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Abstract

Resourcereservationmustoperatein anefficient andscalablefashion,to accommodatetherapid

growth of theInternet.In thispaper, wedescribeadistributedarchitecturefor inter-domainaggregated

resourcereservation for unicasttraffic. We also presentan associatedprotocol, called the Border

Gateway Reservation Protocol(BGRP),that scaleswell, in termsof messageprocessingload, state

storageandbandwidth.Eachstubor transitdomainmayuseits own intra-domainresourcereservation

protocol.BGRPbuilds a sink treefor eachof thestubdomains.Eachsink treeaggregatesbandwidth

reservationsfrom all datasourcesin thenetwork. Sincebackboneroutersmaintainonly thesink tree

information,thetotalnumberof reservationsateachrouterscaleslinearlywith thenumberof Internet

domains
�

. (Even aggregatedversionsof the currentprotocolRSVPhave a reservation count that

cangrow like ��� ����� .) BGRPmaintainstheseaggregatedreservationsusing“soft state.” To further

reducethe protocolmessagetraffic, routersmay reserve bandwidthbeyond the currentload, so that

somesourcescanjoin or leave thetreewithout sendingmessagesall theway to the treeroot. BGRP

relieson DifferentiatedServicesfor dataforwarding,hencethenumberof packet classifierentriesis

extremelysmall.

KEYWORDS: Resourcereservation protocol. Aggregation. Sink Tree. DifferentiatedServices.In-

ternetQualityof Service.RSVP.
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1 Introduction

Resourcereservation wasoriginally definedto supportend-to-endQoSguaranteesfor a rangeof QoS-

sensitiveapplications,includingmultimedia-on-demandandteleconferencing[1]. Recently, InternetSer-

vice Providers(ISPs)havestartedto usethesamereservationmechanismsto providecustomer-level Vir-

tualPrivateNetworks(VPNs)[2] andto allocatenetwork resourcesbetweenDifferentiatedServiceclasses

[3]. We believe that theapplicationsof resourcereservationandthedemandfor it will continueto grow,

andthatreservedQoSwill eventuallycometo beseenasanindispensablefeatureof Internetservice.At

the presenttime, therearethreechallengesto the widespreaduseof reservedQoS:reservationprotocol

scalability, packet forwardingscalability, andinter-domainmanagement.

Reservation protocol scalability. Resourcereservation schemesmust scalewell with the rapidly

growingsizeof theInternet.A routermaybeableto handletensof thousandsof simultaneousreservations

[4], but not hundredsof thousands,andcertainlynot millions. Today’s traffic volumeis badenough:as

we will explain in Sec.5.1, we have measuredhundredsof thousandsto millions of flows at theMAE-

Westnetwork accesspoint (Table1); if many of theseflows wereto requestresourcereservations,the

protocoloverheadwould swampthe router. But projectedfuture traffic growth is an evenmoreserious

problem.Theoverheadof thecurrentprotocolRSVP[5, 6] cangrow like �
	�� �� , where� is thenumber

of Internetendhosts.(RSVPmustmaintainseparateroutingstate,calledPATH state,for eachreserved

source-destinationpair, in order to reverse-routeRESV messagesfrom destinationto source.) Fig. 1

[7, 8, 9] shows the growth of � over the last six years,from 2 million to 60 million. This meansthat� � grew from �
������� � to �
��������� during that time! With no end in sight, � � is growing muchfaster

thanimprovementsin processingspeedsor memorysizes.Therefore,we will have to find a reservation

schemethat scalesbetterthanconventionalRSVP. In this paperwe will proposea protocol,calledthe

BorderGateway ReservationProtocol(BGRP),thatfixesthis scalingproblemin two ways.First,BGRP

overheadscaleslinearly with thesizeof theInternet;i.e., ��	�� �� is reducedto ��	��  . Second,BGRPuses

“a smaller� ”. Theoverheadof thebasicBGRPprotocolis proportionalto thenumberof Internetcarrier

domains(also called AutonomousSystems(AS)), while an enhancedversionof BGRP hasoverhead
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proportionalto thenumberof IP networks(i.e., thenumberof announcedIP addressprefixes).

Data forwarding scalability. In additionto theoverheadof theprotocolthat reserves QoS,another

scalingissueis theoverheadof thepacket classifiers,enqueuersandschedulersthatenforce thereserved

QoS[10]. ThecurrentQoSarchitecture,calledIntegratedServices(IntServ)[1], requiresbackbonerouters

to classifyandschedulepacketson a per-flow basis.Our BGRPprotocol,however, is designedto work

within the newly proposedDifferentiatedServices(DiffServ) QoSarchitecture[11]. With DiffServ, all

flow-relatedhandlingof packets(e.g.,classification,policing,shaping)is doneattheedgesof thenetwork.

At theedge,packetsareassignedto oneof afew dozenQoSclasses.Backboneroutersqueueandschedule

packetsaccordingto theirQoSclassonly.

Inter-domain adminstration. In general,Internetflows traverseseveraldifferentnetwork domains.

EachISP would prefer to manageits own network resourcesandenforceits own internal traffic engi-

neeringpolicies[12], actingasindependentlyaspossibleof othercarriers.Ideally, a domainshouldonly

have to reveal simpledelivery commitmentsto its peeringdomains. Thereshouldbe an inter-domain

reservation systemthat usesthesedelivery commitmentsto establisha reservation paththroughmulti-

ple domains. Eachdomainwould setup transit reservation flows usingits own preferredintra-domain

reservationmechanism.BGRPis specificallydesignedfor suchanenvironment.It operatesonthebound-

ariesbetweenISPs,leaving eachISP free to manageits own domainindependently. OnceQoStraffic

managementconformsitself to thetechnicalandbusiness“topology” of theInternet– a looselycoupled

collectionof competingandmistrustfulcarriers,barelycooperatingthroughbilateralpeerroutingarrange-

ments– thencharging customersfor QoSshouldbecomepractical.Weexpectthattheforgingof thisfinal

missinglink will encourageexplosivedeploymentof QoSreservationmechanisms.

This paperis organizedasfollows. In Sec.2, we quantifytheamountof aggregationneededto make

aresourcereservationprotocolthattoday’s routerscancomfortablyhandle.Then,in Sec.3, weproposea

reservationarchitecturefor unicasttraffic anda correspondingprotocolBGRPthatoperateat thisdesired

level of aggregation. The basicidea is to build a sink tree for eachof the destinationdomains. Each

sink treeaggregatesreservationsfor flowsfrom all datasourcesin thenetwork to thatdestinationdomain.
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Sec.4 describesvariousways to improve the performanceof the basicBGRP protocol. The scaling

benefitsof ourapproachareevaluatedin Sec.5. Recentwork by othersonthereservationscalingproblem

is briefly discussedin Sec.6. Wesummarizeour investigationanddescribefuturework in Sec.7.

2 Aggregating Reservations

How many simultaneousreservationscana routerhandle?In a recentstudy[4], we showedthata low-

endroutercansetup900new RSVPreservationsor refreshup to 1600reservationspersecond,allowing

it to sustainabout45,000flows. To handlethat many reservations,the router hasto suspendrouting

computationandpacket forwarding,dueto hardwareandCPUconstraints.While backboneroutershave

more CPU power than the low-end router usedfor the measurements,other results[13] indicatethat

frequentroutingcomputationdueto routeinstabilitymayalreadytax theCPU.Thuswe,alongwith some

otherRSVPdeveloperswe haveconsulted,believe thatin many networkingenvironments,routersdo not

haveenoughCPUpower to sustainhundredsof thousandsof reservations.

If weassumearoutercanhandletensof thousandsof reservations,but nothundredsof thousands,then

whatdegreeof aggregationis required?Thereareseveralwaysto go aboutansweringthis question.In

thissection,wewill givesomeballparkestimates,basedmostlyonthedatain Fig.1. Muchlater, whenwe

evaluatetheperformaceof BGRPin Sec.5.1,wewill givemorepreciseestimates,basedonourstatistical

analysesof Internetpacket traces.

ConventionalRSVPreserves resourcesfor eachapplication-to-applicationflow. For simplicity, let

uscounthost-to-hostflows instead.Accordingto Fig. 1, thereare �����������! source-host/destination-host

pairs! This is enormouslymorethana routercanhandle,but of course,not all thehost-to-hostflows will

beactive at once,andnot all active flows will passthrougha givenrouteror a given link. So let us try

anotherupperboundon host-to-hostflows that is somewhatmorerealistic: how many reservedflows of

non-zerobandwidthcanfit on a link of finite bandwidth?Let us assumethat 16 kb/s (enough,say, for

a goodquality packet voicecall) is thefinestgranularityof reservation. ThenanOC-192(10 Gb/s)link

might be calleduponto supportup to 600,000reservations. This suggeststhat we may not be ableto
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afford to reserve for individualhost-to-hostflows. Someaggregationof reservationsis needed.

How might this aggregationbedone?Thereareseveralwaysto aggregatebasedon “regions” of IP

addresses.A “region” canbe definedat variousgranularities:e.g., one host, or one network, or one

AS. The simplestoption is to aggregatefor eachsource-region/destination-region pair; i.e., on a given

link, aggregatethe reservationsfor all flows from a given sourceregion to a given destinationregion.

Alternatively, we couldaggregatefor eachsourceregion, i.e., on a givenlink, aggregatethereservations

for all flows from a givensourceregion to anywhere.Or we couldaggregatefor eachdestinationregion,

i.e.,onagivenlink, aggregatethereservationsfor all flows from anywhereto agivendestinationregion.

Which of theseaggregationoptionsmight beadequatein reducingthenumberof simultaneousreser-

vationsto a level thata routercanhandle?(Thereis no point in aggregatingmorethannecessary, since

this will make theprotocolneedlesslycomplex.) Accordingto Fig. 1, thereareapproximately6,000AS,

60,000networks,and60,000,000hostsin theInternettoday. Thatmakes �"�#�$���&% AS pairs,�"�'�$����( network

pairs,and �"�)�*�����! hostpairs.Comparingthesesix numbersto ourestimateof routercapacitydetermines

our target degreeof aggregation: oneaggregatereservation for eachregion, wherethe sizeof a region

is somewherebetweenoneAS andonenetwork. Furthermore,aswe shall explain below, we preferto

produceoneaggregatereservationfor eachdestination region, ratherthanonepersourceregion,because

destination-basedaggregateshaveaconvenienttreestructure.

Whethera simplehop-countmetricis usedor moresophisticatedmetricsareemployed,mostunicast

routingalgorithmsdetermineshortestpaths.In networkswheretheshortestpathsareunique,theprinciple

of optimality guaranteesthat the shortestpathsto any destination form a tree; the shortestpathsfrom

any source arealsoguaranteedto form a tree. If therearemultiple shortest-lengthpaths,however, the

existenceof treesdependson thetie-breakingrulesin theroutingalgorithm.TheBGProutingalgorithm

[14] establishes“virtual edges”by usingreachabilityasadefinitionfor theexistenceof alink in thegraph.

BGProutesfollow theshortestpathsto thedestinations.Whentherearemultipleequal-lengthpaths,BGP

breakstiesin awaythatguaranteessinktrees,but notnecessarilysourcetrees.(Specifically, aBGProuter

forwardsall packets to the samedestinationvia a single next-hop router.) Sincereservationsaremade
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alongrouteschosenby theroutingalgorithms,it is naturalto aggregatethesereservationsalongthesink

treesformedby BGProuting. In Sec.3, we presenta new signalingprotocol,calledtheBorderGateway

ReservationProtocol(BGRP),thatsupportsthisarchitecture.

3 The Border Gateway Reservation Protocol (BGRP)

3.1 Model and Terminology

As shown in Fig. 2, the Internetis composedof a numberof domains or autonomoussystems(AS) that

exchangeusertraffic amongeachother. A domaincanbeclassifiedaseithera stub domainor a transit

domain.Any paththroughastubdomainwill eitheroriginateor terminateatarouterin thatdomain;transit

domainsdonothavethis restriction.A domainconnectsto anumberof otherdomainsvia border routers.

We assumeall borderroutersuseBGP[14] for inter-domainrouting. We define +-,/.*0 ��1 0 � 1�2�23231 054�6
asthesetof borderroutersin transitdomains,78,9.&: ��1 : � 1�232�231 :�;<6 asthesetof borderroutersin stub

domains,and =
>�,8.&? ��1 ? � 1�232�231 ?A@�6 asthesetof endhostsin AS> . In thispaper, inter-domainreservations

originateandterminateat routersin 7 . We denotethedirectionof packetstraveling from sourcetowards

sink asdownstream, with upstream astheoppositedirection.For simplicity, we assumein thispaperthat

all active hostsarein stubdomains.(In reality, a transitrouter 05> couldalsoplay therole of a sourceor

sink routerfor endusersin its domain).Moreover, while in reality therearelikely to bemultiple routers

in a domainbetweenborderrouters,they do not participatein our inter-domainreservationprotocoland

arethusnotshown in ourfigures.

3.2 Overview of Protocol Operation

TheBGRPprotocoloperatesonlybetweenborderrouters.WeshallusethetermBR-hop todenotethe“vir -

tual hop” betweentwo “adjacent”borderroutersparticipatingin BGRP. These“adjacent”borderrouters

canbein differentdomainsor in thesamedomain.

BGRPincludesseveralcontrolmessages:PROBE, GRAFT, ERROR, REFRESH, andTEAR. To
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avoid delivery delayproblems,BGRPmessagesarereliably delivered. PROBE andGRAFT messages

specifyreservationparameterssuchastraffic classandbandwidth.Thispaperassumesthatbandwidth(for

eachtraffic class)is theonly reservedresourceandthatbandwidthreservationsareadditive. In practice,

however, statisticalmultiplexing couldbeused,andotherresourcessuchasbufferscouldbereserved.

Reservationsourcesinitiate PROBE messagesto determinethenetwork resourceavailability andthe

exact reservation path. EachPROBE messageconsistof a reservation requestanddestinationnetwork

information. PROBE messagestravel downstreamfrom stubdomainborderrouters.Borderroutersuse

BGProutinginformationandbilateralQoSagreementsto forwardPROBE messages.PROBE messages

collect routing informationalongthe reservationpath,similarly to IP Record Route Option, but they do

not install any reservation stateor any routing statein the routers. (Onemight arguethat QoSrouting

protocolswould besufficient for finding thepath. In an inter-domainenvironment,however, we believe

that the reservation path dependsas much on ISP policy as on resourceavailability. SinceeachISP

only advertisesits resourceallocationpolicy to its immediatelyadjacentpeersin the form of bilateral

agreements,a resourceusermayhaveto actively probethenetwork to determinetheedge-to-edgerouting

pathfor its reservation.)

Reservationsinks,uponreceiving PROBE messages,returnGRAFT messagesto setuptheappropri-

atereservationsinsidethenetwork. TheGRAFT messageusesthepreviouslycollectedroutinginforma-

tion andtraversesexactly thereversepaththat thePROBE messagetook. Routerson thepathkeepone

reservationentry for eachsink tree. Amongotherthings,this reservationentry identifiesthe root of the

sink tree. Eachreservation root is definedasthe combinationof the reservationdestinationinformation

andthe ID of the sink borderrouterthatprocessedandterminatedthe original PROBE message.(The

sink borderrouterID is necessaryin casethedestinationstubdomainis multi-homed,becauseseveralof

thatdomain’s borderrouterscouldreceive PROBE messagesandthusbecomereservationsinks.)When

processinga GRAFT message,eachborderrouterinterfaceswith intra-domainprotocolsto setup transit

reservationswithin its domain.In caseof reservationfailuresduringprobingor grafting,therouterssend

ERROR messagesto inform theusers.
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ReservationsourcesandsinkstransmitPROBE andGRAFT messagesonly onceduringthelifetime

of areservation.BGRPreservationsaremaintainedas“soft state”,i.e.,theborderroutersmustperiodically

exchangeREFRESH messageswith their peersto keeptheir reservations“alive”. If a borderrouter

doesnot hearanexpectedREFRESH for a reservation, it assumesa link failure, routechange,or user

terminationandremovesthereservation.TheBGRPprotocolalsoincludesoptionalTEAR messagesthat

routerscansendto removereservationsin peerroutersmorequickly.

TheBGRPprotocoldiffersfrom RSVPin threeimportantways:statelessprobing,reservationaggre-

gation,andbundledrefresh.Let usexplain thesedifferences.TheRSVPPATH messageinstallsrouting

stateat intermediaterouters,to guidethe RSVPRESV messagebackto the datasender. Routersmust

thereforekeepboth senderanddestinationinformation. In a network with � nodes,this may require�
	�� �� entries. BGRP’s PROBE messages,however, install no statein the routers. (BGRP’s GRAFT

messagesdo storereservation information,but only �
	��  entries,becausethis informationis per-sink,

notper-source.)Theseconddifferenceconcernsthecombiningof reservations.RSVPcancombinereser-

vationsin two ways.First,RSVPallowsmultiple (multicast)receiversto mergetheir reservationsfor the

samesender(or setof senders)into a singlereservationwhosesizeis roughly themaximum of the indi-

vidual reservations.Second,RSVPoffersper-sourceandsharedreservationstyles;in the latter, multiple

(multicast)senderstake turns sharingasinglereservation[15]. BGRPreservationaggregationis different

from eitherof these.BGRPaggregatesreservationsfrom different(unicast)sendersto thesamereceiver

by adding themtogether. Thefinal differenceis thatRSVPtransmitsPATH andRESVmessagesperiodi-

cally to refresheachindividual reservationseparately, while BGRPbundlesall reservationmessagesinto

oneperiodicrefresh.(Similarenhancementshave recentlybeenproposedfor RSVPitself [16].)

3.3 Example

Fig. 3 illustrateshow BGRPworks. SupposeB � in CD: � needsto set up a reservation to B � in CD: � .: � sendsa PROBE messagecontainingthe sourceID : � , the ID of the destinationin = � (either an

application,a host or a subnet),the traffic class E , the bandwidthrequirementFHG �JI K , and an empty
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routerecordfield. (In this example, : � launchesa PROBE at thebehestof a particularhost. In a VPN

application,however, : � couldinitiateaPROBE messagetoward : K directly, in aneffort to setupavirtual

“trunk” betweentheir two domains.)WhenthePROBE messagearrivesat 0 � , therouterconsultsCL: K ’s
resourcedatabaseandthe bilateralagreementbetweenCL: � and CL: K . If CL: K canacceptthe requested

reservation, 0 � insertsits own IP addressinto the routerecordfield andforwardsthe PROBE message

downstream.Otherwise,0 � sendsan ERROR messagebackto : � . The selectionof the downstream

borderrouterdependson intra-domaintraffic engineeringrequirements[12] andBGProutingpolicy. In

this example, 0 � forwardsthe messageto 0 K , asdeterminedfrom the BGP NEXT HOP pathattribute.

To prevent loops,eachroutercheckswhetherthe currentrouterecordalreadycontainsthe router’s own

address.Assumethat 0 K , 0  and 0 � all acceptthereservation.WhenthePROBE messagearrivesat : K ,: K determinesthat the destinationin = � belongsto its local domain CL: � , so : K terminatesthe probing

process.Thefinal routerecordin thePROBE messageis 	�0 ��1 0 K�1 0  �1 0 �  .
Now : K sendsa GRAFT messagebacktoward : � to setup the desiredreservation alongthe path.

The GRAFT messageis source-routedusing informationgatheredin the route recordof the PROBE

message.TheGRAFT messagecontainsthetraffic classE , bandwidthrequirementF�G �JI K , sourceID : � ,
routerecord 	�0 ��1 0 K�1 0  M1 0 �  , sink ID : K , anda treeID label N . ThetreeID labelis assignedby thesink

borderrouter : K . Thelabel is usedto uniquelyidentify a reservationtree,becausetheremaybemultiple

reservation treesrootedat : K . A treeID label canbe in the form of a CIDR prefix or the AS number.

Assumethatthereservationis successfullyestablishedbetween: � and : K .
Now supposethat : K receivesanotherPROBE for thesametraffic classE , this onerequestingband-

width F�G � I K from : � to = � . : K sendsbackaGRAFT messageto 0 � containingtraffic classE , bandwidth

requirementFHG � I K , sourceID : � , routerecord 	�0 � 1 0 K�1 0  M1 0 �  , sink ID : K , andthesametreeID labelN usedin the previousGRAFT message.0 � recognizesthis asan incrementto the existing tree N and

increasesthereservedbandwidthfor classE between0 � and : K to F�G �JI KPO FHG � I K . Then 0 � forwardsthe

GRAFT messageto 0  , while usingtheintra-domainreservationprotocolsof CL:  to updatetheinternal

reservationbetween0  and 0 � . (Either 0 � or 0  couldbetheinitiator of this internalchange,depending
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on the intra-domainreservation protocol.) The reserved bandwidthof class E between0  and 0 � in-

creasesto FHG �JI KQO FHG � I K . Similarly, router 0  forwardstheGRAFT messageto 0 K while incrementing

thereservationbetweenthem.WhentheGRAFT arrivesat 0 K , thatroutercreatesa new reservationtree

branchto 0 � with bandwidth F�G � I K . The reservation finisheswhenthe GRAFT arrivesat : � . If any

router 05> cannotsetup thenew reservation,it sendsanERROR messagebackto thesink to inform it of

thefailure.Along theway, theERROR messageremovesthereservation.

Router 0 K maintainsthefollowing state:sink treeID : K , treelabel N , traffic classE , adjacentdown-

streamborderrouter 0  , bandwidthreserved to 0  (viz., FHG �JI K5O F�G � I K ), adjacentupstreamborder

routers0 � and 0 � , andbandwidthreservedfrom eachadjacentupstreamborderrouter(viz., FHG �JI K from0 � and FHG � I K from 0 � ).
4 BGRP Enhancements

ThebasicBGRPprotocolaggregatesreservationsinto trees,therebyreducingthenumberof reservations.

We will quantify this in Sec.5.1 and5.2. Reducingthe numberof reservationsobviously shrinksthe

memoryneededto storethecontrolstateinformation. It alsoreducestheoverheadassociatedwith RE-

FRESH messagesfor all thesepiecesof control state;refreshcostsincludeCPU processingand link

bandwidth. Thesesavings take us muchof the way toward our goal. However, BGRP’s othercontrol

messages,PROBE andGRAFT, alsoconsumeprocessingandbandwidth.We would like to control the

volumeof thesecontrolmessagesaswell andtherebyaddanotherdimensionof scalabilityto BGRP. This

canbedoneby makingthefollowing enhancementsto theprotocol.

Over-reservation, Quantization and Hysteresis. Leafnodes,in theirPROBE messages,canrequest

morebandwidthbetweenthemselvesandthe treeroot thanis currentlyrequired.(Onecanthink of this

asaggregatedadvancereservationson behalfof unknown parties.)Nodescanalsocoarselyquantizethe

requestedbandwidth,e.g.,restrictit to multiplesof somequantumR . Hysteresiscanalsobeemployed;

e.g., if the bandwidthrequestedby a leaf nodehasjust jumpedfrom �"R to �AR becauseits bandwidth

requirementhasjust exceeded�"R , thenthat leaf nodeshouldnot reduceits requestbackto �"R until its
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bandwidthrequirementdropsbelow somethresholdS8TU�"R . Thesechangescandramaticallyreducethe

volumeof controlmessages,aswewill quantifyin Sec.5.4.

CIDR Labeling and Quiet Grafting. Supposethat the branchesof a BGRPsink treeare labelled

with theCIDR prefixassociatedwith thetreeroot. Thenarouteronthatsinktreewill beableto recognize

wheneveranincomingPROBE message“belongs”to thattree,viz., wheneverthereservationdestination

belongsto thatCIDR prefix. Also supposethat this treenodecanover-reserve bandwidthbetweenitself

andthe treeroot. Thesetwo modificationsenablea new treeoperationcalledquiet grafting, wherebya

new branchcanbegraftedontoanexistingreservationsinktreewithoutany PROBE or GRAFT messages

beingpassedbetweenthegraftingnodeandthetreeroot. To demonstratequietgrafting,let usconstruct

thesink treeshown in Fig. 3. Supposethat initially : � requests10 unitsof reservedbandwidthto B � in

a PROBE message.Knowing that B � is a populardestination,0 K inflatesthis requestto 15 unitsasit

processesthepassingPROBE. WhentheGRAFT messagereturnsfrom treeroot : K , it reserves15units

at eachBR-hop,until reaching0 K . Node 0 K deflatestheamountto 10unitsandpassestheGRAFT back

toward 0 � and : � . Now 10unitsof bandwidthhavebeenreservedfrom : � to 0 K , and15unitshave been

reserved from 0 K to : K . In 0 K ’s own internalbookkeepingfor these15 units, 0 K considers10 units as

“belonging”to 0 � ’streebranch,andit considers5 unitsasover-reserved.Now suppose: � requests3 units

of reservedbandwidthto B � in its PROBE message.WhenthisPROBE reaches0 K , 0 K recognizesthatit

is alreadysittingonasinktreeto B � andthatthereis sufficientexcessbandwidthalreadyreservedbetween0 K and : K to satisfy : � ’s needs,sothat 0 K canhandlethenew requestdirectly itself, withoutpropagating

thePROBE furtherdownstream.Therefore,0 K terminatesthePROBE, adjustsits internalbookkeeping

to assign3 of its 5 excessbandwidthunitsto this new treebranch,andlaunchesa GRAFT messageback

toward 0 � and : � . ThisGRAFT establishesa3-unit reservationbetweenleaf : � andgraftingnode0 K .
Self-Healing. Whena routechanges,BGRPhastheoptionof moving theaffectedreservationsto the

new route,without demolishingtheentirereservationtreeandre-creatingthetreefrom scratch.Assume

that the reservation treeis labeledwith the destinationCIDR prefixes,asdescribedabove. Whena tree

nodedetectsa routechange,it caninitiate a new PROBE toward thesink. Whenthis PROBE reaches
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a downstreamrouteron thestablepartof theold reservationtree,thatroutercanrespondwith a GRAFT

andthusrepairthepartof thereservationbetweenthetwo routers.We call thisprocessself-healing.

Reservation Damping. Labovitz et al.[13, 17] have shown that,of threemillion BGProutechanges

eachday, 99% werepathologicalanddid not reflectreal network topologicalchanges.If routersmake

BGRPreservation changesin responseto every routechange,therecould be a high volumeof nearly

worthlessreservationmessagesin thenetwork. Ontheotherhand,if theroutersdonotmoveareservation,

andtheroutechangeturnsout to belegitimateandstable,thenthedatawill have lost its reservation.This

is thetrade-off in decidingwhento adjustreservations.Here,we proposea dampingfunctionfor BGRP.

The goal of reservation dampingis to delaythe initiation of the self-healingprocessuntil the changing

routeshave stabilized. The delaydependson the probability of future instability of the route. Routes

that changefrequentlywill be delayedlonger. Similar to [18, 19], we proposean exponentialfunctionV ,W	X� OZY  4 �[S for computingthedelay V betweenPROBEssentdueto routechanges.Y and S arethe

parametersto adjustthedamping,and \ is thenumberof routechangesmeasuredin a time interval.

5 Protocol Scaling Evaluation

5.1 Estimating Reservation Volume from Packet Traces

We would like to determinehow well in practiceBGRPwill reducethevolumeof reservations,ascom-

paredwith conventionalRSVPandits aggregatedregion-to-regionextensions.To thatend,weexamineda

90-secondtraffic tracefrom theMAE-Westnetwork accesspoint (NAP).1 Wecategorizedabout3 million

IP packet headersaccordingto their transport-layerport, IP address,IP network prefix, andAS. Table1

shows the results.Supposethatall traffic desireda reservationof somequality level. If we useconven-

tional RSVPandreserve for eachsource-destinationpair at the applicationlevel, thenthe total number

of active reservationswould be339,245.This datastrengthensanestimatewe madein Sec.2, viz., that

1The90-secondtracesdatefrom June1, 1999;see[20]. TheAS informationwascollectedon June10,1999andanalyzed
by SeanMcCrearyof NLANR/CAIDA.
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therecanbe hundredsof thousandsof flows on a link, morethana routercanhandle,andhencesome

aggregationis necessary. Table1 alsoshows that if we useaggregatedversionsof RSVPto reserve for

source-destinationpairsof variousgranularities,we cangreatlyreducethe numberof flows. For exam-

ple, for AS-to-ASaggregation,thenumberof flows in the90-secondwindow wasonly 20,857.If twenty

thousandwereasbadas thingscould get, thena backbonerouterwould be able to handleoneRSVP

reservationfor eachsource-destinationAS pair. However, this numbermaybeartificially low dueto the

small 90-secondwindow. Let us seewhat happensif we observe over a month-longwindow. The last

line of Table1 shows AS countsseenat MAE-WestduringMay 1999.2 During this month,MAE-West

saw 5,001destinationAS; accordingto Fig. 1, this is essentiallythecompleteAS roster. Thenumberof

differentsource-destinationAS pairsviewedthatmonthwasenormous:7,900,362AS pairs,abouta third

of the25million possiblecombinations.Thus,unlessroutersteardown AS-to-ASreservationsfrequently,

theremaybetoo many suchAS-level “trunks” to sustainin backbonerouters.This datastrengthensan-

otherestimatewe madein Sec.2, viz., that therecanbemillions of AS-to-ASflows, morethana router

canhandle,andhencethe point-to-pointaggregationstyle of RSVPis inadequate,even if each“point”

is enlargedinto a region thesizeof anAS. What is neededinsteadis BGRP’s styleof aggregation,with

onereservationper destinationAS, or at mostoneperdestinationnetwork. The last columnof Table1

shows thegainof BGRPover RSVP, i.e., theratio of RSVPflows to BGRPflows. Thegainis greatestif

theaggregationregionsarelargeandif the reservationslasta long time. At theAS level of granularity,

for a one-monthtime duration,it is clearthat the“ � -vs-� � ” problemin theorybecomesan“ � -vs-� � ”
problemin reality. Underthesecircumstances,BGRPoutperformsRSVPby a factorof 1580.

Our assumptionabove was that every flow would requesta reservation. Let us explore this issue

further. Conventionalwisdomholdsthat long-livedhigh-volumereal-timeapplicationslike packet voice

andpacketvideowill wantresourcereservation.Ontheotherhand,recentIETF proposalshavesuggested

usingresourcereservationprotocolsto setup VPN links [2] andto provideservicedifferentiationamong

users[3]. Thesereservationscanbe for schedulingpriority aswell asbandwidth.Thebandwidthof an

2Analysisprovidedby SeanMcCrearyof NLANR/CAIDA.
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individualVPN flow or DifferentiatedServiceflow mightnotbeaslargeasatypical real-timeflow, hence

theremight beevenmoresuchreservationson a givenbackbonelink. To seewhetherBGRPshows the

samegainsover RSVPfor both thevoice/videoandVPN/DiffServmodelsof reservedflows, we sorted

the flows in our packet tracesby size. We collectedeight packet headertracesfrom MAE West. The

traceswerecollectedthreehoursaparton June1, 1999[20]. Eachtracecomprisesthreeminutesof all

traffic at the NAP andcontainsabout33 million packet entries. We computedthe numberof bytesfor

eachdestinationnetwork addressprefix(for BGRP-stylereservations),andwealsocomputedthenumber

of bytesfor eachpairof sourceanddestinationprefixes(for RSVP-stylereservations).Wesortedthedata

into five categories:fewer than50 b/s,50–500b/s,500–2000b/s,2000–8000b/s,andgreaterthan8000

b/s. Fig. 4 plots thedistribution of flows by bandwidth,andit alsoplots thegain(i.e., theratio of RSVP

flowsto BGRPflows)for eachbandwidthclass.Mostof packetsbelongto thesmall-flow category(63.5%

for RSVPand46.2%for BGRP).Only 3621(3.5%)of thesource-destinationpairsand1296(10.9%)of

the destinationshave an averagebit rateover 2000b/s. (Interestingly, therearemore above-8000b/s

destination-onlyflows(719)thansource-destinationflows(516).)To summarizeFig.4, if reservationsare

madeonly for high-volumesessions,thensuchflowsarerareenoughthatRSVPscalabilityis notanissue,

andusingBGRPwould not significantlyreducethenumberof suchflows anyway. However, with VPN

andDifferentiatedServices,whereeven the hordesof small flows may requireQoS,RSVPscalability

couldbeaproblemandBGRPcouldbequitebeneficial.

5.2 Topological Distribution of Demand

We usethe simplemodel in Fig. 5 to comparethe scalingpropertiesof BGRPandRSVP. The model

depictsa progressionof domainsalongan Internetpath,with accessnetworks toward the left andright

andbackbonenetworks nearthe middle of the topology. We define ] as the maximumedge-to-edge

distance,measuredas the numberof AS. A “node” \^> in the figure representsan inter-domaintraffic

exchangepoint,whichcanbeeitheraPointof Presence(POP)or aNAP. (In therealnetwork from which

this modelis abstracted,eachnode \^> could actuallycontainmany routersandinterconnectmany AS.)
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A “link” _`> in the figure representsanaggregationof all the real links that transporttraffic from domaina
to domain

a O � . The modelalsoincludesa reverse-directedlink from
a O � to

a
, which is not shown

in thefigure. In additionto thediameter] , our modelis characterizedby thequantitiesb3> and cA> : b3> is

thenumberof inter-domainreservationsourcescominginto \�> , and c"> is thenumberof reservationssinks

reachedthrough \^> , not includingthosethat \�> reachesvia _`> . In this model,thenumberof RSVPflows

(i.e., source-destinationpairs)on the uni-directionallink _`> is givenby N RSVP> , >d@[egf bh@
idj e�>lk � c j , andthe

numberof BGRPflows (i.e., oneperdestination)on _m> is givenby N BGRP> , idj e�>lk � c j 2 Node \^> handles

traffic in bothdirections,so thenumberof reservationflows traversing \^> for therespective protocolsis

givenby � RSVP> , >d@[egf bh@
idj e�> c j O

id@ne�> bh@ >dj egf c jpo b3>qc"> and � BGRP> , id@negf cM@ .
Wenow studybothRSVPandBGRPin differentnetworkingscenarios,computingthenumberof flows

andassociatedgains.Weset ]r,ts , which is themaximumAS pathlengthin theInternettoday[21]. We

simulatedmodelswith a total of 100sourceandsink borderrouters.We assumethatevery sourceborder

routerdesiresto setupareservationto everysinkborderrouter. Threedifferentdemanddistributionswere

constructed.For theFlat Topology, we setthenumberof reservationsourcesandsinksto beidenticalat

each \�> ; i.e., b3>L,uc">L,-v , for �xw a wys . For the Hierarchical Topology, we set b3>�,zc">�,{�"� , for�
w a wt� , and b�>|,}c">#,~� , for all other
a
. This modelsa hierarchicalnetwork wherestubdomainsonly

contributea smallportionof theoverall reservationflows,while mostof thereservationsarepresentat a

few coretransitdomains.For theSelected Source Topology, wesetall b3> to 1, andall c"> to 9. This reflects

a network wherethe numberof datasourcesis small, but the numberof sinks(datareceivers) is large.

This is a typicalscenariofor webapplications.

The resultsareshown in Fig. 6. Not surprisingly, BGRPmaintainsfewer reservationsthanRSVP.

Fig. 6(c) shows that the largestgainoccursin the centerof the network. Also, Fig. 6(b) shows that for

RSVP, thenumberof reservationsatanodedependsonthenode’stopologicallocation,whereasfor BGRP,

everynodehasthesamenumberof reservations.
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5.3 Reservation Dynamics

We now considerthe effect of reservation dynamicsin our performanceanalysis. For both RSVPand

BGRP, we shall determinethe control stateoverheadandthe control messageoverheadasfunctionsof

the arrival rateof individual flows, the meanlifetime of a flow, and the protocol refreshinterval. We

assumethat reservationsareexplicitly torn down whenno longerneeded,andthat the blocking ratefor

reservationsis negligible for ourpurposes.

Recallthatthe“virtual hop” betweentwo “adjacent”borderroutersis calledaBR-hop.We definethe

sequenceof borderroutersvisitedby anend-to-endtraffic flow asanedge-to-edgeBR-path.For RSVP,

eachBR-pathestablishesits own reservation. Let � be the total numberof BR-pathscrossinga given

borderrouter 05> . For BGRP, thesepathsareaggregatedinto trees. Let S be the total numberof sink

treesformedby thepathsthrough05> . To keepthisanalysissimple,we assumethateachsink treeat 05> is
aggregatingthesamenumber��,t���*S of BR-paths.

Now let usmodeltheindividualend-to-endflowsdesiringreservations.Any numberof thesereserved

flowsmaybemultiplexedontoagivenBR-path.Weassumethattheindividualreservedflowsfor onepath

arrive in a Poissonstreamof rate � , andthat the flow reservation lifetimesareexponentiallydistributed

with mean �M�&� . Thenthe numberof individual flows on oneBR-pathis Poissondistributedwith mean� ,t���&� , andthenumberof individualflowsonany givensinktreeis Poissondistributed,with mean� �n� .

Let us determinethe reservation countsof the protocols. In caseof RSVP, the probability that the

BR-pathhasa reservation, i.e., that at leastoneindividual flow is reserved, is � o��&��� . Therefore,the

numberof reservedBR-pathsat 05> is binomiallydistributedwith mean 	$� o�� ���  ��� . This is theaverage

numberof RSVPreservationsfor 0�> . For large � , this approaches� , while for small � , this approaches

0. Now let usdeterminetheBGRPreservationcountat 0�> . Theprobability thata givensink treehasa

reservationat 05> , i.e., thatat leastoneindividual flow on at leastoneBR-pathon that treehasrequested

a reservation,is � o�� ���h� � . Thenumberof reservedtreeson 05> is thusbinomially distributedwith mean	X� o��&���h� �  ��S�,W	X� o��&���h� �����  ��S . This is theaveragenumberof BGRPreservationsfor 05> . For large � ,
thisapproachesS , while for small � , thisapproaches0. Weconcludethatthereservationcountadvantage
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of BGRPwith respectto RSVPis morepronouncedwhen � is large, wherethis gain approaches���*S .

Fig. 7 shows themeannumberof simultaneousreservationsfor BGRPandRSVPas � rangesfrom 0.001

to 10; herewe assume��,����"� 1 ���"� and S�,y� 1 �"�"� . For instance,when � ,�� , thegain is 63. When� ,���� , thegainhasessentiallyreachedits maxiumumvalueof 100.

Next we will comparethe messageratesfor the two protocols. We will tally the control messages

associatedwith reservationson onegivenunidirectionalBR-hop. (Note thatsomeof these“associated”

messagesactuallytravel on the reverseBR-hop.) Whena new individual end-to-endflow for the given

BR-hopis born, this countsastwo messagesin eitherprotocol: PATH + RESV for RSVP, or PROBE

+ GRAFT for BGRP. Removing thereservationtakesa singleTEAR message,in eitherprotocol. Since

refreshis bidirectional,in bothprotocols,we counttherefreshingof onereservationon a givenBR-hop

astwo unitsof controlmessageprocessing.(Refreshesfor multiple reservationson thesameBR-hopare

assumedto beprocessed separately, eventhoughthey maybetransmitted in abundle.)Let � betherefresh

rate. For RSVP, theaveragemessageratefor eachBR-pathon thegivenBR-hopis �A� O�� ���g	$� ox� ���  .
Hence,theaverageRSVPmessageratefor theBR-hopis ���"� O � �)�M	$� o¡� ��� J¢ �h� . For BGRP, theaverage

messageratefor onesink treeon thegivenBR-hopis �A���3� O�� ����	X� o£� ���h� �  . Hence,theaverageBGRP

messageratefor theBR-hopis �¤�A�D�[� O¥� �<�3	X� o¦� ���h� � J¢ �$S , whichequals�A�D�[� O¥� �<�$S¥�3	X� o§� ���h� �����  . If� is muchlargerthan � , thenBGRP’sPROBE, GRAFT andTEAR activitiesdominateits REFRESHes,

andRSVP’s initial PATH andRESVmessagesdominatetheir refreshedversions.In thiscase,RSVPand

BGRPhave the samemessagerates. (Fortunately, the over-reservation techniquesthat we proposedin

Sec.4 candramaticallyreduceBGRP’s messageprocessingoverheadat thisendof thespectrum;wewill

analyzetheseimprovementsin Sec.5.4 below.) On the otherhand,if � is muchlarger than � , so that

REFRESH activity dominates,andif � is large,thenBGRPdoesbetterthanRSVPby a factorof ���*S .

Fig. 8 shows theaveragemessageratespersecond,for BGRPandRSVP, as � rangesfrom 0.0003to 3.0

refreshespersecond;hereweassume�
,t� 2 �"��� flowspersecond,�8,8���"� 1 ���"� , S¨,�� 1 �"�"� , and � ,©��� .
For instance,when �ª,�� 2 ��� (i.e., whentherefreshinterval is about30 seconds),thenthegain(i.e., the

ratioof RSVPmessagesto BGRPmessages)is 18. When �«,�� 2 � , thegainis 95.8.
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5.4 Over-reservation, Quantization and Hysteresis

Sec.5.3showedthatBGRPprocessesfewer messagesthanRSVP, providedthatmostmessagesareRE-

FRESHesratherthanPROBEs, GRAFTs, andTEARs. Now we show how hysteresiscanbe usedto

curbthePROBE, GRAFT andTEAR activity. Thesesavingscomeat a costof somewastedreservable

bandwidth,becausetheaggregatereservationsometimesexceedsthesumof thecomponentflow requests.

We modela singleaggregatereservation on a singleBR-hop. We assumethat the blocking ratefor

reservationsis negligible for the purposeof measuringmeanmessagerates.Any numberof end-to-end

flow reservationscanbemultiplexedinto this aggregate.Assumethat reservedflows arrive in a Poisson

streamof rate � andthattheflow reservationlifetimesareexponentiallydistributedwith mean���&� . Then

thenumberof individualflows in ouraggregatereservationis Poissondistributedwith mean� ,¬�^�&� .

Assumethateachindividualflow requiresoneunit of bandwidth.We constraintheaggregatereserva-

tion to beamultipleof somequantumsize RW � . Whenever theaggregatereservationis ®��MR units,and

this is just barelyenoughto satisfythecurrentindividual flows, anda new individual flow reservation is

requested,thentheaggregatereservationjumpsto 	¯® O �  �JR . Thisnew quantumwill only berelinquished

whenthesumof theindividualflow requestsdropsto 	¯® o �  �$R O � . Theamountof reservablebandwidth

wasteddueto over-reservationby this techniqueis lessthan � R units.

We can model this systemas a two-dimensionalMarkov processwith state 	!° 1²±  , where ° is the

numberof currentlyreservedindividualflows,and ± is thecurrentaggregatereservation.Fig. 9 showsthe

statetransitiondiagramfor R³,/� . Thevalid statesare: state(0,0), which we will ignorebecauseit is

transient;states	q° 1 R  with �´w~°UwµR ; andstates	q° 1 ®
�AR  with ®¶ � and 	¯® o �  �AR Ot� wr°Uw®«�*R . Thestructureof thestatetransitiondiagrammakesit straightforwardto determinethesteady-state

probabilities.For mostvaluesof ° , therearetwo possiblevaluesof ± , i.e., two states.However, certain

specialvaluesof ° have only onepossible± value,i.e., onestate.Thesespecialvaluesare: °x,/� , for

which ± mustequalR , and °�,�� 1 R O � 1�� R O � 1 �"R O � 1�2m2m2 , for whichtherespectivevaluesof y mustbeR 1�� R 1 �"R 1 �AR 1�2`2m2 . Therefore,at thesespecialpoints,thejoint probabilitydistribution ·¸	q° 1²±  matchesthe

marginal distribution of ° by itself, which is Poisson.It is straightforwardto determinetheprobabilities
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of all theotherstatesin termsof thesespecialstates.For ®¹8� andfor 	¯® o �  R Oº� w�°¡w¨®�R :

·»	�� 1 R  , � ��� ·»	!° 1 ®��MR  , � ��� � �"¼ �M½ j � ¾�� ¼>legf � � > ��	¯®��MR o a �¿�¢° ¿ � ½ ¾À� �>legf � �"> 	�®��MR o a �¿�¢·¸	n	[	¯® o �  R O �  1 ®�R  , � ��� � ��Á`Á j � ��Â � ¾ k ��Â	n	¯® o �  �MR O � �¿ ·»	!° 1 	�® O �  R  , � ��� � �"¼ � ½ ¾�� �>le j � ¾ k � � ¼ � � > ��	¯®��MR o a �¿¤¢° ¿ � ½ ¾�� �>legf � �"> �A	¯®H��R o a �¿�¢
Therateof controlmessages(PROBEs+ GRAFTs+ TEARs)is: �A�Ã� � ��� � ½§Äj e � Å ��Á j � ¾ Â½ ¾À� �>legf � �"> ��	�®H�MR o a �¿¤¢[Æ .

This comparesvery favorablyto themessagerate �A� without hysteresis.Fig. 10 shows themessagerate

reductionfactorfor variousvaluesof R and � . For example,if R8,���� and � ,©����� , thenquantizationand

hysteresisreducetheBGRPmessagerateby a factorof about100. (Thecurvesin Fig. 10,while roughly

decreasing,arenot strictly monotonic.Theripplesin theplotsaredueto themany “corners”in thestate

transitiondiagramof Fig. 9. For a givenquantumsize R , as � increases,thebulk of theprobabilitymass

zigzagsupwardandto theright throughthestatespace.Sinceverticalstatetransitionsproduceprotocol

messageswhile horizontaltransitionsdo not, thesezigsandzagsaroundthecornerscanproduceripples

in themessagingefficiency plot.)

Theanalysisabove dealtwith a singleaggregatereservationon a singleBR-hop. It is a goodmodel

for a systemwherethe leaves of sink treesarethe only treenodesthat caninitiate an over-reservation.

However, if any treenodecaninitiate anover-reservation,andif thequietgraftingdescribedin Sec.4 is

done,thenadditionalsavingsin messageratearepossible.Of course,anover-reservingroutermustrec-

ognizethefuturetraffic on whosebehalftheover-reservationwasmade,without sendinga new PROBE

message.For treeleavesthatover-reserve,simplecachingof thedestinationnetwork IDs associatedwith

eachtreemaybesufficient. For morecomplex situations,seetheCIDR labelingdiscussionin Sec.4.

6 Related Work

Recently, several authorshave addressedscalableresourcereservation, usingeithera server-basedor a

router-basedapproach.In server-basedapproaches,eachdomainhasabandwidthbroker (or agent)which
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is responsiblefor selectingand settingup the aggregatedreservation sessions.This approachhasthe

advantageof removing themessageprocessingandstorageburdenfrom routers.However, synchronizing

reservation informationamongthebandwidthbrokersandthe routersmaybecomplex. No aggregation

takesplace,so that eachbroker still hasto dealwith the requestsof individual flows. Also, caremust

be taken so that the broker doesnot becomea singlepoint of failure for the domain. Variationsof the

server-basedapproachhave beendescribedin [11], [22], [23], and[24]. The latter proposalsuggestsa

two-tier systemwhere,within eachdomain,hostsuseintra-domainreservationprotocolssuchasRSVP

to set up reserved flows. Inter-domainreservation protocolsset up coarsely-measuredreserved flows

betweendomains.However, theproposalleavesthe actualmechanismundefined.Alternatively, router-

basedapproachesthat modify RSVP to supportscalablereservation have beenproposedin [25], [26]

and[27]. (LSP tunnels[25] aredesignedto supportintra-domaintraffic engineering,but may alsobe

usedto setup trunkscrossingmultiple domains.)Theseproposalsaggregateper-applicationreservation

requestsinto reservation “trunks” betweenpairsof domains,by modifying sendertemplateandsession

objectsin RSVPto carryaddressandmask(“CIDR blocks”)or autonomoussystem(AS) numbersinstead

of 5-tuples(senderIP address,senderport, receiver IP address,receiver port, protocol). However, this

impliesthat routersin thebackbonemayhave to maintainreservationstateproportionalto thesquareof

the numberof CIDR blocksor autonomoussystems.Sincethe numberof AS is currentlyabout6,000,

thenumberof AS pairsexceeds36,000,000.As we arguedin Sec.2 and5.1, this is excessive. A more

aggregatedreservation schemeis needed.Finally, we mentionthe recentBoomerangprotocol [28], in

which enduserssendreservationrequestsandrefreshmessagesto setup andmaintainreservations.No

per-flow stateis storedat routers.However, thescalabilityof thecontrolmessageprocessingis anissue.

7 Conclusions, Future Work, and Acknowledgements

This paperpresenteda distributedarchitectureandtheBGRPprotocolfor inter-domainresourcereserva-

tion, in whichreservationsareaggregatedalongsink trees.OurproposalreliesonDiffServfor scalability

of packet forwardingoperations.TheBGRPprotocolscaleswell in termsof controlstate,messagepro-
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cessing,andbandwidth.BGRPreducescontrolstateby aggregatingreservations;this reducestheir num-

ber, andtherebyreducesthememoryneededto storethecontrolinformation.Controlmessageprocessing

is themostimportantscalabilityissue.Thecostof processingreservationmessagesdependson thevol-

umeof requestsfor new reservations,the volumeof existing reservationsrequiringperiodicrefreshing,

andthe refreshfrequency. BGRPeconomizeson all of thesecomponents.First, whenwe allow routers

to over-reservebandwidthwith BGRP, thensmallreservationscanjoin andleave thereservationsink tree

without disturbingthe entiretree. This reducesthe volumeof reservation set-upmessages.Second,by

aggregatingreservations,BGRPreducestheirnumber, andthisproportionallyreducestherefreshprocess-

ing burden.Third, BGRPneedslessfrequentrefreshesthandoesRSVP, for thefollowing reason.RSVP

controlmessagesareunreliableandthusmustberepeatedat aboutthreetimesthestate-timeoutinterval,

while BGRPrefreshmessagesaretransferredreliably hop-by-hop.Themechanismsdescribedabove re-

ducethenumberof controlmessages.Not only doesthis reducetheburdenontheroutersto processthese

messages,it alsoreducesthelink bandwidthcostto transmitthesemessages.

Thispaperpresentedthebasicarchitecture,protocoldesignandperformanceanalysis.In thefuture,we

will continueto explorevariousBGRPenhancements,suchasreservationroutepin-down,andto examine

variousoptionsfor rootingandlabelingthereservationsink trees.We will alsoconsiderseveraloptions

for PROBE messageprocessing:whetherresourceavailability really needsto be checked during this

first protocolphase,andif so,whethertheresourceshouldalsobereservedat that time. More dramatic

changes,suchas the useof sourcetrees(insteadof sink trees)andsupportfor multicast,may alsobe

considered.At thesametime, we areimplementingBGRPon backbonerouterplatformsandwill testit

in realisticnetworkingenvironments.WehaveproposedBGRPto theIETF [29].

We would like to thankSeanMcCrearyfor helpingusanalyzetheAS traces.CraigLabovitz advised

uson variousaspectsof network operationsthatarerelevantto BGRP. Tony PrzygiendaandRohit Dube

commentedontheinteractionbetweenBGPandroutingaggregation.WealsothankFredBaker, Kimberly

Claffy, Der-Hwa Gan,GeorgeSwallow, andAndreasTerzisfor many discussionsleadingto thiswork.

20



References
[1] R. Braden,D. Clark, andS. Shenker, “Integratedservicesin the internetarchitecture:anoverview,” Request

for Comments(Informational)1633,InternetEngineeringTaskForce,June1994.

[2] T. Li andY. Rekhter, “A provider architecturefor differentiatedservicesandtraffic engineering(PASTE),”
Requestfor Comments(Informational)2430,InternetEngineeringTaskForce,Oct.1998.

[3] K. Nichols,V. Jacobson,andL. Zhang,“A two-bit differentiatedservicesarchitecturefor theinternet,” Internet
Draft, InternetEngineeringTaskForce,May 1999.Work in progress.

[4] P. PanandH. Schulzrinne,“YESSIR:asimplereservationmechanismfor theInternet,” ACM Computer Com-
munication Review, vol. 29,pp.89–101,Apr. 1999.

[5] L. Zhang,S. Deering,D. Estrin,S. Shenker, andD. Zappala,“RSVP: a new resourceReSerVationprotocol,”
IEEE Network, vol. 7, pp.8–18,Sept.1993.

[6] R. Braden,Ed., L. Zhang,S. Berson,S. Herzog,andS. Jamin,“ResourceReSerVation protocol(RSVP)–
version1 functionalspecification,” Requestfor Comments(ProposedStandard)2205, InternetEngineering
TaskForce,Sept.1997.

[7] InternetSoftwareConsortium,“Internetdomainsurvey.” http://www.isc.org/ds/.

[8] TelstraNetwork, “Telstrainternetnetwork performancereports.” http://www.telstra.net/ops/.

[9] T. Bates,“The cidr report.” http://www.employees.org/˜tbates/cidr-report.html.

[10] T. cker Chiueh,A. Neogi, andP. Stirpe,“Performanceanalysisof an RSVP-capablerouter,” in Proc. of 4th
Real-Time Technology and Applications Symposium, (Denver, Colorado),June1998.

[11] S.Blake,D. Black,M. Carlson,E.Davies,Z. Wang,andW. Weiss,“An architecturefor differentiatedservice,”
Requestfor Comments(Informational)2475,InternetEngineeringTaskForce,Dec.1998.

[12] J.Agogbua,D. Awduche,J.Malcolm,J.McManus,andM. O’Dell, “Requirementsfor traffic engineeringover
MPLS,” InternetDraft, InternetEngineeringTaskForce,June1999.Work in progress.

[13] C. Labovitz, G. R. Malan,andF. Jahanian,“Internet routing instability,” in SIGCOMM Symposium on Com-
munications Architectures and Protocols, (Cannes,France),Sept.1997.

[14] Y. RekhterandT. Li, “A bordergateway protocol4 (BGP-4),” Requestfor Comments(Draft Standard)1771,
InternetEngineeringTaskForce,Mar. 1995.

[15] D. J.Mitzel andS.Shenker, “Asymptoticresourceconsumptionin multicastreservationstyles,” in SIGCOMM
Symposium on Communications Architectures and Protocols, (London,UK), pp.226–233,Sept.1994.

[16] L. Berger, D. Gan, G. Swallow, and P. Pan, “RSVP refreshreductionextensions,” InternetDraft, Internet
EngineeringTaskForce,July1999.Work in progress.

[17] C. Labovitz, G. Malan,andF. Jahanian,“Origins of internetroutinginstability,” in Proceedings of the Confer-
ence on Computer Communications (IEEE Infocom), (New York), Mar. 1999.

[18] P. Pan andH. Schulzrinne,“Stagedrefreshtimersfor RSVP,” in Proceedings of Global Internet, (Phoenix,
Arizona),Nov. 1997.alsoIBM ResearchTechnicalReportTC20966.



[19] C. Villamizar, R. Chandra,andR. Govindan,“BGP routeflap damping,” Requestfor Comments(Proposed
Standard)2439,InternetEngineeringTaskForce,Nov. 1998.

[20] NLANR, “Nlanr network traffic packet headertraces.” http://moat.nlanr.net/Traces/.

[21] NLANR, “Nlanr aspathlengths.” http://moat.nlanr.net/ASPL/.

[22] O. SchelenandS. Pink, “Aggregatingresourcereservation over multiple routing domains,” in Proc. of Fifth
IFIP International Workshop on Quality of Service (IwQOS), (Cambridge,England),June1998.

[23] S.BersonandS.Vincent,“Aggregationof internetintegratedservicesstate,” in submitted to IWQOS, 1998.

[24] F. Reichmeyer, L. Ong,A. Terzis,L. Zhang,andR. Yavatkar, “A two-tier resourcemanagementmodelfor dif-
ferentiatedservicesnetworks,” InternetDraft, InternetEngineeringTaskForce,Nov. 1998.Work in progress.

[25] D. Awduche,L. Berger, D. Gan,T. Li, G. Swallow, andV. Srinivasan,“Extensionsto RSVPfor LSPtunnels,”
InternetDraft, InternetEngineeringTaskForce,Mar. 1999.Work in progress.

[26] R. Guerin,S. Herzog,andS. Blake, “AggregatingRSVP-basedQoSrequests,” InternetDraft, InternetEngi-
neeringTaskForce,Nov. 1997.Work in progress.

[27] F. Baker, “Aggregationof RSVPfor IP4andIP6reservations,” InternetDraft, InternetEngineeringTaskForce,
June1999.Work in progress.

[28] G.Feher, K. Nemeth,M. Maliosz,I. Cselenyi, J.Bergkvist,D. Ahlard,andT. Engborg, “Boomerang- asimple
protocolfor resourcereservation in ip networks,” in IEEE Workshop on QoS Support for Real-Time Internet
Applications, (Vancouver, Canada),June1999.

[29] P. Pan, E. Hahne,andH. Schulzrinne,“BGRP: A Framework for ScalableResourceReservation,” Internet
Draft, InternetEngineeringTaskForce,Jan.2000.Work in progress.



Time RegionGranularity # Source-Dest.Pairs # Destinations Gain
Interval (# RSVPReservations) (# BGRPRes’ns)

90sec. Application(Source= Address+ Port; 339,245 208,559 1.6
Destination= Address+ 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

1 month Domain(AS) 7,900,362 5,001 1,579.8

Table1: Numberof aggregateflowsseenin packet traces
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Figure1: Thegrowth of theInternetfrom 1994to 1999[7, 8, 9].
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