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Abstract

Quality-of-service(QoS) requirementdor the timely delivery of real-timemultimedia
raisenew challengedor the networking world. A key componenbf QoSis QoSrout-
ing which allows the selectionof network routeswith sufficient resourcegor requested
QoSparametersSereraltechniquedave beenproposedn theliteratureto computeQoS
routes,mostof which requiredynamicupdateof link-stateinformationacrosgshe Inter
net. Giventhe growing sizeof the Internet,it is becomingncreasinghdifficult to gather
up-to-datestateinformationin a dynamicernvironment. We proposea new techniqueto
computeQoSrouteson the Internetin a fastand efficient mannerwithout any needfor
dynamicupdatesOur method known asSelectve Flooding,checkghe stateof thelinks
onasetof pre-computedoutesfrom thesourceto thedestinatiorin parallelandbasedn
this informationcomputeghe bestrouteandthenresenesresources We implemented
Selectve Floodingon a QoSrouting simulatorandevaluatedthe performanceof Selec-
tive Floodingcomparedo sourcerouting for a variety of network parametersWe find
Selectve Floodingconsistentlyoutperformssourceroutingin termsof call-blockingrate
andoutperformssourcerouting in termsof network overheador somenetwork condi-
tions. Thecontributionsof thisthesisincludethe designof anew QoSroutingalgorithm,
Selectve Flooding,extensve evaluationof Selectve Floodingunderavarietyof network

conditionsandaworking simulationmodelfor futureresearch.
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Chapter 1

Intr oduction

Thenotionof Quality-of-Servicd Qo hasbeenproposedo capturethe qualitatively or
guantitatvely definedperformancecontractbetweena serviceprovider and userappli-
cations[7]. Multimediaandreal-timeapplicationshave stringentbandwidthandtiming
requirementsWith adwvancedn thefield of high-speedetworksit is now becomingn-
creasinglyrealisticto expectreasonablgerformacefrom suchapplications. However
work still needgo bedonein termsof providing guaranteedkevelsof serviceto applica-
tions. This chapternntroducegheideaof Quality-of-ServiceRouting.

Todays Internetis mainly a connectionlesshest-efort network. Datapacletsfrom
the sameapplicationcantake differentpathsto the destination.Further pacletscanbe
lost, duplicatedor arrive out of order Network resourcegswitches,buffers etc.) are
shareduniformly amongstvariousapplications. This infrastructureworks fine for con-
ventionaltext-basedapplications. However, it doesnot meetthe requirementf inte-
gratedservicenetworks(existing ISDN andB-ISDN networksandfuture ISPNnetworks
[20]). Specificallyit doesnotprovide Resourcdreseration,whichis vital for guaranteed
end-to-engerformance.

It is thereforepredictedthatthe next generatiorof theInternetwill be connectiorori-



ented10]. Thismeanghatfor everyflow, therewould beafixednetwork pathconsisting
of switchesandlinks. Routingin this context is the problemof finding the network path
for connectiorestablishmentQoSrouting canbe definedasfinding a network paththat
will satisfyapplicationperformanceequirementdy selectingpathsbasedn connection

traffic parameterandavailablelink capacity

1.1 QOS-Sensitve Network Serwices

Therehasbeena generaimove towardsQoS-sensitie network services.In orderto sup-
portthe QoSdemand®f applicationspoththe ATM andthe IP communityhave defined
serviceclasseghat provided perflow guarantee$o applications. At the network layer
(layer 3) resourceresenation can be doneusing Diff-serv [5] or Multi ProtocolLabel
Switching(MPLS) [1]. The Routingprotocoltypically usedfor this is an extensionto
OSPFcalled QOSPF[28]. Applicationsat this level are classifiedas best-efort, rate-
sensitve or delaysensitve androutedappropriately At the data-linklayer (layer 2) we
have ATM which usesa hierarchicakouting protocol(PNNI [12]). Virtual Channelsare
usedto resene resourcegrom the sourceto the destination. The QoS metricsusedare
maxCTD(maximumCell TransferDelay), peak-to-peakC® (Cell DelayVariation)and
CLR (Cell LossRatio).

Applications can typically specify their QoS requirementsas a set of constraints.
Thesecould be eitherlink constraintsor path constraints. Link constraintsspecify a
restrictionon the useof individual links in building a path. For example,a bandwidth
constrainof a unicastconnectiof couldrequirethatlinks composinghe pathhave cer
tain amountof free bandwidthavailable.A pathconstraintpnthe otherhand,specifiesa

requiremenbn the entirepath. For example,a delayconstrainiof a multicastconnection

1Thetermscall, connectiorandrequestireusedinterchangeably



may requirethatthe longestend-to-endielayfrom the sendetto arny recever notexceed
anupperbound. The basicfunctionof QoSroutingis to find a feasiblepath(a paththat
hassufficientresiduakesourceso satisfythe QoSconstraint®f aconnection) Addition-
ally, we would lik e to find the optimal (leastcost) pathamongall feasiblepaths,in order

to improve total network utilization.

1.2 Additional Componentsof a QoS Network

Thereareotherpartsto a QoS-sensitie network besidesQoSrouting. This sectiondis-
cussesheinteractionsof QoSroutingwith theseparts.

Resource Resewation: Routingandresenationarecloselyrelatednetwork compo-
nents. In orderto provide guaranteedervicesresourcesieedto be resered for every
acceptedonnection ATM doesthis throughVirtual channelsFor every call it reseres
a virtual channelover all links on the route from the sourceto the destination. RSVP
canbeusedto doreserationatthe P layer[6]. MPLS andDiff-servareotheremeping
techniguedo resere resources intermediataesourcesor differentflows or classe®f
service.

AdmissionControl: Giventhelimited network resourcest is notpossibleto provide
QoSto everyrequestingonnection.Thereforewe needsomesortof admissiorcontrol,
which will accepta call only if the network cansupportthat call at that instance. For
every QoSrequestwe try to resene the necessaryetwork resourceslf we succeedhe
call is acceptedptherwiseit is refused.

QoS negotiation: A QoS routing algorithm may fail to find a pathfor a prticular
request.In suchcasest caneitherrejectthe call or negotiateby returningbackthe best
that canbe supported.If this negotiationis successfuthenthe path canbe usedright

away.



1.3 Issueswith QoS Routing

Althoughconceptuallysimple,QoSroutingsuffersfrom variousproblemssuchasdiverse
QoSspecificationsgynamicallychangingnetwork stateandthe needo coexist with best-
effort traffic [7]. Eachoneof theses discusseadh detailbelow.

Differentdistributedapplicationssuchasteleconferencesjdeo on demand)nternet
phoneandWeb-basedameshave differentQoSrequirementsApplicationscanspecify
differentQoSconstraintsuchasdelay jitter (variationin delay),bandwidth,lossratio,
etc. It is alsopossiblethatthey placea constrainibnthe costthey canafford to geta QoS
path. Multiple constraintfurther complicateghe problem. For example,finding a path
with two independenpathconstraintss an NP completeproblem.

Futurenetworksarelik ely to carrybothQoStraffic andbest-efort traffic. Thismakes
theissueof optimizationcomplicated.This is mainly becauséheir distributionsandper
formancemetricsaredifferent. AlthoughQoStraffic will notbeaffected,dueto resource
resenation, the throughputof best-efort traffic will suffer if the overall traffic distribu-
tion is misjudged Meetingthe QoSrequirementsf eachindividual call andreducingthe
call blocking rate areimportantmetricsfor QoS while fairnesspverall throughputand
averageresponsdime areimportantmetricsfor best-efort routing. Varioustechniques
have beensuggestedtb integrateQoSwith best-efort traffic [21].

In orderto computea QoSroutewe needaccuratanformationof the network state.
This informationconsistsof the network topologyandthe link-stateinformation (avail-
ablebandwidth,delaythroughthelink, etc)on eachlink of the network. Therearedif-
ferentrouting stratgyies(describedn Chapter2) dependingon wherethis informationis
storedandhow it is parsed.Variousmetricsare usedto evaluateand comparedifferent

routingalgorithms.Primaryamongthemare:

e Call-blokingrate: Thisrefersto the percentagef callsblockedor the percentage



of callsthatwerenot admittedinto the system.Typically for a giventopologyand
agiventraffic patternthereis aminimumCall-blockingrate. The network cannot
acceptarny morecallsbecausdt actuallydoesnot have theresourcesequestedy

the call atthattime. Any routing algorithmshouldtry to have a call-blockingrate

asnearto thisminimumaspossible.

e NetworkOverhead: This refersto the overheadincurredby the network dueto
routing. This canbefurtherdividedinto thebandwidthusedfor communicatiorby
theroutingalgorithmandthe computationaload on the routersdueto therouting

algorithm.

e Call SetupTime: Thisis the time from whenthe sourcerecevesa QoSrequstto

thetime theactualconnectiorto thedestinations established.

e Souce ComputationCost: Thisrefersto the computatiorcostat the sourcerouter

whichrecevestheoriginal QoSrequest.

e Scalability: This refersto how theroutingalgorithmwill performasthesizeof the

network increases.

Usingaccurataetwork informationhelpsin gettingareducectall-blockingrate. This
informationis difficult to obtainasthe network statecontinuouslychangesiueto load
fluctuations.Further thereis a network overheadnvolvedin maintainingthis informa-
tion. Transmittingink-stateinformation(asis donein souicerouting)to every othernode
at regularintenals consumesetwork bandwidth. Every routeralsohasa computation
overheadasit needgo updateits routingtables.On the otherhand,usingstalenetwork
informationto computeQoSpathscanseriouslydegradethe performancef the system
andincreasehecall-blockingrate,sincetheinformationwhichis beingusedto make the

routing decisioncould be potentially differentfrom the actualnetwork state. Thus,we



have atradeof betweerthe call-blockingrateachiezedandthe network overheaccaused
by routing. Also, asthe network size grows the costof keepingaccuratdink-statein-
formationfor thewhole network grows exponentially Thusscalabilityis a problemwith
mostQoSroutingalgorithms.

Thisthesisproposesnew QoSroutingalgorithm,Selectivé-looding Briefly theway
Selectve Floodingworksis asfollows: every sourcehasa staticimageof the topology
consistingof agraphof thenodesandtheconnectiondetweerthem.Basedonthisgraph
multiple routesfrom the sourceto every destinationare computedand stored. No link
stateinformationis updated Wheneera QoSrequestarrives,controlpacletsareflooded
throughtheseprecomputedoutes.ThesecontrolpacletscollectQoSinformationontheir
way. Basedon this informationthe bestpathis computedat the destination.Resources
arethenreseredalongthis path.

We expectSelectve Floodingto performcloseto optimumin termsof call-blocking
rateasit useghe mostrecentink-stateinformationto routetheconnectionmrequestsFur
ther, sincenolink-stateupdatds performedthenetwork overheadshouldalsobereduced
versussourcerouting. In this thesis,we simulatethe Selectve Floodingalgorithmand
evaluateits performanceomparedo sourcerouting.

Therestof thisthesisreportis organizedasfollows. In Chapter2, we discussvarious
proposedouting stratgies. In Chapter3, we describen detailthe designof the Selec-
tive Floodingrouting algorithm. Chapterd describeghe set-upwe useto simulateand
evaluateSelectve Flooding. Chapter5 presentsesultsfrom our experiments.Finally in

Chapter6, we concludewith ourfindingsandfuturework.



Chapter 2

RelatedWork

Thegoalsof QoSroutingasdiscussedn the previous chapterare(1) satisfyingthe QoS
requirementsor everyadmittedconnectiorand(2) achiezing globalefficiency in network

utilization.

Routinginvolvestwo basicsteps:(1) collectingthe lateststateinformationat every
nodeon the network, and(2) searchinghe stateinformationfor afeasiblepath.In order
to find an optimal path which satisfiesthe constraintsthe stateinformation aboutthe
intermediatdinks betweernthe sourceandthe destination(sinustbe known. The search
for feasiblepathsgreatlydepend®nhow thestateinformationis collectedandwherethis
informationis stored.Therearethreeroutingstrategjies,classifiedaccordingo wherethe
stateinformationis maintainecandhow the searchof feasiblepathsis carriedout. These

aresourcerouting,distributedroutingandhierarchical routing.

In sourcerouting, eachnodemaintainsthe completeglobal state,including the net-
work topologyandthestateinformationof everylink. Basedntheglobalstate afeasible
pathis locally computedat the sourcenode.A controlmessagés thensentoutalongthe

selectegathto inform theintermediatenodesof their precedenandsuccessie nodes A



link-stateprotocol(suchasQoSextensiondo OSPH28, 14]) is usedto updatetheglobal

stateatevery node.

In distributedrouting,the pathis computedy adistributedcomputatiorduringwhich
controlmessageare exchangecamongthe nodesandthe stateinformationkeptat each
nodeis collectively usedfor the pathsearch.Most distributedrouting algorithmsneeda
distancevectorprotocolto maintaina globalstatein theform of distancevectorsat every

node.Basedon thedistancevectors theroutingis doneon a hop-by-hopbasis.

In hierarchicalrouting, nodesare clusterednto groups,which arerecursvely clus-
teredinto higherlevel groups creatinga multi-level hierarchy Eachphysicalnodemain-
tainsan aggregatedglobal state which containsthe detailedstateinformationaboutthe
nodesin the samegroup and the aggregatedstateinformation aboutthe other groups.
Sourcerouting is usedto find a feasiblepath on which somenodesare logical nodes
representingroups.A controlmessagés thensentalongthis pathto establisithe con-
nection. Whenthe bordernodeof a group representedby a logical noderecevesthe

messagédt usessourceroutingto expandthe paththroughthe group.

In thenext few sectionseachoneof theseroutingstratayiesis discussedh detailwith

specificexamplesof routingalgorithms.

2.1 SourceRouting

Sourcerouting achievesits simplicity by transforminga distributedprobleminto a cen-
tralized one. By maintaininga completeglobal state,the sourcenode calculatesthe
entire pathlocally. It avoids dealingwith the distributed computingproblemssuchas
distributedstatesnapshotdeadlockdetectionandresolution,anddistributedtermination

problem. Sourcealgorithmsare conceptuallysimple and easyto implement,evaluate,

8



delugandupgradeln addition,it is mucheasietto designcentralizecheuristic§or some

NP-completeoutingproblemshanto designdistributedones.

Sourcerouting hasseveral problemg[7]. First, the global network statemaintained
at every nodehasto be updatedfrequentlyenoughto copewith the dynamicsof net-
work parametersuchasbandwidthanddelay Secondthelink statealgorithmcanonly
provide approximateglobal statedueto non-ngligible propagatiordelay of statemes-
sages.This imprecisioncancauseQoSroutingto fail. [26] discussn detailthe effects
of stalelink-stateinformationandrandomfluctuationsin traffic load on the routingand
signallingoverhead®f sourcerouting. Third, the computatioroverheacat the sourceis
excessvely high, moresofor multicastor multi-constraintrouting. In summarysource

routingsuffersfrom scalabilityproblems.

Variousalgorithmshave beenproposedor bothunicastandmulticastsourcerouting.
All of themrequirea global stateto be maintainedat every node. Most algorithmsfor
unicastsourceroutingtransformthe routing problemto a shortespathproblemandthen
solve it by Djikstra’s or Bellman-ford algorithm.Themostpopularamongsourcerout-
ing alogorithmsis the proposedQoSextensiongo the OSPFknown asQOSPH28, 14].
QOSPFHNncludesan“explicit routing” mechanisnior source-directedouting. However
aswith otherSourceroutingprotocols QOSPHmposesasignificantbandwidthandpro-
cessindoadonthenetwork, sinceeachswitchmustmaintainits own view of theavailable
link resourceglistributelink-stateinformationto otherswitchesandfinally computeand

establisiroutesfor every connection.

The sourcerouting algorithm s typically executedat connectionarrival on a per
connectiorbasis,increasingheruntimecomputatioroverhead[25] studypathprecom-

putationandcachingand suggesthe following techniquego improve the efficiengy of



sourcerouting:

e Coarse-grainink costs: Path selectionis basedon link-cost metrics,which area
function of link-stateinformation. Limiting link coststo a smallnumberof values
reduceghecomputationatompleity of thepathselectioralgorithm.Coarsegrain
link costsdo not significantlydegradeperformanceandincreasehelik elihoodof

havzing morethanoneminimumcostrouteto a destination.

e Precomputationf minimum-cosgraph:Eachswitchor routerprecomputeacom-
pactdatastructurethat storesall minimumcostroutesto eachdestination.Instead
of storingthe precomputecpathsin a cache,route extractionis postponeduntil

connectiorarrival.

e Route extraction with feasibility check: As part of route extraction, the source
checksthe feasibility of eachlink, basedon the mostrecentlink stateinformation
andthe bandwidthrequiremenbf the new connection.Thefirst routethatsatisfies

thecommoncases extracted.

e Rerankingof multiple routes:As partof routeextraction,the sourcecanrerankthe
links to improve thepathselectionprocesdor the next connectionThis providesa

simpleframeavork for anumberof alternateoutingpolicies.

Thesemechanismgnableawiderrangeof policiesfor whento computenew routes how
mary candidateroutesto try for a new connection,and how oftento updatelink-state
information,thuscausingasignificantreductionof processingverheadandset-updelay

in comparisiorto traditionalon-demandourceroutingalgorithms.

As with SourceRouting,Selectve Floodingcomputeghe entire pathto the destina-
tion at the sourceitself. However Selectve Floodingdoesnot needary link-stateinfor-

mationpropogation.Sincewe usethe most-recentink-stateinformation,we hopeto do

10



betterthanSource-Routingn termsof call-blockingrate,asin our casecallswill notbe
refuseddueto stalelink-stateinformation. It shouldbe notedthatSelectve Floodinghas
apercall network routingoverheadvhile SourceRoutingtypically hasnetwork overhead
onceevery link-stateupdateperiod. While [25] do path precomputatiorbasedon link-
stateinformation,we do pathprecomputatiomasedotally on thetopologyinformation.
Furtherthey precomputgustonefeasiblepathfrom thesourceo thedestinatiorwhile we
precomputenultiple possiblepathsto thedestinationin Chapte# we compareSelectve
Floodingto a sourceroutingalgorithm,measuringhe call-blockingrateandthe network

cost.

2.2 Distrib uted Routing

In the caseof DistributedRouting,the pathcomputations distributedamongtheinterme-
diatenodesbetweerthe sourceandthedestination Hence theroutingresponséime can
be madeshorterandthe algorithmmorescalable.Typically a DistanceVectorprotocol
is usedfor routing. Here, throughcontinuousstateupdateseachnodeknows for every
destinatiorthe next hop on the bestpath. Also, searchingnultiple pathsin parallelfor a
feasiblepathis madepossible which increaseshe chanceof successMost distributed
routingalgorithmsrequireeachnodeto maintaina global network state basedon which
the routing decisionis madeon a hop-by-hopbasis. Floodingalgorithms,on the other

hand,do notrequireary globalstateto be maintained.

Distributedalgorithmsthatdependntheglobalstatehave similar problemso thatof
sourceroutingalgorithms.In additionthey alsoneedto addresdlistributedcomputation
problemssuchasdistributed statesnapshotdeadlockdetectionandresolution,andthe
distributedterminationproblem. Inconsistenglobal statesat differentnodescan cause

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

11



routingproblems.

Differentdistributed techniqueshave beenpresentedn the literature. Kweon and
Shin[17] suggest techniqueof boundedflooding whererouting messageareflooded
into the network for a certainhop countin all directions. No global stateis requiredto
be maintainedat ary node. However, it is possiblethatwith certainsetsof constraints,
the hop countmight not includethe optimal pathin the searchspace.A flooding-based
routing techiniqguewas proposedby Hou [15] for routing in ATM networks. Another
algorithmwhich usesflooding was proposedy ChenandNahrsted{8]. They suggest
a distributed routing framewvork basedon selectve probing. Unlike in [17] probesare
forwardedonly to a subsebf outgoinglinks selectedbasedon the topologicaldistances
to the destination.Furtherthe probesproceedonly whenthe nodesandthelinks on the

way have sufficientresourcesThis reducesheoverheacascomparedo [17]

Somealgorithmscouplerouting with resenation. Cidonet al [9] proposereserving
resourced parallelalongmultiple routes.Hereevery nodestill maintaina pictureof the
whole topologyandthe statuson every link, andfor every connectiorrequestmultiple
pathsaretriedin parallel. Along eachpathresourcesirereseredfor the connectiorre-
guest.After thebestrouteis selectedesourcegreviouslyreseredalongotherroutesare
releasedReservingesource®n multiple pathsmakesroutingmoreresilientto changes
in the network state.But it alsoincreaseshe call-blockingratio asconnectionsnight be
deniedrequestegbathseventhoughthe network canactuallysupporttheir requirements.
[9] improvesits performancdoy continuingits reserationon a pathonly if the pathcan

supportthe QoSrequested.

Selectve Floodingis essentiallya distributed routing algorithm. Unlike other dis-

tributedalgorithmsthough,we precomputeat the sourceitself a list of possiblepathsto

12



the destinatiomrandthenflood only alongtheseroutes. Currentlink-stateinformationof
the pathto the destinationis collectedin a distributedfashion. Selectve Flooding has
much lessoverheadthan other flooding algorithmsas we flood only over links which

definitelylie ona pathto thedestination.

2.3 Hierarchical Routing

HierarchicalRouting helpsin overcomingthe scalability problemwhich sourcerouting
faces. This is becauseeachnodeonly maintainsa partial global statewheregroupsof
nodesare aggrgatedinto logical nodes. The size of suchan aggreatedstateis loga-
rithmic in the size of the completeglobal state. The sourcerouting algorithmsarethen
directlyusedateachlevelto find feasiblepathsbasedntheaggregatedstatesnaintained
at nodes. Thushierarchicalrouting retainsmostof the advantageof sourcerouting. It
hasalso someadwantageof distributed routing becausanary nodessharethe routing

computation.

However aggrgationof nodesintroducedurtherimprecisionin thelink stateinfor-
mation.Also whenmultiple QoSconstraintareinvolved,differentpathsmayexist within
eachlogical nodeto optimizedifferentconstraints.Theremay not exist a pathwith the
bestpropertiesfor all constraints.How to aggr@gatesuchinformationis still an open

problem.

Therehasbeenwork doneon how to scaleSourceRoutingalgorithmsby considering
a hierarchicalarchitecturd2, 3, 4]. At the datalink layer, the PNNI(Private Network-
Network Interface)[12] standardor routingin ATM networksis hierarchical PNNI uses
a crankbackmechanisnto searchmultiple pathssequentially Whenthe selectedoath

doesnot meetthe requirementthe routing processs cranked backandresumeswith an

13



alternatve path.While thisworksfine, it hasalongerroutingtime.

Selectve Floodingeasilylendsitself to HierarchicalRoutingthusmakingit scalable.
In this casethe sourcewill computeand storemultiple hierarchicalroutesto the desti-
nation. Eachsuchroutewould consistof physicalandlogical (aggrg@ated)nodes.Thus
while PNNI checksmultiple routesfrom the sourceto the destinationn a serialmanner
HierarchicalSelectve Floodingdoesthe samein parallel. HierarchicalSelectve Flood-

ing is explainedin the next chapter

In this chapter we have analysedlifferentrouting stratgiesandcomparedhemin
brief to Selectve Flooding.In the next chaptemwe describen detailthe Selectve Flood-

ing QoSroutingalgorithm.

14



Chapter 3

Selectve Flooding

Sourcerouting storestwo importantpiecesof information at every source. One, the
network topology (nodesand presenceof links betweenthem). Two, the latestlink-
stateinformationaboutthe whole network. Thetopologyis relatively staticanddoesnot
costmuchin termsof network overhead. Transmittinglink-stateinformation however
is expensve, needingto be doneat regularintervalsthusconsumingnon-trivial amounts
of bandwidthacrosghe network andusingup considerableomputingresourcesiteach
router Themorefrequenthesdink-stateupdatesthe moretheseresourcesireused.On
theotherhand thecall-blockingrateincreaseaswe usemorestalelink-stateinformation.
Thus,with SourceRouting,we have a tradeof betweemetwork usage(efficiengy) and
call-blockingrate. Selectve Floodingproposego storethe network topologybut notthe
link-stateinformationacrosghe network andobtainalow call blockingrateby doingon

demandselectve pathexplorationfor eachcall.

15



3.1 Approach

The basicideaof Selectve Floodingis to checkmultiple routesfrom a sourceto a des-
tinationin parallel. Eachsourceon the network is assumedo have a staticimageof the
entirenetwork. This imageneedsto consistonly of the setof nodesand edgeswhich
make the wholetopology No link-stateinformationis necessaryAs mentionedbefore,
suchtopologyinformationis fairly staticanddoesnot needto be updatedon a regular
basis. Using this network topology every sourcecomputesall possiblepathsto every

destination.Theseroutesarethenstoredin aneasilyretrievableroutingtable.

Whena QoSrequesis recevedfrom anapplicationat a higherlevel, controlpaclets
(messages(eitherICMP or TCP paclets) are floodedacrossall possibleroutesto the
destinationas listed in the precomputedouting table. Along eachroute traversed,at
eachrouter the control messageollectsQoS information suchas cumulatve delay or
theavailablebandwidthon the outgoinglink. Whenall thecontrolmessagearrive atthe
destinationthe bestpaththat satisfiesthe initial QoS constraintscanbe computedand

resourceslongthis pathcanberesenred.

The QoSinformationcollectedat eachintermediatenodedepend®n the parameters
onwhichthe QoSapplicationplacesrequestsFor delay-sensitie applicationghis could
be the cumulative delayalongthe route. For rate-sensitie applicationsthe QoSinfor-
mationcould be the availablebandwidthon eachlink alongtheroute. In both caseghis
informationwill give usalist of feasiblepathsfrom the sourceto the destinatiorfor the
particularQoSrequest. We canthencomputethe bestpathfrom amongthesefeasible
paths.As in [8] the controlmessageproceedonly whenthe nodesandthelinks onthe
path have sufficient resources.Thus every control messagerriving at the destination

detectsafeasibleroutingpath.
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Figure 3.1: QoS Routing lllustration (a)-Topology (b)-SourceRouting (c)-Selectre
Flooding. The lettersare nodes. The numbersindicatesequentiakteps. The X’s indi-
cateroutingfailures.

To betterillustrate Selectve Floodingconsiderthe sampletopologyin Figure3.1(a).
At initialization eachsourcecomputesall the possiblepathsfrom the sourceto the desti-
nation. Whenanapplicationat A makesa QoSrequesfor a pathto E, A retrievesfrom
its precomputedablea list of possibleroutesto E. It thensendsn parallelcontrol pack-
etsalongall theroutesto E (Figure3.1(c)). Thesepacletscontinuealongthe pathonly
if the pathhasthe requestedesources.Thusunlike in SourceRouting (Figure3.1(b)),
evenif thereis asinglefeasiblepathSelectve Floodingfindsthe path. Thetime takento
make this routingdecisionis a constanandcorrespondso thelengthof thelongestpath

probed.

The bestpathmeanghe pathamongall feasiblepathswhich maximizescall admit-
tanceinto the network andimprovesthe network performanceDifferentmetricscanbe
usedto definethe bestpathdependingon the kind of QoS constraintsandthe resource
whoseutilizationneedgo beoptimized.We couldchooseeithertheshortesteasiblepath
in termsof numberof hopsor choosethe pathwhich maximiseshe residualbandwidth
asthebestpath. Usingthe shortesfeasiblepathasthe bestpathreduceghe client wait-
ing time. Further it is possibleto mark certainlinks as“avoid” or “preferred”basedon

currentlink-usagethusperformingload-balancacrosghe network. Thebestpathcanbe
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determineckitheratthe destinationitself or all theinformationcanbe passedackto the

sourceandthedecisioncanbe madeatthe source.

3.2 Analysis

Most of the proposedQoS routing algorithmsrequireextensve and currentknowledge
of the entirenetwork in termsof link-stateinformationto computefeasibleQoS paths.
Selectve Floodingeliminatesthe needfor all this information. Only knowledgeof the
topology (which is relatively static)is required. This hasenormougpotentialto reduce
the computatiorat therouterandalsoreducethe call-blockingrate. The link-stateinfor-
mationthatis usedto computethe bestpathin this caseis staleby oneRoundTrip Time
(RTT) andthe computationtime of the algorithm, typically far betterthanarny source
routing mechanismSinceSelectve Floodingusesthe latestlink-stateinformation, it is
expectedthatit will have a Call-blockingrate closeto the bestachievablefor the given
topologyunderthe giventraffic. Thisis muchbetterthantypical SourceRoutingwhich

usesstalelink-stateinformationandconsequentlyrasa high Call-blockingrate.

Thereis a network costinvolvedwith every call. The network overheadn Selectve
Floodingis percallwhearasn SourceRoutingit is perlink-stateupdateperiod. For every
call, Selectve Floodingneedgo sendprobepacletsinto the network alongthe precom-
putedpaths. This costis proportionalto the averagelengthof the pathandthe number
of pathswe probefor eachcall. In the caseof SourceRoutinglink-stateupdatepaclets
aretransmittedhroughouthe network everytime theglobalstateis updated.Theoverall
numberof pacletssentdueto routingis morein thecaseof Selectve Flooding.However
we alsoneedto considerthe computationcostat eachrouterwhena routing paclet ar-
rive. In SourceRoutingfor every link-stateupdatepaclet eachrouterneedgo updateits

imageof the network andrecalculatéts routing table. This consumes lot of computa-
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tion power attherouter During Selectve Flooding,wheneer a controlmessagéprobe
paclet) arrives, all thatthe routerneedsto do is to load the necessarfoSinformation
ontothe paclet andsendit to its next hop. ThuseventhoughSelectve Floodingsends
morerouting pacletsinto the network, it savesa lot of preciouscomputatiortime atthe

routers.

Selectve Floodingrequiresthat eachsourcebe ableto storemultiple pathsto every
destination. The storagespacerequiredfor doingthis is proportionalto the numberof
nodesn thenetwork andtheoverallnetwork connectvity. Thereis astart-upcomputation
costwhenthe sourcehasto actuallycomputeall the routesto every possibledestination.
But thisis staticanddoneonly onceatboottime.

In ChapterSwe presentesultsfrom our experimentalevaluationof Selectve Flood-

ing.

3.3 Extensions

Several heuristicscan be appliedto further speedup the path selectionprocessandto

reducenetwork resourcautilization.

While theoreticallywe could storeall possiblepathsfrom every sourceto every des-
tination, it is obviousthatthisis notrequired.As mentionedoeforethe network costin-
curreddoing Selectve Floodingis proportionalto the numberof pathswe probe.Based
on the network topologywe could compute(throughexperimentsMAX-PATHS asthe
maximumnumberof pathswe needto storefrom a sourceto every destination.MAX-
PATHS thusrepresentghe thresholdoeyondwhich storingadditionalpathswill notgive
us addedbenefitin termsof further reducingcall-blockingrate. As we will show later,

this MAX-PATHS is typically a small numberthus significantly reducingthe network
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overhead. An upperlimit canbe seton the hop countof all the pathsstoredinitially,
reducingthe numberof controlmessagesBasedon pastlink-utilization patternsye can

restrictfloodingto only thoseroutesthathave a high probability of satisfyingthe QoS.

The conceptof Selectve Floodingeasilylendsitself to hierarchicalrouting. In this
case,at the source,routesare computedand storedin a hierarchicalmanner Using a
hierarchicaformat for routing reduceghe storagespaceat every sourceandalsohelps
increasaheefficieng of thealgorithmby easilylendingitself to the concepf flooding.
In this case,controlmessageare sentacrossmultiple hierarchicalroutes. Eachlogical
node,by its very nature,canbe assumedo know the bestpathwithin itself. It is also
reasonabléo expectthat eachprivate network (logical nodeon ary hierarchicalroute)
knows the bestpathwithin it, thusfurtherreducingthe numberof pathschecled. In all,
HierarchicalSelectve Flooding(HSF) canresultin substantiagainsin termsof reduced
network utilization andfastemroutecomputationlin this context ATMs crank-backPNNI
routingtechniqudg12] canbevisualizedasa serializedversionof HierarchicalSelectve

Flooding.

In the next chaptemwe describehow we have evaluatedthe Selectve Floodingalgo-

rithm.
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Chapter 4

Implementation

As mentionedn Chapterl, the performanceof any QoSrouting algorithmcanbe mea-
suredby two main performanceparameterscall-blocking rate and network overhead.
Our primarygoalin evaluatingSelecte Floodingwasto compardts performanceo that
of sourcerouting, the mostcommonform of QoSrouting [26]. We evaluatedSelectve
Floodingthroughsimulationasusingan analyticalmodelwould be too coarsegivenall
thepossibleparameterandanactualimplementations difficult for reason®f interoper

ability.

4.1 Simulating QoS Routing

We have usedroutesimasthe simulatorto conductour tests[24]. routesimis anopen-
source gventdrivensimulatorusedto studyQoSroutingin large networks. It is written

in C andwasdevelopedby AneesShaikhatthe Universityof Michigan.

routesimallows precisecontrolover network traffic characteristicsyetwork topology
routing algorithmsand policies, and link-state updatepolicy. routesimhasa number

of tunableparametersvhich are usedto specify theseand other characteristic®f the
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t opol ogy-type file

net wor k- nodel SI NGLE
arrival -spec ARR_UNI FORM
arrival -di st PO SSON
arrival -scale .100

arrival -shape 1.00
traffic-multiplier 1.0

hol di ng-ti ne-spec EXP

hol di ng-ti ne-shape 1.0

hol di ng-ti ne-scal e 10.00
mean- bandw dth 0. 060

bandwi dt h- spread 1. 99000
updat e-trigger 100000. 0000
refresh-interval 10. 000000
refresh-skew 0. 05

m n-updat e-interval 0.000000
m n-requests 500000

m n-war nup 100000
mn-simtine 300.0

war mup- proportion 0.25

bl ocki ng- pol i cy BLOCKI NG
routing-policy ON_DENMAND
routing-al gorithm W DE_SHORT
di stance-function HOPCOUNT
hopcount -t hreshol d 1

wi de- short - maxhops 10
alternate-routing NO ALT
mul ti-route-policy UNIQ
uni g-rout e- pol i cy RANDOM
max-sig-attenpts 1
prune-pol i cy NO PRUNE

| i nk-state-accuracy STALE
random seed 1013553325
confidence-1evel 99
simtol erance .05

war mup-t ol erance . 075

Figure4.1: SampleConfigurationFile for routesim
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simulator Typically all theseparametersre specifiedusing a “configurationfile”. A

sampleconfiguratiorfile is shavnin Figure4.1.

A majorreasonin choosingroutesimfor our simulationswasits designandimple-
mentation. It had a fairly flexible architecture. The codefor the most part was well
documentec@ndclean,thusmakingit easyfor usto introducethe changesiecessaryo
implementSelectve Flooding.Anotherbig advantagas thatthis simulatorhasbeenused
to compareotherSource-Directe@uality of ServiceRoutingtechnique$26], [25], [23]
. Thus,we could borrow resultsfrom theseexperimentsfor ours,andalsovalidateour
useof the simulatorby comparingour resultsfrom the modifiedsimulatorto his original
results.routesimis availableon Solaris,Irix64 andLinux platforms.We ranall our tests

ontheSunSolarisplatform.

4.1.1 routesim Features

In the next few paragraphsve discusssomeimportantparameters routesim

Topology: Any kind of topologycanbe definedfor the simulations.Theseinclude
k-ary n-cubegraphg(with dimensionsandedgesspecified)fully connectedyraphs(with
numberof nodesspecified) randomgraphor evenuserdefined.For a userdefinedtopol-
ogy the“rstopologydat”file is usedto describeanarbitrarynetwork topology Eachline
in thisfile definesaunidirectionalnetwork link. For eachsuchunidirectionalink we can
specifythelink capacity propogatiordelayandthe maximumnumberof callsit cansup-
port. Additionally we canalsoprovide an arbitraryadministratve weightfor eachlink.
Thefirst line in the file containsthe numberof nodesin the network. The formatof a

topologyfile is asfollows:
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num nodes
fromto capacity propdel ay adm nwei ght nmaxcalls

In our experimentswe assumedhatall links hadequalcapacitiesand propogation

delays.We used3 differenttopologiesfor our simulations.
e Sparsel9-nodeMCI backbongaveragedegree- 3.4)
e 50-nodeRandomTopology(averagedegree- 7.0)
e 75-nodeRandomTopology(averagedegree- 5.8)

Traffic Generation: Varioustypesof traffic patterncanbegeneratedsingroutesim
ThesencludeUniform distribution, PoissordistributionandWeibull distribution. We can
alsospecifya meanbandwidtharoundwhich call requestaremade. The “rstraffic.dat”
file in routesimis usedto definea routesimtraffic matrix. This traffic matrix specifies
the arrival rate betweeneachsource-destinatiopair. It alsoallows differentvaluesfor
differenttimesof theday. Network traffic distributionis typically modelledusinga Pois-
sondistribution[16]. For all our experimentsye assumeanuniformtraffic patternwith
Poissorflow interarrival distribution.

Routing Algorithm and Policy: VariousQoS routing policies have beenimple-
mentedon the simulator Theseinclude 2 link-staterouting protocols,one using Dijk-
stra’aalgorithmandthe otherBellman-Ford. Both the algorithmsprovide almostsame
performance The routing policy canalsobe setto “precompute’to simulateQoSrout-
ing usingpre-computatiori25]. In our experientswe usedthe Bellman-ford algorithm
asarepresentate sourceroutingalgorithmandcomparedhe performancef Selectve

Floodingto thesame.
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Link-state Update Policy: We canspecifythe costof eachlink andthe numberof
discretecostlevels. We canspecifythe minimuminterval betweerink-stateupdatesand
thelink stateupdatetriggerthreshold.Furtherwe have the optionto monitorandlog the
link stateof variouslinks overtime. We ranteststo seehow sourceroutingperformedas
we variedthelink-stateupdateperiods.

Statistics: Oncompletionof thesimulationroutesinprovidesnumerousisefulstatis-
ticsaboutthe simulation.Thesancludethe numberof routingandsignallingfailures,the
call-blocking rate and variousroute computationand link updatestatistics. The main
metric of interestfor us wasthe call-blockingrate for variousrouting algorithms. For
link-stateprotocolswe werealsointerestedn theactualnumberof link-updatedor var

iousupdateperiods.

4.1.2 Constraintsto routesim

routesimhasa restrictve eventmodel. It hasonly 3 eventsSTARTCALL, ENDCALL
andPRECOMPThe STARTCALL eventis responsibldor routing, extractinga feasible
pathandsignalling.While thisis adequatéor simulatingsomeaspect®f source-routing,
it fell shortin a numberof ways. Therewas no notion of network bandwidthcostin-
curredfrom signalling. The bandwidthcostof link-stateupdatesn sourceroutingwas
notconsiderednorwastheroutecomputatiorcostatthesource Also, it wasnotpossible
for usto measureaccuratelythe costsincurredby our techniquan termsof routingtime.
The topology model could not be viewed in a hierarchicalmanner Hencewe did not

implementthe heuristicof HierarchicalSelectve Flooding(Section3.3).
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4.2 Implementing Selectve Flooding on routesim

ImplementingSelectve Floodinghad3 majorparts.First,to implementafunctionwhich
would, given ary topology return multiple pathsfrom ary sourceto destination. Ths
secondwas to implementthe actual Selectve Flooding algorithm. Finally we hadto
integratethesepartswithin routesimandaddadditionalcostmetrics. We describesach

oneof thesen detail. We alsopresentalidationandVerificationresultsfor eachstep.

4.2.1 Finding Multiple Paths

As afirst stepwe needo find andstorefor eachsourcamultiple pathsto everydestination.
Variousalgorithmscanbe usedto computemultiple pathsfrom a sourceto adestination.
Thetechniguewvhich we have usedwasdevelopedby David Eppstein11]. This method
finds multiple shortpathsconnectingwo verticesin a graph(allowing repeatedrertices
andedgesn the paths)in constantime per pathafter a preprocessingtagedominated
by asingle-sourcshortespathcomputationWe startedoff by borrowving from asample
implementatiorof the techniqueprovided by Graehl[13]. We thenmadechangedo it

to readthetopologyasspecifiedfor routesimandto remove cyclesin paths.For agraph
with V verticesandE edgeausingthis methodthe“k” shortespathscanbe computedn

O(E*log V + L*k*lo g k) time whereL is the pathlength.

We testedthe programby usinga few sampletopologiesandconfirmedthatit indeed
gave theright pathsandalsoin orderof increasingength(in termsof numberof hops).
For examplethetablein Fig. 4.2lists theroutesreturnedoy our programwhich NodeO

in thetopologywould storein its memory

routesimis built in sucha way thatat initialization all the calls (connectiorrequests)

for the entire durationare createdaccordingto a specifieddistribution. We addedan
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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 @ 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: Sampletestfor multiple pathsalgorithm. Table shavs the routesstoredat
Source0 for variousdestinationgscalculatedoy our program

additionalfield in thecall structureo storethemultiple possibleroutesfrom thesourceto
thedestinatiorof thecall. Eachcall would thenat startupmake afunctioncall to compute
“k” pathsfrom thesourceto thedestinatiorof thecall. Thisis assumedo beequivalentto
alookupin atableatthe sourcewhichwouldtypically storethesepaths.As anote,since
eachcall now storesmultiple paths the simulationprogramduringexecutionconsumes
lot of memory Howeverthis excessmemoryusagedoesnot affectthe simulationresults.
If k wasthe averagenumberof pathsstoredfor a source-destinatiopair, | the average
lengthof a pathandn the total numberof calls simulatedin the experiment,thenthe
excessmemoryusedto storemultiple pathswould be roughly aroundn*k*|*sizeof(int)
bytes. Both k and| are deteminedby the size and connectvity of the topology being

considered.

4.2.2 The Selectve Flooding Algorithm

Source-directedouting algorithmscomputeQoSroutesat the sourceitself by having a
pictureof thewholenetwork with all its nodesandlinks within eachnode.Thelink-state
informationonthesdinks needdo beupdatedegularlyateachnode.Selectve Flooding,
on the otherhand,doesnot needary link stateinformation. At runtime it retrievesthe
variouspossiblgpathsrom thesourceo thedestinatiorandchecksall of themin parallel.

Whena call is initialized it hasstoredin its structuremultiple (henceforthreferredto
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for each path fromsource to destination {
feasible = true;
for each Iink on the path {
if (available bandwi dth on the |ink < requested bandw dth) {
feasible = fal se;
br eak;

}

iIf (feasible) {
set this as the path on which to signal
update current tine
return;

}
}

No feasible path exists.
Decl are Routing failure.
Updat e current _tine.
return;

Figure4.3: Pseudocodéor the Selectve Floodingalgorithm.

as“k”) possibleroutesfrom the sourceto the destination.Eachcall hasaccesdo anup-
datedpictureof thewhole network. Theway we simulatedthe actualSelectve Flooding
algorithmwasby checkingall the possibleroutesin a serialfashionbut incrementinghe
time aswould betakenin checkingthelongestroute. Within thecall, for eachpathcheck
whetherall the links in the pathhave the necessarpandwidthfor the call, i.e, whether
this is a feasiblepath. We checkthe pathsin increasinglength (in termsof numberof

hops).Basedon previouswork [25], we usedthe hop-countasa metricfor the bestpath.
It shouldbe notedthatthis metricis a paramteffor the Selectve Floodingalgorithmand
canbe changed.This meanghatwe could useary metricto definethe bestpath. Thus,
in our experimentsSelectve Floodingwill selectthe shortesfeasiblepath.Oncewe find

this pathwe load it in a field which holdsthe entire route beforesignalling. This part

is built into routesimandis commonfor all the routing algorithms. Pseudocodé&r the
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Selectve Floodingalgorithmis presentedh Figure4.3.

If thereis ary feasiblepathfrom the sourceto the destination,Selectve Flooding
findsthe path.Hence we hypothesizét hasa call-blockingratelowerthanthatof source
routing. Further any pathit selectso signalis definitely a feasiblepath. Thus,we have
no signallingfailureswhenusingSelectve Flooding. In contrasttherecanbesignalling
failuresin source-routinglgorithms,asit is possiblethatthe link-stateusingwhich the

pathwasselectednaybestale.

Path Status

0-4 Failsonlink 0-4
0-1-4 Failsonlink 1-4
0-2-3-4 | FeasiblePath
0-2-1-4 | Failsonlink 1-4
0-1-2-3-4| FeasibldPath

Figure4.4: Sampletestof Selectve Floodingalgorithmimplementation

We testedour implementatiorof the algorithmto checkthatit worked correctly An
exampleof our testsis shovn in Fig. 4.4. Herethe weightson the links indicatethe
currentavailable bandwidthon the respecitre links. We asled the algorithmto find a
QoSpathfrom nodeO to node4 with a minimum bandwidthrequiremenof 10Mb. As
expectedthealgorithmfound 2 feasiblepathsandreturnedthe shortesamongthem. In
this casethealgorithmreturnedd-2-3-4asthebestpathandreseredresourceslongthe

same.
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4.2.3 Changesto routesim

Selectve Floodingis basicallya routing algorithmwhich is usedto find the pathalong
whichresourceshouldberesenedfor aconnectionroutesimhaswithin it implemented
acoupleof otherroutingalgorithms namely shortest-pattree(Dijkstra) andwide-short
algorithm(Bellman-ford). Wheneer theroutingalgorithmis neededa switchstatement
is usedto performthe appropriateactiondependingon which routingalgorithmis being
simulated.Sowe hadto insertthe codefor Selectve Floodingin the appropriateplaces.
Also anaddedfeaturewasthatthe signalling(or reservingof resourcesjvasdoneinde-
pendentlyof the routing algorithm. Sincethe routing algorithmis usedto deteminethe
routewhich shouldbe usedfor signalling,the restof the simulationis the sameirrespec-
tive of which algorithmis beingusedfor routing. So, our mainfocuswasto implement

the Selectve Floodingalgorithm.

We modified the existing statisticscountersto behae appropriatelyfor Selectve
Flooding.We alsoaddedcodeto measurehe numberof pacletssentinto the network by

both SourceRoutingandSelectve Flooding.

After thesechangesvereimplementedye rantestswith theotherroutingalgorithms
usingboththe new versionandthe original versionof routesim This wasto make sure
thatwe hadnot changedhe original behaiour of the system.While systemresources
externalto the simulation,consumedor the simulationweredifferentin both casegas

wasexpectedthe simulationresultswerethe same.

For example wetried to recreateneof theresultsfrom a previously publishedpaper
[26] which usedroutesim Figure4.5ashaws for a 100 noderandomtopology the effect
of thelink-stateupdatefrequeny onthe call-blockingrateof sourcerouting. Figure4.5b

shaws a picture of the resultspreviously published[26] from the sametopology We
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Source Routing - Random topology (100 nodes)

‘Source-Routing ——

0.06 -

Blocking probabiiity

Call blocking rate

2 4 6 8 10
link-state update period (unit times)

10

4 I
Link_etata undata neriod {unit time)

Figure 4.5: Call-blockingvs link-state updateperiod - Randomtopology (100 nodes)
(a)-Testrun (b)-Previously published26]

wereableto reproducehe exact sameresultsafter we hadimplementedhe changego

routesinthusconfirmingthatwe hadnot brokenthe simulator

In the next chaptemwe presentesultsfrom our simulationsandour evaluationof the

Selectve Floodingalgorithm.
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Chapter 5

Evaluation

This chapterdiscussesomeof theresultsobtainedandinferencesdravn from our simu-
lations.

Our mainfocuswasto comparethe performanceof Selectve Floodingwith that of
SourceQoSRouting.As discussedh Chapterl, variousmetricscanbe usedto compare
the performancef differentroutingalgorithms.Theimportantoneswe coulduseare: 1)
Call-blockingrate- The percentagef callsblocked; 2) Network Overhead Thiswould
involve two setsof costsa) the bandwidthconsumptiordueto routing b) the amountof
routercomputationpower spentfor routing; 3) Call setuptime; 4) Routerstoragespace
and;5) Computatioratthe source We presensimulationperformanceesultsfor (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 connecwity that supporta

densdraffic matrixandareresilientto link failures.Table5.1liststhetopologiesve used.
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Topology Nodes| Links | Deg | Diam. | h

MCI backbone 19 64 | 3.37 4 2.34
Randongraph| 50 350 | 7.0 4 2.19
Randongraph| 75 442 | 59 5 2.60

Table5.1: Topologiesusedfor Simulations.

The randomgraphswere generatedising Waxmans model[27]. The h representshe
meandistancgin numberof hops)betweemodesaveragedacrossall source-destination
pairs.Eachnodein thetopologyrepresenta coreswitchwhich handledraffic for oneor
moresourcesandalsocarriestransittraffic to andfrom otherswitchesor routers.We do
not modelswitch or link failures,assuminghatthe topology remainsfixed throughout
eachsimulationexperiment. Among the 3 topologiesis a representate coretopology

(MCI backbonewhich hasappearedn otherroutingstudie§26, 18, 19].

As is typical in actualnetworks and othersimulations[22], we assumed uniform
traffic matrix specificatiorwith Poissorflow inter-arrival distribution. Theflow durations
wereheary-tailed, meaningtherewerelots of callswith smalldurationsanda few calls
with long durations.Call bandwidthshada meanof 6% of link capacitywith a spreadf
200%resultingin b ~ U(0.0,0.12].Theconnectiorarrival ratewasfixedatA = 1 andthe

offeredloadatp = 0.75.

routesimhasin it implementedwo differentsourceroutingalgorithms:Djikstra’'sand
Bellman-ford. Eitheralgorithmproduceghe sameresultsin termsof call blockingrate
and other performancametricsfor any network configuration. We comparedSelectve
Floodingwith the Bellman-Ford versionof sourcerouting. For the sourcerouting algo-

rithm we variedthe updateperiodsfrom almostcontinuousupdatego very long periods.

In thefollowing sectionswve describeheresultsfrom our tests.
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5.2 Call-Blocking

Figures5.1,5.2and5.3comparehecall-blockingratefor Selectve Floodingandsource
routingfor differenttopologies.Thecall-blockingratefor sourceroutingincreasesiswe
increasehelink-stateupdateperiod. However, for Selectve Floodingthis valueremains
constantand lessthan the bestpossibleby source-routing. This is becauseSelectve
Floodingdoesnotneedary link-stateupdatesit checksall possiblepathsandalwaysuses
the mostcurrentlink-stateinformation. Thereforeif underthe currentlink conditions,
thereexistsa feasiblepathfrom the sourceto the destinationit will find the path.Source
routing on the otherhanddependson stalelink-stateinformationin makingits routing

decisionsandhencecouldbewrongattimes.

It shouldbe notedthat SourceRouting and Selectve Flooding can have different
resourceavailability distributionsfor the sametraffic. SinceSelectve Floodingaccepts
morecalls,its network statewould bedifferentfrom thenetwork stateatthesameanstance
whenusingsourcerouting. This meanghatthe samecall could possiblybe routedalong
differentpathsby the 2 algorithms. Also the callsrejectedby SourceRoutingcould be

differentfrom the callsrejectedby Selectve Flooding.

Figure 5.4 summarizeghe resultsacrossall the topologieswe tested. In all cases
Selectve Floodinghasthebestcall blockingratepossiblefor thetopology-trafic combi-

nation.
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MCI topology (19 nodes)
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Figure5.1: Call-blockingvs link-stateupdateperiod- MCI topology

Random topology (50 nodes)
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Figure5.2: Call-blockingvs link-stateupdateperiod- Randomtopology(50 nodes)
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Call blocking rate

Random topology (75 nodes)
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Figure5.3: Call-blockingvs link-stateupdateperiod- Randontopology(75 nodes)
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Figure5.4: Call-blockingvs link-stateupdateperiod- All Topologies
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5.3 Network Overhead

routesimwithin itself did not have ary supportto measurehe network overheadof ary
routing algorithm. Its main metric wasthe call-blockingrate. We addedan additional
metricto measurehe network costincurredby bothsourceroutingandSelectve Flood-
ing. Thismeasurethenumberof nodesvisitedpercallin eithertechniqueduringrouting.
This actuallyrepresentthe numberof pacletssentinto the network dueto routing. This
costis notthesamdn SourceRoutingandSelectve Flooding.In thecaseof SourceRout-
ing it measureghe numberof link-stateupdatepaclets,whereasn Selectve Floodingit

measurethenumberof probepaclets(controlmessagesentinto the network.

Figures5.5, 5.6 and5.7 shav the network overheadn termsof numberof paclets
requiredper call for routing over differenttopologies. For sourcerouting this costde-
creasesisthe periodbetweerink-stateupdatesncreasesT his costremainsconstantor

Selectve Flooding.

In the caseof sourcerouting, the costbeingmeasureds the numberof pacletsre-
quiredby the network for link-stateupdate.This costis incurredonceevery updatepe-
riod. Thegraphsaveragethetotal link-stateupdatecostover all the callsto geta percall
cost. Thus,asthe periodbetweenlink-stateupdatesncreasesthis costfalls. However,
asdiscussedn the previous sectionthe call-blockingrategoesup asthe periodbetween

link-stateupdatesncreases.

For Selectve Flooding,we measuréghe numberof control message§probepaclets
required)to route every call. Sincethis costis incurredon a percall basiswe have a
straightline for Selectve Floodingin Figures5.5,5.6and5.7. The costpercall incurred
by Selectve Floodingdepend®nanumberof factorsincluding,thenetwork topology its

connectvity, thetraffic distribution andalsothe numberof pathsbeingprobedfor every
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call. The moreconnectedhe graphis the shorterthe lengthof the pathsbeingprobed,
thusreducingthecostpercall. As discusseth Section3.3,we heednotnecessarilgheck
all the pathsfrom the sourceto thedestination.Thefewer the numberof pathswe check
thelower the network costincurred.If “k” is the numberof pathsbeingchecledpercall

and‘l” theaveragdengthof the paththenthenumberof controlpacletsrequiredto route

acall arek*l.

Figure5.8 shavs the call blockingratefor Selectve Floodingandsourcerouting for
differenttopologieswhenthey have the samenetwork cost. As canbe seen,Selectve
Floodinghasalower call blockingratethansourceroutingevenwhenthey havethesame

network cost.

It is alsoimportantto notethatthe bandwidthcostincurredby a routing algorithm
mattersonly whenit is high enoughto actuallyaddto congestioron the network and
be responsibldor increasinghe call-blockingrate. This is typically never the casein a
corenetwork, asthe bandwidthusedby routingis very very smallcomparedo thetotal
bandwidthonthelinks [29]. Thecomputatiorcostattherouteris themoreimportantand

lessscalablepartof the network overhead.

In the caseof sourcerouting every paclet receved at a routertypically containsthe
latestink-stateinformationaboutacertainlink onthenetwork. Basednthisinformation
the router needsto updateits picture of the network. It then needsto recomputethe
shortestpathto all the nodesandupdateits routing tables. Finally, it needsto routethe
updatepaclet to otherneighboringnodes.All thesestepsarecomputationntensve and
consumepreciouscomputingpower at the router leadingto increasedjueuelengthsat
routers,paclet dropsandincreasedielayin delivery of datapacletsto the destination.

Higherthelink-stateupdatefrequeng morethe numberof link-stateupdatepacletsand
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more the overheadincurredat the router Also this presentsa scalability problemfor

biggernetworks.

Ontheotherhandwhena routerrecevesa control paclet during Selectve Flooding
all it hasto do is enterthe necessarfoSinformationaboutthe particularlink into the
paclet androuteit backto its next hop. This canbe doneat almostline speed. Thus,
Selectve Floodingsaresa lot of computingtime on the routersas comparedo source

routing,makingit morescalable.

MCI topology (19 nodes)
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Figure5.5: Network Overheadrs link-stateupdateperiod- MCI topology
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Random topology (50 nodes)
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Figure5.6: Network Overheadrs link-stateupdateperiod- Random(50 nodes)

Random topology (75 nodes)
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Figure5.7: Network Overheadrs link-stateupdateperiod- Random(75 nodes)
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Figure5.8: Call blockingratefor differenttopologiesatthe samenetwork cost

5.4 Valueofk

As mentionedbefore,for Selectve Flooding, it is not necessaryo storeand checkall

pathsfrom a soureto a destination.Basedon network topologyandtraffic distribution
we could storea limited numberof pathsfor eachsource-destinatiopair. The number
of pathsstored(“k”) determineshecall-blockingrate.ldeallywe wouldlike to have “k”

asinfinity. i.e checkall possiblepathsfrom ary sourceto ary destinationput thenthis
hasthe highestnetwork bandwidthcost. However, having aninappropriatelysmallvalue
for “k” increaseshe call-blockingratesubstantiallysincewe now try to resene all calls
from asourceto destinatioralonga limited numberof routes.Oncelinks ontheseroutes
getfull, Selectve Floodingreportsa routing failure. Source-Routingn this casecould

possiblyfind aroutefrom thosenot storedby selectve floodingandthusperformbetter

Figure5.9 shavs the effect of the valueof “k” on the call-blockingratefor different

topologies.As expectedthe call-blockingrategoesdowvn aswe increasehe numberof
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Effect of k across Topologies
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Figure5.9: Effectof Numberof pathsprobed(k) on call blockingrateacrosgopologies

pathsbeingprobedin parallel,until we obtaina call-blockingrateequalto the bestpos-
sible for the giventopologyandtraffic distribution. Ideally we could setMAX-PATHS
to the value at the end of the kneeon eachcurve. For all threetopologiesstudied,this
valuefalls betweer8 and5. This meanghatwe needto checkonly thefirst 3 bestpaths
in parallelto geta call-blockingratebetterthanthatof sourcerouting. Thetotal network
overheads thusdrasticallyreducedas comparedo probingall possiblepaths. Figure
5.10 shaws for the MCI topology the effect on the call blocking rate and the network
overheadaswe vary thevalueof k. Figure5.11comparegor the 50 noderandomtopol-
ogy the call blocking rate of sourceroutingandSelectve Floodingat the samenetwork
costaswe varythevalueof “k”. As canbeseenevenatavalueof k=3 we getabettercall
blockingratefor Selectve Floodingthanfor sourceroutingatthe samenetwork cost.
The value of MAX-PATHS can be determinedapriori for arny topology and traffic

distributionsby runningsimulations. Furtherit is possiblethat we could have different
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MCI topology (19 nodes)
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Figure5.10: Effect of Numberof pathsprobed(k) on Call-blockingandNetwork cost-
MCI topology

valuesof k atdifferentsourcedor betterperformance.

5.5 Other Costs

This sectionpresentsan analysef Selectve Floodingin termsof the Call setuptime,
computatiomatthe sourceandthe storagespaceequiredatthe source.

Call setuptime is thetime the applicationhasto wait betweemmakinga QoSrequest
andactuallystartingdatatransmissionFor sourcerouting, this time includesthetime to
parsethe graphand computethe bestpathplusthe time to probeandresenre resources
alongthispath.In addition,if thepathcalculateds notfeasible(dueto possiblystalelink-
stateinformation),sourceroutingcouldeithertriggeranetwork wide link-stateupdateor
try to resenre alongthe secondbestpath. In eitherthe casethe setuptime increasesOn

theotherhandSelectve Floodinghasa constansetuptime equalto thetime to probethe
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longestpathfrom the sourceto the destination.The setuptime would be further lessif
we usethe heuristicof selectingthefirst feasiblepath(successfuprobe)identified. This
time wouldtypically dependuponthenumberof pathsbeingprobedtheconnectity and

diametemnof the network.

In sourcerouting, every time a QOSrequestis made,the sourceneedsto parsethe
latestlink-stateinformationit hasandcomputeafeasiblepathto thedestination Selectve
Floodingdoesnot do this computationthus saving run-time computingpower at every
source.InsteadSelectve Floodingcomputesnceat boottime all possibleroutesto the
destination.Thus,whena QoSrequesis made all thatthe sourceneedgo dois retrieve

all storedpathsto the destinatiorandsendprobesalongthem. Selectve Floodingneeds
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to recomputehe pathsstoredonly whenthereis achangen thetopology

In a QoSnetwork, eachsourceneedgso storeinformationaboutthe topology In the
caseof sourcerouting,the sourceneedsstoragespaceor thetopologyimage(nodesand
links) andthe currentlink-stateinformationon all thelinks. In Selectve Floodingwe do
not needto storethe link-stateinformation. However we needadditionalstoragespace
for storingthe multiple pathsto every destination.Furtherto reducethe call setuptime,

we wantthis informationto beeasilyretrievableat run-time.

5.6 Effect of Bandwidth

Effect of bandwidth on the Call blocking rate - MCI Topology
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Figureb.12: Effect of bandwidthon the Call blockingrate(SourceRouting)-MClI

We studiedthe effect of varyingthe call bandwidthon the performanceof Selectve
Flooding.For theseexperimentsve ran3 setsof testsfor theMCI topology Wevariedthe

meancall bandwidthfrom 6%to 8% and10%. Figure5.12shavstheeffectof bandwidth
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Effect of Call bandwidth on k - MCI Topology

04 T T T T
b~6% —+—
b~8% ---x-—
b~10% ---%---
0.35 - B
0.3 | ]
R B SRR
o 025 ]
© -
= ~
=z L Kol i
E 02 [t S
o
T
© 015 i
01} \\ i
0.05 - ]
0 1 1 1 1
0 2 4 6 8 10
# of paths (k)

Figure5.13: Effect of bandwidthonthevalueof k (Selectve Flooding)- MCI

onthecall blockingrateof sourcerouting. Thehigh-bandwidtlconnectioniave ahigher
call blockingrate. This is dueto their higherresourcerequirements.The call blocking
rate however doesnot appearto grow more steeplyasa function of the updateperiod.
Insteadthe 3 setsof curvesremainalmostequidistanticrosgherangeof updateperiods.
In all threecasesSelectve Floodinghada call blockingratelower thanthe bestpossible
by sourceouting. Further for all 3 caseshekneeof thecurvein Fig 5.13remainsaround
thesamearea.This suggestshatchangesn bandwidthrequirementsf applicationgloes

not affectthe performancef Selectve Flooding.

In this chapterwe have reportedresultsfrom our experimentalevaluationof Selec-
tive Floodingandcomparedts performanceo sourcerouting. We concludein the next

chapteiby summarizingour findingsandmentioningfuturework in thefield.
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Chapter 6

Conclusions

In Chaptel5 we presentedesultsfrom ourtestson Selectve Floodingandsourcerouting.
In this chaptemwe summarizeheseresultsandidentify futurework thatneedgo bedone

in this subject.

6.1 Summary

Traditional sourceQoS routing hasa high call blocking rate dueto stalelink-statein-
formation. Continuouslyupdatingthe link-stateinformationon the otherhandincreases
the network overheadexponentially We have proposeda nev QoS routing algorithm,
Selectve Flooding, which avoids theseproblemsand always hasthe bestpossiblecall
blockingrate. In Selectve Flooding,every sourcecomputesandstoresmultiple pathsto
every destinatiomat boottime. No link-stateinformationis usedto computethesepaths.
WhenaQoSrequestis made the sourceprobesheseprecomputednultiple pathsin par
allel to find the existenceof a feasiblepathwhich satisfieshe applicationQoSrequest.
Resourcesirethenresered alongthis path. We evaluatedSelectve Floodingby simu-

lating it on a popularQoSnetwork simulator The sourcecodefor the samewill soonbe
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madepublicly available.

Selectve Floodingdoesnotrequireary network wide link-stateinformationupdates.
Unlike sourcerouting, Selectve Floodingdoesnot malke its routing decisionsbasedon
imprecisestateinformation. Selectve Flooding hasa consistentlylower call-blocking
rateover SourceRoutingover varioustopologies While Selectve Floodingmayrequire
morenetwork bandwidthfor routing, it needsnuchlessrun-time computingto be done
attheroutersascomparedo sourcerouting. Selectve Floodingmayalsoprovide savings

in call setuptime andcomputatiorcostsat the sourcenode.

For all thetestedopologiegheactualnumberof pathsneededo bestoredn Selectve
Floodingfor every source-destinatiopair is often muchlessthanthe maximum. This
further reduceghe network overheadwhile providing the samecall blocking rate. The
performancef Selectve Floodingdoesnotseento beaffectedby theaveragebandwidth
requestedy applications. Basedon testson 3 topologiesSelectve Floodingseemso

scalewell with the network size.

Overall,the contributionsof this thesisincludethe designof a nev QoSroutingalgo-
rithm, Selectve Flooding,extensve evaluationof Selectve Floodingundera variety of

network conditionsanda working simulationmodelfor futureresearch

6.2 FutureWork

While we testedthe feasibility of Selectve Flooding,furthertestsneedto be carriedout
beforeit canbe actuallyimplemented. We comparedSelectve Flooding with source

routing asit is the mostcommonform of QoSrouting. The performanceof Selectve
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Flooodingneedgo be comparedvith otherproposedoSroutingtechniques.

routesim the simulatorwe usedto testsourceroutingis limited in its ability to mea-
surerun-time computationcostsat routers. This is a short-comingwith mostnetwork
simulators.We requirea way by which we canmodeltheserun-timecomputationcosts

atroutersfor variousroutingalgorithms.

Selectve Floodingdoesnotrequireall thepathsfrom thesourceto the destinatiorfor
areducedcall blockingrate. Extensve testsarerequiredto be ableto modelandpredict

“k” asafuntion basedntopologysize,connectvity andtraffic pattern.

HierarchicalSelectve Flooding(HSF) promisego reducethe network overheadeven
further as comparedto Selectve Flooding (Section3.3). Futurework would include

implementingHSFandcomparingt to otherhierarchicablgorithms.

Anotherpossibleextensionto Selectve Floodingwould be to combineit wth source
routing to accountfor network volatility. Herewe could have occasionalink-stateup-
datesto detectnetwork topologychangesuchaslink or routerfailures. Basedon this
new topology picture we could recomputethe multiple pathsto every destinationand
thenuseregular Selectve Flooding. It is also possibleto have an adaptve algorithm
which basedon the degreeof traffic volatility andtopologyvolatility useseithersource
routing or Selectve Floooding. For example,we could now usesourcerouting when
the traffic volatility is low andtopologyvolatility is high and Selectve Floodingwhen

topologyvolatility is low andthetraffic volatility is high.

QoSroutingis yet at anincipient stage. Lots of further work needsto be donein
this areaon variousfronts beforewe canhave theinfrastructuren place. This includes

areadike [7] routing with imprecisestateinformation, efficient heuristicsto implement
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distributedand hierarchicalrouting algorithms,co-existing with best-efort traffic, QoS
negotiation, integrating QoS routing with other network componentsand testing QoS
routing algorithmsfor generalityover differentQoSrequirementssimplicity andscala-

bility .
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