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Abstract

Whendesigningandconfiguringan ATM-basedB-ISDN, it remainsdifficult to guaranteethe Quality of
Service(QoS)for differentserviceclasses,while still allowing enoughstatisticalsharingof bandwidthso
that thenetwork is efficiently utilized. Thesetwo goalsareoftenconflicting. GuaranteeingQoSrequires
traffic isolation,aswell asallocationof enoughnetwork resource(e.g.buffer spaceandbandwidth)to each
call. However, thestatisticalbandwidthsharingmeansthenetwork resourceshouldbeoccupiedon-demand,
leadingto lesstraffic isolationand minimal resourceallocation. We addressthis problemby proposing

�
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andevaluatinga network-wide bandwidthmanagementframework in which an appropriatecompromise
betweenthetwo conflictinggoalsis achieved.Specifically, thebandwidthmanagementframework consists
of a network modelanda network-widebandwidthallocationandsharingstrategy. Implementationissues
relatedto theframework arediscussed.For realtimeapplications,weobtainmaximumqueueingdelayand
queuelengthwhichareimportantin buffer designandVP (Virtual Path)routing.
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1 Intr oduction

BroadbandIntegratedServiceDigital Networks(B-ISDN) utilizing AsynchronousTransferMode

(ATM) technologyareexpectedto supportawidevarietyof services.As definedby ATM Forum,

thedifferenttypesof servicesupportedby ATM arecategorizedinto four serviceclasses[2] [6]:

ConstantBit Rate(CBR),VariableBit Rate(VBR), AvailableBit Rate(ABR), andUnspecifiedBit

Rate(UBR). Accordingto theATM Forum,CBR andreal-timeVBR connectionshave stringent

delayandCell LossRatio(CLR) requirements.Moreover, theCBR serviceclassis designedfor

circuit switchingemulationwhichrequiresaconstantbandwidthcapacityfor eachcall. Thetraffic

ratefor a VBR connectionmayfluctuatearoundits averageratebut not exceedits peakcell rate

(PCR).Thetraffic ratefor anABR connectioncanbeadjustedin realtime,andits Minimum Cell

Rate(MCR) is specified.An UBR sourcemaysendasfastasit desires(up to its PCR),but the

network doesnot guaranteeany QoSfor it. Traffic parametersfor a call arespecifiedin its ATM

traffic descriptor. An ATM traffic descriptoris definedasa genericlist of traffic parametersthat

canbe usedto capturethe traffic characteristicsof an ATM connection[1]. The ATM Forum

standardrequiresthat policers be usedat the User-Network Interface(UNI) to ensureall traffic

enteringthe network conformsto the parametersspecifiedin the traffic descriptor. The generic

cell ratealgorithm(GCRA)hasbeenstandardizedasa generalpolicingscheme[1].

Recentactivitiesin ATM Forumindicatethatoneof themajorchallengesfor thebroaddeploy-

mentof ATM-basedB-ISDN is how to compromisebetweentwo conflictinggoals,i.e.,guarantee-

ing performancefor eachserviceclass,while still allowing enoughstatisticalmultiplexing sothat

thenetwork is efficiently utilized. In orderto achieve thesetwo goals,theATM researchcommu-

nity hasproposednumerouscontrolandmanagementschemes[9] [12] [11] [5]. However, schemes
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for differentpurposesareoftentreatedindependentlyandlack thecapabilityof co-operatingwith

eachother. What is neededis, therefore,a bandwidthmanagementframework underwhich the

network canbeefficiently utilized,andmeanwhile,acceptableQoScanbeachievedfor all service

classes.

Although it seemsunlikely to optimize bandwidthmanagementby taking into accountall

aspectsof traffic behavior andperformancerequirements,it ispossibleto reachagoodcompromise

betweenthe goalsof providing both performanceguaranteesandhigh network utilization. This

paperis organizedasfollows. Section2 and3 constitutethe proposedbandwidthmanagement

framework: Section2 proposesa network modelandthe correspondingVP assignmentpolicy;

Section3 presentsthebandwidthallocationandsharingstrategy anddiscussescorrespondingcell-

level schemesandswitcharchitecture.Section4 evaluatesthemaximumqueueingdelayandCLR

performancefor CBR andVBR serviceclasseswhich areexpectedto mainly supportreal time

applications.Section5 drawsaconclusionfor thepaper.

2 Network model

2.1 The par titioning of core and edge networks

We proposea network modelin which theATM-basedB-ISDN is partitionedinto coreandedge

networksasshown in Figure1. Theprimary functionof the edgenetworks is to provide broad-

bandaccessto theuserthroughtheUNI andto performcell switchingin thelocal area.Thecore

network functionsasthebackbonenetwork carryingconcentratedtraffic betweenedgenetworks.

The interfacebetweenthecoreandedgenetwork is providedby specialedgenodes(gateways).
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Note that thecoreandtheedgenetworksarestill partof a unifiedATM network, andshouldbe

ableto cooperatein termsof bandwidthmanagement,congestioncontrol,andotheradministration

issuesthroughnetwork-network interfaces[7] [8].

Thedesignof thecorenetwork will apply theVirtual Path(VP) conceptin which ATM cells

areprocessedbasedonVirtual PathIdentifier(VPI) values(Figure2). TheVP concept[1] [3] has

beendevelopedto supportsemi-permanentconnectionsin a largescalebackbonenetwork which

transportsa largenumberof simultaneoususercallscarriedby Virtual Circuits(VCs). A VP starts

at anedgegateway andterminatesat anotheredgegateway (seeFigure2). In the corenetwork,

availablenetwork resources,suchas bandwidthand buffer space,canbe managedsimply and

efficiently on a per-VP basis.On theotherhand,theedgenetworkswill carrya smallernumber

of simultaneousVCs,andwill handletraffic onacall by call basisin orderto processcall arrivals

andto setupandteardown individualVCsusingVirtual Circuit Identifier(VCI) values(Figure2).

As statedabove,aVP is identifiedby its VPI valuesin thecorenetwork. Therehavebeentwo

kindsof VPI managementmethods[14]:

� GlobalVPI assignment,in which VPIs aremanagedcentrally, eachVPI hasglobalsignifi-

cance,andeachVPI correspondsto a routein thenetwork. No VPI translationis neededat

thecoreswitches.

� Local VPI assignment,in which theVPIs have only local significancewhich is associated

with eachphysicallink andshouldbe translatedat eachcoreswitch . A VP is therefore

identifiedby aseriesof physicallink ID andVPI pairs.

Although the first methodis simple and easyto implement,it imposesa limit on the total

numberof VPs within the network. With current12-bit VPI definition [1], only 4096VPs can
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possiblyexist. This is far from adequatefor a large-scalenetwork. Therefore,we preferthelocal

VPI assignmentmethodin which, given the ability of identifying eachport throughits port ID,

eachcoreswitchmaysupportup to
�������

VPson eachinput/outputlink. Now thatVPI hasonly

local importance(to identify a VP from otherVPson thesamelink), thesameVPI canbereused

in the network. As a result, the network is able to supportany numberof VPs, given a route

layoutsuchthatnomorethan
�������

VPsexist onasinglelink. Thisgivesthepossibilityto support

fully-meshedVP network usingcurrentfibernetwork topology.

2.2 The VP assignment polic y

Currentlya numberof VP layoutandassignmentschemeshave beenproposed[15] [16], which

differ in thefollowing ways:

� Theconnectivity of theVP network, i.e., shouldit be fully-meshedor sparselyconnected,

suchasin astaror ring topology.

� How to mapthe variousservicesto the VPs. Oneextremeis to usethe sameVP for all

serviceclasses,thus fewer VPs are needed. However, the task of guaranteeingQoS for

all serviceclassesin the VP could be difficult. The oppositeis to have a separateVP for

eachserviceclass,or evenfor eachdifferentQoSrequirementwithin thesameserviceclass.

AlthoughQoScontrol is easierin this scheme,thetotal numberof VPsneededcanbevery

large.

We proposea fully-meshedschemein which thereshouldbeat leasttwo VPsassignedbetween

eachedge-node-pair(denotedasanOrigin-Destinationpair, or O-D pair),onefor VBR andCBR
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service,andtheotherfor ABR andUBR service.OtherVPsmayalsoexist for alternative routing

or othermanagementconsiderations.

TheVP assignmentpolicy describedabove is basedon thefollowing considerations:

� In thefully-meshedVP network,pre-assignedVPsexistsbetweenall edgenetworks,andthe

corenodescanbeeasilyimplementedby ATM cross-connectors.No complicatedVC level

operationssuchasadd/dropor reroutingarenecessary. Meanwhile,even if thenumberof

edgenetworksgrows, theVP network canstill scalewell giventhelocal VPI management

schemediscussedin thelastsection.

� The mappingof serviceclassesto VPs shouldbe ableto achieve a goodbalancebetween

QoSachievementandcomplexity. Thuswe needto carefully inspectthenatureof service

classesbeforedetermininghow to maptheminto VPs. Real-timeVBR 	 andCBRconnec-

tionshave similar performanceparametersin termsof delayandCLR. On theotherhand,

ABR sourcesareexpectedto adapttheir ratesaccordingto network statesanddonotrequire

stringentdelayperformance.SeparatingABR traffic from the VBR/CBR VP ensuresthat

ABR ratechangesdo not affect the performanceof CBR andVBR serviceclasses.The

natureof UBR servicesindicatesthat no network resourcesshouldbe allocatedto UBR

connections,andconsequently, allocatingseparateVPsto UBR connectionsis unnecessary.

However, the network mustprovide the necessaryisolation(describedin the next section)

betweenUBR andotherserviceclassessothatthetraffic from UBR sourcesdoesnotaffect

theperformanceof otherusers.Practically, onceenoughisolationis provided,UBR connec-



A Non-real-timeVBR connectioncanbeviewedasaReal-timeVBR with a largeCell DelayVariationTolerance
(CDVT) parameter. Therefore,Non-real-timeVBR VCscanbeintegratedonVBR/CBRVPs.
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tionsmaysharethe sameVP with any otherserviceclasses.We chooseto integrateUBR

with ABR on the sameVP becauseof the similar “best effort” naturefor the two service

classes.

3 Bandwidth management strategy

In orderto achieve a successfulbandwidthmanagementframework, it is necessaryto incorporate

efforts at both the cell level andthe network designlevel. In this sectionwe will first introduce

the basicconceptsof the proposedframework andthe cell-level schemesto supportthem,then

look into the network designlevel issues. Furthermore,we alsopresenta sketchof a possible

implementationof theproposedframework.

3.1 Basic ideas: bandwidth allocation vs. reser vation

In traditionaltelecommunicationnetworks,usuallya certainamountof bandwidthis reservedfor

all connections,i.e., eachconnectionwill alwaysbegivenandonly beableto usetheportionof

bandwidthexplicitly assignedto it. For example,in a TDM system,eachconnectionhas(and

paysfor) its own digital channeland the associatedfixed bandwidth. No connectionmay use

the bandwidthon any otherchannels,even if thereis no traffic on themat the time. Sincethe

majority of traffic in thosenetworks is CBR (voice connections),the reservation-basedscheme

is sufficient. However, VBR and“best effort” traffic (ABR andUBR) will play very important

rolesin ATM networks,andit is difficult, if not impossible,to supporttheseservicesefficiently by

reservation-basedscheme.
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In orderto achieve bothQoSguaranteeandhigh network utilization for all serviceclassesin

ATM networks,anew kind of bandwidthmanagement, whichwecall bandwidthallocation, must

be introduced. In a bandwidthallocation-basedscheme,eachconnectionis allocateda certain

amountof bandwidth(whichcouldbezero),and

� Eachconnectionis guaranteedto have accessto its allocatedbandwidth,whenever it has

somethingto send.

� Unusedbandwidthis availableto otherconnections.

� Consequently, aconnectionsometimescanbeusingbandwidthexceedingits allocation,but

onlywhenotherconnectionsarenotusingtheirallocation.

Note that differentservicesemphasizedifferentaspectsof the allocation-basedscheme.For

example,sincetheQoSrequirementsfor CBR/VBRconnectionsneedto beguaranteedall thetime

oncethey areadmittedinto thenetwork, it is necessaryto allocatethemanamountof bandwidth

that will guaranteethat the QoSrequirementwill be met. On the otherhand,ABR connections

would be allocatedonly enoughbandwidthto guaranteetheir minimum cell rate(MCR), since

they aresupposedto utilize the bandwidth“spared”by CBR andVBR connections.Similarly,

UBR connectionswould likely not beallocatedany bandwidth.

3.2 Cell-level suppor ting schemes

3.2.1 Cell scheduling schemes

Variouscell schedulingschemes,suchasWeightedFair Queueing[17], Round-Robin,andVirtual

Clock [18] have beenproposedfor ATM networks. Amongthem,WeightedRoundRobin(WRR)
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[19], [20], [21] seemsto bethemostpromisingalgorithmto supportallocation-basedbandwidth

management.

Thebasicideaof WRRcanbedescribedasfollows: therearemultiple incomingconnections,

eachof themwith a separatequeue. Oneoutput link is sharedamongall connections,andthe

accessto it is controlledby a server. The server servesall the queuesin the orderdecidedby a

circular schedule,in which eachqueuehasa certainnumberof entries. If the currentqueueis

“inactive”, i.e., it doesnot have any cell to beserved(transmitted),the server will thenmove to

poll thenext queueon schedule,until it findsanactiveconnection.Hencethecell slot will not be

wastedunlessall connectionsareinactive.

TheWRRalgorithmhasseveralnotablefeaturesthatmake it idealfor ourpurpose:

Guaranteed allocated bandwidth: Giventhefollowing parameters:

���� : onecell slot, i.e., thetime to serveonecell

��� : thetotal numberof cell slotentriesin aschedule

��� : numberof scheduleentries(allocatedslots)for a particularqueue

Theallocatedbandwidth� � (in Cells/Sec)for thetargetqueuecanbeobtainedas:

� � � �
� �

�
�� (1)

Automatic sharing of unused bandwidth: If a connectiondoesnot have enoughcells in its

queueto useup all its scheduleentriesduring a servingcycle, the WRR server will use

these“left-over” cell slots to serve other active connections.Thus bandwidthsharingis

achieved.
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Intrinsic fairness: In the WRR algorithm,the “left-over” cell slotswill be automaticallygiven

to theactive connectionsin proportionto their allocatedweight. In this sense,it providesa

meansto distributethesparedbandwidthfairly.

One version of WRR server is the distributed WRRserver. Here, distributed meansthe

scheduleentriesfor a connectionareevenly distributedwithin the schedule.Besidesthe com-

monWRR characteristics,thedistributedWRR alsohelpsto smooththe traffic in themultiplex-

ing/demultiplexing procedure.Therefore,we will assumethedistributedWRR in the remainder

of thispaper.

3.2.2 Other cell-le vel schemes

Besidesthecell schedulingschemessuchasWRR,thereareothertypeof schemesthatcanbeused

aseithersupplementaryor alternativemeansin thebandwidthmanagementframework, especially

thefollowing:

Traffic policing schemes: Policing, or UsageParameterControl (UPC) haslong beenrecog-

nizedasaneffectivewayto enforcetheuser-network traffic contract.At presenttheGeneric

Cell RateAlgorithm (GCRA),which is basedona leaky-bucketalgorithm,hasbeenchosen

by ATM Forum [1] asthe definition of traffic conformance.The policing function at the

UNI determinesif theindividualcellsareconformingto thetraffic contractandeitherdrops

violating cells, or marksthemwith Cell Losspriority (CLP) = 1 (Conformingcells carry

CLP = 0). SincetheGCRA includesbandwidth-relatedparameterssuchasPeakCell Rate

(PCR)andSustainableCell Rate(SCR),it canalsobeusedin bandwidthmanagement.
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Buffer management schemes: In the casethat multiple connectionssharethe samephysical

buffer, buffer managementschemes(alsoknown asspacepriority schemes)[22] areneces-

saryto ensurethe properbuffer accesspriority of differentservices.Themostcommonly

usedspacepriority schemesarepartial buffer sharing(alsoknown asnestedthresholdcell

discarding) [23] andpush-outqueue[24]. Althoughtheimplementationof thetwo schemes

aredifferent,bothof themsupportselective discardingof individual cells. Thereforeif the

cellsaremarkedasCLP= 0 or CLP= 1 by policingfunctions,theseschemescanbeusedto

protectCLP = 0 traffic from CLP = 1 traffic by giving higherbuffer accesspriority to CLP

= 0 cells.

3.3 Network design level issues

Giventheappropriatecell-level schemes,thenext questionis how to structurethenetwork based

on them.Again,CBR/VBRtraffic andABR/UBR traffic needto betreateddifferentlybecauseof

theirdifferentnature.

3.3.1 Band width management for CBR/VBR traffic

As we have mentionedbefore,CBR/VBR servicesgenerallyrequirea worst-caseQoSguarantee,

andtheprimaryway to achieve this is to allocateenoughbandwidthto eachconnection(sufficient

buffer spaceshouldalsobeallocated).Thustheadmissibletraffic loadon a VP is determinedby

the total amountof bandwidthallocatedto that VP. From the traffic engineeringpoint of view,

this amountshouldbe determinedby relatively long-termconsiderations,suchasphysicallink

capacity, traffic forecastandestimationmethods,andmaybeupdatedin atimescalesuchashours
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or days,ratherthanonacall-bycall basis.

Themainadvantageof this long-termallocationof VP bandwidthis that it simplifiestheVC-

level connectionadmissioncontrol(CAC) andofferstraffic isolationto provideperformanceguar-

anteesfor eachVP. The CAC is simplified becausethe decisionof whetherto accepta CBR or

a VBR call canbemadeat thecorrespondingsourceedgegateway by comparingthebandwidth

requirementof thenew call andtheavailableamountof allocatedbandwidthontheVP whichis to

carrythenew call. In our framework, anincomingCBRcall is admittedif its PCRcanbeaccom-

modatedby the VP, andan incomingVBR call is admittedif its SCRcanbe accommodatedby

theVP. Determinationof anappropriatevaluefor SCRis a challenging,ongoingresearchtopic.

One possibility is to useequivalentbandwidth[12]; anotheris explored in [27]. Also notable

is that underthis strategy, the optimizationof VP routesbecomespossibleusingmathematical

programmingtechniques.

AlthoughABR/UBR VPsshouldbeableto usesparebandwidthfrom CBR/VBR VPs,band-

width sharingamongCBR/VBR VPsis undesirable.Thetraffic enteringa CBR/VBR VP should

be restrictedto the allocatedVP bandwidthto ensurethat theVBR ratefluctuationdoesnot de-

gradetheperformanceof CBR VCs which areintegratedon thesameVP. To clearlyunderstand

this, notethat thesparecell slotsfrom otherVPsat onenodemaynot beavailableat thedown-

streamnodes.Consequently, theextraVBR cellstransmittedusingsparecell slotsfrom otherVPs

maybethrottledat a downstreamnode,causingCBR connectionssharingthesameVP queueto

incurmoredelayvariationandevencell loss.Note,sinceCAC decisionfor CBRandVBR should

alwaysbebasedon theallocatedVP bandwidthevenif thereis sparedbandwidthin thenetwork,

theaboverestrictionwill not impactthenetwork capabilityto accommodateCBR/VBRservice.
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However, we believe that in orderto fully exploit thepossibilityof statisticalmultiplexing, it

is still desirableto haveVC-level bandwidthsharinginsideeachCBR/VBRVP.

3.3.2 Band width management for ABR/UBR traffic

Throughtheallocation-basedcell schedulingschemes,ABR/UBR VPswill beableto utilize the

sparedbandwidthfrom CBR/VBR VPs in the network. As a result,only the small amountof

bandwidthcorrespondingto MCR of ABR serviceis necessaryfor ABR/UBR VPs.Theavailable

bandwidthfor ABR/UBR VPsbeyondthatallocatedfor MCR is determinedby thetraffic loadon

theCBR/VBRVPsin thenetwork, which is changingconstantly. Consequently, in orderfor ABR

sourcesto usethis bandwidthandstill achieve low CLR, a mechanismis necessaryto feedback

the bandwidthinformation to the ABR traffic sources.The mechanismcould be the Resource

Management(RM) cell procedurecurrentlybeingdevelopedby the ATM Forum [2]. Note that

the RM cells areneededat both VP andVC level. Generally, the VP-level RM cells carry the

availableVP bandwidthinformationcollectedin thecorenetwork to theedgegateways,wherethe

bandwidthis further allocatedto individual VCs andsentto the ABR sourcesby VC-level RM

cells. Recentresearchin this areaindicatesthatefficient algorithmscanbedevelopedto control

the ABR sourcerate in orderto achieve both low cell lossandgoodbandwidthutilization [26]

[25].

Sincetheallowabletransmissionrateof ABR sourcesis subjectto flow control,theABR UPC

parametersneedto be updatedaccordingly. That meansdynamicUPCfunctionsratherthanthe

staticUPCin the CBR/VBR case.As to the UBR cells, sincethe network will not provide any

QoSguaranteeto them,it is reasonableto markall of themas ������� �
.
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As previously indicated,by utilizing spacepriority schemes,it is safeto let ABR andUBR

connectionssharethesamebuffer, andhencethesameportionof bandwidth.

3.3.3 Summar y on strategy

Theconclusionsfrom theabovediscussioncanbesummarizedasfollows:

1. VP bandwidthfor CBR/VBRVPsshouldbedeterminedsemi-permanently(updateintervals

measuredin hoursor days).

2. OncetheVPbandwidthisdetermined,thetraffic enteringCBR/VBRVPsshouldbethrottled

to theVP bandwidthat theingressedgegateway.

3. VC-level bandwidthsharingshouldstill besupportedwithin eachCBR/VBRVP

4. High network utilization canbeachievedby letting ABR/UBR VPs“fill-in” thebandwidth

gapleft by CBR/VBR VPs on the link, throughVP-level allocation-basedcell scheduling

schemes.

5. DynamicUPCfunctionis necessaryfor ABR traffic.

6. By introducingspacepriority schemes,ABR andUBR traffic may safelysharethe same

buffer in the network. However, sincemany ABR control algorithms[25] rely on queue-

fill information,somekind of meachnism,suchasa separateABR cell counter, might be

necessaryto keeptrackof thenumberof ABR cellsin thesharedbuffer.
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3.4 An implementation sketc h

To further illustratehow the ideasdiscussedabove canbe incorporatedinto a bandwidthman-

agementframework, we herepresenta sketchof a network implementationbasedon them. The

implementationconsistsof threeparts:theingressfunctionof edge gateway, thecore switch, and

theegressfunctionof edgegateway.

3.4.1 The ingress function of edge gateway

As shown in Figure3, eachVC hasa GCRA policer [1] at the UNI to ensurethat the incoming

traffic is conforming. The conformingcells aregiven high cell losspriority (CLP = 0) andthe

non-conformingcells aremarked asCLP = 1. The GCRA parametersof ABR VCs shouldbe

dynamicallyadjustableto accommodatethefluctuationof availablebandwidthin thenetwork. In

addition,all UBR cells aremarkedasCLP = 1 in orderto provide necessaryisolationfor ABR

cells.

At the ingressof the edgegateway, therearetwo stagesof distributedWRR servers. At the

first stage,CBR/VBR VCs aremultiplexedinto CBR/VBR VPsby usinga VC-baseddistributed

WRR server for eachCBR/VBR VP. EachCBR (VBR) VC hasa separatequeueandis allocated

a � correspondingto its PCR(SCR)bandwidth.Theoutputrateof thedistributedWRR is fixed

at theallocatedVP bandwidth;thusthetraffic enteringaCBR/VBRVP is limited accordingto the

policy specifiedpreviously. SinceeachCBR/VBR VP is throttledto theallocatedVP bandwidth

at ingress,andthecoreswitchesprovide at leasttheallocatedVP bandwidth,coreswitchbuffers

for VBR/CBR VPscanbevery small(seenumericalexamplein section4). TheABR/UBR VCs

do not haveper-VC queueingandVC-basedWRRsat thefirst stage.TheABR andUBR VCs on
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thesameVP aresimply mixedinto a singleABR/UBR VP queue.At thesecondstage,theVPs

areroutedinto thecorenetwork.

3.4.2 The core switc h

Thecoreswitchesarenow simply ATM cross-connectorsperformingVP multiplexing/switching

by usingallocation-basedcell schedulingschemessuchasWRR.

3.4.3 The egress function of edge gateway

As shown in Figure4, theVCs aredemultiplexedfrom VPsat theegressedgeswitch,androuted

to theirdestinationUNI. Thereis aVC-basedWRRserver ateachUNI. Again,eachCBR(VBR)

VC hasaseparatequeue,andallocateda � correspondingto its PCR(SCR).TheABR/UBR VCs

on thesameUNI sharethesamequeue.

All queuesareimplementedaspush-outqueues([24]), i.e, thearriving CLP=0cellscan“push

out” thoseCLP= 1 cellsin thequeueif thequeueis full. Therefore,thethroughputof CLP=0cells

will beessentiallyunaffectedby CLP=1cells. Note,theCLP=1cellsmaystill enterthenetwork

givenany availablebandwidth,but withoutany performanceguarantee.

4 Maximum queueing delay and maxim um queue length for

CBR/VBR services

Real-timeapplicationscarriedby CBR/VBR VCs will have stringentdelayandcell lossrequire-

ments.Weevaluatemaximumqueueingdelayandmaximumqueuelengthfor CBR/VBRservices
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underthe proposedframework and implementation.Theseworst caseperformanceevaluations

will have importantimpactsin buffer sizedesignandVP routingdecisions.

On theotherhand,ABR servicesonly have a CLR objectivewhich will bedeterminedby the

specificrate-basedflow controldeployed. TheUBR servicedoesnot have any QoSrequirement.

For thesereasons,a detailedperformanceevaluationfor ABR/UBR serviceswill not beincluded

here.

4.1 Maximum queueing delay

Accordingto theproposednetwork model,thecell transferdelayconsistsof threeelements:the

propagationdelay on transmissionlinks, cell routing delay in switches,and queueingdelay at

WRRserversandVP multiplexers/switches.

However, thefirst two will remainrelativelyfixedaftertheconnectionis established.Therefore

weonly focusonmaximumqueueingdelayperformance.

As shown in Figure5, theend-to-endconnection(A-E) consistsof aVC-basedWRRbetween

(A-B) andaVP Multiplexer(VP MUX) between(B-C) attheingressedge,� VP MUXesbetween

(C-D) in the core , and a VC-basedWRR between(D-E) at the egressedge. The end-to-end

queueingdelay ��� �"!�#%$'&)( is thesumof queueingdelaysincurredat ingressedgeVC-basedWRR,

egressedgeVC-basedWRR,andall VP MUXes:

��� �"!�#%$*&)( � �+� �,!�#-$*&/.10���� �"!�#�.2&/340���� �"!�#�35&)( (2)

For aparticularCBRor VBR VC between6 A,E 7 , theworstcaseend-to-enddelayperformance

occursunderthefollowing conditions:
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1. At both ingressedgeandegressedgeVC-basedWRRs,the target VC canonly be served

accordingto its allocatedbandwidth(PCRfor CBRVC andSCRfor VBR VC).

2. All cell slotsof theingressedgeVC-basedWRR areused,i.e., therateof traffic enteringa

targetVP reachestheupperlimit.

3. ThetargetVP canobtainonly its allocatedbandwidthateachVP MUX it passes.

With theseconditionsin mind, themaximumqueueingdelayfor a VBR connectionis evaluated

asfollows.

SupposeatargetVBR VC conformsto 8 ��9;:=<">@? ��A (T is
�B'CED , CDVT iszero)and8 ��9;:=<F>HGI?KJLG A

( >2G is
�M CED , JNG is thebursttolerance)[1]. Accordingly, thesizeof amaximumconformingburst[1]

is: � � O� � 0 P,QR Q & R .

At the ingressedgeVC-basedWRR server, the � for thetargetVBR VC is, accordingto its

SCR, � �S� � �� �
�R Q . As shown in Figure6, whenthelastcell ( �UT . M ) of a maximumburst

arrives, the queuewill reachits maximumlength; consequently, this cell will incur the longest

queueingdelay. Themaximumqueueingdelayat theingressedgeis therefore:

� � $'&/.V . D �XWZY�[OW 	 �\<]� �  � >2G 0 ��_^a` A [cbd<e� � f[ � A � >@g_�c>2G 0 JLG 0 ��_^a`/? (3)

where ��_^a` is thecell slot at the ingressedgeWRR. Givencondition3, the traffic on thecorre-

spondingVP conformsto 8 ��9;:h< �.'i�j�k ? ��A . Accordingly, themaximumqueueingdelayat theith

VP MUX is: � � ^l� �.'imj%k 0 �n_^]?Oo;p �Nq-��r � � ?NsLsNsL? �t0 �
, and �n_^ is thecell slot at the ith

VP MUX. Thusthemaximumqueueingdelaybetween6 B,D 7 is:

� � .2&/3V . D �vuxw
�y

^{z � � � ^|� �}0 �
� � V*B 0 u5w

�y
^{z � ��_^ (4)
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Viewed by the egressedgeVC-basedWRR given condition1, 2, and3, the target VBR VC is

8 ��9;:h<">2G~? ��A conforming,i.e.,the“bursty” VBR VC becomesconstant-bit-rateafterit passesthe

ingressedgeVC-basedWRR.Therefore,themaximumqueueingdelayat theegressedgeis:

� � 35&)(V . D �X>2G 0 �n2�]�I��? (5)

where��2�]�I� is thecell slotattheegressedgeWRR.Therefore,themaximumend-to-endqueueing

delayfor thetargetVBR VC is:

� � $'&)(V . D ��� ��$'&/.�0 � ��.2&/3�0 � ��35&)( ����>2G 0 JLG 0 ��_^a` 0 ��2�]�I� 0 �t0 �
� � V*B 0 u5w

�y
^{z � ��_^ (6)

A CBRVC canbethoughtasaVBR VC with >HG��c> ,JLG�� �
. Sofor CBRVCs,theend-to-end

maximumqueueingdelaycanbeobtainedby simplifying equation(6):

� � $*&)(C . D ����> 0 ��_^a` 0 ��2�]�I� 0 �}0 �
� � V'B 0 uxw

�y
^{z � �n_^ (7)

4.2 Maximum queue length

Thefollowing evaluationconcentrateson themaximumqueuelengthfor CBR andVBR connec-

tionsateachWRRserver. If eachqueuesizeis designedto beat leastthemaximumqueuelength,

therewill benobuffer overflow for conformingCBR/VBRtraffic.

For a 8 ��9;:=<F>@?KJ A conformingcell streamservedby a distributedWRR with allocated� �
�R � � � �n , the relationshipbetweenthe maximumqueueingdelay �=�5�Z� andthe maximum

queuelength �v��� is: �h�x�Z� ���v��� � > 0 �n . Combinedwith the resultof equation3, the

maximumqueueinglengthcanbeobtainedas:

�v����� � 0
J
> (8)
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UsingEquation8, themaximumqueuelengthat eachstageof a CBRor VBR connectioncan

beobtainedasfollows:

At ingress VC-based WRR: �v��� for CBRVCs is 1, while �v��� for VBR VCs is
� 0�PeQR Q .

At r th VP MUX: Becausetheoutputrateof theingressedgeVC-basedWRRis limitedatthecor-

respondingallocatedVP bandwidth,thetraffic enteringtheVP at referencepointB mustbe

8 ��9;:h< �.'i�j�k ? ��A conforming.NotebetweenB andthe ith VP MUX, themaximumqueue-

ing delayis � ^ & �� z � �� � 0 ^ & �.'i�j�k , andtheminimumqueueingdelayis � ^ & �� z � �� � . Therefore,

thecell delayvariation(CDV)
Y

introducedbetweenB andthe ith VP MUX is:

� ���*.2& ^_� r [ �
� � V'B r � � ?NsNsNs�? �}0 �

(9)

ThereforethetotalCDV at the ith VP MUX is:

� ��� ^_�v� ��� > .+0 � ���*.2& ^2� � 0 � ���'.2& ^2� r [ �
� � V_B r � � ?NsNsLsL? �}0 �

(10)

Consequently, themaximumqueuelengthat the ith VP MUX is obtainedas:

�v���l^�� � 0 � ��� ^ � � � V'B � r r � � ?LsNsNs~? �t0 �
(11)

Notethatequation11 is truefor bothCBRandVBR VCs.

At egress edge: For a particularVBR VC, the maximumqueueingdelay at the egressedge

denotedby �+�e�Z��� G]G�5�Z� is theend-to-endmaximumqueueingdelay(equation6) subtractingthe

minimumingressedgedelayandminimumcoredelay. Therefore:

� �e�Z��� G]G�5�Z� �v��>HG 0 JLG 0 ��2�]�I� (12)
�

Thisnotionof CDV is definedby theATM Forum[2] aspeak-to-peakCDV
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Noting that �+�e�Z��� G]G�5�Z� �S�v��� �e�Z��� G]GV . D � >2G 0 �n2�e�~� , themaximumqueuelengthfor VBR VCs

ategressedgeshouldbe:

�v��� �e�Z��� GeGV . D ��� 0
JNG
>2G (13)

Consequently, for CBRVCs, �v��� �,����� G]GC . D �v� .

4.3 Numerical example

The ACTS (AdvancedCommunicationsTechnologySatellite)ATM Internetwork (AAI) is an

ARPA researchnetwork providing wide areaATM connectivity . Initially, AAI consistsof three

core switchesand seven edgenetworks (seeFigure 7). All seven edgenetworks usea FORE

System's localareaATM switchasedgegateways.Initially, all links (includingaccesslinks) have

DS3(nominal45Mb/s)capacity. TheAAI is supportingresearchin theareasof network signaling,

congestionmanagement,multicast,gatewaysto non-ATM LANs, etc.

Taking theAAI network configurationof figure7 asanexample,considera hypotheticalVP

traversingtwo coreswitchesfrom NRL (Naval ResearchLab)atWashington,D.C.to TIOC (Tech-

nologyIntegrationandOperationCenter)at SprintCorporation,OverlandPark,Kansas.Suppose

at a certainmoment,theVP is carryingten64kb/sCBR voicechannels,oneVBR MPEGvideo

channel,andoneVBR non-MPEGvideochannel.Table1 showsthePCR,SCRand JLG parameters

for eachtype of call, whereall parameterswereselectedbasedon by measurementsfrom real

traffic tracedata.It is assumedthatno traffic shapingfunctionis usedby thevideosources,sothe

PCRof videosourcesis theaccesslink rate.TheSCRand JLG for videocallsareobtainedfrom real

tracedataby usingtoolswehavedeveloped[27]. Also, assumetheVP is allocatedabandwidthof

19.31Mb/s(45544cells/sec)which is thesumof tenvoicePCRsandtwo videoSCRs(seeTable
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1).

Basedon the analysisconductedin the previous section,the maximumqueueingdelayand

queuelengthperformanceis presentedin Table2. Theresultsshow thatundertheproposedband-

width managementframework, theseservicesrequirereasonablysmallbuffer sizesandcanobtain

satisfactoryqueueingdelayperformanceon thecurrentAAI network topology. It shouldbenoted

that all thesefiguresarederived from worst-caseanalysis;in reality the performancecould be

betterdueto VC-level bandwidthsharinginsidethetargetVP.

5 Conc lusion

We have proposeda bandwidthmanagementframework for ATM-basedB-ISDN. Thebandwidth

managementframework consistsof a network modelanda bandwidthallocationstrategy. Here

thenetwork is partitionedinto coreandedgenetworks.Theadvantageof thispartitioninghasbeen

discussed.Thenetwork bandwidthis allocatedin sucha way thateachVP is semi-permanently

allocateda certainamountof bandwidth,while statisticalbandwidthsharingmaystill beallowed

amongdifferentVPsandVCs. TheVP routescanbeoptimizedusingexistingoptimizationtech-

niques.

Cell schedulingandqueueingimplementationswerediscussed.The major elementsof our

framework relatedto implementationarethe useof distributedWRR servers,push-outqueues,

andGCRA policers. Underthe proposedimplementation,maximumend-to-endqueueingdelay

andcell lossperformancehave beenevaluatedfor CBR andVBR connections.We concludethat

basedon theproposedbandwidthmanagementframework, all ATM serviceclassescanbeserved

with reasonableQoSguarantees,the CAC procedurescanbe easily implemented,andpotential
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rate-basedABR congestioncontrol[25] [6] canbeeasilyincorporated.
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VC type PCR SCR JNG
(cells/sec) (cells/sec) (ms)

CBR(64kbpsvoice) 167 N/A 0
VBR (MPEG)

� s ��� � � �%�
9434 49.8

VBR (Non-MPEG)
� s ��� � � � �

34433 49.8

Tab. 1: Traffic parameters

CBR MPEG Non-MPEG
VBR VBR

Max queueingdelay(ms) 12.14 50.0 50.0
MQL at ingressedge(cells) 1 471 1716
MQL at ingressVP MUX (cells) 1 1 1
MQL at1stcoreswitch(cells) 2 2 2
MQL at2ndcoreswitch(cells) 3 3 3
MQL ategressedge(cells) 2 472 1717

Tab. 2: Maximumdelayandqueuelength
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