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Abstract

In this paperwe review four fundamentabpproachesfor differentnetwork admission
control(NAC). We explain how budgetsandlinks maybedimensionedo keeptheblock-
ing probabilitylow. In orderto provide resilienceagainsiink outagesfastreroutingmay
be donewithout involving ary further real-timeadmissioncontrol decisions.However,
quality of service(QoS)canonly be maintainedf the network hassufcient backupca-
pacity We explain appropriataesourcalimensioningo satisfyresiliencerequirements
for thedifferentNAC cateyories.Finally, we shav theresourcautilization underdifferent
NAC mechanismén networking scenarioswith andwithout resiliencerequirementsand
for single-andmulti-pathrouting.

Keywords: QoS, resourceallocation,admissioncontrol, network dimensioning,rerouting,

resilience

1 Intr oduction

The next generatiorof the Internetis expectedto fully integrateall kinds of dataandmedia
communications.In contrastto today's telephonenetwork, dataconnectionshave variable
bitratesandthe managemenof the individual nodesshouldbe simpler And in contrastto
today’s Internet,real-timemultimediaapplicationsexpectmechanismsgor increaseduality
of Service(QoS).Thisimpliesthatfuture networks needa limitation of thetrafc load[1] to
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meetpacletlossanddelayrequirementsThisfunctionis calledadmissiorcontrol (AC). High
guality transmissions guaranteect the expenseof blocked resenationrequestsn overload
situations. To realizea low borderto-border(b2b) o w blocking probability in transitnet-
works, the networks are provided with sufcient transportcapacitiesvhich causesostsfor
thenetwork provider. Therefore AC mechanismshouldbeef cient but still simple.

Residentiabndbusinesaisersdependnoreandmoreon thereliability of communication
servicesaandfor providersof communicatiometworks,thesteadinesef network operationis a
crucialfactorandaneconomiaisk. Thismotivategheneedor resilientnetwork provisioning.
Networksareprovisionedwith sufcient capacitythatforseeableutagesio notcompromise
theQoSof thecarriedpremiumtraf c. Unlike physicallayerprotection this backupcapacity
is usedfor low priority traf c in normaloperatiormode.

AC may be implementedusingdifferentconceptsand protocols. We distinguishbetween
link AC (LAC) which pertainsto a singlelink andnetwork AC (NAC) thatcoversan entire
network. In [2] we have identi ed several fundamentallydistinct NAC categoriesandthey
reveal differentresourceutilization. NAC may be performedlink-by-link like in ATM or
IntServ[3, 4], theingressratemay be limited at the edgerouterslik e in the DiffServ context
[5], or virtual tunnelsmaybeapplied[6, 7].

In thiswork, we investigatdhein uence of theresiliencerequirementsntheutilization of
thenetwork resourcesliependingponthe NAC approachWe evaluatehow well they aresuited
for thatobjective. In caseof alink failure,all o wswhosepathsrun overthefailedlink must
be rerouted.Conventionalrouting protocolslike OSPF[8] corverge anav aftera failure has
occurredandcarrythetrafc to its destinationandtherearealsoothermechanismg$9] that
arespecializedor thatpurpose Single-pathroutingforcesall o wswith thesamedestination
on a single path while multi-path routing hasthe ability to spreadtrafc over the network.
This hassomeimpacton therequiredbackupcapacitiesn failure scenariosin this study we
useShortestPath First routing asin the OSPFprotocolandits multi-pathvariantEqual Cost
Multi-Path(ECMP).

The paperis structuredasfollows. Section2 givesan overview of four basicbudgetbased
NAC catagories. Section3 explainshow suitablebudgetandlink capacitiescanbe dimen-
sionedand Section4 enhancegsheseformulae for networks with resiliencerequirements.
Section5 compareghe resourceutilization of NAC methodsfor networks with and with-
out backupcapacityaswell asfor single-andmulti-pathrouting. Section6é summarizeshis
work andgivesanoutlookon furtherresearch.

2 Methodsfor Network Admission Control (NAC)

In this sectionwe distinguishbetweenink andnetwork admissioncontrol and explain four
basicallydifferentNAC concepts.
2.1 Link and Network Admission Control

QoScriteriaareusuallyformulatedin a probabilisticway; i.e., the pacletlossprobabilityand
the probabilitythatthe transporidelayof a paclet exceedsa givendelaybudgetmustbothbe



lower thancertainthresholdy ). Link admissioncontrol (LAC) takesthe queuing
characteristicsef thetraf ¢ into accountanddeterminesherequiredbandwidthto carry o ws
over a singlelink without QoSviolations. This includestwo differentaspects.First, bursty
traf c requiresmorebandwidthfor transmissiorthanits meanrateto keepthe queuingdelay
low which can be predictedby queuingformulae[10]. Secondly o ws usuallyindicatea
larger meanrate than requiredjust to make surethat thereis enoughbandwidthavailable
whenneededThisleadsto overbookingoy theprovideror employing measuremerdasedAC
(MBAC), which canalsotake advantageof thisfact[11, 12]. LAC takesall thisinto account
andworks, e.g.,on effective bandwidthinsteadof peakratesfor o wsor ow aggreatesif
the bandwidthis large enough[13]. It recordsthe demandof the admitted o ws in
place. Whenanen ow arrives,LAC checkswhetherits effective bandwidthtogetherwith
the demandof alreadyestablishedo ws ts within a capacitybudgetthat pertainshereto a
singlelink. If so,the o w is acceptedptherwiseit is rejected.

Network admissioncontrol (NAC) tries to avoid congestionon all links of the network
at the sametime and doesnot just protectone link with an admissiondecision. This is a
distributedproblemwith varioussolutionsdiffering in their degreeof storageandprocessing
demands|ocality and achiezable multiplexing gain dueto the partitioning of resourcesnto
budgetsadministeredn differentlocations.Moreover, their ef ciency differs,i.e. they require
differentnetwork capacityto meetthe sameb2b o w blocking probability which affects
the network operators costs.

In this investigation,we only focuson NAC, i.e. we blind out potentialoverbookingin
presencef large traf c aggrgatesandwork only on the effective bandwidthfor individual
b2b o ws.

2.2 Link BudgetBasedNetwork Admission Control (LB NAC)

Thelink-by-link NAC is probablythe mostintuitive NAC approachThecapacity ! of each
link in the network is managedy a singlelink budget (with size ) thatmay
be administeredge.g., at the ingressrouterof thatlink or in a centralizeddatabase A newv
ow with ingressroutef , egressrouter , andbitrate mustpassthe AC
procedurdor the LBs of all links thataretraversedn thenetwork by (cf. Figurel). The
NAC procedurewill besuccessfuif thefollowing inequalityholds

(1)

Therearemary systemsand protocolsworking accordingto that principle. The connection
AC in ATM [3] andthe IntegratedServiceg4]architecturein IP technologyadoptit in pure

We borraw partsof our notationfrom the object-orientegorogramminggtyle: denotesa property of an
object . We prefer  tothecorventional sincethisis hardto readif thenameof is complex.

2A networking scenario is given by a setof borderrouters andsetof links . The b2b

traf c aggreatewith ingressouter andegressouter is denotedby . Thefunction with

and re ectstheroutingandit is ableto coverbothsingle-andmulti-pathroutingby indicating
thepercentagef thetrafc rate usinglink .



form. Otherprotocolsrevealthesamebehaior althoughthemechanisnis notimplementeds
anexplicit LB NAC. Mostbandwidthbroker approachefgl4, 6, 15] behae the sameway and
sodosomestateless-corapproachefl6,17,18]. A dravbackof mostof thesesapproaches

thatcoreroutersneedto hold AC stateper o w. If network resiliences requiredthesestates
mustbe quickly restoredn backupmachinesn caseof partialnetwork outage.This mustbe
donebeforethetraf c is reroutedwhich entailsa hugetechnicaloverheadandit is not clear
whetherit is feasiblein real-timeandfor large systems.If the budgetsareadministeredn a
centralentity like a bandwidthbroker this representsa single point of failure. The following

two basicNAC methodsmanagethe network capacityin a distributedway; i.e. all budgets
relatedto a o w canbeconsultedatits ingressor its egresshorderrouter In afailurescenario,
only fastlocal reroutingof thetraf c is requiredif sufcient backupcapacitiesareavailable.
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Figurel: Network admissiorcontrolbasedn link budgets.

2.3 Ingressand EgressBudget BasedNetwork Admission Control (IB/EB NAC)

ThelB/EB NAC de nesfor everyingressnode aningressbudget andfor every
egressnode anegresshudget thatmustnotbeexceededA new ow
mustpassthe AC procedurdor and andit is only admittedif bothrequestsare

successfulcf. Figure2). Hence thefollowing inequalitiesmusthold

(2)



Flows areadmittedat theingressandthe egressirrespectve of their egressor ingressrouters.
This entailsthatthe capacitymanagedy an  or canbeusedin avery e xible manner
However, all — alsopathological-traf c patternghatareacceptablédy thelBs andEBsmust
becarriedby thenetwork with therequiredQoS.Thereforegnoughcapacitymustbeallocated
for thelBs andEBssuchthatalsovery unlikely scenariosvith astronglyskewedtraf c matrix
canbesupported.

This ideaoriginatesfrom the DiffServcontext [19, 5] wheretraf c is admittedonly at the
borderrouterswithoutlooking atthedestinatioraddres®f the o ws. It correspondso amere
IB NAC, soonly the rst inequalityof Equation(2) mustbe metfor the AC procedure.The
QoSshouldbe guaranteedby a sufciently low utilization of the network resourcedy high
qualitytraf c.

Admission
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Figure2: Network admissiorcontrolbasedn ingressandegressbudgets.

2.4 B2B BudgetBasedNetwork Admission Control (BBB NAC)

The BBB NAC is ableto excludepathologicatraf c patternsby taking boththe ingressand
theegressborderrouterofa ow into accounfor the AC procedurei.e. ab2bbudget
manageshe capacityof avirtual tunnelbetween and . A new ow
passe®nly the AC procedurefor (cf. Figure3). It is admittedif this requests

successfuli.e. if thefollowing inequalityholds

3)

The maybecontrolled,e.g.,attheingressouter orattheegressouter ,i.e.the
BBB NAC canalsoavoid statesnsidethe network. The capacityof atunnelis boundby the



BBB to onespeci ¢ b2baggrgateandcannot be usedfor othertrafc with differentsource
or destination.Hence,thereis no e xibility for resourceutilization. Therefore the concept
is oftenrealizedin a more e xible manney suchthatthe sizeof the BBBs canberearranged
[20, 21]. Tunnelsmay alsobe usedhierarchically[22]. Thetunnelcapacitymay be signaled
usingexplicit resenationstatesn the network [7, 23], only in logical entitieslik e bandwidth
brokers|[6], or it maybeassignedy acentralentity [24].
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Figure3: TheBBB NAC correspond$o alogical tunnel.

2.5 IngressLink Budgetand EgressLink Budget BasedNetwork Admission Control
(ILB/ELB NAC)

ThelLB/ELB NAC de nesingresdink budgets andegresdink budgets

for eachpairof ingressandegressouters to managehe capacityof
link . canbeadministereatingressouter and ategressouter for
each . In caseof single-patfroutingin IP, thelinks constitutea source
treeandthelinks form a sink tree(cf. Figure4). A nev ow must
passthe AC procedurdor the and of all links thatareprobablytraversed
in the network by (cf. Figure4). The NAC procedurewill be successfuif thefollowing

inequalitiesareful lled

and

(4)



Thereareseveral signi cant differencedo the BBB NAC. A BBB coversonly anaggreate
of o ws with the samesourceanddestinatiorwhile the ILBs (ELBs) may cover o ws with

the samesourcebut differentdestinationgsources).Thereforethe ILB/ELB NAC is more
e xible thanthe BBB NAC. With the BBB NAC, only one is checled while with

ILB/ELB NAC, the numberof budgetsto be checledis twice the o w pathlengths.In [25],

a exible versionof the merelLB NAC is appliedandthe ELBs map the structureof the
aggrgatesn BGRP[26].

-
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Figure4: Network admissiorcontrolbasedn ingressandegresdink budgets.

3 Capacity Dimensioningfor Budgetsand Links

AC guaranteeQoSfor admitted o ws atthe expenseof o w blockingif the budgetcapacity
is exhausted. Sincethis appliesto all budgetsmentionedbefore,we abstractfrom special
budgetsto a generalonedenotedoy . To keepthe blocking probability small, the capacity

of abudget mustbedimensionedarge enough.First, we considerbudgetdimensioning
in general. Then, we explain how NAC speci ¢ budgetandlink capacitiesare calculated.
Finally, we de ne a performanceneasurdor the comparisorof NAC methods.

3.1 Capacity Dimensioning

We review a generalapproachfor capacitydimensioningand derive the requiredblocking
probabilities.



3.1.1 Capacity Dimensioningfor a Single Budget

Capacitydimensionings afunctioncalculatingthe requiredbandwidthfor giventraf c char
acteristicsand a desiredblocking probability The speci ¢ implementatiorof that function
dependson the underlyingtrafc model. We assumea Poissonmodellike in the telephone
world. However, in a multi-serviceworld, e.g. the future Internet,the requestpro le will
be multi-rate,sowe take  differentrequestypes , with a bitrate anda
probability into account.In our studieswe assume simpli ed multimediareal-time
communicatiorscenarionith : Kbit/s, Kbit/s, anda meanbitrate
of Kbit/s. The offeredload is the meannumberof ac-
tive o ws, providedthatno o w blockingoccurs.Givenan , therespectre offeredload per
requestypeis . We assumehattherequestsarrive accordingto a Poisson
processand have a generallydistributed holding time. Therefore,we canusethe recursve
solutionby KaufmanandRobertg10] for the computatiorof the blocking probability of
requestype if acertaincapacity is provided. We useEquation(5) to relatethe blocking
probability tothetrafc volumeinsteadof to thenumberof o ws.

(5)

An adaptatiorof the KaufmanandRobertsalgorithmyieldstherequiredcapacityfor adesired
blockingprobability . After all, we cancomputeherequiredoudgetcapacity if theoffered
load andthedesiredoudgetblockingprobability s given.

3.1.2 From B2B Blocking Probabilities to Budget Blocking Probabilities

Budgetsizesaredimensionedisinga desiredbudgetblocking probability . Theset
consistsof the budgetswhosecapacityneedsto be checled for the NAC of a ow . This
o w's b2bblocking probabilityis then

(6)

undertheassumptiorthatthe  areindependenof eachotherandthattheblockingprobabil-
ity of isindependentf its requessize.Sincetheblockingprobabilitiesof differentbudgets
tendto be positively correlatedf the network is well provisioned,the computationof
accordingto Equation(6) is ratherconserative.

In [27] we have proposedhreedifferentmethoddor settingthe budgetblocking probabil-
ities  to achive adesiredb2b o w blockingprobability . They have hardly arny effect
on the NAC performancetherefore we stick with the simpleapproachthatall ~ areequal
for all budgets . We denoteby the maximumnumberof budgetsto be checled
for ary o w controlledby . Thentherequired is determinedy

and (7)
(8)



3.2 ResourceAllocation for Budget BasedNAC Methods

For apossibletrafc patterr? thefollowing formulaehold

(9)

If NAC is appliedin the network, eachtrafc pattern  satis esthe constraintde ned by
the NAC budgets. Theseconstraintdeadto linear equationstoo, servingasside conditions
for theworstcasescenaridn termsof ratemaximizationonalink to determingts minimum
capacity

(10)
Sincetheaggraeaterateshave realvalues the maximizationcanbe performedoy the Simplex
algorithm[28] in polynomialtime. However, for someNACstherearemoreef cient solutions
thatwe will pointoutin thefollowing.

3.2.1LB NAC

The LB NAC requiresthat transit o ws needto checka budget for every link  for
admissionhencethe maximumnumberof passedNAC budgetss

whereby is the maximumlengthof the pathsfrom to thatcontain . The
LB NAC coversall o wstraversinglink . Hence the expectedofferedloadfor budget
is

(11)
Accordingto Equation(1)

(12)
mustbeful lled, sotheminimumcapacity of link is constrainedy

(13)

3We denotethe offered load for a b2b aggreyate by and the resulting matrix
is the traf c matrix. In contrast,the currentrequestedate of an aggreyateis
andthematrix describesninstantaneousafc pattern.



3.2.2 IB/EB NAC

With the IB/EB NAC, a o w is admittedby checkingboththeingressandthe egressbudget,
hence we get . ThelB/EB NAC subsumesll o ws with thesame
ingressrouter under andall o wswith the sameegressrouter under . The
offeredload of therespectre budgetss

and
(14)

Herewe usethe inequalitiesfrom Equation(2) asside conditionsin Simplex methodfor the
computatiorof the capacity

and
(15)

In caseof themerelB NAC, . ThelBs arecomputedn thesameway lik e above,
however, thereis a computationakhortcutto the Simplex methodfor the calculationof the
requiredlink capacity

(16)
3.2.3 BBB NAC
With the BBB NAC, only one budgetis checled, therefore, . The BBB
NAC subsumesinder all ows with ingressrouter andegressrouter . The
offeredloadfor is simply

a7)
SinceEquation(3) is checledfor admission

(18)
mustbeful lled andtheminimumcapacity of link is constrainedy

(19)

10



3.2.4 ILB/ELB NAC

ThelLB/ELB NAC requireghattransit o ws needto askfor admissiorfor every link aswith
theLB NAC. Thereforewe set

and
(20)
ThelLB/ELB NAC subsumesll o wswith thesameingressrouter onthelink underthe
andall o wswith the sameegressrouter under . Theofferedload for
thebudgetss
and
(21)

Dueto Equation(4), thesideconditions

and
(22)
mustberespecteavhich constrainghe minimumcapacity by
(23)
In caseof themerelLB NAC, we have instead
and
(24)

3.3 Performance Measure for NAC Comparison

We computethe requiredlink capacitiesfor all NAC methodsaccordingto the equations
above. Therequirednetwork capacity is the sumof all link capacitiesn the network.

Theoveralltransmittedraf c rate is thesumof theofferedloadof all b2baggreates
weightedby theiraveragepathlengths , theiracceptancprobability
, andthemeanrequestate . We ngylectthefactthatrequestsvith alargerratehave

11



a higherblocking probabilitydueto the constructiorin Equation().

— (25)

Theoverallresourcautilization is thefractionof thetransmittedraf c rateandtheover
all network capacity We useit in the next sectionasthe performanceneasurdor the perfor
mancecomparisorof NAC methods.

4 Capacity Dimensioningunder ResilienceRequirements

A local outagein a network — evenwith properlyassignedesources- leadsto severe QoS
problems. Either, the transmissiorof the concernedo ws in placeis stalled,or rerouting
takes placewhich may causeserere congestionon detourlinks. A solutionfor small local
network failuresis reroutingof the concernedraf c in combinationwith sufcient capacity
provisioningin thenetwork beforehandHence appropriatedimensioningor possibleoutage
scenariogs requiredwhich takes careof the reroutedtrafc in that case. To thataim, the
set of protectedfailure scenarios mustbe known. Each re ects a setof failed
network elements and , 1.e. the setof working routers and
the setof working links aredifferentfrom and which yields a new routing
function . After all, we have a new networking scenario for every protected
failurescenario . Wedenote with and by andde nethatitis
alwayscontainedn to facilitatethehandlingof thenormaloperatiormodein thefollowing.
Eachlink mustbe provided with sufcient capacityto carry the premiumtrafc in all
. Hence therequiredlink capacityis

(26)

Asoutlinedbefore theNAC limits thetraf ¢ in thenetworksby Equationg1) and(4) which
leadsto the inequalitiesin Equation(12), Equation(15), Equation(18), and Equation(22)
that canbe usedin a linear programto evaluatethe requiredlink capacities.In an outage

scenario , the routing function becomes which mustbe respectedn
thetrafc maximizationstepin Equation(10). As long asthe budgetsare not changedthe
sideconditionsarestill basedn theold routing function . Dueto thischangethe

shortcutsfor the calculationof the link capacitiedor the LB NAC in Equation(13), for the
ILB NAC in Equation(24), andfor thelLB/ELB NAC in Equation(23) do notwork arymore
andthetime consumingSimplex methodmustbe applied.

12



5 NAC PerformanceUnder ResilienceRequirements

Thenumberof failurescenariosvith  link failuresis . Themorelinks fail, thelesslikely
is thatscenaricandthe moreexpensve s its protection.Therefore we restrictour numerical
studiesto all singlebi-directionallink failurescenarios.

We investigatethe performanceof eachNAC methodwith andwithout resiliencerequire-
mentsandwith single-pati(SP)andmulti-pathrouting(MP) for whichwe choosdheshortest
single-pathrouting andthe shortestequalcostmulti-path (ECMP) routing. We take SPand
MP routing asthe routing mechanism# normaloperationmodeandusetheir corvergence
asreroutemechanismTherefore theroutingin afailurescenario equalsthe corventional
SPor MP routingin theresultingnetworking scenario.

Figure5: Thetopologyof the COST23%Metwork.

We studytheNAC performancen the COST239network (cf. Figure5, [29]) sinceit allows
mary shortestequalcostmulti-pathsandcanwell illustratethein uence of MP routing.

In the following, we illustrate rst the conceptof economyof scaleon asinglelink. Then,
we investigatethe in uence of the routing schemeand the resiliencerequirementon the
resourceutilization dependingon the NAC method,and nally , we comparghesemethodsn
thedifferentscenarios.
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5.1 Economyof Scalelllustrated on a SingleLink

Economyof scaleor multiplexing gainis thekey for understandinghe performancéoehaior
of NAC approacheandcanbe bestillustratedon a singlelink. In [27] we have shavn that
the b2b blocking probability hasa minor impacton the requiredcapacityandthe resource
utilization comparedo the offeredload. We setit in all our studiesto

Figure6 shavs thatthe requiredlink capacityandthe resourceutilization dependweanly
ontheofferedlink load . Theresourcautilizationincreaseslrasticallyupto anofferedload

of Erlang. Thenthe requiredlink capacityrisesalmostlinearly with the offered
link load.
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Figure6: Theimpactof offeredloadon therequirediink capacityandtheresourcautilization
onasinglelink underlink admissiorcontrol.

5.2 Impact of ResilienceRequirementsand Routing on the NAC Methods

We compareheresourcautilization of the NAC methodswith andwithout resiliencerequire-
mentsbothwith SPandMP routing.
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5.2.1 BBB NAC

Figure7 showvs theresourceutilization of the BBB NAC. The averageofferedload
of all b2b aggreates is given by our systemparameter . Sincethe BBBs cover
exactly thattraf c, the performanceof the BBB NAC without resiliencerequirementgquals
exactly the above discusseainglelink scenario.The routing doesnot in uence the offered
load of abudget(cf. Equation(17)) andthe resultingrequiredcapacity
hasanadditive impacton thelink capacitiegcf. Equation(19)). Thereforethe
overallrequirednetwork capacity  for theBBB NAC is thesameregardlesf therouting
aslong aspacletsareforwardedon ashortespath.

BBB NAC

Without Resilience

Resource Utilization

1 100 10000 1000000
Offered Load ay,, [Er]

Figure7: Resourcaitilizationin the COSTNetwork for BBB NAC.

With resiliencerequirement®nly 60%and68%resourcautilization canbe achiezedin the
limit for SPandMP routing, respectrely. Without resiliencerequirementsthe resourceuti-
lizationis almost100%,sothereciprocalvalue — is theaveragedegreeof overdimen-
sioningrequiredfor thesurvivability in outagescenariosThis corresponds$o 67%additional
backupcapacity Hence clearlylessthanthedoubleamountof capacityis requiredto achieve
100%r esiliencefor all outagescenariodecausehe backupcapacityis sharedoy different

o ws in differentlink failure scenarios.MP routing reduceghis value even further to less

15



than50% (— ) sincethe reroutedtraf ¢ is distributedequallyto morelinks which
needin turn lessbackupcapacityfor resiliencepurposes.This obsenationis very important
andappliesto the performancef otherNAC methodaunderresiliencerequirementstoo.

5.2.2LB NAC

Figure7 illustratesthe resourcautilization of the LB NAC. Again, the LB NAC performance
hardly depend®n theroutingscheman the non-resilienceasebecausehe resourcautiliza-
tion dependsonly on thetrafc concentratioron the links. Apparently the routing options
SPandMP do not affecttheresourceutilization sufciently to achieve clearlyvisible effects.
With resiliencerequirementsthe resourceutilization decreaseso 40% for SP routing and
48%for MP routing. Although,theabsoluteutilization valuesaresmaller theeffect explained
above applieshere too.

LB NAC Without Resilience

With Resilienc

__________ A iy Rt s 4

0.4 -

Resource Utilization

0.2 -

1 100 10000 1000000
Offered Load ay,,, [Erl]

Figure8: Resourcaitilizationin the COSTNetwork for LB NAC.
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5.2.3 ILB/ELB NAC

Themotivationfor the ILBs andELBs is the factthatthey areableto aggregatethetrafc on
a link that stemsfrom differentb2b aggreateswith the sameingressor egressrouter This
leadsto a highertraf ¢ concentratiorfor a budgetandto a higher utilization of its capacity
For SProuting,thisworksquitewell becaus¢hetraf ¢ of asingleb2baggreateis forwarded
overasinglepathsothatthe offeredtraf c for ILBs andELBs areclearlylargerthanor equal
to theofferedloadof thecorrespondinggBBs. With MP routingthetraf c of aBBB is spread
out over the network. As a consequencehe ILBs andELBs aresmallerwhich reduceghe
utilization of their capacitie§2]. This explainswhy theresourceutilization for the ILB/ELB
NAC is smallerwith MP routingthanwith SProutingin thenon-resilienceaseg(cf. Figure9).
With resiliencerequirementsthe resourceutilization is clearly smallerandnow MP routing
improvesthe NAC performancéik e above.

ILB/ELB NAC Without Resilience

Resource Utilization

0 | |
1 100 10000 1000000

Offered Load ay, [Erl]

Figure9: Resourcaitilizationin the COSTNetwork for ILB/ELB NAC.
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5.2.4 IB/EB NAC

Figure 10 illustratesthe performanceof the IB/EB NAC. It is at most22% for SP routing

without resiliencerequirementsand 16% with resiliencerequirementswvhich leadsto only

37.5%additionalbackupcapacities.MP routing alsoimprovesthe NAC performanceunder
resiliencerequirementsiueto thereasongjivenabove. It is remarkabldhatthe performance
is alsoincreasedor the normaloperationmode. However, this kind of NAC is still not able

to achieve high utilization values. The performanceof the IB/EB NAC is discussedn more

detailin [?, 30].

0.3

IB/EB NAC Without Resilience
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0 | |
1 100 10000 1000000

Offered Load a,, [Erl]

Figure10: Resourcautilizationin the COSTNetwork for IB/EB NAC. Notethereducedscale
ontheverticalaxis.

5.3 Performance Comparison of the NAC Methods

We comparehe performancef differentNACsin differentnetworking scenarios.
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5.3.1 Single-Rath Routing without ResilienceRequirements

Figure1l shavs the performanceof all NAC typesthatwe have discussegreviously for SP
routing and without resiliencerequirements.The LB NAC, ILB/ELB NAC, ILB NAC, and
BBB NAC canall achieze 100%r esourceutilizationin thelimit. TheLB NAC hasthehighest
resourcautilization, in particularfor low andmediumsizeofferedloadwhile the performance
of the BBB NAC is clearlylower. Thereasorfor thatphenomenois the different e xibility
of the NAC methods.The BBBs canallocatetheir capacityonly to o ws from a singleb2b
aggreatewhile the LB NAC admitsmore varioustrafc patterns. Therefore,the network
resourcesanbe betterutilized with theLB NAC. ThelLB NAC andthelLB/ELB NAC can
beviewedasaninterpolationof theBBB NAC andtheLB NAC. ThelB/EB NAC hasabetter
performancehanthelB NAC but their correspondingurvesbothconvergeto network topol-
ogy speci ¢ asymptotebetweeronly 10% and20%. For low andmediumsizeofferedload,
theLB NAC is thebestNAC optionbut its implementatiomequiresitherresenationstatesn
the network, a centralizedbandwidthbroker solution,or arny othersophisticateanechanisms
thatdependon corerouterinteraction.

SP without Resilience

- LB NAC
o
2 ILB/ELB
T 08
L@ NAC
5 06 ILB NAC
Q
o
§ 0.4 - BBB NAC
Q IB/EB NAC
x
0.2 -
; IB NAC
0 ‘ ‘
1 100 10000 1000000

Offered Load a,,, [Erl]

Figurell: Resourceutilization in the COST Network for SP routing without resiliencere-
quirements.
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5.3.2 Multi-P ath Routing without ResilienceRequirements

Figure 12 illustratesthe performanceof all NAC approachesor MP routing and without
resiliencerequirements. First, we realize that the performanceadwantageof the ILB and
ILB/ELB NAC comparedo the BBB almostvanishesHence theseNAC approacheslearly
bene t from SProuting. Secondthe performancef theLB NAC andthe BBB NAC is about
the sameaswith SProuting, andthird, the resourceutilization for boththe IB NAC andthe
IB/EB NAC is slightly increased.

MP without Resilience

1 .
c
S
2 08 ILB/ELB NAC
N
5 ]
o 0P ILB NAC
O
-
o 04 - BBB NAC
@ IB/EB NAC
Y
0.2 -
S IB NAC
0 ‘ ‘
1 100 10000 1000000

Offered Load ayy, [Erl]

Figure12: Resourcautilization in the COST Network for MP routing without resiliencere-
quirements.

5.3.3 Single-Path Routing with ResilienceRequirements

Figure 13 revealsa completelydifferent performanceéehaior of the NAC methodsfor SP
routingin caseof resiliencerequirementsAll NAC typeshave network speci ¢ asymptotes
for their resourceutilization. The mostimportant nding is thatthe BBB NAC outperforms
the ILB/ELB NAC, the ILB NAC, andthe LB NAC. Exceptfor ILB NAC and ILB/ELB
NAC, this is the reversedorderfrom the scenariowithout resilience. The e xibility of the
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NAC methodss adravbackunderresiliencerequirementsinceall admissibleraf c patterns
mustbe protectedoy backupcapacity Althoughthetrafc patternghatareacceptedy the
LB NAC but not by the BBB NAC are unlikely, they are more extremeand demandmore
backupcapacityin failurescenariosSincetheadmittedtraf ¢ is aboutthe sametheresource
utilization of the LB NAC is smallerthanwith the BBB NAC. The ILB andthe ILB/ELB
NAC canbeviewedagainasaninterpolationof theLB NAC andtheBBB NAC. Theresource
utilization for the IB NAC andthe IB/EB NAC is still clearly lower andslightly decreased
comparedo thenormaloperatiormode.

0.8
SP with Resilience
0.7 -
BBB NAC
S 06 - !
-% ' ILB/ELB NAC »
= 0.5 7 ILB NAC
5 04 |
Q LB NAC
S 0.3
3
O 0.2 IB/EB NAC
Y
0.1 -
IB NAC
0 - ‘ ‘
1 100 10000 1000000

Offered Load ay, [Erl]

Figurel3: Resourcautilization in the COST Network for SProutingwith resiliencerequire-
ments.

5.3.4 Multi-P ath Routing with ResilienceRequirements

Finally, we considerVIP routingin caseof resiliencerequirementasdepictedin Figure 14.
Thecurveslook very similar to the SProuting casebeforebut they areall increasedy about
5% to 10%. Although the differencebetweenILB NAC, ILB/ELB NAC, and BBB NAC
almostvanishedor MP routingwithout resiliencerequirementsyith resiliencerequirements
it is clearlyvisible.
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Figure14: Resourcauitilization in the COSTNetwork for MP routingwith resiliencerequire-
ments.

6 Conclusion

In this papemwe have distinguishedetweerink admissiorcontrol(LAC) andnetwork admis-
sioncontrol (NAC). We reviewed four fundamentallydifferentNAC categoriesandproposed
formulaefor theirbudgetandlink dimensioning.Thenovelty in thispaperis theconsideration
of backupcapacitiedor link failure scenariosuchthatreroutedtraf c is still carriedwith a
desiredQoS.

The measurdor the performancenvestigationis the averageresourceutilization, i.e. the
averageofferedtraf c weightedby its pathlengthanddividedby thesumof all link capacities.
Wetestedheperformancef eachNAC methodwith andwithoutresiliencerequirementsand
with single-pathlSP)andmulti-pathrouting (MP) for whichwe chosethe shortessingle-path
routingandthe shortesequalcostmulti-path(ECMP)routing.

Thedirectcomparisorof the NAC methodswithoutresiliencerequirementandSProuting
shavedthatthe LB NAC is mostef cient for low andmediumsizeofferedload,followedby
theILB/ELB NAC, thelLB NAC, andthe BBB NAC. TheseNAC typesachia/e a resource
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utilization closeto 100%for sufciently high offeredload. In contrastthe performancdB

NAC andtheIB/EB NAC cornvergesto a network speci ¢c asymptotebetweenl0% and20%.
Without resiliencerequirements,.B NAC, BBB NAC andIB NAC arenotin uencedby the
routing schemethe performanceof IB/EB NAC is improved by MP routing while it is con-
verselyaffectedfor the ILB andILB/ELB NAC. Underresiliencerequirementsthe ef cient

NAC methodsachieze alowerresourceautilization betweem0%and70%. They have different
utilization limits andthe orderof efciency is reversed,.e. the BBB NAC is mostef cient

andtheLB NAC s leastef cient. Underresiliencerequirementsall NAC methodgro t from
MP routing. We have obsenredthe sameeffectsin differentnetwork topologieswith different
utilization limits but thetrendis the same.

Hence networksresilientagainsipartialnetwork outageshouldimplementhe BBB NAC
for two reasonsFirst, the network hasa statelesgoreandno resourcaesenation signalling
is neededvhentraf ¢ is rerouted.Secondthe BBB NAC requiredessbackupcapacitythan
ary otherNAC approachln addition,the capacitycalculationfor BBB NAC is easierandits
implementations lesscomplex comparedvith the otherNAC methods.

With MP routing, the resourceutilization is about10% larger thanwith SProuting. This
shavsthatthemechanisnior reroutingin failure scenarioholdssomeoptimizationpotential
with regardto the amountof the requiredbackupcapacity Both MPLS andenhancedVP
routing schemesnay be usedto increasethe resourceutilization andto reducethe required
backupcapacityin resilientnetworks.
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