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Abstract

Whendesigningand configuringan ATM-basedB-ISDN, it remainsdifficult to guaranteehe Quality of
Service(QoS)for differentserviceclasseswhile still allowing enoughstatisticalsharingof bandwidthso
thatthe network is efficiently utilized. Thesetwo goalsare often conflicting. GuaranteeinQoSrequires
traffic isolation,aswell asallocationof enoughnetwork resourcge.g. buffer spaceandbandwidth)to each
call. However, thestatisticabandwidthsharingmeanghenetwork resourceshouldbeoccupiecon-demand,
leadingto lesstraffic isolationand minimal resourceallocation. We addresghis problemby proposing

1 An abbreviatedversionof this papewaspresentedt IEEE InternationalConferencen Communications] 996



and evaluatinga network-wide bandwidthmanagementramevork in which an appropriatecompromise
betweerthetwo conflictinggoalsis achieved. Specifically the bandwidthmanagemerframevork consists
of a network modelanda network-wide bandwidthallocationandsharingstratgy. Implementatiorissues
relatedto theframeavork arediscussedFor realtime applicationsye obtainmaximumqueueinglelayand
gueudengthwhich areimportantin buffer designandVP (Virtual Path)routing.
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1 Introduction

BroadbandntegratedServiceDigital Networks (B-ISDN) utilizing AsynchronoudransfeMode
(ATM) technologyareexpectedo supportawide variety of servicesAs definedoy ATM Forum,
the differenttypesof servicesupportedoy ATM arecategyorizedinto four serviceclasseg$2] [6]:
ConstanBit Rate(CBR), VariableBit Rate(VBR), AvailableBit Rate(ABR), andUnspecifieBit
Rate(UBR). Accordingto the ATM Forum, CBR andreal-timeVBR connectiondave stringent
delayandCell LossRatio (CLR) requirementsMoreover, the CBR serviceclassis designedor
circuit switchingemulationwhich requiresa constanbandwidthcapacityfor eachcall. Thetraffic
ratefor a VBR connectiomrmay fluctuatearoundits averagerate but not exceedits peakcell rate
(PCR).Thetraffic ratefor anABR connectiorcanbe adjustedn realtime, andits Minimum Cell
Rate(MCR) is specified. An UBR sourcemay sendasfastasit desirequp to its PCR),but the
network doesnot guaranteary QoSfor it. Traffic parameter$or a call arespecifiedin its ATM
traffic descriptor An ATM traffic descriptors definedasa genericlist of traffic parametershat
canbe usedto capturethe traffic characteristicof an ATM connection[1]. The ATM Forum
standardrequiresthat policers be usedat the UserNetwork Interface(UNI) to ensureall traffic
enteringthe network conformsto the parameterspecifiedin the traffic descriptor The generic
cell ratealgorithm(GCRA) hasbeenstandardizedsa generabpolicing schemd1].
Recentactvitiesin ATM Forumindicatethatoneof themajorchallengegor the broaddeploy-
mentof ATM-basedB-ISDN is how to compromiséoetweertwo conflictinggoals,i.e.,guarantee-
ing performancdor eachserviceclass,while still allowing enoughstatisticaimultiplexing sothat
thenetwork is efficiently utilized. In orderto achieve thesetwo goals,the ATM researclttommu-

nity hasproposedumerougontrolandmanagemerdgcheme$9] [12] [11] [5]. However, schemes
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for differentpurposesreoftentreatedndependentlyandlack the capabilityof co-operatingvith

eachother Whatis neededs, therefore,a bandwidthmanagemenframewvork underwhich the
network canbeefficiently utilized, andmeanwhile acceptabl€oScanbeachievedfor all service
classes.

Although it seemsunlikely to optimize bandwidthmanagemenby taking into accountall
aspectof traffic behaior andperformanceequirementst is possibleo reachagoodcompromise
betweenthe goalsof providing both performanceguaranteeand high network utilization. This
paperis organizedasfollows. Section2 and3 constitutethe proposedbandwidthmanagement
framework: Section2 proposesa network modelandthe corresponding/P assignmenpolicy;
Section3 presentshebandwidthallocationandsharingstratgy anddiscussesorrespondingell-
level schemesindswitcharchitecture Sectiord evaluategshe maximumqueueinglelayandCLR
performancdor CBR andVBR serviceclassesvhich are expectedto mainly supportreal time

applications Section5 dravs a conclusiorfor the paper

2 Network model

2.1 The partitioning of core and edge networks

We proposea network modelin which the ATM-basedB-ISDN is partitionedinto coreandedge
networks asshown in Figurel. The primary function of the edgenetworksis to provide broad-
bandaccesgo the userthroughthe UNI andto performcell switchingin thelocal area.Thecore
network functionsasthe backbonenetwork carryingconcentratedraffic betweeredgenetworks.

The interfacebetweenthe coreandedgenetwork is provided by specialedgenodes(gatevays).



Liu: Design and Analysis of a Bandwidth Management Framework 3

Note thatthe coreandthe edgenetworks arestill partof a unified ATM network, andshouldbe
ableto cooperatén termsof bandwidthmanagementongestiorcontrol,andotheradministration
issueghroughnetwork-network interfaceq7] [8].

The designof the corenetwork will applythe Virtual Path (VP) conceptin which ATM cells
areprocessethasedn Virtual Pathldentifier (VPI) values(Figure2). TheVP concep{1] [3] has
beendevelopedto supportsemi-permanentonnectionsn alarge scalebackbonenetwork which
transportsalargenumberof simultaneousisercallscarriedby Virtual Circuits(VCs). A VP starts
at an edgegatevay andterminatesat anotheredgegatevay (seeFigure?2). In the core network,
available network resourcessuchas bandwidthand buffer space,can be managedsimply and
efficiently on a perVP basis. On the otherhand,the edgenetworkswill carry a smallernumber
of simultaneou®/Cs, andwill handletraffic on a call by call basisin orderto proces<all arrivals
andto setupandteardown individual VCs usingVirtual Circuit Identifier(VCI) values(Figure2).

As statedabove,a VP is identifiedby its VPI valuesin the corenetwork. Therehave beentwo

kindsof VPI managemennethodq14]:

e GlobalVPI assignmentin which VPIs aremanagedaentrally eachVPI hasglobal signifi-
canceandeachVPI correspond$o aroutein the network. No VPI translations needecht

thecoreswitches.

e Local VPI assignmentin which the VPIs have only local significancewhich is associated
with eachphysicallink and shouldbe translatedat eachcore switch. A VP is therefore

identifiedby a seriesof 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 4096 VPs can
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possiblyexist. Thisis far from adequatdor alarge-scalenetwork. Therefore we preferthelocal
VPI assignmenmethodin which, giventhe ability of identifying eachport throughits port ID,
eachcoreswitch may supportup to 4096 VPs on eachinput/outputlink. Now thatVPI hasonly
localimportancegto identify a VP from otherVPson the samédlink), the sameVPI canbereused
in the network. As a result, the network is ableto supportany numberof VPs, given a route
layoutsuchthatno morethan4096 VPsexist onasinglelink. This givesthe possibilityto support

fully-meshedvP network usingcurrentfiber network topology

2.2 The VP assignment policy

Currentlya numberof VP layoutandassignmenschemeshave beenproposed15] [16], which

differ in thefollowing ways:

e Theconnectvity of the VP network, i.e., shouldit be fully-meshedor sparselyconnected,

suchasin astaror ring topology

¢ How to mapthe variousservicesto the VPs. One extremeis to usethe sameVP for all
serviceclassesthus fewer VPs are needed. However, the task of guaranteeingoS for
all serviceclassesn the VP could be difficult. The oppositeis to have a separate/P for
eachserviceclassor evenfor eachdifferentQoSrequirementvithin the sameserviceclass.
AlthoughQoScontrolis easielin this schemethetotal numberof VPsneededtanbevery

large.

We proposea fully-meshedschemean which thereshouldbe at leasttwo VPs assignedetween

eachedge-node-paifdenotedasan Origin-Destinatiorpair, or O-D pair), onefor VBR andCBR
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service andthe otherfor ABR andUBR service.OtherVPsmayalsoexist for alternatve routing
or othermanagementonsiderations.

TheVP assignmenpolicy describedabore is basedn thefollowing considerations:

¢ In thefully-meshedvP network, pre-assignelfPsexistsbetweerall edgenetworks,andthe
corenodescanbeeasilyimplementedy ATM cross-connectordNo complicatedvC level
operationssuchasadd/dropor reroutingare necessaryMeanwhile,evenif the numberof
edgenetworks grows, the VP network canstill scalewell giventhelocal VPI management

schemaliscussedh thelastsection.

e The mappingof serviceclassego VPs shouldbe ableto achieve a goodbalancebetween
QoSachieasementandcompleity. Thuswe needto carefullyinspectthe natureof service
classedeforedetermininghow to maptheminto VPs. Real-timeVBR 2 andCBR connec-
tions have similar performancgarameteren termsof delayand CLR. On the otherhand,
ABR sourcesreexpectedo adaptheirratesaccordingo network statesanddo notrequire
stringentdelay performance.SeparatingABR traffic from the VBR/CBR VP ensureghat
ABR rate changeddo not affect the performanceof CBR and VBR serviceclasses.The
natureof UBR servicesindicatesthat no network resourceshouldbe allocatedto UBR
connectionsandconsequentlyallocatingseparaté&/Psto UBR connectionss unnecessary
However, the network mustprovide the necessarysolation (describedn the next section)
betweenUBR andotherserviceclassesothatthetraffic from UBR sourcesloesnot affect

theperformancef otherusers.Practically onceenoughisolationis provided,UBR connec-

2 A Non-real-timeVBR connectiorcanbeviewedasa Real-timeVBR with alargeCell Delay VariationTolerance
(CDVT) parameterThereforeNon-real-timeVBR VCs canbeintegratedon VBR/CBR VPs.
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tions may sharethe sameVP with ary otherserviceclasses.We chooseto integrateUBR
with ABR on the sameVP becausef the similar “best effort” naturefor the two service

classes.

3 Bandwidth management strategy

In orderto achiere a successfubandwidthmanagemerframeawork, it is necessaryo incorporate
efforts at both the cell level andthe network designlevel. In this sectionwe will first introduce
the basicconceptsof the proposedramevork andthe cell-level schemedo supportthem,then
look into the network designlevel issues. Furthermorewe also presenta sketch of a possible

implementatiorof the proposedramenork.

3.1 Basic ideas: bandwidth allocation vs. reservation

In traditionaltelecommunicatiometworks, usuallya certainamountof bandwidthis reservedor
all connectionsi.e., eachconnectiorwill alwaysbe givenandonly be ableto usethe portion of
bandwidthexplicitly assignedo it. For example,in a TDM system,eachconnectionhas(and
paysfor) its own digital channeland the associatedixed bandwidth. No connectionmay use
the bandwidthon any otherchannelsgvenif thereis no traffic on themat the time. Sincethe
majority of traffic in thosenetworksis CBR (voice connections)the reservation-basedcheme
is sufficient. However, VBR and*“best effort” traffic (ABR andUBR) will play very important
rolesin ATM networks,andit is difficult, if notimpossiblefo supporttheseservicefficiently by

resenation-basedcheme.
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In orderto achieve both QoSguaranteeindhigh network utilization for all serviceclassesn
ATM networks,a new kind of bandwidthmanagementwhichwe call bandwidthallocation, must
be introduced. In a bandwidthallocation-basedcheme eachconnectionis allocateda certain

amountof bandwidth(which couldbe zero),and

e Eachconnectionis guaranteedto have accesdo its allocatedbandwidth,wheneer it has

somethingo send.
e Unusedbandwidthis availableto otherconnections.

e Consequentlya connectiorsometimeganbeusingbandwidthexceedingts allocation,but

onlywhenotherconnectionsrenotusingtheir allocation.

Note that differentservicesemphasizalifferentaspectof the allocation-basedcheme.For
example sincetheQoSrequirement$or CBR/VBR connectionmeedo beguaranteedll thetime
oncethey areadmittedinto the network, it is necessaryo allocatetheman amountof bandwidth
thatwill guaranteghatthe QoSrequiremenwill be met. On the otherhand,ABR connections
would be allocatedonly enoughbandwidthto guarantegheir minimum cell rate (MCR), since
they aresupposedo utilize the bandwidth“spared”by CBR and VBR connections.Similarly,

UBR connectionsvould likely not beallocatedary bandwidth.

3.2 Cell-level suppor ting schemes
3.2.1 Cell scheduling schemes

Variouscell schedulingschemessuchasWeightedFair Queueind17], Round-RobinandVirtual
Clock [18] have beenproposedor ATM networks. Amongthem,WeightedRoundRobin(WRR)
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[19], [20], [21] seemdo0 bethe mostpromisingalgorithmto supportallocation-basethandwidth
management.

Thebasicideaof WRR canbedescribedsfollows: therearemultiple incomingconnections,
eachof themwith a separatequeue. One outputlink is sharedamongall connectionsandthe
accesdo it is controlledby a sener. The sener senesall the queuesn the orderdecidedby a
circular schedulejn which eachqueuehasa certainnumberof entries. If the currentqueueis
“inactive”, i.e., it doesnot have ary cell to be sened (transmitted) the sener will thenmove to
poll the next queueon scheduleuntil it findsanactive connectionHencethe cell slotwill notbe
wastedunlessall connectionsreinactie.

TheWRR algorithmhasseveralnotablefeatureghatmalke it idealfor our purpose:

Guaranteed allocated bandwidth: Giventhefollowing parameters:

e (S: onecellslot,i.e.,thetimeto sene onecell
e M: thetotal numberof cell slotentriesin aschedule

e W: numberof scheduleentries(allocatedslots)for a particularqueue

TheallocatedobandwidthBW (in Cells/Secor thetargetqueuecanbe obtainedas:

W L 1)

BW =11 * g

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

gueueto useup all its scheduleentriesduring a servingcycle, the WRR sener will use

these“left-over” cell slotsto sere other active connections. Thus bandwidthsharingis

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

to the active connectionsn proportionto their allocatedweight. In this sensejt providesa

meango distributethe sparedandwidthfairly.

One version of WRR sener is the distributed WRRserver Here, distributed meansthe
scheduleentriesfor a connectionare evenly distributed within the schedule. Besidesthe com-
monWRR characteristicghe distributedWRR alsohelpsto smooththe traffic in the multiplex-
ing/demultipleiing procedure.Therefore we will assumehe distributedWRR in the remainder

of this paper

3.2.2 Other cell-le vel schemes

Besideghecell schedulingsgchemesuchasWRR, thereareothertypeof schemeshatcanbeused
aseithersupplementargr alternatve meansn the bandwidthmanagemerftamework, especially

thefollowing:

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

nizedasaneffective way to enforcetheusernetwork traffic contract.At presenthe Generic
Cell RateAlgorithm (GCRA),whichis basedn aleaky-bucket algorithm,hasbeenchosen
by ATM Forum[1] asthe definition of traffic conformance.The policing function at the
UNI determinesf theindividual cellsareconformingto thetraffic contractandeitherdrops
violating cells, or marksthemwith Cell Losspriority (CLP) = 1 (Conformingcells carry
CLP = 0). Sincethe GCRA includesbandwidth-relategharametersuchasPeakCell Rate

(PCR)andSustainabl€ell Rate(SCR),it canalsobeusedin bandwidthmanagement.
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Buffer management schemes: In the casethat multiple connectionsharethe samephysical

buffer, buffer managemendchemegalsoknown asspacepriority schemes)22] areneces-
saryto ensurethe properbuffer accesriority of differentservices.The mostcommonly
usedspacepriority schemesrepartial buffer sharing(alsoknown asnestedhresholdcell
discading) [23] andpush-ouqueud24]. Althoughtheimplementatiorof thetwo schemes
aredifferent,both of themsupportselectve discardingof individual cells. Thereforeif the
cellsaremarkedasCLP = 0 or CLP =1 by policing functions theseschemesanbeusedto
protectCLP = 0 traffic from CLP = 1 traffic by giving higherbuffer accessriority to CLP

=0cells.

3.3 Network design level issues

Giventhe appropriatecell-level schemesthe next questionis how to structurethe network based
onthem.Again, CBR/VBRtraffic andABR/UBR traffic needto betreateddifferentlybecausef

their differentnature.

3.3.1 Bandwidth management for CBR/VBR traffic

As we have mentionedbefore, CBR/VBR servicegyenerallyrequirea worst-cas€QoSguarantee,
andthe primaryway to achiee thisis to allocateenoughbandwidthto eachconnectior(sufiicient
buffer spaceshouldalsobe allocated).Thusthe admissibldraffic loadon a VP is determinedy
the total amountof bandwidthallocatedto that VP. From the traffic engineeringpoint of view,
this amountshouldbe determinedby relatively long-termconsiderationssuchas physicallink

capacitytraffic forecastandestimatiormethodsandmaybeupdatedn atime scalesuchashours
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or days,ratherthanon a call-by call basis.

Themainadwantageof this long-termallocationof VP bandwidthis thatit simplifiesthe VC-
level connectioradmissiorcontrol (CAC) andofferstraffic isolationto provide performanceuar
anteedor eachVP. The CAC is simplified becausehe decisionof whetherto accepta CBR or
a VBR call canbe madeat the correspondingourceedgegatavay by comparingthe bandwidth
requiremenof thenew call andtheavailableamountof allocatedoandwidthonthe VP whichis to
carrythenew call. In our frameavork, anincomingCBR call is admittedif its PCRcanbeaccom-
modatedby the VP, andanincomingVBR call is admittedif its SCR canbe accommodatey
the VP. Determinationof an appropriatevaluefor SCRis a challenging,ongoingresearchopic.
One possibility is to useequivalentbandwidth[12]; anotheris exploredin [27]. Also notable
is that underthis strategy, the optimizationof VP routesbecomegossibleusing mathematical
programmingechniques.

AlthoughABR/UBR VPsshouldbe ableto usesparebandwidthfrom CBR/VBR VPs, band-
width sharingamongCBR/VBR VPsis undesirable Thetraffic enteringa CBR/VBR VP should
berestrictedto the allocatedVP bandwidthto ensurethatthe VBR ratefluctuationdoesnot de-
gradethe performanceof CBR VCs which areintegratedon the sameVP. To clearly understand
this, notethatthe sparecell slotsfrom otherVPs at onenodemay not be availableat the down-
strearmodes.ConsequentlytheextraVBR cellstransmittedusingsparecell slotsfrom otherVPs
may be throttledat a downstreannode,causingCBR connectionsharingthe sameVP queueto
incurmoredelayvariationandevencell loss. Note,sinceCAC decisionfor CBR andVBR should
alwaysbebasedon the allocatedvP bandwidthevenif thereis sparedandwidthin the network,

theaboverestrictionwill notimpactthe network capabilityto accommodat€BR/VBR service.
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However, we believe thatin orderto fully exploit the possibility of statisticalmultiplexing, it

is still desirableto have VC-level bandwidthsharinginsideeachCBR/VBR VP.

3.3.2 Bandwidth management for ABR/UBR traffic

Throughthe allocation-basedell schedulingschemesABR/UBR VPswill be ableto utilize the
sparedbandwidthfrom CBR/VBR VPsin the network. As a result, only the small amountof
bandwidthcorrespondingo MCR of ABR serviceis necessarjor ABR/UBR VPs. Theavailable
bandwidthfor ABR/UBR VPsbeyondthatallocatedfor MCR is determinedy thetraffic loadon
the CBR/VBR VPsin the network, whichis changingconstantly Consequentlyin orderfor ABR
sourcedo usethis bandwidthandstill achieve low CLR, a mechanisms necessaryo feedback
the bandwidthinformationto the ABR traffic sources. The mechanisnctould be the Resource
Managemen{RM) cell procedurecurrentlybeingdevelopedby the ATM Forum|[2]. Note that
the RM cells are neededat both VP andVC level. Generally the VP-level RM cells carry the
availableVP bandwidthinformationcollectedin thecorenetwork to theedgegatevays,wherethe
bandwidthis further allocatedto individual VCs and sentto the ABR sourceshy VC-level RM
cells. Recentresearchn this areaindicatesthat efficient algorithmscan be developedto control
the ABR sourceratein orderto achieve both low cell lossand good bandwidthutilization [26]
[25].

Sincetheallowabletransmissiomateof ABR sourcess subjectto flow control,the ABR UPC
parametersieedto be updatedaccordingly ThatmeansdynamicUPC functionsratherthanthe
staticUPCin the CBR/VBR case.As to the UBR cells, sincethe network will not provide ary

QoSguarantedo them.,it is reasonabléo markall of themasCLP = 1.
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As previously indicated,by utilizing spacepriority schemesit is safeto let ABR andUBR
connectionsharethe samebuffer, andhencethe sameportionof bandwidth.
3.3.3 Summary on strategy

Theconclusiongrom theabore discussiorcanbe summarizedsfollows:

1. VP bandwidthfor CBR/VBR VPsshouldbedeterminedgemi-permanentlgupdatentervals

measuredh hoursor days).

2. OncetheVP bandwidthis determinedthetraffic enteringCBR/VBRVPsshouldbethrottled

to the VP bandwidthat theingressedgegatavay.
3. VC-level bandwidthsharingshouldstill be supportedvithin eachCBR/VBR VP

4. High network utilization canbe achieved by letting ABR/UBR VPs“fill-in” the bandwidth
gapleft by CBR/VBR VPson the link, throughVP-level allocation-basedell scheduling

schemes.
5. DynamicUPCfunctionis necessarjor ABR traffic.

6. By introducingspacepriority schemesABR and UBR traffic may safely sharethe same
buffer in the network. However, sincemary ABR control algorithms[25] rely on queue-
fill information,somekind of meachnismsuchasa separatABR cell countey might be

necessaryo keeptrack of the numberof ABR cellsin the sharedouffer.
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3.4 An implementation sketch

To further illustrate how the ideasdiscussedibove canbe incorporatednto a bandwidthman-
agementramenork, we herepresenta sketchof a network implementatiorbasedon them. The
implementatiorconsistof threeparts:the ingressfunctionof edge gatevay, the core switch, and

the egressfunctionof edge gatevay.

3.4.1 The ingress function of edge gateway

As shavn in Figure3, eachVC hasa GCRA policer[1] at the UNI to ensurethatthe incoming
traffic is conforming. The conformingcells are given high cell loss priority (CLP = 0) andthe
non-conformingcells are marked as CLP = 1. The GCRA parameter®f ABR VCs shouldbe
dynamicallyadjustabléo accommodatéhe fluctuationof availablebandwidthin the network. In
addition,all UBR cellsaremarkedasCLP = 1 in orderto provide necessarysolationfor ABR
cells.

At theingressof the edgegatevay, therearetwo stagesof distributed WRR seners. At the
first stage CBR/VBR VCs aremultiplexedinto CBR/VBR VPs by usinga VC-basedistributed
WRR senerfor eachCBR/VBR VP. EachCBR (VBR) VC hasa separatejueueandis allocated
aW correspondingo its PCR(SCR)bandwidth.The outputrateof the distributedWRR is fixed
attheallocatedvP bandwidth;ithusthetraffic enteringa CBR/VBR VP is limited accordingo the
policy specifiedpreviously. SinceeachCBR/VBR VP is throttledto the allocatedvP bandwidth
atingress,andthe coreswitchesprovide at leastthe allocatedvVP bandwidth,coreswitch buffers
for VBR/CBR VPscanbevery small (seenumericalexamplein sectiond4). The ABR/UBR VCs
donothave perVC queueingandVC-basedNVRRsat thefirst stage.The ABR andUBR VCson
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the sameVP aresimply mixedinto a single ABR/UBR VP queue.At the secondstage the VPs

areroutedinto the corenetwork.

3.4.2 The core switch

The coreswitchesarenow simply ATM cross-connectorngerformingVP multiplexing/switching

by usingallocation-basedell schedulingschemesuchasWRR.

3.4.3 The egress function of edge gateway

As shown in Figure4, theVCs aredemultiplexedfrom VPs at the egressedgeswitch,androuted
to their destinatiorlUNI. Thereis aVC-based/VRR senerateachUNI. Again,eachCBR (VBR)
VC hasaseparatgueueandallocateca W correspondingo its PCR(SCR).The ABR/UBR VCs
onthesameUNI sharethe samequeue.

All gueuesareimplementedaspush-ouiqueueg[24)), i.e, thearriving CLP=0cellscan“push
out” thoseCLP =1 cellsin thequeudf thequeusds full. Thereforethethroughpuof CLP=0cells
will be essentiallyunafectedby CLP=1cells. Note,the CLP=1cellsmay still enterthe network

givenary availablebandwidth but withoutarny performanceuarantee.

4 Maximum queueing delay and maximum queue length for

CBR/VBR services

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

ments.We evaluatemaximumqueueinglelayandmaximumqueudengthfor CBR/VBR services
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underthe proposedramenvork andimplementation. Theseworst caseperformancesvaluations
will have importantimpactsin buffer sizedesignandVP routingdecisions.
Ontheotherhand,ABR servicesonly have a CLR objectve which will be determinedy the
specificrate-basedow controldeployed. The UBR servicedoesnot have any QoSrequirement.
For thesereasonsa detailedperformancesvaluationfor ABR/UBR serviceswill notbeincluded

here.

4.1 Maximum queueing delay

Accordingto the proposechetwork model,the cell transferdelay consistsof threeelementsithe
propagationdelay on transmissioninks, cell routing delayin switches,and queueingdelay at
WRR senersandVP multiplexers/switches.

However, thefirsttwo will remainrelatively fixedaftertheconnections establishedTherefore
we only focuson maximungueueingdelayperformance.

As shown in Figure5, theend-to-enadconnectionA-E) consistof a VC-basedVRR between
(A-B) anda VP Multiplexer (VP MUX) betweern(B-C) attheingressedge,N VP MUXesbetween
(C-D) in the core, anda VC-basedWRR between(D-E) at the egressedge. The end-to-end
gueueinglelayDelay 4_ i is thesumof queueinglelaysincurredatingressedgeVC-basedVRR,

egresxdgeVC-basedVRR,andall VP MUXes:
Delays_g = Delaya_p + Delayg_p + Delayp_g (2

ForaparticulartCBRor VBR VC betweer{ A,E}, theworstcaseend-to-endielayperformance

occursunderthefollowing conditions:
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1. At bothingressedgeandegressedgeVC-basedWRRs,the taget VC canonly be sened
accordingo its allocatedbandwidth(PCRfor CBRVC andSCRfor VBR VC).

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

target VP reacheshe upperlimit.
3. ThetargetVP canobtainonly its allocatedoandwidthateachVP MUX it passes.

With theseconditionsin mind, the maximumqueueingdelayfor a VBR connections evaluated
asfollows.
SupposeatargetVBR VC conformso GCRA(T, 0) (T is 5%, COVT iszero)andGC RA(Ty, 7,)

PCR?
(Ty is ﬁ, 75 ISthebursttolerance]1]. Accordingly thesizeof amaximumconformingburst[1]
ist MBS =1+ 7%5.
At theingressedgeVC-basedNRR sener, the W for thetagetVBR VC is, accordingto its
SCR,W =M x CS x % As shavn in Figure6, whenthelastcell (Cy,55) of amaximumburst
arrives, the queuewill reachits maximumlength; consequentlythis cell will incur the longest

gueueingdelay The maximumqueueingdelayattheingressedgeis therefore:
MD{g8 =t3 —ty = (MBS x T, + CSi)) — [([MBS = 1) x T| =T, + 7, + CSin,  (3)

whereC'S;, is the cell slot at the ingressedgeWRR. Given condition3, the traffic on the corre-

spondingVP conformsto GCRA(BV[}VP ,0). Accordingly themaximumqueueinglelayattheith

VP MUX is: MD; = gy— + CS;, where i =1,...,N +1,andCS; is thecell slotattheith

VP MUX. Thusthemaximumqueueinglelaybetween{B,D} is:

BD N+1 N+1 N+1
MDEE = ; MD; = B, + > CS; (4)

i=1
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Viewed by the egressedgeVC-basedWRR given condition1, 2, and 3, the taget VBR VC is
GCRA(Ts,0) conforming,i.e.,the“bursty” VBR VC becomesgonstant-bit-ratafterit passeshe

ingresedgeVC-basedVRR. Thereforethe maximumqueueingdelayat the egressedgeis:
MDPgg =Ty + CSout, (5)

whereC'S,,; isthecell slotattheegressedgeWRR. Thereforethemaximumend-to-endjueueing
delayfor thetamgetVBR VC is:
N + 1 N+1

CS; (6

=1

MD{3E =MDy _p+MDp_p+MDp_g = 2T, +7,+CSiy+CSour +

A CBRVC canbethoughtasaVBR VC with T, = T ,7, = 0. Sofor CBRVCs,theend-to-end
maximumqueueinglelaycanbe obtainedoy simplifying equation(6):
N + 1 N+1
CS; 7
s T > (7)

i=1

MDALZE = 9T + CSip + CSous +

4.2 Maximum queue length

Thefollowing evaluationconcentratesn the maximumqueueengthfor CBR andVBR connec-
tionsateachWRR sener. If eachqueuesizeis designedo beatleastthe maximumqueudength,
therewill beno buffer overflow for conformingCBR/VBR traffic.

ForaGCRA(T, ) conformingcell streamsened by a distributedWRR with allocatedV =
% x M x CS, therelationshipbetweenthe maximumqueueingdelay D,,,,, andthe maximum

queuelengthM QL is: D, = MQL x T + C'S. Combinedwith theresultof equation3, the

maximumqueueingdengthcanbeobtainedas:

MQLzl-l—% (8)
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Using Equation8, the maximumqueuedengthat eachstageof a CBR or VBR connectiorcan

be obtainedasfollows:
At ingress VC-based WRR: MQ@L for CBRVCsis 1, while MQL for VBR VCsis 1 + T

At ith VP MUX: Becauseheoutputrateof theingressedgeVC-basedVRRis limited atthecor
respondingllocatedvP bandwidth thetraffic enteringthe VP atreferencgpoint B mustbe
GCRA(%, 0) conforming.NotebetweerB andtheith VP MUX, themaximumqueue-

ing delayis >/~ C'S; + B"V[‘,ép, andtheminimumqueueinglelayis '~} C'S;. Therefore,

the cell delayvariation(CDV) ? introducedbetweerB andtheith VP MUX is:

1—1

CDVg_; = =1,...,N+1 9
B Bior 1 + 9)
Thereforethetotal CDV attheith VP MUX is:
p— 1
CDV, = CDVTy +CDVy_; =0+ CDVy_; = — i=1,...,N+1 (10)
BWyp

Conseguentlythe maximumqueudengthattheith VP MUX is obtainedas:
MQL;,=14+CDV; x BWyp=i i=1,...,N+1 (12)
Notethatequationllis truefor bothCBRandVBR VCs.

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

denotedoy D9ress is the end-to-endnaximumqueueinglelay (equation) subtractinghe

max

minimumingressedgedelayandminimumcoredelay Therefore:

D7aress = 2T + 75 + C'Sput (12)

max

3 This notionof CDV is definedby the ATM Forum[2] aspeak-to-pealcDV
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Notingthat Degress = MQL %" x Ts + CSout, themaximumqueudengthfor VBR VCs
ategressedgeshouldbe:

MQLYE = 2 + ;— (13)

Consequentlyfor CBRVCs, MQLF5%" = 2.

4.3 Numerical example

The ACTS (AdvancedCommunicationsTechnologySatellite) ATM Internetwork (AAl) is an
ARPA researcmetwork providing wide areaATM connecwity . Initially, AAl consistsof three
core switchesand seven edgenetworks (seeFigure 7). All seven edgenetworks usea FORE
SystemslocalareaATM switchasedgegatavays.Initially, all links (includingaccessinks) have
DS3(nominal45Mb/s)capacity The AAl is supportingesearclin theareaof network signaling,
congestiormanagementnulticast,gatevaysto non-ATM LANS, etc.

Takingthe AAI network configurationof figure 7 asan example,considera hypotheticaMVP
traversingtwo coreswitchedfrom NRL (Naval Researcl.ab)at WashingtonD.C.to TIOC (Tech-
nology IntegrationandOperationCenter)at Sprint Corporation OverlandPark, Kansas.Suppose
at a certainmoment,the VP is carryingten 64kb/sCBR voice channelspneVBR MPEG video
channelandoneVBR non-MPEGvideochannel.Table1l shavsthePCR,SCRandr, parameters
for eachtype of call, whereall parametersvere selectedbasedon by measurementsom real
traffic tracedata.lt is assumedhatno traffic shapingiunctionis usedby thevideosourcessothe
PCRof videosourcess theaccesdink rate. The SCRandr, for videocallsareobtainedromreal
tracedataby usingtoolswe have developed27]. Also, assuméhe VP is allocateda bandwidthof

19.31Mb/s(45544cells/sec)vhichis the sumof tenvoice PCRsandtwo video SCRs(seeTable
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1).

Basedon the analysisconductedn the previous section,the maximumqueueingdelay and
gueudengthperformances presentedn Table2. Theresultsshav thatunderthe proposedand-
width managemerftamenork, theseservicegequirereasonablgmallbuffer sizesandcanobtain
satishctoryqueueinglelayperformancen the currentAAl network topology It shouldbe noted
that all thesefiguresare derved from worst-caseanalysis;in reality the performancecould be

betterdueto VC-level bandwidthsharinginsidethetargetVP.

5 Conclusion

We have proposed bandwidthmanagemerframenork for ATM-basedB-ISDN. The bandwidth
managementrameavork consistsof a network modelanda bandwidthallocationstrategy. Here
thenetwork is partitionednto coreandedgenetworks. Theadvantageof this partitioninghasbeen
discussed.The network bandwidthis allocatedin sucha way thateachVP is semi-permanently
allocateda certainamountof bandwidth while statisticalbandwidthsharingmay still be allowed
amongdifferentVPsandVCs. The VP routescanbe optimizedusingexisting optimizationtech-
niques.

Cell schedulingand queueingmplementationsvere discussed.The major elementsof our
framework relatedto implementatiorare the useof distributed WRR seners, push-outqueues,
and GCRA policers. Underthe proposedmplementationmaximumend-to-endqueueingdelay
andcell lossperformancéave beenevaluatedior CBR andVBR connectionsWe concludethat
basedn the proposedandwidthmanagemerframenork, all ATM serviceclassesanbesened

with reasonabl€oS guaranteeshe CAC proceduresanbe easilyimplementedand potential
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rate-basedBR congestiorcontrol[25] [6] canbe easilyincorporated.
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VC type PCR SCR Ts
(cells/sec)| (cells/sec)| (ms)
CBR (64kbpsvoice) 167 N/A 0
VBR (MPEG) 1.06 x 10° 9434 | 49.8
VBR (Non-MPEG) || 1.06 x 10° | 34433 | 49.8
Tab. 1: Traffic parameters
CBR | MPEG | Non-MPEG
VBR VBR
Max queueingdelay(ms) 12.14| 50.0 50.0
MQL atingressedge(cells) 1 471 1716
MQL atingressvP MUX (cells) 1 1 1
MQL at 1stcoreswitch(cells) 2 2 2
MQL at2ndcoreswitch(cells) 3 3 3
MQL ategressedge(cells) 2 472 1717

Tab. 2: Maximumdelayandqueudength
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