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Abstract

Existing Quality of Servicemodels,being well de�ned in the data path, lack an uniform end-to-endcontrol path
mechanismcapableof guaranteeingtherequiredresourcesto bandwidthintensive services,suchasvideostreaming.Current
reservation protocolsrepresentpartial solutionsto this problem,sincethey areableto provide scalableresourcereservation
insideroutingdomains.However, it is primarily betweendomainsthatscalabilitybecomesa major issue,sinceinter-domain
links experiencelarge volumesof reservation requests.As a possiblesolution,we presentandevaluatethe Shared-segment
basedInter-domainControl AggregationProtocol(SICAP),which affordsthebene�tsof shared-segmentaggregation,while
avoiding its major drawback,namely, its sensitivity to the intensityof requests[9]. We presentresultsof simulationsthat
comparethe performanceof SICAP againstthat of the Border Gateway ReservationProtocol, (BGRP) which relies on
sink-treeaggregation to achieve scalability.

I . INTRODUCTION

Quality of Service(QoS)is a �eld thathasgivenrise to a wide rangeof works that investigatedatapathmechanisms.
This includesthe Integrated Services[7] and the DifferentiatedServices[11] models.Nevertheless,no QoS model can
be fully deployed without an adequatecontrol pathmechanism,capableof providing ef�cient resourcemanagementto
the boomingand diversi�ed Internetmultimedia-basedservices.Currently, protocolssuchas the Resource Reservation
Protocol (RSVP) [8] or theYet anothErSenderSessionInternetReservationprotocol (YESSIR)[6], scalewell whenused
to reserve resourcesinside regions that sharethe samerouting policies, i.e., AutonomousSystems(AS's). However, it
is betweenAS's that scalability becomesa major issue,sinceinter-domainlinks are likely to experiencehigh intensity
of reservation requests.Onemight arguethat theselinks canbe over-provisionedto eliminatethe needfor reservations.
Still, over-provisioningis not cost-effective for all providers,andfurthermore,it requiresAS boundaryrouters(BR's) to
be able to copewith high volumesof requests,which translatesinto signi�cant memoryandprocessingcosts.

Control stateaggregation is anotheroption that can be usedto reducethe information kept in eachrouter along a
path: insteadof keepingstateper request,routerskeep only stateper group of requests,i.e., per aggregate. Hence,
the granularitychosento perform aggregation is a key factor in determiningthe statereductionthat can be achieved.
Aggregation could, for instance,be doneon the �ow level, per sourceand destinationIP addresses.But, accordingto
Huston[3] therewere around1.09 billion addressesvisible in the Internetrouting table in 2001,which translatesinto

�������

possiblecombinationsof active IP addressesand, consequently, with an aggregation schemethat may not scale.
Alternatively, aggregationcould be basedon groupsof aggregatedIP addresses[14], i.e., networkpre�xes, which could
reducestatealong a path, but possiblynot substantially, sincesuchschemedependson how addressesare distributed
over routepre�xes,andon how routesareaggregatedthrougheachAS. A far betteroption is to aggregatereservations
at the ASlevel, given that AS's are the basicbuilding block of currentInternetrouting infrastructure:being the current
Internetorganizedin AS's and consideringthat the information exchangedby the BGP protocol[15] provides what is
necessaryto obtain the smallestpath accordingto providers' agreements,aggregationon the AS level seemsthe most
appropriate.Froma scalabilitystandpoint,sincetherearecurrently13,000active AS's on the Internet[1], this represents
a muchsmalleruniversethan the billions of active IP addresses.

Our goal is two-fold. First, we aim to describethedesignof SICAP, a protocolbasedon a shared-segmentaggregation
approach,and second,to show that SICAP achieves reasonableperformanceimprovementswhen comparedto BGRP.
Hence,theremainderof thereportis structuredasfollows:sectionII presentsrelatedwork. SectionIII givesanoperational
exampleof BGRP. SectionIV presentsthe SICAP protocol in detail, and sectionV givesa comparisonof SICAP and
BGRPperformance.Finally, sectionVI presentsconclusionsand future work.
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I I . RELATED WORK

Pan et al.[5] presentan inter-domainsignalingprotocol,BGRP, which mergesrequeststhathave the samedestination
AS, creatingaggregatesin the form of sink-trees.Panet al. show thatBGRPhasgoodperformancewhencomparedwith
RSVPwithout aggregation,but they do not provide a comparisonof BGRPwith otherpossibleinter-domainaggregation
mechanisms,partially becauseno otherproposalhadbeenput forward at the time.

So�a et al.[9] presenta comparisonof the shared-segmentandthe sink-treeapproach.By meansof simulations,they
comparealgorithmsthat illustrate the behavior of the two proposals,showing that the shared-segmentapproachhasa
higher total statecost than the sink-treeapproach,becauseof its sensitivity to the intensity of requests.However, they
alsoshow that theshared-segmentapproachreducesthenumberof aggregatescreated,whencomparedwith thesink-tree
approach.

Our work builds on the former work by developinga protocol,SICAP, that implementsa numberof enhancementsto
the basicshared-segmentalgorithmsof [9] and that eliminatesmost if not all of their previous drawbacks.In particular,
becauseSICAP is ableto avoid the sensitivity of the shared-segmentapproachto the intensityof requests,it bringsout
the full bene�ts provided by that aggregationapproach.

In the next section,we give an exampleof BGRP, beforeproceedingwith a detaileddescriptionof SICAP.

I I I . BGRP OPERATIONAL EXAMPLE

BGRP is an inter-domaincontrol aggregation protocol that is sender-initiated in the sensethat the �rst BR on the
pathtriggersreservation requests.BGRPmergesrequeststhat have the samedestinationAS, creatingaggregatesshaped
assink-trees,beingthe destinationAS's their roots.This allows BGRPto greatlyreducethe amountof staterequiredat
BR's alonga path,whencomparedwith a mechanismthat doesnot performaggregation.

To establisha reservation, BGRP usesa two-phasemechanism:in the �rst phase,the path is probedwith a PROBE
messagesent from the �r st-aggregator, i.e., the �rst egressrouter on the path, to the last-deaggregator, i.e., the last
ingressrouter on the path. In the secondphase,the last-deaggregatorusesthe information gatheredby the PROBE to
choosetheaggregateinto which it will mergethereservation.It thensendsa GRAFT messagethatallocatesthenecessary
resourcesalongthepathtraversedby theearlierPROBE message.Usingsuchschemeavoids theconsequencesof having
to dealwith asymmetricpaths, i.e., following a pathfrom AS B to AS A that is different from the path followed when
going from AS A to AS B: probing the path prior to allocatingresources,ensuresthat a reservation is establishedon
the reversepathearlierprobedfrom senderto destinationAS.

The aggregatescreatedby BGRP have soft-state, i.e., their information is periodically refreshedby BR's through
the useof REFRESHmessages.BGRP also usesoptional TEAR messages,that routerscan sendto explicitly remove
reservations.
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Fig. 1. BGRPexample.

To illustrate how BGRP works, we use the scenarioshown in Fig.1, where �

� representsa reservation request
originatedin AS 1 and destinedto an end-hostin AS 5. When router �

�

receives �

� , it sends ���������
	

���

, which
containsthe requestidenti�er �

� , the sourceidenti�er �

�

, the identi�er of �

� destination,the bandwidthrequirement

����

��� � ��� , where ��������� representsthe link betweenBR's � and � , andan emptyrouterecord. ����������	

� �

goesthrough
�

�

, �"! , ��# , and ��$ , eachof which insertsits identi�er in the routerecord. ����������	

� �

stopsin caseof error, or when
it reachesthe last-deaggregator, %

�

. If it fails to reach %

�

, an ERROR messageis sentbackto �

�

by the routerwhere
the failure occurred.If it reaches%

�

, this router replieswith &���')(�*�	

���

, which containsthe sameinformationas the
����������	

���

, along with a label ' that uniquely identi�es the sink-treewhoseroot is %

�

. &��+',(�*�	

� �

will establish
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the reservationalong �

�

, �"! , ��# , and ��$ . If a request�

� , which is originatedin AS 2 andalsodestinedto anend-host
in AS 5 arrivesat ��� , then this routersends����������	��

�

, containingthe identi�er �

� andbandwidth

 � �

��� � � � . When
this messagearrivesat %

�

, it replieswith &���')(�*�	��

�

, that will incrementin

 ���

��� � � � units the bandwidthallocatedto
the tree ' , until �"! . From ��! to ��� , &��+',(�*�	��

�

triggersthe creationof a new branchof ' , allocatingfor it

 ���

� � � ���

units.
Let's now supposethat a request ��� , originating again in AS 2, is destinedto AS 6. When ����������	 !

�

reaches
%�� , the last-deaggregatoron the pathof ��� , this router triggersthe creationof a new sink-tree, � , that extendsall the
way to ��� andis independentof the tree ' even over their commonsegments.This simpleexampleillustratesboth the
operationof BGRP and a speci�c instancewhere it doesnot result in the minimum possibleamountof state.In the
example,routers ��� , ��� , �"! , and ��# have to keepstatefor treesA andB, even thoughboth treessharethat segment
of the path.The shared-segmentapproachdevelopedin [9] andon which SICAP relies,is an attemptat further reducing
the amountof statein the presenceof suchsharedpathsegments.In the next section,we describethe designof SICAP
andhow this protocol is able to take advantageof sharedpathsegmentsto reducethe numberof aggregatescreated.

IV. SICAP DESIGN AND OPERATION

SICAP, like BGRP, is sender-initiated and usesa two-phasemechanismto establishreservations.The information
collectedduring the probing phaseis usedto decidehow to aggregate,as explainednext. The information collected
during the probingphaseis usedto decidehow to aggregate,asexplainednext.

A. Deaggregator ChoiceAlgorithm

SICAP usesan enhancedversion of the Weighted Deaggregation pointS (WDS)[10] algorithm to decide how to
aggregate.WDS assumesthat AS's with a large numberof downstreamneighborAS's are more suitableas aggregate
endpoints,sincethoseAS's aremorelikely to be reservation hot spots, i.e., they might experiencehigher intensitiesof
requests.For eachAS � of a path,WDS computesa weight � equalto the numberof downstreamneighborsof � ,

	�
 :

�



��	�


����� (1)

Therearetwo particularcasesfor the algorithm.The �rst occurswhentwo AS's yield the sameweight value.In this
case,the algorithmchoosesthe AS nearestto the destination.The secondoccurswhenthe destinationAS is a leaf, i.e.,
it hasno downstreamneighbors.For this case,thealgorithmassumesthat 	



�

�

. TheAS that yields the largestweight
is selectedasan intermediatedeaggregation location (IDL).

Fig.2, whereeachnoderepresentsan AS, exempli�es how WDS works.Whenthe last-deaggregatorat thedestination
AS receives request�

� , it computesthe weight of eachAS on the path. As shown in Fig.2(a), the AS yielding the
heaviestweight is D1, which becomesthe�rst IDL. To increasetheprobabilitythatrequestscomingfrom differentsource
AS's will useaggregatesalreadyestablished,the processis repeatedrecursively betweeneachIDL and the destination
AS. Fig.2(b) shows the secondand �nal iteration for the segmentbetweenD1 and the destination.Therefore,in the
given example,WDS triggersthe creationof threedifferentaggregates:the �rst extendsfrom the sourceAS to D1; the
secondextendsfrom D1 to D2; the third goesfrom D2 to the destinationAS.
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Fig. 2. WDS example.

Theinformationusedto make decisionson whereto placeIDLs is carriedthroughSICAPmessages,which we present
next togetherwith several examplesof messagingsequences.
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B. Messages

SICAP de�nes � ve messagetypes,which carry both basicandadditionalinformation.all of which containa request
identi�er, the requestdestination,the bandwidthrequired,the type of message,and a timestamp.Additionally, each
messagemight carry other information,asdescribednext:

� REQ. Thesemessagesaresentby �rst-aggregatorsto probenetwork resources.Along the path,eachBR addsits
identi�er to theREQ message.Whena REQ reachesa destinationAS, it carriesthe list of BRs traversed,the route
record, and resourcesrequired.The route record has a variable size, since it dependson the numberof routers
crossed.Accordingto currentInternetstatistics[13], thecurrentaveragepathsizeis of � ve AS's andthemaximum
is of eleven AS's. Therefore,in averagethe routerecordwill have a sizeof seven,anda maximumsizeof twenty,
sincethe �rst and last AS only contribute with oneBR each.

� RESV. RESVmessagesaresentupstreamby the last-deaggregatorof a path,asa reply to a receivedREQmessage
and to allocate the requiredresources.The RESV containsthe information of the correspondingREQ, and an
aggregatelabel that identi�es the aggregateinto which the reservation will be merged.

� ERROR messagesareusedin caseof reservation failure. If a reservation is rejected,an error messageof sub-type
REJis sentupstream,to notify the �rst-aggregatorof the rejection.If a reservationfails, not dueto resourcesor link
failure, but becausethe correspondingaggregatestatewasdeleted,a genericERROR messageis sentdownstream,
to notify the next router in the path that the reservation shouldbe retried.

� TEAR. TEAR messagesare triggeredby the sourceof a reservation to deleteit along a path.The TEAR travels
downstream,deletingthe correspondingreservation at eachBR.

� REFRESH. Thesemessagesupdatethe informationregardingreservationsalonga path.They aresentperiodically
each *�� secondsby any �rst-aggregator, andtravel downstreamuntil they reacha last-deaggregator. They carry the
sameinformation that a RESV messagecontains,and their purposeis to detectinconsistencies,suchas message
loss,nodefailures,or pathchanges.By default, *

� is set to 30s,sincethis is the default value for the BGP timer
KeepAlive. If a router doesnot receive a REFRESHmessagefor an aggregateafter 90s, the default value of the
BGP timer HoldTime, it will deletethe aggregatestate.

These� ve different typesof messagesareusedin differentsituations,to which we provide examplesnext.

C. SICAPOperation

AS1

AS3

RESV(1)REQ(1)

AS2

AS5

AS6

AS4

R1

A1A2

R2

A3

REQ(2) RESV(2)

S2

E1

E2
E3 E4

E5

S1 D1

D2

E6

Fig. 3. SICAP example.

To illustratehow SICAP works, we usethe scenarioof Fig.3, whereellipsesrepresentdifferentAS's, ��� is the �rst-
aggregator and % � is the last-deaggregator on the path of reservation ��� . The �gure shows two reservations: �

� is a
reservation betweenan end-hostin AS 1 andan end-hostin AS 5, and �

� is a reservation betweenan end-hostin AS
2 and an end-hostin AS 6. We considerthreescenarios:the �rst dealswith the establishmentof reservations �

� and
�

� , the seconddescribesthe deletionof reservation �

� , and the third illustratesa possibleexchangeof error messages
in the caseof a failure of reservation �

� .
1) End-to-EndReservationEstablishment:To establisha reservation, SICAP usesa pair of REQ/RESVmessages:

eachtime a reservation requestarrivesto a �rst-aggregator, the SICAP protocolsendsa REQ to probethe path,until it
reachesa last-deaggregator. REQmessagesaresentdownstream,hop-by-hop.Similarly to theBGRPcase,this represents
the �rst phaseof the reservation establishment,which endswhena REQ messageeitherreachesa last-deaggregator, or
when it reachesa point of failure. For the latter case,a REJ messageis sentupstreamdirectly to the �rst-aggregator:
since the reservation hasnot beenestablishedyet, intermediateroutersdo not needto be noti�ed that the reservation
wasrejected.
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The receptionof a REQ messageby a last-deaggregator triggers the secondphaseof a reservation establishment.
The last-deaggregator startsby choosingas an IDL the AS of the path that holds the heaviest �


 . It then looks for
an aggregatethat endsin the currentAS, and that either startsor crossesthe IDL AS. If suchan aggregateexists, its
resourcesare updatedby a RESV messagesentby the last-aggregator:at eachBR, the RESV triggersthe creationor
the updateof the aggregate.When the RESV arrives at the aggregatesource,this router will calculateagainwhich is
the next intermediatedeaggregationlocation,and the aggregatethat providesaccessto that AS.
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Fig. 4. SICAP messaging.

Fig.4 shows the messageexchangerequired to establish �

� , for the scenarioillustrated in Fig.3. To start the
establishmentof �

� , �

�

sends�+�

�

	

� �

to the end-hostin AS 5. ���

�

	

���

containsthe reservation identi�er �

� and
its bandwidthrequirement,


 ���

� � ��� , where � ������� representsthe link betweenrouters � and � . ���

�

	

���

travels through
�

�

, ��! , ��# , and ��$ , which add their identi�ers to the route recordof the message.When %

�

receives ���

�

	

���

, it
realizesthat the requestendsin AS 5 andtherefore,usesthe informationcollectedto choosethe aggregatethat �

� will
bemergedinto. Becausethereis no adequateaggregate,%

�

triggersthecreationof a new aggregate,'

� , andselects��$

asits startingpoint. To establish'

� , %

�

sends��������	

� �

, requesting

 ���

� � ��� on eachlink of the reversepathprovided
by �+�

�

	

� �

. When �+������	

���

arrivesat ��$ , the aggregatelabel is resetand ������� 	

� �

is sentto theprevious-hop,��# .
��# looks for an aggregatethat might carry �

�

until �

�

. Not �nding any, ��# triggersthe creationof anotheraggregate,
'

� , thatextendsall theway from �

�

to ��# , andupdatestheaggregatelabel in ������� 	

���

to '

� . If ������� 	

���

succeeds
in reaching�

�

, then the reservation is established.
Let us now considera request�

� originating in AS 2 anddestinedto AS 6: when %�� receives ���

�

	 �

�

, it triggers
the creationof aggregate ' � to ��� , and sends������� 	 �

�

to establishthe reservation. When �������
	��

�

arrivesat ��# ,
this routerrealizesthat �

� canbe mergedinto the existing aggregate '

� , andthereforesimply updatesthe resourcesof
'

� . However, because'

� headstowardsAS 1 and not AS 2, a new aggregatebranch '�� is createdfrom �"! to ��� .
This branchis directly mergedinto '

� at �"! , so that �"! is not an IDL whereindividual reservation statewould have
to be kept, but simply a merging point. This exampleshows how the shared-segmentaggregationapproachcan reduce
thenumberof aggregatescreated,thereforereducingstatealonga path:from AS 2, two reservations, �

� and �

� , which
have differentdestinationAS's, reusethe sameaggregateover the pathsegmentthey share.

2) ReservationDeletion: The explicit deletionof a reservation,whetherit is individual or aggregate,is carriedout by
a TEAR message.The deletionof an individual reservation is donefrom the �rst-aggregatorto the last-deaggregatoras
a consequenceof an end-hostrequest,andit representsan updateof resourcesto an establishedaggregate.However, the
deletionof an aggregate ' is only triggeredby its source,when its bandwidthis equalto zero, �	�

�

�

, i.e., whenthe
aggregateis empty. The TEAR messageis thensentdownstream,eitheruntil it reachesthe destinationof the aggregate,
or until it reachesa BR where ����


�

, which implies that reservationsare being merged into the aggregate ' , and
therefore,the TEAR stops.

To delete �

� , �

�

sends*)�"',� 	

���

, which carriesthe reservation identi�er �

� andalso

����

� � ��� . Between�

�

and ��# ,
eachrouter decreasesthe bandwidthof '

� in

����

� � ��� units. When *)�"')� 	

���

reaches��# , the aggregate�eld is reset,
and *)�"',� 	

���

is forwardedto the next-hop, ��$ . This router knows that �

� is mappedto aggregate '

� and therefore
updatesthe aggregatelabel of *)�"',� 	

���

to '

� . ��$ thendecreasesthe bandwidthof '

� by

 ���

� � ��� units.
3) ReservationFailure: As shown in Fig.4(b), a reservation failure canoccur in eitherany of the two phasesof the

establishmentof �

� . We �rst considera failureduring theprobingphaseof �

� , andassumethat when �+�

�

	

� �

reaches
�"! , this router realizesthat thereare not enoughresourcesto satisfy �

�

. Hence, �+�

�

	

� �

is stoppedand ���
� 	

� �

is
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senttowards �

�

to notify this routerof the failure,so that it canreleasethe associatedresources:BR's between�

�

and
�"! do not have yet any staterelatedwith �

� , sincethe failure occurredduring the probing phase.Suchis the caseof
�

�

, which simply passes�+� � 	

���

to �

�

. We now considerthe caseof a failure during the allocationphaseof �

� , and
assumethat when �+����� 	

� �

reaches�"! , this routernoticesthat thereareinsuf�cient resourceson link � �

�

���"! � . As a
result, �"! not only sendsa ���
� 	

� �

messagetowards �

� , but it alsoneedsto deletethe partially establishedreservation
towards %

�

. This is accomplishedby sendinga *,�"')� 	

� �

messagetowards %

�

.
4) IDL StateManagement: In the shared-segmentaggregation approach,and as explained in the previous section,

aggregatesmight not extendall the way until the destinationof someof the individual reservationsthey carry. Instead,
they may end at an IDL AS. At IDL's, reservation requestshave to be switched from an ending aggregate at the
ingressrouter, to a new aggregateat the egressrouter. Therefore,aggregators1 at an IDL have to keep track of the
mappingbetweenindividual reservationsandaggregates.Oneway to achieve this is to keepeachreservation identi�er
andresourcesat the aggregator. However, this solution incursa signi�cant overheadin the amountof statethat mustbe
kept[9]. SICAP avoids this statepenaltyby keepingtrack of the mappingbetweenaggregatesand reservationsat the
level of destinationAS's, rather than explicitly mappingindividual reservationsto aggregates.In other words, SICAP
maintainsper aggregatea list of the destinationpre�xes advertisedby the AS's an aggregateprovides accessto. As
an example of how such information can be usedto ef�ciently managereservations,we addressagain the scenario
illustrated in Fig.3. During the establishmentof �

� , and when ���

�

	

� �

arrives at %

�

, this router looks for the most
speci�c advertisedpre�x that matches�

� destinationaddress.%

�

then insertsthe found pre�x(es) in the �+����� 	

� �

message.When this messagearrives at ��$ , SICAP updatesthe list of destinationpre�xes of '

� , adding to that list
the pre�x(es) containedin ��������	

���

. When �

� getstorn down and *)�"',� 	

���

arrivesat ��$ , this routersimply looks
up the mostspeci�c pre�x that matchesthe destinationaddresscarriedby *,�"')� 	

� �

, at the setof destinationpre�xes
kept per aggregate,and �nds out that '

� containsthe most speci�c match.Therefore '

� resourcescan be updated
without mappingexplicitly �

� to '

� . The statecostof this solutiondependsmostly on the numberof pre�xeseachAS
advertises.Broido et al.[1] presentmeasurementsof the Internetrouting table,wherefrom a possibleuniverseof 12,399
AS's, the majority of AS's advertiseda maximumof 99 pre�xes2, which is a reasonablenumber, whencomparedto the
much larger numberof individual reservationscrossingBR's.

D. Enhancements

This report dealswith SICAP in terms of its basicoperationalbehavior, with the purposeof analyzingthe ability
of SICAP to establishandmanagereservations,while achieving statescalability. However, SICAP can be enhancedto
supportsomeparticularsituations,only addingsomeminor modi�cations, which we explain in this section.

1) Dealing with Bi-directional Reservations:As mentionedbefore, the two-stepreservation establishmentscheme
that SICAP and BGRP use avoids dealingwith asymmetricpathswhen requestsare sent from senderto destination.
However, someInternetservices,suchasVoice over IP, VoIP, might requirereservation updateson behalfof receivers,
i.e., a bi-directionalreservationbehavior. Thoseupdateshave to travel on the reversepathof the reservation,but current
Internetrouting doesnot guaranteesymmetricpaths.We give an examplewherea sender-initiated VoIP reservation �

�

hasalreadybeenestablished,andis mappedto anaggregate '

� . If �

� receiver asksfor an updateof �

� , a messagewill
have to be sentfrom �

� receiver to �

� sender. This might be a problem,sincethereis no guaranteewhatsoever that the
requestsentby the receiver will travel on the reversepathof '

� . For sucha scenario,SICAP usesa similar solutionto
the oneprovidedby the useof the PHOPobjectin RSVP:SICAP keepsfor eachaggregateandper BR the identi�er of
thepreviousrouteron theaggregatepath.But, this is not suf�cient to ensurethat receiver-basedrequestscanbecorrectly
redirectedwhenthey reachthestartingpoint of anaggregatewhich is not a �rst-aggregator, i.e., anaggregatorat anIDL:
whenthe reservation requestarrivesat the correspondingaggregatesource,it hasto determinewhich is the appropriate
previous-hopon the reservation path, i.e., the adequateintermediatedeaggregator. Thus,at the last-deaggregator, each
individual reservation is associatedwith the identi�ers of the intermediatedeaggregatorscrossedon the reservationpath.
In [10], we reachedtheconclusionthatWDS givesrise in averageto threeIDL's. Consequently, andif SICAPassociates
eachreservation with the identi�ers of the deaggregatorscrossedin its path only at last-deaggregators,it can support
bi-directionalreservationswhile avoiding possiblescalability issues.

1Note that except for the deaggregator in the destinationAS, deaggregatorsdo not needto keeptrack of individual requests,sinceno reservation
or forwardingstateis maintainedat the deaggregator.

2Their measurementsof the Internet routing table in December2001, show that from a possibleuniverseof 12,399AS's, 40% announcedonly
onepre�x. Thesepre�xes however, representedonly 4.9% of 102,394pre�xes.The dataalsosustainsthat the numberof AS's advertising over 100
pre�xes is only 1%.
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2) Dealingwith IP AddressSpaceOverlapping: Both BGRPandSICAPaim at reducingthestatecostwhencompared
with a solution that doesnot performaggregation.Therefore,andasmentioned,becausewe arecomparingBGRPand
SICAP in termsof their regular operationmode,we concentrateon the statecost of SICAP and how it comparesto
that of BGRP. But, anotherkey factor that may affect the scalability of a control aggregationsolution is the frequency
of updatesto an aggregate,i.e., the signaling load. In the regular operationmode,both BGRP and SICAP attain the
samesignalingload,which is not reducedwhencomparedto a solutionthat doesnot performaggregation,becausethey
updateaggregatesper individual reservation. A possibleway of reducingthe signalingload of an aggregationsolution
is to perform over-reservation, i.e., provide an aggregatewith more bandwidththan the requiredat a certain instant,
thusreducingthe frequency of messagesexchangedandaccordingly, the requiredprocessingin BR's, at the expenseof
allocatingresourcesin advanceto aggregates.Besidesthe needfor resourcesin advance,an over-reservationmechanism
alsorequiresa way to identify analreadyestablishedandsuf�ciently provisionedaggregateastheadequateoneto merge
the reservation into: suchidenti�cation is easilyperformedby SICAP, sinceits regular operationmodealreadyrequires
the mappingof eachaggregatewith a set of the destinationnetwork pre�xes the aggregateprovidesaccessfor. BGRP
alsosupportsthis enhancement,namedquiet grafting andbrie�y mentionedby Pan et al. [5], but further examinedfor
BGRPby Nikolouzouet al. [2], [4].

We are currently evaluatingseveral over-reservation schemesnot only to be usedwith SICAP, but also with BGRP.
However, andbecausein thecontext of this reportwe areevaluatingthebasicoperationof theseprotocols,in this section
we simply addressa situationthatmaygive rise to inconsistenciesin thecaseof over-reservation,dueto theoverlapping
of destinationIP pre�xes, and how SICAP dealswith it. That situation is illustrated in Fig.5, where �

� and �

� are
reservationrequestsoriginatedin AS1 but with IP destinationaddresses192.168.4.10,and192.168.2.1,respectively. The
destinationAS for both theserequestsis AS 6, which advertisestwo pre�xesfor two differentAS paths:192.168.0.0/16
for the AS path � ',�

�

��'+��� ��',� !���'+� #���',� � � , and192.168.2.0/24for the AS path � ',�

�

��'+��� ��',� !���'+� $ ��',� � � . We
assumethat an aggregate '

� is alreadyin place from AS 1 to AS 6, and that the pre�x 192.168.0.0/16is mappedto
'

� . In the regular SICAP operationmode, �

� would be mappedinto '

� , and �

� would originate the creationof a
new aggregateon the AS path ��'+�

�

��',��� ��'+� ! ��',� $ ��',��� � , whenthe respective REQ messageswould reachthe last-
deaggregator. However, with over-reservation and assumingthat '

� hassuf�cient resourcesto automaticallyprovision
�

� and �

� at AS 1, the overlappingof the pre�xesadvertisedby AS 6 would generatean error situation:in AS 1, �

�

would be correctly merged into '

� . However, becausein AS 1 the pre�x mappedto '

� , 192.168.0.0/16is the most
speci�c matchto the destinationaddressof �

� , this reservation would also be merged into '

� , when in fact it should
follow a differentpath.

AS1

AS4

AS6
AS3AS2

AS5

A1

19
2.

16
8.

0.
0/

16

19
2.

16
8.

0.
0/

16 192.168.0.0/16

192.168.2.0/24

R1: 192.168.4.10

R2: 192.168.2.1

(a)

Fig. 5. OverlappingIP Pre�x situation.

To avoid this situation,we follow thesolution[4] usedin thecontext of BGRPquiet-graftingmechanism.Thatsolution
is to exclude possiblepre�xes that are containedin a most speci�c match,but that are not a matchto the requiredIP
destinationaddress.In the given example,that would meanto exclude the subnet192.168.2.0/24from 192.168.0.0/16,
thus avoiding the incorrectmappingof '

� to the pre�x 192.168.2.0/24in AS 1. The drawbackof this solution is the
needto searchfor more speci�c pre�xes that are not a match to a certain IP address,eachtime a requestreachesa
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last-deaggregator, and the consequentcomputationalcost.

V. BGRP AND SICAP PERFORMANCE COMPARISON

Thereareseveral possiblemeasuresof ef�ciency that canbe usedto evaluatethe ability of an inter-domainsignaling
protocol in reducingmemoryoccupancy and processingcost at BR's. This cost is relatedto the numberof aggregates
that aremaintainedandto how often their stateandbandwidthneedsto be updated,which translatesinto thebandwidth
ef�ciency and consequentsignaling load of a solution. In this report, we assumethe context of the regular mode of
operationfor both BGRP and SICAP, wherethe bandwidthof an aggregateis updatedper individual request,so that
both protocolsattain the samesignalingload. Therefore,the performanceparameterleft to focuson is state,sincethis
is the only ef�ciency parameterwheretheseprotocolsmay differ.

To quantify state,we considerthat a reservation occupiesone unit of stateeachtime it crossesa BR interface:if �

individual reservationsare mappedinto one aggregate,the correspondingstateis ���

�

units; when an aggregatethat
contains� reservationsis deaggregated,the stateoccupiedis

�

��� ; if an aggregateis in transitwhencrossingan AS,
it requiresfour units of state,two at the ingressand two at the egressBR.

To analyzestate,we run anexperiment�rst introducedin [9], sowe canseeif andhow
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Fig. 6. Internet-like topology

SICAP is ableto reducestateby not keepinginformationaboutindividual reservationsat
IDL's. The experimentusesthe AS level topologywith 50 nodesillustratedin Fig.6, and
a distribution of requestswhere eachnodehas the sameprobability of being a source,
and destinationsare placedaccordingto a real distribution of addressesbasedon AS
distance[12]. The arrival of requestsis modeledas a Poissonprocesswith meaninter-
arrival time of � . In order to exemplify threepossiblecasesof requests,and to achieve
a consistentcomparisonof the performanceof the protocols, the duration of requests
was varied while keeping the systemload constant.Three scenarioswere considered:
short-livedrequests,with an averagedurationof 20s;long-livedrequests,with an average
durationof 120s;mixed traf�c, from which we generatedthreepossiblesub-types:a mix

of 20% of short-lived and80% of long-lived requests;a mix of 50%/50%anda third mix, 80% of short-lived requests
and20% of long-lived requests.

The resultspresentedin Tab. I comprisethe minimum, maximumand averagestatevalues,calculatedwithin a 95%
con�dence interval, for an intensity of 5,000 requests.They show that SICAP consistentlyoutperformsBGRP, which
con�rms the former's ability to reducestateby lowering the numberof aggregatescreated,since the stateassociated
with individual requestsis the samefor both protocols.The columnscontainingthe stateratio

�����

�
	

�
�
�

	

and the state
difference��&��+��� ������')� , show how the durationof requestsaffect both protocols.For example,the averagestate
ratio is approximately0.62for thedifferenttypesof requests.It shouldbenoticedhowever, thatstatevariesasa function
of the durationof individual requests:short-lived requestsrequiremore averagestatethanany of the other types.This
phenomenonis merelya consequenceof the increased“load” associatedwith shorterdurationrequests,i.e., in order to
keepthe intensityof requestsconstantwhile varying the duration,it is necessaryto generatemore short-lived requests
thaneithermixed or long-lived.

To seein detail how the intensity of requestsaffects state,the experimentwas repeatedfor an intensity of 10,000
requests,and Tab. I holds the results,which are again consistentlylower for SICAP than for BGRP. The stateratio�����

�
	

�����

	

is againrepresentative of how statevariesandis usuallyhigher thanthe ratio obtainedfor an intensityof 5,000
requests,as a consequenceof having more requestsper unit of time, i.e., a broaderuniverse.The column presenting
the statedifference��&������ ������')� shows betterthe statereductionachievedby SICAP whencomparedwith BGRP,
and is higher for the intensityof 10,000requeststhan for the intensityof 5,000.This statereductiondoesnot increase
proportionallyto the intensityof requests,sinceit is only relatedwith the numberof aggregatescreated:while the state
due to individual requestsis the samefor both protocols,SICAP reducesthe numberof aggregatescreated.

To presenta global perspective of how stateis affected when the intensity of requestsvaries, the experimentwas
repeatedfor different intensitiesandFig.7 shows the results.Eachbar representsthe averagestatevaluethat a protocol
requiresfor a particulartype of requests,and for a particularintensity. Note that the differenceof statebetweenBGRP
andSICAP doesnot grow proportionallyto the intensityof requests,becausethat differenceis only due to the number
of aggregatescreated.However, the differenceremainssigni�cant in termsof scalability, sincestatedue to individual
reservationsis only kept at the end-pointsof a path,but statedue to aggregatesis kept in eachBR crossed.

VI . SUMMARY AND CONCLUSIONS

In this report, we �rst describedthe designand operationof an inter-domainaggregation control protocol, SICAP,
which performsshared-segmentaggregationof reservation requests.We thencomparedthe performanceof SICAP with
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TABLE I

AVERAGE STATE, INTENSITY OF 5000 REQUESTS
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TABLE II

AVERAGE STATE, INTENSITY OF 10000 REQUESTS
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Fig. 7. Statevariation

thatof BGRPin termsof their ability to reducetheamountof statethatneedsto bemaintainedalonga path,andshowed
thateven thoughbothprotocolsachieve goodperformance,SICAPhasconsistentlylower staterequirementsthanBGRP.
This is of importancenot so much to offer a betterperformingalternative to BGRP, but to quantify the performance
improvementsthat might still be available.

Becauseneither of the baseversion of SICAP or BGRP addressesthe issueof reducingthe signaling load when
comparedto a mechanismthat doesnot performaggregation,this is an areawhereboth protocolsarein needof further
improvements.As a possiblesolution,we arecurrentlystudyingseveralover-reservationmechanismsin both thecontext
of SICAPandBGRP, with thepurposeof evaluatingtheirperformancein termsof signalingloadreduction,andbandwidth
ef�ciency.
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