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Abstract

Resourceesenration mustoperaten an efficient andscalablefashion,to accommodat¢he rapid
growth of theInternet.In this paperwe describea distributedarchitecturdor interdomainaggreated
resourceresenation for unicasttraffic. We also presentan associategrotocol, called the Border
Gatevay Reseration Protocol(BGRP),that scaleswell, in termsof messagerocessindgoad, state
storageandbandwidth.Eachstubor transitdomainmayuseits own intra-domairresourceesenration
protocol. BGRPhuilds a sink treefor eachof the stubdomains.Eachsink treeaggrgatesbandwidth
reserationsfrom all datasourcesn the network. Sincebackboneoutersmaintainonly thesink tree
information,thetotal numberof reserationsat eachrouterscaledinearly with the numberof Internet
domainsN. (Evenaggrgatedversionsof the currentprotocol RSVP have a reseration countthat
cangrow like O(N?).) BGRPmaintainstheseaggreatedreserationsusing“soft state’. To further
reducethe protocolmessagéraffic, routersmay resere bandwidthbeyond the currentload, so that
somesourcescanjoin or leave the treewithout sendingmessageall the way to the treeroot. BGRP
relieson DifferentiatedServicedor dataforwarding,hencethe numberof paclet classifierentriesis

extremelysmall.

KEYWORDS: Resourceeseration protocol. Aggregation. Sink Tree. DifferentiatedServices.In-
ternetQuality of Service RSVP
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1 Introduction

Resourcaesenation was originally definedto supportend-to-endQoS guarantee$or a rangeof QoS-
sensitve applicationsjncluding multimedia-on-demandndteleconferencinfl]. Recently InternetSer
vice Providers(ISPs)have startedto usethe sameresenationmechanisms$o provide custometlevel Vir-
tual PrivateNetworks(VPNSs)[2] andto allocatenetwork resourcebetweerDifferentiatedServiceclasses
[3]. We believe thatthe applicationsof resourceesenationandthe demandor it will continueto grow,
andthatresened QoSwill eventuallycometo be seenasanindispensabléeatureof Internetservice.At
the presentime, therearethreechallengego the widespreadiseof resened QoS:resenation protocol
scalability paclet forwardingscalability andinter-domainmanagement.

Reservation protocol scalability. Resourceresenation schemesnust scalewell with the rapidly
growing sizeof thelnternet.A routermaybeableto handletensof thousandsf simultaneousesenations
[4], but not hundredsof thousandsandcertainlynot millions. Todays traffic volumeis badenough:as
we will explainin Sec.5.1, we have measuredundredsof thousandgo millions of flows at the MAE-
Westnetwork accesgoint (Table 1); if mary of theseflows wereto requestresourceresenations,the
protocoloverheadwould swampthe router But projectedfuture traffic growth is an even more serious
problem.The overheadf the currentprotocolRSVPI5, 6] cangrow like O(N?), whereN is the number
of Internetendhosts. (RSVP mustmaintainseparateouting state,called PATH state,for eachresered
source-destinatiopair, in orderto reverse-routeRESV message$rom destinationto source.) Fig. 1
[7, 8, 9] shaws the growth of IV over the last six years,from 2 million to 60 million. This meansthat
N? grew from 4 - 10'2 to 4 - 10'® during thattime! With no endin sight, N2 is growing muchfaster
thanimprovementsn processingpeedor memorysizes. Thereforewe will have to find areseration
schemethat scalesbetterthan cornventionalRSVR In this paperwe will proposea protocol, calledthe
BorderGatevay Reseration Protocol(BGRP),thatfixesthis scalingproblemin two ways. First, BGRP
overheadscaledinearly with thesizeof theInternet;i.e.,O(N?) isreducedo O(N). SecondBGRPuses
“a smallerN”. Theoverheadf thebasicBGRPprotocolis proportionalto the numberof Internetcarrier

domains(also called AutonomousSystems(AS)), while an enhancedrersionof BGRP hasoverhead



proportionalo the numberof IP networks(i.e.,the numberof announcedP addresgrefixes).

Data forwarding scalability. In additionto the overheadof the protocolthatreserves QoS,another
scalingissueis the overheadf the paclet classifiersenqueuerandschedulershatenforce theresered
QoS[10Q]. ThecurrentQoSarchitecturecalledintegratedServicegIntServ)[1], requiresbackboneouters
to classifyandschedulepacletson a perflow basis. Our BGRP protocol,however, is designedo work
within the newly proposedDifferentiatedServicegDiffServ) QoSarchitecturg11]. With DiffSery all
flow-relatedhandlingof paclets(e.g.,classificationpolicing,shaping)s doneattheedgef thenetwork.
At theedge pacletsareassignedo oneof afew dozenQoSclassesBackboneoutersqueueandschedule
pacletsaccordingo their QoSclassonly.

Inter-domain adminstration. In generalInternetflows traverseseveral differentnetwork domains.
EachISP would preferto managets own network resourcesand enforceits own internaltraffic engi-
neeringpolicies[12], actingasindependenthaspossibleof othercarriers.ldeally, adomainshouldonly
have to reveal simple delivery commitmentdgo its peeringdomains. Thereshouldbe an intedomain
resenation systemthat usesthesedelivery commitmentgo establisha reseration paththroughmulti-
ple domains. Eachdomainwould setup transitresenation flows usingits own preferredintra-domain
resenationmechanismBGRPIis specificallydesignedor suchanervironment.It operate®nthebound-
ariesbetweenlSPs,leaving eachlISP free to managdts own domainindependently Once QoS traffic
managementonformsitself to the technicalandbusinesstopology” of the Internet— a looselycoupled
collectionof competingandmistrustfulcarriers parelycooperatinghroughbilateralpeerroutingarrange-
ments- thencharging customergor QoSshouldbecomepractical.We expectthattheforging of thisfinal
missinglink will encouragexplosive deploymentof QoSreserationmechanisms.

This paperis organizedasfollows. In Sec.2, we quantify the amountof aggreationneededo make
aresourceesenationprotocolthattodays routerscancomfortablyhandle. Then,in Sec.3, we proposea
resenationarchitecturdor unicasttraffic anda correspondingrotocolBGRPthatoperateat this desired
level of aggregation. The basicideais to build a sink treefor eachof the destinationdomains. Each

sinktreeaggr@atesesenationsfor flows from all datasourcesn thenetwork to thatdestinatiordomain.



Sec.4 describesvariousways to improve the performanceof the basicBGRP protocol. The scaling
benefitoof ourapproachareevaluatedn Sec.5. Recentwork by othersontheresenationscalingproblem

is briefly discussedh Sec.6. We summarizeour investigatioranddescribguturework in Sec.7.

2 Aggregating Reservations

How mary simultaneousesenationscana routerhandle?In arecentstudy[4], we shovedthata low-
endroutercansetup 900 newv RSVPresenationsor refreshup to 1600resenationspersecondallowing
it to sustainabout45,000flows. To handlethat mary resenations,the router hasto suspendouting
computatiorandpaclet forwarding,dueto hardwareandCPU constraints While backboneoutershave
more CPU power than the low-end router usedfor the measurementxther results[13] indicatethat
frequentroutingcomputatiordueto routeinstability mayalreadytax the CPU.Thuswe, alongwith some
otherRSVPdeveloperswe have consultedpelieve thatin mary networking environmentsyoutersdo not
have enoughCPU power to sustairhundredf thousandsf resenations.

If weassumearoutercanhandletensof thousandef reserations,but nothundred®f thousandshen
whatdegreeof aggra@ationis required?Thereare severalwaysto go aboutansweringhis question.In
thissectionwewill give someballparkestimateshasednostlyonthedatain Fig. 1. Muchlater, whenwe
evaluatethe performaceof BGRPin Sec.5.1,we will give morepreciseestimatesbasedn our statistical
analyse®f Internetpaclettraces.

Corventional RSVP resenes resourcedor eachapplication-to-applicatioflow. For simplicity, let
us counthost-to-hosflows instead.Accordingto Fig. 1, thereare36 - 10** source-host/destination-host
pairs! Thisis enormouslymorethanaroutercanhandlebut of course notall the host-to-hostlows will
be active at once,andnot all active flows will passthrougha givenrouteror a givenlink. Solet ustry
anotherupperboundon host-to-hostlows thatis somavhatmorerealistic: how mary resered flows of
non-zerobandwidthcanfit on a link of finite bandwidth?Let us assumehat 16 kb/s (enough,say for
a goodquality paclet voice call) is the finestgranularityof resenation. ThenanOC-192(10 Gb/s)link

might be calleduponto supportup to 600,000resenations. This suggestshat we may not be ableto
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afford to resenre for individual host-to-hostlows. Someaggreationof resenationsis needed.

How might this aggrgationbe done? Thereareseveralwaysto aggrgatebasedon “regions” of IP
addressesA “region” canbe definedat variousgranularities: e.g., one host, or one network, or one
AS. The simplestoptionis to aggrgatefor eachsource-rgion/destination-rgion pair; i.e., on a given
link, aggr@atethe resenationsfor all flows from a given sourceregion to a given destinationregion.
Alternatively, we could aggreatefor eachsourceregion, i.e., on agivenlink, aggreatethe reserations
for all flows from a givensourceregion to arywhere. Or we could aggrgatefor eachdestinatiorregion,
i.e.,onagivenlink, aggr@atetheresenationsfor all flows from anywhereto a givendestinatiorregion.

Which of theseaggreationoptionsmight be adequatén reducingthe numberof simultaneouseser
vationsto a level thata routercanhandle?(Thereis no pointin aggr@atingmorethannecessarysince
thiswill make the protocolneedlesslyomplec.) Accordingto Fig. 1, thereareapproximatelys,000AS,
60,000networks,and60,000,00ostsin theInternettoday Thatmakes36-10° AS pairs,36- 108 network
pairs,and36 - 10** hostpairs. Comparingthesesix numbergo our estimateof routercapacitydetermines
our taget degreeof aggre@ation: one aggreateresenration for eachregion, wherethe size of a region
is somavherebetweenone AS andonenetwork. Furthermoreaswe shall explain below, we preferto
produceoneaggragateresenationfor eachdestination region, ratherthanoneper sourceregion, because
destination-baseaggreateshave a corvenienttreestructure.

Whethera simplehop-counimetricis usedor moresophisticateanetricsareemployed, mostunicast
routingalgorithmsdetermineshortespaths.In networkswheretheshortespathsareunique theprinciple
of optimality guaranteeshat the shortestpathsto arny destination form a tree; the shortestpathsfrom
ary source arealsoguaranteedo form atree. If thereare multiple shortest-lengttpaths,however, the
existenceof treesdepend®n thetie-breakingrulesin theroutingalgorithm. The BGProutingalgorithm
[14] establishebvirtual edges’by usingreachabilityasa definitionfor theexistenceof alink in thegraph.
BGProutesfollow theshortespathsto thedestinationsWhentherearemultiple equal-lengttpaths BGP
breakdiesin awaythatguaranteesinktrees put notnecessarilgourcetrees.(SpecificallyaBGProuter

forwardsall pacletsto the samedestinationvia a single next-hop router) Sincereserationsare made



alongrouteschoserby the routingalgorithmsiit is naturalto aggreatetheseresenationsalongthe sink
treesformedby BGProuting. In Sec.3, we present new signalingprotocol,calledthe BorderGatavay

Reseration Protocol(BGRP),thatsupportghis architecture.

3 TheBorder Gateway Reservation Protocol (BGRP)

3.1 Model and Ter minology

As shavn in Fig. 2, the Internetis composef a numberof domains or autonomousystemgqAS) that
exchangeusertraffic amongeachother A domaincanbe classifiedaseithera stub domainor a transit

domain.Any paththroughastubdomainwill eitheroriginateorterminateatarouterin thatdomain;transit
domaingdo not have thisrestriction.A domainconnectgo a numberof otherdomainsvia border routers.

We assumaall borderroutersuseBGP [14] for inter-domainrouting. We defineR = {Ry, Ry, ..., R,}

asthe setof borderroutersin transitdomains S = {51, S, ..., S} asthe setof borderroutersin stub
domainsand#; = {h4, ho, ..., h;} asthesetof endhostsin AS;. In this paperinterdomainresenations
originateandterminateat routersin S. We denotethedirectionof pacletstraveling from sourcetowards
sink asdownstream, with upstream asthe oppositedirection. For simplicity, we assumen this paperthat
all active hostsarein stubdomains.(In reality, a transitrouter R; could alsoplay therole of a sourceor
sink routerfor endusersin its domain). Moreover, while in reality therearelik ely to be multiple routers
in adomainbetweernborderrouters,they do not participatein our intedomainresenation protocoland

arethusnotshawn in ourfigures.

3.2 Overview of Protocol Operation

TheBGRPprotocoloperatesnly betweerbordermrouters.We shallusethetermBR-hop to denotethe“vir -
tual hop” betweertwo “adjacent’borderroutersparticipatingin BGRP These*adjacent”borderrouters
canbein differentdomainsor in the samedomain.

BGRPincludesseveral controlmessagesPROBE, GRAFT, ERROR, REFRESH, andTEAR. To



avoid delivery delayproblems BGRP messagearereliably delivered. PROBE and GRAFT messages
specifyresenationparametersuchastraffic classandbandwidth.This paperassumethatbandwidth(for
eachtraffic class)is the only resenedresourceandthatbandwidthreserationsareadditive. In practice,
however, statisticalmultiplexing could be used,andotherresourcesuchasbufferscouldberesenred.

Reserationsourcesnitiate PROBE messaget determinehe network resourceavailability andthe
exactresenation path. EachPROBE messageonsistof a resenation requestand destinatiomnetwork
information. PROBE messagetravel downstreamfrom stubdomainborderrouters.Borderroutersuse
BGProutinginformationandbilateralQoSagreementt forward PROBE message?ROBE messages
collectroutinginformationalongthe resenation path,similarly to IP Record Route Option, but they do
not install any resenation stateor ary routing statein the routers. (One might argue that QoSrouting
protocolswould be sufficient for finding the path. In aninter-domainernvironment,however, we believe
that the resenation path dependsas much on ISP policy as on resourceavailability. SinceeachISP
only adwertisesits resourceallocationpolicy to its immediatelyadjacentpeersin the form of bilateral
agreementsg resourcaisermayhave to actively probethe network to determinghe edge-to-edgeouting
pathfor its resenation.)

Reserationsinks,uponreceving PROBE messageseturnGRAFT message® setup theappropri-
ateresenrationsinsidethe network. The GRAFT messageisesthe previously collectedroutinginforma-
tion andtraversesexactly the reversepaththatthe PROBE messagéook. Routerson the pathkeepone
resenation entry for eachsink tree. Among otherthings, this resenation entry identifiesthe root of the
sink tree. Eachresenationroot is definedasthe combinationof the reseration destinationinformation
andthe ID of the sink borderrouterthat processedndterminatedthe original PROBE message(The
sink borderrouterID is necessarin casethe destinatiorstubdomainis multi-homed becauseeveral of
thatdomains borderrouterscouldreceve PROBE messageandthusbecomeaesenationsinks.) When
processinga GRAFT messagegachborderrouterinterfaceswith intra-domainprotocolsto setup transit
resenationswithin its domain.In caseof resenationfailuresduring probingor grafting,the routerssend

ERROR messagew inform the users.



ReserationsourcesandsinkstransmitPROBE andGRAFT messagesnly onceduringthelifetime
of aresenation. BGRPresenrationsaremaintaineds”soft state”,i.e.,theborderroutersmustperiodically
exchangeREFRESH messagesvith their peersto keeptheir resenations“alive”. If a borderrouter
doesnot hearan expectedREFRESH for a reseration, it assumes link failure, route changeor user
terminationandremovestheresenation. The BGRPprotocolalsoincludesoptionalTEAR messagethat
routerscansendto remove resenationsin peerroutersmorequickly.

The BGRPprotocoldiffersfrom RSVPin threeimportantways: statelesprobing,resenationaggre-
gation,andbundledrefresh.Let us explain thesedifferences.The RSVPPATH messagéenstallsrouting
stateat intermediaterouters,to guidethe RSVP RESV messagédackto the datasender Routersmust
thereforekeepboth senderand destinationinformation. In a network with N nodes,this may require
O(N?) entries. BGRPs PROBE messageshowever, install no statein the routers. (BGRPSs GRAFT
messagesdo storeresenationinformation,but only O(N) entries,becausehis informationis persink,
not persource.)Thesecondlifferenceconcernghecombiningof resenations.RSVPcancombinereser
vationsin two ways. First, RSVPallows multiple (multicast)receversto megetheir reserationsfor the
samesender(or setof senders)nto a singlereserationwhosesizeis roughly the maximum of theindi-
vidual resenations. Second RSVPoffers persourceandsharedesenation styles;in thelatter, multiple
(multicast)sendersake turns sharinga singleresenation[15]. BGRPresenationaggreationis different
from eitherof these.BGRPaggr@atesreserationsfrom different(unicast)sendergo the samerecever
by adding themtogether Thefinal differences thatRSVPtransmitsPATH andRESV messageperiodi-
cally to refresheachindividual resenation separatelywhile BGRPbundlesall reserationmessagesto

oneperiodicrefresh.(Similar enhancementsave recentlybeenproposedor RSVPitself [16].)

3.3 Example

Fig. 3 illustrateshow BGRP works. SupposeH; in AS; needsto setup a resenationto Hs in ASs.
S; sendsa PROBE messageontainingthe sourcelD Si, the ID of the destinationin #; (eitheran

application,a hostor a subnet),the traffic classC, the bandwidthrequirementBW, 3, and an empty



routerecordfield. (In this example,S; launchesa PROBE at the behesbf a particularhost. In a VPN
applicationhowever, S; couldinitiateaPROBE messagéwardS; directly, in aneffort to setupavirtual
“trunk” betweertheirtwo domains.)Whenthe PROBE messagarrivesat R;, therouterconsultsASs’s
resourcedatabasendthe bilateralagreemenbetweenAS; and AS3. If AS3; canacceptthe requested
resenation, R, insertsits own IP addressnto the routerecordfield andforwardsthe PROBE message
downstream. Otherwise,R; sendsan ERROR messagdackto S;. The selectionof the downstream
borderrouterdependon intra-domaintraffic engineeringequirement$12] andBGP routing policy. In
this example, R, forwardsthe messagé¢o R3;, asdeterminedrom the BGP NEXT_HOP pathattribute.
To preventloops, eachroutercheckswhetherthe currentrouterecordalreadycontainsthe routers own
addressAssumethat B3, R, and R;5 all acceptheresenation. Whenthe PROBE messagarrivesat Ss,
Ss determineghatthe destinationin ;5 belongsto its local domain ASs, so S; terminateghe probing
processThefinal routerecordin the PROBE messagés (R;, Rs, Ry, Rs).

Now S3 sendsa GRAFT messagdacktoward S; to setup the desiredreseration alongthe path.
The GRAFT messageas source-routedising information gatheredn the route record of the PROBE
messageThe GRAFT messageontainghetraffic classC, bandwidthrequirementBW; 3, sourcelD S,
routerecord(Ry, R3, R4, Rs), SinkID Sz, andatreelD label L. ThetreelD labelis assignedy the sink
borderrouterS;. Thelabelis usedto uniquelyidentify aresenationtree,becauseheremay be multiple
reseration treesrootedat S;. A treelID labelcanbein the form of a CIDR prefix or the AS number
Assumethattheresenationis successfullyestablishedbetweenS; and.Ss.

Now supposehat S; recevesanothePROBE for the sametraffic classC, this onerequestingband-
width BW, 3 from S, to Hs. S; sendsacka GRAFT messagéo R containingiraffic classC, bandwidth
requirementBIV, 3, sourcelD S,, routerecord(Rz, R3, R4, Rs), SinkID Ss, andthe sametreelD label
L usedin the previous GRAFT message R; recognizeghis asanincrementto the existing tree L and
increaseshereseredbandwidthfor classC' betweenR; andS; to BW; 3+ BW, 5. ThenR; forwardsthe
GRAFT messagé#o R,, while usingtheintra-domairresenation protocolsof AS, to updatetheinternal

resenationbetweenk, and Rs. (Either R5 or R, couldbetheinitiator of thisinternalchangedepending



on the intra-domainresenation protocol.) The resered bandwidthof classC betweenR, and R5 in-
creaseso BW; 3 + BW, 5. Similarly, router R, forwardsthe GRAFT messagéo R; while incrementing
theresenationbetweernthem. Whenthe GRAFT arrivesat I3, thatroutercreatesa new resenationtree
branchto R, with bandwidthBW, 5. Theresenation finisheswhenthe GRAFT arrivesat S,. If ary
router R; cannotsetup thenew resenation,it sendsanERROR messagéackto the sink to inform it of
thefailure. Along theway, the ERROR messageemovestheresenation.

RouterR; maintainghefollowing state:sinktreelD Ss, treelabel L, traffic classC, adjacentdown-
streamborderrouter R4, bandwidthresered to R, (viz., BW; 3 + BW,3), adjacentupstreamborder
routersk; andR,, andbandwidthresened from eachadjacenupstreanborderrouter(viz., BW; 3 from

R, andBW; 5 from Ry).

4 BGRP Enhancements

ThebasicBGRPprotocolaggrgatesesenationsinto trees therebyreducingthe numberof reserations.
We will quantify this in Sec.5.1 and5.2. Reducingthe numberof reserationsobviously shrinksthe
memoryneededo storethe control stateinformation. It alsoreduceghe overheadassociateavith RE-
FRESH message$or all thesepiecesof control state;refreshcostsinclude CPU processingand link
bandwidth. Thesesarings take us much of the way toward our goal. However, BGRPS other control
message?ROBE andGRAFT, alsoconsumeorocessingandbandwidth.We would like to controlthe
volumeof thesecontrolmessageaswell andtherebyaddanothedimensiorof scalabilityto BGRP This
canbedoneby makingthefollowing enhancement® the protocol.

Over-reservation, Quantization and Hysteresis. Leafnodesjn theirPROBE messageganrequest
more bandwidthbetweernthemselesandthe treeroot thanis currentlyrequired. (One canthink of this
asaggr@gatedadwanceresenationson behalfof unknavn parties.)Nodescanalsocoarselyquantizethe
requestedbandwidth,e.g.,restrictit to multiplesof somequantum(). Hysteresicanalsobe employed;
e.g.,if the bandwidthrequestedy a leaf nodehasjust jumpedfrom 3@ to 4Q) becausets bandwidth

requirementasjust exceeded(), thenthatleaf nodeshouldnot reduceits requestackto 3¢ until its
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bandwidthrequirementropsbelonv somethresholdl” < 3(Q). Thesechangesandramaticallyreducethe
volumeof controlmessagesswe will quantifyin Sec.5.4.

CIDR Labeling and Quiet Grafting. Supposehatthe branchesf a BGRP sink treeare labelled
with the CIDR prefixassociateavith thetreeroot. Thenarouteronthatsink treewill beableto recognize
whene&eranincomingPROBE messagébelongs”to thattree,viz., whene&erthereserationdestination
belongsto that CIDR prefix. Also supposéhatthis treenodecanover-resere bandwidthbetweernitself
andthe treeroot. Thesetwo modificationsenablea new treeoperationcalledquiet grafting, wherebya
new branchcanbegraftedontoanexistingresenationsinktreewithoutary PROBE or GRAFT messages
beingpassedetweerthe graftingnodeandthetreeroot. To demonstratguietgrafting,let us construct
the sink treeshowvn in Fig. 3. Supposehatinitially S; requests 0 units of resened bandwidthto Hy in
a PROBE messageKnowing that Hs is a populardestination,R; inflatesthis requestto 15 units asit
processethe passing?ROBE. Whenthe GRAFT messageeturnsfrom treeroot Ss, it reseres15 units
ateachBR-hop,until reachingR;. Node R; deflategsheamountto 10 unitsandpasseshe GRAFT back
toward R, andS;. Now 10 unitsof bandwidthhave beenresenedfrom S; to Rz, and15 unitshave been
resened from R; to S5. In R3’s own internalbooklkeepingfor thesel5 units, R3 considerslO units as
“belonging”to R;’streebranchandit consider$ unitsasover-resered. Now Suppose; requestS units
of resenedbandwidthto H5 in its PROBE messageWhenthisPROBE reached?s, R3 recognizeshatit
is alreadysittingonasinktreeto H; andthatthereis sufficientexcessandwidthalreadyresenedbetween
R3 andS; to satisfySy’s needssothat R; canhandlethe new requestirectly itself, without propagating
the PROBE furtherdownstream Therefore ,R3; terminateshe PROBE, adjuststs internalbookkeeping
to assign3 of its 5 excesshandwidthunitsto this new treebranch,andlaunchesa GRAFT messagdack
toward R, andS,. This GRAFT establishes 3-unitresenationbetweereaf S; andgraftingnodeR;.

Self-Healing. WhenaroutechangesBGRPhasthe optionof moving the affectedresenationsto the
new route,without demolishingthe entireresenationtreeandre-creatinghe treefrom scratch.Assume
thatthe resenationtreeis labeledwith the destinationCIDR prefixes,asdescribecabose. Whena tree

nodedetectsa routechangejt caninitiate a nev PROBE towardthe sink. Whenthis PROBE reaches

10



adownstreanrouteron the stablepartof theold reserationtree,thatroutercanrespondvith a GRAFT
andthusrepairthe partof thereserationbetweerthetwo routers.We call this procesself-healing.
Reservation Damping. Labovitz et al.[13, 17] have shavn that, of threemillion BGProutechanges
eachday 99% were pathologicaland did not reflectreal network topologicalchanges.If routersmake
BGRP resenation changesn responsdo every route change therecould be a high volume of nearly
worthlesgesenationmessages thenetwork. Ontheotherhand,if theroutersdonotmovearesenation,
andtheroutechangeurnsoutto belegitimateandstable thenthedatawill have lostits reseration. This
is thetrade-of in decidingwhento adjustreserations.Here,we proposea dampingfunctionfor BGRP
The goal of reseration dampingis to delaythe initiation of the self-healingprocesauntil the changing
routeshave stabilized. The delay dependson the probability of future instability of the route. Routes
that changefrequentlywill be delayedlonger Similar to [18, 19], we proposean exponentialfunction
7 = (1+ A)"-T for computingthedelayr betweerPROBESs sentdueto routechangesA andT arethe

parameter$o adjustthedampingandn is thenumberof routechangesneasuredn atime interval.

5 Protocol Scaling Evaluation

5.1 Estimating Reservation Volume from Packet Traces

We would like to determinehow well in practiceBGRPwill reducethe volumeof resenations,ascom-
paredwith corventionalRSVPandits aggr@atedregion-to-region extensions.To thatend,we examineda
90-secondraffic tracefrom the MAE-Westnetwork accesgoint (NAP).! We categorizedabout3 million
IP paclet headersaccordingto their transport-layeport, IP address|P network prefix, andAS. Tablel
shaws theresults. Supposehatall traffic desireda resenation of somequality level. If we usecornven-
tional RSVPandresenre for eachsource-destinatiopair at the applicationlevel, thenthe total number

of active resenationswould be 339,245.This datastrengthensin estimateve madein Sec.2, viz., that

1The 90-secondracesdatefrom Junel, 1999;see[20]. The AS informationwascollectedon Junel0, 1999andanalyzed
by SeanMcCrearyof NLANR/CAIDA.
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therecanbe hundredsof thousand®f flows on a link, morethana routercanhandle,andhencesome
aggreationis necessaryTable 1 alsoshaws thatif we useaggregatedversionsof RSVPto resene for
source-destinatiopairsof variousgranularitieswe cangreatlyreducethe numberof flows. For exam-
ple, for AS-to-ASaggreation,the numberof flowsin the 90-secondvindow wasonly 20,857.1f twenty
thousandwere as bad as things could get, thena backbonerouterwould be ableto handleone RSVP
resenationfor eachsource-destinatioAS pair. However, this numbermay be artificially low dueto the
small 90-secondvindow. Let us seewhat happensf we obsene over a month-longwindow. The last
line of Table1 shavs AS countsseenat MAE-Westduring May 19992 During this month, MAE-West
sav 5,001destinationAS; accordingto Fig. 1, this is essentialljthe completeAS roster The numberof
differentsource-destinatioAS pairsviewedthatmonthwasenormous?,900,362AS pairs,aboutathird
of the25million possiblecombinationsThus,unlesgoutersteardown AS-to-ASresenationsfrequently
theremay betoo mary suchAS-level “trunks” to sustainin backbonerouters. This datastrengthensin-
otherestimatewe madein Sec.2, viz., thattherecanbe millions of AS-to-ASflows, morethanarouter
canhandle,andhencethe point-to-pointaggregationstyle of RSVPis inadequategevenif each“point”
is enlagedinto aregion the sizeof an AS. Whatis needednsteadis BGRP5 style of aggreation,with
oneresenation per destinationAS, or at mostone per destinatiornetwork. The lastcolumnof Table 1
shavsthe gainof BGRPover RSVR i.e., theratio of RSVPflows to BGRPflows. Thegainis greatestf
the aggre@ationregionsarelarge andif theresenationslastalongtime. At the AS level of granularity
for a one-monthtime duration,it is clearthatthe“ N-vs-N2" problemin theorybecomesan*“ N-vs-N?2"
problemin reality. Underthesecircumstances8GRPoutperformsRSVPby afactorof 1580.

Our assumptiorabove was that every flow would requesta reseration. Let us explore this issue
further Corventionalwisdomholdsthatlong-lived high-wolumereal-timeapplicationdik e paclet voice
andpacletvideowill wantresourceesenation. Ontheotherhand,receniETF proposaldave suggested
usingresourcaesenationprotocolsto setup VPN links [2] andto provide servicedifferentiationamong

userg3]. Thesereserationscanbe for schedulingpriority aswell asbandwidth. The bandwidthof an

2Analysisprovidedby SeanMicCrearyof NLANR/CAIDA.
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individual VPN flow or DifferentiatedServiceflow mightnotbeaslargeasatypical real-timeflow, hence
theremight be even moresuchreserationson a givenbackbondink. To seewhetherBGRP shaws the
samegainsover RSVPfor both the voice/videoand VPN/DiffServ modelsof resered flows, we sorted
the flows in our paclet tracesby size. We collectedeight paclet headertracesfrom MAE West. The
traceswere collectedthreehoursaparton Junel, 1999[20]. Eachtracecomprisegshreeminutesof all

traffic at the NAP and containsabout33 million paclet entries. We computedthe numberof bytesfor

eachdestinatiometwork addresgrefix (for BGRP-styleresenations),andwe alsocomputedhe number
of bytesfor eachpair of sourceanddestinatiomrefixes(for RSVP-stylereserations).We sortedthedata
into five cateyories: fewer than50 b/s, 50-500b/s, 500-2000b/s, 2000-800(b/s, andgreaterthan8000
b/s. Fig. 4 plotsthe distribution of flows by bandwidth,andit alsoplotsthe gain(i.e., theratio of RSVP
flowsto BGRPflows)for eachbandwidthclass.Mostof pacletsbelongto thesmall-flow category (63.5%
for RSVPand46.2%for BGRP).Only 3621(3.5%)of the source-destinatiopairsand1296(10.9%)of

the destinationshave an averagebit rate over 2000 b/s. (Interestingly thereare more above-8000b/s
destination-onlylows (719)thansource-destinatiofiows (516).) To summarizd=ig. 4, if resenationsare
madeonly for high-wolumesessionghensuchflows arerareenoughthatRSVPscalabilityis notanissue,
andusingBGRPwould not significantlyreducethe numberof suchflows anyway. However, with VPN

and DifferentiatedServices,whereeven the hordesof small flows may require QoS, RSVP scalability

couldbea problemandBGRPcouldbe quite beneficial.

5.2 Topological Distribution of Demand

We usethe simplemodelin Fig. 5 to comparethe scalingpropertiesof BGRP and RSVR The model
depictsa progressiorof domainsalongan Internetpath, with accessietworks toward the left andright
and backbonenetworks nearthe middle of the topology We define D asthe maximumedge-to-edge
distance, measureds the numberof AS. A “node” n; in the figure representsan inter-domaintraffic
exchangepoint, which canbeeithera Pointof Presenc€POP)or a NAP. (In therealnetwork from which

this modelis abstractedeachnoden; could actuallycontainmary routersandinterconnecimary AS.)
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A “link” 1; in the figure representain aggrgationof all thereallinks thattransporttraffic from domain
1 to domain: + 1. Themodelalsoincludesa reverse-directedink from ¢ + 1 to ¢, which is not shawvn
in thefigure. In additionto the diameterD, our modelis characterizedby the quantitiess; andd;: s; is
thenumberof inter-domainresenationsourcesominginto n;, andd; is thenumberof reserationssinks
reachedhroughn;, notincludingthosethatn; reachewia /;. In this model,the numberof RSVPflows

(i.e., source-destinatiopairs)on the uni-directionallink /; is givenby L7 = Z s, Z dy , andthe
3=0 k=i+1

D
numberof BGRPflows (i.e., oneperdestination)on /; is givenby L¥® = >~ d,. Noden,; handles
k=i+1
traffic in both dlrectlons sothe numberof resenationflows traversmgnZ for the respectre protocolsis

givenby NS = Z Y Z di + Z Ly Z dp — s;d; and NPF = Z d;.

We now studyb(])tr(:RS\_/PandEzGZRPlr? differentnetworking scenarlosx;omputinghenumberof flows
andassociatedains.We setD = 9, whichis themaximumAS pathlengthin the Internettoday[21]. We
simulatedmodelswith atotal of 100 sourceandsink borderrouters.We assumehatevery sourceborder
routerdesiredo setuparesenationto everysinkborderrouter Threedifferentdemandlistributionswere
constructedFor the Flat Topology, we setthe numberof resenation sourcesandsinksto beidenticalat
eachn;; i.e.,s; = d; = 5, for 0 < 7 < 9. For the Hierarchical Topology, we sets; = d; = 11, for
3 <1< 6,ands; = d; = 1, for all otheri. This modelsa hierarchicahetwork wherestubdomainsonly
contribute a small portionof the overall reserationflows, while mostof thereserationsarepresentata
few coretransitdomains.For the Selected Source Topology, we setall s; to 1, andall d; to 9. Thisreflects
a network wherethe numberof datasourcess small, but the numberof sinks (datarecevers)is large.
Thisis atypical scenaridor webapplications.

Theresultsare shovn in Fig. 6. Not surprisingly BGRP maintainsfewer reserationsthan RSVR
Fig. 6(c) shows thatthe largestgain occursin the centerof the network. Also, Fig. 6(b) shavs that for
RSVR thenumberof resenationsatanodedependenthenodestopologicallocation,whereasor BGRR

every nodehasthe samenumberof resenations.

14



5.3 Reservation Dynamics

We now considerthe effect of reseration dynamicsin our performanceanalysis. For both RSVP and
BGRR we shall determinethe control stateoverheadandthe control messag@verheadas functionsof
the arrival rate of individual flows, the meanlifetime of a flow, andthe protocolrefreshintenal. We
assumehat resenationsare explicitly torn down whenno longerneededandthatthe blocking ratefor
resenationsis negligible for our purposes.

Recallthatthe“virtual hop” betweertwo “adjacent’borderroutersis calleda BR-hop.We definethe
sequencef borderroutersvisited by anend-to-endraffic flow asanedge-to-edg8R-path. For RSVR
eachBR-pathestablishests own resenation. Let F' be the total numberof BR-pathscrossinga given
borderrouter R;. For BGRE thesepathsare aggrgatedinto trees. Let 7' be the total numberof sink
treesformedby the pathsthroughR;. To keepthis analysissimple,we assumeéhateachsinktreeat R; is
aggreyatingthesamenumberf = F/T of BR-paths.

Now let usmodeltheindividual end-to-endlows desiringresenations.Any numberof theseresered
flows maybemultiplexedontoa givenBR-path.We assumeéhattheindividualreseredflows for onepath
arrive in a Poissorstreamof rate \, andthatthe flow resenation lifetimes are exponentiallydistributed
with mean1 /. Thenthe numberof individual flows on one BR-pathis Poissondistributedwith mean
p = A/, andthenumberof individual flows onary givensinktreeis Poissordistributed,with meanp - f.

Let us determinethe resenration countsof the protocols. In caseof RSVR the probability that the
BR-pathhasa resenation, i.e., that at leastoneindividual flow is resered, is 1 — e~”. Thereforethe
numberof resered BR-pathsat R; is binomially distributedwith mean(1 — e~?) - F'. Thisis theaverage
numberof RSVPresenationsfor R;. For large p, this approacheg’, while for small p, this approaches
0. Now let usdeterminegthe BGRPresenationcountat R;. The probabilitythata givensink treehasa
reserationat R;, i.e., thatat leastoneindividual flow on at leastone BR-pathon thattreehasrequested
aresenation,is 1 — e~*/. Thenumberof reseredtreeson R; is thusbinomially distributedwith mean
(1—e?f)-T = (1-e»F/T).T. Thisis theaveragenumberof BGRPresenrationsfor R;. For large p,

thisapproached’, while for smallp, thisapproache8. We concludethatthereserationcountadwantage

15



of BGRPwith respecto RSVPis more pronouncedvhenp is large, wherethis gain approacheg’/T'.
Fig. 7 shavs the meannumberof simultaneousesenationsfor BGRPandRSVPasp rangesrom 0.001
to 10; herewe assumeF’ = 100,000 and7T = 1,000. For instancewhenp = 1, thegainis 63. When
p = 10, thegainhasessentiallyreachedts maxiumumvalueof 100.

Next we will comparethe messageatesfor the two protocols. We will tally the control messages
associateavith resenationson onegiven unidirectionalBR-hop. (Note that someof these*associated”
messageactuallytravel on the reverseBR-hop.) Whena new individual end-to-endlow for the given
BR-hopis born, this countsastwo messages eitherprotocol: PATH + RESV for RSVR or PROBE
+ GRAFT for BGRP Remwing theresenationtakesa single TEAR messagein eitherprotocol. Since
refreshis bidirectional,in both protocols,we countthe refreshingof onereseration on a given BR-hop
astwo unitsof controlmessag@rocessing(Refreshe$or multiple reserationson the sameBR-hopare
assumedo beprocessed separatelyeventhoughthey maybetransmitted in abundle.)Letn betherefresh
rate. For RSVR the averagemessageatefor eachBR-pathon the givenBR-hopis 3A + 27 - (1 — e™?).
Hence theaverageRSVPmessageatefor theBR-hopis [3A + 27 - (1 — e )] - F. For BGRR theaverage
messageatefor onesink treeonthegivenBR-hopis 3\ - f + 25 - (1 — e=*7). Hence theaverageBGRP
messageatefor theBR-hopis [3) - f +2n- (1 —e~*/)]- T, whichequal3\- F +2n-T - (1 —e 7 F/T). If
A is muchlargerthann, thenBGRP5SPROBE, GRAFT andTEAR actvitiesdominatets REFRESHes,
andRSVPsinitial PATH andRESV messagedominatetheir refreshedersions.In this case RSVPand
BGRP have the samemessageates. (Fortunately the over-resenation techniqueghat we proposedn
Sec.4 candramaticallyreduceBGRPs messag@rocessingverheadat this endof the spectrumwe will
analyzetheseimprovementsn Sec.5.4 belowv.) On the otherhand,if » is muchlargerthan A, sothat
REFRESH activity dominatesandif p is large,thenBGRPdoesbetterthanRSVPby afactorof F/T.
Fig. 8 shawvs the averagemessageatesper secondfor BGRPandRSVR asn rangedrom 0.0003to 3.0
refreshepersecondhereweassume\ = 0.001 flowspersecondF' = 100, 000, 7 = 1,000, andp = 10.
For instancewhenn = 0.03 (i.e., whentherefreshinterval is about30 seconds)thenthegain(i.e., the

ratio of RSVPmessage® BGRPmessagesy 18. Whenn = 3.0, thegainis 95.8.
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5.4 Over-reservation, Quantization and Hysteresis

Sec.5.3shavedthatBGRPprocessefewer messagethanRSVR providedthatmostmessageare RE-
FRESHesratherthan PROBEs, GRAFTs, and TEARs. Now we shav how hysteresicanbe usedto
curbthe PROBE, GRAFT andTEAR actvity. Thesesaszings comeat a costof somewastedresenable
bandwidth pecaus¢heaggregateresenationsometime®xceedshesumof thecomponentlow requests.

We modela singleaggreateresenation on a single BR-hop. We assumehat the blocking rate for
resenationsis negligible for the purposeof measuringneanmessageates. Any numberof end-to-end
flow reserationscanbe multiplexedinto this aggrgjate. Assumethatresered flows arrive in a Poisson
streanof rate A andthattheflow resenrationlifetimesareexponentiallydistributedwith meanl/u. Then
the numberof individual flows in our aggr@atereserationis Poissordistributedwith meanp = A/ p.

Assumethateachindividual flow requiresoneunit of bandwidth.We constrairntheaggregateresera-
tion to bea multiple of somequantumsize( > 2. Whene&ertheaggregateresenrationis £ - (Q units,and
thisis just barelyenoughto satisfythe currentindividual flows, anda new individual flow reserationis
requestedthentheaggregateresenationjumpsto (£ + 1) - Q. Thisnew quantunwill only berelinquished
whenthesumof theindividualflow requestsiropsto (k — 1) - @ + 1. Theamountof resenablebandwidth
wasteddueto overresenationby thistechniqueas lessthan2@ units.

We can modelthis systemas a two-dimensionaMarkov processwith state(z,y), wherez is the
numberof currentlyresenedindividualflows, andy is the currentaggreateresenration. Fig. 9 shavsthe
statetransitiondiagramfor @ = 3. Thevalid statesare: state(0,0), which we will ignorebecausat is
transient;states(z, @) with 0 < z < @Q; andstates(z, k- Q) with & > 2and(k —2) - Q +2 <z <
k - Q. Thestructureof the statetransitiondiagrammalesit straightforvardto determinehe steady-state
probabilities. For mostvaluesof z, therearetwo possiblevaluesof y, i.e., two states.However, certain
specialvaluesof = have only onepossibley value,i.e., onestate. Thesespecialvaluesare: z = 0, for
whichy mustequal@, andz = 1,Q + 1,2Q + 1, 3Q + 1, ..., for which therespectire valuesof y mustbe
Q,2Q,3Q,4Q, .... Thereforeatthesespecialpoints,thejoint probabilitydistribution 7 (z, y) matcheshe

maiginal distribution of = by itself, which is Poisson.lt is straightforvardto determinethe probabilities
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of all theotherstatesn termsof thesespecialstatesFor k > 1 andfor (k — 1)Q + 2 < z < kQ:

e’ i (k- Q—0)]
al - T2 o (k- Q — )]
e’ p*- EZQ:?;QH—I [p"- (k- Q —4)!]

7T(0, Q) = e’ ﬂ'(,T, k - Q) =

P . p((k=1)-Q+1)

m(((k=1)Q+1),kQ) = m(z, (k+1)Q) =

(k—1)-Q+1)! - S [0 (k- Q = 9)]
Therateof controlmessagePROBEs+ GRAFTs+ TEARS)is: 3A-e™”-3 22, ( 011 - ) :
it [P (k- Q —1)]

This comparewery favorablyto the messageate3 )\ without hysteresisFig. 10 shavs the messageate
reductionfactorfor variousvaluesof (Q andp. For example,if Q = 10 andp = 100, thenquantizatiorand
hysteresiseducethe BGRPmessageateby a factorof about100. (The curvesin Fig. 10, while roughly
decreasingarenot strictly monotonic. Theripplesin the plotsaredueto the mary “corners”in the state
transitiondiagramof Fig. 9. For a givenquantumsize(, asp increasesthe bulk of the probabilitymass
zigzagsupward andto the right throughthe statespace.Sincevertical statetransitionsproduceprotocol
messagewhile horizontaltransitionsdo not, thesezigs andzagsaroundthe cornerscanproduceripples
in themessagingfficiencgy plot.)

The analysisabove dealtwith a singleaggreateresenation on a singleBR-hop. It is a goodmodel
for a systemwherethe leaves of sink treesarethe only tree nodesthat caninitiate an over-resenation.
However, if any treenodecaninitiate anoverreseration,andif the quietgraftingdescribedn Sec.4 is
done,thenadditionalsavingsin messageatearepossible.Of course anover-reservingroutermustrec-
ognizethefuturetraffic on whosebehalfthe overresenationwasmade without sendinga new PROBE
messagekor treeleavesthatoverresene, simplecachingof the destinatiometwork IDs associateavith

eachtreemaybe sufficient. For morecomple situations seethe CIDR labelingdiscussiornn Sec.4.

6 Reated Work

Recently several authorshave addressedcalableresourceresenation, using eithera serer-basedor a

routerbasedapproachin sener-basedpproachesgachdomainhasa bandwidthbroker (or agentwhich
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is responsiblefor selectingand settingup the aggreatedresenation sessions.This approachhasthe
adwantageof removing the messag@rocessin@ndstorageburdenfrom routers.However, synchronizing
resenation informationamongthe bandwidthbrokersandthe routersmay be comple. No aggr@ation
takesplace,so that eachbroker still hasto dealwith the requestf individual flows. Also, caremust
be taken so that the broker doesnot becomea single point of failure for the domain. Variationsof the
sener-basedapproachhave beendescribedn [11], [22], [23], and[24]. The latter proposalsuggesta
two-tier systemwhere,within eachdomain,hostsuseintra-domainresenration protocolssuchasRSVP
to setup resered flows. Inter-domainresenation protocolsset up coarsely-measuregcksened flows
betweendomains.However, the proposaleavesthe actualmechanismundefined.Alternatively, router
basedapproacheshat modify RSVP to supportscalablereseration have beenproposedn [25], [26]
and[27]. (LSPtunnels[25] are designedo supportintra-domaintraffic engineeringput may alsobe
usedto setup trunkscrossingmultiple domains.) Theseproposalsaggreateperapplicationresenation
requestsnto resenation “trunks” betweenpairsof domains,by modifying sendertemplateand session
objectsin RSVPto carryaddresandmask(“CIDR blocks”) or autonomousystem(AS) numbersnstead
of 5-tuples(sendenP addresssenderport, recever IP addressrecever port, protocol). However, this
impliesthatroutersin the backbonemay have to maintainresenation stateproportionalto the squareof
the numberof CIDR blocksor autonomousystems.Sincethe numberof AS is currentlyabout6,000,
the numberof AS pairsexceeds36,000,000.As we arguedin Sec.2 and5.1, thisis excessve. A more
aggr@atedresenation schemes needed.Finally, we mentionthe recentBoomerangprotocol [28], in
which enduserssendresenation requestandrefreshmessageto setup andmaintainresenations. No

perflow stateis storedat routers.However, the scalabilityof the controlmessag@rocessings anissue.

7 Conclusions, Future Work, and Acknowledgements

This paperpresentea distributedarchitectureandthe BGRPprotocolfor inter-domainresourceesena-
tion, in whichresenationsareaggreatedalongsink trees.Our proposalelieson DiffServfor scalability

of paclet forwardingoperations.The BGRPprotocolscaleswell in termsof control state, messag@ro-
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cessingandbandwidth.BGRPreducescontrol stateby aggreatingresenations;this reducegsheir num-
ber, andtherebyreduceshe memoryneededo storethe controlinformation. Controlmessag@rocessing
is the mostimportantscalabilityissue. The costof processingesenation messagedependon the vol-
ume of requestdor new resenrations,the volume of existing resenationsrequiring periodicrefreshing,
andtherefreshfrequeny. BGRPeconomize®n all of thesecomponentsFirst, whenwe allow routers
to over-resene bandwidthwith BGRR thensmallresenationscanjoin andleave thereserationsink tree
without disturbingthe entiretree. This reduceghe volumeof resenation set-upmessagesSecond by
aggregatingresenations,BGRPreducesheirnumbeyandthis proportionallyreducesherefreshprocess-
ing burden. Third, BGRPneeddessfrequentrefresheshandoesRSVR for the following reason.RSVP
controlmessageareunreliableandthusmustbe repeatedit aboutthreetimesthe state-timeouinterval,
while BGRPrefreshmessagearetransferredeliably hop-by-hop.The mechanismslescribechbove re-
ducethenumberof controlmessagesNot only doesthis reducethe burdenontheroutersto processhese
messagest alsoreduceshelink bandwidthcostto transmitthesemessages.

ThispapempresentethebasicarchitectureprotocoldesigrandperformanceanalysisIn thefuture,we
will continueto explorevariousBGRPenhancementsuchasresenationroutepin-dovn, andto examine
variousoptionsfor rootingandlabelingthe reseration sink trees.We will alsoconsiderserseral options
for PROBE messagerocessing:whetherresourceavailability really needsto be checled during this
first protocolphaseandif so,whetherthe resourceshouldalsobe resered at thattime. More dramatic
changessuchasthe useof sourcetrees(insteadof sink trees)and supportfor multicast,may also be
considered At the sametime, we areimplementingBGRP on backboneouterplatformsandwill testit
in realisticnetworking ervironments We have proposedGRPto the IETF [29].

We would lik e to thankSeanMcCrearyfor helpingus analyzethe AS traces.Craig Labovitz advised
uson variousaspectof network operationghatarerelevantto BGRP Tony PrzygiendaandRohit Dube
commenteantheinteractionbetweerBGPandroutingaggreation.We alsothankFredBaker, Kimberly

Claffy, Der-Hwa Gan,Geoge Swallow, andAndreasTerzisfor mary discussionseadingto this work.
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# Source-DestPairs

# Destinations

Gain

Time Reagion Granularity
Intenal (# RSVPReserations) | (# BGRPRes'ns)
90sec. | Application(Source= Addresst+ Port; 339,245 208,559 1.6
Destination= Addresst+ Port+ Protocol)
Host(IP Address) 131,009 40,538 3.2
Network (CIDR Prefix) 79,786 20,887 3.8
Domain(AS) 20,857 2,891 7.2
| 1month | Domain(AS) | 7,900,362 5,001 1,579.8]

Tablel: Numberof aggreateflows seenin paclettraces
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Figure2: Exampleof Internetdomains.Therearetwo typesof stubdomains:single-homed stubdomains
connecto the backboneat a singlepoint, multi-homed stubdomainsat severalpoints.



Figure3: Exampleof asink treerootedat S;
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Figure6: WorstcasescalingcomparisorbetweerRSVPandBGRRP
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Figure7: BGRPandRSVPresenationcountsasfunctionsof load p
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Figure8: BGRPandRSVPmessageatesasfunctionsof refreshraten



Figure9: Statetransitiondiagramfor @ = 3
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Figurel0: Messageeductionfactorasfunctionof ¢ andp



