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Abstract — End-to-endthroughputguaranteeis an important
servicesemanticsthatnetwork providerswould like to offer to their
customers. A network provider can offer suchservicesemantics
by deploying a network whereeachrouter employs a fair packet
schedulingalgorithm. Unfortunately, theseschedulingalgorithms
require every router to maintain per-�o w stateand perform per-
packet �o w classi�cation; theserequirementslimit the scalability
of the routers. In this paper, we proposethe Core-statelessGuar-
anteedThroughput(CSGT)network architecture—the�rst work-
conservingarchitecturethat, without maintainingper-�o w stateor
performingper-packet �o w classi�cation in corerouters,provides
to �o ws throughputguaranteesthatarewithin anadditive constant
of whatis attainedby a network of core-statefulfair routers.

1 Intr oduction
With thecommercializationof the Internet,thereis a signif-
icant incentive for network serviceprovidersto export richer
servicesemantics—with respectto end-to-enddelay and
throughputguarantees—to customers.Over thepastdecade,
several packet schedulingalgorithmsthat enablea network
to offer suchricher semanticshave beenproposed[2, 6, 9,
19]. A network can, for instance,provide end-to-endde-
lay guaranteesby employing Virtual Clock [20] and Delay
Earliest-Due-Date(Delay EDD) [14, 18] schedulingalgo-
rithms; anddelay-cum-throughput guaranteesby employing
fair packet schedulingalgorithms—suchas WeightedFair
Queuing(WFQ)[6, 12], Start-timeFair Queuing(SFQ) [9],
andSelf-clockedFair Queuing(SCFQ)[7]— in routers.Un-
fortunately, theseschedulingalgorithmsrequireevery router
to maintainper-�o w stateandperformper-packet �o w clas-
si�cation; these requirementslimit the scalability of the
routers,especiallyroutersin thecoreof thenetwork thatmay
carrya very largenumberof �o ws.

Thetopic of designingscalablenetwork architecturesthat
canexportto �o ws1 rich servicesemantics,but withoutmain-
tainingper-�o w stateor performingper-packet �o w classi�-
cationin corerouters,hasreceivedconsiderableattentionin
the recentpast[10, 17, 21]. For instance,theCore-stateless
Jitter Virtual Clock (CJVC) schedulingalgorithm [17] and
the classof Core-statelessGuaranteedRate (CSGR) algo-
rithms [10] enablea network to provide end-to-enddelay
guaranteessimilar to their core-statefulcounterparts.CJVC
alsoprovidesend-to-endthroughputguarantees,but attheex-
penseof making the network non-work-conserving. There
have alsobeenattemptsat designingcore-statelessversions
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1Wereferto asequenceof packetstransmittedby asourceasa �ow.

of fair schedulingalgorithms[4, 5, 13, 16]. Most of these
attemptsonly providestatisticalfairnessat largetime-scales;
they donotprovideany fairnessor throughputguaranteesfor
short-lived�o wsor for shortintervalsof interestin long-lived
�o ws.

In this paper, we proposethe Core-statelessGuaranteed
Throughput(CSGT) network architecture—the�r st work-
conservingnetwork architecturethat provides throughput
guaranteesto �o wsover �nite time-scales,but withoutmain-
taining per-�o w statein core routers. We develop the ar-
chitecturein two steps. First, we show that for a network
to provide end-to-endthroughputguarantees,it must also
provide end-to-enddelay guarantees.Second,we demon-
stratethat two simplemechanisms—tag re-useandsource
ratecontrol—whenintegratedwith awork-conserving,core-
statelessnetwork thatprovidesend-to-enddelayguarantees,
leadto the designof a CSGTnetwork that providesend-to-
endthroughputboundswithin anadditiveconstantof thatat-
tainedby a core-statefulnetwork of fair servers.

Therestof thispaperis organizedasfollows. In Section3,
weformulatetheproblemof providingend-to-endthroughput
guarantees.In Section4, we presentour CSGTnetwork ar-
chitecture,andderive boundson theend-to-endthroughput.
Section5 discussesdeploymentconsiderations.We summa-
rizeour contributionsin Section6.

2 Notation and Assumptions
Throughoutthispaper, weusethefollowing symbolsandno-
tations.

��� � : the ���
	 packet of �o w �

�
� ��� � : arrival timeof ��� � at node� on its path
�

���� � : departuretimeof �
�� from node�

�

�

� : lengthof packet �

�

�

�

� : ratereservedfor �o w �

�

� : upperboundonpropagationdelayof
thelink connectingnode� and ���������

�

� : outgoinglink capacityatnode�

 

denotesthe numberof routersalong the pathof �o w ! .
The sourceof �o w ! is connectedto router " andthe desti-
nationis connectedto router
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The 9;:=< packet, >?'
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, transmittedfrom the source,is said to
have a sequencenumberof 9 . Throughoutour analysis,we
usethe termsserverandrouter interchangeably;further, we
assumethatthesumof ratesreservedfor �o ws at any server
doesnotexceedtheservercapacity(i.e., thelink bandwidth).
For improving readability, we include the proofs of all the
LemmasandTheoremsin theappendix.



3 Problem Form ulation
A �o w ! with reservedrate#@$ expectsthenetwork to provide,
duringany time interval, throughputat leastat rate #A$ . This
servicesemanticis capturedin thefollowing de�nition of an
end-to-endthroughputguarantee:

De�nition 1 For a �ow ! , whosesource transmitspack-
etsat leastat its reservedrate #%$ , a networkis said to pro-
videanend-to-endthroughputguaranteeif in anytimeinter-
val B CD*%EDCGFIH , the networkguaranteesa minimumthroughput,

J

$)( KML=CD*%EDCGF)N , to �ow ! givenby:
J
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where
 

is thepathlengthtraversedby �ow ! and
T

U
W

:

$)( K

is a
constantthatdependsonthetraf�c andservercharacteristics
at nodesalongthepath.

From the de�nition, a network guaranteesa non-zero
throughputto �o w ! if CXF R CD*YO T

U�W

:
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; thus, the valueof
T

U�W

:
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boundsthe longesttime interval for which a �o w may
receiveno throughputfrom thenetwork. Clearly, thesmaller
thevalueof

T

U�W

:

$)( K

, thebetterthequalityof network servicefor
applicationsthatrequiresustainednetwork throughput.

Observe that most networks that reserve a rate for each
�o w guaranteean average throughputat the reserved rate;
however, thesenetworks differ in the time-scales(namely,
the valueof T

U�W

:

$)( K

) at which this guaranteeis provided. For
instance,for a network whereeachrouter employs an un-
fair packet schedulingalgorithm(e.g.,Virtual Clock or De-
lay EDD), the throughputreceived by a �o w during a time
interval is a function of the throughputreceivedby the �o w
in thepast. In fact, for suchnetworks,

T

U�W

:
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is not bounded,
indicatingthat an unfair network cannotguaranteenon-zero
throughputat �nite time scales.To provide throughputguar-
anteesat short time-scales,networks employ fair packet
schedulingalgorithmsat routers[3, 6, 7, 9]. Fair schedul-
ing algorithmsensurethat in any time interval in which two
�o ws are backlogged,they receive servicein proportionto
their reservedrates.It canbeshown that,whencoupledwith
admissioncontrol,a network of fair serversprovidesanend-
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a characterizesthethrough-
putguaranteeprovidedby fair server d in isolation[1, 11].

To providethroughputguarantees,existingfair scheduling
algorithmsde�ne aconceptof virtual timeateachrouter;the
virtual time at a routeris inherentlya functionof thecurrent
stateof each�o w passingthroughthe router. Implementa-
tions of fair schedulingalgorithms,therefore,requireevery
routerto maintainper-�o w stateandperformper-packet �o w
classi�cation.In thispaper, ourobjectiveis to designawork-
conservingcore-statelessnetwork architecture2 thatprovides

2Throughoutthis paper, the core-statelesspropertyrefersto a network
that doesnot requireits coreroutersto maintainper-�o w stateor perform

deterministicend-to-endthroughputguarantees,similar to
thoseprovided by a network whereeachrouter employs a
fair schedulingalgorithm.

4 CSGT Networks
We design core-statelessguaranteedthroughputnetworks
in two steps. First, we show that for a network to pro-
vide throughputboundssimilar to thosein fair networks, it
mustalsoprovide end-to-enddelayguarantees.Second,we
demonstratethat two mechanisms—tag re-useand source
ratecontrol—whenintegratedwith a core-statelessnetwork
thatprovidesend-to-enddelayguarantees,leadto thedesign
of the Core-statelessGuaranteedThroughput(CSGT) net-
works that provide end-to-endthroughputboundswithin an
additiveconstantof that attainedby a core-statefulnetwork
of fair servers. Throughoutthis section,we assumethat a
sourcetransmitsequal-sizedpackets.

4.1 Need for Delay Guarantees
Let theexpectedarrival timeof a packet >V'
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Then,a network is saidto provideanend-to-enddelayguar-
anteeto �o w ! , if, for all packets>V'

$

, thenetwork providesan
upperboundon L=w�'

$)( K

R
egfxhjLy>?'
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NDN , wherew;'
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is thedepar-
ture time for packet >?'

$

from node
 

. We usethis de�nition
of end-to-enddelayguaranteeto proveTheorem1.

Theorem 1 If a network provides lower-bounds on
throughputof the form:

J

$)( KzLQCD*AEXCGF.N|{}#@$~L=CGF
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to
any�ow ! whosesourcetransmitsat leastat its reservedrate,
thenit alsoprovidesto �ow ! anend-to-enddelayguarantee
of theform: w;'
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The converseof Theorem1 indicatesthat a network that
doesnot provide delayguaranteeto packetscannotprovide
throughputbounds. Hence,awork-conserving,core-stateless
network that providesdelay guaranteeis a crucial building
block for designingCSGTnetworks.

In [10], the authorsproposeCore-statelessGuaranteed
Rate(CSGR)networks that provide the samedelayguaran-
teeasa network thatemploys statefulschedulingalgorithms
from theGuaranteedRate(GR) classat thecorerouters.As
we illustratebelow, a work-conservingCSGRnetwork, how-
ever, doesnot provide throughputguaranteesat short time-
scales.Our designof a CSGTnetwork usesthe CSGRnet-
work asa building block andenhancesit with a setof end-
to-endmechanismsthat allow the network to retain its de-
lay propertieswhile providing throughputguaranteesatshort

per-packet �o w classi�cation.



time-scales.We describethe derivationof a CSGTnetwork
in thecontext of a Core-statelessVirtual Clock (CSVC)net-
work [10, 21]—a speci�c instanceof theclassof CSGRnet-
works.

4.2 De�ning CSGT Networks
CSVC Networks A CSVC network consistsof two
typesof routers:edge routers andcore routers. Edgerouters
maintainper-�o w stateandperform per-packet �o w classi-
�cation. The ingressrouter—the edgerouterwherea �o w
entersthenetwork— assignsto eachpacket >€'

$

a servicetag
vector B …j†ˆ‡@#%‰%'
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. At boththeedgeand
corerouters,packetsaretransmittedin theincreasingorderof
their servicetags. Note that thecoreroutersonly performa
sortingoperationon thetagvalues;thereis no needto main-
tainper-�o w stateor performper-packet �o w classi�cation.

It hasbeenshown thata CSVCnetwork providesa dead-
line guarantee[10, 21]: packet >V'

$

is guaranteedto depart
server d by Lœ…j†ˆ‡@#%‰%'

$)(

a

/

•?$)(

a

N . However, thefollowingexam-
ple shows thata CSVCnetwork doesnot provide throughput
guaranteesat �nite time-scales.

Example 1 Considerthe �r st server, with a transmission
capacity of "

˜

packets/sec,in a CSVCnetwork. Let the
sumof reservedratesof all �ows be equal to the capacity.
Let the rate reservedby a �ow ! be " packet/sec. At time

C

Z•˜

, let ! be the only backlogged�ow. In this setting, by
C

Z

" , 10packetsof �ow ! areservicedbytheserver;further,
…j†ˆ‡@#%‰

*p*

$)( *iZ

"�" . Now, let all other�ows becomebacklogged
at time C

Z

" . Sincethe serverservicespackets in the in-
creasingorder of virtual clock values,packet >

*p*

$

maynot be
serviceduntil C

Z

"

˜

; hence, �ow ! receivesno throughput
during the interval B ž�E‹"

˜

H . Givenany time interval of arbi-
trary length, it is easyto extendthis exampleto showthat
�ow ! receivesno throughputduring theinterval of interest.

3In practice,the ingressroutercomputesonly Ÿ¡ £¢D¤I¥

���� ¦ for packet §

�� .
Before transmittingthe packet, it encodesin the packet headera quantity
calledtheslack—thedifferencebetweenŸ¡ £¢D¤I¥

��I� ¦ andtheactualdeparture

time—and ¨i©pª
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. Whenthe secondrouterreceives the packet, it

addsthe slack, ²
³ , and ¨i©pª
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®°¯
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, to thearrival time of thepacket to

computeŸ´ £¢p¤I¥
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³

[10]. Subsequentrouterscomputetheir local Ÿµ £¢p¤I¥

valuesin asimilarmanner.

Therefore, for anyinterval length,theCSVCserverdoesnot
provide any non-trivial (non-zero) lower boundon through-
put.

In the above example,until time C

Z

" , becauseof the
availability of idle bandwidthandthework-conservingnature
of theCSVCserver, �o w ! receivesserviceat a rategreater
than its reserved rate. Due to the way deadlinesare com-
puted,though,during the sameperiod, �o w ! accumulates
a debitat the rate # $ (indicatedby the increasein its VCore
valuemuchbeyond currenttime C ), andis subsequentlype-
nalizedfor thedurationof theaccumulateddebitonceall the
other�o ws becomebacklogged.It is importantfor networks
to provide throughputguaranteesat short time-scales,inde-
pendentof thepastusageof idle bandwidthby a�o w, for two
reasons:

1. In many settings,it is dif�cult for sourcesto predictpre-
ciselytheirbandwidthrequirementsatshorttime-scales.
For instance,the bit-raterequirementof a variablebit-
ratevideostreammayvary considerablyandover short
time-scales.Supposea video stream,with a reserved
bit-rateof ".¶}·¬>”¸ , transmitsat ž
¶}·¹>”¸ for º secondsus-
ing idle bandwidth. In a network thatdoesnot provide
throughputguarantees,thevideostreammaynotreceive
any throughputat all in thenext º seconds.Theperfor-
manceof the video applicationin sucha network may
thereforebeunacceptable.

2. It is in the bestinterestof a network to allow sources
to transmitdatain transientbursts(i.e., at a rategreater
thanthereservedrate);burstytransmissionsallow anet-
work to bene�t from statisticalmultiplexingof theavail-
able network bandwidthamongcompetingtraf�c. In
networksthatpenalizesourcesfor usingidle bandwidth,
however, sourceshave no incentive to transmitbursts
into the network. They may preferto useconstantbit-
rate �o ws, insteadof allowing the network to enforce
arbitrarypenalties.This, in turn, would reducethesta-
tisticalmultiplexinggainsandtherebyreducetheoverall
utilization of network resources.

It is importantto observethatwhile aCSVCnetwork does
notprovide lowerboundson throughputat �nite time-scales,
it doesguaranteean average throughputat the rateof #A$ to
a backlogged�o w ! over in�nite time-scales.This implies
that,thethroughputof �o w ! in any interval B C�*%EXCGF�H wouldbe
below its reservedrate#%$ only if the�o w ! receivesserviceat
a ratehigherthan #@$ prior to CD* . In suchanevent,theremust
exist CG»œEDCG¼�½¾CD* suchthat during interval B CX»¿EXCG¼AH , packetsof
�o w ! arrive at thedestinationmuchaheadof their deadline
guarantee(derivedbasedon thereservedrate #

$ ). More for-
mally, for packets >V'

$

that reachdestinationat time C during
theinterval B C

»

EDCG¼%H , …j†ˆ‡@#%‰%'

$)( KÁÀ

C .



The Principle of Deadline Re­use The property
of allowing a �o w to accumulatearbitrarily largeamountof
debit—by increasingthedeadlinevalues(or servicetagval-
ues)assignedto packetsof the�o w muchbeyondthecurrent
time— is centralto the inability of CSVC networks to pro-
vide throughputguaranteesat small time-scales.Hence,for
anetwork to providethroughputboundsat smalltime-scales,
it must reducedebit accumulation;this canbe achieved by
allowing the ingressrouters to re-usefor future packets the
deadline(or servicetag) valuesof packetsthat reach thedes-
tinationmuchprior to their deadlines. Thisis thecentralcon-
ceptin transforminga CSVCnetwork into a CSGTnetwork
thatprovidesthroughputbounds.

The De�nition of CSGT Network A CSGT net-
work, like the CSVC network, consistsof two types of
routers: edge routers and core routers. The ingressedge
router, in additionto maintainingper-�o w state,maintainsa
sorted-listÂ of re-usabletagvectors.On receiving a packet

>”'
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of �o w ! , the ingressrouter assignsto it a servicetag
vector B Ãt*%L�>”'

$
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N�E‹ŠŒŠ3ŠŒEDÃÅKŽLy>”'

$
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is thenumber
of serversalongthe path,and Ã

a

Ly>?'

$

N is the servicetag for
server d . Theassignmentof thetagvectorto packet >€'

$

pro-
ceedsasfollows: If ÂÇÆ

Z•È

, an incomingpacket is assigned
thesmallesttagvectorfrom Â . Otherwise,a new tagvector
is createdasfollows:
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ÃmLQCXN is themaximumof theservice

tagsfor server " assignedto any packetby time C . All servers
in theCSGTnetwork transmitpacketsin theincreasingorder
of their servicetagsfor thatserver.

Observethatif Â

Z–È

, thentheassignmentof tagvectorin
CSGTis identicalto theCSVCnetwork. When ÂËÆ

ZvÈ

, then,
by reusingatagassignedto anearlierpacket,CSGTprevents
accumulationof unboundeddebit for �o w ! . To instantiate
sucha CSGTnetwork, we needto addressthe following is-
sues.

1. Whencananingressserver reusea previously assigned
tag vector for a new packet? What are the constraints
that govern the re-usabilityof tag vectors? How does
theingressroutercreateandmaintainthesorted-listÂ ?
We addressthesequestionsin Section4.2.1.

2. With thereuseof previously assignedtagvectorsin the
CSGTnetwork, packetsof �o w ! with highersequence
numbermay, in fact, carry a smaller tag value (i.e.,

Ã
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L�>

a

$

NÌ½ÍÃ

<

Ly>

“

$

N even if ÎÏ½Ðd ). Sincethe tag val-
uesdeterminethepriority for servicingpacketsin each

router, it is quite possiblethatpacket >

a

$

may reachthe
egressedgerouterprior to packet >

“

$

, eventhoughpacket

>

“

$

wastransmittedprior to packet >

a

$

at server 1. We
discusstheassociatedpacket re-orderingrequirementin
Section4.2.2.

4.2.1 Maintaining the Sor ted­list of Re­usab le
Tag Vector s

Reusingtag vectorsallow CSGT networks to prevent un-
boundeddebit accumulationfor �o ws. Determinationof
whethera tag vectoris eligible for reuse,however, is tricky
becauseof two reasons.

Ñ A CSGTnetwork mustensurethatthereuseof tagvec-
tors for packetsof �o w ! doesnot violate the deadline
guaranteesprovidedto other�o ws.

To meetthisrequirement,thetagassignedto apacket >€'

$

mustdiffer by at least
1

7
8

7

from the tagsassignedto all

packets >

“

$

that weretransmittedprior to packet > '

$

but
have not reachedthedestination.This is because,if the
separationis lessthan

1

78

7

, then�o w ! will beguaranteed
serviceat a rategreaterthanits reservedrate #

$ ; this, in
turn, could violate the deadlineguaranteesprovided to
other�o ws.

Ñ A CSGTnetwork mustensurethatit canprovideadead-
line guaranteeon there-usedtagvector.

To meetthis requirement,at the time of assigninga re-
usabletagto apacket,theingressroutermustensurethat
thetagvaluefor the�rst serverexceedsthecurrenttime
by at least

1

78

7

.

Using theseeligibility criteria, we formally de�ne re-
usabilityof a tagvectorasfollows.

De�nition 2 A previously assigned tag vector
B Ã

*
EDÃ

F
E)Š3ŠŒŠ3EpÃ

K
H is said to be re-usable for a packet >”Ò
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at time C if it satis�esthefollowingproperties:

Ó

>

“

$zÔ•ÕsÖ~×

Ã

a

R
Ã

a

L�>

“

$

N

×

{

r

$

#
$

(4)

C

+

Ã
*SR

r

$

#@$

(5)

where
Õ

is thesetof packetstransmittedby server1 prior to
packet >~Ò

$

but havenot reachedthedestinationby time C .

A CSGTnetwork canenforcetheseconditionsasfollows.

1. An ingressroutershouldconsidera tagvectorfor re-use
only after a packet carrying that tag vectordepartsthe
egressrouter

 

. This ensuresthatcondition(4) is met.
This canbe achieved by requiring the egressrouter to
send,ontransmittingapacket >?Ò

$

of �o w ! , anacknowl-
edgmentfor thatpacket to theingressrouterfor �o w ! .



The ingressrouter, on receiving suchan acknowledg-
ment,canaddthe tag vectorassignedto packet >VÒ

$

to
thesorted-listÂ of re-usabletagvectorsfor �o w ! .

2. On receiving a packet >?'

$

from �o w ! at time C , the
ingressroutercanscanthroughthesorted-listÂ , discard
all the tagvectorsthat violatecondition(5), andassign
to packet > '

$

the �rst re-usabletag thatmeetscondition
(5).

Observe that the tag vector assignedto a packet > Ò

$

is
likely to re-usable(i.e., satisfycondition(5)) only if packet

>~Ò

$

departsserver
 

”suf�ciently” prior to its deadline. In
particular, if Ø•Ò

“

U

is the minimum latency incurredby the
acknowledgmentpacket to reachthe ingressrouter, thenus-
ing (5), the tag vectorof packet >?Ò
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canbe re-usedonly if:
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Thus,theegressserver sendsanacknowledgmentto the�rst
server, onlyif packet >V'

$

departsthenetworkmuchbefore—as
givenby condition(6)—its deadline.We prove, in Lemma2
(seeSection4.3),thatif aCSGTnetwork reusestagvectorsin
accordancewith theschemedescribedabove,thenit provides
thesamedeadline-guaranteeasaCSVCnetwork.

4.2.2 Addressing Packet Re­ordering Require­
ments

With thetagre-useschemedescribedabove, in a CSGTnet-
work, packetsof �o w ! may reachthe egressrouterout-of-
order. For applicationsthat desirein-orderdelivery seman-
tics, a CSGTnetwork needsto employ a sequencerthat can
buffer packets received out-of-orderand thendeliver to the
applicationspacketsin-order. A sequencercanresideeither
on the egressrouter, on a specialnetwork appliancelocated
betweenthe egressedgerouterandthe destinationnode,or
on the destinationnodeitself4. Figure1 depictsthe setting
wherea sequenceris logically insertedbetweenthe egress
routerandthe destinationnode. For the simplicity of anal-
ysis, we assumezeropropagationdelaybetweenthe egress
routerandthesequencer.

Now, let usconsidertheissuesin designingthesequencer.
Thefollowing exampleshowsthat,in anaiveimplementation
of a CSGTnetwork, thenumberof packetsthatmayneedto
bebufferedat thesequenceris notbounded.

4Deploying a sequenceron the destinationnode itself may require
changesto end-hosts.Hence,the architecturaloptionsof instantiatingthe
sequenceron theegressrouteror on anappliancelocatedat theedgeof the
customernetwork maybemoredesirable.

Example 2 Consider the case when the tag vector of
packet >?'

$

becomesre-usableat the source, there are Ù un-
acknowledgedpackets,>

'

ƒ

*

$

E)Š‹Š)Š‹E=>

'

ƒ

U

$

, with larger tag vec-
tors in thenetwork.Let thetag vectorof >V'

$

bere-assignedto
packet >

'

ƒ

U

ƒ

*

$

. Nowlet thetag vectorsof the�r st LQÙ R ".N un-

acknowledgedpackets>

'

ƒ

*

$

E‹Š)Š‹Š‹E¿>

'

ƒ

U

-
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alsobecomeavail-
able for re-use;let thesetag vectors be assignedto subse-
quent LQÙ R "@N packets,namely, >

'

ƒ
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ƒ

F

$

E‹Š‹Š)Š‹E¿>
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ƒ

U

ƒ
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. Con-

sider thecasewhere packet >

'

ƒ

U

$

departstheegressnodeat

its deadline, Ã K Ly>

'

ƒ

U

$

N . Sincepackets >

'

ƒ

U

ƒ

*

$

E‹Š)Š‹Š�E¿> '

ƒ

U

ƒ

U

havesmaller deadlines,they are guaranteedto depart the
egressrouter earlier than >

'

ƒ

U

$

. Therefore, theseÙ packets
needto bebuffered,simultaneouslyfor sometime, at these-
quencertill packet >

'

ƒ

U

$

arrives. Larger thevalueof Ù , the
larger thebuffer spacerequirementat thesequencer.

In practice,a sequencerwould have a �x ed amountof
buffer space. In order to avoid packet loss due to over-
�o w of the sequencerbuffers, therefore,the aggressiveness
of sourcesusinga CSGTnetwork mayneedto becontrolled.
We do this by employing a �ow control algorithmthat limits
the maximumnumberof deadlinesthat are simultaneously
in usefor packets of a �o w. Speci�cally, the �o w control
algorithm ensuresthat at any point in time C , no packet is
assigneda deadlinelargerthan C

/

J

1

78

7

, where
J

is a con-
�guration parameter. Whena packet arrivesat time C , if no
deadlinesmallerthan C

/

J

1

7
8

7

is availablefor assigningto it,
thepacket is heldtill oneis available.

Observethata largevalueof
J

increasesthebuffer space
requirementat thesequencer(Example2). A smallvalueof

J

, on the otherhand,limits the extent to which the source
canutilize idle bandwidthin thenetwork. In fact,if

J

Z

" ,
the�rst server doesnot transmita packet beforeits expected
arrival time; in this casetheserver reducesto thenon-work-
conservingJitterVirtual Clockserver. In practice,thelargest
valueof

J

—suchthatbuffer over�ow at thesequencercan
be avoided—shouldbe selected.If Ú denotesthe available
sequencerbuffer space,in units of the packet size

r

$ , then
Lemma 1 provides a condition that when satis�ed by

J

,
avoidspacket lossdueto buffer over�ow.

Lemma 1 Packetsof �ow ! will not be droppedat these-
quencerdueto unavailabilityof re-orderingbuffers if

J

sat-
is�es:
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is a lowerboundon thetimedifferencebetweenthetransmission
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Giventhelargestvalueof
J

thatsatis�es(7), thereisabound
on themaximumamountof availablebandwidththat a �o w

! canutilize. Conversely, onecanprovision buffer spaceat
thesequencerthatallows a �o w to utilize up to a maximum
bandwidth(say #

»

). In AppendixC, we show that to allow a
sourceto utilize bandwidth#

»

, thechosenvalueof
J

should
satisfythefollowing condition6:
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Such a value of
J

can then be usedto provision the se-
quencerswith the appropriateamountof buffers. In partic-
ular, given #

»

, themaximumbandwidththata �o w shouldbe
allowed to utilize, onecanderive a boundon

J

using(8);
this valueof

J

whensubstitutedin (7) determinesthemini-
mumbuffer requirementat thesequencer.

4.3 Proper ties of CSGT Networks
Delay Guarantee The following lemma proves that
deadlineguaranteesof CSVC arepreserved in a CSGTnet-
work.

Lemma 2 A packet >?'

$

is guaranteedto departserverd in
a CSGTnetworkby L=Ã

a

Ly>?'

$

N

/

•”$)(

a

N .

It is important to observe that the deadlinesassignedto a
packet in a CSGTnetwork arenever larger thanthedealines
assignedto the samepacket in a correspondingCSGRnet-
work. FromLemma2, therefore,it follows thata CSGTnet-
work is guaranteedto deliver a packet no later thana CSGR
network. This is truedespitetheadditionaldelayintroduced
by the sequencer—the sequenceris guaranteedto deliver a
packet >”'

$

by its CSGRdeadline. This is becauseall pack-
etswith smallersequencenumbersareguaranteedto arriveat
thesequencerbeforetheirCSGRdeadlines,whicharesmaller
thantheCSGRdeadlineof packet >V'

$

.

of a packet at the �rst server andthe arrival of its acknowledgmentat the
�rst server. For instance,thesumof propagationandminimumtransmission
latencieson all the links on boththeforwardandreversepathquali�es asa
lower bound.

6Theconditionin (8) canbeintuitively seento beaformof thecommonly
useddelay-bandwidthproductrule-of-thumb.

Throughput Guarantee To quantify the effect of
packet re-orderingon the throughputreceived by the appli-
cations,we de�ne two different throughputmeasures.We
de�ne networkthroughputasthe numberof bits that depart
theegressrouterduringagiventimeinterval,andapplication
throughputasthenumberof bitsthatdepartthesequencer(af-
ter re-ordering)duringtheinterval. Notethat theapplication
throughputin any given interval may be different from the
network throughput. Theorem2 provideslower boundson
thenetwork andapplicationthroughputin a CSGTnetwork.

Theorem 2 If the source of �ow ! transmitspackets at
leastat its reservedrate, and ØuÒñðIò is an upperboundon
thelatencyafterwhich anacknowledgmentpacketsentbythe
egressnodereachestheingressnode, thenthenetworkguar-
anteesa minimumthroughputin any time interval B C
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Theboundon thenetwork throughputderivedin Theorem2
for a CSGT network differs from that provided by a core-
statefulnetwork of fair servers(Section3),by aconstantterm
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Observe that for a CSGT network derived from CSVC,
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governedby ØøÒSð�ò , themaximumlatency onthereversepath.
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5 Evaluation of CSGT Networks

5.1 The Throughput Guarantee

Theorem2 statesthatwhenmeasuredover any time interval
largerthan

T

U�W

:

$)( K

, thenetwork guaranteesanon-zerothrough-
put at a rateequalto the reservedrate. As discussedin Sec-
tion 3, the smallerthe valueof

T

U�W

:

$)( K

, the betterthe network
can supportapplicationswith stringent timelinessrequire-
ments.To evaluatethethroughputguaranteeof a CSGTnet-
work numerically, we computeT

U
W

:

$)( K

for examplenetworks,
wherelink capacitiesare "

˜
˜

¶}·¹>?¸ andlink propagationla-
tenciesare ")ûÏ¸ . In �gure 2(a),weplot T

U
W

:

$)( K

againstthenum-
ber of hopson the end-to-endpathof a sample�o w with a
reservedbit-rateof "

˜

¶}·¹>”¸ . Ø
ÒñðIò is variedfrom amultiple

of " to ü of theend-to-endpropagationlatency on thereverse
path. For comparison,we alsoplot T

U�W

:

$)( K

for a representative
core-statefulnetwork of fair

J

Ã

F)ý

/

[3] servers. We ob-
serve thefollowing:

1. When Ø•ÒñðIò is equalto theend-to-endlink propagation
latency, thethroughputguaranteeof theCSGTnetworks
is similar to thatof thecore-stateful

J

Ã

F.ý

/

networks.

2. T

U�W

:

$)( K

increaseswith ØøÒñðIò . Therefore,the throughput
guaranteeof a CSGT network improvesby provision-
ing low-delayfeedbackchannels.However, evenwhen

Ø•ÒñðIò is threetimestheend-to-endpropagationlatency,
theapplicationis guaranteedanon-zerothroughputover
any time interval largerthan "@þ

˜

ûÏ¸ .

Theseobservations imply that by provisioning low-delay
feedbackchannels,a CSGT network can provide non-zero
throughputguaranteesat very shorttime-scales,andsimilar
to thosein core-statefulnetworks.

5.2 Sequencer Buff er Space vs. Maxim um
Throughput

Recall that thereis a tradeoff betweenthe amountof buffer
spacerequiredat the sequencerand the maximumrate that
thesourceis allowed to achieve. We numericallycharacter-
ize this tradeoff for thesameexamplenetwork asabove(link
capacity= "

˜�˜

¶}·¹>”¸ , link propagationlatency = ")ûÏ¸ ). In
�gure 2(b), we plot theminimumsequencerbuffer spacere-
quiredto allow sourcesto achievea givenmaximumbit-rate,

ÿ

ÒñðIò (variedfrom ž to þ timesthe reserved rate). We ob-
serve that:

1. To enablea �o w, with a reserved bit-rate of up to
"

˜

¶}·¹>?¸ , to achieve an end-to-endbit-rate of up to
þ times that ( þ

˜

¶}·¹>?¸ ), less than "@¶ Ú of sequencer
buffer spaceis suf�cient.

2. The buffer spacerequirementgrows slower with in-
creasein the bit-rateof the sample�o w (for reference,
weplot a line wherethebuffer requirementgrowsat the
samerateasthereservedbit-rate).

Theseobservationsimply that a small amountof sequencer
buffer spaceis suf�cient to allow �o ws to utilize bandwidth
up to multiple timestheir reservedrate.Further, aCSGTnet-
work canreducethetotalbuffer requirementat thesequencer
by aggregatinginto a single large �o w, all micro-�ows that
traversethesamepathbetweena pair of edgerouters.

5.3 Deplo yment Considerations
A CSGTnetwork introducestwo main overheads—namely,
additionalstatein every packet, andadditionaltraf�c dueto
feedbackmessages—inorderto provide throughputguaran-
teesin a core-statelessarchitecture.To addressthe�rst over-
head,several techniquesfor encodingstatein packets ef�-
ciently have beendiscussedin [15]. We expecttheoverhead



dueto feedbacktraf�c to alsobe small becauseof two rea-
sons. First, the size of eachfeedbackpacket is small; ad-
ditionally, thepacketizationoverheadcanfurtherbereduced
by acknowledgingthereceiptof multiple sequencenumbers
in the samefeedbackmessage.In applicationsthat involve
a bidirectionaltransferof data,in fact, the feedbackcanbe
piggy-backed onto data packets transmittedon the reverse
path. Second,feedbackmessagesaretransmittedonly when
datapacketsdepartthenetwork much earlier thantheirdead-
lines. This happensonly when suf�cient sparebandwidth
is availableon the forward path. While it would be useful
to quantify preciselythe expectedamountof feedbacktraf-
�c generatedin practice,the lack of real testbedsandtraf�c
characteristicspreventsusfrom doingso.

6 Summar y
End-to-endthroughputguaranteesis an importantnetwork
servicesemanticsto offer. Existingnetwork architecturesei-
therprovide throughputguaranteesat thecostof introducing
the complexity of per-�o w statemaintenancein all routers,
or do not provide throughput guaranteesat �nite time-
scales. In this paper, we proposethe Core-statelessGuar-
anteedThroughput(CSGT) network architecture—the�r st
work-conservingnetwork architecturethatprovidesthrough-
put guaranteesto individual �o ws over �nite time-scales,but
without maintainingper-�o w statein core routers. We de-
velop the architecturein two steps. First, we show that for
a network to provide end-to-endthroughputguarantees,it
mustalsoprovide end-to-enddelayguarantees.Second,we
demonstratethat two mechanisms—tag re-useand source
ratecontrol—whenintegratedwith awork-conserving,core-
statelessnetwork thatprovidesend-to-enddelayguarantees,
leadto thedesignof CSGTnetwork thatprovidesend-to-end
throughputboundswithin anadditiveconstantof what is at-
tainedby a core-statefulnetwork of fair rateservers.
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B Proof of Lemma 1

We refer to packets that areassignedre-usedtagsas future
packet. We assumethat a future packet is removed from
thesequencerre-orderingbuffersassoonasall packetswith
smallersequencenumbersarrive.

Let ÚøLQCXN denote the occupancy of the sequencerre-
orderingbuffersof a �o w ! at time C . Let C “ denotethetime
instantat which the Î¹:=< futurepacket is removedfrom these
buffers.For easeof analysis,weassumethatevenif all pack-
etswith smallersequencenumbersreachthe sequencerbe-
fore it, a futurepacket is still bufferedandremoved(in such
asscenario,at time instancesC

-

“

and CG“ respectively). Let C

—

denotetheinitial time at which thesourcestartstransmitting
packets,and ÚøL=C

—

N

Z ˜

. It follows that, ÚuLQCX“œN

+

ÚuLQC

-

“

N R "

(more than one future packets may be removed from the
buffersatthesameinstant).Thebufferoccupancy in any time
interval B CX“XEDCG“

ƒ

*‹N is non-decreasingwith time(sincenopack-
ets are removed in this interval). Therefore,the maximum
buffer occupancy in this interval is givenby ÚøL=C

-

“

ƒ

*

N .

Considerthe �rst server (ingressnode)at a time CD“ . Con-
siderall future packets transmittedby this server, that have
not departedthesequencer(by time CD“ ). Of these,let ·‹* de-
note the future packet with the smallestsequencenumber.
Considerthe setof all packetswith smallersequencenum-
bersthanpacket ·)* , that have not yet (at CX“ ) reachedthe se-
quencer. Among these,let >

»

have the largesttag-vector—
thenall of thesepacketswould reachthe sequencerat most
by time ( Ã

K
Ly>

»

N

/

•
$)( K ), andthepacket ·

* would not need
to bebufferedafterthat.

Let C

»

be the time at which packet >

»

arrivesat the �rst
server, andis assigneda tag-vector. Sinceall futurepackets
thathavenotdepartedthesequencerby time CD“ , havea larger
sequencenumberthan >

»
, they aretransmittedfrom the �rst

server after C

»

. Let ÚM¼ be the total numberof future pack-
ets that get transmittedfrom the �rst server in the interval

LQC
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EpÃ
*

Ly>
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N¹H , with smallertag-vectorsthan>

»

. Since>

»

hasnot
reachedthe sequencerby C

“ , any future packets transmitted
after C

»

with larger tag-vectorsthan >

»

have alsonot reached
thesequencer. Hence,ÚøL=C

“
N

+

ÚM¼ , and Új¼ is themaximum
numberof futurepacketsthatwouldneedto bebufferedatthe
sequencerbefore>

» getsdelivered,thatis, ÚøL=C
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. Therefore,if
the provisionedbuffer space,Ú , is at leastaslarge asgiven
by this upperbound,no packetsarelost at thesequencerre-
orderingbuffers.

C Condition on J to Allo w Large
Throughput to be Achieved
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7Supposethis is not thecase.Thenevenif the�rst server transmitspack-
etsonceonly every �
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¤�� timeunits,thebottleneckserver will remainback-
logged.



Now observe that, if the bottlenecked �rst server remains
backloggedtill the time theacknowledgmentfor >€'
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arrives,
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Therefore,if the time it takesfor the �rst server to transmit
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If, ontheotherhand,
J

doesnotsatisfycondition(11)for the
availablebottleneckbandwidth#
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, thenit canbeseen,using
a similar argumentasabove, thatthethroughputratethat the
sourcecansustain,
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D Proof of Lemma 2
In the following, a non-preemptiveschedulingalgorithm is
onethatdoesnotpreemptthetransmissionof a lowerpriority
packetevenafterahigherpriority packetarrives.Ontheother
hand,a preemptiveschedulingalgorithmalwaysensuresthat
the packet in serviceis the packet with the highestpriority
by possiblypreemptingthe transmissionof a lower priority
packet. A non-preemptivealgorithmis consideredequivalent
to a preemptive algorithmif the priority assignedto all the
packetsis the samein both. The following lemmais stated
andprovedin [8].

Lemma 3 If PSis a work conservingpreemptiveschedul-
ing algorithm, NPSits equivalentnon-preemptiveschedul-
ing algorithmand thepriority assignmentof a packet is not
changeddynamically, then
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leavesthe serverwhenPS and NPSschedulingalgorithms
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Lemma 4 If the d
:=< server's capacityis not exceeded,then
the time at which packet >?'

$

departsa PreemptiveCSGT

server, denotedby
�

a

�

›

��!

è

Ly>?'

$

N , is
�

a

�

›

��!

è

Ly>

'

$

N

+

Ã

a

L�>

'

$

N d•{–" (12)

Proof: Let 


a

Ly>?'

$

N

Z

Ã

a

L�>”'

$

N R

r

'

$

ú%# $ . At server d , de�ne
thequantity

ÿ

$)(

a

LQCXN for �o w ! asfollows:

Z#"

#@$ if $�9&% L¿&�'

$)(

a

+

CXN(' L)


a

L�>”'

$

N�½0C

+

Ã

a

L�>”'

$

NXN

˜

otherwise
(13)

Let 
 be the setof �o ws served by server d . Thenserver d

with capacity †

a is de�ned to have exceededits capacityat
time C if

`

U+*

�

ÿ

U

(

a

LQCXNˆO}†

a . Let ,u$)(

a

LQCD*AEXCGF)N bethesetof
all �o w ! packetsthatarriveatserver d in interval B C�*AEXCGF�H and
have deadlinesno greaterthan CXF . For packet >?'

$

, let h,'

$)(

a

Z

Ã

a

Ly>”'

$

N
R

kŽlAn

L¿&�'

$)(

a

E-


a

L�>”'

$

NXN . The proof of Lemma4 is by
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Therefore,the cumulative length of all �o w ! packets that
arrive in interval B C
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H andhave deadlinevalueno greater
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We now prove the lemmaby contradiction.Assumethat
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shown that sucha C
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have beenserved earlier than Cp* ) and have deadlinevalue
lessthanor equalto CXF . Sincethe server is busy in the in-
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Sincethe server capacityis not exceeded,
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Induction Hypothesis: Assume(12)holdsfor "

+

d

+

û .
Induction Step : We will show that (12) holdsfor "

+

d

+

û

/

" .
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exactly the samemannerasthe basecase. Therefore,from
induction,thelemmafollows.

SincePreemptive CSGTis work conservinganddoesnot
dynamicallychangethepriority of apacket,Lemma2follows
immediatelyfrom Lemma4 andLemma3.

E Proof of Theorem 2
Since ØøÒSð�ò is the maximumlatency after which a packet
from theegressnodereachestheingressnode,thefollowing
conditionis suf�cient to ensurethatthetagsof packet >€'
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bereusedby theingressnode:
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Considerany tagvalue Ã at thelast server
 

. Let 9

� denote
thesequencenumberof the last packet that is ever assigned
the deadlinetag Ã at server

 

. Thenthe departuretime of
packet >

'76

$
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Now considerany time interval L=Cp*%EXCGF@N . From the def-

inition of É

h , we know that given any Ã { LQC�*
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hasbeenassignedasa deadlinetag at the last server
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