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Abstract

In this paper we consider the performance of different network admission control
(NAC) methods. In contrast to link admission control (LAC), they limit the traffic within a
network by distributed protocols. We introduce four basic budget based NAC approaches
such that most resource management schemes can be classified by them from a perfor-
mance point of view. Since they have different complexity and efficiency, we compare
their resource utilization in different networking scenarios. Our results show that the
performance is rather independent of the traffic matrix for realistic scenarios while the
routing protocol – single- or multi-path routing – has a significant impact on the resource
efficiency of the IB/EB NAC, ILB NAC, and ILB/ELB NAC. Thus, our investigation helps
to understand the performance implications of different resource allocation protocols and
eases the design of efficient next generation QoS networks.

Keywords: QoS,AdmissionControl,ResourceAllocation,PerformanceEvaluation

1 Introduction

Thenext generationof the Internetis expectedto fully integrateall kindsof dataandmedia
communications.In contrastto today's telephonenetwork, dataconnectionshave variable
bitratesandthe managementof the individual nodesshouldbe simpler. And in contrastto
today's Internet,real-timemultimediaapplicationsexpectmechanismsfor increasedQuality
of Service(QoS).This implies that future networks needa limitation of traf®c load [1] to
meetthepacket lossanddelayrequirements.This functionis calledadmissioncontrol(AC).
High quality transmissionis guaranteedat theexpenseof controlandmanagementeffort and
blocked reservation requestsin overloadsituations.To realizea low border-to-border(b2b)
�o w blockingprobability in transitnetworks,thenetworksareprovidedwith suf®cient trans-
port capacitywhichcausescostsfor thenetwork provider. Therefore,AC mechanismsshould

This work wasfundedby theBundesministeriumf Èur Bildung undForschungof theFederalRepublicof Ger-
many (FÈorderkennzeichen01AK045)andSiemensAG, Munich. The authorsaloneareresponsiblefor the
contentof thepaper.
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be ef®cient but still simple. For reasonsof robustness,they shouldnot induceinformation
statesinsidethenetwork.

Link admissioncontrol(LAC) limits thetransportedtraf®c on a singlelink to avoid viola-
tionsof theQoSrequirements.Networkadmissioncontrol (NAC) is requiredwhendataare
transportedover severalhopsthrougha network insteadjust over a singlelink. This maybe
doneby applyingLAC onalink-by-link basisbut this impliesAC statesin thecore.However,
it is desirableto control the loadinsidethenetwork only at theborderroutersby performing
AC basedon resourcebudgetsthatareprereservedfor certaintraf®c aggregates.In this work
weidentify four differentNAC methodsthatrevealdifferentresourceutilizationandthatcate-
gorizemostof today's implementedandinvestigatedNAC approaches.NAC maybebasedon
link budgets(LB), which is theconventionallink-by-link NAC, on ingressandegressbudgets
(IB/EB), which is an ideaknown from the DiffServ context, on b2b budgets(BBB), which
correspondto virtual tunnels,andon ingressandegresslink budgets(ILB/ELB) which is a
new concept.Weexplainhow budgetandlink capacitiescanbedimensionedfor thedifferent
NAC approachesbasedon a traf®c matrix, a desiredb2b �o w blocking probability, andthe
routing.

The above mentionedNAC approachesand their protocolshave different bene®tsand
drawbacks.Theimplementationcomplexity canbeshown by runningcodelike it is practice
in the IETF. The resourceef®ciency of NAC methodscanbe evaluatedby performancein-
vestigations.We brie�y review our NAC performanceevaluationframework [2], wherethe
achievableresourceutilization is theperformancemeasurefor NAC methods,andapplyit to
the threebasicconcepts.Our analysisshows that the NAC methodsdifferentiateclearly in
resourceef®ciency, which dependsmostly on the offered load in the network. Our results
reveal that the performanceis ratherindependentof the traf®c matrix for realisticscenarios
while theroutingprotocol± single-or multi-path(SP/MP)routing± hasa signi®cantimpact
ontheresourceef®ciency of theIB/EB NAC, ILB NAC,andILB/ELB NAC.Hence,ourstudy
givesinput for thedesignof futureNAC protocolssincethe resourceutilization dependson
thenetworkingscenario.

The paperis structuredas follows. Section2 gives an overview of four basicbudget
basedNAC categories. Section3 explains how suitablebudgetand link capacitiescan be
dimensioned.Section4 presentstheperformancecomparisonof theNAC methods.Section5
summarizesthiswork andgivesanoutlookon furtherresearch.

2 Methods for Network Admission Control (NAC)

In this sectionwe distinguishbetweenlink andnetwork admissioncontrol andexplain four
basicallydifferentNAC concepts.

2.1 Link and Network Admission Control

QoScriteriaareusuallyformulatedin aprobabilisticway, i.e., thepacket lossprobabilityand
theprobabilitythatthetransportdelayof a packetexceedsa givendelaybudgetmustbothbe
lower thancertainthresholds.Link admissioncontrol(LAC) takesthequeuingcharacteristics
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of thetraf®c into accountanddeterminestherequiredbandwidthto carry �o ws over a single
link without QoSviolations.This includestwo differentaspects.First, burstytraf®c requires
morebandwidthfor transmissionthanits meanrateto keepthequeuingdelaylow which can
bepredictedby queuingformulae[3]. Secondly, �o wsusuallyindicatealargermeanratethan
requiredjust to make surethat thereis enoughbandwidthavailablewhenneeded.This leads
to overbookingby theprovideror to employing measurementbasedAC (MBAC), which can
also take advantageof this fact [4, 5]. LAC takesall this into accountandworks, e.g.,on
the �o w peakratesor their effective bandwidthif the bandwidthis large enough[6]. LAC
recordsthe demandof the admitted�o ws ���������
	�	
��� in place. When a new �o w arrives, it
checkswhetherits effectivebandwidthtogetherwith thedemandof alreadyestablished�o ws
®ts within a capacitybudget.If so,the�o w is accepted,otherwiseit is rejected.

Network admissioncontrol(NAC) triesto avoid congestiononall links of thenetwork and
not juston asinglelink. This is adistributedproblemwith varioussolutionsdiffering in their
degreeof storageandprocessingdemands,locality andachievablemultiplexing gaindueto
thepartitioningof resourcesinto budgetsadministeredin differentlocations.Moreover, their
ef®ciency differs, i.e. they requiredifferentnetwork capacityto meetthesameb2bblocking
probability ������� which affectsthenetwork operator's costs.Ususally, NAC andLAC canbe
combined,i.e. a �o w's requiredcapacity ��� � 1 mayconsistof an effective bandwidthto take
someoverbookingin thepresenceof largetraf®c aggregatesinto account.

2.2 Link Budget Based Network Admission Control (LB NAC)

Thelink-by-link NAC is probablythemostintuitiveNAC approach.Thecapacity��� � of each
link � in thenetwork is managedby a singlelink budget ��������� (with size ��������� � � ) thatmay
be administered,e.g.,at the ingressrouterof that link or in a centralizeddatabase.A new
�o w �"!#��$%�'&�(*)�� with ingressrouter2 & , egressrouter ) , andbitrate �+!#��$�� � mustpasstheAC
procedurefor theLBs of all links thataretraversedin thenetwork by �,!#��$ (cf. Figure1). The
NAC procedurewill besuccessfulif thefollowing inequalityholds

- �/.10324��� 5/�'&�(*)��7698:24�"!#��$%�'&�(*)�� � �<;+��� 5/�'&�(*)��>=?
@BA C#D E*FHGJI4KML�NPO Q
Q
RSLJA
T F �%��UV(*WP� � �<;+��� 5/��UV(*WP�7XY��������� � �+� (1)

Therearemany systemsandprotocolsworking accordingto that principle. The connection
AC in ATM [7] andtheIntegratedServices[8] architecturein IP technologyadoptit in pure
form andinduceper �o w reservationstatesin thecore. Otherprotocolsreveal thesamebe-
havior althoughthe mechanismis not implementedas an explicit LB NAC. A bandwidth
broker [9, 10,11] administersthebudgetsin acentraldatabasewhichrepresentsasinglepoint
of failurebut behavesthesameway from theperformancepoint of view. Thestatelesscore

1We borrow partsof our notationfrom theobject-orientedprogrammingstyle: Z\[ ] denotesa property ] of an
object Z . We prefer Z\[ ] to theconventional]#^ sincethis is hardto readif thenameof Z is complex.

2A networking scenario_a`cbed�f�g�f�hji is given by a set of routers d and set of links g . The b2b traf®c
aggregatewith ingressrouter k andegressrouter l is denotedby mjb
k,f�l/i , thesetof all b2btraf®c aggregates
is n . Thefunction o'[ hPb
k,f�l/i with k,f�lqprd and osptg re¯ectstheroutingandit is ableto coverbothsingle-
andmulti-pathroutingby indicatingthepercentageof thetraf®c rate mjb
k,f�l/i�[ u usinglink o .
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approaches[12, 13, 14] avoid reservationstatesin thecoreat theexpenseof measurementsor
increasedresponsetime. Reservationstatesin thecore,measurements,or increasedresponse
timesareadrawbackif network resilienceis required.Thefollowing two basicNAC methods
managethenetwork capacityin adistributedway, i.e. all budgetsrelatedto a �o w canbecon-
sultedat its ingressor its egressborderrouter. In a failurescenario,only fastlocal rerouting
of thetraf®c is requiredandtheQoSis maintainedif suf®cientbackupcapacityis available.

Admission

Decision

Figure1: Network admissioncontrolbasedon link budgets.

2.3 Ingress and Egress Budget Based Network Admission Control (IB/EB NAC)

TheIB/EB NAC de®nesfor every ingressnode & . �
aningressbudget �����'& � andfor every

egressnode) . �
anegressbudget�V���')�� thatmustnotbeexceeded.A new �o w �,!#��$%�'&�(*)��

mustpasstheAC procedurefor �����'& � and �V���')�� andit is only admittedif bothrequestsare
successful(cf. Figure2). Hence,thefollowing inequalitiesmusthold

�"!#��$%�'&�(*)�� � �%= ?
@BGJI O �����'R
	
	KML�NPO Q
Q
RSL A � F ��� � X �����'& � � � (2)

�"!#��$%�'&�(*)�� � �%= ?
@BGJI R����'R
	
	KML�NPO Q
Q
RSL A $ F

��� � X �V���')�� � � (3)

Flowsareadmittedat theingressandtheegressirrespectiveof their egressor ingressrouters.
This entailsthatthecapacitymanagedby an ��� or �V� canbeusedin a very �e xible manner.
However, all ± alsopathological± traf®c patternsthatareadmissibleby theIBs andEBsmust
becarriedby thenetworkwith therequiredQoS.Therefore,enoughcapacitymustbeallocated
on thenetwork links.
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If we leave theEBsaside,we get thesimpleIB NAC, soonly Equation(2) mustbemet
for the AC procedure.This ideaoriginatesfrom the DiffServ context [15, 16] wheretraf®c
is admittedonly at theingressrouterswithout looking at thedestinationaddressof the�o ws.
The QoSshouldbe guaranteedby a suf®ciently low utilization of the network resourcesby
high quality traf®c. To avoid any confusion: Dif fServ is a mechanismfor the forwarding
differentiationof differently labelledpacketswhile the IB NAC is just oneconceptamong
many othersfor themanagementof network resourceswithin thatcontext.

Admission
Decision

Figure2: Network admissioncontrolbasedon ingressandegressbudgets.

2.4 B2B Budget Based Network Admission Control (BBB NAC)

TheTB NAC is ableto excludepathologicaltraf®c patternsby takingboththeingressandthe
egressborderrouterof a �o w �%�'&�(*)�� into accountfor the AC procedure,i.e. a b2b budget
�������'&�(*)�� managesthe capacityof a virtual tunnelbetween& and ) . Figure3 illustrates
thatanew �o w �+!#��$%�'&�(*)�� passesonly theAC procedurefor �������'&�(*)�� . It is admittedif this
requestis successful,i.e. if thefollowing inequalityholds

�"!#��$%�'&�(*)�� � �%= ?
@BGJI4KML�NPO Q
Q
RSL A � D $ F ��� � X �������'&�(*)�� � �+� (4)

The �������'&�(*)�� maybecontrolled,e.g.,at the ingressrouter & or at theegressrouter ) , i.e.
theBBB NAC alsoavoidsstatesinsidethenetwork. Thecapacityof a tunnelis boundby the
BBB to onespeci®cb2baggregateandcannot beusedfor othertraf®c with differentsource
or destination.Hence,thereis no �e xibility for resourceutilization. Therefore,the concept
is oftenrealizedin a more�e xible manner, suchthat thesizeof theBBBs canberearranged
[17, 18]. Tunnelsmayalsobeusedhierarchically[19]. Thetunnelcapacitymaybesignaled
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usingexplicit reservationstatesin thenetwork [20, 21], only in logicalentitieslikebandwidth
brokers[10], or it maybeassignedby acentralentity [22].

Admission

Decision

Figure3: TheBBB NAC correspondsto a logical tunnel.

2.5 Ingress Link Budget and Egress Link Budget Based Network Admission Control
(ILB/ELB NAC)

The ILB/ELB NAC de®nesingresslink budgets(ILBs) ����������(*& � and egresslink budgets
(ELBs) �V��������(*)�� to managethe capacityof each � . 0 . They areadministeredby border
routers & and ) , i.e. the link capacityis partitionedamong � � ����� borderrouters. In case
of single-pathIP routing, the links � � 2 ����������(*& �r6 8�� constitutea sourcetreeandthe links
� �:2 �V��������(*)�� 6 8�� form a sink tree(cf. Figure4). A new �o w � !#��$ mustpassthe AC
procedurefor the ������� �e(*& � and �V����� �e(*)�� of all links thataretraversedin thenetwork by �,!#��$
(cf. Figure4). TheNAC procedurewill besuccessfulif thefollowing inequalitiesareful®lled

- �/.10324��� 5/�'&�(*)��7698 2 �"!#��$%�'&�(*)�� � �<;+��� 5/�'&�(*)��>=?
@BA � D E*FHGJI	� 
 ��
 O �����'R
	
	KML�NPO Q
Q
RSL �%�'&�(*WP� � ��;+��� 5/�'&�(*WP�<X ����������(*& � � �+( and (5)

- �/.10324��� 5/�'&�(*)��7698 2 �"!#��$%�'&�(*)�� � �<;+��� 5/�'&�(*)��>=?
@BA C#D $ FHGJI	� 
 
�
 R����'R
	
	KML�NPO Q
Q
RSL �%��UV(*)�� � �<;+��� 5/��UV(*)��7X �V��������(*)�� � �+� (6)

Thereareseveralsigni®cantdifferencesto theBBB NAC. A BBB coversonly anaggregate
of �o ws with the samesourceanddestinationwhile the ILBs (ELBs) cover �o ws with the
samesource(destination)but differentdestinations(sources).Therefore,the ILB/ELB NAC
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is more �e xible thanthe BBB NAC. The BBB NAC is simpler to implementbecauseonly
one �������'&�(*)�� is checkedwhile with ILB/ELB NAC, thenumberof budgetsto bechecked
is twice the�o w pathlengthsbut only in two differentlocations.Like with theIB/EB NAC,
thereis theoption to useonly ILBs or ELBs by applyingonly Equation(5) or Equation(6).
Theconceptof ILB/ELB or ILB NAC canbeviewedaslocalbandwidthbrokersat theborder
routers,disposingover a fractionof thenetwork capacity. Theseconceptsarenew andhave
not yet beenimplementedby any resourcemanagementprotocol.Thepathof thesessionsin
BGRP[23] matchesalsoasink treebut BGRPworkslike theLB NAC on its entities.

Source tree
Sink tree

Admission
Decision

Figure4: Network admissioncontrolbasedon ingressandegresslink budgets.

3 Capacity Dimensioning for Budgets and Links

AC guaranteesQoSfor admitted�o ws at theexpenseof �o w blockingif thebudgetcapacity
is exhausted.Sincethis appliesto all budgetsmentionedbefore,we abstractfrom special
budgetsto a generalonedenotedby � . To keepthe blockingprobability small, the capacity

�"� � of a budget � mustbedimensionedlargeenough.First,we considerbudgetdimensioning
in general. Then, we explain how NAC speci®cbudgetand link capacitiesare calculated.
Finally, wede®neaperformancemeasurefor thecomparisonof NAC methods.

3.1 Capacity Dimensioning

We review a generalapproachfor capacitydimensioningandderive the requiredblocking
probabilities.
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3.1.1 Capacity Dimensioning for a Single Budget

Capacitydimensioningis a functioncalculatingtherequiredbandwidthfor giventraf®c char-
acteristicsanda desiredblocking probability. The speci®cimplementationof that function
dependson the underlyingtraf®c model. We assumea Poissonmodel like in the telephone
world. However, in a multi-serviceworld, e.g. the future Internet,the requestpro®le will
be multi-rate,so we take ��� differentrequesttypes �#� , 8qX ��� ��� with a bitrate �B�M� � anda
probability �#�M� ���
	 � into account.In our studies,we assumea simpli®edmultimediareal-time
communicationscenariowith ������
 , ���"� �����
� Kbit/s, ��� � �������
� Kbit/s, and �"�"� �����,8
���
Kbit/s, anda meanbitrateof ���  "!
�$# �&%4�('4! � �B�M� � ;��B�M� ���
	 �)�*���
� Kbit/s. Theofferedload +
is the meannumberof active �o ws, provided thatno �o w blockingoccurs.Givenan + , the
respectiveofferedloadperrequesttypeis �"�M� +��,�B�M� ���
	 �\;-+ . Weassumethattherequestsarrive
accordingto a Poissonprocessandhave a generallydistributedholdingtime. Therefore,we
canusetherecursivesolutionby KaufmanandRoberts[3] for thecomputationof theblocking
probabilities�#�M� � of requesttypes�#� if acertaincapacity� is provided.WeuseEquation(7) to
relatetheblockingprobability � to thetraf®c volumeinsteadto thenumberof �o ws.

�.� � � # �&%4�('4! � ��� �/�B�M� �s�/;0�B�M� �7;0�B�M� ���
	 �
���  "! � (7)

An adaptationof theKaufmanandRobertsalgorithmyieldstherequiredcapacityfor adesired
blockingprobability� . After all, wecancomputetherequiredbudgetcapacity�"� � if theoffered
load �"� + andthedesiredbudgetblockingprobability �"� � is given.

3.1.2 From B2B Blocking Probabilities to Budget Blocking Probabilities

Budgetsizesaredimensionedusinga desiredbudgetblockingprobability �"� � . Theset 11�32P�
consistsof thebudgetswhosecapacityneedsto becheckedif a �o w of thetraf®c aggregate2
asksfor admission.Theb2bblockingprobabilityassociatedwith thisaggregate2 is then

2s� � �����4� � ��5 � G76VA�@ F ��� � �"� �s� � (8)

undertheassumptionthatthe �"� � areindependentof eachother. Sincetheblockingprobabili-
tiesof differentbudgetstendto bepositively correlatedif thenetwork is well provisioned,the
computationof 2s� ������� accordingto Equation(8) is ratherconservative.

In [2] we have proposedthreedifferentmethodsfor settingthebudgetblockingprobabil-
ities �"� � to achieve a desiredb2b�o w blockingprobability � ����� . They have hardlyany effect
on theNAC performance,therefore,we stick with thesimpleapproachthatall �"� � areequal
for all budgets�r.*11�32P� . We denoteby �"� 8 themaximumnumberof budgetsto bechecked
for any �o w controlledby � . Thentherequired�"� � is determinedby

�"� � X � �:93;
N <
� � � ����� (9)
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3.2 Resource Allocation for Budget Based NAC Methods

For apossibletraf®c pattern3 2s� � .�����
� ��� �

thefollowing formulaehold
- &�(*) . � 2 2>�'&�(*)�� � �	�Y8- & . � 2 2>�'&�(*& � � � � 8 � (10)

If NAC is appliedin the network, eachtraf®c pattern2s� � satis®esthe constraintsde®nedby
theNAC budgets.Theseconstraintsleadto linearequations,too, servingassideconditions
for theworstcasescenarioin termsof ratemaximizationona link � :

��� �
� �
������ � G������� ��� �
?

� D $ G � 2>�'&�(*)�� � ��;+��� 5/�'&�(*)�� � (11)

This is usedto determinetheminimumrequiredcapacity��� � of thatlink. Sincetheaggregate
rateshave realvalues,themaximizationcanbe performedby theSimplex algorithm[24] in
polynomial time. However, for someNACs therearemoreef®cient solutionsthat we will
pointout in thefollowing.

3.2.1 LB NAC

The LB NAC requiresthat transit�o ws needto checka budget ��������� for every link � of its
pathfor admission,hence,themaximumnumberof passedNAC budgetsis

��������� � 8 � 8 +�U�� � D $ G ��� T �  A � D $ F"! �$#*�&%�� �/� C' � 	)(+* �'&�(*)r( ��� (12)

whereby�&%�� �/� C' � 	)(+* �'&�(*)r( ��� is themaximumlengthof thepathsfrom & to ) thatcontain � . The
budget ��������� coversall �o ws traversinglink � . Hence,its expectedofferedloadis

��������� � + � ?
� D $ G � 2>�'&�(*)�� � +�;+��� 5/�'&�(*)�� � (13)

Accordingto Equation(1)

- �/.1032 ?
� D $ G � 2>�'&�(*)�� � ��;+��� 5/�'&�(*)��<XY��������� � � (14)

mustbeful®lled, sotheminimumcapacity��� � of link � is constrainedby

��� �
� ��������� � �+� (15)

3We denote the offered load for a b2b aggregate mjb
k,f�l/i by mjb
k,f�l/i�[ , . The resulting matrix m�[ ,c`- mjb
k,f�l/i�[ ,/.1012 354+6 is the traf®c matrix. In contrast,the currentrequestedrateof an aggregateis mjb
k,f�l/i�[ u
andthematrix m�[ uV` - mjb
k,f�l/i�[ u$. 012 354+6 describesaninstantaneoustraf®c pattern.
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3.2.2 IB/EB NAC

With theIB/EB NAC, a �o w is admittedby checkingboththeingressandtheegressbudget,
hence,we get �����'& � � 8 � �V���')�� � 8 �*� . The IB/EB NAC subsumesall �o ws with thesame
ingressrouter & under �����'& � andall �o ws with thesameegressrouter ) under �V���')�� . The
offeredloadof therespectivebudgetsis

�����'& � � + �
?
$ G � 2>�'&�(*)�� � + ( and (16)

�V���')�� � + �
?
� G � 2>�'&�(*)�� � + � (17)

Hereweusetheinequalitiesfrom Equation(2) andEquation(3) assideconditionsin Simplex
methodfor thecomputationof thecapacity��� � :

- & . � 2 ?
$ G � 2>�'&�(*)�� � � X �����'& � � �+( and (18)

- ) . � 2 ?
� G � 2>�'&�(*)�� � � X �V���')�� � �+� (19)

In caseof themereIB NAC, �����'& � � 8 � � . TheIBs arecomputedin thesameway likeabove,
however, thereis a computationalshortcutto the Simplex methodfor the calculationof the
requiredlink capacity��� � :

��� �
� ?
� G � �����'& � � � ; ?$ G � ��� 5/�'&�(*)�� (20)

3.2.3 BBB NAC

With the BBB NAC, only onebudgetis checked, therefore,�������'&�(*)�� � 8 � � . The BBB
NAC subsumesunder �������'&�(*)�� all �o ws with ingressrouter & andegressrouter ) . The
offeredloadfor �������'&�(*)�� is simply

�������'&�(*)�� � + � 2>�'&�(*)�� � + � (21)

SinceEquation(4) is checkedfor admission
- &�(*) . � 2�2>�'&�(*)�� � � X �������'&�(*)�� � � (22)

mustbeful®lled andtheminimumcapacity��� � of link � is constrainedby

��� �
� ?
� D $ G � �������'&�(*)�� � �7;+��� 5/�'&�(*)�� (23)
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3.2.4 ILB/ELB NAC

TheILB/ELB NAC requiresthattransit�o wsneedto askfor admissionfor every link aswith
theLB NAC. Therefore,weset

����������(*& � � 8 � � ; �
�����$ G ��� T �  A � D $ F"! �$# �&%�� �/� C' � 	)(+* �'&�(*)r( ��� ( and (24)

�V��������(*)�� � 8 � � ; �
���� � G ��� T �  A � D $ F"! �$# �&%��
�/� C' � 	)(+* �'&�(*)r( ��� � (25)

TheILB/ELB NAC subsumesall �o ws with thesameingressrouter & on thelink � underthe
����������(*& � andall �o ws with thesameegressrouter ) under �V��������(*)�� . Theofferedloadfor
thebudgetsis

����������(*& � � + �
?
$ G � 2>�'&�(*)�� � +�;+��� 5/�'&�(*)�� ( and (26)

�V��������(*)�� � + �
?
� G � 2>�'&�(*)�� � +t;+��� 5/�'&�(*)�� � (27)

Dueto Equation(5) andEquation(6), thesideconditions

- & . � 2 ?$ G � 2>�'&�(*)�� � �<;"��� 5/�'&�(*)��7X �\��������(*& � � �+( and (28)

- ) . � 2 ? � G � 2>�'&�(*)�� � ��;+��� 5/�'&�(*)��<X �r��������(*)�� � � (29)

mustberespectedwhichconstrainstheminimumcapacity��� � by

��� �
� ����� � ? � G � ����������(*& � � �+( ?$ G � �V��������(*)�� � ���r� (30)

In caseof themereILB NAC, wehave instead

����������(*& � � 8 � �
�����$ G ��� T �  A � D $ F"! �$#�&%�� �/� C' � 	)(+* �'&�(*)r( ��� ( and (31)

��� �
� ?
� G � ����������(*& � � � (32)

3.3 Performance Measure for NAC Comparison

We computethe requiredlink capacitiesfor all NAC methodsaccordingto the equations
above. The requirednetwork capacity� � � is the sumof all link capacitiesin the network.
Theoverall transmittedtraf®c rate� � � 	 ��� !/* is thesumof theofferedloadof all b2baggregates
weightedby theiraveragepathlengths2>�'&�(*)�� � +j&�2	� +�

� � %�� , theiracceptanceprobability �����
� ������� , andthemeanrequestrate ���  "! . We canneglectthefactthatrequestswith a largerrate
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haveahigherblockingprobabilitydueto theconstructionin Equation(7).

� � � �
?
T�G�� ��� � (33)

� � � 	 ��� !/* � ��� �1� �������/; ���  "! ;?
� A � D $ F � � D $ G � D ���� $�#2>�'&�(*)�� � +�;�2>�'&�(*)�� � +j&�2	� +�

� � %�� (34)

� � � � � � � 	 ��� !/*� � � � (35)

Theoverall resourceutilization � � � is thefractionof thetransmittedtraf®c rateandtheover-
all network capacity. We useit in thenext sectionastheperformancemeasurefor theperfor-
mancecomparisonof NAC methods.

4 Performance Comparison of NAC Approaches

In this section,we comparethe performanceof the presentedbasicNAC approaches.First,
we illustrate the capacityrequirementsand the resourceutilization on a single link. Then
we comparetheperformanceof theNAC methodsdependingon theofferedloadandtestits
sensitivity to thetraf®c matrixandtherouting.

4.1 Economy of Scale Illustrated on a Single Link

Economyof scaleor multiplexing gainis thekey for understandingtheperformancebehavior
of NAC approachesandcanbe bestillustratedon a single link. In [2] we have shown that
the b2b blocking probability hasa minor impacton the requiredcapacityandthe resource
utilization comparedto thein�uence of theofferedload. We setit in all our studiesto �>����� �
�"8��	� .

Figure5 shows that both the requiredlink capacityandthe resourceutilization depend
heavily on the offered link load ��� + . The resourceutilization increasesdrasticallyup to an
offeredloadof ��� + � �"8�8�8 Erlang.Thentherequiredlink capacityrisesalmostlinearly with
theofferedlink load. Thefact thatresourcescanbeusedmoreeconomicallyat largescaleis
calledeconomyof scale.

4.2 Influence of the Offered Load

To studythe impactof the offeredload on the NAC performance,we take the testnetwork
depictedin Figure6. Its topologyis basedontheUUNET in 1994[25] wherenodesconnected
by only oneor two links weresuccessively removed.Finally, thenetwork has � � � � �,8 routers,
� 0 � � ��� bidirectionallinks, andanaveragepathlengthof 2.15hops.

The overall offered load in the network is +4	�
�	 � # � � D $ G ��� ���� $�# 2>�'&�(*)�� � + . We usethe
averageb2bload +4������� � Q ��Q� ��� 
 A � ���

� � F to scaletheoverall load +j	�
�	 . Weconstructthetraf®c matrix
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Figure5: Impactof offeredloadon requiredlink capacityandresourceutilization on a single
link.

in termsof offeredload 2s� + proportionallyto thecity sizes� which aregivenin Figure7

2>�'&�(*)�� � +��
� � Q ��Q 
 � A � F 
 � A $ F��� 
 ��� � 
 �
	� � � A CJF 
 � A E*F for &
��Y)r(
8 for &��Y)r� (36)

Figure8 showstheresourceutilizationdependingontheofferedb2bload +P����� for all NAC
methods.TheLB NAC usesthenetwork resourcesmostef®ciently. A budget ��������� controls
a maximumpossibleamountof traf®c on link � andtakesmostadvantagefrom economyof
scale. The ILB/ELB, ILB, andBBB NAC are lessef®cient becausethe sameoffered load
2>�'&�(*)�� � + ;���� 5/�'&�(*)�� is partitionedamongup to � � � budgetsin caseof ILB NAC or � � �s;
� � � � � �+� differentbudgetsin caseof BBB NAC. Thisyieldsaworseutilizationof thebudget
capacitiesdueto reducedeconomyof scaleandleadsto morerequiredbandwidth.However,
for suf®cientlyhighofferedload,theutilizationof all theseNACmethodstendstowards100%.
TheILB/ELB NAC is anew conceptandit is notyetimplementedin any standardizedprotocol
or system.It doesnot induceany informationstatesin the network but achieves16 percent
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Figure6: Topologyof thetestnetwork.

pointsmoreresourceutilizationthantheBBB NACfor aloadof + ����� � �"8�8 Erlang.Therefore,
it is agoodapproximationof thestatefulLB NAC in our testnetwork.

SomeNACsarenot ableto excludeunlikely traf®c patternswhich force to allocatehigh
link capacitiesto an extent that reducesthe achievable resourceutilization to 30% for the
IB/EB NAC andto 10%for theIB NAC. Hence,theIB NAC hastheworstperformanceand
our IB/EB NAC achievesathreetimeslargerresourceutilizationby applyingthelimitation of
thetraf®c volumein asymmetricway.

We have shown that the presentedresultsdependon the network topology[26] but also
thatthetrendremainsthesameunderchangedtopologicalconditions.

4.3 Influence of the Traffic Matrix

We studytheimpactof a skewedtraf®c matrix in our testnetwork. We achieve thatby modi-
fying thecity population� by anexponentialextrapolation

�<�'&�(

 � � � � �+; � ; � ������� �'& ��; 
 �
# $ G � � ������� �')��/; 
 � ( (37)

where � is the meanpopulationof all borderrouterareas.The value � �'& � is determinedby�<�'&�( �+� � �<�'& � , i.e. � �'& � ����� � � A � F� � . According to that construction,the traf®c matrix for
the original population� and �<� 
)� �+� arethe same.If a city is larger thanthe averagecity
size � , it is scaledup for a positive valueof 
 andit is scaleddown by a negative valueof 
 .
Thecoef®cientof variationof thecity sizes� � � ��� � � 
 W�� �
	 %��7! givenin Table1 characterizesthe
variationof thecity sizesdueto extrapolation.
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Name(v) p(v) [10³] Name(v) p(v) [10³]

Atlanta
Boston
Buffalo
Chicago
Cleveland
Dallas
Denver
Houston
Kansas
Las Vegas

4112
3407
1170
8273
2250
3519
2109
4177
1776
1536

Los Angeles
Miami
New Orleans

New York

Orlando

Phoenix

San Francisco

Seattle

Toronto

Washington

9519

2253

1338

9314

1645

3252

1731

2414

4680

4923

Figure7: Populationof thecitiesandtheir surroundings.

Table1: Propertiesof extrapolatedcity sizes.
 -3 -2 -1 0 1 2 3
� � � ��� � � 
 W � �
	 %��7! 7.88 2.62 0.78 0 0.69 2.02 5.29
avg. pathlength 2.91 2.68 2.43 2.15 1.91 1.77 1.72

Weobservethattheaverageof thepathlengthsweightedby thetransportedtraf®c volume
decreaseswith increasingvaluesof 
 . To understandtheeffect of the 
 -extrapolationon the
averagepathlength,we considerthetwo largestcitiesLos AngelesandNew York. For 
 � 8
all cities have the samesize �<�'&�( 8j� andall 2>�'&�(*)�� � + are the same,i.e. the overall offered
load +�	�
�	 is well distributedover the entirenetwork. For increasing
 , the city sizesfor LA
andNY go up andincreasetheofferedloadbetweenthemby Equation(36). For extremely
large 
 this traf®c volume is the major traf®c in the network and its path lengthdominates
theaverage.Networksareusuallydesignedthat citieswith large traf®c volumesareclosely
connectedamongeachother(e.g.Chicago)to keeptheaveragepathlengthshort.Thiscauses
that this explanationtakes alreadyeffect for small 
 . For negative valuesof 
 , we get the
contraryphenomenonbecausethesmall cities (with respectto � ) producethenmosttraf®c.
They havelongeraveragepathlengthswhichimpactstheoverallaveragepathlengthweighted
by thetraf®c volume.

Figure9 showstherequirednetwork capacitydependingonthetraf®c matrixextrapolation
parameter
 for +4����� � �"8 . Theincreasedaveragepathlengthweightedby thetraf®c volume
hasasigni®cantimpactontherequiredcapacity. However, thisbehavior is only clearlyvisible
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for the LB NAC. The other NAC methodsneedmore bandwidthfor homogeneoustraf®c
matrices.For � 
 �\698 , thecity sizesbecomemorevariable,andsodoestheofferedloadof the
traf®c aggregatesbetweenthem. Sincemostof thetraf®c is shiftedby theextrapolationinto
largertraf®c aggregates,thisyieldsonaveragelargerbudgetsfor all NAC methods,whichcan
bedimensionedmoreef®ciently. This leadsto lessrequiredcapacityfor largeabsolutevalues
of � 
 � . Figure10 underpinsthis reasoningby showing a larger resourceutilization for larger
absolutevaluesof 
 .

TheIB NAC is anexception.Thebudgetsize �����'& � � � mustbeallocatedon all links of a
routingtreein caseof SProuting,i.e. exactly � � � � � �+� times.For MP routingthis is similar.
So, � � � dependsonly on # � G � �����'& � � � andnot on theaveragepathlength. Since� � �J	 ��� !/*
takestheaveragepathlengthinto account(cf. Equation(34)), theaverageresourceutilization
decreaseswhen the averagepath length is increasedby 
 accordingto Equation(35). We
try to blind out the in�uence of the economyof scaleto a certainextent by increasingthe
offeredload in thenetwork to +4������� �"8�8�8 . As expectedin accordancewith theabove given
arguments,Figure11showsthattherequiredcapacityfor theIB NAC is independentof 
 and
that therequiredcapacityfor theLB, ILB, ILB/ELB, andBBB NAC follow the trendof the
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Figure9: Impactof thecity sizevariationon therequiredcapacity( + �����
� �"8 ).

averagepathlength.
TheIB/EB NAC is anexceptionandtheexplanationfor its behavior givesinsight into its

increaseof ef®ciency comparedwith theIB NAC. We take +r; ���  "! insteadof adimensioned
capacity � in our roughcalculations.For the IB NAC, we get a requiredoverall capacityof� � � � # � G � �����'& � � +:;P� � � � � �+� ; ���  "!��*+�	�
�	�; � � � � � �+�%; ���  "! . For the IB/EB NAC thereis
anupperboundontherequiredcapacity� � �sX # � D $ G � ����� � �����'& � � �+( �V���')�� � �B��; ���  "! , which
is alsoabout +j	�
�	�;>� � � � � �+� ; ���  "! for 
�� 8 . As we get the sameresult for the IB NAC,
we concludethat the differencein the requiredcapacitybetweenIB NAC andIB/EB NAC
comesfrom the useof the Simplex algorithmin the dimensioningmethod. The application
of both IBs andEBs avoids multiple capacityallocationon a singlelink for traf®c with the
samedestination.Theef®ciency of thatmechanismsdependson thenetwork topology[27].
But thereis anotherreasonfor thedecreaseof therequiredcapacityfor heterogeneoustraf®c
matrices.Wedenotetheaverageofferedloadpernodeby + � ��� � � Q ��Q� ��� andassumethat

� ���
� nodes

haveanofferedloadof � ; + � ��� andthat
� 
 � ���
� nodeshaveanofferedloadof

� � ���� . Therestriction
of theIBs andEBsleadsto

� ���
� ;"� � ���� � �+� b2baggregatesthatcansendor receiveatmost �j; + � ���
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Figure10: Impactof thecity sizevariationon theresourceutilization ( + �����
� �"8 ).

traf®c andto � � � ;J� � � ��� �+� � � ���� ;J� � ���� � �+� aggregateswith anofferedloadof atmost
� � ���� . This

reducestheupperboundto �
� ;�+�	�
�	>;\� � � � � �+�%; ���  "! . This explainswhy therequiredcapacity

for theIB/EB NAC reducesfor increasingabsolutevaluesof 
 . Theeffect is notsymmetricin
 accordingto Figure11becauseweobserveit with asuperpositionof thefactthattheaverage
of thepathlengthsweightedby thetraf®c volumereduceswith increasing
 .

After all, the traf®c matrix hasonly a minor impacton theNAC performancein realistic
networking scenarios,i.e. for + � �"8�8 and for � 
 �PX � . The effectsaremainly due to the
modi®edaverageof the pathlengthweightedby the traf®c volume. The IB/EB NAC is an
exceptionfrom that rule andthis considerationled to a deeperunderstandingof thatmecha-
nism. For futureexperimentswe learnthat thechoiceof thetraf®c matrix is not socrucial if
theef®ciency of a NAC methodis evaluated.

4.4 Influence of the Routing

In thesecondpartof this work we testthein�uence of theroutingon theNAC performance.
In the pursuitof robust andself-healingnetworks,multi-path(MP) routing is consideredas
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Figure11: Impactof thecity sizevariationon therequiredcapacity( + �����
� �"8�8�8 ).

an alternative to conventionalsingle-pathrouting sinceif onepath fails othersmay still be
running. For our studywe useOSPF[28]. It takeseithera singleshortestpathfor packet
forwardingor ± if theEqualCostMulti-Path(ECMP)option is set± it distributesthe traf®c
loaduniformly overall outgoinginterfacesleadingto apathof shortestlength.Althoughthere
may be solutionshaving un-equalcostMP andmoreMP thanECMP, we contentourselves
with this simple representantof MP routing. In addition to our test network, we usethe
COST239network which is depictedin Figure 12 [29]. With � � � � � � routers, � 0 ��� �
�
bidirectionallinks, andanaveragepathlengthof 1.43hopsit is smallerthanthetestnetwork
andit hasmultipleshortestpathsfor many source-destinationpairs �'&�(*)�� .

Figures13±14illustratetheperformanceof differentNAC typesin thetestnetwork andthe
COST239network for SPandMP routingdependingon theofferedtraf®c. In bothcasesthe
performanceof theIB NAC andtheBBB NAC areidentical.Thesesbudgetsaredimensioned
independentlyof theroutinginformation ��� 5/�'&�(*)�� (cf. Equation(16)andEquation(21)). The
resultingrequiredbudgetcapacityinducescapacitydemandsonthelinks towardsany possible
destination(cf. Equation(20) andEquation(23)) wherebythecapacitydemandis distributed
only alongshortestpaths.Therefore,this doesnot affect theoverall requiredcapacityof the
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Figure12:Topologyof theCOST239network.

network. Accordingto Equation(16),thecapacityof theEBsis not in�uencedby therouting,
either, but in bothnetworksweobservefor theIB/EB NAC aresourceutilization increasedby
3 percentpointsdueto MP routing.TheIB/EB NAC allowsfor a�e xible useof thebandwidth
by various�o ws that cannot be active simultaneouslydueNAC limitations. By usingMP
routing,theses�o ws sharethecapacityof commonlyusedlinks insteadof requiringtheir full
rateon thelinks of their own singleshortestpath,which reducestherequiredbandwidth.

The performanceof the LB NAC is hardly reducedwith MP routing comparedto SP
routing. In the testnetwork, the resourceutilization of the ILB/ELB NAC suffers4 percent
pointsandthe ILB NAC suffers 6 percentpointsat a load of + ������� �"8�8 . In the COST239
network, the performanceof the ILB/ELB NAC degradesby 7 percentpoints down to the
performanceof theBBB NAC, i.e. theadvantageof this approach± theincreasedutilization
without reservation states± is lost. With MP routing the ILB NAC becomeseven slightly
worsethantheBBB NAC. In all cases,thenegative impactof MP routingon theperformance
decreaseswith increasingofferedload.

Hence,theperformanceof all NAC methodsbasedon link budgetsis adverselyaffected
by MP routing.TheseNAC approachestake theroutinginformation ��� 5/�'&�(*)�� for thecompu-
tationof theofferedloadof thebudgetsinto account(cf. Equation(13), Equation(26), and
Equation(27)). If MP routing leadsto a moreequaltraf®c distribution, the LBs cannot be
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Figure13: Impactof theroutingon theresourceutilization in thetestnetwork.

dimensionedasef®ciently aswith SProuting when the traf®c concentrateson a few links.
However, accordingto theresults,this hashardlyany impactfor theLB NAC with MP rout-
ing. We considerthe ILB andILB/ELB NAC. The offeredload inducedby a singlesource
or destinationis spreadout over signi®cantlymorelinks thanwith SProuting. This leadsto
a lower traf®c concentrationfor ����������(*& � � + and �V��������(*)�� � + andyieldsa worseutilization of
thesebudgets.In theCOST239network this effect is sostrongthatECMProutingmakesthe
ILB NAC lessef®cientthantheBBB NAC.

The effects illustratedin this studyshow that the choiceof SPor MP routing hassome
impacton theNAC performance.We usedECMPfor our experimentsbut theeffectswill be
moredistinctwhenMP routingis enforcedby takingmorethanjustadditionalshortestpathsif
available.A futurenetwork architectureshouldavoid thecombinationof componentsthatdo
notplaywell togetherif ahighresourceutilization is desired.Suchadisadvantageouscombi-
nationwouldbe,e.g.,localbandwidthbrokersat theborderrouters± workingessentiallylike
theILB NAC ± andMP routing.
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5 Conclusion

Wedistinguishedbetweenlink admissioncontrol(LAC)andnetworkadmissioncontrol(NAC).
LAC limits thenumberof �o ws on a singlelink to assuretheir QoSrequirementswhile NAC
limits thenumberof �o ws in anetwork. Wepresentedfour basicNAC methods:thelink bud-
get(LB) basedNAC, theborder-to-border(b2b)budget(BBB) basedNAC, whichconsistsof
virtual tunnels,theingressandegressbudget(IB/EB) basedNAC, known from theDifferen-
tiatedServicescontext, andthe ingressandegresslink budget(ILB/ELB) basedNAC. The
ILB/ELB NAC is anew conceptandworkslike localbandwidthbrokersat theborderrouters.
Many researchprojectsimplementadmissioncontrol (AC) schemesthatcanbeclassi®edby
thesecategories.

For eachNAC method,we dimensionedthe capacityof samplenetworks to meeta de-
siredblocking probability in presenceof a given traf®c matrix. The NAC typesrevealeda
signi®cantlydifferentresourceef®ciency which is mainly dueto their ability for taking ad-
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vantageof economyof scale. The LB NAC exhibits the bestresourceutilization, followed
by theILB/ELB NAC, theILB NAC, andtheBBB NAC. They all achievea resourceutiliza-
tion closeto 100%if theofferedtraf®c load is suf®ciently high. TheIB andIB/EB NAC are
lesseconomicwith a resourceef®ciency in theorderof 10 to 30%. In this studywe concen-
tratedontheimpactof thetraf®c matrixandtheroutingontheresourceef®ciency of theNAC
methods.

Thevariationin the traf®c matrix in�uencestheaverageof thepathlengthsweightedby
thetraf®c volume,andtherequiredcapacityfor mostNAC approachesfollowsthis trend.The
requiredcapacityof theIB NAC is independentof thetraf®c matrix± aslongasit is constant±
andtheIB/EB NAC takesadvantageof skewedtraf®c matricesto reducetheneededresources.
Theconsiderationsalsoled to a deeperunderstandingof theNAC methods.In addition,we
learnedthat the resourceutilization resultsareratherrobust againstvariationsin the traf®c
matrixwhichsimpli®esfutureexperiments.

Thesecondpartof the investigationshowedthedependency of theNAC performanceon
theroutingmechanism.Theresourceef®ciency of theIB andtheBBB NAC is independentof
theroutingandtheresourceef®ciency of theIB/EB NAC pro®tsfrom multi-path(MP) routing
comparedto single-path(SP)routing.TheLB NAC suffershardlyfrom MP routingwhile the
resourceutilization of the ILB andILB/ELB NAC is signi®cantlyreducedto suchanextent
thattheILB NAC loosesits superiorityto theBBB NAC.

Hence,the new ILB and ILB/ELB NAC methodsare very appealingbecausethey are
statelessconceptswith a clearlyhigherresourceef®ciency thantheBBB NAC in caseof SP
routingbut they shouldnotbeusedin combinationwith MP routing.

Anotherchallengein futurenetworksis theintegrationof resiliencerequirementsin QoS
real-timenetworks. To maintaintheconnectivity in caseof local network outages,rerouting
is used.With somemodi®cationsof ourapproach,wecomputetherequiredbackupcapacities
to preserve QoS[30]. This leadsto new optimizationobjectivessincebackupcapacitiesare
costly.
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