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Abstract End-to-endfairnessguaranteeis an important servicesemantics
thatnetwork providerswould like to offer to theircustomers.A network provider
canoffer suchservicesemanticsby deploying a network whereeachrouterem-
ploys a fair packet schedulingalgorithm.Unfortunately, theseschedulingalgo-
rithmsrequireeveryrouterto maintainper-�o w stateandperformper-packet �o w
classi�cation;theserequirementslimit thescalabilityof therouters.In thispaper,
we proposetheCore-statelessGuaranteedFair (CSGF)network architecture—
the �rst work-conservingarchitecturethat, without maintainingper-�o w state
or performingper-packet �o w classi�cation in core routers,provides to �o ws
fairnessguaranteessimilar to thoseprovided by a network of core-statefulfair
routers.

1 Intr oduction
With thecommercializationof theInternet,thereis a signi®cantincentive for network
serviceprovidersto offer value-addedservicesto customers.An opportunityfor adding
valuecomeswith the emergenceof wide-areareal-timeandmission-criticalapplica-
tions;theseapplicationsbene®tfrom networkservicesthatprovideguarantees,onaper-
¯ow basis,on theend-to-enddelay, jitter, loss,andthroughput.Over thepastdecade,
severallink schedulingalgorithmsthatenablenetworksto providesuchguarantees—by
arbitratingaccessto sharedlink bandwidthat routersby packetsof different¯ows—
have beenproposed[3,4,9–11,19,23,24]. In this paper, we addressthe problemof
designinga work-conserving, core-statelessnetwork architecturethatcanprovidefair-
nessguaranteesto ¯ows. In what follows,we ®rst justify theneedfor fairnessaswell
ascore-statelessandwork-conservingnetwork architectures,andthensummarizeour
contributions.

Why Fairness? Fairnessof bandwidthallocationis an importantguaranteepro-
videdby link schedulingalgorithms.Usinga fair schedulingalgorithm,routersprovide
throughputguaranteesto backlogged̄ ows at short time-scales(independentof their
pastusageof link bandwidth),and allocateidle link capacityto competing¯ows in
proportionto theirweights(or reservedrates).

Thepropertyof providing throughputguaranteesat shorttime-scalesindependent
of the pastbandwidthusageby the ¯ow is importantfor two reasons.First, in many
applications,sourcesmaynotbeableto predictpreciselytheirbandwidthrequirements
atshorttime-scales(consider, for instance,theproblemof transmittingvariablebit-rate
encodedlivevideostream).To supporttheseapplicationseffectively, anetwork should
allow ¯ows to utilize occasionallymore than their reserved bandwidthif suchover-
usagedoesnot comeat theexpenseof violating thebandwidthguaranteesprovidedto



other¯ows. Second,it is in thebestinterestof a network to allow sourcesto transmit
datain bursts;bursty transmissionsallow a network to bene®tfrom statisticalmulti-
plexing of theavailablenetwork bandwidthamongcompetingtraf®c. If anetwork were
to penalizea ¯ow for usingidle bandwidth,thenthesourcewouldhaveno incentive to
transmitburstsinto thenetwork; this, in turn,would reducethestatisticalmultiplexing
gainsandtherebyreducetheoverallutilization of network resources.

The propertyof fair schedulingalgorithmsof allocatingavailable bandwidthto
¯ows in proportionto their reserved ratesis desirablefrom an economicperspective.
Consider, for instance,thecasewhena network provider chargesits customersbased
on their reservedbandwidth.In sucha network, if a user

�

paystwice asmuchasuser
�

, then
�

expectsthe network to allocatebandwidthin the ratio 2:1 to users
�

and
�

; any otherallocationwould beconsideredunfair. Fair schedulingalgorithmsallow a
network to ensurethis proportionateallocationpropertyindependentof theamountof
availablebandwidth.

Why Core-stateless? Thedesignof next-generationnetworksis facedwith the
challengethatlink capacitiesandtraf®c demandsareincreasingrapidly[8, 12],whereas
processorspeedsareincreasingatonly abouthalf therate[1]. This impliesthattheper-
packetprocessingandcomputationperformedby next-generationroutersmustbesim-
pli®ed to enablethemto operateat high link speeds.Link schedulingalgorithmspro-
posedin thelastdecadeto enablenetworksto providefairnessguaranteesto ¯ows[3,4,
9–11,19], ontheotherhand,requireroutersto maintainanduseper-¯ow state,andper-
form packetclassi®cationto identify the¯ow to whichanincomingpacketbelongs.The
complexity of theseoperationsgrowsasthenumberof ¯ows increase.Thus,routersin
suchfair networksmaynot beableto operateat high link speeds,especiallyroutersin
thecoreof thenetwork thataggregatealargenumberof ¯owsoriginatingfrom different
edgesof thenetwork.

In order to alleviate this issue,over the pastfew years,several core-statelessnet-
workshave beendesignedto provide end-to-endserviceguaranteeswithout maintain-
ing or using any per-¯ow stateat the core routersof a network [6,7,13,16,18,20,
21,25]; this propertyimprovesthe scalabilityof the core routersto large numberof
¯ows andhigh-speedlinks. Existing proposalsfor providing fairnessin core-stateless
networks, however, only provide approximatefairnessin the end-to-endthroughput
achieved by ¯ows over large time-scales[6,7,18,20]. In particular, dueto the statis-
tical natureof theseguarantees,suchschemescannot provide fairnessguaranteesto
short-lived¯owsor for speci®cdurationsof interestin thelifespanof long-lived¯ows.

Why Work-conser ving? Throughputand proportionateallocationguarantees
canbeensuredin networksthatarenonwork-conserving, in which ¯ows areallocated
no more than their reserved ratesat any time. In fact, the only known core-stateless
networks thatguaranteedeterministically, that ¯ows would receive throughputin pro-
portionto theirreservedrates,arenonwork-conserving[21]. Nonwork-conservingnet-
worksshapetherateof incomingtraf®c to a maximumof thereservedratefor a ¯ow;
sourcesarenotallowedto achievelargertransmissionrates,evenif network bandwidth
is idle.Thispropertyresultsin highaveragedelays[22] andlimits theability of thenet-
work to utilize resourceef®ciently. With thepredictedgrowth in traf®c demands[12],
this is undesirable.To thebestof our knowledge,theonly kind of deterministicguar-



anteesprovidedby work-conservingcore-statelessnetworksproposedin theliterature,
areondelayandthroughput[13,16,17,25].

Research Contrib utions In this paper, we proposethe �r st work-conserving
core-statelessnetwork that providesdeterministicfairnessguarantees.We argue that
an end-to-endnotion of proportionateallocationin fair networks is meaningfulonly
when de®nedacross¯ows that sharethe sameend-to-endnetwork path. We show
thatnetworks that provide throughputguaranteesarea crucialbuilding block for net-
worksthatprovideproportionateallocationguarantees.Wethenuseasetof two simple
mechanisms—namely, aggregationandfair-ingress—toenableacore-statelessnetwork
that provides throughputguarantees(previously proposed)to also guaranteepropor-
tionateallocation.We show that the resultantnetwork, referredto asa Core-stateless
GuaranteedFair (CSGF)network, providesdeterministicfairnessguaranteessimilar to
thoseprovidedby core-statefulnetworks.

Therestof this paperis organizedasfollows. In Section3, we formulatetheprob-
lem of end-to-endfairness.In Section4, we presentthekey insightsandmechanisms
usedto designCSGFnetworks.Wederivepropertiesof CSGFnetworksin Section4.2.
Deploymentconsiderationsarediscussedin Section6. We summarizerelatedwork in
Section7 andourconclusionsin Section8.

2 Notation and Assumptions

Throughoutthis paper, we usethefollowing symbolsandnotation.
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is de®nedasthenumberof bits of ¯ow 	 thatdepartserver � during thetime interval

% �
�

!(�
#

) . Also,a¯ow 	 is saidto becontinuouslybackloggedatserver � in atimeinterval
% � �@!(�$#*) if, at all instanceswithin this interval, thereis at leastonepacket belongingto
¯ow 	 in theserverqueue.Throughoutouranalysis,weusethetermsserverandrouter
interchangeably;further, we assumethat the sum of ratesreserved for ¯ows at any
serverdoesnotexceedtheservercapacity(i.e., thelink bandwidth).



3 Problem Form ulation
Backgr ound Networkscanprovidefairnessguaranteesbyemploying fair schedul-
ing algorithmsat all routers[3,4,9–11,19]. The fairnessguaranteeprovided by fair
schedulingalgorithmsat a singlenodecanbeformalized1 asfollows:

De�nition 1. Theschedulingalgorithm at node � is said to provide a fairnessguar-
anteeif in any time interval % � � ! � # ) during which two �ows 	 and � are continuously
backlogged,thenumberof bitsof �ows 	 and � transmittedby theserver,
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are the ratesreservedfor �ows 	 and � respectively, and ,
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is an unfairnessmeasure—aconstantthat dependson the schedulingalgorithm and
traf�c characteristicsat server � . Further, if the sumof reservedratesof all �ows at
node � doesnot exceedthe outgoinglink capacity, then in any time interval % � �"! �$#*) ,
during which the sourceof a �ow 	 transmitspacketsat leastat its reservedrate �
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theserverguaranteesa minimumthroughputto �ow 	 :
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where +

��� 


is an error term— a constantthat alsodependson traf�c andserverchar-
acteristics.

Fair schedulingalgorithmsarecapableof providing a proportionateallocationguar-
anteeslightly strongerthangiven in (1): if ¯ow � is continuouslybackloggedduring

% �
�

!(�
#

) , thenthe throughputof any other¯ow 	 , whetherbackloggedor not, is given
by [15]:
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where 2


-� / � �

is a constantthat alsodependson the server and traf®c characteristics.
Differentfair schedulingalgorithmsdiffer in thevaluesof ,
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[3,
4,10,11,19].Thesmalleris thevalueof theseconstants,thebetteris thecorresponding
throughputor proportionateallocationguarantee.Table1 listsknown valuesfor several
algorithms.

Theliteraturecontainsanalysesthatextendthesesingle-serverguaranteesonthrough-
put and proportionateallocationto end-to-endguaranteesprovided by a network of
fair schedulingservers[2,14,15]. Speci®cally, a network of fair servers(1) guarantees
a minimum end-to-endthroughputto ¯ows with an associatederror term, +����

�

��� 	 , and
(2) guaranteesproportionateallocationof end-to-endthroughputto ¯ows that share
thesamepath,with anunfairnessmeasure,, �
�

�

	 � .-��� /10 , wheretheseconstantsaregiven

1 Fairnessof a link schedulingalgorithmcanbe de�ned equivalently in termsof a boundon
its deviation from an idealized�uid model of fairness[3]. In termsof describingnetwork
propertiesperceivableby end-users,however, De�nition 1 is moreuseful.



Table 1. Unfairnessmeasuresfor somefair algorithms
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Unfortunately, to provide fairnessguarantees,fair schedulingalgorithmsrequire
routersto maintainper-¯ow state.It is especiallychallengingto designnetworks that
providefairnesswithoutmaintainingper-¯ow statein coreroutersbecauseunlikedelay
guarantees(that can be characterizedentirely in termsof the intrinsic propertiesof
a ¯ow suchas its reserved rate),a fairnessguaranteeis inherentlya function of the
state(throughput)of all other¯ows sharinga resource(De®nition1). Prior attemptsat
designingcore-statelessfair networkshaverealizedthisconstraint;hence,prior designs
of core-statelessfair networks provide only statistical (or approximate)fairnessover
large time-scalesand for long-lived ¯ows [6,7,18,20]. In this paper, we attemptto
designa core-statelessnetwork architecturethat canprovide deterministicend-to-end
fairnessguaranteesto ¯ows.

Our Appr oach To derive a work-conserving,core-statelessnetwork architecture
thatcanprovide deterministicfairnessguarantees,we observe thata core-statefulnet-
work of fair routersprovideto ¯ows two typesof guarantees:(1) throughputguarantee,
and(2) a per-link proportionatebandwidthallocationguarantee.

Recently, we have proposedCSGT—a Core-statelessGuaranteedThroughputnet-
work architecture—thatcanprovide end-to-endthroughputguaranteesto ¯ows [16].
CSGTcanprovide,at all time-scales,a throughputguaranteethat is within a constant
of what is providedby a core-statefulnetwork of fair schedulingrouters.Thus,CSGT
providespartof thefunctionalityofferedby a core-statefulnetwork of fair routers.Un-
fortunately, sincecoreroutersin CSGTnetworks do not maintainany per-¯ow state,
they cannotensureper-link proportionateallocationof bandwidthto ¯ows.

In what follows, we arguethat theper-link proportionatebandwidthallocationof-
feredby fair schedulingalgorithmstranslatesto meaningfulend-to-endguaranteesonly
when¯ows sharethe entire end-to-endpaths.To supportthis argument,observe that
theend-to-endbandwidthallocatedto a ¯ow dependson the¯ow'sshareof thebottle-



neck2 link bandwidth.Flows that sharethe entireend-to-endnetwork pathalsoshare
thebottlenecklink; hence,theallocationof bandwidthon thebottlenecklink governs
the relative end-to-endbandwidthallocationto these¯ows. On the otherhand,¯ows
thatdonotsharetheentireend-to-endnetwork pathsmaynotsharethebottlenecklink.
Further, sincethebottlenecklink for each¯ow maychangecontinuouslywith ¯uctua-
tionsin traf®c conditions,evenwhenthebottlenecklink is sharedbetweensuch¯ows,
the sharingis likely to be transient(or short-lived).3 Hence,in networks whereeach
routeremploys a fair schedulingalgorithmto allocatesparebandwidthproportionally
amongcompetinḡ owson a per-link basis,it is dif®cult to relate,in a consistentman-
ner, the end-to-endbandwidthallocatedto two ¯ows that do not sharethe complete
end-to-endpath.Consequently, core-statefulnetworkscannot provideany strongcon-
sistentguaranteeswith respectto therelative bandwidthallocatedto ¯ows thatdo not
sharecompletepath.

From the above arguments,we concludethat, from the perspective of a network
provider, an architecturethat only supportsend-to-endproportionatebandwidthallo-
cation(a weaker guarantee)is likely to be indistinguishablefrom a core-statefulfair
network architecturethatsupportsproportionateallocationon a per-link basis.Hence,
in this paper, we explore thedesignof networks thatcanprovide end-to-endthrough-
put guaranteesand proportionateallocationguaranteesto ¯ows that sharethe same
end-to-endpath.Our designproceedsin two steps.First, we show thata network that
providesthroughputguaranteesis a crucialbuilding block for designingonethatpro-
videsfairnessguarantees.Second,weexploremechanismsthat,whenintegratedwith a
work-conservingcore-statelessnetwork thatprovidesthroughputguarantees,leadto the
designof the Core-statelessGuaranteedFair (CSGF)network architecture—the�r st
work-conservingcore-statelessarchitecturethat providesdeterministicfairnessguar-
antees.

4 The Design of Core­stateless Guaranteed Fair Net­
works

4.1 Providing Fairness Guarantees: Key Insights
Our objective is to designa work-conserving, core-statelessnetwork architecturethat
canprovide fairnessguaranteesto ¯ows.Speci®cally, we wantto provide two typesof
guarantees:(1) anend-to-endthroughputguaranteeto each̄ ow, and(2) aproportionate
bandwidthallocationguaranteeto ¯ows that sharethe sameend-to-endpath.In what
follows,we show thatby decouplingtheobjectivesof providing thesetwo guarantees,
andby usingthefollowing two observations,wecandesigncore-statelessnetworksthat
providebothkindsof guarantees.

2 In this paper, thebottlenecklink for a �o w refersto thelink with theleastshareof available
bandwidthfor the�o w, ratherthanthelink with theleastlink capacity. Dependingonthecross
traf�c load,thelink with theleastshareof availablebandwidthfor a�o w maybedifferentfrom
thelink with theleastlink capacity.

3 For some�o ws,suchasthosethatoriginatefrom acommonsourcebehindaslow modemline,
theaccesslink maybethenon-transientbottlenecklink dueto its limited capacity. However,
suchlinks lie outsidethescopeof thenetwork providerarchitecturesweconsiderin thispaper.
Theedgeandcoreroutersthatwe considerbelongto theprovider's network, which doesnot
includeslow accesslinks.



Obser vation 1 As thefollowing theoremindicates,providing athroughputguaran-
teeis necessaryfor providing a proportionateallocationguarantee.
Theorem1. Awork-conservingserverthatprovidesproportionateallocationguar-
anteesto a continuously-backlogged�ow � of theform:4
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where 	 is anyother �ow, also providesto �ow � a throughputguaranteeof the
form:
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is thetotal capacityof theserver.

Proof: SeeAppendixA. 
�

The converseof the above theoremindicatesthat a serverthat doesnot provide
throughputguaranteescan not provide proportionateallocation guarantees.A
core-statelessnetwork thatprovidesthroughputguaranteesis, therefore,a crucial
building block for thedesignof onethatprovidesproportionateallocation.

Obser vation 2 A network that is capableof providing throughputguarantees,can
additionallyprovide end-to-endproportionatebandwidthallocationto ¯ows that
sharethesamepath,by employing a setof threemechanisms:
1. Treatthe aggregatetraf®c betweena pair of edgenodesasa single¯ow and

providethroughputguaranteesto it,
2. Employ a fair schedulingalgorithmat the ingressedge node, that allocatesa

proportionateshareof the aggregatethroughput(at the ingress)to individual
¯owswithin theaggregate,and

3. Ensurethat the network preservesthe orderin which packetsaretransmitted
within theaggregateat theingressnode.

Thethird mechanismimplies that thesequencein which packetsdepartat the last
nodein any time interval % �

�
! �

#
) —andhencetherelativenumberof packetsof two

¯ows that departin this time interval—canbe equatedto the sequenceof packet
departuresat the ingressnodein someothertime interval % ���

�

!(���

#

) . Theend-to-end
proportionateallocationguaranteeprovided by the network is, therefore,exactly
thesameastheoneprovidedby theingressserver. Thesecondmechanismensures
thattheingressserverdoesprovidesucha guarantee.The®rst mechanismensures
thattheaggregatetraf®c on theend-to-endpathis guaranteeda minimumthrough-
put; sincethe individual ¯ows are allocateda proportionateshareof this aggre-
gatethroughput,it followsthatindividual ¯owsareprovidedminimumthroughput
guaranteesaswell. A network thatemploystheabovethreemechanisms,therefore,
provides throughputas well as proportionateallocationguaranteesto individual
¯ows.

Note that any core-statelessnetwork that employs the three mechanismsdescribed
above canprovide fairnessguarantees.Below, we presentonespeci®cinstantiationof
sucha network, calledtheCore-statelessGuaranteedFair (CSGF)network.

4 Notethatthis notionof proportionateallocationis slightly differentfrom that in De�nition 1,
which requiresboth �o ws to be backlogged.It canbeshown that fair schedulingalgorithms
provide this strongernotionof proportionateallocationaswell [15].



4.2 Realization: A CSGF Network
As discussedabove, a core-statelessnetwork thatprovidesthroughputguaranteesis a
crucialbuilding block for thedesignof onethatprovidesfairnessguarantees.In [16],
we have proposedthe Core-statelessGuaranteedThroughput(CSGT)network archi-
tecture,awork-conservingcore-statelessarchitecturethatenablesanetwork to provide
throughputguarantees.We brie¯y describethis architecturebelow.

A CSGT Network

A numberof work-conservingcore-statelessnetworks that provide delayguarantees
havebeenproposedin theliterature[13,17,25]. Thesenetworks,however, do not pro-
vide throughputguaranteesto ¯ows at short time-scales.This is a consequenceof a
centralpropertyof thesenetworksto let packetdeadlinesgrow aheadof currenttimefor
¯owsthatuseidle bandwidthto transmitpacketsatmorethantheirreservedrates.Such
¯ows maybepenalizedduringa subsequenttime interval by beingdeniedthroughput
at eventheir reservedrate.To avoid this,a CSGTnetwork re-usesdeadlinesof packets
that departthe network muchearlier thantheir deadlines,for new packetswithin the
samē ow. Formally, a CSGTnetwork is de®nedasfollows [16].

The De�nition of a CSGT Network A CSGTnetwork consistsof two typesof
routers:edgeroutersandcorerouters(seeFigure1).Theingressedgerouter, in addition
to maintainingper-¯ow state,maintainsa sorted-list � of re-usabledeadlinevectors.
On receiving a packet ��� � of ¯ow 	 , the ingressrouterassignsto it a deadlinevector5
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is thepropagationlatency on the link connectingnode � and

��� � , and
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� ���(� is themaximumdeadlineat server � assignedto any packet by time � .
All serversin theCSGTnetwork transmitpacketsin theincreasingorderof their dead-
linesat thatserver. Theegressservernoti®estheingressserver, usingacknowledgment
packets,wheneverpacketsdepartmuchearlierthantheir deadlines.

Whendeadlinesget re-usedas describedabove, packetsof a ¯ow 	 may depart
the egressrouterout-of-order. This is becausepacketstransmittedlater by the source
maybe assignedsmallerdeadlinesthanpacketstransmittedearlier, andmayovertake
the latter insidethenetwork. To provide in-orderdelivery semanticsto applications,a

5 In practice,the ingressroutercomputesonly �
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Fig. 1. TheCSGTNetwork Architecture

CSGTnetwork employs an entity, referredto asthesequencer, to buffer packetsof a
¯ow that arrive out-of-sequenceat the egressrouter, andrestorepacket orderbefore
deliveringthemto thedestination.In orderto boundthebuffer spaceoccupancy at the
sequencer, the maximumnumberof deadlinessimultaneouslyin useby packetsof a
given¯ow is maintainedwithin anupperbound,

�

.
The following theoremfrom [16] derivesthe throughputguaranteeprovidedby a

CSGTnetwork.

Theorem2. If thesourceof �ow 	 transmitspacketsat leastat its reservedrate, and
�

/<;�=

is an upperboundon the latencyafter which an acknowledgmentpacket trans-
mittedby theegressnodereachestheingressnode, thena CSGTnetworkguaranteesa
minimumthroughputin anytimeinterval % �

�
!(�

#
) ,

�

��� 	

� �
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! �
#

� , givenby:
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where �

��� 


is a constantthat dependson theserverandtraf�c characteristicsat node
� .

Recallthat fair networksprovide two kindsof guarantees:a minimumthroughput
guaranteeat thereservedrateanda proportionateallocationguarantee.Theorem1 in-
dicatesthatnetworks thatguaranteeproportionateallocation,alsoprovide throughput
guarantees.A network thatprovidesthroughputguarantees,however, neednotguaran-
teeproportionatethroughputallocationto different¯ows.For instance,a network may
providethroughputexactlyat thereservedrateto one¯ow, but mayallow another̄ ow
to usesigni®cantlymorethan its reserved rate.In fact, it canbe shown, throughex-
amples,thata CSGTnetwork doesnot guaranteeproportionatethroughputallocation.
AppendixB presentsonesuchexample.

A CSGF Network

We usethesetof threemechanismsdescribedin Section4.1 (Observation2), in con-
junction with a CSGT architecturethat provides throughputguarantees,to designa



core-statelessnetwork architecturethat provides fairnessguarantees.Observe that a
CSGTnetwork alreadyhasthe third mechanism,namelyin-orderdelivery of packets,
in place— theroleof asequenceris preciselyto restorethecorrectpacketorderbefore
packetsdepartthenetwork.Weinstantiatethe®rst two mechanismsin aCSGTnetwork
to derive a new architecture—referredto asa Core-statelessGuaranteedFair (CSGF)
network—whichis de®nedbelow. Figure2 depictstheschedulingframework deployed
at theingressrouterof aCSGFnetwork.

f 1

f 2

f 3

f 4

f 5

f 6

2F

F1

F3

SFQ

SFQ

SFQ

CSGT

Employs deadline re�use

Micro�flows sharing same end�to�end path

Aggregate flows

Fig. 2. Schedulingin a CSGFIngressRouter

De�nition of a CSGF netw ork: Theingressrouterfor � , asetof ¯owssharing
thesameend-to-endpathin a CSGFnetwork, hastwo logicalcomponents:

– DeadlineAssignment:A packet thatbelongsto an“aggregate”¯ow � is assigned
a tag-vectorexactly asin a CSGTnetwork; new tag-vectorsarecomputedusinga
reservedrateof �

9

�

�����
�

�

.
– Packet Selection:The next packet to be assigneda deadlinewithin an aggregate

¯ow � , is selectedaccordingto a fair scheduleof transmissionacrossindividual
¯ows in � . Sincethe bandwidthavailable to the aggregate � can ¯uctuateover
timedueto variationsin cross-traf®c, it is desirableto useaschedulerthatachieves
fair allocationevenwith ¯uctuatingcapacity. We usetheStart-timeFair Queuing
(SFQ)[11] scheduler, which hasthis property, to determinethenext ¯ow to select
a packet from.6

6 Notethatanyfair schedulingalgorithmthatguaranteesproportionateallocationdespite�uctu-
atingcapacitycanbeusedat theingress.SFQhasoneof thebestknown unfairnessmeasures,

�
��� ����� 	�


, amongsuchalgorithms(seeTable1).



Thecoreroutersandtheegressrouterin aCSGFnetwork functionin thesamemanner
asin a CSGTnetwork. At theegress,a sequencerre-orderspacketswithin the“aggre-
gate”beforethey aresplit into micro-¯ows.

Proper ties of a CSGF netw ork

We now formally derive the proportionateallocationand throughputguaranteespro-
vided to individual ¯ows by a CSGFnetwork. We assumethat all ¯ows betweenthe
samepairof edgerouterstransmitpacketsof thesamesize

�

.7

Propor tionate Allocation Guarantees Ourobjective is to compute:
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, the differencein the normalizednumberof bits of two

backlogged̄ows 	 and � , thatdepartthesequencerduringa time interval % � �"!(�$# ) .
Let � betheaggregate¯ow containingpacketsof micro-¯ows 	 and � . Let �

� and
�

# , respectively, be the®rst andlastbits belongingto theaggregate � , thatdepartthe
sequencerduring % � � !(� # ) . Then,sincepacketsbelongingto � departthe sequencerin
thesameorderastheir transmissionfrom theSFQserver at the ingressnode,all (and
only) bits thataretransmittedbetween�

� and �

# at the ingressSFQserver, departthe
sequencerduring % �-�@!(�$#*) . If �

� and�

# aretransmittedfrom theingressSFQserverat ���

�

and ���

#

, respectively, thenthethroughputof ¯ow 	 and¯ow � at thesequencerduring
% �

�
!(�

#
) is exactly thesameastheir throughputat theingressserver during % � �
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. The unfairnessmeasure
guaranteedto ¯ows for the end-to-endthroughputduring % �

�
!(�

#
) in a CSGFnetwork

is, therefore,equalto that of the SFQserver at the ingressnodeduring % � �

�

!(���

#

) . For a
backlogged̄ow � , it follows that:
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/3� 	

� � �'!(�$#��
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/

� ,
�

���

��� / (9)

Throughput Guarantees Theorem2,whichstatesthethroughputguaranteesof
aCSGTnetwork, indicatesthattheaggregatetraf®c betweenthepairof edgeroutersin
aCSGFnetwork is guaranteedaminimumthroughputcharacterizedby �

9

�

�����
�

�

,
the cumulative reserved rate.Sinceeach¯ow getsa fair shareof this throughput,it
follows (usingthesamereasoningasusedto prove Theorem1), thateachmicro-¯ow
is provided a throughputguaranteeas well. We formally derive this guaranteefor a
backlogged̄ow � below.

Thethroughputguaranteeof a CSGTnetwork derivedin Theorem2, whenapplied
to a CSGFnetwork, impliesthat
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(10)

7 If +

	-,�.

is themaximumallowedpacket size,it is reasonableto expecta sourcethat is back-
loggedwith datato transmit,to usepacketsof size +

	-,�.

.
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This impliesthata CSGFnetwork providesa per-¯ow throughputguaranteegivenby:
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5 Evaluation of a CSGF netw ork
TheCSGFis the�r stwork-conservingcore-statelessnetwork architecturethatprovides
deterministicend-to-endthroughputandproportionateallocationguarantees.We next
addressthe question:how do the end-to-endfairnessguaranteesof a CSGFnetwork
compare to thoseprovidedby core-statefulfair networks?We answerthesequestions
below by comparingthe error terms( + �
�

�

��� 	 ) andunfairnessmeasures( ,

�
�

�

	 � .-��� /10 ), as-
sociatedwith the end-to-endthroughputand proportionateallocationguaranteesre-
spectively (Section3), of CSGFandcore-statefulnetworks.For our computations,we
considerexamplenetwork topologiesin which link capacitiesare �

�������

��� andthe
propagationlatency oneachlink is � �

� .

5.1 Propor tionate Allocation Guarantees

Observethattheproportionateallocationguaranteein aCSGFnetwork (Inequality(9))
is evenbetterthanthatprovidedby acore-statefulnetworkof SFQservers(see(5)).The
reasonfor this is thatwhile packetsof different¯ows departthesequencerin a CSGF
network exactly in the sameorder as transmittedby the fair ingressserver, packets
from different ¯ows that sharethe sameend-to-endpath in a core-statefulnetwork
may not departthe network in the sameorder. The end-to-endfairnessguaranteeof
a core-statefulnetwork, therefore,cannot be equatedto thatof its ingressserver. We
computethe unfairnessmeasuresprovided by CSGFanda core-statefulnetworks of



SFQservers8 for the exampletopologydescribedabove (
�

9

�

�������

��� andsingle-
link propagationlatency = � �

� ).
Observe that the differencein the unfairnessmeasuresprovided by CSGFanda

core-statefulnetwork of SFQserversis directlyproportionalto
4

, thepathlength,and
inverselyproportionalto �

�

, thereservedratesof theconcerned̄ows.Figure3(a)plots
the unfairnessmeasuresprovided by both network architectures,asa function of the
reservedratesof individual ¯ows(assuming�

�

9

�

/

) andthepathlength(variedfrom
� to �

�

). We observe that, for large-scalenetwork topologies,the unfairnessmeasure
in a core-statefularchitecturecan be an order of magnitudehigher than in a CSGF
architecture.
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Fig. 3. ProportionateAllocationof Throughputin a CSGFNetwork

Figure3(a)indicatesthatthethroughputreceivedin a CSGFnetwork by two ¯ows
	 and � , during any given time interval, may differ by an amountworth playing out
for a few milli-seconds.To put thisobservationin perspective,weplot thereservedrate
multiplied by theunfairnessmeasure,in Figure3(b). We observe that,duringa given
time interval, a CSGFnetwork maydeliver only a few kilo-bytesof moredatafor one
¯ow, in comparisonto other¯ows. In large-scalecore-statefulnetworks,on theother
hand,thedifferencein throughputcouldbeof theorderof tensof kilo-bytes.

5.2 Throughput Guarantees
Wenext computeandcompare+ ���

�

��� 	 —theminimumtimescaleatwhichnon-zerothrough-
put is guaranteedto anapplication—ina CSGF, CSGT, andcore-statefulnetwork of
WF# Q+ [4] servers.9 The smalleris the valueof + �
�

�

��� 	 for a network, the betteris its

8 SFQprovidesoneof thesmallestunfairnessmeasuresamongknown statefulfair scheduling
algorithms.

9 A WF * Q+ network guaranteesthe smallest
�

���

�

��� �

amongknown statefulfair schedulingal-
gorithms.For networkswith uniform packet sizes,thesingle-nodethroughputguaranteeof a
WF * Q+ server is characterizedby

�0��� ���

�

�

>

[4].



throughputguarantee[16]. The differencein + ���

�

��� 	 for the threenetwork architectures
is governedmainly by the quantities(see(4), (11), andTheorem2): �

�

, the reserved
rateof a ¯ow, � , the aggregatereserved ratebetweena pair of edgerouters,

4

, the
numberof hopsin the path,

�

/<;�=

, the maximumlatency experiencedby feedback
messages,and �

/<;�=

, themaximumratea¯ow in aCSGTor CSGFnetwork is allowed
to achieve.10 We usethe topologydescribedinitially (

�

9

�

�������

��� andsingle-link
propagationlatency = � �

� ), to compute+ �
�

�

��� 	 for differentsettingsof thesequantities.
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Fig. 4. ThroughputGuaranteein a CSGFNetwork

Figure4(a)plotsfor thethreenetwork architectures,thevalueof + �
�

�

��� 	 asafunction
of �

�

, the reserved rate for a ¯ow, for different valuesof �

/<;�=��

� , when the ¯ow
traversesa �

�

-hop path.We assume
�

/<;�=

is equal to the sum of link propagation
latencieson thereversenetwork path.We observethefollowing:

1. For ¯owswith smallreservedrates,theper-¯ow throughputguaranteeprovidedby
a CSGFnetwork maybebetterthanthatof a CSGTnetwork. The reasonfor this
canbeunderstoodby observingthat + �
�

�

��� 	 for a ¯ow 	 is inverselyrelatedto �

�

, its
reservedrate(see(11) andTheorem2). Thethroughputguaranteeprovidedto the
“aggregate”¯ow (largerreservedrate)in aCSGFnetwork is, therefore,betterthan
that provided to a micro-¯ow (smallerreserved rate) in a CSGTnetwork. When
combinedwith the fact that the unfairnessmeasureof a CSGFnetwork is small,
this implies that the throughputguaranteeprovided to a micro-¯ow in a CSGF
network may be betterthanin a CSGTnetwork. The differencebetweenthe two
networksis lessfor ¯owswith largebit-rates.

2. The throughputguaranteeof a CSGFnetwork may be betterthanthat of a core-
statefulnetwork for ¯owswith smallreservedrates.This is becausealthough+

���

�

��� 	

is inverselyrelatedto �

�

for both CSGFandcore-statefulnetworks, the inverse
relation is much strongerfor ¯ows that traversemulti-hop pathsin core-stateful

10 �

	-,�.

governsthe value of � , the maximumnumberof deadlinesusedsimultaneouslyin
CSGTandCSGFnetworks[16].



networks(see(4) and(11)).For ¯owswith largereservedrates,however, theaddi-
tional termsin (11),ascomparedto (4), dominatethevalueof + �
�

�

��� 	 .

Figure4(b)plotsfor thethreenetworkarchitectures,thevalueof + �
�

�

��� 	 for a �

���

� � ¯ow
asa functionof

4

, for
�

/<;�=

rangingfrom a multiple of � to � timesthesumof link
propagationlatencies.Flows in theCSGTandCSGFnetworksareallowedto achieve
a maximumrateof up to � timestheir reservedrates( �

/<;�= �

� = � ). We observe the
following:

1. + ���

�

��� 	 increaseslinearly with the numberof hopstraversedby a ¯ow in all three
network architectures.In CSGT and CSGFnetworks, + �
�

�

��� 	 also increaseswith
�

/<;�=

; thesenetworks,therefore,bene®tfrom theprovisioningof low-delayfeed-
backchannelsbetweenedgerouters.

2. Thethroughputguaranteeprovidedby a CSGFnetwork is comparableto thatpro-
vided by core-statefulnetworks (evenwhen

�

/ ; =

is two timesthe sumof prop-
agationlatencies).Perhapsmore importantly, we ®nd that a CSGFnetwork can
guaranteenon-zerothroughputto ¯ows, including¯owswith small reservedrates,
at shorttime-scalesof hundredsof milliseconds.

Our observationsillustrate that a CSGFnetwork is capableof providing throughput
guaranteesto individual ¯ows at smalltime-scales.Large-scaleCSGFnetworksprovi-
sionedwith low-delayfeedbackchannelsmayprovide evenbetterthroughputguaran-
teesto ¯owswith smallreservedrates,thancore-statefulnetworks.

5.3 Discussion
Ourobservationsin thissectionrevealthattheend-to-endproportionateallocationguar-
anteeof a CSGFnetwork is betterthan that provided by core-statefulfair networks.
Notethatbecausea CSGFnetwork doesnot maintainper-¯ow statein corerouters,it,
unlikecore-statefulnetworks,doesnotguaranteethestrongernotionof single-link(bot-
tleneck)proportionateallocation.It mayseemtemptingto concludethat this stronger
guaranteeis usefulto relatethethroughputof ¯owsthatsharetheirpathsonly partially.
However, asarguedin Section3, two such¯ows maynot sharetheir bottlenecklinks,
which governtheallocationof end-to-endthroughput.Further, even if the¯ows share
their bottlenecklinks, thesharingmaybeshort-lived.Hence,it is dif®cult to relate,in
a consistentmanner, theend-to-endbandwidthattainedby the two ¯ows whosepaths
overlaponly partially. Hence,we believe thatour weaker notionof end-to-endpropor-
tionateallocationacross̄ ows thatsharethesameend-to-endpath,is adequatefor the
purposesof de®ningmeaningfulend-to-endservicesemantics.

We also®nd that it is possibleto designCSGFnetworks that provide throughput
guaranteessimilar to core-statefulnetworksby provisioninglow-delayfeedbackchan-
nelsbetweenedgerouters.However, theability to providecomparableguarantees,with-
outmaintainingper-¯ow statein corerouters,doesnotcomefor free.We discusssome
of theseissuesin thenext section.

6 Deplo yment Considerations
Use of a Sequencer A CSGFnetwork usesa sequencerto provide in-order
delivery of packets to applications.It hasbeenshown in [16] that sequencerbuffer
requirementsaremodestevenin large-scalenetworks.



It mayseemthatdueto re-sequencingdelays,end-to-enddelayguaranteesprovided
to ¯ows in aCSGTor aCSGFnetwork areweaker thanthoseprovidedin core-stateful
fair networks.This is, however, not thecase,asis evidentfrom thefollowing two facts.
First, despitedeadlinere-use,thetransmissiondeadlinesassignedto a givenpacket at
routersin a CSGTor a CSGFnetwork arenever larger thanthedeadlinesassignedto
it without deadlinere-use[13], or in a correspondingcore-statefulnetwork (we omit a
detailedproofof thisassertion).Second,aCSGTnetwork providesdeadlineguarantees
(seeLemma � of [16]). Together, thesetwo factsimply that thedelayguaranteespro-
videdin CSGTor CSGFnetworksareno worsethanthoseprovidedby a core-stateful
network of fair servers.

Feedbac k Channels TheCSGFproportionateallocationguaranteedoesnotde-
pendon thedelayor lossesexperiencedby feedbackmessageson thereversenetwork
path—itmerelydependsontheproportionateallocationguaranteeof theingressserver.
The throughputguarantee,on the otherhand,dependson the maximumdelayexpe-
riencedin the feedbackchannels—thelarger arethe delaysandlosseson the reverse
path,the weaker is the throughputguarantee.Note that delaysor losses,thoughonly
thosethatoccurontheforwardpath,canweakenthethroughputguaranteeof evencore-
statefulnetworks.Nevertheless,adequatelyprovisionedfeedbackchannelsbetweenthe
edgeroutersareanessentialcomponentof a CSGFor a CSGTarchitecture.

Overhead Due to Feedbac k Messages Thetransmissionof feedbackmes-
sagesfrom theegressroutersto theingressroutersin a CSGTor CSGFnetwork raises
someconcernaboutthe overheadintroducedby this traf®c. This overheadcanbe re-
ducedfor ¯ows with bi-directionaldatatransmission;the acknowledgmentsfrom the
egressroutercanbe piggy-backedon to datapacketson the reversepath.In general,
this overheadis a pricepaidfor eliminatingper-¯ow stateandcomputationin thecore
of thenetwork. It is, however, worthwhileto notethatfeedbackmessagesaretransmit-
tedonthereversepathonly whenpacketsdepartmuch earlierthantheirdeadlines.This,
in turn, happensonly whensuf®cient idle bandwidthis availableon the forwardpath.
Thefeedbackmessagesenabletheef®cientandfair useof suchidle bandwidthon the
forwardpath.

Comple xity of Edge Router s Edgeroutersin aCSGFnetwork aremorecom-
plex thanin core-statefulnetworks—theadditionalcomplexity is in termsof bothextra
per-aggregatestate(set of reusabledeadlines),as well as the useof two schedulers
insteadof one.Note,however, thattheschedulercomplexity is associatedmainly with
maintainingpriority queues.In aCSGFnetwork,priority queueoperationsincuracom-
plexity of � �������	��
 ���
�����

�

� , where ��
 is thenumberof aggregatesand �

�

is the
averagenumberof ¯owswithin anaggregate.In acorrespondingcore-statefulnetwork,
thepriority queuecomplexity is � ������������


�

�

�

� � , which is thesameasabove.There-
fore,processingcomplexity of ingressroutersin CSGFnetworks is similar to thosein
core-statefulnetworks.Sinceedgeroutersarelikely to processlowervolumesof traf®c,
theextrastatemaintenancemaynotaffect theperformanceof thenetwork.

Theegressedgerouterdoesnot maintainany extra per-¯ow or per-aggregatestate
information;thesequencerdoesbufferpacketsthatarriveoutof sequenceandmaintains
themin a sortedorderof their sequencenumber. However, asmentionedbefore,the



sequencerbuffer spacerequirementis modesteven in large-scalenetworks.This also
implies that the size of the priority queueis boundedand small; the priority queue
maintenance,therefore,doesnot introducesigni®cantcosts.

Admission Contr ol In this paper, we haveaddressedtheissueof providing fair-
nessguaranteeswithoutmaintainingper-¯ow statein thedatapathof corerouters.Note,
however, thatwestill needto ensurethatthesumof reservedratesof ¯owsatany router
doesnot exceedits outgoinglink capacity. Oneway to ensurethis is to maintainand
useper-¯ow stateonly in the control planeof corerouters;sincethe control planeis
accessedatamuchlowerfrequency thanthedataplane,thismaynotaffectthescalabil-
ity andperformanceof thecorerouters.Recently, admissioncontrol frameworkshave
beenproposed,that, insteadof maintainingstateat all routers,eitheruseoneor more
bandwidthbrokersor theedgeroutersto performadmissioncontrol[5, 26].

7 Related Work
TheCore-JitterVirtual Clock(CJVC)[21] network providesthesameend-to-enddelay
guaranteesasa correspondingcore-statefulJitterVirtual Clock network. A CJVCnet-
work, however, is non work-conserving,which limits network utilization andresults
in higher averagedelays,as discussedbefore.A numberof work-conservingcore-
statelessnetworks that provide end-to-enddelay guaranteessimilar to core-stateful
networks have beenproposedrecently [13,17,25]. However, thesenetworks do not
provide throughputguaranteesat short time-scales(they may penalize¯ows that use
idle capacityto transmitat morethantheir reservedrates).The®rst core-statelessnet-
work that providesthroughputguaranteesat short time-scaleshasbeenproposedre-
cently [16]. This architecture,however, doesnot guaranteeproportionateallocationof
throughputacross̄owssharingthesameend-to-endpath.Core-statelessschemespro-
posedto provide fairness,provideonly approximatefairnessin thelong-termthrough-
putachievedby ¯ows.In particular, theseschemesdonotprovideguaranteesfor short-
lived¯ows or for speci®cdurationsof interestin thelifespanof long-lived¯ows [6,7,
20].

8 Summar y
In thispaper,wepresenttheCore-statelessGuaranteedFair (CSGF)networkarchitecture—
the�r stwork-conservingcore-statelessarchitecturethatprovidesdeterministicend-to-
endfairnessguaranteesat shorttime-scales.We decouplethe throughputandpropor-
tionateallocationguaranteesprovidedby afair network anduseanumberof insightsto
developa core-statelessnetwork thatprovidesbothguarantees.First, we arguethatan
end-to-endnotion of proportionateallocationis meaningfulonly whende®nedacross
¯ows thatsharethesameend-to-endpath.Second,we show thatfor a network to guar-
anteeproportionateallocation,it mustalsoprovide throughputguarantees.Third, we
show thata setof threemechanisms—fair accessat the ingress,aggregationof micro-
¯ows in the core,andre-sequencingat the egress—whenusedin conjunctionwith a
network that providesthroughputguarantees,leadsto a network that guaranteespro-
portionateallocationaswell. Weusetheseinsights,andthepreviouslyproposedCSGT
network architecture,to designa CSGFnetwork that providesdeterministicfairness
guaranteesat short time-scales.The end-to-endproportionateallocationguaranteeof



a CSGFnetwork is better than that or a core-statefulfair network. The end-to-end
throughputguaranteesof CSGFnetworksprovisionedwith low-delayfeedbackchan-
nelsarecomparableto core-statefulnetworks,andmay even be betterfor ¯ows with
smallbit-raterequirements.
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A Proof of Theorem 1
A work-conservingserver thathasat leastonecontinuouslybacklogged̄ow in % �

�
!(�

#
)

wouldsatisfy:
�

�����

�

��� 


� �
�

!(�
#

� �

�




���
#

�

�
�

�

�

�

/<;�=

, wherethe
�

/<;�=

termappears
dueto packetizationeffects.
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. From(6), for any other
¯ow 	 (whethercontinuouslybackloggedor not),we have:
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. Sinceweassumethatthesumof reservedratesatany serverdoesnotexceed
its capacity(Section2), wehave:
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B CSGT Networks Do not Guarantee Propor tionate Al­
location: An Example

At time �

9

�

, let ¯ow 	 be created,andat time �

9

�

� � , let ¯ow � be created.Let
both¯owstraversethe3-hopnetwork depictedin Figure5.Let thereservedrateof each
of the ¯ows at all nodesbe � packet every �

�

seconds.Let the CSGTparameter,
�

,
for ¯ows 	 and � be � —this impliesthatby any time � , no packet (from either¯ow 	

or ¯ow � ) with a deadlinegreaterthan � � �

�

�

�

hasbeentransmittedfrom the®rst
(ingress)node.



Node
1

Node
3

Node
2

Before t=8:  3 pkt/ 5 sec
After t=8:  1 pkt/ 5 sec

1 pkt/sec 1 pkt/sec

1 pkt/sec

Fig. 5. Topologyfor theExample

Let thetransmissioncapacityon all outgoinglinks, exceptthe link from node � to
node � , be � packet every second,andlet therebe no other¯ows sharingtheselinks.
Let thecapacityavailableto ¯ows 	 and � on thelink from node � to node� (which is
sharedwith other¯ows)be � packetsevery

�

secondsbefore�

9�� , and � packetevery
�

secondsafter �

9�� . Let thelink propagationlatenciesbe
�

.
Since

�

9

� for both ¯ows, at �

9

� , the ®rst nodetransmitsthe following se-
quenceof packetsstartingat �

9

�

: at �

9

� , the®rst ¯ow 	 packet with a deadlineof
�

�

; at �

9

� , the®rst ¯ow � packet with deadlineof �

�

� � ; at �

9

� , thesecond̄ ow
	 packet with deadlineof �

�

; andat �

9�� , thesecond̄ ow � packet with deadlineof
�

�

��� .
Theacknowledgmentfor thesecond̄ow 	 packet (deadline=�

�

) arrivesat the®rst
nodeat �

9�� , at which time, the ®rst nodere-usesit for the third ¯ow 	 packet,
which getstransmittedby �

9

�

�

. Further, since
�

9

� , thefourth ¯ow 	 packet gets
transmittedimmediatelyafterthat,with adeadlineof �

�

.
Theacknowledgmentfor thesecond̄ow � packetdoesnotarrivein timefor dead-

line �

�

� � to getre-used.Thethird bluepacket is thereforeassigneda deadlineof �

�

� � ,
andgetstransmittedafter the fourth ¯ow 	 packet, by �

9

� � . By �

9

� � , therefore,
¯ow 	 hastransmitted� packets,whereas̄ow � hastransmittedonly � .

Theacknowledgmentfor thefourth ¯ow 	 packet (deadline=�

�

) arrivesat the®rst
nodeat �

9

�

� , at which time, the ®rst nodere-usesit for the ®fth ¯ow 	 packet,
which getstransmittedby �

9

�

�

. Further, since
�

9

� , thesixth ¯ow 	 packet gets
transmittedimmediatelyafterthat,with adeadlineof �

�

.
Theacknowledgmentfor thethird ¯ow � packet doesnot arrive in time for dead-

line �

�

� � to get re-used.Thefourth ¯ow � packet is, therefore,assigneda deadlineof
�

�

��� andis transmittedafter thesixth ¯ow 	 packet. By �

9

��� , therefore,̄ ow 	 has
transmitted� packets,whereas̄ow � hastransmittedonly � .

It is easyto examinefurthertimeintervalsto seethatthedifferencebetweennumber
of ¯ow 	 packetstransmittedandthenumberof ¯ow � packetstransmitted,growswith
time.Speci®cally, thedifferenceattime � isgivenby: � � �
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is notbounded,andgrowsapproximatelylinearly

with thelengthof thetime interval % � �"!(�$# ) .


