constanttime perpathafter a preprocessingstagedominated

by asingle-sourceshortestpathcomputation.Westartedoff by borrowing from asample

implementationof the techniqueprovidedby Graehl[13]. We thenmadechangesto it

to readthetopologyasspecifiedfor routesimandto remove cyclesin paths.For a graph

with V verticesandE edgesusingthismethodthe“k” shortestpathscanbecomputedin

O(E*log V + L*k*lo g k) timewhereL is thepathlength.

We testedtheprogramby usinga few sampletopologiesandconfirmedthatit indeed

gave theright pathsandalsoin orderof increasinglength(in termsof numberof hops).

For examplethetablein Fig. 4.2 lists theroutesreturnedby our program,which Node0

in thetopologywouldstorein its memory.

routesimis built in sucha way thatat initializationall thecalls(connectionrequests)

for the entire durationare createdaccordingto a specifieddistribution. We addedan

26



0-1 0-2 0-3 0-4
0-1 0-2 0-4-3 0-4
0-2-1 0-1-2 0-2-3 0-1-4
0-4-1 0-4-3-2 0-1-4-3 0-2-3-4
0-2-3-4-1 0-4-1-2 0-1-2-3 0-2-1-4
0-4-3-2-1 0-1-4-3-2 0-2-1-4-3 0-1-2-3-4

0-4-1-2-3

Figure4.2: Sampletest for multiple pathsalgorithm. Tableshows the routesstoredat
Source0 for variousdestinationsascalculatedby ourprogram

additionalfield in thecall structureto storethemultiplepossibleroutesfrom thesourceto

thedestinationof thecall. Eachcall wouldthenatstartupmakeafunctioncall to compute

“k” pathsfrom thesourceto thedestinationof thecall. Thisis assumedto beequivalentto

a lookupin a tableat thesourcewhichwould typically storethesepaths.As anote,since

eachcall now storesmultiplepaths,thesimulationprogramduringexecutionconsumesa

lot of memory. However thisexcessmemoryusagedoesnotaffect thesimulationresults.

If k wasthe averagenumberof pathsstoredfor a source-destinationpair, l the average

lengthof a pathandn the total numberof calls simulatedin the experiment,then the

excessmemoryusedto storemultiple pathswould be roughlyaroundn*k*l*sizeof(int)

bytes. Both k and l aredeteminedby the sizeandconnectivity of the topologybeing

considered.

4.2.2 The SelectiveFlooding Algorithm

Source-directedroutingalgorithmscomputeQoSroutesat thesourceitself by having a

pictureof thewholenetwork with all its nodesandlinks within eachnode.Thelink-state

informationontheselinks needsto beupdatedregularlyateachnode.SelectiveFlooding,

on theotherhand,doesnot needany link stateinformation. At run time it retrievesthe

variouspossiblepathsfrom thesourceto thedestinationandchecksall of themin parallel.

Whena call is initialized it hasstoredin its structuremultiple (henceforthreferredto
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for each path from source to destination {
feasible = true;
for each link on the path {

if (available bandwidth on the link < requested bandwidth) {
feasible = false;
break;

}
}
if (feasible) {

set this as the path on which to signal
update current_time
return;

}
}
No feasible path exists.
Declare Routing failure.
Update current_time.
return;

Figure4.3: Pseudocodefor theSelectiveFloodingalgorithm.

as“k”) possibleroutesfrom thesourceto thedestination.Eachcall hasaccessto anup-

datedpictureof thewholenetwork. Theway we simulatedtheactualSelectiveFlooding

algorithmwasby checkingall thepossibleroutesin aserialfashionbut incrementingthe

timeaswouldbetakenin checkingthelongestroute.Within thecall, for eachpathcheck

whetherall the links in the pathhave the necessarybandwidthfor the call, i.e, whether

this is a feasiblepath. We checkthe pathsin increasinglength(in termsof numberof

hops).Basedonpreviouswork [25], we usedthehop-countasa metricfor thebestpath.

It shouldbenotedthatthis metricis a paramterfor theSelectiveFloodingalgorithmand

canbechanged.This meansthatwe coulduseany metric to definethebestpath. Thus,

in ourexperimentsSelectiveFloodingwill selecttheshortestfeasiblepath.Oncewefind

this pathwe load it in a field which holdsthe entireroutebeforesignalling. This part

is built into routesimandis commonfor all the routingalgorithms.Pseudocodefor the
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SelectiveFloodingalgorithmis presentedin Figure4.3.

If thereis any feasiblepath from the sourceto the destination,Selective Flooding

findsthepath.Hence,wehypothesizeit hasacall-blockingratelowerthanthatof source

routing. Further, any pathit selectsto signalis definitelya feasiblepath.Thus,we have

no signallingfailureswhenusingSelective Flooding.In contrast,therecanbesignalling

failuresin source-routingalgorithms,asit is possiblethat the link-stateusingwhich the

pathwasselectedmaybestale.

Path Status
0-4 Failson link 0-4
0-1-4 Failson link 1-4
0-2-3-4 FeasiblePath
0-2-1-4 Failson link 1-4
0-1-2-3-4 FeasiblePath

Figure4.4: Sampletestof SelectiveFloodingalgorithmImplementation

We testedour implementationof thealgorithmto checkthat it workedcorrectly. An

exampleof our testsis shown in Fig. 4.4. Here the weightson the links indicatethe

currentavailablebandwidthon the respective links. We asked the algorithmto find a

QoSpathfrom node0 to node4 with a minimumbandwidthrequirementof 10Mb. As

expected,thealgorithmfound2 feasiblepathsandreturnedtheshortestamongthem. In

thiscasethealgorithmreturned0-2-3-4asthebestpathandreservedresourcesalongthe

same.
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4.2.3 Changesto routesim

Selective Floodingis basicallya routingalgorithmwhich is usedto find the pathalong

whichresourcesshouldbereservedfor aconnection.routesimhaswithin it implemented

acoupleof otherroutingalgorithms,namely, shortest-pathtree(Dijkstra)andwide-short

algorithm(Bellman-Ford). Whenever theroutingalgorithmis needed,aswitchstatement

is usedto performtheappropriateactiondependingon which routingalgorithmis being

simulated.Sowe hadto insertthecodefor Selective Floodingin theappropriateplaces.

Also anaddedfeaturewasthat thesignalling(or reservingof resources)wasdoneinde-

pendentlyof the routingalgorithm. Sincethe routingalgorithmis usedto deteminethe

routewhichshouldbeusedfor signalling,therestof thesimulationis thesameirrespec-

tive of which algorithmis beingusedfor routing. So,our mainfocuswasto implement

theSelectiveFloodingalgorithm.

We modified the existing statisticscountersto behave appropriatelyfor Selective

Flooding.Wealsoaddedcodeto measurethenumberof packetssentinto thenetwork by

bothSourceRoutingandSelectiveFlooding.

After thesechangeswereimplemented,werantestswith theotherroutingalgorithms

usingboththenew versionandtheoriginal versionof routesim. This wasto make sure

that we hadnot changedthe original behaviour of the system.While systemresources

externalto thesimulation,consumedfor thesimulationweredifferentin bothcases(as

wasexpected)thesimulationresultswerethesame.

For example,wetried to recreateoneof theresultsfrom apreviouslypublishedpaper

[26] which usedroutesim. Figure4.5ashows for a 100noderandomtopology, theeffect

of thelink-stateupdatefrequency onthecall-blockingrateof sourcerouting.Figure4.5b

shows a pictureof the resultspreviously published[26] from the sametopology. We
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wereableto reproducetheexact sameresultsafterwe hadimplementedthechangesto

routesimthusconfirmingthatwehadnot brokenthesimulator.

In thenext chapterwe presentresultsfrom our simulationsandour evaluationof the

SelectiveFloodingalgorithm.
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Chapter 5

Evaluation

Thischapterdiscussessomeof theresultsobtainedandinferencesdrawn from oursimu-

lations.

Our main focuswasto comparethe performanceof Selective Floodingwith that of

SourceQoSRouting.As discussedin Chapter1, variousmetricscanbeusedto compare

theperformanceof differentroutingalgorithms.Theimportantoneswecoulduseare:1)

Call-blockingrate- Thepercentageof callsblocked;2) Network Overhead- This would

involve two setsof costsa) thebandwidthconsumptiondueto routingb) theamountof

routercomputationpower spentfor routing;3) Call setuptime; 4) Routerstoragespace

and;5) Computationat thesource.Wepresentsimulationperformanceresultsfor (1) and

(2a).For therestanalyticalresultsarepresented.

5.1 Settings

We used3 main setsof topologiesfor our simulations.As, is commonwith backbone

networks [29] we considertopologieswith relatively high connectivity that supporta

densetraffic matrixandareresilientto link failures.Table5.1liststhetopologiesweused.
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Topology Nodes Links Deg. Diam. h̄
MCI backbone 19 64 3.37 4 2.34
Randomgraph 50 350 7.0 4 2.19
Randomgraph 75 442 5.9 5 2.60

Table5.1: Topologiesusedfor Simulations.

The randomgraphsweregeneratedusingWaxman’s model [27]. The h̄ representsthe

meandistance(in numberof hops)betweennodes,averagedacrossall source-destination

pairs.Eachnodein thetopologyrepresentsacoreswitchwhichhandlestraffic for oneor

moresourcesandalsocarriestransittraffic to andfrom otherswitchesor routers.We do

not modelswitch or link failures,assumingthat the topologyremainsfixed throughout

eachsimulationexperiment. Among the 3 topologiesis a representative coretopology

(MCI backbone)whichhasappearedin otherroutingstudies[26, 18, 19].

As is typical in actualnetworks andothersimulations[22], we assumeda uniform

traffic matrixspecificationwith Poissonflow inter-arrival distribution. Theflow durations

wereheavy-tailed,meaningtherewerelots of callswith smalldurationsanda few calls

with long durations.Call bandwidthshada meanof 6%of link capacitywith a spreadof

200%resultingin b � U(0.0,0.12].Theconnectionarrival ratewasfixedatλ = 1 andthe

offeredloadat ρ = 0.75.

routesimhasin it implementedtwo differentsourceroutingalgorithms:Djikstra’sand

Bellman-Ford. Eitheralgorithmproducesthesameresultsin termsof call blockingrate

andotherperformancemetricsfor any network configuration. We comparedSelective

Floodingwith theBellman-Ford versionof sourcerouting. For thesourceroutingalgo-

rithm wevariedtheupdateperiodsfrom almostcontinuousupdatesto very longperiods.

In thefollowing sectionswedescribetheresultsfrom our tests.
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5.2 Call-Blocking

Figures5.1,5.2and5.3comparethecall-blockingratefor SelectiveFloodingandsource

routingfor differenttopologies.Thecall-blockingratefor sourceroutingincreasesaswe

increasethelink-stateupdateperiod.However, for SelectiveFloodingthisvalueremains

constantand lessthan the bestpossibleby source-routing.This is becauseSelective

Floodingdoesnotneedany link-stateupdates.It checksall possiblepathsandalwaysuses

the mostcurrentlink-stateinformation. Thereforeif underthe currentlink conditions,

thereexistsa feasiblepathfrom thesourceto thedestinationit will find thepath.Source

routing on the otherhanddependson stalelink-stateinformationin makingits routing

decisionsandhencecouldbewrongat times.

It shouldbe notedthat SourceRouting and Selective Flooding can have different

resourceavailability distributionsfor the sametraffic. SinceSelective Floodingaccepts

morecalls,its networkstatewouldbedifferentfromthenetworkstateatthesameinstance

whenusingsourcerouting.This meansthatthesamecall couldpossiblyberoutedalong

differentpathsby the 2 algorithms.Also the calls rejectedby SourceRoutingcouldbe

differentfrom thecallsrejectedby SelectiveFlooding.

Figure5.4 summarizesthe resultsacrossall the topologieswe tested. In all cases

SelectiveFloodinghasthebestcall blockingratepossiblefor thetopology-traffic combi-

nation.
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Figure5.1: Call-blockingvs link-stateupdateperiod- MCI topology
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Figure5.2: Call-blockingvs link-stateupdateperiod- Randomtopology(50nodes)
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Figure5.3: Call-blockingvs link-stateupdateperiod- Randomtopology(75nodes)
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5.3 Network Overhead

routesimwithin itself did not have any supportto measurethenetwork overheadof any

routing algorithm. Its main metric wasthe call-blockingrate. We addedan additional

metricto measurethenetwork costincurredby bothsourceroutingandSelectiveFlood-

ing. Thismeasuredthenumberof nodesvisitedpercall in eithertechniqueduringrouting.

This actuallyrepresentsthenumberof packetssentinto thenetwork dueto routing.This

costisnotthesamein SourceRoutingandSelectiveFlooding.In thecaseof SourceRout-

ing it measuresthenumberof link-stateupdatepackets,whereasin SelectiveFloodingit

measuresthenumberof probepackets(controlmessages)sentinto thenetwork.

Figures5.5, 5.6 and5.7 show the network overheadin termsof numberof packets

requiredper call for routing over different topologies.For sourcerouting this costde-

creasesastheperiodbetweenlink-stateupdatesincreases.Thiscostremainsconstantfor

SelectiveFlooding.

In the caseof sourcerouting, the costbeingmeasuredis the numberof packetsre-

quiredby thenetwork for link-stateupdate.This costis incurredonceevery updatepe-

riod. Thegraphsaveragethetotal link-stateupdatecostoverall thecallsto geta per-call

cost. Thus,astheperiodbetweenlink-stateupdatesincreases,this costfalls. However,

asdiscussedin theprevioussectionthecall-blockingrategoesup astheperiodbetween

link-stateupdatesincreases.

For Selective Flooding,we measurethe numberof controlmessages(probepackets

required)to routeevery call. Sincethis cost is incurredon a per-call basiswe have a

straightline for SelectiveFloodingin Figures5.5,5.6and5.7. Thecostpercall incurred

by SelectiveFloodingdependsonanumberof factorsincluding,thenetwork topology, its

connectivity, thetraffic distribution andalsothenumberof pathsbeingprobedfor every
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call. Themoreconnectedthe graphis the shorterthe lengthof thepathsbeingprobed,

thusreducingthecostpercall. As discussedin Section3.3,weneednotnecessarilycheck

all thepathsfrom thesourceto thedestination.Thefewer thenumberof pathswe check

thelower thenetwork costincurred.If “k” is thenumberof pathsbeingcheckedpercall

and“l” theaveragelengthof thepaththenthenumberof controlpacketsrequiredto route

acall arek*l.

Figure5.8shows thecall blockingratefor Selective Floodingandsourceroutingfor

different topologieswhenthey have the samenetwork cost. As canbe seen,Selective

Floodinghasalowercall blockingratethansourceroutingevenwhenthey havethesame

network cost.

It is alsoimportantto notethat the bandwidthcost incurredby a routing algorithm

mattersonly when it is high enoughto actuallyaddto congestionon the network and

beresponsiblefor increasingthecall-blockingrate. This is typically never thecasein a

corenetwork, asthebandwidthusedby routingis very very smallcomparedto thetotal

bandwidthonthelinks [29]. Thecomputationcostat therouteris themoreimportantand

lessscalablepartof thenetwork overhead.

In thecaseof sourceroutingevery packet receivedat a routertypically containsthe

latestlink-stateinformationaboutacertainlink onthenetwork. Basedonthisinformation

the router needsto updateits picture of the network. It then needsto recomputethe

shortestpathto all thenodesandupdateits routing tables.Finally, it needsto routethe

updatepacket to otherneighboringnodes.All thesestepsarecomputationintensiveand

consumepreciouscomputingpower at the router, leadingto increasedqueuelengthsat

routers,packet dropsandincreaseddelayin delivery of datapacketsto the destination.

Higherthelink-stateupdatefrequency morethenumberof link-stateupdatepacketsand
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more the overheadincurredat the router. Also this presentsa scalabilityproblemfor

biggernetworks.

On theotherhandwhena routerreceivesa controlpacket duringSelective Flooding

all it hasto do is enterthenecessaryQoSinformationabouttheparticularlink into the

packet androuteit backto its next hop. This canbe doneat almostline speed.Thus,

Selective Floodingsavesa lot of computingtime on the routersascomparedto source

routing,makingit morescalable.
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5.4 Valueof k

As mentionedbefore,for Selective Flooding, it is not necessaryto storeandcheckall

pathsfrom a soureto a destination.Basedon network topologyandtraffic distribution

we could storea limited numberof pathsfor eachsource-destinationpair. Thenumber

of pathsstored(“k”) determinesthecall-blockingrate.Ideallywewould like to have“k”

asinfinity. i.e checkall possiblepathsfrom any sourceto any destination,but thenthis

hasthehighestnetwork bandwidthcost.However, having aninappropriatelysmallvalue

for “k” increasesthecall-blockingratesubstantially, sincewe now try to reserveall calls

from asourceto destinationalonga limited numberof routes.Oncelinks on theseroutes

get full, Selective Floodingreportsa routing failure. Source-Routingin this casecould

possiblyfind a routefrom thosenotstoredby selectivefloodingandthusperformbetter.

Figure5.9 shows theeffect of thevalueof “k” on thecall-blockingratefor different

topologies.As expected,thecall-blockingrategoesdown aswe increasethenumberof
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pathsbeingprobedin parallel,until we obtaina call-blockingrateequalto thebestpos-

sible for the given topologyandtraffic distribution. Ideally we could setMAX-PATHS

to the valueat the endof the kneeon eachcurve. For all threetopologiesstudied,this

valuefalls between3 and5. This meansthatwe needto checkonly thefirst 3 bestpaths

in parallelto geta call-blockingratebetterthanthatof sourcerouting.Thetotal network

overheadis thusdrasticallyreducedascomparedto probingall possiblepaths. Figure

5.10 shows for the MCI topology the effect on the call blocking rateand the network

overheadaswe vary thevalueof k. Figure5.11comparesfor the50noderandomtopol-

ogy thecall blockingrateof sourceroutingandSelective Floodingat thesamenetwork

costaswevarythevalueof “k”. As canbeseenevenatavalueof k=3 wegetabettercall

blockingratefor SelectiveFloodingthanfor sourceroutingat thesamenetwork cost.

The valueof MAX-PATHS canbe determinedapriori for any topologyand traffic

distributionsby runningsimulations.Furtherit is possiblethat we couldhave different
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valuesof k atdifferentsourcesfor betterperformance.

5.5 Other Costs

This sectionpresentsan analysesof Selective Floodingin termsof the Call setuptime,

computationat thesourceandthestoragespacerequiredat thesource.

Call setuptime is thetime theapplicationhasto wait betweenmakinga QoSrequest

andactuallystartingdatatransmission.For sourcerouting,this time includesthetime to

parsethe graphandcomputethebestpathplus the time to probeandreserve resources

alongthispath.In addition,if thepathcalculatedisnotfeasible(duetopossiblystalelink-

stateinformation),sourceroutingcouldeithertriggeranetwork wide link-stateupdateor

try to reserve alongthesecondbestpath. In eitherthecasethesetuptime increases.On

theotherhandSelectiveFloodinghasaconstantsetuptimeequalto thetimeto probethe
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longestpathfrom the sourceto the destination.Thesetuptime would be further lessif

we usetheheuristicof selectingthefirst feasiblepath(successfulprobe)identified.This

timewouldtypically dependuponthenumberof pathsbeingprobed,theconnectivity and

diameterof thenetwork.

In sourcerouting,every time a QOSrequestis made,the sourceneedsto parsethe

latestlink-stateinformationit hasandcomputeafeasiblepathto thedestination.Selective

Floodingdoesnot do this computation,thussaving run-timecomputingpower at every

source.InsteadSelective Floodingcomputesonceat boot time all possibleroutesto the

destination.Thus,whena QoSrequestis made,all thatthesourceneedsto do is retrieve

all storedpathsto thedestinationandsendprobesalongthem.Selective Floodingneeds
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to recomputethepathsstoredonly whenthereis achangein thetopology.

In a QoSnetwork, eachsourceneedsto storeinformationaboutthetopology. In the

caseof sourcerouting,thesourceneedsstoragespacefor thetopologyimage(nodesand

links) andthecurrentlink-stateinformationonall thelinks. In SelectiveFloodingwedo

not needto storethe link-stateinformation. However we needadditionalstoragespace

for storingthemultiple pathsto every destination.Furtherto reducethecall setuptime,

wewantthis informationto beeasilyretrievableat run-time.

5.6 Effect of Bandwidth
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We studiedtheeffect of varyingthecall bandwidthon theperformanceof Selective

Flooding.For theseexperimentsweran3setsof testsfor theMCI topology. Wevariedthe

meancall bandwidthfrom 6%to 8%and10%.Figure5.12showstheeffectof bandwidth
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onthecall blockingrateof sourcerouting.Thehigh-bandwidthconnectionshaveahigher

call blocking rate. This is dueto their higherresourcerequirements.Thecall blocking

ratehowever doesnot appearto grow moresteeplyasa function of the updateperiod.

Instead,the3 setsof curvesremainalmostequidistantacrosstherangeof updateperiods.

In all threecasesSelectiveFloodinghada call blockingratelower thanthebestpossible

by sourcerouting.Further, for all 3 casesthekneeof thecurvein Fig 5.13remainsaround

thesamearea.Thissuggeststhatchangesin bandwidthrequirementsof applicationsdoes

notaffect theperformanceof SelectiveFlooding.

In this chapterwe have reportedresultsfrom our experimentalevaluationof Selec-

tive Floodingandcomparedits performanceto sourcerouting. We concludein thenext

chapterby summarizingourfindingsandmentioningfuturework in thefield.
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Chapter 6

Conclusions

In Chapter5 wepresentedresultsfrom ourtestsonSelectiveFloodingandsourcerouting.

In thischapterwesummarizetheseresultsandidentify futurework thatneedsto bedone

in thissubject.

6.1 Summary

TraditionalsourceQoSrouting hasa high call blocking ratedueto stalelink-statein-

formation.Continuouslyupdatingthelink-stateinformationon theotherhandincreases

the network overheadexponentially. We have proposeda new QoSrouting algorithm,

Selective Flooding,which avoids theseproblemsandalwayshasthe bestpossiblecall

blockingrate. In Selective Flooding,every sourcecomputesandstoresmultiple pathsto

every destinationat boottime. No link-stateinformationis usedto computethesepaths.

WhenaQoSrequestis made,thesourceprobestheseprecomputedmultiplepathsin par-

allel to find theexistenceof a feasiblepathwhich satisfiestheapplicationQoSrequest.

Resourcesarethenreservedalongthis path. We evaluatedSelective Floodingby simu-

lating it on a popularQoSnetwork simulator. Thesourcecodefor thesamewill soonbe
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madepublicly available.

SelectiveFloodingdoesnot requireany network wide link-stateinformationupdates.

Unlike sourcerouting,Selective Floodingdoesnot make its routingdecisionsbasedon

imprecisestateinformation. Selective Floodinghasa consistentlylower call-blocking

rateover SourceRoutingovervarioustopologies.While SelectiveFloodingmayrequire

morenetwork bandwidthfor routing, it needsmuchlessrun-timecomputingto bedone

at theroutersascomparedto sourcerouting.SelectiveFloodingmayalsoprovidesavings

in call setuptimeandcomputationcostsat thesourcenode.

For all thetestedtopologiestheactualnumberof pathsneededtobestoredin Selective

Floodingfor every source-destinationpair is often muchlessthanthe maximum. This

further reducesthe network overheadwhile providing the samecall blocking rate. The

performanceof SelectiveFloodingdoesnotseemto beaffectedby theaveragebandwidth

requestedby applications.Basedon testson 3 topologiesSelective Floodingseemsto

scalewell with thenetwork size.

Overall, thecontributionsof this thesisincludethedesignof anew QoSroutingalgo-

rithm, Selective Flooding,extensive evaluationof Selective Floodingundera varietyof

network conditionsandaworkingsimulationmodelfor futureresearch

6.2 Futur eWork

While we testedthefeasibility of Selective Flooding,furthertestsneedto becarriedout

beforeit can be actually implemented. We comparedSelective Flooding with source

routing as it is the mostcommonform of QoSrouting. The performanceof Selective
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Flooodingneedsto becomparedwith otherproposedQoSroutingtechniques.

routesim, thesimulatorwe usedto testsourceroutingis limited in its ability to mea-

surerun-timecomputationcostsat routers. This is a short-comingwith mostnetwork

simulators.We requirea way by which we canmodeltheserun-timecomputationcosts

at routersfor variousroutingalgorithms.

SelectiveFloodingdoesnotrequireall thepathsfrom thesourceto thedestinationfor

a reducedcall blockingrate.Extensive testsarerequiredto beableto modelandpredict

“k” asa funtionbasedon topologysize,connectivity andtraffic pattern.

HierarchicalSelectiveFlooding(HSF)promisesto reducethenetwork overheadeven

further as comparedto Selective Flooding (Section3.3). Futurework would include

implementingHSFandcomparingit to otherhierarchicalalgorithms.

Anotherpossibleextensionto Selective Floodingwould beto combineit wth source

routing to accountfor network volatility. Herewe could have occasionallink-stateup-

dates,to detectnetwork topologychangessuchaslink or routerfailures. Basedon this

new topologypicturewe could recomputethe multiple pathsto every destinationand

then useregular Selective Flooding. It is also possibleto have an adaptive algorithm

which basedon thedegreeof traffic volatility andtopologyvolatility useseithersource

routing or Selective Floooding. For example,we could now usesourcerouting when

the traffic volatility is low andtopologyvolatility is high andSelective Floodingwhen

topologyvolatility is low andthetraffic volatility is high.

QoSrouting is yet at an incipient stage. Lots of further work needsto be donein

this areaon variousfrontsbeforewe canhave the infrastructurein place. This includes

areaslike [7] routingwith imprecisestateinformation,efficient heuristicsto implement
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distributedandhierarchicalrouting algorithms,co-existing with best-effort traffic, QoS

negotiation, integrating QoS routing with other network componentsand testingQoS

routingalgorithmsfor generalityover differentQoSrequirements,simplicity andscala-

bility.
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