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Abstract End-to-endfairnessguaranteds an important service semantics
thatnetwork providerswould lik e to offer to their customersA network provider
canoffer suchservicesemanticdy deplg/ing a network whereeachrouterem-
ploys a fair paclet schedulingalgorithm. Unfortunately theseschedulingalgo-
rithmsrequireevery routerto maintainper o w stateandperformperpaclet o w
classi cation;theserequirementéimit thescalabilityof therouters.n this paper
we proposethe Core-stateles$Guaranteedrair (CSGF)network architecture—
the rst work-conservingarchitecturethat, without maintainingper o w state
or performing perpaclet ow classi cationin core routers,providesto ows
fairnessguaranteesimilar to thoseprovided by a network of core-statefufair
routers.

1 Introduction

With the commercializatiorof the Internet,thereis a signi®cantincentie for network
serviceprovidersto offer value-addedervicego customersAn opportunityfor adding
value comeswith the emegenceof wide-areareal-timeand mission-criticalapplica-
tions;theseapplicationdene®tfrom network serviceghatprovideguaranteegnaper
“ow basis,on the end-to-enddelay jitter, loss,andthroughput.Over the pastdecade,
severallink schedulingalgorithmsthatenablenetworksto provide suchguarantees—by
arbitratingaccesdo sharedink bandwidthat routersby pacletsof different” ows—
have beenproposed3, 4,9-11,19,23,24]. In this paper we addresghe problemof
designinga work-conservingcore-statelessetwork architecturghatcanprovide fair-
nessguaranteeto ows. In whatfollows, we ®rst justify the needfor fairnessaswell
ascore-statelesandwork-conservingnetwork architecturesandthensummarizeour
contributions.

Why Fairness? Fairnessof bandwidthallocationis animportantguarantegro-
videdby link schedulingalgorithms.Usingafair schedulingalgorithm,routersprovide
throughputguarantees$o backlogged ows at shorttime-scalegindependenbf their
pastusageof link bandwidth),and allocateidle link capacityto competing ows in

proportionto theirweights(or reseredrates).

The propertyof providing throughputguaranteesat shorttime-scalesndependent
of the pastbandwidthusageby the ow is importantfor two reasonsFirst, in mary
applicationssourcesnaynotbeableto predictpreciselytheir bandwidthrequirements
atshorttime-scalegconsiderfor instancethe problemof transmittingvariablebit-rate
encodedive video stream).To supporttheseapplicationsffectively, anetwork should
allow “ows to utilize occasionallymore than their resened bandwidthif suchover
usagedoesnot comeat the expenseof violating the bandwidthguaranteeprovidedto



other ows. Secondjt is in the bestinterestof a network to allow sourcego transmit
datain bursts;bursty transmissionsllow a network to bene®tfrom statisticalmulti-
plexing of theavailablenetwork bandwidthamongcompetingraf®c. If anetwork were
to penalizea ow for usingidle bandwidth thenthe sourcewould have no incentive to
transmitburstsinto the network; this, in turn, would reducethe statisticalmultiplexing
gainsandtherebyreducethe overall utilization of network resources.

The property of fair schedulingalgorithmsof allocating available bandwidthto
“ows in proportionto their resered ratesis desirablefrom an economicperspectie.
Consider for instance the casewhena network provider chagesits customersdased
ontheirresenedbandwidth.In sucha network, if auser paystwice asmuchasuser

, then  expectsthe network to allocatebandwidthin the ratio 2:1 to users and

; any otherallocationwould be consideredinfair. Fair schedulingalgorithmsallow a
network to ensurethis proportionatellocationpropertyindependenof the amountof
availablebandwidth.

Why Core-stateless?  Thedesignof next-generatiometworksis facedwith the
challengehatlink capacitieandtraf®c demandsreincreasingapidly[8, 12], whereas
processospeedsareincreasingatonly abouthalf therate[1]. Thisimpliesthatthe per
paclet processing@andcomputatiorperformedby next-generatiorroutersmustbe sim-
pli®ed to enablethemto operateat high link speedsLink schedulingalgorithmspro-
posedn thelastdecadeo enablenetworksto provide fairnesgyuaranteet ows[3, 4,
9-11,19], ontheotherhand requireroutersto maintainanduseper ow state andper
form pacletclassi®catiorto identify the ow to whichanincomingpacketbelongsThe
compleity of theseoperationgrows asthe numberof “ows increaseThus,routersin
suchfair networks may not be ableto operateat high link speedsespeciallyroutersin
thecoreof thenetwork thataggreyatealargenumberof “ows originatingfrom different
edgesf thenetwork.

In orderto alleviate this issue,over the pastfew years,several core-statelesaet-
works have beendesignedo provide end-to-endserviceguaranteesvithout maintain-
ing or using ary per ow stateat the core routersof a network [6,7,13,16,18,20,
21,25]; this propertyimprovesthe scalability of the coreroutersto large numberof
“ows andhigh-speedinks. Existing proposaldor providing fairnessin core-stateless
networks, hawever, only provide approximatefairnessin the end-to-endthroughput
achiesed by “ows over large time-scaleg6, 7,18,20]. In particular dueto the statis-
tical natureof theseguaranteessuchschemesannot provide fairnessguaranteeso
short-lived ows or for speci®cdurationsof interestin thelifespanof long-lived ows.

Why Work-conser ving? Throughputand proportionateallocationguarantees
canbeensuredn networksthatarenonwork-conservingin which ows areallocated
no morethantheir resered ratesat ary time. In fact, the only known core-stateless
networks that guaranteeleterministicallythat ows would receie throughputin pro-
portionto theirreseredrates arenonwork-conserving21]. Nonwork-conservingiet-
works shapethe rate of incomingtraf®c to a maximumof the resenedratefor a ow;
sourcesarenotallowedto achiese largertransmissiomates gvenif network bandwidth
isidle. This propertyresultsin high averagedelays[22] andlimits theability of the net-
work to utilize resourceef®ciently. With the predictedgrowth in traf®c demandg12],
this is undesirableTo the bestof our knowledge,the only kind of deterministicguar



anteegrovided by work-conservingcore-statelessetworks proposedn theliterature,
areon delayandthroughpuf13,16,17,25].

Research Contrib utions In this paper we proposethe r st work-conserving
core-statelessetwork that provides deterministicfairnessguaranteesWe argue that
an end-to-endnotion of proportionateallocationin fair networks is meaningfulonly
when de®nedacross ows that sharethe sameend-to-endnetwork path. We shav
that networks that provide throughputguaranteegare a crucial building block for net-
worksthatprovide proportionateallocationguaranteediVe thenusea setof two simple
mechanisms—namelgggreationandfair-ingress—tenablea core-statelessetwork
that provides throughputguaranteegpreviously proposed}o also guarantegropor
tionateallocation.We shaw thatthe resultantnetwork, referredto asa Core-stateless
Guaranteedrair (CSGF)network, providesdeterministidairnesgguaranteesimilar to
thoseprovidedby core-statefuhetworks.

Therestof this paperis organizedasfollows. In Section3, we formulatethe prob-
lem of end-to-endairnesslin Section4, we presenthe key insightsandmechanisms
usedto designCSGFnetworks.We derive propertiesof CSGFnetworksin Sectiond.2.
Deploymentconsiderationarediscussedn Section6. We summarizerelatedwork in
Section7 andour conclusionsn Section8.

2 Notation and Assumptions

Throughouthis paperwe usethefollowing symbolsandnotation.

:the  pacletof ow
:arrivaltimeof  atnode onits path
: departurgimeof  from node
: lengthof paclet
: ratereseredfor ow
: upperboundon propagatiordelayof
thelink connectingnode and
: outgoinglink capacityatnode
: throughpuof 'ow atserer during
, , : constant@ssociatedvith serviceguarantees

denotesthe numberof routersalongthe pathof ow . The sourceof ow is
connectedo router andthe destinationis connectedo router . A sourceis said

to transmitpaclets at leastat its reservedrate , if ——. The

paclet, , transmittedfrom the source,is saidto have a sequenceaumberof . The
throughput , recevedby ‘ow atsener duringatime interval ,
is de®nedasthe numberof bits of ow thatdepartsener duringthetime interval

.Also,a ow issaidto becontinuouslhbadloggedatsener inatimeinterval

if, atall instanceswithin this interval, thereis at leastone paclet belongingto
“ow inthesenerqueueThroughouburanalysiswe usethetermsserverandrouter
interchangeablyfurther, we assumethat the sum of ratesresened for “ows at ary
senerdoesnot exceedthe sener capacity(i.e., thelink bandwidth).



3 Problem Formulation

Background Networkscanprovidefairnesguaranteeby employing fair schedul-
ing algorithmsat all routers[3,4,9-11,19]. The fairnessguaranteerovided by fair
schedulingalgorithmsat a singlenodecanbeformalized asfollows:

De nition 1. Thesdedulingalgorithm at node is said to provide a fairnessguar-

anteeif in anytimeinterval duringwhichtwo ows and are continuously
badklogged,thenumberof bitsof ows and transmittecbytheserver
and respectivelysatisfy:

1)

whee and aretheratesreservedor ows and respectivelyand

is an unfairnessmeasue—aconstantthat dependson the schedulingalgorithm and
trafc characteristicsat server . Further, if the sumof reservedratesof all ows at
node doesnot exceedthe outgoinglink capacity thenin any time interval ,
during which the souceof a ow transmitspadcetsat leastat its reservedate
theserverguaranteesa minimumthroughputto ow

(2)

whee is an error term— a constanthat alsodepend®ontraf c andserverchar-
acteristics.

Fair schedulingalgorithmsare capableof providing a proportionateallocationguar
anteeslightly strongerthangivenin (1): if ‘ow is continuouslybackloggeduring

, thenthe throughputof ary other ow , whetherbackloggedor not, is given
by [15]:

3)

where is a constantthat also dependsn the sener andtraf®c characteristics.
Differentfair schedulingalgorithmsdiffer in the valuesof , ,and [3,
4,10,11,19]. Thesmalleris thevalueof theseconstantsthe betteris the corresponding
throughpubr proportionatallocationguaranteeTablel lists known valuesfor several
algorithms.
Theliteraturecontainsanalyseshatextendthesesingle-sererguaranteesnthrough-
put and proportionateallocationto end-to-endguarantee@rovided by a network of
fair schedulingseners[2, 14,15]. Speci®cally a network of fair seners(1) guarantees
a minimum end-to-endthroughputto “ows with an associatecrror term, , and
(2) guaranteeproportionateallocation of end-to-endthroughputto “ows that share
the samepath,with anunfairnessmeasure, , Wheretheseconstantaregiven

! Fairnessof a link schedulingalgorithm canbe de ned equialently in termsof a boundon
its deviation from an idealized uid model of fairness[3]. In termsof describingnetwork
propertiegpercevableby end-usershowever, De nition 1 is moreuseful.



Table 1. Unfairnessmeasureor somefair algorithms

GPS |0 0 0
SCFQ— —— SR — -
SFQ |— — - - —
WF Q - - - |— S pu—
by[2,14,15]:
— (4)
5)

Unfortunately to provide fairnessguaranteesfair schedulingalgorithmsrequire
routersto maintainper ow state.lt is especiallychallengingto designnetworks that
provide fairnesswithout maintainingper ow statein coreroutersbecauseinlike delay
guaranteegthat can be characterizedentirely in termsof the intrinsic propertiesof
a ow suchasits resened rate), a fairnessguaranteas inherentlya function of the
state(throughput)of all other ows sharinga resourcgDe®nition 1). Prior attemptsat
designingcore-stateles&ir networkshave realizedthis constrainthence prior designs
of core-statelesfair networks provide only statistical (or approximate¥airnessover
large time-scalesand for long-lived “ows [6,7,18,20]. In this paper we attemptto
designa core-stateleseetwork architectureghat canprovide deterministicend-to-end
fairnesgguaranteeto ows.

Our Approach To derive a work-conservinggcore-statelessetwork architecture
that canprovide deterministicfairnessguaranteesye obsene thata core-statefuhet-
work of fair routersprovideto “ows two typesof guaranteeq1) throughpuguarantee,
and(2) aperlink proportionatebandwidthallocationguarantee.

Recently we have proposedCSGF—a Core-stateles&uaranteed hroughputnet-
work architecture—thatan provide end-to-endhroughputguaranteeso ows [16].
CSGTcanprovide, at all time-scalesa throughputguaranteghatis within a constant
of whatis providedby a core-statefuhetwork of fair schedulingouters.Thus,CSGT
providespartof thefunctionality offeredby a core-statefuhetwork of fair routers.Un-
fortunately sincecoreroutersin CSGT networks do not maintainary per ow state,
they cannotensureperlink proportionatellocationof bandwidthto “ows.

In whatfollows, we arguethatthe perlink proportionatébandwidthallocationof-
feredby fair schedulingalgorithmstranslateso meaningfulend-to-endyuaranteesnly
when ows sharethe entire end-to-endpaths.To supportthis argument,obsene that
theend-to-endandwidthallocatedto a ow dependon the ow's shareof the bottle-



neck link bandwidth.Flows that sharethe entire end-to-enchetwork pathalsoshare
the bottleneckink; hence the allocationof bandwidthon the bottleneckink governs
the relative end-to-endbandwidthallocationto these ows. On the otherhand, ows
thatdo not sharethe entireend-to-enchetwork pathsmay not sharethe bottlenecKink.
Further sincethe bottlenecKink for each ow may changecontinuouslywith “uctua-
tionsin traf®c conditions,evenwhenthe bottlenecKink is sharedbetweersuch ows,
the sharingis likely to be transient(or short-lived)3 Hence,in networks whereeach
routeremploys a fair schedulingalgorithmto allocatesparebandwidthproportionally
amongcompeting ows on a perlink basisit is dif®cult to relate,in a consistentman-
ner, the end-to-encbandwidthallocatedto two “ows that do not sharethe complete
end-to-endpath.Consequentlycore-statefuhetworks cannot provide any strongcon-
sistentguaranteeswith respecto the relative bandwidthallocatedto “ows thatdo not
sharecompletepath.

From the above argumentswe concludethat, from the perspectie of a network
provider, an architectureghat only supportsend-to-endproportionatebandwidthallo-
cation (a wealer guarantee)s likely to be indistinguishabldrom a core-statefuFair
network architecturehat supportgproportionateallocationon a perlink basis.Hence,
in this paper we explore the designof networks that canprovide end-to-endhrough-
put guaranteesind proportionateallocationguaranteeso ~ows that sharethe same
end-to-endpath.Our designproceedsn two steps First, we shav thata network that
providesthroughputguaranteess a crucial building block for designingonethat pro-
videsfairnesgyuaranteessecondye exploremechanismghat,whenintegratedwith a
work-conservingore-statelessetwork thatprovidesthroughpuguaranteedeadto the
designof the Core-stateles$GuaranteedFair (CSGF)network architecture—ther st
work-conservingcore-statelesarchitecturethat provides deterministicfairnessguar
antees.

4 The Design of Core-stateless Guaranteed Fair Net-
works

4.1 Providing Fairness Guarantees: Key Insights

Our objective is to designa work-conservingcore-statelessietwork architecturethat
canprovide fairnessguarantee$o “ows. Speci®cally we wantto provide two typesof
guaranteegl) anend-to-endhroughpuguarante¢o each ow, and(2) aproportionate
bandwidthallocationguarantedo ~ows that sharethe sameend-to-endpath.In what
follows, we show thatby decouplingthe objectivesof providing thesetwo guarantees,
andby usingthefollowing two obsenations we candesigncore-statelessetworksthat
provide bothkindsof guarantees.

2 |n this paper the bottleneckink for a o w refersto thelink with the leastshareof available
bandwidthfor the o w, ratherthanthelink with theleastlink capacity Dependingonthecross
traf ¢ load,thelink with theleastshareof availablebandwidthfor a o w maybedifferentfrom
thelink with theleastlink capacity

3 Forsomeo ws, suchasthosethatoriginatefrom acommonsourcebehinda slov modemline,
theaccesdink may bethe non-transienbottleneckiink dueto its limited capacity However,
suchlinks lie outsidethescopeof thenetwork provider architecturesve consideiin this paper
The edgeandcoreroutersthatwe considerbelongto the provider's network, which doesnot
includeslow accesdinks.



Observation 1 Asthefollowingtheoremnindicatesproviding athroughpuguaran-

teeis necessarjor providing a proportionatellocationguarantee. )
Theorem 1. Awork-conservingerverthatprovidesproportionateallocationguar

anteedo a continuously-baklogged ow  of theform:*

(6)
whee is anyother ow, also providesto ow  a throughputguaranteeof the
form:
whele — ——— and isthetotal capacityof theserver

Proof: SeeAppendixA.

The corverseof the above theoremindicatesthat a serverthat doesnot provide

throughputguaranteescan not provide proportionate allocation guarantees.A

core-statelesaetwork that providesthroughputguaranteess, therefore,a crucial

building block for the designof onethatprovidesproportionateallocation.
Observation 2 A network thatis capableof providing throughputguaranteessan

additionally provide end-to-endproportionatebandwidthallocationto “ows that

sharethe samepath,by employing a setof threemechanisms: _
1. Treatthe aggreyatetraf®c betweena pair of edgenodesasa single ow and

rovide throughputguaranteeto it, )
2. Employ a fair schedulingalgorithmat the ingressedge node thatallocatesa

proportionateshareof the aggrgatethroughput(at the ingress)to individual

“ows within theaggreyate,and ) ) .
3. Ensurethat the network preseresthe orderin which pacletsare transmitted

within theaggreyateattheingressnode.
The third mechanismimpliesthatthe sequencén which pacletsdepartat the last

nodein ary time interval —andhencetherelativenumberof pacletsof two
“ows that departin this time interval—canbe equatedo the sequencef paclet
departurest the ingressnodein someothertime intenal . The end-to-end
proportionateallocationguaranteegrovided by the network is, therefore,exactly
thesameastheoneprovidedby theingresssener. The secondnechanisnensures
thattheingresssener doesprovide sucha guaranteeThe ®rst mechanisnensures
thattheaggreyatetraf®c on theend-to-endgathis guaranteed minimumthrough-
put; sincethe individual ows are allocateda proportionateshareof this aggre-
gatethroughputit followsthatindividual ows areprovidedminimumthroughput
guaranteeaswell. A network thatemploystheabovethreemechanismgherefore,
providesthroughputas well as proportionateallocationguaranteeso individual
ows.

Note that any core-statelessietwork that employs the three mechanismsiescribed
above canprovide fairnesgguaranteesBelow, we presenione speci®cinstantiationof
sucha network, calledthe Core-stateles&uaranteedrair (CSGF)network.

4 Notethatthis notion of proportionateallocationis slightly differentfrom thatin De nition 1,
which requiresboth o wsto be backloggedIt canbe shavn thatfair schedulingalgorithms
provide this strongemotion of proportionateallocationaswell [15].



4.2 Realization: A CSGF Network

As discussedbove, a core-statelesaetwork that providesthroughputguaranteess a
crucial building block for the designof onethat providesfairnessguaranteedn [16],
we have proposedhe Core-stateles&uaranteed hroughput(CSGT) network archi-
tecture awork-conservingore-statelesarchitectureahatenablesa network to provide
throughpuiguaranteesie brie y describethis architecturebelow.

A CSGT Network

A numberof work-conservingcore-statelesaetworks that provide delay guarantees
have beenproposedn theliterature[13,17,25]. Thesenetworks, however, do not pro-
vide throughputguaranteeso “ows at shorttime-scalesThis is a consequencef a
centralpropertyof thesenetworksto let packetdeadlinegrow aheadf currenttime for
“owsthatuseidle bandwidthto transmitpacletsat morethantheirresenedrates.Such
“ows may be penalizedduring a subsequentime intenval by beingdeniedthroughput
ateventheirresenedrate.To avoid this,a CSGTnetwork re-usesleadlinesf paclets
that departthe network much earlierthantheir deadlinesfor new paclketswithin the
same ow. Formally, a CSGTnetwork is de®nedasfollows [16].

The De nition of a CSGT Network A CSGTnetwork consistof two typesof
routers:edgeroutersandcorerouters (seeFigurel). Theingressedgerouter in addition
to maintainingper ow state,maintainsa sorted-list of re-usabledeadlinevectors.
Onreceving apacket of ‘ow , theingressrouterassigngo it a deadlinevector®
where is thenumberof senersalongthe pathof ow
,and is the deadlineof packet  atsener . Theassignmenbf thedeadline
vectorto paclet  proceedsasfollows: If , anincoming paclet is assigned

the smallestdeadlinevectorfrom . Otherwise,a new deadlinevectoris createdas
follows:

— (7)
— (8)

where ——, isthepropagatiorlateny on thelink connectinghode and

,and is themaximumdeadlineatsener assignedo ary pacletby time .

All senersin the CSGTnetwork transmitpacketsin theincreasingorderof their dead-
linesatthatsener. The egresssener noti®estheingresssener, usingacknaledgment
paclets,whenever paclketsdepartmuchearlierthantheir deadlines.

Whendeadlinesget re-usedas describedabove, pacletsof a ow may depart
the egressrouterout-of-order This is becausgacletstransmittedater by the source
may be assignedsmallerdeadlineghan pacletstransmittedearlie; andmay overtale
thelatterinsidethe network. To provide in-orderdelivery semanticgo applicationsa

5 In practice,the ingressrouter computesonly —the othervaluesare computedat the
respectie routersby addingappropriateconstantgo
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Fig. 1. TheCSGTNetwork Architecture

CSGT network employs an entity, referredto asthe sequencerto buffer pacletsof a
“ow that arrive out-of-sequencat the egressrouter, and restorepaclet order before
deliveringthemto the destinationIn orderto boundthe buffer spaceoccupanyg atthe
sequencerthe maximumnumberof deadlinessimultaneoushjin useby pacletsof a
given ow is maintainedwithin anupperbound,

The following theoremfrom [16] derivesthe throughputguarantegrovided by a
CSGTnetwork.

Theorem 2. If thesoulceof ow transmitspadetsat leastat its reservedate and
is an upperboundon the latencyafter which an acknowledgmenpadket trans-

mittedby the egressnodereahestheingressnode thena CSGTnetworkguaranteesa

minimumthroughputin anytimeinterval , , givenby:

where is a constantthat depend®n the serverandtraf ¢ characteristicsat node

Recallthatfair networks provide two kinds of guaranteesa minimumthroughput
guaranteat the reseredrateanda proportionateallocationguaranteeTheoreml in-
dicatesthat networks that guarantegoroportionateallocation,also provide throughput
guaranteesA network thatprovidesthroughputguaranteedyowever, neednot guaran-
teeproportionatehroughputallocationto different ows. For instance a network may
provide throughputexactly atthereseredrateto one ow, but mayallow another ow
to usesigni®cantlymorethanits reseredrate.In fact, it canbe shovn, throughex-
amplesthata CSGT network doesnot guarantegroportionatehroughputallocation.
AppendixB present®nesuchexample.

A CSGF Network

We usethe setof threemechanismslescribedn Section4.1 (Obsenation2), in con-
junction with a CSGT architecturethat provides throughputguaranteesto designa



core-statelessetwork architecturethat provides fairnessguaranteesObsene that a
CSGT network alreadyhasthe third mechanismnpamelyin-orderdelivery of paclets,
in place— therole of asequenceis preciselyto restorethecorrectpacket orderbefore
pacletsdeparthenetwork. We instantiatehe®rsttwo mechanism# aCSGTnetwork
to derive a new architecture—referretb asa Core-stateles&uaranteedrair (CSGF)
network—whichis de®nedbelow. Figure2 depictsthe schedulingramework deployed
attheingressrouterof a CSGFnetwork.
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Fig. 2. Schedulingn a CSGFIngressRouter

De nition of a CSGF network: Theingressouterfor , asetof owssharing
thesameend-to-endgrathin a CSGFnetwork, hastwo logical components:

— Deadline Assignment: A pacletthatbelongsto an“aggregate” ow is assigned
atag-vectorexactly asin a CSGT network; new tag-vectorsarecomputedusinga
resenedrateof .

— Packet Selection: The next paclket to be assigneda deadlinewithin an aggreyate
“ow , is selectedaccordingto a fair scheduleof transmissioracrossindividual
“owsin . Sincethe bandwidthavailableto the aggregate can uctuateover
time dueto variationsin cross-tra®c, it is desirabldo usea schedulethatachieves
fair allocationeven with “uctuatingcapacity We usethe Start-timeFair Queuing

(SFQ)[11] schedulerwhich hasthis property to determinethe next “ow to select
apacketfrom.®

8 Notethatanyfair schedulincalgorithmthatguaranteeproportionatellocationdespite uctu-
ating capacitycanbeusedattheingress SFQhasoneof thebestknown unfairnesameasures,
, amongsuchalgorithms(seeTablel).



The coreroutersandthe egressrouterin a CSGFnetwork functionin the samemanner
asin a CSGTnetwork. At the egressa sequencere-ordergpacletswithin the “aggre-
gate”beforethey aresplitinto micro- ows.

Proper ties of a CSGF network

We now formally derive the proportionateallocationand throughputguaranteegro-
vided to individual "ows by a CSGFnetwork. We assumethat all “ows betweenthe
samepair of edgerouterstransmitpacletsof the samesize .’

Propor tionate Allocation Guarantees Ourobjectiveisto compute:
, the differencein the normalizednumberof bits of two
backloggedows and ,thatdepartthesequenceduringatime interval

Let betheaggreyate ow containingpacketsof micro-ovs and .Let and
, respectiely, be the ®rst andlastbits belongingto the aggreyate , thatdepartthe
sequenceduring . Then,sincepacletsbelongingto  departthe sequencein
the sameorderastheir transmissiorfrom the SFQsener at the ingressnode,all (and
only) bits thataretransmittedoetween and attheingressSFQsener, departthe
sequenceduring .Ifand aretransmittedrom theingressSFQsener at
and , respectiely, thenthethroughputof ow and ow atthesequenceduring
is exactly the sameastheir throughputat theingresssener during . That

is, , and . The unfairnessmeasure

guaranteedo “ows for the end-to-endhroughputduring in a CSGFnetwork
is, therefore equalto that of the SFQsener at the ingressnodeduring . Fora
backloggedow , it followsthat:

(9)

Throughput Guarantees Theoren?, whichstateshethroughpuguaranteesf
a CSGTnetwork, indicateghatthe aggregatetraf®c betweerthe pair of edgeroutersin
aCSGFnetwork is guaranteed minimumthroughputharacterizethy
the cumulative resered rate. Sinceeach ow getsa fair shareof this throughput, |t
follows (usingthe samereasoningasusedto prove Theoreml), that eachmicro- ow
is provided a throughputguaranteeas well. We formally derive this guarantedor a
backloggedow below.

Thethroughpuiguarante®f a CSGTnetwork derivedin Theorem2, whenapplied
to a CSGFnetwork, impliesthat

— (10)

Tf is the maximumallowed paclet size, it is reasonabléo expecta sourcethatis back-
loggedwith datato transmit,to usepacletsof size



Let —— . From(10) and(9), it follows that:

Thisimpliesthata CSGFnetwork providesa per ow throughputguarantegivenby:

— (11

5 Evaluation of a CSGF network

TheCSGFis the r stwork-conservingore-statelessetwork architecturehatprovides
deterministicend-to-endhroughputand proportionateallocationguaranteesiwe next
addresghe question:how do the end-to-endfairnessguaranteesof a CSGFnetwork
compae to thoseprovidedby core-statefulfair networks\Ve answerthesequestions
belon by comparingthe error terms( ) and unfairnessmeasureg ), as-
sociatedwith the end-to-endthroughputand proportionateallocation guaranteese-
spectively (Section3), of CSGFandcore-statefuhetworks. For our computationsye
considerexamplenetwork topologiesin which link capacitiesare andthe
propagatioriatengy on eachlink is

5.1 Proportionate Allocation Guarantees

Obsenrethatthe proportionatallocationguaranteén a CSGFnetwork (Inequality(9))
is evenbetterthanthatprovidedby acore-statefuhetwork of SFQseners(seg(5)). The
reasorfor this is thatwhile pacletsof different ows departthe sequencein a CSGF
network exactly in the sameorder as transmittedby the fair ingresssener, paclets
from different ows that sharethe sameend-to-endpathin a core-statefulnetwork

may not departthe network in the sameorder The end-to-endfairnessguaranteeof
a core-statefuhetwork, therefore,can not be equatedo that of its ingresssener. We
computethe unfairnessmeasureprovided by CSGFand a core-statefuhetworks of



Unfairness Measure (sec)

SFQseners for the exampletopology describedabove ( andsingle-
link propagatiorateny = ).

Obsene that the differencein the unfairnessmeasuregrovided by CSGFanda
core-statefuhetwork of SFQsenersis directly proportionato , thepathlength,and
inverselyproportionato , theresenedratesof theconcernedows. Figure3(a)plots
the unfairnessmeasureprovided by both network architecturesasa function of the
reseredratesof individual ows (assuming ) andthepathlength(variedfrom

to ). We obsene that, for large-scalenetwork topologies the unfairnessmeasure
in a core-statefularchitecturecan be an order of magnitudehigherthanin a CSGF
architecture.
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Fig. 3. ProportionateAllocation of Throughpuin a CSGFNetwork

Figure3(a)indicateshatthethroughputrecevedin a CSGFnetwork by two “ows
and , duringary giventime interval, may differ by an amountworth playing out
for afew milli-secondsTo putthis obsenationin perspectie,we plot thereseredrate
multiplied by the unfairnessmeasurein Figure 3(b). We obsenre that, during a given
time intenval, a CSGFnetwork may deliver only a few kilo-bytesof moredatafor one
“ow, in comparisorto other ows. In large-scalecore-statefuhetworks, on the other
hand,thedifferencein throughputcouldbe of the orderof tensof kilo-bytes.

5.2 Throughput Guarantees

Wenext computeandcompare  —theminimumtimescaleatwhichnon-zerahrough-
putis guaranteedo anapplication—ina CSGF, CSGT, andcore-statefuhetwork of
WF Q+ [4] seners? The smalleris the value of for a network, the betteris its

8 SFQprovidesoneof the smallestunfairnessmeasuresmongknown statefulfair scheduling
algorithms.

® A WF Q+ network guaranteeshe smallest amongknown statefulfair schedulingal-
gorithms.For networks with uniform paclet sizes the single-nodehroughputguarante®f a
WF Q+seneris characterizethy — [4].



Non-zero Throughput Timescale (ms)

throughputguaranted16]. The differencein for the threenetwork architectures
is governedmainly by the quantities(see(4), (11), and Theorem2): , theresened
rateof a ow, |, the aggr@ateresened rate betweena pair of edgerouters, , the

numberof hopsin the path, , the maximumlateng experiencedby feedback
messagesnd , themaximumratea ow in aCSGTor CSGFnetwork is allowed
to achieve 1° We usethe topology describednitially ( andsingle-link
propagatioriateng = ), to compute for differentsettingsof thesequantities.
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Fig. 4. ThroughpuiGuaranteén a CSGFNetwork

Figure4(a)plotsfor thethreenetwork architecturesthevalueof asafunction
of , theresened ratefor a ow, for differentvaluesof , whenthe "ow
traversesa -hop path. We assume is equalto the sumof link propagation

latencieson thereversenetwork path.We obsene thefollowing:

1. For owswith smallresenedratesthe per ow throughpuguaranteg@rovidedby
a CSGFnetwork may be betterthanthat of a CSGT network. The reasorfor this
canbeunderstoody observingthat fora ow isinverselyrelatedto |, its
resenedrate (see(11) and Theorem?2). Thethroughputguarantegrovidedto the
“aggregate™ ow (largerreseredrate)in a CSGFnetwork is, therefore petterthan
that provided to a micro- ow (smallerresered rate)in a CSGT network. When
combinedwith the factthat the unfairnessmeasureof a CSGFnetwork is small,
this implies that the throughputguaranteegprovided to a micro- ow in a CSGF
network may be betterthanin a CSGT network. The differencebetweerthe two
networksis lessfor “ows with large bit-rates.

2. Thethroughputguaranteef a CSGFnetwork may be betterthanthat of a core-
statefulnetwork for “ows with smallresenedrates.Thisis becausealthough
is inverselyrelatedto  for both CSGFand core-statefunetworks, the inverse
relationis much strongerfor “ows that traversemulti-hop pathsin core-stateful

10 governsthevalueof , the maximumnumberof deadlinesusedsimultaneouslyin

CSGTandCSGFnetworks[16].



networks (see(4) and(11)). For owswith largeresenedrates however, the addi-
tionaltermsin (11),ascomparedo (4), dominatethe valueof

Figure4(b) plotsfor thethreenetwork architectureshevalueof fora “ow
asafunctionof , for rangingfrom a multiple of to timesthe sumof link
propagatiorlatenciesFlows in the CSGTand CSGFnetworks areallowedto achiese
a maximumrateof upto timestheir resered rates( = ). We obsene the
following:

1. increasedinearly with the numberof hopstraversedby a ow in all three

network architecturesin CSGT and CSGF networks, also increaseswith
; thesenetworks, therefore bene®tfrom the provisioning of low-delayfeed-
backchanneldbetweeredgerouters.

2. Thethroughpuguarantegrovidedby a CSGFnetwork is comparablédo thatpro-
vided by core-statefuhetworks (evenwhen is two timesthe sumof prop-
agationlatencies).Perhapsmore importantly we ®nd that a CSGF network can
guaranteaon-zerathroughputo “ows, including ows with smallresenedrates,
at shorttime-scale®f hundredof milliseconds.

Our obsenationsillustrate that a CSGF network is capableof providing throughput
guaranteeso individual ows at smalltime-scalesLarge-scaleCSGFnetworks provi-
sionedwith low-delayfeedbackchannelsnay provide even betterthroughputguaran-
teesto owswith smallresenedratesthancore-statefuhetworks.

5.3 Discussion

Ourobsenationsin thissectiorrevealthattheend-to-engroportionatellocationguar
anteeof a CSGFnetwork is betterthanthat provided by core-statefufair networks.
Notethatbecaus@ CSGFnetwork doesnot maintainper ow statein coreroutersiit,
unlike core-statefuhetworks,doesnotguarante¢hestrongemotionof single-link(bot-
tleneck)proportionateallocation.It may seemtemptingto concludethat this stronger
guaranteés usefulto relatethethroughpubof “owsthatsharetheir pathsonly partially.
However, asarguedin Section3, two such ows may not sharetheir bottleneckinks,
which governthe allocationof end-to-endhroughputFurther evenif the ows share
their bottleneclinks, the sharingmay be short-lived.Hence,it is dif®cult to relate,in
a consistenmanneythe end-to-endbandwidthattainedby the two “ows whosepaths
overlaponly partially. Hence we believe thatour wealer notion of end-to-endoropor
tionateallocationacross ows thatsharethe sameend-to-endoath,is adequatdor the
purpose®f de®ningmeaningfulend-to-endservicesemantics.

We also®nd thatit is possibleto designCSGFnetworks that provide throughput
guaranteesimilar to core-statefuhetworks by provisioninglow-delayfeedbackchan-
nelsbetweeredgerouters However, theability to provide comparablguaranteesyith-
outmaintainingper ow statein corerouters,doesnot comefor free.We discusssome
of theseissuedn the next section.

6 Deployment Considerations

Use of a Sequencer A CSGFnetwork usesa sequenceto provide in-order
delivery of pacletsto applications.It hasbeenshawvn in [16] that sequencebuffer
requirementsiremodestevenin large-scalenetworks.



It mayseenthatdueto re-sequencingelays gnd-to-endielayguaranteeprovided
to owsin aCSGTor a CSGFnetwork arewealer thanthoseprovidedin core-stateful
fair networks. Thisis, however, notthe caseasis evidentfrom thefollowing two facts.
First, despitedeadlinere-use the transmissiordeadlinesassignedo a givenpaclet at
routersin a CSGTor a CSGFnetwork arenever largerthanthe deadlinesassignedo
it without deadlinere-use[13], or in a correspondingore-statefuhetwork (we omit a
detailedproofof thisassertion)Seconda CSGTnetwork providesdeadlineguarantees
(seeLemma of [16]). Togetherthesetwo factsimply thatthe delayguaranteegro-
videdin CSGTor CSGFnetworksareno worsethanthoseprovidedby a core-stateful
network of fair seners.

Feedback Channels TheCSGFproportionateallocationguaranteeloesnot de-
pendon the delayor lossesexperiencedy feedbackmessageen the reversenetwork

path—itmerelydepend®nthe proportionatallocationguarante®f theingresssener.

The throughputguaranteepn the other hand,dependson the maximumdelay expe-
riencedin the feedbackchannels—théarger arethe delaysandlosseson the reverse
path,the wealer is the throughputguaranteeNote that delaysor lossesthoughonly

thosethatoccurontheforwardpath,canwealenthethroughpuguaranteef evencore-
statefulnetworks.Neverthelessadequatelprovisionedfeedbackchanneldbetweerthe
edgeroutersareanessentiatomponenbf a CSGFor a CSGTarchitecture.

Overhead Due to Feedback Messages Thetransmissiorof feedbackmes-
sagedrom the egressroutersto theingressroutersin a CSGTor CSGFnetwork raises
someconcernaboutthe overheadntroducedby this traf®c. This overheadcanbe re-
ducedfor “ows with bi-directionaldatatransmissionthe acknavledgmentsrom the
egressrouter canbe piggy-baded on to datapacletson the reversepath.In general,
this overheads a price paidfor eliminatingper ow stateandcomputatiorin the core
of thenetwork. It is, however, worthwhile to notethatfeedbackmessagearetransmit-
tedonthereversepathonly whenpacletsdepartmud earlierthantheir deadlinesThis,
in turn, happensnly whensuf®cientidle bandwidthis available on the forward path.
The feedbackmessagesnablethe ef®cient andfair useof suchidle bandwidthon the
forwardpath.

Comple xity of Edge Routers Edgeroutersin aCSGFnetwork aremorecom-
plex thanin core-statefuhetworks—theadditionalcompleity is in termsof bothextra
peraggreyate state(set of reusabledeadlines)as well asthe useof two schedulers
insteadof one.Note, however, thatthe schedulecompleity is associatednainly with
maintainingpriority queueslin aCSGFnetwork, priority queueoperationsncuracom-

plexity of , where isthe numberof aggreyatesand is the
averagenumberof “owswithin anaggrejate In acorrespondingore-statefuhetwork,
thepriority queuecompleity is , Whichis thesameasabove. There-

fore, processingompleity of ingressroutersin CSGFnetworksis similar to thosein
core-statefuhetworks.Sinceedgeroutersarelik ely to procesdower volumesof traf®c,
the extra statemaintenancenay not affectthe performancef the network.

The egressedgerouterdoesnot maintainary extra per ow or peraggrejatestate
information;thesequencedoesbuffer pacletsthatarrive outof sequencandmaintains
themin a sortedorder of their sequence&umber However, as mentionedbefore,the



sequencebuffer spacerequirements modestevenin large-scalenetworks. This also
implies that the size of the priority queueis boundedand small; the priority queue
maintenancetherefore doesnotintroducesigni®cantcosts.

Admission Control In this paperwe have addressetheissueof providing fair-
nesguaranteewithoutmaintainingper ow statein thedatapathof coreroutersNote,
however, thatwe still needto ensurehatthe sumof resenedratesof “ows atany router
doesnot exceedits outgoinglink capacity Oneway to ensurethis is to maintainand
useper ow stateonly in the control planeof corerouters;sincethe control planeis
accessedtamuchlowerfrequeng thanthedataplane this maynotaffectthe scalabil-
ity andperformancef the corerouters.Recently admissioncontrol frameworkshave
beenproposedthat,insteadof maintainingstateat all routers,eitheruseoneor more
bandwidthbrokers or the edgeroutersto performadmissiorcontrol[5, 26].

7 Related Work

TheCore-JitteVirtual Clock (CIJVC)[21] network providesthe sameend-to-endielay
guaranteessa correspondingore-statefulitter Virtual Clock network. A CJVC net-
work, hawever, is non work-conservingwhich limits network utilization andresults
in higher averagedelays,as discussedbefore. A numberof work-conservingcore-
statelessetworks that provide end-to-enddelay guaranteesimilar to core-stateful
networks have beenproposedrecently[13,17,25]. However, thesenetworks do not
provide throughputguaranteesit shorttime-scaleqthey may penalize ows that use
idle capacityto transmitat morethantheir resenedrates).The ®rst core-statelesset-
work that providesthroughputguaranteest shorttime-scaleshasbeenproposedre-
cently[16]. This architecturehowever, doesnot guarantegroportionateallocationof
throughpuiacross ows sharingthe sameend-to-endpath.Core-statelesschemepro-
posedto provide fairnessprovide only approximateairnessn thelong-termthrough-
putachievedby “ows. In particulay theseschemeslo not provide guaranteefor short-
lived ows or for speci®cdurationsof interestin the lifespanof long-lived ows[6, 7,
20].

8 Summary

In thispaperwe presentheCore-statelesSuaranteeéair (CSGF)network architecture—
the r stwork-conservingore-statelesarchitectureghat providesdeterministioend-to-
endfairnessguaranteest shorttime-scalesWe decouplethe throughputand propor
tionateallocationguaranteeprovidedby afair network anduseanumberof insightsto
developa core-statelessetwork that providesboth guaranteedrirst, we arguethatan
end-to-enchotion of proportionateallocationis meaningfulonly whende®nedacross
“ows thatsharethe sameend-to-endpath.Secondwe shawv thatfor a network to guar
anteeproportionateallocation,it mustalso provide throughputguaranteesThird, we
shaow thata setof threemechanisms—ir accessat theingressaggreyationof micro-
“ows in the core,andre-sequencingt the egress—wherusedin conjunctionwith a
network that providesthroughputguaranteedeadsto a network that guaranteegro-
portionateallocationaswell. We usetheseinsights,andthe previously proposedCSGT
network architectureto designa CSGFnetwork that provides deterministicfairness
guaranteest shorttime-scalesThe end-to-endproportionateallocationguaranteeof



a CSGFnetwork is betterthan that or a core-statefulfair network. The end-to-end
throughputguaranteesf CSGFnetworks provisionedwith low-delayfeedbackchan-
nelsarecomparableo core-statefuhetworks, andmay even be betterfor ows with
smallbit-raterequirements.
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A Proof of Theorem 1
A work-conservingsenerthathasat leastonecontinuouslybackloggedow in

would satisfy: , Wherethe termappears
dueto pacletizationeffects.
Considera particularinterval . Let —— . From(6), for ary other

“ow (whethercontinuouslybackloggedr not), we have:
. Sincewe assumehatthesumof resenedratesatary senerdoesnotexceed
its capacity(Section2), we have:

This implies: — ———— Therefore,

, where —_—

B CSGT Networks Do not Guarantee Propor tionate Al-
location: An Example

At time ,let ow becreatedandattime ,let ow becreatedLet

both owstraversethe 3-hopnetwork depictedn Figure5. Let theresenedrateof each
of the ows at all nodesbe pacletevery secondsLet the CSGTparameter

for ows and be —thisimpliesthatby ary time , no paclet (from either ow

or ow ) with adeadlinegreaterthan hasbeentransmittedfrom the ®rst
(ingress)ode.
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After t=8: 1 pkt/ 5 sec

Fig. 5. Topologyfor the Example

Let thetransmissiorcapacityon all outgoinglinks, exceptthelink from node to
node , be packetevery secondandlet therebe no other ows sharingtheselinks.
Let thecapacityavailableto ows and onthelink fromnode tonode (whichis
sharedwith other ows)be pacletsevery seconddbefore ,and pacletevery

secondsfter . Letthelink propagatioratenciede .

Since for both “ows, at , the ®rst nodetransmitsthe following se-

quenceof pacletsstartingat ;at ,the®rst ow pacletwith a deadlineof
; at ,the®rst ow packetwith deadlineof ; at , the second ow
pacletwith deadlineof ; andat ,thesecondow pacletwith deadlineof

Theacknavledgmenfor thesecondow paclet(deadline= ) arrivesatthe®rst
node at , at which time, the ®rst nodere-usesit for the third ow paclet,
which getstransmittedby . Further since , thefourth ow pacletgets
transmittedmmediatelyafterthat,with a deadlineof

Theacknavledgmenfor thesecondow  pacletdoesnotarrivein time for dead-
line to getre-usedThethird blue pacletis thereforeassignedh deadlineof ,
andgetstransmittedafterthe fourth ow paclet, by . By , therefore,
“ow hastransmitted paclets,whereasow hastransmittecbnly .

Theacknavledgmentor thefourth ow paclket (deadline= ) arrivesatthe ®rst
nodeat , at which time, the ®rst nodere-usesit for the ®fth ow paclet,
which getstransmittecby . Further since , thesixth ow pacletgets
transmittedmmediatelyafterthat, with a deadlineof

The acknavledgmentfor thethird ow  packetdoesnot arrive in time for dead-
line to getre-usedThefourth ow pacletis, thereforeassignedh deadlineof

andis transmittedafterthe sixth ow paclet. By , therefore,ow has
transmitted paclets,whereasow hastransmitteconly .

It is easyto examinefurthertime intervalsto seethatthedifferencebetweemumber
of ow pacletstransmittechandthenumberof ow pacletstransmittedgrowswith
time.Speci®callythedifferenceattime isgivenby: . It followsthatthe

difference is notboundedandgrows approximatehlinearly
with thelengthof thetime interval




