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Abstract

In multi-hop networks, packet schedulersat downstream
nodeshave anopportunityto make up for excessive laten-
ciesdueto congestionat upstreamnodes.Similarly, when
packets incur low delaysat upstreamnodes,downstream
nodescanreducepriority andscheduleotherpackets�rst.
Thegoalof this paperis to de�ne a framework for design
and analysisof CoordinatedNetworkScheduling(CNS)
which exploit suchinter-nodecoordination.We �rst pro-
vide a generalCNS de�nition which enablesus to clas-
sify a numberof schedulersfrom the literatureincluding,
FIFO+,CEDF, andwork-conservingCJVCasexamplesof
CNS schedulers.We thendevelopa distributedtheoryof
traf�c envelopeswhichenablesusto deriveend-to-endsta-
tistical admissioncontrol conditionsfor CNS schedulers.
We show thatCNSschedulersareableto limit traf�c dis-
tortionto within anarrow rangeresultingin improvedend-
to-endperformanceandmoreef�cient resourceutilization.

1 Intr oduction

During periodsof congestion,a �o w or class' end-to-
end performancepropertiesare strongly in�uenced by
the choiceof the packet schedulingalgorithm employed
at the network's routers. Consequently, recentadvances
in schedulerdesigncan ensurepropertiessuch as fair-
ness,performancedifferentiation,andperformanceisola-
tion [3, 13, 15, 25]. Moreover, suchperformanceprop-
ertiesarenow achievable in high speedimplementations
[23, 28, 30] andscalablearchitecturesin whichcorenodes
donotmaintainper-�o w state[6, 24, 31].

Exploiting these schedulingmechanisms,admission
control can limit congestionlevels so that (for example)
targeted latenciesand throughputsare ensured,thereby
providing serviceswith predictableandcontrolledperfor-
mancelevels[21]. For example,statisticalclass-basedad-
missioncontrol testshave beenderivedfor EarliestDead-
line First [4, 26, 29], WeightedFair Queueing[12, 26, 36],
Strict Priority [26], and Virtual Clock [19]. Moreover,
techniquesfor providing multi-nodeor end-to-endstatis-

tical serviceshave beendevelopedfor several classesof
non-work-conservingschedulers[5, 27, 29, 35] and for
WeightedFair Queueing[36].

However, in both the dataplane(scheduling)andcon-
trol plane(admissioncontrol),noneof theaforementioned
techniquesexploit a key propertyof multihop networks,
namely, that a downstreamnodecancompensatefor ex-
cessivelatency or unfairnessincurredatanupstreamnode.
Nor will downstreamnodesreducethepriority of a packet
which arrivesaheadof scheduledueto a lack of conges-
tion upstream.In contrast,a numberof servicedisciplines
in the literaturehave beenproposedwhich do exploit this
property, which we referto ascoordination. Examplesin-
cludethe old customer�rst servicediscipline[8], global
earliestdeadline�rst (G-EDF) [8], modi�ed �rst-in-�rst-
out (FIFO+) [10], and coordinatedearliest-deadline-�rst
(CEDF)[1, 2].

The contributionsof this paperaretwofold. First, we
devisea generalframework for designandspeci�cationof
a classof servicedisciplineswhich we refer to asCoor-
dinatedNetwork Schedulings(CNS).Thekey CNSprop-
erty is thata packet's priority index at a downstreamnode
is recursively expressedthroughthe priority index of the
samepacket at thepreviousnode,andthereforeis a func-
tion of the packet's (perhapsvirtual) entrancetime into
the network. We show that a broadclassof schedulers
from the literature,including CEDF, FIFO+, and others,
canbe characterizedby this recursionand belongto the
CNSclass.We make severalobservationsregardingcoor-
dinatednetworkschedulers.(1)They canbecore-stateless,
in somecasesquite trivially, and thereforecansharethe
samescalabilitypropertiesof architecturesin which core
nodesdo not maintainper-�o w state[31]. (2) The well
known traf�c distortionproblem,in whichprovisioningof
end-to-endservicesis hamperedby complex traf�c distor-
tionsdueto multiplexing,e.g.,[11, 22], canbeavoidedall
together. (3) CNS inter-server cooperationcanimprove a
�o w'send-to-endperformance,andconsequently, improve
theef�ciency andutilizationof thenetwork at large.

Our secondcontribution is to devise a generaltheory
for statisticalanalysisand admissioncontrol of coordi-
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natedservers. Our key techniqueis to devise a frame-
work for end-to-endserviceprovisioningthatexploits the
structuralpropertiesof coordinatednetwork schedulers,
therebyovercomingthe traf�c distortionproblemandre-
alizing the ef�ciency gainsof coordination. To analyze
CNSnetworks,we introducetheconceptof essentialtraf-
�c , which is the traf�c that mustbe served beforea time
instantsuchthat no local serviceviolationswill occurat
that time. Using this conceptand building on the inter-
classtheoryof [26], wederiveexpressionsfor theessential
traf�c andserviceenvelopes, which providea generalsta-
tisticalcharacterizationof aCNSnode'sworkloadandser-
vice capacity. Within this framework, we establishanim-
portantpropertyof theCNSdiscipline,namely, thattraf�c
distortionsin CNS networks are limited to within a nar-
row range.Therefore,theessentialtraf�c andserviceen-
velopesat a CNS nodecan be evaluatedas simple and
minimallydistortedfunctionsof the�o ws' original (undis-
torted)traf�c envelopesthatcharacterizedtraf�c beforeen-
tranceinto the network. We thenderive CNS admission
control conditionsby transformingthe problemof evalu-
ating theservice-violationprobability into theproblemof
computingthe essentialtraf�c envelopeandthe essential
serviceenvelope.

Previous techniquesfor multi-nodeadmissioncontrol
includestudiesof non-work-conservingschedulerswhich
shapeandreshapetraf�c [5, 14, 16, 17, 27, 29, 34, 35].
While suchschemescanhave goodperformanceproper-
ties, they requireper-�o w traf�c processingin corenodes
and do not exploit the coordinationproperty. For work-
conservingservicedisciplines,a key issueis traf�c dis-
tortion. Previousapproachesincludeboundingthis distor-
tion [7, 11, 22, 33] andexploiting isolationpropertiesof
GPSservers[18, 25, 36]. While suchtechniquesareim-
portantfor their generality, we will show that they canbe
conservative in practice. In contrast,our work develops
a generalframework for end-to-endservicesin CNS net-
works. Our solutionappliesto the broadclassof (work-
conserving)CNS servers,exploits the ef�ciency gainsof
coordination,andprovidesan end-to-endadmissioncon-
trol algorithmthat is quite generalandachieveshigh uti-
lization for multi-classmulti-nodeservices.

Theremainderof this paperis organizedasfollows. In
Section

�

, we de�ne the CNS discipline and show how
schedulingalgorithmsfrom theliteraturecanbeclassi�ed
within theCNSframework. Next, in Section� wedevelop
ageneraltheoryfor analysisandadmissioncontrolfor sta-
tistical end-to-endservices.Finally, in Section� , we pro-
vide numericaladmissioncontrolresults,andin Section�

weconclude.

2 Framework for Coordinated
Scheduling

In this section,we provide a formal de�nition of theCNS
coordinationproperty. We thenusethis de�nition to show
how anumberof schedulersfrom theliteraturepossessthis
propertysothatouradmissioncontroltestsderivedin Sec-
tion 3 applyto a broadclassof schedulers.

2.1 CNSDe�nition

De�nition 1 (Coordinated Network Scheduling)
Considera multiplexer which servicespacketsin increas-
ing order of their priority indexes. A schedulerpossesses
theCNSpropertyif
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where
�

�

��� 
 is thepriority index assignedto the "$#&% packet
of �ow ' at its �

#&% hop;
�

�

� is thetimewhenthe "(#&% packet
of �ow ' arrivesat its �r sthop;and �

�

��� 
 is theincrementof
thepriority index of the ")#&% packetof �ow ' at its �

#&% hop.

Basedon theselectedmethodfor incrementingthepri-
ority index, we sub-classifyCNS servicedisciplinesinto
delay-andrate-CNS.A servicedisciplinebelongsto the
delay-CNSclassif �

�

�	� 
 representsa delayparameterof the
"�#&% packetof �o w ' at its �

#&% hop.For example,thisdelay
parametercanbesimply a local delaybound,or for other
servicedisciplines(describedbelow), canbea functionof
packet " 'sdelayrelative to thescheduler'smeandelay.

In contrast,a servicediscipline belongsto rate-CNS
classif �

�

�	� 
 is a function of *

�

� and +

�	� 
 , where *

�

� is the
size of the "(#&% packet of �o w ' and +

�	� 
 is the reserved
bandwidthfor �o w ' at its �

#&% hop.Themaincharacteristic
of this classis that reservedbandwidthsratherthandelay
boundsdeterminetheservicepriority. Below we alsode-
scribeexamplesof schedulersbelongingto the rate-CNS
class.

2.2 Discussion

Thekey propertyof theCNSdisciplineis thatthepriority
index of eachpacket at a downstreamserver dependson
its priority index at upstreamservers,sothatall serversin
the network cooperateto provide the end-to-endservice.
For example,if a packetviolatesa localdeadlineat anup-
streamserver, downstreamnodeswill increasethepacket's
priority therebyincreasingthe likelihood that the packet
will meetits end-to-enddelaybound.Similarly, if apacket
arrives“early” dueto alackof congestionupstream,down-
streamnodeswill reducethepriority of thepacket.
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As a simpleexample,considera packet arriving to the
network at

�

�

�

and traversingtwo nodeswith �

�

��� � �

�

�

��� �

� �

�

msec. At the secondnode,the packet's dead-
line (priority index) is 20msec.If, for example,thepacket
missesits localdelayboundat the�rst nodeandis queued
for 15 msec,the secondnodeprioritizes the packet with
a deadline5 msecafter its arrival. This is contrastwith
EDF, in whicheachnodeschedulespacketsindependently,
sothat thesecondnodewould prioritize thepacket with a
deadline10 msecafter its arrival, makingit far lesslikely
thatthepacketwouldmeetits 20msecend-to-endrequire-
ment.

2.3 ExampleCNSDisciplines

The above de�nition of CoordinatedNetwork Schedul-
ing is quite general. Here, we show how several ser-
vice disciplinesfrom the literature,includingG-EDF[8],
FIFO+[10], CJVC[32], andCEDF[1, 2] canbeclassi�ed
asinstancesof theCNSdiscipline.

Global EDF The Global Earliest Deadline First (G-
EDF) servicedisciplinewas introducedin [8] to address
theproblemthatreconstructionof continuousspeechfrom
voice packets is complicatedby variabledelaysof pack-
etsdueto multiplexing. In G-EDF, the priority index for
a packet with age(time in network) � arriving at a server
at time

�

is de�ned as
�

�������
	���


�
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, where ���
	��

is themaximumallowableentry-to-exit delayand
�

is the
estimateddelayalongthe packet's remainingroutein the
network. If we rewrite the priority index assignedby G-
EDFas:
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where �

� is the path lengthof �o w ' , and �

�	� 
 is the ex-
pecteddelay suffered by the packets of �o w ' at its �

#&%

hop,thenit is clearthatG-EDFis a delay-CNSdiscipline.

FIFO+ The modi�ed �rst-in-�rst-out (FIFO+) service
discipline[10] assignsa packet's priority index according
to thedifferencebetweentheaveragequeueingdelayseen
by a packet andtheparticularqueueingdelaysufferedby
thepacketatupstreamservers.Fromthede�nition in [10],
wecanrewrite therecursiveFIFO+priority index as:
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so that �

�

�	� 
 is the differencebetween �

�

��� 
�� � , the average

queueingdelayof �o w ' , and �

�

�

�	� 
���� , theparticularqueue-
ing delayat the � �!
��

�

#&% hop. ComparingEquation(3)
with De�nition 1 shows that FIFO+ is alsoa delay-CNS
discipline.

Work Conserving CJVC Core-Jitter Virtual Clock
(CJVC)wasproposedin [32] asamechanismfor achieving
guaranteedservicewithout per-�o w statein the network
core.CJVCuses“dynamicpacket state”to storeinforma-
tion in eachpacket headercontainingthe eligible time of
thepacketat theingressrouterandaslackvariablethatal-
lows coreroutersto determinethe local priority index of
the packet. For a work-conservingvariantof CJVC, the
priority index of packet " of �o w ' atnode� is givenby:
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where�o w- ' "(#&% packet sizeandreserved bandwidthare
givenby *

�

� and +

� respectively, and (

�

� is theslackvariable
assignedto the "(#&% packetof �o w ' beforeit entersthenet-
work. Thus,work-conservingCJVCis a rate-CNSservice
discipline.

Coordinated EDF In [1, 2], the CoordinatedEarliest
DeadlineFirst(CEDF)servicedisciplineis developedwith
thegoalof minimizingend-to-enddelays.Theapproachis
touseEDFtogetherwith randomizationof packetinjection
time andcoordinationof servers. Thereexist two waysto
assignlocaldeadlinein CEDFservicediscipline.

In [2], thepriority indexesareassignedas
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where
*

�

� is thetokenarrival timechosenuniformly at ran-

domfrom interval -
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, ;

� is the
maximumsizeof �o w- ' packets,<

� is therateof �o w ' , = is
theutilizationfactor, and ,

��� 
 is aconstant(expectedlocal
delaybound)determinedfor the �

#&% hopof �o w ' .
In [1], thepriority indexesareassignedas
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where
.

� is the end-to-enddelayboundfor �o w ' ,
*

�

�VU

-

�

�

�

�

�

�

�

�

.

�

�

is thearrival time of tokenfor the "$#&% packet
of �o w ' (similar to above), the W

� 
 is thecapacityof the
server in the �

#&% hop of �o w ' , and �

� is the pathlength
of �o w ' . Thus,both variantsof CEDF canbe classi�ed
asdelay-CNSdisciplinesin which the �rst priority index
is randomized.

3 CNSAnalysisand AdmissionCon-
tr ol

In thissection,wedevelopastatisticalmulti-nodeanalysis
andadmissioncontrolalgorithmfor CNS.We proceedin
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severalsteps.First,we introducetwo key conceptsneeded
for analysis:essentialtraf�c andessentialservice.These
conceptsenableus to statisticallybound the traf�c that
mustbeservicedin orderto meeta �o w's localquality-of-
serviceconstraints.We next show how the essentialtraf-
�c at a corenodecanbecomputedbasedon a simpleand
minimally distortedtransformationof thetraf�c at theen-
tranceof thenetwork. This result(Theorem1) is a key to
ef�cient end-to-endanalysis.Wethenderiveanexpression
for thestatisticalserviceenvelope(Theorem2): with this
statisticaldescriptionof service,we cancharacterizeand
controlstatisticalsharingacrosstraf�c classes.Finally, we
deriveanend-to-endadmissioncontroltestfor coordinated
schedulers(Theorem3).

Throughout,wedenote
�

��� 


�

�

�

asthetotaltraf�c in -

�

�

�

�

arriving from traf�c �o w ' at �o w- '

�

#&% hop,a nodewhich
is indexedby �

�

'

� �

�

.1 Without lossof generality, we ig-
norepropagationdelayssothatthedeparturetraf�c of �o w

' from server �

�

'

� �

�

is thearrival traf�c of �o w ' to server
�

�

'

� ��� �
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. As in [26], wecall a sequencerandomof vari-
ables ���
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Finally, We considera discrete time model with both
dropping(�nite buffer) andnon-dropping(in�nite buffer)
scheduling.

3.1 EssentialTraf�c

Here,we de�ne essentialtraf�c asa fundamentalnotion
for analysisof coordinatedschedulersthat enablesus to
accuratelyevaluatea �o w's delay-bound-violationproba-
bility. In particular, for agivenlocaldeadline� , all arriving
traf�c of server � arriving in -

�

�

�

�

canbevirtually decom-
posedaccordingto whetheror not its localdeadlineis later
than � . As only the portion of traf�c with local deadline
no laterthantime � affectstheprobabilityof violating the
local deadline� , we referto this traf�c asessentialtraf�c,
whichweformally de�ne asfollows.

De�nition 2 (EssentialTraf�c) The essential arrival
traf�c
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of �ow ' at time
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relative to time � at
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is de�nedasthetotal �ow- ' traf�c with local
deadlineno later than time � arriving at server �
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1Notationis summarizedin Table1.
2Throughout, "!$# denotesalmostsureinequality, %�&  '!(#*),+

-

.

Term De�nition
�

�

'

� �

�

�

#&% hopof �o w '

�

� pathlengthof �o w '

�

�

� arrival timeof the ")#&% packetof �o w ' at
its �rst hop

�

�

��� 
 incrementof priority index of the "$#&%

packetof �o w ' at its �

#&% hop
�

��� 
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�

total �o w- ' traf�c at its �
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�o w ' statisticaltraf�c envelopeat its
�rst hop
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�o w- ' traf�c with localdeadlineno later
than � arriving at server �
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�o w ' essentialtraf�c envelopeat its
�

#&% hop
0

��� �

�

�

�o w ' essentialserviceenvelopeat its
�

#&% hop
*

���

�

�

�

�

void timeof server � beforetime
�

related
to time �

1"2

�

�43

�

total traf�c with localdeadlineno laterthan
� queuedatserver � at time 3

5

��� 
 thedifferencebetweenmaximumand
expectedqueueingdelayfor �o w ' traf�c
beforearriving at its �

#&% hop
6

�	� 
 probabilityof �o w- ' traf�c missingits local
deadlinebeforearriving at its �

#&% hop
�

�	� 


�

�

�

(virtual) essentialdelaysufferedby �o w- '

traf�c at its �

#&% hopat time
�

�

�	� 
 �o w ' delayboundat its �

#&% hop
=

��� 
 upperboundon theprobabilitythat
�

�	� 


�

�

�

� �
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7

=

��� 
 upperboundon theprobabilityof �o w- '

traf�c missingits priority index at its �

#&% hop

Table1: Notation

For a multiplexer (server) in a CNSnetwork andgiven
time

�

andlocal deadline� , an importantinstantprevious
to

�

is thetimewhenthemultiplexerdoesnot servicetraf-
�c with localdeadlineslaterthan � . As we seebelow, this
is importantfor analysisbecausethetraf�c arriving at the
multiplexer beforethis momentdoesnot affect theproba-
bility of localdeadlineviolation.Wereferto this instantas
thevoid timedenotedas

*

�
�

�

�

�

�

andpreciselyde�ne it as
*

���

�

�

�

�

�8�:9
;

�

3=<
3

�

�

and
1

2

�

��3

�

�

�

�

� (9)

where
1

2

�

��3

�

is thetotalamountof traf�c with localdead-
line no laterthan � backloggedatserver � at time 3 .3 No-
tice that server � is not necessarilyidle at time

*

���

�

�

�

�

3Without lossof generality, weassumethatnetwork is idle at time > .
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asit maybebusyservingtraf�c with local deadlineslater
than � .

3.2 EssentialTraf�c Envelope

Accordingto the de�nition of void time, we arenot con-
cernedwith traf�c arriving before

*

� �

�

�

�

�

whencomput-
ing the local delay-bound-violationprobability. Thus,we
de�ne theessentialtraf�c envelopeasfollows.

De�nition 3 (EssentialTraf�c Envelope) A sequenceof
randomvariables �
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velopeof �ow ' at its �
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where �

�

'

� �

�

�

� and
*

� �

�

�

�

�

is de�nedin Equation(9).

A key challengefor provisioning multi-nodeservices
is evaluatingtheessentialtraf�c envelopeat coreservers.
The dif�culty is dueto the fact that a �o w's traf�c is un-
avoidablydistortedaftermultiplexing with other�o ws so
thatthelocaldeadlinefor apacketatacoreserverdepends
not only on its arrival time andlocal deadlineincrement,
but alsothe queueingdelaysufferedby the packet at up-
streamservers.

Thefollowing lemmaboundsthetraf�c missingits local
deadlineat upstreamserver for stablenetworks in which
server � hasa maximumqueueingdelay

.

� .

Lemma 1 For a given time � , the total amountof �ow-
' traf�c that missesits local deadline(priority index) no
later than � at the � � 
 �

�

#&% hop,andarrivesat the �

#&% hop
after � is boundedby
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and
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�	� 
 is the probability of �ow- ' traf�c missingits lo-
cal deadlinesbefore arriving its �

#&% hop, as computedin
Corollary 2.

Proof: Accordingto the de�nition of CNS, �o w- ' traf�c
arriving at server �
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� �
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after � andhaving local deadline
before� atserver �
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beforetime � , oth-
erwise there is a contradiction with the de�nition of
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� � ������� � � 
 � . Furthermore,theprobabilityof
�o w- ' traf�c missingits local deadlinesbeforearriving at
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is boundedby
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 . Hencethe total amount
of �o w- ' traf�c missingits localdeadlinenolaterthantime
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after � is boundedby
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Basedonthisboundonthetraf�c missingits localdead-
line, we canevaluatethe essentialtraf�c envelopeasfol-
lows.

Theorem1 Theessentialtraf�c envelope
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of �ow '
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Proof: Let �
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� . For all
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, consider
the interval -

*

���

�

�

�

�

�

�

�

. Accordingto Equation(9), dur-
ing this interval server � is busyservingtraf�c with local
deadlinesno later than � . Accordingto De�nition 2, we
have
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This is becauseat time
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, the queueof server �

doesnotcontainpacketswith deadlineslaterthan � . After
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, if all arriving packetshave not missedtheir local
deadlinebeforearrivingatserver � , atleast
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. However, there
may be packetsmissingtheir local deadlinebeforearriv-
ing at server � . According to Lemma1, we know that
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For
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 , all �o w- ' packets with lo-
cal deadlineno later than � arriving at server � during

-
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have missedtheir local deadlinebeforearriv-
ing server � . Henceasabove,wehave
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Therefore,wehave
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Thistheoremrevealstheimportantpropertyof theCNS
discipline,namely, thatdistortionof traf�c in coreservers
is limited to within a narrow range.To illustrate,consider
thespecialcasein whichpacketsthatmisstheir localdead-
lines arediscarded.In this case,

5

��� 


�

�

for any �o w '

andits �

#&% hopsothattheessentialtraf�c envelopeatcore
servers,i.e.,

/
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��� 
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, is almostidenticalto
thatat theingressserver,
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�.� 
 �

�	� �

�

.

3.3 EssentialServiceEnvelope

The above result enablesus to derive end-to-endadmis-
sioncontroltestsfor CNSnetworksin thesingleclasscase.
However, with multiple traf�c classeswith statisticalshar-
ing acrossclasses,classesaffecteachothers'performance.
Consequently, characterizingtheextentto whichresources
aresharedacrossclassesis the key to achieving high uti-
lization in multi-classnetworkswithoutworst-casealloca-
tion for eachclass[26]. Thus,we usestatisticalservice
envelopesasatool for characterizingandcontrollinginter-
classresourcesharing.

De�nition 4 (EssentialServiceEnvelope) A sequenceof
randomvariables �
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�.�$�
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is called a (statistical)
essentialserviceenvelopeprovidedbyserver�
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Roughly,
0

��� 


�.�$�

�

�

is ameasureof theserviceprovidedin
any busy interval with length � to �o w- ' traf�c with local
deadline� secondsbeforetheendof the interval. Notice
thattheminimumserviceobtainedby �o w ' duringabusy
interval of server �

�

'

� �

�

will dependon the other �o ws'
arriving traf�c. Furthermore,theessentialserviceenvelope
providedby server �

�

'

� �

�

to �o w ' dependson the other
�o ws' essentialtraf�c. Using this de�nition, we cannow
deriveanexpressionfor theessentialserviceenvelope.

4 � dependson ����� and �
	�� 
������ .

Theorem2 For all � �
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,
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thesetof �ows servedbyserver� , and W

� is thecapacity
of server� .

Proof: According to De�nition 4, we needto show that
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Therefore,thereatleastexists

0

��� 


�

�




*

�
�

�

�

�

�

�

�




�

�

�

�

W

�
�

�




*

�
�

�

�

�

�3�



�

���

�

���

�����

B

�

G

/

�

� 


%

�

�




*

�
�

�

�

�

�3� �

F

�o w- ' traf�c with local deadlineno later than � served
by server � during -

*

� �

�

�

�

�

�

�

�

. Furthermore,at time
*

� �

�

�

�

�

, the
�
�

��� 

�

*

���

�

�

�

�

�

�

�

of �o w- ' traf�c has been
served.Hence,let

�

�

*

� �

�

�

�

�

, andwehave

�

�	� 


F

�

�

�

�

�

0

�	� 


�

�




*

� �

�

�

�

�

�

�




�

�

�

�

�

��� 
 �

*

���

�

�

�

�

�

�

�

�

0

�	� 


�

�




�

�

�




�

�

�

�

�

�	� 

�

�

�

�

� � �

3.4 AdmissionControl

We now derive anend-to-endadmissioncontrolcondition
for CNS networks. We usea conceptof (virtual) delay
dueto theessentialtraf�c ataparticularnodeto derive the
local delay-bound-violationprobabilityasanintermediary
steptowardsboundingthe end-to-endprobability. Thus,
wede�ne (virtual) essentialdelay
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of �o w- ' traf�c
with local deadlineno laterthantime � at server �
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For a �o w- ' packetwith localdeadline� arriving at server
�
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� �

�

at time
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, theeventof thispacketbeingservedafter
time �
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 is containedin theevent �
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,
andwehenceforthconsiderthislatterevent.Thefollowing
theoremshowshow to evaluatethisdelaydistribution.
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Theorem3 Thevirtual delaydistribution of �ow ' at its
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Proof: FromEquation(15),wehave
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Furthermore,accordingto Theorem1, wehave
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Thus, accordingto Theorem3, the problemof com-
putingthe�o w- ' delaydistribution is transformedinto the
problemof �nding �o w- ' essentialtraf�c envelopeandes-
sentialserviceenvelope. Basedon Theorem1 andTheo-
rem2, wehave thefollowing results.
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Proof: FromTheorem3, wehave
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FromTheorem2, wehave
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Now, we can bound the probability of �o w- ' traf-
�c missing its local deadlinebefore arriving at server
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� �
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� .

Corollary 2 The probability of �ow ' missing a local
deadlinebeforearriving at server� is boundedby
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Proof: Accordingto Equation(15), the probabilityof
traf�c of �o w ' missingits local deadlineat server �
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is boundedby
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Since
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, we can compute
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in the order of
�

� . Therefore,the upperboundfor local deadlineviola-
tion probabilityof �o w- ' traf�c beforearriving atserver �

is determinedby

6

���

���


����

�

%��

�

7

=

�	�

%

� �

Thus,applyingthis result,each�o w canbeguaranteed
an end-to-enddelayboundalongwith its violation prob-
ability by usingCorollaries1 and2 to composeper-node
quality-of-serviceparametersinto end-to-endones.

4 Numerical Investigations

In this section,we evaluatethe performanceof the CNS
disciplineby performingasetof admissioncontrolexperi-
ments.Wecomputetheadmissibleregions(setof admissi-
ble �o ws) undera setof scenariosfor CNSnetworks,and
asa baselinefor comparison,we alsostudythe admissi-
ble regionsof GPSnetworks[25]. Thegoalof thesection
is not to providea comprehensiveperformanceanalysisof
CNSundera broadrangeof realisticscenarios,but rather
to illustratethe performanceimplicationsof coordination
in providing multi-nodeservices.

4.1 Scenario

Server 3Server 2Server 1 Server 10

The path for background traffic The path for target traffic

Figure1: A SimpleTandemNetwork Topology.

We considera simple tandemnetwork as depictedin
Figure1. Thenetwork consistsof �

�

serverswith thesame
capacity. Thereare

�

�

�o ws enteringthe network from
server � andexiting from server 10. These�o ws have the
longestpathandarechosento bethetargettraf�c for anal-
ysis. In addition,eachmultiplexer alsoservestwo classes
of crosstraf�c consistingof

�

� �o ws traversingonehop
and

�

� �o ws traversingtwo hopsasdepicted.This cross
traf�c hasthesamecharacteristicsasthetargettraf�c (de-
scribedbelow).

In orderto simplify theevaluation,we assumethatev-
ery �o w hasthe samesourcetraf�c andis regulatedby a
dual leaky bucket beforeenteringthenetwork. If a source
traf�c of �o w ' is regulatedby a dual leaky bucket with
parameters�

+

�

�

�

�

�

*

�

�

, then we can boundthe statistical

traf�c envelope�

�

���

�

of thesourcetraf�c asfollows[20]:
�

�

�

�

���

�3�

�

+

�

� and ��� +

�

�

�

���

�3�=� �

�
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���
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� �




-

�

�

�

�

���

���

�

���

�

���

�

+

�

��


+

�

� �
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, where
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���
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� �
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We studytwo classesof sourcetraf�c. Theparametersfor
eachclassof sourcetraf�c aregivenin Table2. Class1's
parametersrepresenton-off, periodicvoicetraf�c whereas
Class2'sparametersaresimilar to thoseof videotraces.

+ (bps)
�

(bps)
*

(b)
Class1 32000 64000 23040
Class2 150000 6000000 100000

Table2: Parametersof SourceTraf�c.

4.2 GPSAdmissionControl

In aGPSnetwork, theminimumbandwidth�

�

� guaranteed
to �o w ' atserver � is givenby

�

�

�
�

+

�

�

���

�

B

�

G

+

�

W

�
�

where +

� is the long term averagerateof �o w ' , � �

�

�

is
the set of �o ws that areserved by server � . By simple
extensionof theresultsin [36], theprobabilityof theend-
to-enddeadline�

� violation of thetraf�c of �o w ' canbe
boundedby
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where�

�

�'� � � �

�
�

�

�

�

and � is thesetof �o ws with the
samesourceanddestinationas�o w ' .

4.3 Computing PerformanceBounds

To compute
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, weusethemaximumvari-
anceapproachdevelopedin [9]. Let
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asGaussian,the following upper
boundcanbeenobtained.
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A detailedcomparative performancestudyof this bound
canbefound[21].

Throughoutthe experiments,we report the meanuti-
lization of thenetwork asthemeanrateof admitted�o ws
dividedby the link capacity, averagedover all nodes.We
also report the two key quality of servicemeasures:the
end-to-enddelay bound and its correspondingviolation
probability. In this way, we characterizetheservicedisci-
plines'ability to simultaneouslyachievequality-of-service
objectivesandef�ciency objectives.

4.4 Numerical Resultsand Analysis

For the CNS discipline,we usetwo differentmethodsto
assignthe incrementof priority indexes. The�rst method
is for G-EDF as describedin [8] and in Section2. The
priority index incrementfor eachpacket at eachhop is a
constantW (

�

msecfor voice traf�c and
�

msecfor video
traf�c) exceptat the �rst hop, wherethe incrementof is
equalto the end-to-enddelayboundminus(pathlength-
1)*C. The secondmethodis a simpli�ed versionof CNS
which we referto as(S-CNS).Here,thepriority index in-
crementateachhopis simplya constant(

�

msecfor voice
traf�c and

�

msecfor videotraf�c).
We considertwo scenarios,voicetraf�c andvideotraf-

�c and explore the three key performanceparameters,
utilization, delay bound,and violation probability. Fig-
ure2(a)depictsutilizationversusend-to-endqueueingde-
lay for voicetraf�c with therequiredviolation probability
lessthan �

�

���

. Figure2(b) depictsthe end-to-enddelay
boundviolationprobabilityversustheend-to-endqueueing
delayboundfor voice traf�c whenthenetwork utilization
is ���
	 .

We make two observationsregardingthe �gure. First,
bothinstancesof CNSdisciplinesoutperformGPS.For the
samenetwork topologyand the sametraf�c pattern,the
CNS network cansupportmore �o ws than the GPSnet-
work while supportingthesameQoSlevel. For example,
with theend-to-enddelayboundlessthan100msec,CNS
cansupportat least �

�

	 utilization asopposedto at most
�

�

	 for GPS.Thus,while GPSachieveslocal fairnessof
bandwidthsharingat eachnode,CNS usesthe coordina-
tion property to minimize end-to-enddelay and achieve
global fairness.

Noticefurtherthatfor a�x ednetworkutilization( ���
	 ),
i.e.,a �x ednumberof �o wsin thenetwork, theend-to-end

delayboundviolation probability for target traf�c in the
CNS network is alwayssmallerthanthat in the GPSnet-
work. For example,with 100msecend-to-enddelaybound
and ���
	 utilization, thedelayboundviolation probability
for targettraf�c is largerthan0.009for GPSwhereasit is
lessthan �

�

�
�

for CNS.Thisis againaconsequenceof the
coordinationproperty.

Finally, noticethatamongCNSdisciplines,G-EDFpa-
rameterallocationoutperformsS-CNS.Thereasonfor this
is thatG-EDFassignsanadditionalportionof theend-to-
enddelaybudgetto the �rst hop. As a consequence,the
possibilityof many packetshaving very smallpriority in-
dexesat coreserversat the sametime is reduced.Thus,
there is less traf�c distortion at core servers and fewer
packetsmisstheirend-to-enddelaybounds.

Figure3 reportsthe resultsof an analogoussetof ex-
perimentsfor the video traf�c. While the conclusionsto
be drawn are largely the sameas for voice, we do note
that theadvantagesof CNSover GPSareevenmorepro-
nounced.Thereasonfor thisis thatthehigherburstinessof
this traf�c (largervarianceandlongerburstlengths)places
a heavier burdenon theschedulerduringperiodsof over-
load.CNSis bettersuitedto meetingend-to-enddelayob-
jectivesundersuchhighcongestionperiods.

5 Conclusion

In this paper, we developeda framework for Coordinated
NetworkScheduling(CNS).With ade�nition of thefunda-
mentalcoordinationproperty, weshowedhow anumberof
schedulersfrom theliteraturecanbecharacterizedasCNS
disciplines.We thendevelopeda generaltheorybasedon
traf�c andserviceenvelopesto analyzeCNSnetworksand
devised admissioncontrol testsfor statisticalend-to-end
services.We showedthatCNSdisciplineslimit traf�c dis-
tortionto within anarrow range,therebyproviding a foun-
dation for ef�cient and scalablemulti-nodeservices. In
admissioncontrolexperimentswith 10hops,wefoundfor
examplethatutilizationcanbeimprovedfrom 67%to 78%
for highly bursty video �o ws requiring150 msecend-to-
enddelaywith violationprobability �

�

�
�

.
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