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Abstract— This paper proposesan algorithm for aggregating virtual
channelconnections(VCCs) onto virtual path connections(VPCs) in asyn-
chronoustransfer mode(ATM) networks. Wefocuson the interestingprob-
lem of multiplexing onto an available bit rate (ABR) VPC. ABR VPCs are
particularly useful for connectingenterprise sites over the Internet, pro-
viding a virtual pri vate network (VPN). The VPC/VCC hierarchy is also
important for supporting Internet differentiated services over ATM. The
coupling betweenthe flow control mechanismsfor VCCs and VPCs is not
standardized. We proposefairnessdefinitions 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)arerapidlygainingpop-
ularity. A VPN usesthe public Internetto transparently

connectprivatenetworksorevenusers,asif they areonthesame
network. VPNs are attractive becauseof their reducedcosts
(over leasedlines), reducedadministrationoverhead,andsup-
port for remoteaccessandcollaborationwith partners.In [1],
we have shown thatATM backbonescanprovide a goodVPN
serviceto enterprisesites. Aggregationof the site traffic onto
oneor two ATM virtual pathconnections(VPCs)is necessary
for scalability, overheadreduction,fastre-routingandsimplified
billing.

ATM is proposedto transporta wide varietyof servicesin a
seamlessmanner. Endsystemsmustsetupvirtual channelcon-
nections(VCCs)of appropriateservicecategoriesprior to trans-
mitting information.Servicecategoriesdistinguishasmallnum-
berof generalwaysto provide quality of service(QoS),which
areappropriatefor differentclassesof applications. A repre-
sentative list of currentandfuture applicationsincludesvideo,
voice,imageanddatain conversational,messaging,distribution
andretrieval modes[2]. ATM networks currentlyprovide five
servicecategories[3]: constantbit rate(CBR), real-timevari-
ablebit rate(rt-VBR), non-real-timevariablebit rate(nrt-VBR),
unspecifiedbit rate (UBR), andavailablebit rate (ABR). The
CBR and rt-VBR servicesare intendedto transportreal-time
traffic, while thenrt-VBR,UBR andABR servicesaredesigned
for non-real-timetraffic. In addition to thesecategories, the
guaranteedframerate(GFR)servicehasrecentlybeenstandard-
izedat theATM forum traffic managementworking group[4].
The ITU-T I.371 alsodefinessimilar (but not the same)cate-
goriescalledATM transfercapabilities.

One of the key distinguishingdesignaspectsof ATM net-
works is the useof labelsfor switching. Useof labelsspeeds

The authors can be reached through e-mails: fahmy@cs.purdue.edu,
raj@nayna.com,vandalor@cis.ohio-state.edu, rgoyal@nexabit.com

up the switchingfunctions,and improvesscalabilitysincethe
labelsneednot be globally unique. This techniquehasnow
beenadoptedinto the Internetin the form of multiprotocolla-
bel switching(MPLS). An interestingfeatureof labelusagein
ATM is theaggregationmechanismdefinedby thetwo level hi-
erarchyof virtual pathconnections(VPCs)andvirtual channel
connections(VCCs).VPCsprovideanelegantmethodfor com-
bining several VCCs betweentwo endpoints. This technique
is essentialfor scalabilityin backbonenetworkswherethereis
a largenumberof flows. UsingVPCsin thebackbonereduces
complexity andcost,andimprovesutilization. Themechanisms
to performtraffic managementfor aggregateflowsarecurrently
beingdebatedat forumslike thedifferentiatedservicesworking
groupat theInternetEngineeringTaskForce(IETF). Thescala-
bility of thefutureInternetthatcombinesrealtimeandnonreal
time traffic is affectedby theoutcomeof thiswork.

This paperexaminesthetraffic managementissuesin aggre-
gatingseveralVCCsontoa VPC,with a focuson theABR ser-
vice. We proposefairnessdefinitionsfor VPC bandwidthal-
location,anddescribean algorithmfor allocatingthe VPC ca-
pacityto themultiplexedVCCs. Preliminarysimulationresults
indicatethatthealgorithmachievestherequiredfair allocations,
while controllingqueuesizes.Theremainderof thepaperis or-
ganizedas follows. We give somebackgroundon the useof
ABR VPCs,andon the ABR flow control mechanism.Then,
we proposea framework for thecouplingof theVPC andVCC
ABR controlloops,andusetheERICA+ algorithmasanexam-
ple mechanism.Preliminarysimulationresultsof thealgorithm
arethengiven.

I I . AVAILABLE BIT RATE VPCS IN VPNS

Enterprisenetworkscanbeconnectedwith anATM backbone
usingVPCs, as shown in figure 1. Real-timeanddatatraffic
of the enterprisecanbe integratedon a singlebackboneVPC
betweensites. Theadvantagesof separatingedgedevice func-
tionality from backbonefunctionalityincludesimplificationand
scalabilityof the network designandbandwidthmanagement,
aswell asscalabilityof the numberof connections[5]. Enter-
prisevoice, video and data integrationwithin a singlecarrier
VPC decreasesthe coststhe enterprisepays(oneVPC is used
insteadof two or morebetweenany two points),andalsoallows
dynamicsharingof voice,videoanddatabandwidth.

The network we proposeis thusa two-tierednetwork, with
anouter(access)tier andan inner (backbone)tier [1]. Theac-
cesstier performsflow identificationandQoSmanagementat
theflow level. Eachswitchingnodemanagesa relatively small
numberof flows. It mayuseATM, framerelay, integratedser-
vices,or differentiatedservicesfor qualityof service,or classes



of service(COS).Traffic is aggregatedat theedgeinto anATM
backbone(forming the inner tier). The backboneworks with
aggregateflows, mappedto ATM VPCs. The backbonetraf-
fic managementis simplebecauseof the largenumberof flows
within eachconnection,andthehigh speedbetweenthenodes.
Backbonetraffic managementis atthegranularityof aggregates,
not for traffic within a flow.

Fig. 1. TheproposedarchitectureusesasingleVPCto connectenterprisesites.
Voice,videoanddatatraffic canbemultiplexedon thisVPC.

The site implementsthe enterprisepolicy for managingthe
traffic. It performsflow identificationandclassification,QoS
assignment,QoSmanagement,andflow mappingwithin thelo-
cal areanetwork (thecampusor thebranch).QoScanbeman-
agedthrough:(1) tagging/marking,(2) dropping,or (3) assign-
ing schedulingpriorities. At theedgeof thecampusenterprise
network, traffic is aggregatedinto theATM VPCsfor transport
throughthecarriernetwork connectingthesites. Theedgede-
viceusesaweightedfair queuing(WFQ)schedulerfor schedul-
ing traffic to theVPC(s),asshown in figure2. Theweightsused
by theWFQ schedulerfor differenttraffic streamsareassigned
basedupon: (1) the enterprisepolicy rules for usersor appli-
cations,(2) the ATM parametersnegotiatedduring connection
admission,andtheATM servicecategory, in caseof ATM net-
works at an enterprisesite, (3) the integratedservicesrequests
signaledby theapplication(if integratedservicesandthereser-
vation protocol (RSVP)areusedat the enterprisesite), or (4)
theservicerequestedby thehostsandsetin thepacket headers
usingthedifferentiatedservicesframework.

Fig. 2. Theedgedevice performstraffic managementbasedon theflows, and
thenintelligentlyschedulestraffic to thebackboneVPCs.

Thechoiceof servicecategory to usein the ATM backbone
is critical to the quality of serviceexperiencedby applications
sendingtraffic toanothersiteof theenterprise.Eachsiteis likely
to have abundantbandwidth.Congestionmostlikely occurson

therelatively low-capacityWAN accesslink (for example,aFast
or GigabitEthernetfeedinginto a low capacityT1/E1or T3/E3
link). Dependingon thecarrierATM servicecategory, conges-
tion may occur in the carriernetwork leadingto performance
degradation.

A goodABR implementationperformswell in thebackbones
connectingenterprisenetworks [1]. The ABR servicepushes
congestionto theedgedevices,whereadequatebufferingcanbe
provided, and,more importantly, the flows arevisible andthe
enterprisepolicy canbeapplied.TheABR VPCsperformflow
control for thepipesbetweenenterprisenetworks. With ABR,
thereis verylittle lossin thebackbone,andhencehigherpriority
traffic canbe transportedwithout loss. On the otherhand,the
applicationtakesadvantageof 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 SCR to avoid
loss in the network, which is clearly inefficient and increases
delay, or (2) the traffic is shapedaccordingto the PCR,which
risks randomlossesinsidethebackbone,unlessintelligentcell
markingaccordingto SCRis used.

I I I . ABR FLOW CONTROL

A good ABR implementationprovides possibly non-zero
minimum cell rate (MCR) guarantees,achieves fairness,and
minimizescell lossandqueuingdelayby periodicallyindicat-
ing to ABR sourceendsystemsthe ratesat which they should
be transmitting. The switchesmonitor their load andcompute
the availablebandwidth,dividing it fairly amongactive flows.
The feedbackfrom the switchesto the sourcesis indicatedin
resourcemanagement(RM) cells which are generatedby the
sourcesandturnedaroundby thedestinations(referto figure3).
RM cells flowing from the sourceto the destinationarecalled
forward RM (FRM) cells, while thoseflowing in the reverse
directionare called backward RM (BRM) cells. The sources
adjusttheir allowed cell rates(ACR) baseduponthe feedback
receivedin BRMs. TheACRneednotdecreasebeyondtheguar-
anteedMCR, andcannotincreasebeyondtheagreeduponpeak
cell rate(PCR).

Fig. 3. ForwardandbackwardRM cellsflow in ABR connections

Thereare threeways for switchesto give feedbackto the
sources. First, eachcell headercontainsa bit called Explicit
Forward CongestionIndication(EFCI), which canbe setby a
congestedswitch. Second,RM cellshave two bits in their pay-
load, calledthe CongestionIndication(CI) bit andthe No In-
crease(NI) bit, thatcanbesetby congestedswitches.Third, the
RM cellshave a field in their payloadcalledexplicit rate(ER)
thatcanbereducedby congestedswitchesto any desiredvalue.
TheACR cannotincreasebeyondtheER value. Suchswitches
arecalledexplicit rateswitches[3]. Weexamineanexplicit rate
switch,theERICA+ switchscheme,next.



A. ExampleExplicit RateAlgorithm: ERICA+

In ERICA+,theswitchperiodicallymonitorstheloadoneach
link anddeterminesa loadfactor, � , theavailablecapacity, and
the numberof currently active virtual connections.The load
factoris calculatedastheratio of themeasuredinput rateat the
port to thetargetABR capacityof theoutputlink:

��� ABR InputRate
TargetABR Capacitywhere:

TargetABR Capacity�����	��

��������� TotalABR Capacity
Input rateis measuredover a time interval calledtheswitch

averaginginterval. The above stepsareexecutedat the endof
the switch averaginginterval. ������
�������� canbe a constantset
to a fraction (say80%) of the availablecapacity, or it can be
a function of the queuingdelayat that port ������� �"!$#�% . We use
aninversehyperbolicfunctionasexplainedin [6]. Theoptimal
operatingpoint is atanoverload( � ) valueequalto one.

The fair shareof eachVC, �������	&(')���	* , is alsocomputedas
follows:
FairShare� TargetABR Capacity

Numberof ActiveABR VCs
If thesourcedoesnotuseall of its �����+�,&-'.���	* , thentheswitch
fairly allocatesthe remainingcapacityto the sourcesthat can
useit. Thustheswitchscalesthecurrentcell rate(CCR)of the
connection(asindicatedin theRM cells)by theoverloadfactor:
VCShare�0/1/3254 63/879

To achieve max-min fairness,ERICA+ maintainsthe high-
estallocationgiven to any VC on this outputport during each
averaginginterval and ensuresthat all eligible VCs can also
get this high allocation. The variable :;��<.=?>�>@�	

A��	*CB�����D8E
storesthe maximumallocationgiven in the previous interval,
and :;��<F=?>@>��	
HGIDF�C�	*C�8� accumulatesthe maximumallocation
given during the currentswitch averaginginterval. For �KJLNM�O

, where
O

is a smallfraction(e.g.,0.1):
ERCalculated� Max (FairShare,VCShare)
But for �QP LNM�O

, all therateallocationsareequal:
ER Calculated � Max (FairShare,VCShare,MacAllocPrevi-
ous)

Thus,VCs aregivenequalallocationsduringunderloadand
the (equal)CCRsaredivided by the same� during the subse-
quentoverloadto bringthesourcesto theirmax-minfair shares.
The systemis consideredto be in a stateof overloadwhenits
loadfactor, � , is greaterthan

LRMSO
. Theaim of introducingthe

quantity
O

is to forcetheallocationof equalrateswhentheover-
loadis fluctuatingaroundunity, thusavoiding unnecessaryrate
oscillations.

IV. FAIR MULTIPLEXING OF ABR VCCS ON ABR VPCS

Therelationshipbetweentheservicecategoryof theVPCand
the VCCs within it is implementationspecific. In [5], the au-
thors suggestusing a rt-VBR VPC to aggregateCBR and rt-
VBR VCCs, and using an ABR VPC to aggregatenrt-VBR,
UBR and ABR VCCs. As ABR VPCs provide the more in-
terestingcase,we focuson ABR in the remainderof this pa-
per. TheABR servicecanapplyto bothVPCsandVCCs. End
pointsof ABR VPCsandthoseof ABR VCCscomplywith the
ABR sourceanddestinationbehavior asgivenin thespecifica-
tions[3]. Themethodusedto dividetheVPCbandwidthamong
the VCCs it containsis implementationspecific. In the case
when link capacitymust be sharedbetweenboth ABR VPCs

andABR VCCs, the methodusedto allocatethe bandwidthis
alsoimplementationspecific. In this section,we will focuson
thefair allocationof bandwidthin thesesituations.

A. WeightedMax-MinFairness

Theoptimaloperationof adistributedsharedresourceis usu-
ally givenby a criterioncalledthemax-minallocation[7]. This
fairnessdefinition is themostcommonlyacceptedone,though
otherdefinitionsarealsopossible.

Definition: Given a configuration (sources,destinations,
switches,links, connections)with � contendingsources,sup-
posethe � #@T sourceis allocateda bandwidth<FU . Theallocation
vector VC<XW	Y$<.Z[YH\ \H\HY"<.]X^ is feasibleif all link loadlevelsareless
thanor equalto 100%. _

Operational Definition: Max-min allocation: Given an al-
locationvector V <8W�Y$<FZ[Y \H\ \
Y$<F]X^ , the sourcethat is gettingthe
leastallocationis, in somesense,the“unhappiestsource”.Find
the feasiblevectorsthat give the maximumallocationto this
unhappiestsource. Now remove this “unhappiestsource”and
reducetheproblemto thatof theremaining�a` L

sourcesoper-
atingona network with reducedlink capacities.Again,find the
unhappiestsourceamongthese�b` L

sources,give thatsource
themaximumallocation,andreducetheproblemby onesource.
Repeatthis processuntil all sourceshave beenallocatedthe
maximumthatthey canget. _

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

Definition: Generalweightedfair allocation:Givena weight
vector V c?W	Y$cdZ,Y \H\H\ Y$cd]F^ thatdenotestheweightto begivento
eachsourceswitchedto a certainoutputport,andanMCR vec-
tor V�:0G�e W Yf:0G�e Z YH\H\ \
Yg:0G�e ] ^ denotingtheminimumcell
ratefor eachsourceswitchedto thatport,theallocationfor each
sourceis denotedby:

< U1h :0G�e U M cdUi�j� Capacitỳlk ]Unm5W :0G�e�U�%
k ]o m1W c o

_
We usegeneralweightedfairnessthroughoutthe remainder

of thispaper.

B. Fairnessfor theVPC/VCCHierarchy

Computationof the idealallocationsfor thetwo level hierar-
chy (VCCs multiplexedon VPCs)is not straightforward. This
is becausescenariosareconceivablewherea VPC with a larger
numberof VCCsmultiplexedon it shouldbegivenmoreband-
width thana VPC with a smallnumberof VCCs. Thequestion
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-groupfairnessfor multicastgroupsdis-
cussedin [9], [10].

Example1: Intra-VPC Fairness:
Considerthe simpleexamplein figure 4. A VPC hasits own



flow control loop betweenthe VPC endpoints (Switch 1 and
Switch 3). Assumethat the VPC MCR is zero. Supposethat
threeVCCsaremultiplexedonthisVPC:aVCC from userA to
B, anotherfrom userC to D, anda third from userE to F. As-
sumethe3 VCC MCRsarezero.All availablecapacitieson the
links are150 Mbps,exceptfor the link from userA to Switch
1, which is only 10 Mbps. In this case,the flow control for
theVPCwill detectthat150Mbpsis availablefor theVPC,and
will allocateit theentireavailablecapacity. TheVPCsourceend
system(Switch1) andtheVPC destinationendsystem(Switch
3) will cooperatewith the network to regulatethe VPC at this
rate.Theflow controlfor theVCCswithin theVPC will divide
the VPC capacityamongthe active VCCs multiplexed on the
VPC.Theconnectionfrom userA to B will beallocatedits bot-
tleneckrateof 10 Mbps. The availablecapacityof 150 Mbps
` 10 Mbps= 140Mbpswill beequallydividedupontheother
two connections(C to D andE to F) andeachwill beallocatedWqp"rZ hts	u Mbps. _

Fig. 4. Example1: A singleVPCandmultipleVCCs

Example2: Inter -VPC Fairness:
Now considertheexampleshown in figure5. This is thesame
asthepreviousexample,exceptthatthereis asecondABR VPC
betweenSwitch1 andSwitch3. Supposethat the threeVCCs
(A to B, C to D, andE to F) aremultiplexedononeof theVPCs,
while thereare10VCCsmultiplexedonthesecondVPC(the10
VCCsareassumedto bebottleneckedontheSwitch1 to Switch
3 path).Theweightsassignedto thetwo VPCsata switchmay
beequalor differentasfollows.

Case1: Equal Weights:
v �gY�wyx,�fY+wQzb{|A|G}x[�d~h w�x,cdU h c o

AssumingzeroMCRs,eachVPC is allocated Wq�"rZ h�s[� Mbps.
The75 Mbpsis allocatedto the3 VCCsA to B, C to D, andE
to F asfollows. A to B is allocated10 Mbps. The remaining
bandwidths,� ` L uyh���� Mbpsis dividedequallyamongthe2
remainingconnectionssoeachis allocated � �Z h���� \ � Mbps.

Case2: UnequalWeights:
v �gY�wyx,�fY+wQzb{|A|G}x[�d~h w�x,cdU�~h c o

For example, supposethe VPC with 10 VCCs is assigned5
times the bandwidthof the otherVPC. In this case,the VPC
with 10 VCCsgets �� � L �,u�h L �[� Mbps,while theotherVPC

Fig. 5. Example2: Two VPCsandmultipleVCCs

is allocated25 Mbps. The25 Mbpsis equallydivideduponthe
threeconnections,suchthateachis allocatedZg�� h�� \ �[� Mbps.

Two interestingspecialcasesarise:
Case2.1: Weightsaccording to Number of VCCs:
SupposetheVPCweightsareassignedaccordingto thenumber
of connectionsmultiplexedon them:

v �fY�wyx,�fY+wyz�{�A|G�x,��~h w�x c U� DF�����8{|G�G U h c o� DF�����8{�G�G o
In this case,theweight for theVPC with 10 connectionsis Wqr�
timesthe weightof the VPC with 3 connections.The weights
mayneedto beupdatedif new connectionsjoin theVPC.

For the above example,the VPC with 10 VCCs is allocatedWqrW � � L �,u�h L[L � \ ��� Mbpsandeachof the10VCCsis allocatedWWqr � L�L � \ ����h L�L \ �	� Mbps.TheVPCwith 3 VCCsis allocated�W � � L �[u�h��[� \ ��� Mbps. UserA is bottleneckedat 10 Mbps.
UsersC andE areallocated

� pH� � ZH�8WqrZ h L � \ � L Mbpseach.
Case2.2: Weightsaccording to VCC ERs:

SupposetheVPCweightsareassignedaccordingto theexplicit
ratesof connectionsmultiplexedonthem:

v �fY+wQx,�fY+wyz�{|A|G}x,�?~h wQx cdU
k U,� e h c o

k o � e
In this case,the available capacityon eachlink is divided

fairly amongthe active connections,regardlessof which VPC
eachconnectionbelongsto. The ER (andhenceACR) for the
VPCis simplythesumof theERsfor theVCCsit contains.This
is a constantlyvarying quantity, and hencethe weightsmust
constantlybeupdated.

For theaboveexample,userA is allocated10Mbpswhile all
theotherusersareallocated W$�"rH��W�rWqZ h L[L \ ��s Mbps. _

Fromtheabove examples,it is clearthatflow control for the
ABR VPCsrequiresaweightedABR flow controlscheme,such
asourweightedABR with MCR schemedescribedin [8], in or-
der to supportgiving differentweightsto differentVPCs. Fur-
thermodificationsarenecessaryasexplainednext.

V. A FRAMEWORK FOR FLOW CONTROL OF ABR VCCS

ON AN ABR VPC

ABR VCCswithin a VPC shareits capacityin thesameway
ABR connectionssharethecapacityof aphysicallink. Figure6



showstheuseof ABR VPCs.A separatequeueis usedfor each
VPCattheVPCsourceto controlits rateto theallowedcell rate
(ACR), accordingto the feedbackfrom the VPC BRM cells.
Virtual source/virtualdestination(VS/VD) can be usedin the
framework asdiscussednext.

Fig. 6. ABR VPCscanbe usedin the network backbonesto minimizedelay
andloss.

A. UsingVS/VD

Oneoptionis to usea virtual destination(VD) for theVCC,
anda virtual source(VS) for theVPC at theVPC source, anda
virtual destinationfor theVPC,andavirtual sourcefor theVCC
at theVPCdestination. Thisoptionis illustratedin figure7.

Fig. 7. Virtual source/virtualdestinationat theVPCendpoints

At theVSof theVPC,aseparateVPCqueueis usedtocontrol
theVPCrate.TheVDs of thecorrespondingVCCsin thesame
switch need: (1) per VP accountinginformationperformedat
theVPC VS, and(2) theACR of theVPC, in orderto compute
theER valuesfor theVCC. Terminating/startingtheVCC loop
at theVPC endpointsis not required,but it eliminatestheper-
VC RM cell overheadandVCC RM cell processinginsidethe
VPCloop. Separationof theflow controlloopsof theVCCsand
theVPCsis alsouseful.VS/VD doesincuradditionaloverhead,
however, sincethe endsystemsandswitch functionality must
all beprovidedat theVPCendpoints.

B. WithoutVS/VD

An alternative architecturewithout VS/VD is shown in fig-
ure8. As in theVS/VD case,eachVPChasa separatequeueat
theVPC source.Again,perVP accountinginformationandthe
VPC ACR areusedto computethe rate indicatedin the VCC
RM cellsat theVPC source.Thetwo architecturesandtherate
computationoperationsarequitesimilar in bothcases(with and
withoutVS/VD). In theremainderof thissection,weexplainthe
operationof theVCC rateallocationalgorithmin moredetail.

Fig. 8. VPC/VCCflow controlcouplingwithoutVS/VD

C. Flow Control Framework

The framework hastwo main aspects:capacityestimation,
andaccounting,asdiscussednext.

C.1 CapacityEstimation

In mostABR rateallocationalgorithms,theavailablecapac-
ity for ABR is estimatedas:
TotalABR Capacity� Link Capacitỳ CBR/VBRCapacity

This meansthat higher priority bandwidthis estimatedby
computingthesumof thenumberof CBR,rt-VBR andnrt-VBR
cells scheduledduring a certaininterval of time. This sumis
thensubtractedfrom the link capacity, anda fractionof that is
dividedupontheVPCs(otherthantheCBR/VBRones)accord-
ing to the preassignedweights. This ABR capacityestimation
operationmust be performedby the VPC flow control mech-
anismif a VPC-VCC hierarchyexists. The total ABR capac-
ity for multiplexedVCCs is simply the VPC allowed cell rate
(ACR).

OncethetotalABR capacityis estimated,thetargetABR ca-
pacity is computed.For example,ERICA+ [11] (sectionIII-A)
computesthetargetABR capacityas:
TargetABR Capacity� Fraction � TotalABR Capacity
wheretheFractioncanbea constant,or a functionof thequeu-
ing delay, ���+� 6��3/ % , of the queuefor this VPC at this port of
the switch. If the VPC containsVCCsof higher classes(e.g.,
CBR/VBR)their capacitymustfirst besubtractedfromthetotal
ABRcapacity.

It is essentialto takea fractionof thecapacityallocatedto the
VPC. This is becausewe mustallow theVPC queuesto drain.
Thesequeuesarecausedby thedelaybetweentheinstantwhen
theABR VPC allowedcell rateis controlledto thenew value,
andtheinstanttheACRsof all themultiplexedABR VCCsare
controlled.Sincetherearepropagationandqueuingdelaysbe-
tweentheVPC sourceendsystem,andthesourceendsystems
of the VCCs (refer to figure 8), the VPC queuecangrow and
mustbecontrolledin thesameway any ABR queue(whethera
portqueue,a VPCqueue,or aVCC queue)mustbecontrolled.

C.2 Accounting

In additionto thetargetABR capacity, otherestimatesarere-
quiredto beableto divide thecapacityfairly amongtheactive
virtual connections.Examplesof suchmetricsusedin theER-
ICA+ scheme(sectionIII-A) are:(1) theABR inputrate,(2) the
numberof active ABR connections,and(3) themaximumallo-
cationgivento any ABR VCC during thepreviousandcurrent
intervals.

In caseof aVPC/VCChierarchy, suchcomputationsandesti-
matesmustbeseparatelyperformedfor theVCCsoneachVPC,
andtheVCCson otherVPCsshouldnot interferewith this. In



otherwords,estimatingtheinputratebecomesestimatingthein-
put rateof theVCCson thisVPC, estimatingthenumberof ac-
tive connectionsbecomesestimatingthenumberof active con-
nectionsonthisVPC, andkeepingtrackof themaximumalloca-
tion givenduringacertainintervalonlyconsiderstheallocations
givento VCCson thisVPC.

C.3 Framework ModelandSummary

We usethefollowing notation:
� � �$!"#�� 6��3/ input rateof queuefor {|A|G at �.�����  � �"!$#�� 63��/ servicerateof queuefor {|A|G at �.�����
��� �"!$#�� 63��/ queuelengthof queuefor {�A|G at �.�����
� e 61/3/ explicit rateindicatedto the {�G�G sourceby

theVPCendpoint
� e 61��/ explicit rateindicatedto the {|A|G source
=IG�e 61��/ allowed cell rate computedby the {|A|G

source� �H�"!"#�� 6���/ numberof VCCs multiplexed on {|A|G at
�F�����

We needto compute� e 61/3/ suchthat:

� � �"!$#�� 63��/ P¡������� �"!$#�� 63��/ %R�   � �$!"#�� 6��3/
Or:

63/3/ m�¢�£f¤�¥�¦@§ ¨ª©�«¬
61/3/ m1W

� e 63/1/ P­�����I�H�"!"#�� 6���/ %R��=IG�e 65��/
This is performedas follows. Assumethat the VPC flow

control mechanismassignsan explicit rate value, � e 61��/ to
the VPC (this mechanismmusthandlethe estimationof VBR
andCBR bandwidthof otherVPCs/VCCs,andthetargetABR
capacity). The VPC sourcesetsthe allowed cell rate of the
VPC, =�G�e 63�3/ to theminimumof � e 61��/ and e�®�� 61��/ �
A|G�e 63�3/ , assumingtheCI andNI bits arezero(or decreases
the rateby eI¯a� 61��/ if CI is set)accordingto the sourceend
systemrulesin [3].

As theVPC sourceratemustbecontrolledto =�G�e 61��/ , per
VP queuesarerequired.Thevalueof =IG�e 65�3/ mustbecom-
municatedto the rateallocationalgorithmfor the VCCsat the
VPCendpoint. Therateallocationalgorithmwill usethisvalue
astheestimatedcapacityandtake a fractionof that (minusthe
CBR/VBR VCCs on the sameVPC) asthe target capacity. In
addition, the algorithmmust perform its accounting,e.g., the
accountingof the input rate,active connectionsandmaximum
allocation,separatelyfor theVCCsof eachVPC.

VI . VPC/VCC ERICA+

We apply thegeneralframework proposedabove to theER-
ICA+ algorithmasdescribedin sectionIII-A. Theonly modifi-
cationsrequiredfor ERICA+ at theVPC sourceendsystemare
asfollows: (1) Theallowedcell rateof eachVPC is controlled
to =IG�e 61��/ ; (2) TheTargetABR Capacityfor theVCCsmul-
tiplexedontheVPCis computedasa fractionof theACRof the
VPC, =�G�e 61��/ (minusthe capacityof any CBR/VBR VCCs
on this VPC). The fraction may dependon the queuingdelay
of theVPC queue����� 63��/ % (or theVCC queuesfor theVCCs

multiplexedon this VPC); and(3) TheABR Input Rate,Num-
ber of Active ABR VCCs,MaxAllocPrevious,andMaxAlloc-
Currentvariablesonly apply for this VPC. Therefore,per-VP
accountingmustbeperformedateachoutputport.

The pseudocodeof the algorithmis given next. A brief de-
scriptionof ERICA+ operationwasgivenin sectionIII-A (Re-
fer to [11] for a morecompletedescriptionof theERICA+ al-
gorithmandits performance.):
Initialization:
MaxAllocPrevious6X��/ � FairShare68��/MaxAllocCurrent6X��/ � FairShare68��/End of averaging interval:

TargetABR Capacity63��/ � ������
�������� 61��/ � Allowed
Cell Rate63��/ `�G�°�e|±,{�°�e 61��/� 61��/ � ABR InputRatëª©�«

TargetABR Capacitÿ²©�«
FairShare6��3/ � TargetABR Capacitÿ²©�«

Numberof ActiveVCs̈ª©�«
MaxAllocPrevious61��/ � MaxAllocCurrent6���/
MaxAllocCurrent6���/ � FairShare63�3/When an FRM is received:

CCR[VC] � CCR in RM Cell
When a BRM is received:

VCShare � /3/3254 63/879 ¨ª©�«
IF �@� 63��/ J LNM�O %

THEN ER � Max (FairShare61��/ Y VCShare)
ELSEER � Max (MaxAllocPrevious63�3/ ,

FairShare61��/ Y VCShare)
MaxAllocCurrent61��/ � Max (MaxAllocCurrent63��/ Y ER)

IF (ER J FairShare61��/ AND CCR[VC] ³ FairShare61��/ %
THEN ER � FairShare63��/

ER in RM Cell � Min (ER in RM Cell,
ER,TargetABR Capacity61��/ %

VII . SIMULATION RESULTS

Figure9 showstheconfigurationusedin ourpreliminarysim-
ulations.Wehavealsousedmultiplebottleneckscenarioswhich
arenotshown here.Theconfigurationconsistsof threeswitches
separatedby 1000km links. The oneway delaybetweenthe
switchesis 5 ms. Five sourcessenddataasshown in the fig-
ure. Thefirst hop from the sourcesto switch1 is a long delay
satellitehop. We simulateda one way delay of 50 ms (LEO
satellitedelay).Thelink capacityof link 2 is 45Mbps,while all
otherlinks are155Mbps links. Our simulationsusepersistent
ABR sources.ABR initial cell ratesareset to 30 Mbps in all
experiments.Link 2 is thebottlenecklink for all connections.

Thesimulationsdemonstratethebasicideaof thealgorithm,
althoughthey do not show theexact implementationdiscussed
above. (The implementationusedis a VS/VD schemesimilar
to theoneexplainedin sectionV-A.)Thusthecontrol loopsfor
VCCsareterminated/startedat theswitches.(This is thereason
for thepresenceof 4 andnot 3 control loops.) All sourcesare
multiplexed on a single VPC which is allocateda fraction of
the link capacity. The resultingVPC ACR becomesthe total
capacityfor all VCCson thisVPC.

Figure10showsthequeuelengthresults.Thequeueaccumu-
lation during the initial openloop period(beforethe feedback
mechanismis in effect) is movedfrom switch2 to switch1 by
the VS/VD mechanism.Thus, therearevery small queuesat
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Fig. 10. SwitchQueueLengthsfor a5-sourceLEO configuration

Fig. 9. Five sourcesatelliteconfiguration

switch2. Pushingthequeuesto theedgeis an importantcom-
ponentof thearchitecturediscussedin sectionII. Moreover, in
caseof satelliteswitchesasin figure9, it is importantto mini-
mizequeuelengthin terrestrialswitches(switch2) which may
not have sufficient buffering for an entire satelliteround trip.
The satelliteswitch (Switch 1) usuallyhaslarger buffers [12].
The5 sourcesshouldeachbeallocatedpg�� h 9 Mbps.TheACR
graphs(not shown heredueto spaceconstraints)illustratethat
theschemeis fair in thesteadystate.

VI I I . SUMMARY AND CONCLUSIONS

This paperhasexaminedthe flow control of the ABR vir-
tualpath/virtualchannelhierarchy. Theflow controlat theVPC
level needsto estimatethe bandwidthavailable for ABR (ac-
countingfor CBR/VBR bandwidth),andassigntheappropriate
weightsfor differentABR VPCs.We have discussedtheissues
involvedin theVPC/VCCcoupling,andhavegivenanexample
framework. The key aspectof this coupling is the useof the
allowedcell ratevaluefor theVPC sourceasthetotal capacity
availablefor theVCCsmultiplexedon this VPC.This capacity
is scaledusingthequeuingdelayof theVPC queue(or theap-
propriateVCC queuesif per-VC queuingis used).In addition,
all accountingperformedat the outputport is performedsep-
aratelyfor eachVPC. OtherVCCs, andVCCs multiplexedon
otherVPCs,shouldnot interferewith theflow controlof VCCs
multiplexedonaVPC.

Thisframeworkcanbeusedfor connectingenterprisesiteson
theInternetasaVPN.A singleABR VPCis usedtoconnecttwo
sites,andappropriateschedulingweightsanddroppoliciesare
employedattheedgedevices,asdiscussedin sectionII. Thisar-
chitecturecanalsobeusedfor supportingdifferentiatedservices
overATM throughahierarchicalscalablemechanism.

REFERENCES

[1] S. Fahmy, R. Jain, S. Rabie, R. Goyal, and B. Vandalore, “Qual-
ity of servicefor internet traffic over ATM servicecategories,” Com-
puterCommunications, vol. 22, no. 14, pp. 1307–1320,September1999,
http://www.cis.ohio-state.edu/µ jain/papers/enterprs.htm.

[2] Mark W. Garrett, “Service architecturefor ATM: from applicationsto
scheduling,” IEEENetwork, vol. 10,no.3, pp.6–14,May/June1996.

[3] TheATM Forum, “The ATM forumtraffic managementspecificationver-
sion4.0,” ftp://ftp.atmforum.com/pub/approved-specs/af-tm-0056.000.ps,
April 1996.

[4] JohnB. Kenney (Editor), “Traffic managementworking groupbaseline
text,” ATM Forum/BTD-TM-02.02,July1999.

[5] Steve Rosenberg, MustaphaAissaoui,Keith Galway, andNatalieGiroux,
“Functionality at the edge: DesigningscalablemultiserviceATM net-
works,” IEEE CommunicationsMagazine, vol. 36,no.5, pp.88–99,May
1998.

[6] B. Vandalore,R. Jain, R. Goyal, and S. Fahmy, “Dynamic queue
control functions for ATM ABR switch schemes: Design and anal-
ysis,” Journal of Computer Networks, 1999, http://www.cis.ohio-
state.edu/µ jain/papers/cnisqctrl.htm.

[7] J. Jaffe, “Bottleneckflow control,” IEEE Transactionson Communica-
tions, vol. COM-29,no.7, pp.954–962,July1981.

[8] BobbyVandalore,SoniaFahmy, RajJain,RohitGoyal, andMukul Goyal,
“Definition of generalweightedfairnessand its supportin explicit rate
switchalgorithms,” in Proceedingsof theIEEEInternationalConference
onNetworkProtocols(ICNP), October1998.

[9] S. Fahmy, R. Jain, R. Goyal, and B. Vandalore, “Fairnessfor ABR
multipoint-to-pointconnections,” in Proceedingsof SPIE’98 Conference
on PerformanceandControl of networksystemsII , November1998,vol.
3530,pp.131–142.

[10] S. Fahmy, R. Jain, R. Goyal, B. Vandalore,S. Kalyanaraman,S. Kota,
and P. Samudra, “Feedbackconsolidationalgorithmsfor ABR point-
to-multipoint connections,” in Proceedingsof the IEEE INFO-
COM ’98, March 1998, vol. 3, pp. 1004–1013, http://www.cis.ohio-
state.edu/µ jain/papers/cnsldt.htm.

[11] S. Kalyanaraman,R. Jain,S. Fahmy, R. Goyal, andB. Vandalore,“The
ERICA Switch Algorithm for ABR Traffic Managementin ATM Net-
works,” IEEE/ACM TransactionsonNetworking, vol. 8, no.1, pp.87–98,
February2000,http://www.cis.ohio-state.edu/µ jain/papers/erica.htm.

[12] R. Goyal, X. Cai, R. Jain, S. Fahmy, and B. Vandalore, “Per-VC rate
allocationtechniquesfor ATM-ABR virtual sourcevirtual destinationnet-
works,” in Proceedingsof theIEEEGLOBECOM, November1998.

[13] J.B. Kenney, “Solutionfor problemof resettingEFCIatABR VP source,”
ATM Forum/97-0184,February1997.


