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Abstiact— This paper proposesan algorithm for aggregating virtual
channelconnections(VCCs) onto virtual path connections(VPCs)in asyn-
chronoustransfer mode(ATM) networks. Wefocusonthe interestingprob-
lem of multiplexing onto an available bit rate (ABR) VPC. ABR VPCsare
particularly useful for connecting enterprise sites over the Internet, pro-
viding a virtual private network (VPN). The VPC/VCC hierarchy is also
important for supporting Inter net differ entiated sewices over ATM. The
coupling betweenthe flow control mechanismsfor VCCs and VPCsis not
standardized. We proposefair nessdefinitions for VPC bandwidth alloca-
tion, and describean algorithm for allocating the VPC capacity to the mul-
tiplexed VCCs. Preliminary simulation resultsindicate that the algorithm
achievesthe required fair allocations,while controlling queuesizes.

Keywords— Asynchronous Transfer Mode (ATM), Available Bit Rate
(ABR), multiplexing, flow control, congestioncontrol, virtual paths

I. INTRODUCTION

IRTUAL privatenetworks(VPNs)arerapidly gainingpop-

ularity. A VPN usesthe public Internetto transparently
connecprivatenetworksor evenusersasif they areonthesame
network. VPNs are attractve becauseof their reducedcosts
(over leasedines), reducedadministrationoverheadand sup-
port for remoteaccessand collaborationwith partners.in [1],
we have shavn that ATM backbonegan provide a goodVPN
serviceto enterprisesites. Aggregationof the site traffic onto
oneor two ATM virtual pathconnectiongVPCs)is necessary
for scalability overheadeduction fastre-routingandsimplified
billing.

ATM is proposedo transporta wide variety of servicesn a
seamlessnanner End systemanustsetup virtual channelcon-
nectiongVCCs)of appropriateservicecateyoriesprior to trans-
mitting information. Servicecategyoriesdistinguishasmallnum-
ber of generalwaysto provide quality of service(QoS),which
are appropriatefor differentclassesof applications. A repre-
sentatve list of currentandfuture applicationsincludesvideo,
voice,imageanddatain corversationalmessagingdistribution
andretrieval modes[2]. ATM networks currently provide five
servicecatgories[3]: constantit rate (CBR), real-timevari-
ablebit rate(rt-VBR), non-real-timevariablebit rate(nrt-VBR),
unspecifiedbit rate (UBR), and available bit rate (ABR). The
CBR and rt-VBR servicesare intendedto transportreal-time
traffic, while thenrt-VBR, UBR andABR servicesaredesigned
for non-real-timetraffic. In additionto thesecatgories, the
guaranteeffamerate(GFR)servicehasrecentlybeernstandard-
ized at the ATM forum traffic managemeniorking group[4].
The ITU-T 1.371 alsodefinessimilar (but not the same)cate-
goriescalledATM transfercapabilities.

One of the key distinguishingdesignaspectsof ATM net-
works is the useof labelsfor switching. Use of labelsspeeds
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up the switching functions,and improves scalability sincethe
labels neednot be globally unique. This techniquehasnow
beenadoptednto the Internetin the form of multiprotocolla-
bel switching(MPLS). An interestingfeatureof labelusagen
ATM is theaggregationmechanisndefinedby thetwo level hi-
erarchyof virtual pathconnectiongVVPCs)andvirtual channel
connectiongVCCs). VPCsprovide anelegantmethodfor com-
bining several VCCs betweentwo end points. This technique
is essentiafor scalabilityin backbonenetworks wherethereis
a large numberof flows. Using VPCsin the backboneeduces
compleity andcost,andimprovesutilization. Themechanisms
to performtraffic managemerfor aggreyateflows arecurrently
beingdebatedt forumslik e the differentiatedserviceswvorking
groupatthelnternetEngineeringraskForce(IETF). Thescala-
bility of thefutureInternetthatcombinegealtime andnonreal
timetraffic is affectedby the outcomeof this work.

This paperexaminesthetraffic managemenissuesn aggre-
gatingsereral VCCsontoa VPC, with afocusonthe ABR ser
vice. We proposefairnessdefinitionsfor VPC bandwidthal-
location,anddescribean algorithmfor allocatingthe VPC ca-
pacityto the multiplexed VCCs. Preliminarysimulationresults
indicatethatthealgorithmachievestherequiredfair allocations,
while controllingqueuesizes.Theremaindeof the paperis or-
ganizedasfollows. We give somebackgroundon the use of
ABR VPCs,andon the ABR flow control mechanism.Then,
we proposea framework for the couplingof the VPC andVCC
ABR controlloops,andusethe ERICA+ algorithmasan exam-
ple mechanismPreliminarysimulationresultsof the algorithm
arethengiven.

I1. AVAILABLE BIT RATE VPCs IN VPNs

Enterprisenetworkscanbeconnecteavith anATM backbone
using VPCs, asshavn in figure 1. Real-timeand datatraffic
of the enterprisecan be integratedon a single backbonevPC
betweersites. The advantage®f separatingedgedevice func-
tionality from backbondunctionalityincludesimplificationand
scalability of the network designand bandwidthmanagement,
aswell asscalabilityof the numberof connectiong5]. Enter
prise voicg video and data integration within a single carrier
VPC decreasethe coststhe enterprisgpays(one VPC is used
insteadof two or morebetweerary two points),andalsoallows
dynamicsharingof voice,videoanddatabandwidth.

The network we proposeis thus a two-tierednetwork, with
anouter(accessjier andaninner (backbonelier [1]. Theac-
cesstier performsflow identificationand QoS managemenat
theflow level. Eachswitchingnodemanages relatively small
numberof flows. It mayuseATM, framerelay, integratedser
vices,or differentiatedservicedor quality of service or classes



of service(COS).Traffic is aggreyatedat theedgeinto anATM
backbone(forming the inner tier). The backboneworks with
aggrejateflows, mappedto ATM VPCs. The backbonetraf-
fic managemeris simplebecausef the large numberof flows
within eachconnectionandthe high speedbetweernthe nodes.
Backbondraffic managemens atthegranularityof aggreyates,
notfor traffic within a flow.

FR network ATM network

Fig. 1. TheproposedirchitecturaisesasingleVPCto conneckenterprisesites.
Voice,videoanddatatraffic canbe multiplexed on this VPC.

The site implementsthe enterprisepolicy for managingthe
traffic. It performsflow identificationand classification,QoS
assignmentQoSmanagemengndflow mappingwithin thelo-
cal areanetwork (the campusor the branch).QoScanbe man-
agedthrough: (1) tagging/marking(2) dropping,or (3) assign-
ing schedulingpriorities. At the edgeof the campusenterprise
network, traffic is aggreyatedinto the ATM VPCsfor transport
throughthe carriernetwork connectinghe sites. The edgede-
vice usesaweightedfair queuing(WFQ) schedulefor schedul-
ing traffic to the VP C(s),asshavnin figure2. Theweightsused
by the WFQ schedulefor differenttraffic streamsareassigned
basedupon: (1) the enterprisepolicy rulesfor usersor appli-
cations,(2) the ATM parametersiegotiatedduring connection
admissionandthe ATM servicecataory, in caseof ATM net-
works at an enterprisesite, (3) the integratedservicesrequests
signaledby the application(if integratedservicesandthereser
vation protocol (RSVP) are usedat the enterprisesite), or (4)
the servicerequestedby the hostsandsetin the pacletheaders
usingthedifferentiatedservicesframenork.

Fig. 2. Theedgedevice performstraffic managemenbasedon the flows, and
thenintelligently schedulesraffic to thebackbone/PCs.

The choiceof servicecateyory to usein the ATM backbone
is critical to the quality of serviceexperiencedoy applications
sendingdraffic to anothesiteof theenterprise Eachsiteis likely
to have alundantbandwidth.Congestiormostlik ely occurson

therelatively low-capacityWVAN acceséink (for exampleaFast

or GigabitEtherneffeedinginto alow capacityT1/Elor T3/E3

link). Dependingon the carrierATM servicecataory, conges-
tion may occurin the carrier network leadingto performance
degradation.

A goodABR implementatiorperformswell in thebackbones
connectingenterprisenetworks [1]. The ABR servicepushes
congestiorio theedgedevices,whereadequatéuffering canbe
provided, and, moreimportantly the flows are visible and the
enterprisepolicy canbeapplied. The ABR VPCsperformflow
controlfor the pipesbetweenrenterprisenetworks. With ABR,
thereis verylittle lossin thebackboneandhencehigherpriority
traffic canbe transportedvithout loss. On the otherhand,the
applicationtakes adwantageof all the bandwidthgiven by the
network and efficiently utilizes the buffer at the edgedevice.
This is not the casewith otherservices,suchasVBR, where
either (1) the traffic is shapedaccordingto the SCRto avoid
lossin the network, which is clearly inefficient and increases
delay or (2) the traffic is shapedaccordingto the PCR,which
risks randomlossesdnsidethe backboneunlessintelligentcell
markingaccordingto SCRis used.

I1l. ABR FLow CONTROL

A good ABR implementationprovides possibly non-zero
minimum cell rate (MCR) guaranteesachieves fairness,and
minimizescell lossand queuingdelay by periodicallyindicat-
ing to ABR sourceendsystemshe ratesat which they should
be transmitting. The switchesmonitor their load and compute
the available bandwidth,dividing it fairly amongactive flows.
The feedbackfrom the switchesto the sourceds indicatedin
resourcemanagemenfRM) cells which are generatedy the
sourcesaandturnedaroundby thedestinationgreferto figure 3).
RM cells flowing from the sourceto the destinationare called
forward RM (FRM) cells, while thoseflowing in the reverse
direction are called backward RM (BRM) cells. The sources
adjusttheir allowed cell rates(ACR) baseduponthe feedback
recevedin BRMs. TheACRneednhotdecreasbeyondtheguar
anteedVICR, andcannotincreasebeyondthe agreeduponpeak
cell rate(PCR).

Fig. 3. Forwardandbackward RM cellsflow in ABR connections

There are threeways for switchesto give feedbackto the
sources. First, eachcell headercontainsa bit called Explicit
Forward Congestiornindication (EFCI), which canbe setby a
congestedwitch. SecondRM cells have two bitsin their pay-
load, calledthe Congestionindication (Cl) bit andthe No In-
creasdNl) bit, thatcanbesetby congestedwitches.Third, the
RM cells have afield in their payloadcalledexplicit rate (ER)
thatcanbereducedby congestedwitchego ary desiredvalue.
The ACR cannotincreasebeyondthe ER value. Suchswitches
arecalledexplicit rateswitcheq3]. We examineanexplicit rate
switch,the ERICA+ switchschemenext.



A. ExampleExplicit RateAlgorithm: ERICA+

In ERICA+,theswitchperiodicallymonitorstheloadoneach
link anddeterminesa loadfactor , the availablecapacityand
the numberof currently active virtual connections. The load
factoris calculatedastheratio of the measurednput rateat the

portto thetargetABR capacityof the outputlink:
ABR InputRate where:

TargetABR Capacity
TargetABR Capacity Total ABR Capacity

Input rateis measuredver a time interval calledthe switch
averaginginterval. The above stepsare executedat the end of
the switch averagingintenal. canbe a constantset
to a fraction (say 80%) of the available capacity or it canbe
a function of the queuingdelay at that port . We use
aninversehyperbolicfunctionasexplainedin [6]. Theoptimal
operatingpointis atanoverload( ) valueequalto one.

Thefair shareof eachVC, , Is alsocomputedas

follows: )
TargetABR Capacity

FairShare Numberof Active ABR VCs ]
If thesourcedoesnotuseall of its , thenthe switch

fairly allocatesthe remainingcapacityto the sourcesthat can
useit. Thustheswitchscaleghe currentcell rate(CCR)of the
connection(asindicatedn theRM cells) by theoverloadfactor:
VCShare

To achieze max-min fairness,ERICA+ maintainsthe high-
estallocationgivento arny VC on this outputport during each
averagingintenal and ensureghat all eligible VCs can also
get this high allocation. The variable
storesthe maximumallocationgiven in the previous interval,
and accumulateshe maximumallocation
given during the currentswitch averaginginterval. For

, where is asmallfraction(e.g.,0.1):
ER Calculated Max (FairShare)YCShare)
But for , all therateallocationsareequal:
ER Calculated Max (FairShare,VCShare,MacAllocPrei-
ous)

Thus,VCs aregiven equalallocationsduring underloadand
the (equal)CCRsaredivided by the same during the subse-
guentoverloadto bringthesourcego their max-minfair shares.
The systemis consideredo be in a stateof overloadwhenits
loadfactor , is greaterthan . Theaim of introducingthe
guantity isto forcetheallocationof equalrateswhentheover
loadis fluctuatingaroundunity, thusavoiding unnecessaryate
oscillations.

IV. FAIR MULTIPLEXING OF ABRVCCsoN ABR VPCs

Therelationshipbetweertheservicecategyory of theVPCand
the VCCswithin it is implementatiorspecific. In [5], the au-
thors suggestusing a rt-VBR VPC to aggreyate CBR and rt-
VBR VCCs, and using an ABR VPC to aggrejatenrt-VBR,
UBR and ABR VCCs. As ABR VPCs provide the morein-
terestingcase,we focuson ABR in the remainderof this pa-
per The ABR servicecanapplyto bothVPCsandVCCs. End
pointsof ABR VPCsandthoseof ABR VCCscomplywith the
ABR sourceanddestinatiorbehaior asgivenin the specifica-
tions[3]. Themethodusedto divide the VPC bandwidthamong
the VCCsiit containsis implementationspecific. In the case
whenlink capacitymustbe sharedbetweenboth ABR VPCs

and ABR VCCs, the methodusedto allocatethe bandwidthis
alsoimplementatiorspecific. In this section,we will focuson
thefair allocationof bandwidthin thesesituations.

A. WeightedMax-Min Fairness

Theoptimaloperationof adistributedsharedesources usu-
ally givenby acriterioncalledthe max-minallocation[7]. This
fairnesgdefinitionis the mostcommonlyacceptedne,though
otherdefinitionsarealsopossible.

Definition: Given a configuration (sources,destinations,
switches,links, connectionswith  contendingsourcessup-
posethe  sourceis allocateda bandwidth . Theallocation
vector is feasibleif all link loadlevelsareless
thanor equalto 100%.

Operational Definition: Max-min allocation: Given an al-
locationvector , the sourcethatis gettingthe
leastallocationis, in somesensethe “unhappiessource”.Find
the feasiblevectorsthat give the maximumallocationto this
unhappiessource. Now remove this “unhappiestsource”and
reducethe problemto thatof theremaining sourceper
atingon a network with reducedink capacitiesAgain, find the
unhappiessourceamongthese sourcesgive thatsource
themaximumallocation,andreduceheproblemby onesource.
Repeatthis processuntil all sourceshave beenallocatedthe
maximumthatthey canget.

Intuitively, this meansthat all sourcesbottlenecled on the
samelink getequalrates,andif a sourcecannotutilize its fair
share the left over capacityis sharedfairly amongthosewho
canuseit. An extensionof thisdefinitionguaranteeaminimum
cell rate(MCR) for eachsourceandsharegheleft-overcapac-
ity in a weightedmanner This is calledthe generalweighted
fair allocation[8].

Definition: Generalweightedfair allocation:Givenaweight
vector thatdenoteghe weightto be givento
eachsourceswitchedto a certainoutputport,andanMCR vec-
tor denotingthe minimumcell
ratefor eachsourceswitchedto thatport, theallocationfor each
sources denotedyy:

Capacity

We usegeneralweightedfairnessthroughoutthe remainder
of this paper

B. Fairnessfor the VPC/VCCHierarchy

Computatiorof the ideal allocationsfor thetwo level hierar
chy (VCCs multiplexed on VPCs)is not straightforvard. This
is becausecenariomareconcevablewherea VPC with alarger
numberof VCCsmultiplexedon it shouldbe givenmoreband-
width thana VPC with a smallnumberof VCCs. The question
of how bandwidthis allocatedamongthe VPCs (inter-VPC),
and amongthe VCCs multiplexed on the sameVPC (intra-
VPC), becomesan importantone. This is similar to the intra-
groupfairnessandinter-groupfairnesgor multicastgroupsdis-
cussedn [9], [10].

Example1: Intra-VPC Fairness:

Considerthe simpleexamplein figure 4. A VPC hasits own



flow control loop betweenthe VPC end points (Switch 1 and
Switch 3). Assumethatthe VPC MCR is zero. Supposehat
threeVCCsaremultiplexedonthisVPC:aVCC from userA to
B, anotherfrom userC to D, anda third from userE to F. As-
sumethe3 VCC MCRsarezero.All availablecapacitie®onthe
links are 150 Mbps, exceptfor the link from userA to Switch
1, which is only 10 Mbps. In this case,the flow control for
theVPCwill detecthat150Mbpsis availablefor the VPC,and
will allocateit theentireavailablecapacity TheVPCsourceend
system(Switch1) andthe VPC destinatiorendsystem(Switch
3) will cooperatewith the network to regulatethe VPC at this
rate. Theflow controlfor the VCCswithin the VPC will divide
the VPC capacityamongthe active VCCs multiplexed on the
VPC. Theconnectiorfrom userA to B will beallocatedts bot-
tleneckrate of 10 Mbps. The available capacityof 150 Mbps

10 Mbps= 140Mbpswill be equallydivideduponthe other
two connectiongC to D andE to F) andeachwill beallocated
Mbps.

Fig. 4. Examplel: A singleVPC andmultiple VCCs

Example 2: Inter-VPC Fairness:
Now considerthe exampleshavn in figure 5. Thisis the same
asthepreviousexample exceptthatthereis asecondABR VPC
betweenSwitch 1 and Switch 3. Supposédhatthe threeVCCs
(A toB, CtoD, andEto F) aremultiplexedononeof the VPCs,
while thereare10VCCsmultiplexedonthesecond/PC (the 10
VCCsareassumedo bebottlenecledonthe Switch1 to Switch
3 path). Theweightsassignedo thetwo VPCsat a switchmay
be equalor differentasfollows.

Casel: Equal Weights:

AssumingzeroMCRs, eachVPC s allocated— Mbps.

The 75 Mbpsis allocatedto the 3 VCCsA to B, Cto D, andE

to F asfollows. A to B is allocated10 Mbps. The remaining

bandwidth Mbpsis divided equallyamongthe 2

remainingconnectionsoeachis allocated— Mbps.
Case2: Unequal Weights:

For example, supposethe VPC with 10 VCCs is assigned
times the bandwidthof the otherVPC. In this case,the VPC
with 10 VCCsgets- Mbps,while the otherVPC

Fig.5. Example2: Two VPCsandmultiple VCCs

is allocated25 Mbps. The 25 Mbpsis equallydivideduponthe

threeconnectionssuchthateachis allocated— Mbps.
Two interestingspecialcasesrise:

Case2.1: Weightsaccordingto Number of VCCs:

Supposéhe VPC weightsareassignedccordingo thenumber

of connectionsnultiplexedon them:

In this case theweightfor the VPC with 10 connectionss —
timesthe weight of the VPC with 3 connections.The weights
may needto beupdatedf new connectiongoin the VPC.
For the abore example,the VPC with 10 VCCsis allocated
Mbpsandeachof the 10 VCCsis allocated
Mbps. TheVPCwith 3 VCCsis allocated
Mbps. UserA is bottlenecled at 10 Mbps.
UsersC andE areallocated Mbpseach.
Case2.2: Weightsaccordingto VCC ERs:
SupposeheVPC weightsareassignedccordingo theexplicit
ratesof connectionsnultiplexedonthem:

In this case,the available capacityon eachlink is divided
fairly amongthe active connectionsregardlessof which VPC
eachconnectiorbelongsto. The ER (andhenceACR) for the
VPCis simplythesumof theERsfor theVCCsit contains.This
is a constantlyvarying quantity and hencethe weights must
constantlypbeupdated.

For theabove example,userA is allocatedl0 Mbpswhile all
theotherusersareallocated——— Mbps.

Fromtheabove examplesit is clearthatflow controlfor the
ABR VPCsrequiresaweightedABR flow controlschemesuch
asourweightedABR with MCR schemeadescribedn [8], in or-
derto supportgiving differentweightsto differentVPCs. Fur
thermodificationsarenecessargsexplainednext.

V. A FRAMEWORK FOR FLoOw CONTROL OF ABR VCCs
ON AN ABR VPC

ABR VCCswithin a VPC shareits capacityin the sameway
ABR connectionsharethe capacityof a physicallink. Figure6



shavstheuseof ABR VPCs.A separatgueueis usedfor each
VPCattheVPC sourceo controlits rateto theallowedcell rate
(ACR), accordingto the feedbackfrom the VPC BRM cells.
Virtual source/virtualdestination(VS/VD) can be usedin the
framework asdiscussechext.

Fig. 6. ABR VPCscanbe usedin the network backboneg$o minimize delay
andloss.

A. UsingVS/VD

Oneoptionis to usea virtual destinationVD) for the VCC,
andavirtual source(VS) for the VPC atthe VPC source, anda
virtual destinatiorfor theVPC,andavirtual sourcefor theVCC
atthe VPC destination This optionis illustratedin figure 7.

Fig. 7. Virtual source/virtuatlestinatioratthe VPC endpoints

At theVS of theVPC,aseparat&/PC queusds usedo control
theVPCrate. TheVDs of the correspondingy CCsin thesame
switch need: (1) per VP accountinginformation performedat
theVPCVS, and(2) the ACR of the VPC, in orderto compute
the ER valuesfor the VCC. Terminating/startinghe VCC loop
atthe VPC endpointsis not required,but it eliminatesthe per
VC RM cell overheadandVCC RM cell processingnsidethe
VPCloop. Separatiomf theflow controlloopsof theVCCsand
theVPCsis alsouseful.VS/VD doesincuradditionaloverhead,
however, sincethe end systemsand switch functionality must
all beprovidedatthe VPC endpoints.

B. WithoutVS/VD

An alternatve architecturewithout VS/VD is shown in fig-
ure8. Asin the VS/VD casegachVPC hasa separatgueueat
the VPC source Again, per VP accountingnformationandthe
VPC ACR areusedto computethe rateindicatedin the VCC
RM cellsatthe VPC source.Thetwo architecturesndthe rate
computatioroperationsarequitesimilarin bothcasegwith and
withoutVS/VD). In theremaindeof thissectionwe explainthe
operatiorof the VCC rateallocationalgorithmin moredetail.

Fig. 8. VPC/VCCflow controlcouplingwithout VS/VD

C. Flow Contol Frameavork

The framewvork hastwo main aspects:capacityestimation,
andaccountingasdiscussecahext.

C.1 CapacityEstimation

In mostABR rateallocationalgorithms the availablecapac-
ity for ABR is estimatedas:

Total ABR Capacity Link Capacity CBR/VBR Capacity

This meansthat higher priority bandwidthis estimatedby
computingthesumof thenumberof CBR, rt-VBR andnrt-VBR
cells scheduledduring a certainintenal of time. This sumis
thensubtractedrom the link capacity anda fraction of thatis
divideduponthe VPCs(otherthanthe CBR/VBR ones)accord-
ing to the preassignedveights. This ABR capacityestimation
operationmust be performedby the VPC flow control mech-
anismif a VPC-VCC hierarchyexists. The total ABR capac-
ity for multiplexed VCCsis simply the VPC allowed cell rate
(ACR).

Oncethetotal ABR capacityis estimatedthetargetABR ca-
pacityis computed.For example,ERICA+ [11] (sectionlll-A)
computeghetargetABR capacityas:

TargetABR Capacity Fraction Total ABR Capacity
wherethe Fractioncanbea constantpr afunctionof thequeu-
ing delay , of the queuefor this VPC at this port of
the switch. If the VPC containsVCCsof higher classeqe.g.,
CBR/VBR}heir capacitymustfirst be subtactedfromthetotal
ABRcapacity

It is essentiato take afractionof thecapacityallocatedo the
VPC. This is becausave mustallow the VPC queuego drain.
Thesequeuesrecausedy thedelaybetweertheinstantwhen
the ABR VPC allowed cell rateis controlledto the new value,
andtheinstantthe ACRsof all the multiplexed ABR VCCsare
controlled. Sincetherearepropagatiorandqueuingdelaysbe-
tweenthe VPC sourceendsystemandthe sourceendsystems
of the VCCs (referto figure 8), the VPC queuecangrow and
mustbe controlledin the sameway ary ABR queug(whethera
portqueueaVPC queuepr aVCC queue)mustbecontrolled.

C.2 Accounting

In additionto thetargetABR capacity otherestimatesrere-
quiredto be ableto divide the capacityfairly amongthe active
virtual connections Examplesof suchmetricsusedin the ER-
ICA+ schemdsectionlll-A) are: (1) theABR inputrate,(2) the
numberof active ABR connectionsand(3) the maximumallo-
cationgivento any ABR VCC during the previousandcurrent
intervals.

In caseof a VPC/VCChierarchysuchcomputationandesti-
mateanustbeseparatelyperformedor theVCCsoneachvPC,
andthe VCCson otherVPCsshouldnot interferewith this. In



otherwords,estimatingheinputratebecomegstimatinghein-

put rateof the VCCson this VPC, estimatinghe numberof ac-
tive connectiondbecomesstimatingthe numberof active con-
nectiononthis VPC andkeepingrackof themaximumalloca-
tion givenduringacertaininterval only considersheallocations
givento VCCsonthisVPC

C.3 Framavork ModelandSummary

We usethefollowing notation:

inputrateof queuefor at
servicerateof queuefor at
gueudengthof queuefor at
explicit rateindicatedto the
theVPC endpoint

explicit rateindicatecto the source
allowed cell rate computedby the

sourceby

source
number of VCCs multiplexed on at
We needto compute suchthat:

Or:

This is performedas follows. Assumethat the VPC flow
control mechanismassignsan explicit rate value, to
the VPC (this mechanismmusthandlethe estimationof VBR
andCBR bandwidthof otherVPCs/VCCsandthetargetABR
capacity). The VPC sourcesetsthe allowed cell rate of the
VPC, to the minimum of and

multiplexed on this VPC); and(3) The ABR Input Rate,Num-
ber of Active ABR VCCs, MaxAllocPrevious, and MaxAlloc-
Currentvariablesonly apply for this VPC. Therefore,perVP
accountingnustbe performedat eachoutputport.

The pseudocodef the algorithmis givennext. A brief de-
scriptionof ERICA+ operationwasgivenin sectionlll-A (Re-
fer to [11] for a morecompletedescriptionof the ERICA+ al-
gorithmandits performance.):

Initialization:
MaxAllocPrerious FairShare
MaxAllocCurrent FairShare
End of averaginginterval:
TargetABR Capacity
Cell Rate
ABR Input Rate

Allowed

TargetABR Capacity
TargetABR Capacity

FairShare Numberof Active VCs
MaxAllocPrevious MaxAllocCurrent
MaxAllocCurrent FairShare

When an FRM isreceved:
CCR[VC] CCRin_RM_ Cell
When aBRM isreceved:
VCShare
IF
THENER Max (FairShare VCShare)
ELSEER Max (MaxAllocPrevious
FairShare VCShare)
MaxAllocCurrent Max (MaxAllocCurrent ER)
IF(ER FairShare AND CCR[VC] FairShare
THEN ER FairShare
ER.in_RM_Cell Min (ER.in_RM_Cell,

ER, TargetABR Capacity

VII. SIMULATION RESULTS

Figure9 shavstheconfiguratiorusedn our preliminarysim-

, assuminghe CI andNI bits arezero(or decreases ylations.We have alsousedmultiple bottleneckscenariosvhich

therateby
systenrulesin [3].
As the VPC sourceratemustbe controlledto , per
VP queuesarerequired.The valueof mustbe com-
municatedo the rateallocationalgorithmfor the VCCsat the
VPC endpoint. Therateallocationalgorithmwill usethisvalue
asthe estimatedcapacityandtake a fraction of that (minusthe
CBR/VBR VCCson the sameVPC) asthe target capacity In
addition, the algorithm must performits accounting,e.g., the
accountingof the input rate, active connectionsand maximum
allocation,separatelyor the VCCsof eachvPC.

if Cl is set)accordingto the sourceend

VI. VPC/VCC ERICA+

We apply the generalframevork proposedabore to the ER-
ICA+ algorithmasdescribedn sectionlll-A. The only modifi-
cationsrequiredfor ERICA+ atthe VPC sourceendsystemare
asfollows: (1) The allowedcell rateof eachVPC s controlled
to ; (2) TheTargetABR Capacityfor the VCCsmul-
tiplexedontheVPCis computedasafractionof the ACR of the
VPC, (minusthe capacityof any CBR/VBR VCCs
on this VPC). The fraction may dependon the queuingdelay
of theVPC queue (orthe VCC queuedor theVCCs

arenotshavn here.Theconfiguratiorconsistof threeswitches
separatedy 1000km links. The oneway delay betweenthe
switchesis 5 ms. Five sourcessenddataas shown in the fig-
ure. Thefirst hop from the sourcedo switch 1 is along delay
satellitehop. We simulateda one way delay of 50 ms (LEO
satellitedelay). Thelink capacityof link 2 is 45Mbps,while all
otherlinks are 155 Mbpslinks. Our simulationsusepersistent
ABR sources.ABR initial cell ratesare setto 30 Mbpsin all
experimentsLink 2 is thebottlenecHKink for all connections.
The simulationsdemonstrat¢he basicideaof the algorithm,
althoughthey do not shav the exactimplementatiordiscussed
above. (The implementatiorusedis a VS/VD schemesimilar
to the oneexplainedin sectionV-A.)Thusthe controlloopsfor
VCCsareterminated/startedt the switches.(Thisis thereason
for the presencef 4 andnot 3 controlloops.) All sourcesare
multiplexed on a single VPC which is allocateda fraction of
the link capacity The resultingVPC ACR becomesghe total
capacityfor all VCCsonthis VPC.
Figure10showvsthequeudengthresults. Thequeueaccumu-
lation during the initial openloop period (beforethe feedback
mechanisms in effect) is movedfrom switch 2 to switch 1 by
the VS/VD mechanism.Thus, thereare very small queuesat
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switch 2. Pushingthe queuedo the edgeis animportantcom-
ponentof the architecturediscussedn sectionll. Moreover, in
caseof satelliteswitchesasin figure9, it is importantto mini-
mize queudengthin terrestrialswitches(switch 2) which may
not have sufficient buffering for an entire satelliteround trip.
The satelliteswitch (Switch 1) usually haslarger buffers [12].
The5 sourceshouldeachbeallocated— 9 Mbps.TheACR
graphs(not shavn heredueto spaceconstraintsjllustratethat
theschemas fair in the steadystate.

VIII. SUMMARY AND CONCLUSIONS

This paperhasexaminedthe flow control of the ABR vir-
tual path/virtualchannehierarchy Theflow controlatthe VPC
level needsto estimatethe bandwidthavailable for ABR (ac-
countingfor CBR/VBR bandwidth),andassigrnthe appropriate
weightsfor differentABR VPCs. We have discussedheissues
involvedin theVPC/VCCcoupling,andhave givenanexample
framavork. The key aspectof this couplingis the useof the
allowed cell ratevaluefor the VPC sourceasthe total capacity
availablefor the VCCs multiplexedon this VPC. This capacity
is scaledusingthe queuingdelayof the VPC queue(or the ap-
propriateVCC queuesf perVC queuingis used).In addition,
all accountingperformedat the output port is performedsep-
aratelyfor eachVPC. OtherVCCs, andVCCs multiplexed on
otherVPCs,shouldnot interferewith theflow controlof VCCs
multiplexedona VVPC.

Thisframewnork canbeusedfor connectingenterprisesiteson
thelnternetasaVPN. A singleABR VPCis usedio connectwo
sites,andappropriateschedulingveightsanddrop policiesare
employedattheedgedevices,asdiscussedh sectionll. Thisar
chitecturecanalsobeusedfor supportingdifferentiatedservices
over ATM througha hierarchicakcalablemechanism.
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