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Thispaperpresentsaconceptof ascalablenetworkingarchitecturewith end-to-endQoSsig-
nalingandresourcereservationsupport.It is asynthesisof boththeDifferentiatedServicesand
the IntegratedServicesapproach.Theapproachrelieson end-to-endresourcereservationand
takesadvantageof traffic aggregationto reducethe numberof reservation statesin the router
MIBs. Signalingcostsare further decreasedby makingoverreservation, i.e. bandwidtheffi-
ciency is tradedfor signalingreduction.We give recommendationsto dimensionthedegreeof
overreservationandcomputetheresultingtradeoff analytically. Thenumericalresultsshow that
networksrunningtheproposedarchitecturecanbeoperatedefficiently in spiteof overreserva-
tion.

1. INTRODUCTION

Thesuccessof theInternetProtocol(IP) hasbeenoverwhelmingin thepastdueto thesim-
plicity of theaddressingschemeandthetremendousgrowth of theworld wide web. However,
for thesupportof real-timeserviceslikevoiceoverIP (VoIP)or videoconference,theshortcom-
ingsof besteffort IP networksareobvious.Thelackof real-timedeliverypreventstheir merge
with conventionalreal-timenetworks. Therefore,severalmechanismshave beenintroducedto
supportreal-timetransportin IP networksbut all of themhavemajordrawbacks.

TheIntegratedServices(IntServ)approachis ableto give absoluteend-to-end(e2e)quality
of service(QoS)guaranteesto a micro flow (host-to-hostpacket flow). For every flow, trans-
missioncapacityis reservedin eachrouteralongthepathfrom its sourceto its destination.This
requirestheallocationof an informationstateperflow in all intermediaterouters.Therouters
cannothandleatremendousamountof connectionstatesin theirmanagementinformationbase
(MIB) in real-timeand,in addition,they areoverloadedwith perflow signalingin thepresence
of many QoSprovisionedmicroflows. Therefore,IntServis not suitedfor networkswith many
datastreamsrequiringQoSsupport.

TheDifferentiatedServices(DiffServ)approachdefinesdifferenttreatmentfor IP packetsin
a routerdependingon their Dif fServmarking.This scaleswell becauseinsteadof considering
many flows only a few traffic classesof relatively differentiatedQoS levels are introduced.
Dif fServ operateson a per packet basisand the absenceof the connectionconceptprevents
admissioncontrol (AC). SinceabsoluteQoSis a functionof availableandrequestedcapacity,
Dif fServcannotprovideabsoluteQoSguarantees.
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Many multimediaapplicationsdemandfor real-timedeliveryof largemediastreamsbut there
is no establishedscalablesolution to provide hard e2eQoS guaranteesin IP networks. In
this paperwe presenta network architecturethat overcomesthe scalability problemfor e2e
signalingandreservation. It is a synthesisof boththeIntServandtheDiffServapproach.The
architecturerelieson e2eresourcereservation andusesreservation aggregationto reducethe
numberof reservationstatesin therouterMIBs. Signalingcostsarefurtherdecreasedby taking
overreservation,i.e.,bandwidthefficiency is tradedfor reductionof signaling.Theaggregation
conceptcanalsobefoundin [1–7] andour findingsalsoapplyto theseprotocols.

In thenext section,theIntServandDiffServapproachaswell asMultiprotocolLabelSwitch-
ing (MPLS)aredescribedandtheirdrawbacksarepointedout. Section3 explainstheideafor a
scalablenetwork architectureandpresentstwo differentprotocolimplementations.Wepropose
an updateschemefor aggregatereservationswith overreservation. In Section4 the tradeoff
betweenbandwidthefficiency andsignalingcostis analyticallycomputedanda rule of thumb
for overreservationis derived. Thenumericalresultsof Section5 illustratetheinfluenceof the
updatemechanismon the network performance.Finally, the paperconcludesthat a network
runningsuchanarchitecturecanbeoperatedefficiently in spiteof overreservation.

2. PROTOCOL ARCHITECTURES FOR QOS SUPPORT IN IP NETWORKS

TheInternetEngineeringTaskForce(IETF) hassuggestedtwo mainalternativesto equipIP
networkswith real-timecapabilities:theIntServandtheDiffServapproach.In addition,MPLS
hasbeendefinedin order to facilitate the processof traffic engineering.Theseconceptsare
briefly introducedin thefollowing.

2.1. Integrated ServicesAr chitecture (IntServ)
TheIntServapproach[8] satisfiestheQoSdemandsby makinge2ereservationsfor everymi-

croflow in eachrouteralongthepath.TheResourceReservationProtocol(RSVP)[9] supports
signaling,it performspathdiscovery, reservationestablishment,senderor receiver notification
in caseof failure,andreservationteardown. Whena reservationis setup,eachrouterperforms
AC andareservationrequestonly succeedsif thelocal capacitysufficesto serveboththeexist-
ing micro flowsandthenew request.This savestherouterfrom beingoverloadedwith priority
traffic andQoScanevenbeenforcedduringbusyhoursat theexpenseof blockedconnections.
As a result,QoSsupportedstreamsseeanunloadednetwork andtheremainingbandwidthcan
beusedby besteffort (BE) traffic.

The routersneedflow specifierslike traffic (
���������

) and reservation ( 	 �������
) descriptorsfor

every admittedmicro flow to recordthe expectedtraffic volume and the requiredQoS.The
filter specshelp to mapIP packetsto the respective micro flows andto classify themfor the
scheduler. The policer usesthesedatato control the traffic contractand to drop IP packets
that areout of profile. The per flow informationcreatesa statein every IntServrouterandis
storedin theMIB. This hasseveraldisadvantages.The IP network losesits statelessproperty
thatmadeit very robustagainstfailures.Theadministrationoverheadfor settingup,updating,
terminatingaconnection,aswell asfor forwardingIP packetsconsumesadditionalCPUcycles.
Lookupshave to be donein real-timefor every IP packet, so that theMIB is implementedin
fastmemory. TheneededMIB sizescaleswith thenumberof admittedflows,therefore,IntServ
workswell if thenumberof QoSflowsis smallbut it is not likely to runin thecoreof anetwork
wheremany streamshave to besupported.



2.2. Differ entiatedServicesAr chitecture (DiffServ)
TheDiffServapproach[10] introducestraffic classes.IP packetsareclassifiedaccordingto

their Dif fServcodepoint(DSCP)in the header. They aretreatedby the routerswith a DSCP
specificPer-Hop-Behavior (PHB) to realizetheservicedifferentiation.At themoment,theAs-
suredForwarding(AF) andtheExpeditedForwarding(EF)PHBgroupsaredefinedin addition
to normalbesteffort BE traffic.

Dif fServ routersdo not perform AC for flows but they drop or recolor IP packets if the
preconfiguredtraffic volumefor acertainPHBis exceeded.Traffic conditionersmaybeusedat
thenetwork boundariesto limit thetraffic volumewithin theDiffServdomain. In busyhours,
the network caneitherbe overloadedwith high priority traffic or the transmissionof a flow
suffersfrom servicedegradationat thetraffic conditionersthatoperateon packet level. Unlike
in IntServ, blockingsomeconnectionsin favor of alreadyadmittedsessionsis not possibleand
absoluteQoScannotbeguaranteed.

2.3. Multipr otocol Label Switching (MPLS)
MPLS is a mechanismto allow packet switchinginsteadof routingover any network layer

protocol [11]. Packets that sharea commonattribute createa ForwardingEquivalenceClass
(FEC)andareforwaredvia a labelswitchedpath(LSP)by labelswitchingrouters(LSR).The
first LSR of an LSP putsa label onto the IP packet and the last LSR removes it. A certain
capacitycanbeassociatedwith sucha connectionto achieve QoSprovisioninglike in IntServ
but a FECusuallyconsistsnot of a singlemicro flow, sowe talk aboutaggregatereservations.
The local labelsfor every LSP are storedin the MIB of the LSRs which introducesalso a
statepersession.Bothanextensionto RSVP[12] andtheConstraint-BasedLabelDistribution
Protocol(CR-LSP)[13] areusedfor signaling.

MPLS hassomefeaturesthat distinguishit for traffic engineering.Load balancingcanbe
achievedby creatingseveralLSPswith differentroutesfor packetswith thesamedestination.
In caseof a nodefailure,fastreroutingrepairstheconnectionwithin a few millisecondswhile
theconvergenceof IP routingalgorithmstakesin theorderof seconds.MPLSis oftenviewedas
modifiedversionof theAsynchronousTransferMode(ATM) with variablecell size.But there
is a profounddifference: ATM exhibits with its virtual connectionand virtual path concept
two levelsof aggregationwhile MPLS allows for many-fold aggregationusingmultiple label
stacking,i.e. anLSPmaybetransportedoveranotherone.

3. A SCALABLE ARCHITECTURE FOR E2E QOS SIGNALING AND RESOURCE
RESERVATION

IntServis ableto offer hardQoSguaranteesbecauseperflow signalingenablesAC but the
numberof reservationstatesandtheamountof signalingdo not scalefor largenetworks.Dif f-
Servavoids the scalabilityproblemby providing relative QoSdifferentiationto a few service
classesbut dueto the lack of signaling,AC is not possibleandabsoluteQoSguaranteescan
not be given. MPLS itself hashardlyany QoSsupportbut it offers capabilitiesfor traffic en-
gineering. In this sectionwe sketcha scalableprotocolarchitecturethat givesabsoluteQoS
guaranteesandthatrelieson ideasfrom IntServandDiffServ. We discussthegeneralideaand
presenttwo existingprotocolsolutions.



3.1. Concept
In a largeIntServnetwork, many microflows sharea commonsubpathof their routes.Their

numbermight be too large to supportthemon that subpathby IntServmechanisms.So we
grantthemanaggregatedreservationto supportthemasa wholeandto reducethestatesin the
intermediateroutersto asingleone.TheRSVPsignalingmessagesfor themicroflowsarehid-
denby theaggregatingrouterto preventthemfrom beingprocessedin theinteriornodes.They
arerecoveredby thedeaggregatingrouter. Theaggregatorlabelstheaggregatedpacketswith a
commontagto keeptheclassificationandschedulingmechanismsassimpleasin DiffServ. A
new flow or a flow updateis admittedif thecapacityof theaggregatereservationsuffices.Oth-
erwise,thesizeof theaggregatereservationcanbeincreased,if thisfails,too,thenew requestis
rejected.Policingis alsoenforcedfor aggregatereservations.Fromthesignalingpointof view,
aggregatereservationsdo not differ substantiallyfrom ane2ereservations.Therefore,they can
be aggregatedin the sameway creatinga hierarchicalreservation structure(Figure1). This
makestheapproachscalableconcerningtheamountof informationstatesin therouterMIBs.

Theproposedschemeallowsfor e2esignalingpermicroflow, for AC, andfor resourcereser-
vation so that absoluteQoSguaranteescanbe granted. Hierarchicalreservation aggregation
reducesthenumberof statesin intermediateroutersandmakestheapproachscalableevenfor
largenetworks.

3.2. Protocol Solutions
Wepresentnow two differentprotocolsolutionsthatimplementtheaboveexplainedconcept.

Both arecurrentlydiscussedin theIETF.

3.2.1. RSVPAggregation
In [2], anextensionto RSVPis proposedto summarizeseveralRSVPsessionsinto anew ag-

gregatereservation. Thefirst routerchangestheIP protocolnumberin theRSVPcontrolmes-
sagesof theindividualreservationsto RSVP-E2E-IGNOREsuchthatthey arenotprocessedby
intermediateroutersandthecorrespondingdeaggregatorresetstheprotocolnumberto RSVP
(46). The aggregationlevel is recordedin the routeralert option field so that a deaggregator
knows which RSVPmessagehasto besetbackto RSVP. This facilitatesthe recursive appli-
cationof thatscheme.TheaggregatorsetstheDSCPof theaggregatedIP packetsto a specific
value,suchthat forwardingwithin the aggregationregion is doneonly by the corresponding
PHB.

3.2.2. MPLS Aggregation
In [1], hierarchicaltraffic aggregationis achievedusingMPLS. An LSPis establishedwith

QoSrequirementson theway from an aggregatingrouterto a deaggregatingrouter. Both the
userandthe dataplanetraffic from aggregatedsessionsareassignedto the sameLSP. Thus,
the RSVPcontrol messagesaretunneledby MPLS packets,suchthat they areautomatically
bypassedat the intermediateroutersandno additionalmechanismsarerequiredto reveal the
RSVPcontrol messagesat the endof the tunnel. The traffic may be additionallymappedto
DSCPsto reducethenumberof classificationandschedulingstates.SinceFECsdo not differ
substantiallyfrom microflowswith regardto signaling,theschemecanbeappliedrecursively.
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Figure 1. State reduction by hierarchical
reservationaggregation.
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Figure2. An updateschemewith overreser-
vation.

3.3. SignalingReduction by Overreservation
Bestuseis madeof the booked capacityfor an aggregateif its reservation is tight, i.e. it

cannot supportmorethanthe alreadyaggregatedflows. In this case,establishing,updating,
andterminatingane2esessionentailsa changeof theaggregatereservation. In a hierarchical
structure,theseupdatesarepropagatedup to thehighestlevel of aggregation,which leadsto a
sessionupdatein eachrouteron the pathof the concernede2esession.Hence,the proposed
architecturereducessessionstatesbut notthesignalingamount.If anaggregatecomprisesmany
sessions,their updatescankeepall participatingroutersbusy, evenif thecapacitychangesare
negligible comparedto theoverall aggregatereservation. Therefore,an aggregatereservation
shouldoutlastat leasta few sessionrequests,updates,or teardowns. This canbe achievedat
theexpenseof somesmallcapacityoverreservation.Here,overreservationis understoodin the
sensethattheAC mechanismcanallow somemoreflowswithin theaggregate.It doesnotmean
thatcapacityoverbookingis prohibitive.

Overreservationdecreasesnetwork performance,soweproposeasimplecontrolmechanism
toavoidextensivewasteof capacity. It is illustratedin Figure2. Theoverallcapacitydemandfor
anaggregatereservationis denotedby a . Whenanupdatetakesplace,acb%d7e"b capacityis ordered
anda lower thresholdacf�g�h is defined.Thenext updatefor theaggregateis only necessarywhenajikacf�glh or acb%d7e"bmina occurs. Eventually, bandwidthefficiency is tradedfor signalingcosts.
This issuewill beinvestigatedin thenext section.

4. ANALYSIS OF THE MEAN INTER-UPDATE TIME

In this sectionwe establisha modelfor aggregatereservationupdatesandgivesimpleequa-
tions to computethe meaninter-updatetime analytically. Furthermore,we proposea rule of
thumbfor overreservationthatyieldsbestresults.



4.1. Model for AggregateReservation Updates
We investigatethe previously describedupdatescheme( ocp�q�r , o , ocs%t7u"s ) in an IP telephony

environment. All voice calls have the samestatisticalpropertiesand requirea toll QoS so
thatoverbookingis not possible.Theusedcapacityowvyx�z is proportionalto thenumber{|v}x�z of
admittede2esessions.We will useonly {|v}x�z in the following andadopt {~p�qlr and {~s�t�u�s forocp�q�r and ocs%t7u"s accordingly. Theaggregatereservationis updatedwhen {�vyx�z leavesthetolerance
window ��{~p�qlr��5{~s%t7u"s�� for thefirst time. Sincewe focuson theupdatebehavior, we assumethat
bandwidthalwayssufficessothatall requestscanbeserved.

Fromconventionaltelephony systemswe know that theinter-arrival time betweentwo calls
is bestdescribedby an exponentiallydistributedrandomvariable � ( ��v}x�z����������2�c� � ). The
meaninter-arrival time is the inverseof thearrival rate( ���,����� �� ). Thecall holding time �
is aswell exponentiallydistributedwith mean��������� �� . If therearecurrently { sessionsin
place,theoverall call terminationrateis {���� . Hence,we canview {|v}x�z asa continuoustime
Markovianbirth-deathprocess.

4.2. PerformanceAnalysis
We computethemeanof that inter-updatetime in theabove modelbut first we describethe

process{|v}x�z . Theprobabilityfor atransitionfrom astate{�vyx" �z��¢¡ to anotherstate{�vyx" ¤£�x�z¥�§¦
is denotedby ¨wtª© «¤v}x�z . Thetransitionratefrom astate¡ to anotherstate¦ is definedby¬ rtª© « � ª®�¯�±°³² ¨wtª© «¤v}x" ´£µx�zx ¶ (1)

Wecaneasilygivethetransitionratesfor thereservationprocessbecause� and � areexponen-
tially distributed.A statetransitionfrom state¡ to ¡(£·� happenswith thearrival rate ¬ t�© t¹¸ � �»º
while a transitionto state¡´�»� occurswith a departurerate ¬ t�© t � � �¼¡´��� . As a consequence,
theprocessdoesnotchangeits statewith rate ¬ tª© t~�½�¾º¿£À¡Á�%� andall otherstatetransitionsare
not possible.Thestatetransitionratesareaccommodatedin thestatetransitionmatrix

v�ÂÃzÄtª© « �
ÅÆÆÆÇ ÆÆÆÈ
º for ¦Ã�¢¡(£·�;ÉËÊÍÌ�¡¥Î�Ï¡Ð�c� for ¦Ã�¢¡Ñ���;ÉÒÊ�ÎÓ¡¥Î�Ï�Ãv�º�£µ¡Ñ�Ô�Ðz for ¦Ã�¢¡�ÉÒÊÕÌ�¡¥Î�ÏÊ else

¶ (2)

The waiting processfor a singleupdateeventcomprisesonly the statesÖ ��×L¡ÙØ {�p�q�r·Ìn¡�Ì{~s�t�u�s;Ú in the tolerancewindow for the aggregatereservation. The correspondingratematrix
is givenby Â r �ÛvlÂ�z tª© «%Ü�Ý andtheprocessstopswhen {�vyx�z leavesthe tolerancewindow. Its
first passagetime is thedesiredinter-updatetime. In [14], a recursive method,basedon taboo
sets[15], is proposedto computethemomentsof thepassagetime analytically. This method
hasalsobeenappliedin [16]. In the following we adaptthis techniqueto our problem. The
complementarywaiting time distribution function Þàßt v}x�z dependson theinitial state{�v}x ² zá�â¡
andcanbecomputedbyÞ ßt v}x�zã� ä«%Ü�Ý ¨ rt�© « vyx�z ¶ (3)

Thesumof theratesin states{�p�q�r and {�s%t7u"s is negative andtheprocesseventuallydies. This
entailsfor thecomplementaryprobabilitydensityfunctionof thewaiting timeª®�¯�±°³åçæ ßt v}x�zã� Ê ¶ (4)



Theanalysisis asfollows. Startingfrom theKolmogorow backwardequation,a differential
equationfor the waiting time distribution is established.Using Laplacetransformation(see
Appendixfor notation),asimplerecursionto obtainthe è -th momentsis derived.ééëê5ìîíïªð ñ¤ò ê�óõô ö÷ÙøÙùûú íïªð ÷áü ìwí÷ ð ñLò ê�ó sumover ýÿþ��éé¥ê öñ øÙù ì íïªð ñ ò ê�óõô ö÷ÙøÙù ú íïªð ÷ ü öñ øÙù ì í ÷ ð ñ ò ê�ó useEqn.(3)ééëê����ï ò ê�óõô ö÷ÙøÙùûú íïªð ÷ ü ���÷ ò ê�ó useEqn.(12)anddifferentiationéé ê�� ï ò ê�óõô ö÷ÙøÙù ú íïªð ÷ ü � ÷ ò ê�ó useLT andEqn.(14)	 ü ��
ï ò 	 ó�� � ï ò� óãô ö÷ÙøÙùûú íïªð ÷ ��
÷ ò 	 ó usedifferentiationandlimit���������� � é��é 	 ��� 	 ü ��
ï ò 	 ó�� � ô ���������� � ö÷ÙøÙù ú íïªð ÷

é��é 	 � ��
÷ ò 	 ó�� useEqn.(15)���������� � 	 ü é��é 	 � 	 ü ��
ï ò 	 ó�� è ü é���!#"é 	 �$!#" �%
ï ò 	 ó � ô ö÷ÙøÙù ú íïªð ÷ ���&��'��� � é��é 	 � �%
÷ ò 	 ó �
useEqn.(16),Eqn.(12),Eqn.(4), andEqn.(17)

ò)(+* ó ��!#" ü è ü�,.- � ��!#"ï / ô ò0(1* ó � ü ö÷ÙøÙù ú íïªð ÷ ü�,2- � �ñ /
è ü�,.- � ��!#"ï / ô ( ö÷ ø�ùjú íïªð ÷ ü�,.- � �÷ / (5)

Thecolumnvector 3�4 � 59ô � ,2- � �ï / � �76 8�9;: ï :<� =?>A@�= containsthe è -th momentsof theinter-update
time � ï . Eqn.(5) canberewrittenas(CB í ü 3 4 � 5 ô è ü 3 4 �$!#"'53 4 � 5 ô (Ãò'B í ó !#" ü è ü 3 4 ��!#"'5)D (6)

Themeanof the inter-updatetime canbecomputedby Eqn.(6) and 3 � ô ò)* D7D7D * ó?E andthe

coefficientof variationis calculatedby FHG)I)J ò�� ï ó¥ôLK MON P+Q>SR ! M�N P > R QM�N P > R .

4.3. A Rule of Thumb for Overreservation
Theaverageaggregatesizeis è ôUTV . Wederiveaformulathattells theradiusof thetolerance

window - è (XW;Y è � W / , suchthatthemeanof theinter-updatetimeis approximatelyconstantfor
different Z and [ . If è is largeand W is small,wecanapproximatethecall terminationrate \ ü Z ,\�þ - è (]W^Y è � W / , in thetransitionmatrix B í by è ü [ ô TV ü [ ô Z andwegetanapproximated
waitingprocessgivenby

ò'B í 
 ó ïªð ñ ô _`a `b Z for ý ô \ � *�c èedgf íih \kj�èml ïon l(qp Z for ý ô \ c èmdAf í jr\kj�èel ïsn lZ for ý ô \ (t*�c èmdAf í jr\ h èel ïon l D
(7)



For all statesuwvyx z|{~}^� z.�t}�� , the transitionratestowardsstatez in thewaiting process���
aregreaterthanor equalto the ratesin the approximatedwaiting process���� . Therefore,the
meaninter-updatetimebasedon ���� is a lowerboundontherealinter-updatetime. Theinverse
of theapproximatedratematrix � � � is��� � � �e�H�#�)�7��� ��� � {X� ��� �'��� �o��� � �?� � �� �s��� � � � for uk���{X� � � �'��� �o��� � �?� � �� �s��� � � � for uk¡¢�2£ (8)

If thewaitingprocessstartsin statez �¥¤0¦ �§� z � �¨ , themeaninter-updatetime © is computed
accordingto Eqn.(6) asthenegativesumof theelementsof themiddlerow in

� �ª��«� �#� :¬ xg© ®� � ¯�'° }�� ° � ±³²µ´ � }¶� ¯ � ² � � �· ¸H¹ �eº � � }¶� ¯ � ² ��� � �?� �g� � �'�·¸H¹ ��� � �?� ��� º<» � ¯° ±¼² � }¶� ¯ � � £ (9)

If wechoose} ��½ z � �¨ , weget¬ xg© ®� � ¯° ± ² � }�� ¯ � � � ¯° ± ²¿¾ ±À � ¯ Á � � ¯° À ²¿¾ ¯ ��Â À ± Á �
� ¬ xAÃ+�° ²¿¾ ¯ � Â ¯z Á � £ (10)

This expressionconvergesfor large aggregatesizes z andwe have found a rule of thumbto
keeptheinter-updatetimeconstantfor variousaggregatesizesz .

5. NUMERICAL RESULTS

In this sectionwe illustratetheperformancebehavior of thepresentedaggregatereservation
updatemodel.Thestateprocessdependsonthearrival rate ± andonthemeancall holdingtime¬ xAÃ1� . We preferstudiesthatareapplicableto differentparametersets

� ±OÄ À � , sowechoosethe
averageaggregatesize z � �¨ asthenormalizedinput parameterandmeasurethetime in units
of

¬ xÅÃ1� for thegivenresults.

5.1. Influenceson Inter -Update Time
Themeaninter-updatetime

¬ xg© � � dependson the initial statez �Æ¤0¦ ��� u , in which thepro-
cesshasbeenupdated.Furthermore,it alsodependson the positionof the tolerancewindowxÇzmÈAÉ � Ä zmÊ �oË Ê7� . In Figure 3 the meaninter-updatetime is given for an averageaggregatesizez � ¯ Ì®Ì�Ì�Ì , anda tolerancewindow of radius ¯7Ì�Ì . The curvesfor

¬ xA© � � show a clearmax-
imum. If the window is locatedbelow z , the maximumof

¬ xg© � � is in the lower part of the
window, if thewindow is positionedabove z , themaximumof

¬ xg© � � is in theupperpartof the
window. If we considera symmetricwindow aroundz , themaximuminter-updatetimecanbe
expectedwhentheinitial statez �¥¤0¦ � is in themiddleof thewindow.

Figure 4 shows the coefficient of variationof © � . Note that the variability of © � is also
reducedby optimizingthemeaninter-updatetime. Thecoefficientof variationis clearlysmaller
than ¯ for

¬ xA© �� , hence,theinter-updatetimedistribution is notMarkovian.
Thecurrentarrival ratein acommunicationnetwork is unknownandstronglytimedependent.

However, it is mostprobablethat theprocessz �Æ¤ � residesin statez , thus,we take thepresent
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Figure3. Theimpactof initial stateandtol-
erancewindow on the averageinter-update
time.
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Figure4. The impactof initial statethe tol-
erancewindow onthecoefficientof variation
of theinter-updatetime.

aggregatesize Í§ÎÆÏ�Ð asanestimatefor thepresentÍ¼ÑÓÒÔ . This justifiesthatwe considerin the
following only symmetrictolerancewindowsaroundtheaverageaggregatesize Í .

It is obvious that the inter-updatetime dependson the radius Õ of the tolerancewindowÖ Í�×rÕ�Ø ÍXÙÚÕ�Û . From Eqn.(10) it is clearthat the inter-updatetime risesquadraticlywith the
window radiusÕ aslongasthetheassumedapproximationis good.Figure5 illustratesthatthe
meaninter-updatetimeincreasesexponentiallyassoonasthedifferencesof thecall termination
ratesin ÜªÝ carryweight.

5.2. An EnhancedRule of Thumb for Adjusting the Radius of the ToleranceWindow
The integral sizeof the tolerancewindow aswell asthe quadraticandexponentialgrowth

of the meaninter-updatetime make the dimensioningof the updateschemedifficult because
thereis noanalyticalformulathatcomputestherequiredwindow size.Theruleof thumbgives
a meansto adjustthe radiusof the tolerancewindow suchthat the meaninter-updatetime is
constant.We scalethatrule by a linearfactor Þ suchthattheradiusof thewindow is computed
byÕ Ñ ß¥Þáà®â Ímãåä (11)

Figure6 depictsthe meaninter-updatetime of an aggregatereservation processdepending
on thesizeof the aggregate. æ ÖAç è Û is larger thantheasymptoticmeaninter-updatetime and
the deviations are considerablefor small aggregates. However, if we try a slightly smaller
reservation with ÕtÑ ß¥Þéà â Í«ãê×ìë for the radiusof the tolerancewindow, the meaninter-
updatetime will be smallerthanthe asymptoticvalueandwe get the samestrongdeviations
to the oppositeside. This suggeststhat the proposedrule of thumb is very accurate. The
discontinuousshapeof thecurvesjustshowsthat æ ÖAç è Û is hardto control.However, thiseffect
is diminishedwith largerreservationaggregates.Thederivationof theruleof thumbwasbased
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Figure5. The sensitivity of the meaninter-
updatetime to thewindow radius.
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Figure6. Theaccuracy of therule of thumb.

ontheapproximatedratematrix íªîï . Therefore,themeaninter-updatetimeconvergesfor ðªñóò
with increasingaverageaggregatesize ô to õ;öo÷®ø�ùCú�û.üÅý1þ insteadto õ;öo÷Cú�û2üAý1þ .

Figure7 illustratesthat ð enablesthe rule of thumbto producewindow sizesfor different
meaninter-updatetimes.Thismakestheruleof thumbrelevantfor practicaluse.A suitedð may
be configuredin aggregatingroutersdependingon thedesiredmeaninter-updatetime. Then,
theappropriateradiusfor the tolerancewindow, thatdeterminesthedegreeof overreservation
for anaggregatereservation,canbecomputedevenin real-time.

5.3. Overreservation and Efficiency
Theproposedupdateschemeusesoverreservationto limit thenumberof updatesfor aggre-

gatereservations.This impactstheefficientuseof network resources.Theruleof thumbis able
to adjustthe tolerancewindow in thepresentedupdatemodelsuchthat themeaninter-update
time remainsconstant.Thewindow radius ÿ scaleswith thesquareroot of theaverageaggre-
gatesize.Therefore,thedegreeof overreservationconvergestowardszerofor largeaggregates:����� ���	��
��� � ���� ñ õ . Figure8 illustratestheefficiency of theupdatescheme.

Thus, we have proven that the scalablee2esignalingand reservation architecturewastes
only little capacityfor large aggregatesin spiteof overreservation andnetworks runningthat
architecturecanbeoperatedefficiently.

6. CONCLUSION

We presenteda conceptof a protocolarchitecturefor signalingandresourcereservationthat
overcomesthescalingproblemof IntServ. In contrastto Dif fServ, it is ableto provideharde2e
QoSguarantees.Thekey ideais reservationstatereductionin therouterMIBs by hierarchical
reservationaggregation. In addition,overreservationfor aggregatesdiminishestheupdatefre-
quency for their reservationswhich reducesthesignalingamount.This conceptis realizedin
variousprotocolimplementations.
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Figure 8. The efficiency of the update
schemewith overreservation.

For this scenariowe suggestedasimplemechanismto controlthetimebetweentwo updates
of anaggregatereservationandto limit thewasteof capacitydueto overreservation. We mod-
eledtheprocessof aggregatereservation updatesandinvestigatedthe influenceof theupdate
schemeon the inter-updatetimesanalytically. We founda rule of thumbto determinetheap-
propriateamountof overreservationthatkeepsthemeaninter-updatetime constant.With this
engineeringrule,it turnsout thattherequiredoverreservationfor largereservationaggregatesis
only a small fractionof theallocatedcapacity. Thisprovesthatnetworksrunningtheproposed
architecturecanbeoperatedefficiently in spiteof overreservation.

APPENDIX

We give somebasicequationsfrom probability theorythatwe have usedin thecalculations
of Section4.2.

����������� �� ��� ��� ���!� �� � �#"%$ � �������&�'$(�)� ��� (12)*,+.- �/� ���102� �43 �657�!� 8:9; <>=@?�A �)����� � � (13)

*,+B- �� � �)� ���10 � 5%C �43 �D57�E$F�)�6G�� (14)

��H� 5 HJI 5%C � 3 �D57��K � L�M�N?DO ; 5%CP�QH� 5 HJI 5%C � 3 �D57��KJRTSUCP�QH =WV� 5 H =WV � 3 �D57� (15)L�M�N?6O ; 5	C �43 �657�!� L�M�NAXO 9 �)����� (16)Y[Z � H>\ � L�M�N?DO ; ��$]"7�#^_C �QH� 5 H �43 �D57� (17)
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mentsin OpenandClosedFork/JoinPrimitiveswith Limited Buffers,” TechnicalReport,
No. 126,Universityof Würzburg, Instituteof ComputerScience,Sep.1995.


