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Abstract. Quality of Service(QoS)for real-timetransmissioncanbeachieved
by resourcereservationin theroutersalongthepath.In recentyears,severalpro-
tocolsandextensionsto themhave beendesignedfor signalingresourcereser-
vation in IP networks.This work reviews variousprotocolsthatexhibit different
signalingconcepts.Then,westudytheimpactof controlmessageretransmissions
(CMR) andthecontroloptionon thereservationestablishmentdelay(RED) and
the reservation teardown delay(RTD). Numericalresultsquantify the resulting
performancegainin differentnetworking scenarios.

1 Introduction

Futurecommunicationnetworkswill guaranteeseamlessquality of service(QoS)data
transportationfrom thesenderto thereceiver. Thenetwork mustprovide sufficient re-
sourcesto forwardthedatain anadequateway to meetthelossanddelayrequirements
of the traffic. To achieve that goal, massive overprovisioning canbe appliedaswell
as intelligent traffic engineeringtechniques.Oneof themis admissioncontrol (AC):
Whenthenetwork’scapacitydoesnotsufficeto transportall offeredtraffic, AC shelters
thenetwork from overloadby admittingonly a limited numberof reservationrequests.
Thus,QoSfor theflowsin placeis maintainedat theexpenseof blockedflows.In order
to performAC in a network entity, theamountof requestedresourceof eachflow must
beknown beforehandandis usuallydeliveredby aresourcereservationprotocol.

In recentyears,several resourcereservation protocolshave beendesignedfor IP
networks. In this paperwe would like to give an overview over the most prominent
protocols:RSVP, RSVPrefreshoverheadreductionextensions,aggregationof RSVP
reservations,Boomerang,YESSIR,BGRP, andstatelessreservation protocols.These
protocolsdistinguishin syntaxandsemanticsandrevealalsodifferentinformationpass-
ing concepts.

In thepast,protocolperformancehasbeenstudiedusingsoftwareimplementations
[1–4]. In [5] thereliability of RSVPwasstudied.In our investigationwe focuson the
controlmessageretransmission(CMR) optionwhich is suggestedin the refreshover-
headreductionextensionsof RSVP[6]. We evaluateits impacton the reservationes-
tablishmentdelay(RED) andthereservationteardown delay(RTD). We performthese�
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studiesin variousnetworking scenariosand take signalingparadigmsfrom standard
RSVPandotherreservationprotocolsinto account.

This paperis structuredasfollows. In Section2 we presentthe above mentioned
protocols.Then,westudytheresponsetimeof resourcereservationprotocolswith spe-
cial respectto the control messageretransmission(CMR) featurein the RSVPexten-
sions.Numericalresultsillustratetheir behavior andquantifytheperformancegain.In
Section4 we summarizethiswork.

2 An Overview of Resource Reservation Protocols

Real-timeapplicationslike voice over IP (VoIP) [7] or video conferencerequiresig-
naling protocolsfor the applicationlayer aswell asfor the network andthe transport
layer.

Applicationsneedto identify andlocatetheircommunicationpeersandto negotiate
sessionparameters.Codecshaveto beagreedonandtranslatorscanbeinvolvedin case
of incompatibleendsystems.Theseandother tasksareperformedby standardslike
H.323,theSessionInitiation Protocol(SIP),andtheMediaGateway ControlProtocol
(MGCP). The Real-timeTransportProtocol(RTP) providesmeansfor datasynchro-
nizationto avoid distortedtime lines for presentation.On the transportlayerwe have
theUserDatagramProtocol(UDP)andtheTransmissionControlProtocol(TCP).They
ensurethatIP packetsareassociatedwith thecorrectportsin theendsystems,andTCP
providesmeansto detectandrepairpacket loss.Thenetwork layerforwardsthedatato
their destination.It consistsof theInternetProtocol(IP) andtheroutingprotocols.

Thelink layeroffersQoSmechanismsasit hasthecontrolover theoverall capac-
ity of a link. Theseresourcesdo not only relateto merebandwidthbut also to CPU
processingtime, buffer space,andothers.Resourcereservation canbe performedper
hop on all intermediatelinks betweensenderandreceiver. The control messagesare
transportedusingregularIP packets(network layer)but their informationrelatesto the
link layer.

This work focuseson signalingfor resourcereservation.In this sectionwe present
variousexisting protocolsandconcentrateon their informationforwardingparadigm.

2.1 Resource Reservation Protocol (RSVP)

RSVPhasbeenconceivedby theIETF for thesignalingof reservationrequestswithin
anIntegratedServicesnetwork [8, 9]. Both unicastandmulticastapplicationsaresup-
portedanddifferentreservationstyles(e.g. sharedreservations)arepossible.

Connection Establishment. To initiateareservationwith RSVP, thesendingnodeissues
a so-calledPATH messagethatestablishesa PATH state(PS)in the intermediatehops
on theway to thedesireddestinationmachine.Thestateof aflow is theinformationre-
latedto it in a router. Thedestinationrouterrespondswith a RESVmessagethatvisits
the intermediateroutersin thereversedirectionusingtheprevioushop informationof
thePS(cf. Figure1). On thatway, theRESVstates(RS)areestablished.This ensures
that resourcesarereservedin eachrouterin downstreamdirection.Thefirst passfrom
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Fig. 1. Controlmessageflow in RSVP.

thesenderto thereceiver(PATH msg.)collectsadvertisinginformationthatis delivered
to thereceiver to enablethereceiver to make appropriatereservationrequests.Theac-
tualreservationis madeonthewaybackto thesender(RESVmsg.).Hence,RSVPuses
a two-passsignalingapproach,alsoknown asone-passwith advertising(OPWA). Ex-
plicit PATHERRandRESVERRmessagesindicateerrors,andTEARDOWN messages
teardown theconnectionandremovethestatesin therouters.
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Fig. 2. Theestablishmentof a reservationusingRSVP.

Whena RESVmessageis receivedby arouter, therequiredactionsaretakento set
upthereservationsfor therespectivedataflow (cf. Figure2). Theadmissiondecisionis
basedon theflow andreservationspecifiers.If the requestsucceeds,theclassifierand
theschedulerareconfiguredto forwardthedataflow messages.

Soft States. RSVPcontrolmessagesareusuallysentdirectly in IP or UDP datagrams.
Thiscommunicationis unreliablein bothcases.Thecontrolmessagesdo notbelongto
a userdataflow andarenot protectedby the reservation.In addition,theendsystems
maygo down without notifying thenetwork. Thus,a mechanismis requiredto remove
the unusedstates.RSVPusesa soft stateapproachto copewith that: The statestime
out anddisappearaftera cleanuptime ¸ unlessthey arerefreshedby anotherPATH or
RESVmessage.To keeptheconnectionalive, every participatingnodesendsperiodi-
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cally PATH andRESVmessagesto its neighboringhopswith refreshperiod ¹ . RSVP
[8] suggeststo set º to »½¼�¹ . If thesourcestopswithout tearingdown theconnection
or in caseof routingchanges,thePATH andRESVstateswill eventuallytimeout in all
unusedrouters.

2.2 RSVP Refresh Overhead Reduction Extensions

RSVPmessagesconsistof differentstandardizedobjectsthatcarryflow relatedinfor-
mation.TheRSVPrefreshoverheadreductionextensions[6, 10] introduceseveralnew
objectsto RSVPthatreducetheoverheaddueto thetransmissionof refreshmessages.
Apart from that,RSVPis enhancedby controlmessageretransmission(CMR) capabil-
ities.

BUNDLE Messages. RSVPnodessendonePATH andRESVmessageper refreshin-
terval and connection.Sinceseveral connectionsare carriedon the samelink, their
refreshmessagescanbe handledwithin onesingleBUNDLE messagewherejust the
differentmessagebodiesareassembled.Thisyieldsjustareductionof themerecontrol
packet frequency but not a reductionof thecontrolmessagefrequency. Thebandwidth
consumedby controlmessagesis negligible andBUNDLE messageshardlyreduceit.
Therearealsoasmany operationsrequiredby therouterasin normalRSVP.

Complexity Reduction by MESSAGE IDs. PATH andRESVmessagesaresentperiod-
ically per RSVPconnectionand their contentrarely changes.The receiver of sucha
messageidentifiesthecorrespondingflow usingthe traffic descriptorandrefreshesor
updatesits state.The introductionof a MESSAGE ID objectalleviatesthis task.If a
control messageis expectedto changethe statein the next router, it is equippedwith
a uniqueMESSAGE ID number. Consecutive control messagesthat just refreshthis
stateareequippedwith the sameMESSAGE ID. The desiredstateis then identified
by a hashvalueusingtheMESSAGE ID andcanberefreshedwithout processingthe
wholecontrolmessage.MESSAGE IDs speedup the lookup time for a flow. The im-
pactontheflow processingtimecanbestudiedby comparingtheperformanceof RSVP
implementations.

Summary Refresh Extensions. The MESSAGE IDs do not require to be sent with
their relatedcontrol message.A MESSAGE ID LIST objectmay containonly MES-
SAGE ID objectsinsteadof the whole control messagethat would only be usedin
the failurecase.This reducesalsothe requiredbandwidthfor signaling,however, this
hasno impacton thenetwork utilization sincethefractionof signalingtraffic is small
anyway. To handlecaseswherethe receiver encountersan inconsistentstateview, the
receiver mayordernew PATH or RESVmessagesby issuinga MESSAGE ID NACK
thatrefersto thecorruptedRSVPconnection.

Control Message Retransmissions (CMR). Last but not least,it is possibleto setan
ACK DESIREDflag within a MESSAGE ID objectto indicatethe receiver to senda
MESSAGE ID ACK to acknowledgethe receiptof a control message.If the sender
hasnot yet received the MESSAGE ID ACK objectafter ¹¿¾ time, it retransmitsthe
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respectivecontrolmessage.Thismakesthecommunicationmorerobustagainstpacket
losswhich is animportantissue,e. g., in wirelessnetworks.To adjustthis mechanism
to potentialnetwork overloadsituations,anexponentialbackoff algorithmis introduced
to avoid unnecessarycontrolmessages.Ontheonehand,CMR makeRSVPimplemen-
tationsmorecomplex (additionaltimersandcontrolmessages)but on theotherhand,
they makethecommunicationona lossylink morereliablewhichreducestheresponse
timeof thedistributedRSVPprocesses.Theimpactdependsonthenetworkingscenario
andwill beinvestigatedin thesecondpartof thatwork.

2.3 Aggregation of RSVP Reservations

Theabovementionedmodificationsto RSVPtendto reducetheprotocoloverheadper
RSVPcontrolmessageandallow betterperformingimplementationsof theRSVPstate
machine.However, they arenotableto solvethefundamentalscalingproblem:Thepro-
cessingcostsin aroutergrow linearlywith thenumberof supportedreservationswhich
is feasiblein theaccessnetwork with only a few QoSflows but not in a corenetwork.
Therefore,[11] suggestsanaggregatorat a borderrouterof a network thatsummarizes
many individual RSVPreservationsinto oneaggregatedreservation. The aggregated
reservationssharethesamepaththroughthenetwork andthey aredeaggregatedat the
egresspoint. This reducesthe numberof reservation statesdrasticallywithin the net-
work andrelievesthecoreroutersfrom processingindividual reservationrequests.The
numberof end-to-endtunnelreservationsrisesquadraticallywith thenumberof aggre-
gatorsanddeaggregatorsin a network. The sameobjective canbe achieved by using
theaggregationcapabilitiesof MultiprotocolLabelSwitching(MPLS) [12–14].

2.4 Boomerang

TheBoomerangprotocol[15] aimsatreducingsomepartof theoverheadthatis induced
by RSVP. TherearenoPATH andRESVmessages.ThesendergeneratesaBoomerang
messagethat is forwardedhopby hopto thereceiver. Along thatpath,theroutersthat
understandBoomerangperformareservationfor aflow. As soonasthemessagearrives
at the receiver, the reservation is alreadyin place.The receiver doesnot even need
to processthe message,it just bouncesthe messageback to the senderto notify the
establishment.Optionally, thereturnchannelof abidirectionalsessionmaybereserved
onthewayback.Notethatadifferentpathmaybetakenfor thatpurpose(cf. Figure3).

Fig. 3. A bidirectionalreservationsetupby Boomerang.
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If a reservation requestfails or if a sessionterminates,the reservation statescan
betorn down with a reservationrequestof sizezero.Only thesendingnodegenerates
signalingmessages,therefore,theBoomerangapproachis simplerthanRSVPsincethe
major complexity andprocessingis locatedat the sender. The conceptis also based
on soft statesand requiresrefreshesto keepthe reservation alive. If the Boomerang
messagedoesnot returnto the initiating nodewithin a certaintime, it is consideredto
belost,sothatthesendercantakeappropriateactions.TheBoomerangprotocolinduces
clearlylessburdenon theroutersthanconventionalRSVPimplementations[3].

2.5 YESSIR - YEt another Sender Session Internet Reservation

YESSIR[16] is a reservation protocol that is basedon RTP [7,17]. RTP is usuallya
wrapperfor applicationdataandaddssequencenumbers,time stampsandotheriden-
tifiers.Eachsessionis controlledby theReal-timeTransportControlProtocol(RTCP).
Sendersandreceiverssendperiodicallysenderandreceiverreports(SR,RR).SRscon-
tain throughputandother information aboutthe last report interval and allow, e. g.,
the derivation of the currentround-triptime in the network. RRsindicatepacket loss
anddelaystatisticsamongothers.This is extremelyuseful for adaptive applications.
YESSIRworkslikeRSVPalsoin aunicastandamulticastenvironmentandoffersalso
differentreservationstyles.

YESSIRreservationmessagesarepiggybackedat theendof RTCPSRor RR mes-
sages,possiblyenhancedby additionalYESSIR-specificdata,carriedin IP packetswith
router-alert option, i. e. they are interceptedby routersand processedby thosesup-
porting this option.As with Boomerang,reservationsaretriggeredby the sender. If a
routeralongthe way is not ableto provide the requestedresources,the exact reasons
for the reservation failure canbe remarked.This helpsthe endsystemsto eitherdrop
thesessionor to lower thereservationrequest.Theratefor thereservationcanbegiven
explicitly, it may be deducedfrom codectypesin the RTP payloador it may alsobe
inferredfrom thesizeof thepayloadandthecorrespondingtime stamps.YESSIRalso
relieson thesoft stateapproach.As with Boomerang,only thesenderissuesrefreshes
andthesessioncanbetorn down with anexplicit RTCPBYE message.Unlike RSVP,
theintermediatenodesarenotableto issueerrormessages,failuresituationshaveto be
recognizedby thereceiverandreportedvia RRsto thesender.

2.6 Border Gateway Reservation Protocol (BGRP)

BGRP[18] hasbeenconceivedfor inter-domainuseandto work in cooperationwith the
BorderGatewayProtocol(BGP)for routing.It is usedfor reservationsbetweenborder
routersonly. BGRPaddressesthe scalabilityproblemdirectly sinceit is designedto
aggregateall inter-domainreservationswith thesameautonomoussystem(AS) gateway
asdestinationinto a singlefunnelreservation,no matterof their origin.

Weexplainbriefly how signalingwith BGRPworksto setupasinktreereservation
(cf. Figure4). A PROBE messageis sentfrom a sourceborderrouterto a destination
borderrouterandcollectsthe visited borderrouters.Upon the receptionof a PROBE
message,the borderrouterscheckfor available resources,and forward the PROBE
packet towardsthedestination.Thedestinationborderrouterterminatesthisprocess.It
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Fig. 4. Signalingin BGRP.

convertsthePROBE messageinto a GRAFT messageandinsertsanID that identifies
its sink tree.The GRAFT messagetravels back on the collectedpath: The required
reservationstatesareestablishedandmarkedwith theID, or they areupdatedif they are
alreadyexistent.ThePROBEandGRAFTmessagescontainonly a relativereservation
offset,therefore,thecommunicationfor GRAFTmessagesmustbereliable(e.g. using
TCP).BGRPis a soft stateprotocol,therefore,neighboringroutersexchangeexplicit
REFRESHmessagesto keepthereservationalive.

Here,we have alsoreceiver basedreservationsbut in contrastto RSVP, the infor-
mationis not storedperflow but peraggregatewhich is characterizedby thesamedes-
tinationAS. Likewith RSVPreservationaggregation,theadvantageof thatapproachis
thestatescalabilityin therouters.In addition,thereis only onesink treereservationfor
every destinationAS in eachborderrouter. Hence,the numberof BGRPreservations
scaleslinearlywith thenumberof AS.

2.7 Measurement Based Admission Control

The above describedreservationprotocolssuffer from a commondisadvantage.They
keepa statefor every reservation,eitherfor an individual or for anaggregatereserva-
tion. Their informationis usedto derive thealreadyreservedcapacityon the link and
theAC decisionis basedon theremainingcapacity.

As an alternative, measurementbasedAC (MBAC) gainsthis informationby an
estimationof the currentnetwork loadby traffic measurements.Therefore,routersdo
not storeany flow relatedinformationandMBAC hasno scalingproblems.However,
MBAC might not be a goodsolutionif strict guaranteesarerequired.To supportthis
architecture,thesignalingprotocolsmaybethesameasin theconventionalcase,how-
ever, somespecialpurposeprotocolsfor MBAC have beenalso conceived [19–21].
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MBAC is problematicif flowsdonotsendcontinuouslysincethis leadsto wrongtraffic
estimations.

2.8 Stateless Reservation Protocols

A specialMBAC approacharestatelessreservationprotocols.We only describetheir
basicarchitecture,for furtherdetailsthereaderis referredto [22–24].

Endsystemsequipthe packetsthat belongto reserved traffic with a specialprior-
ity tag. Insteadof keepinga recordfor differentreservations,the intermediaterouters
analyzethe packet streamson eachoutgoing link. They count the packets with the
reservation tag within a given interval andinfer the reserved rate sutwvyx . For a correct
measurement,this requiresthattheholderof a reservationsendsalsopacketswhenthe
applicationis idle, otherwise,thereservationis reduced.

A sendercanreserve resourcesfrom the network by sendingrequestpacketsat a
certainrate to the destination.The newly admittedrate s{z v�| is also recordedover
this interval. The sumof s twvyx~} s{z v�| is an upperboundon the reserved rateon an
outputportandmaynotexceedthelink capacitysu����z�� . Theintermediatehopsdropthe
requestpacketsintentionallyif thereis not enoughcapacity( s tHvyx�} s{z v�|�� s�����z�� )
to transportanotherflow. Otherwise,thesepacketsareforwarded.A new reservationis
only admittedif its requestpacketspassall AC testsin theintermediateroutersandthe
destinationsignalsthesuccessbackto thesource.This is only thebasicmechanismthat
doesnot revealthemanifoldimplementationproblems.

3 Performance Evaluation of Control Message Retransmissions

Retransmissionsfor controlmessages(CMR) make thecommunicationfor RSVPcon-
trol traffic morerobustagainstpacket loss.This is crucialin scenarioswith highpacket
loss,e.g. in wirelessnetworks.CMR leadto fasterreactionsof theRSVPprocessesin
thedistributedrouters.Thereactiontimeof theremoteprocessesaffectsthereservation
establishmentdelay(RED) andthe reservation teardown delay(RTD). The establish-
mentof a reservationis a prerequisitefor thestartof real-timeapplications,e.g. video
streaming,andit is annoying for the userif he or shehasto wait. Therefore,a short
RED is importantfor goodQoSperceptionby the user(postdial delay).Unusedand
blockedcapacityis not profitable,therefore,resourcesshouldbereleasedvery quickly
aftersessionterminationby theapplicationlayer. ThisrequiresashortRTD. In thissec-
tion, wegiveabrief descriptionof theoptionsunderstudyandillustratetheir influence
on RED andRTD.

3.1 Model Description

In our investigationwe considera generalsignalingprotocol with different options.
We borrow mostof thenomenclaturefrom RSVPbut we do not limit our experiments
to configurationsin RSVP. We neglect the messageprocessingtimes in the routers
and focuson the effect of the meretransmissiontimesand involved timeoutvalues.
TheperformancemeasuresRED andRTD do not dependon thecharacteristicsof the
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usertraffic but on packet lossprobabilityon a link andthepathlength.Theanalytical
calculationsarelengthybut straightforward,sowe omit themin this presentation.

Start
k=1

Rk = Rf

Send Message     
Start Timer

Idle

Ack Arrives    Timer Expires     Stop

k < Rl

Rk+1 = (1+∆)Rk

k = k+1

YesNo

Fig. 5. A flowchartof theretransmissionalgorithm.

Control Message Retransmissions. Werecallbriefly theconceptof CMR andpointout
the influencingparameters.The reservationprocessof a senderissuesa control mes-
sageandsetsthe retransmissiontimer. Thereceiver of this messageis requiredto im-
mediatelyreturnanacknowledgement.If thesenderdoesnot receive anacknowledge-
mentbeforethetimerexpires,thecontrolmessageis retransmitted.Theretransmission
timer value �{� dependson the �@��� retransmissioninterval: �{�����y�{����� ������� �{�
for ��� �¢¡£�u¤ . ��� scaleslinearly with the rapid retransmissioninterval �{� . An ex-
ponentialbackoff is appliedand � (we use �¥�¦� ) governsthe speedat which the
senderincreasesthetimer value.This avoidsunnecessaryretransmissionsdueto links
with longtransmissiondelays.Therapidretrylimit �u¤ is anupperboundonthenumber
of controlmessagetransmissions.A flowchartof thealgorithmis depictedin Figure5.
Thisconceptreducesonly theresponsetimeof RSVPbut it doesnotyield reliablecom-
munication.Theparameter� ¤ �§� correspondsto signalingwithoutCMR. In casethat
noacknowledgementreturns,thesendertriesagainaftertherefreshinterval � . If anode
hasnot receivedanupdatemessageafter ¨ � � , it facesa soft statetimeoutandsends
a TEARDOWN control messageto indicatethe endof the sessionto its neighboring
nodes.

Endpoint versus Common Control. In Boomerangor YESSIR, only the endpoints
(sender, receiver) triggercontrolmessagesthatarealsoprocessedin theothernodes.In
RSVP, all participatingrouterscontroltheconnection,i. e.they donotonly forwardthe
control messageswhenthey arrive, they alsocreaterefresh(PATH, RESV) messages
whenthey do not receive themin time. We call the first approach“endpointcontrol”
(EC) andthe secondone“commoncontrol” (CC). With CC andCMR, the ACKs are
createdandreturnedby neighboringhostsandnot asunderEC by the receiving peer
overmany intermediatehops.CCseemsto makeareservationmorerobustagainstloss
of controlmessages,especiallyin combinationwith CMR.
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One-Pass versus Two-Pass. In RSVP, OPWA is usedfor establishinga connection
which is in facta two-passapproach:Onepassis neededfor settingup thePATH states
in the routersandonepassbackis requiredfor settingup the reservations.The same
holdsfor BGRP’sPROBEandGRAFTmessages.With BoomerangandYESSIRthis is
different.Thereservationis donewith thefirst passfrom thesenderto thereceiverand
a successfulsessionsetupmaybenotifiedto thesourceor not.Therefore,this is a true
one-passapproach.With two-pass,thesignalingtakesonaveragetwiceaslongaswith
one-pass.This is arelatively trivial result.To simplify theanalysis,weconcentrateonly
on theone-passapproach.As a consequence,theresultsfor RED in our studymustbe
doubledin caseof RSVPOPWA.

Network Parameters. Theeffectsof theretransmissiontimersdependcertainlyon the
networking scenario.We make thefollowing assumptions.We setthepacket transmis-
sion delayper link to 10 milliseconds.The packet lossprobability ©�ª on a singlelink
influencesthe systemaswell asthe numberof links « in the reservationpath.There-
fore, we conductstudiesvarying thesesparameters.If thesesparametersareconstant,
weassumeapathlengthof «­¬§®
¯ hopsandalink packetlossprobabilityof © ª ¬§®
¯`°]±
whichoccursin congestednetworks.For «²¬§®
¯ hops,thisyieldsanend-to-endpacket
lossprobabilityof about10%.Transatlanticroutescanhavemorethan20hopsandthe
overall packet lossprobability is sometimesmorethan25%.We observedthesevalues
with thestatistictool for UDP traffic in realaudioor realvideo.Especiallyunderthese
circumstances,reservationsarecrucialfor real-timeapplications.

3.2 Reservation Establishment Delay

We areinterestedin theinfluenceof therefreshinterval ³ , therapidretry limit ³uª , and
thecontroloptionon theRED.

First,westudytheconfigurationECwithoutCMR aswefind it in YESSIR.In Fig-
ure 6 the meanof the RED (E[RED]) is shown for a fixed pathlength( «´¬µ®
¯ ). For
small link lossprobabilities,the differencefor various ³ is negligible. E[RED] rises
with increasingloss ratesand the differencebetweenvariousvaluesfor ³ becomes
visible. For high packet lossprobabilities(© ª ¬¥®
¯ ° ± ) the refreshinterval ³ domi-
natesREDalmostlinearlysince³ is severalordersof magnitudelargerthanthepacket
transmissiondelay.

We set © ª ¬¶®
¯`°]± andobserve the reservation for differentpathlengths.Figure7
showsthattheREDgrowslinearlywith thepathlength.At first sightthisseemsto bea
consequenceof thesummationof link transmissiontimesbut thisis notthecasebecause
thesizeof a roundtrip time is in theorderof hundredmilliseconds.This phenomenon
is ratherdueto thefactthata longerrouteexhibits a largerend-to-endlossprobability.
Becauseof the high lossprobabilities,the influenceof the retransmissiontimer ³ is
linear. In thefollowing studies,weset ³ to 30 seconds.

TheCMR optionhasbeenstandardized[6] to reducethesignalingdelayfor RSVP
in lossynetworks.Theretransmissioninterval ³�· influencestheretransmissiontimesat
mostlinearly andwesetit to 0.5seconds.Figure8 shows thatCMR greatlyreducethe
responsetime of thesystemwhenwe comparethis alternativewith Figure6. For © ª ¬
®
¯`°]¸ E[RED] is still negligible.CMR reducetheinfluenceof therefreshinterval ³ and
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yield shorterRED.Evena singleretransmission( ÅuÆFÇÉÈ ) reducesE[RED] from aboutÊ
to ËÍÌ Î secondsfor ÏÍÆÐÇ¶Ñ�Ë`Ò Ó . For large lossratesthe effect of the rapid retry limit

Å�Æ canbe well observed.In Figure9 (Ï�Æ�ÇµÑ
Ë`Ò]Ó ) we observe thatE[RED] increases
like in Figure7 aboutlinearly with the lengthof the reservation path.However, the
absolutedelay for CMR ( Å�Æ¼Ç Ê

) is lessthan 10% comparedto the result without
CMR. Therefore,CMR is evenmoreimportantfor long pathssincetheabsolutesaved
delayis larger. In thefollowing experiments,weset Å Æ Ç Ê

.
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So far, we have consideredonly EC: Whena control messageis lost on the way
from senderto receiver, the next one is triggeredagainat the initial node.With CC,
the nodesaremoreactive: The last node,that hasreceived an initial PATH or RESV
controlmessages,generatesa refreshmessagesby itself by latestafter Å time, i. e. the
remainingdistanceto the receiver is shorterthanwith EC. However, Figure10 shows
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that this hasno impact:Without CMR, CC is hardly betterthanEC. In contrast,the
effect of CMR is evident: With CMR, E[RED] staysvery small while without CMR,
E[RED] risesnotably. In caseof CC we have fewer lossesbetweenCMR peers(link
lossprobabilities)thanfor EC (end-to-endlossprobabilities).Therefore,we canseea
differencefor high loss ratesalsobetweenEC andCC with CMR. In caseof CMR,
E[RED] staysbelow onesecond(cf. Figure11) which meansthatmostof thedelayis
producedby the link transmissiondelay( ë�ìîíðï
ñ milliseconds)andthat thedelaydue
to therefreshinterval ò is minimized.

3.3 Reservation Teardown Delay

Reserved but unusedresourcescan not be allocatedto other connectionsuntil their
reservation is torn down. Theresourcesarenot profitablefor that time, so it is impor-
tantto keeptheRTD small.TheRTD increasesif aTEARDOWN messageis lostonthe
wayfrom thesenderto receiver. Dueto thesoftstateconcept,anintermediatenodetears
down thereservationwhenits cleanuptimer expiresafter ó time. If only theendpoints
control the session,all nodestime out after ó sincethe terminatingendpointrefrains
from sendingrefreshmessages.If thereservationis underCC (like in RSVP),thesec-
ond router is not refreshedby the senderbut it keepson generatingrefreshmessages
autonomouslyin periodicintervals.Whenit timesout after ó time, its TEARDOWN
messagecanbelost aswell. This leadsin theworstcaseto a maximumRTD of ôöõØó
for a reservationlengthof ô links.
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However, Figure12 shows that the control option hasno impacton E[RTD]. The
influenceof ÷ dominatesE[RTD] for high link lossprobabilitiesby a linear law. The
samephenomenoncanbe observed in Figure13. Here,it is visible thatCC is clearly
worsethanEC. But thevalue ÷ for theexpirationtimer hasstill greaterimpact.In the
following, we set ÷ÕùÝý��
ü .
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Weinvestigatetheinfluenceof theCMR andits parametersonE[RTD]. With CMR,
upto ü � TEARDOWN messagesaresentrepeatedlyuntil anacknowledgementreturns.
A comparisonof Figure 14 and Figure 12 shows that this reducesE[RTD] notably.
EspeciallyCC profits from CMR: Their E[RTD] is now shorterthanfor EC. A rapid
retry limit of ü � ù
	 alreadysufficesto keepE[RTD] small,howeverEC with ü � ù��
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exhibitsanexcellentperformanceaswell. Figure15shows thatasingleretransmission
reducesE[RTD] for EC to 25% comparedto without CMR (cf. Figure13). But this
combinationperformsstill quitepoorly in contrastto theotherconfigurations.

3.4 Concluding Remarks

If packet lossratesarehigh, CMR area powerful methodto reducetheresponsetime
in sigaling.CC is analternative to EC to improve the sessionstability in that case.In
our investigationsCMR turnedout to be more effective than CC to reduceE[RED]
andE[RTD]. Thecombinationof bothtechniquesis possible[6] andleadsto optimum
results.However, both extensionsincreasethe softwarecomplexity of existing RSVP
solutionswhichmayhavedrawbacksthatarenot respectedin this study.

4 Summary

In this paper, we gave an overview of several resourcereservationprotocols.We pre-
sentedtheir basicoperationswith focuson their informationpassingconcepts.

We explainedRSVPandvariousextensionsthatreducethenumberof refreshmes-
sages,make it morerobustagainstpacket lossesandmorescalablefor theusein transit
networks.Apart from RSVP, light-weightprotocolsasBoomerangandYESSIRwere
presented.BGRPis intendedfor reservationaggregationbetweenautonomoussystems.
All theseapproachesderive the possibletraffic intensityand the remainingcapacity
from thestoredflow information.Measurementbasedadmissioncontrol(MBAC) sub-
stitutesthisbyanestimationof thecurrentnetwork load.Wealsopresentedtheprinciple
of statelessreservationprotocolswhich is aspecialMBAC approach.

In RSVPevery nodesupportinga reservation is actively involved in keepingthe
reservationalive(commoncontrol).This is unlike in Boomerangor YESSIR(endpoint
control)whereonly senderandreceiver trigger refreshmessages.Recently, an option
for RSVP control messageretransmission(CMR) was createdto make RSVP more
responsive in networkingscenarioswith highpacket lossprobabilities.

Weinvestigatedtheseprotocolconceptsthatarebasicfeaturesfor generalsignaling
protocols.They haveaninfluenceon thereservationestablishmentdelay(RED)andon
the reservation teardown delay(RTD). Their impactdependsboth on the packet loss
probability of a single link aswell ason the numberof hopsin the reservation path.
For smalllossprobabilities( 
�������� ), however, theireffect is negligible. In networking
scenarioswith high lossprobabilitieslike wirelessnetworks,theperformancegainby
CMR is considerablewhereasthealternativeendpointor commoncontrolplaysonly a
marginal role.
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