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Inter-server coordinatedschedulingis a mechanismfor downstreamnodesto increaseor de-
creaseapacket'spriority accordingto thecongestionincurredatupstreamnodes.In thispaper,
wederiveanend-to-endschedulabilityconditionfor abroadclassof coordinatedschedulersthat
includesCJVCandCEDF. In contrastto previousapproaches,our techniquepurposelyallows
�o wsto violatetheir localpriority indexeswhile still providing anend-to-enddelaybound.We
show thatundera simplepriority assignmentscheme,coordinatedschedulerscanoutperform
WFQ schedulers,while replacingper-�o w schedulingoperationswith a simplecoordination
rule. Finally, we illustratetheperformanceadvantagesof coordinationthroughnumericalex-
amplesandsimulationexperiments.

1. INTRODUCTION

In the pastdecade,therehasbeengreatprogressin the designof packet schedulingalgo-
rithms, including servicedisciplineswhich achieve performanceisolation[19,25], quality of
servicedifferentiation[9,12,18],andscalablecore-statelessimplementation[4,22,27].

Simultaneously, new theoreticaltools have beendevisedto analyzethe performanceprop-
ertiesof suchmulti-classschedulers.For example,exact delayboundsfor EarliestDeadline
First (EDF) andStrict Priority (SP)schedulersarederivedin [17]. Moreover, multi-nodedelay
boundshave beendevelopedfor networks of elementscharacterizedby servicecurvesusing
“network calculus”[3,8,21],anapproachwhich encompassesandgeneralizespreviousresults
for networksof WeightedFairQueueing(WFQ)servers[20] andrate-controlledservers[14,25].
In general,suchtechniquesprovide schedulabilityconditions, i.e., constraintsthat,if satis�ed,
ensurethatall packetsof all �o ws will meettheir respective delayboundswithout violation or
loss.

Recently, a classof schedulershasbeenstudiedwhich employ coordination of priorities
amongnodes[2,15,28]. A schedulerthat employs coordinationcangive a packet higheror
lowerpriority atdownstreamnodesdependingonwhetherthepacketwasservicedlateor early
at upstreamnodes.This intuitively appealingconcepthasbeenappliedin a numberof service
disciplinesproposedin theliteratureincludingFIFO+[6] andGlobalEDF [5]. Moreover, such
schedulershave potentialapplicationsto futuremulti-servicenetworkssincethey canprovide
end-to-endservicesusingsimple,work conserving,per-nodeschedulingalgorithmsthatdonot
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requireper-�o w operations.Indeed,it wasshown in [15] thatcorestatelessservicedisciplines
suchasCore-statelessJitterVirtual Clock (CJVC)[23] canalsobeexpressedby asimplecoor-
dinationmechanism.

Thegoal is this paperis to provide a schedulabilityconditionandanalyticalframework for
coordinatedschedulers.Our approachrepresentsa fundamentaldeparturefrom previoustech-
niquesin two ways.First,our schedulabilityconditionallowspacketsto violatelocal per-node
constraints,while still ensuringdelayboundsaresatis�edend-to-end,i.e.,by the�nal hop.Al-
lowing suchlocal violationsis crucialto exploiting thekey multi-nodepropertyof coordinated
schedulers.Consequently, techniquesthatrequireall packetsto satisfytheir localconstraintsat
eachnodeto ensureend-to-endschedulabilitycannotbeapplied.Second,previoustechniques
rely on eitherper-�o w traf�c re-shaping[14,25]or per-�o w scheduling[3,8,20,21](suchasin
WFQ) to derive multi-nodeschedulabilityconditions. In contrast,we considera scenarioof
work-conservingserverswith no per-�o w operations,andthereforeachieve the core-stateless
propertyde�ned in [22].

Thecontribution of this paperis asfollows. First, we developanend-to-endschedulability
conditionfor a broadclassof coordinatedschedulersthat includesCoordinatedEDF (CEDF)
andCJVC.Ourkey techniqueis to introducea virtual partitionof thetraf�c into essential, and
non-essentialtraf�c, whereonly the former traf�c can impedea packet in meetingits delay
bound.With this concept,we derive a boundon theessentialtraf�c at downstreamnodesand
show thatdistortionof theessentialtraf�c is con�ned to within anarrow range.In otherwords,
we show that coordination limits downstreamdistortionanalogousto theway per-�o w traf�c
reshapingeliminatesdistortion.

Second,we study the problemof assigninglocal priority indexes. We show that with a
particularassignmentscheme,coordinatedschedulerscanachieve not only the sameend-to-
enddelayboundasWFQ, but alsothetighterend-to-enddelayboundthanWFQ, yet without
per-�o w packet forwardingin the network core. In otherwords,we establishthat any setof
�o ws thatcanbescheduledin WFQ networkscanalsobescheduledin coordinatedscheduling
networks.

Finally, we illustrateandquantifythepracticaladvantagesof coordinatedschedulingwith a
setof numericalexamplesandns-2simulationexperiments.We �rst devisea simpleexample
with three�o ws to illustratethatcoordinatedschedulerscanachieve a lower delayboundthan
WFQ schedulers.We thenusesimulationsof exponentialandParetoon-off traf�c �o ws and
a 6-nodenetwork to illustratestatisticaldifferencesbetweencoordinatedscheduling,EDF, and
WFQ.

The remainderof this paperis organizedasfollows. In Section2, we provide background
anda precisede�nition of inter-server coordination. In sectionSection3, we develop a key
tool for multi-nodeanalysisandshow how to boundtheessentialtraf�c at downstreamnodes.
In Section4, we usethis traf�c boundto provide a globalschedulabilitycriterionfor networks
usingcoordinatedscheduling.Next, in Section5,westudypriority index assignmentandits re-
lationshipto WFQ.Finally, in Section6, wecomparecoordinatedandnon-coordinatedservice
disciplinesusingnumericalexamplesandsimulations,andin Section7 weconclude.



2. BACKGROUND ON INTER-SERVER COORDINATION

In this section,we provide a formal de�nition of coordinationamongservers.We thenillus-
tratethegeneralityof the de�nition by describinghow servicedisciplinesfrom the literature,
namelyCEDFandCJVC,canbecharacterizedasexamplesof coordinatedschedulers.

2.1. De�nition and Properties
De�nition 1 (Coordinated Network Scheduling) Considera serverwhich servicespacketsin
increasingorderof their priority indexes.A schedulerpossessestheCNSpropertyif
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Thekey propertyof theCNSdisciplineis that thepriority index of eachpacket at a down-
streamserver dependson its priority index at upstreamservers,which in turn dependson its
entrancetime into thenetwork. Therefore,if a packet violatesits priority index at anupstream
server, downstreamserverswill increasethepacket's priority, therebyincreasingthelikelihood
that thepacket will meetits end-to-enddelaybound.Similarly, if a packet arrives“early” due
to a lackof congestionupstream,downstreamserverswill reducethepriority of thepacket,en-
ablingotherpacketsto beservicedaheadof it. Thus,eventhoughthedistributedserversoperate
independently, thepriority index of eachpacket is communicateddownstreamvia insertionof a
labelinto thepacketheader(e.g.,asdescribedin [22]) sothattheservers(virtually) coordinate
to provideanend-to-endservice.

2.2. CJVC and CEDF
An exampleof coordinatedschedulingis Core-statelessJitterVirtual Clock. CJVCwaspro-

posedin [23] asa mechanismfor achieving guaranteedservicewithout per-�o w statein the
network core. CJVC uses“dynamic packet state”to storeinformationin eachpacket header
containingtheeligible time of thepacket at the ingressrouteranda slackvariablethatallows
coreroutersto determinethe local priority index of thepacket. For a work-conservingvariant
of CJVC,thepriority index of packet  of �o w % atnode� is givenby:
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where�o w- %V 
!$# packetsizeandreservedbandwidtharegivenby W
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. Thus,work-conservingCJVC is a coordinatednetwork servicedisciplinein which
theincrementof thepriority index is a functionof thereservedbandwidthof thecorresponding
�o w.



In [1,2,5], coordinationwithin thecontext of EDF wasstudied.We refer to suchschedulers
asCoordinatedEarliestDeadlineFirst (CEDF)if thepriority indexesareassignedas
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clearlyexpressiblein the form of Equation(1), where
�

��� � is a constant(expectedlocal delay
bound)determinedfor the �

!$# hop of �o w % . It is neededto point out that in this case,�
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Our theoreticalresultsaddressall schedulerssatisfyingtheCNS de�nition, andthroughout

this paper, we useCEDFandCJVCasexampleservicedisciplines.Discussionof othersched-
ulerscanbefoundin [15,27].

2.3. Example
Considerthesimpleexampleof Figure1 in whichthreepacketsof �o w % arriveto thenetwork

at
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��� e ��� . In theexample,all packets
have identicalsize,thelink speedis 1 packetpertimeunit, andcrosstraf�c existsatbothhops.
At the �rst hop, thesethreepackets are assignedpriority indexes(deadlines)of 5, 6, and7
respectively, by both CNS andEDF. Supposefurther that thesethreepacketsdepartfrom the
�rst hopat times3, 4, and10respectively, sothatthethird packetmissesits localdeadlineby 3
time unitsdueto crosstraf�c with higherpriority. Accordingto thearrival timesat thesecond
hop, thesethreepackets are assignedpriority indexesof 8, 9, and 15 by EDF, whereasthe
indexesare10,11,and12 for CNS.In theexample,with furthercrosstraf�c at thesecondhop,
thethird packethashigherpriority in theCNSnetwork thantheEDF network, andthereforeis
ableto meetbothits localdelayboundandglobaldelaybound.In contrast,in theEDFnetwork,
thethird packetmeetsits localdelayboundat thesecondhop,but is notableto “catchup”, and
meetits end-to-enddelaybound.
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Figure1. Illustrationof Coordination

Thissimpleexampleillustrateshow distributedserverscanbeforcedto (virtually) coordinate
priority indexesto improvethelikelihoodof satisfyinganend-to-enddelayconstraint.

3. TRAFFIC CHARACTERIZA TION IN DOWNSTREAM NODES

In multi-nodenetworkswithouttraf�c re-shaping,traf�c characteristicsaredistortedatdown-
streamnodesascomparedto theirpropertiesat thenetwork entrance.In thissection,wederive
aburstinessboundfor arriving traf�c atdownstreamnodes,whichweuseasabasisfor deriving
a globalschedulabilitycriterionin thenext section.
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where� is thenumberof totalserversin thenetwork and1

�

�

�

is thesetof all �o wsservedby
server � and

/

* is thecapacityof server � . Accordingto [20,24],acyclic networksor cyclic
networkswith ring topologyarestableif Inequality(6) is satis�ed.

3.2. Virtual Partition
Here,we de�ne essentialtraf�c 3 asa fundamentalnotionfor analysisof coordinatedsched-

ulers that enablesus to accuratelyboundthe queueingdelay experiencedby the traf�c. In
particular, for a given time 2 , all arriving traf�c of server � arriving in 1
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canbe virtually
decomposedaccordingto whetheror not its priority index is largerthan 2 . As only theportion
of traf�c with priority index smallerthanor equalto time 2 affectsthe time whentraf�c with
priority index 2 is served,we refer to this traf�c asessentialtraf�c, which we formally de�ne
asfollows.
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As anexample,for thetraf�c with thearrival patterndescribedin Figure1 (a), somevalues
of its essentialtraf�c aregiven as:
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M . Furthermore,we considerthearrival anddeparture
timesof a packet to bethearrival anddeparturetimesof its lastbit.
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Similar traf�c functionhasbeenusedin theproofof theorem8 in [13] withouta formalde�nition.



For a server with priority scheduling,oneof its importantcharacteristicsis the void time
beforeagiventime
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is the total amountof traf�c, with priority index smaller than or equal to 2 ,
queueingat server � at time � . In otherwords,void time refersto the largesttime lessthan




suchthat thereis no traf�c backloggedwith priority index smallerthanor equalto 2 . Notice
thatfor aninitially idle network, thevoid time is guaranteedto exist.

3.3. BurstinessBound at the Ingr essServer
To computetheboundsof queueingdelayssufferedby the traf�c at server � at time
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thatthereis notraf�c with priority index smallerthanor equalto 2 queueingat
server � . Theenvelopeof theessentialtraf�c of a �o w in suchaninterval is de�nedasfollows.
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Sincethe essentialtraf�c at a downstreamserver dependson the correspondingessential
traf�c at theingressserver (i.e., thenetwork entrance),we �rst provide anupperboundfor the
essentialtraf�c envelopeat theingressserver.

Lemma 1 An essentialtraf�c envelopeof �ow % at its �r sthopis givenby:

�

���K�J� �

�

�

B�D F

!	��


�

!

���

P

R	� 
��

!

c

�

W

�

�

�

(10)

Proof: See[16]. �
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theschedulabilitycriterionin thenext section.

3.4. DownstreamServers
At the outputof a multiplexer, a traf�c �o w's characteristics(suchas its traf�c envelope)

aredistorted.Without additionalmechanismssuchasper-�o w re-shaping,this distortioncan
becomemoresevereat eachDownstreamnode.We now show thatundercoordinatednetwork
schedulers,thedistortionof theessentialtraf�c is limited dueto coordinationitself. That is, a
�o w'sdistortionis limited by downstreammechanismsto catchup latepacketsanddelayearly
packets. Recallthatwe only considerstablenetworks,so that thequeueingdelayis bounded
(see [20]).
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Proof: See[16]. �

This lemmacharacterizesa key propertyof coordinatedschedulers,namelythat a �o w's
traf�c characteristicsareminimally distortedat downstreamservers. Speci�cally, if ����� � is a
constantfor � � ' �*)"� +�+�+ �*.

� , we canusethesameessentialtraf�c envelope �

���K�����

�

to evaluate
thelocal queueingdelaysufferedby �o w % ateachserveralongits path.

4. END-TO-END SCHEDULABILITY CRITERION

In thissection,wederiveageneralend-to-endschedulabilitycriterionfor coordinatedsched-
ulers. In our approach,we allow packetsto violate their local priority indexesandexploit the
coordinationpropertyto obtainanend-to-enddelaybound.Moreover, sincepriority indexesare
not requiredto beequivalentto delaybounds,theapproachprovides�e xibility in assignment
of local priority indexeswhichwe furtherexploit in thenext section.

4.1. A RecursiveCondition for Violating Packets
For an isolatedEDF scheduler, the schedulabilitycondition(no packet violatesits priority

index) hasthoroughlybeendiscussedin severalpapers,e.g., [13,17,11]. However, whenthe
schedulabilityconditioncannotbeensatis�ed,it is importantto know whatis theboundfor the
amountof time by which packetsmisstheir deadlines(priority indexes),speciallyfor coordi-
natedschedulersthatallow packetsto violatetheir local deadlines.Basedon thekey property
of coordinatedschedulersexploitedin Lemma2, weprovidea conditionfor boundingthetime
by whichpacketsmisstheir local deadlines(priority indexes).
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in [17]. Thus,Theorem1 is ageneralizationof theschedulabilityconditionfor anisolatedEDF
scheduler.
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4.2. End-to-End Delay Bounds
Sincethe schedulabilitycriterion given in Equation(12) decouplesthe priority index from

thedelaybound,thefollowing corollarycanbeusedto computetheend-to-enddelaybound.

Corollary 1 Giventhepriority index incrementassignments�
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Proof: See[16]. �

Observe thatthemaximumqueueingdelayof Equation(13) hasthreecomponents.The�rst
termhastwo interpretationswhichweillustrateby examples.If thenetwork performsCEDFas
in Equation(3), then �

�

� is a constantandrepresentsthelocal delayboundat the ingressnode.
Alternatively, if thenetwork performsCJVC,then
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i.e., it is themaximumpacket sizedividedby theguaranteedrate,plus themaximumamount
of time a �o w- % packet arriving beforeits previous packet priority index. The secondterm is
the sumof the upperboundsof the local priority indexesfrom the secondto �nal hop. The
third termrepresentsthedelayby which packetsareallowedto violatethepriority index at the
�nal hop. As we will show in Section5, thereis �e xibility in how to assignall threeof these
componentsto obtaindifferentend-to-endperformanceproperties.

4.3. Leaky Bucket Flows
If the essentialtraf�c envelopesat the ingressserversareboundedby af�ne functions,the

schedulabilitycriterion of Theorem1 canbe simpli�ed. This scenarioarisesfor both leaky
bucket regulatedtraf�c aswell asvirtual leaky-bucketsmoothersasdescribedin Section5.1.

Corollary 2 If each �ow % has �

���K�
� �

�

���

�

���

��� and
#

��%'&)(+*-,

�

�

. /

* for �

� �
�

'
� +�+�+ ��� ,

thenInequality(12) in Theorem1 canbesimpli�ed as: if for any �

/

1

�

�

�

with � � � �

^

;

� � � � � �

^

,

#

��%��

a

�

�

�

#

��%��

a

�

�

� 3

�

��� ��� �

^

�

/

* 3

#

��%��

a

�

�

�

BED7F
��%
	

a

W

*����

�

3

/

*

�

��� � *

/

* 3

#

� %
�

a

�

�

�

� � � �

^

�

where �

�

6
�

G

%

�

� ��� �

^

�

� � � �

^

L , �

�

�

G

%

�

� ��� �

^

.

� � � �

^

L , and 


�

�

G

%

�

� ��� �

^

�

� � � �

^

L .

Proof: See[16]. �

In thenext section,weapplythissimpli�ed schedulabilitycriterionto assignpriority indexes
atdownstreamservers.

5. PRIORITY INDEX ASSIGNMENT FOR END-TO-END SERVICE

In thissection,wedevelopaparticularpriority index assignmentschemeandshow thatunder
thescheme,coordinatedschedulerscanachieve thesameend-to-enddelayboundasWFQ.
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5.1. At Ingr essServers
Supposetheingressnodeservicespacketsaccordingto thevirtual clockservicediscipline[10,

26]. Thenthepriority index incrementsat theingressserverare
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where,
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� is thereservedrateof �o w % .
Conceptually, suchvirtually smoothingat the ingressnodealso spreadsout the packets'

priority indexesat downstreamservers. Consequently, independentof the packet's serviceat
upstreamnodes,theirpriority indexesdonotclusteratdownstreamnodes.Particularly, if �
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Noticethatin this case,�
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boundsthe�rst termof theend-to-enddelayboundof Corollary1.

5.2. At DownstreamServers
At downstreamserversand �
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' , weassignthepriority index incrementsas:
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��� , . This assignmentis simpler than CJVC [23] and
VTRS[27] becauseit doesnot requireaslackvariableor virtual timeadjustmenttermfor each
packet. The coordinationpropertyallows us to avoid this term andconsequently, to simplify
theservicedisciplineaswell asobtaina tight end-to-enddelaybound.

Wenext show thatwith theabovepriority index assignmentscheme,coordinatedscheduling
achievesthesameend-to-enddelayboundasWFQ.

Theorem 2 Considerthe priority index incrementassignmentde�ned by Equations(14) and
(18)andsatisfying
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Proof: See[16]. �

Noticethattheend-to-enddelayboundin Equation(19) is thesameasthatfor WFQ[20] and
VC [10]. It is neededto point out that,with coordinationandtheabove simplepriority index
assignments,Theorem2 plusasimpleexampleprovidedin thenext sectionis to ourknowledge
the�rst proof thatcore-statelessschedulerscanoutperformWFQ schedulers.

Finally, we observe that coordinatedschedulerscanemploy heterogeneouslyallocatedper-
nodepriority assignmentsin orderto betterutilize network resources.For example,�o wscould
allocatea lessstringentpriority index to heavily loadednodes.A generalassignmentscheme
remainsan importantissuefor futurestudyin coordinatedschedulersaswell asotherservice
disciplines.

6. COORDINATION VS.NON-COORDINATION: NUMERICAL EXAMPLES AND SIM-
ULATIONS

Table1
Traf�c ParametersandPriority Index Assignment.

�o w 1 �

�

�

�

W

*����

� �

�

�

�

���

e

�

�

� �

=

�

�

�b�
e

�
�

�b�
e

���

�

�

5J�b�
e

�

5&�b�

=

�

=

�

�

�

�b�

=

�
�

�b�

=

�

e

�

�

�o w 2 �

e

�

�

W

*����

e

�

�

�

e

���

e

�

�

e

�

=

�

�

e
�

e

�
�

e
�

e

�

=

�

�

�

5
e

�
e

�

=

�o w 3 �

=

�

�

W

*����

=

�

�

�

=

�
�

e

�

�

=

�

=

�

�

=

�
e

�
�

=

�
e

�

=

�

�

�

5

=

�
e

�

=

In thissectionwe illustratetheperformanceadvantagesof inter-servercoordinationby com-
paringthe CNS servicedisciplinewith non-coordinatedschedulersWFQ andEDF. For rate-
guaranteeorientedservicedisciplinessuchasWFQandVC, weshow via anumericalexample
thatwith appropriateselectionof priority indexes,CNScanoutperformWFQ andVC. Finally,
wepresentabrief ns-2simulationstudyto illustrateperformancedifferencesin ascenariowith
six nodesandcrosstraf�c.

6.1. Comparisonof CNS and WFQ
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Considera simple systemwith 3 �o ws asdescribedin Figure2. Let server 1 andserver
2 have capacityC and other servers have in�nite capacity, eachpacket hassize
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� . Thetraf�c parametersandthepriority index assignmentsare
summarizedin Table1.

Sinceeachpacket doesnot suffer thequeueingdelayat its �rst hop,
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= andtheparametersthatareneededwhencheckingthescedulabilityfor �o ws at
server1 aregivenin Table2.



Table2
Parametersfor Server1.
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To verify �o w-2 packetswill misstheir priority indexesat server 1 no morethan
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Using the parametersgiven in Table1 andTable2, it is easyto verify Inequalities(20) (21)
(22).

Similarly, usingtheparametersgivenin Table1 andTable3, it is easyto verify �o w-1 packets
will misstheir priority indexesat server 2 no morethan
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Thenaccordingto Corollary1, we have the following end-to-enddelayboundsthatcanbe
guaranteedby theCNSdiscipline.
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Alternatively, for WFQ,accordingto resultsprovidedin [20,10],theend-to-enddelaybound
for �o w 1 is givenas:
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1 and�o w 3 at server 2 mustbe zero. Therefore,in this case,WFQ degeneratesto the strict
priority servicediscipline(�o w 1 hasthe highestpriority). Accordingto the resultprovided
in [17], theminimumdelayboundsguaranteedby thestrict priority servicedisciplineto �o ws
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6.2. Simulation Experiments
Throughoutthis paper, we have focusedon schedulabilityconditionsfor coordinatedsched-

ulers. Here,we usens-2simulationsto illustratepotentialperformanceimprovementsfrom
coordinationnotonly in themaximumend-to-enddelay, but alsoin statisticaldelayproperties.

Server 3 Server 4 Server 5 Server 6Server 2Server 1

Path for target traffic Path for background traffic 

Figure3. SimulationTopology

We considera simpletandemnetwork topologyasdepictedin Figure3. All link capacities
are10 Mb/sec,packet lengthsare100 bytes,andpropagationdelaysare0. Thereareseveral
�o ws (varying from 25 to 60) enteringthe network from the �rst server andexiting from the
lastserver. These�o ws have thelongestpathandarechosento bethetargetclassfor analysis.
In addition,eachserver alsoservestwo classesof crosstraf�c consistingof 125 �o ws which
traversea singlerouterandthenexit thenetwork, and125 �o ws that traversetwo routersand
thenexit. Thecrosstraf�c hasthesamecharacteristicsasthetargettraf�c.
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Figure4. ExponentialOn-Off Traf�c

We simulatebothexponentialandParetoon-off �o ws with on-rate64 Kb/sec,meanon time
312msecandmeanoff time 325msecandParetashapeparameter1.9. The incrementof the
priority index at eachserver is 1 msecfor the target traf�c, 3 msecfor thecrosstraf�c with a
2-hoppath,and6 msecfor crosstraf�c with a1-hoppath.Wecomparethe99-percentileend-to-
enddelayexperiencedby thetargettraf�c for networkswith CNS,EDF, andWFQschedulers.

Thesimulationresultsaredepictedin Figures4 and5. Eachpoint in the�gure representsthe
resultof a 200 secondns-2simulationrun, with averagesreportedover multiple simulations.
The�gure shows the99.9-percentileof theend-to-enddelaydistributionof thetargettraf�c as
a functionof thenumberof �o ws passingeachserver.

We make two observationsregardingthe �gures. First, coordinationhasreducedthe 99-
percentileend-to-enddelayexperiencedby the target traf�c: for example,in Figure4, when
eachserver supports295exponentialon-off traf�c �o ws (45 target �o ws and250crosstraf�c



�o ws), theend-to-enddelayexperiencedby thetarget traf�c is 40 msecfor CNS,66 msecfor
WFQ,and51msecfor EDF. Thereasonfor this is thatin aCNSnetwork, packetswhichsuffer
excessivequeueingdelaysatupstreamnodeshaveanopportunityto “catchup” atadownstream
node,by having a higher(relative) priority index. In contrast,in EDF or WFQ networks,each
routertreatspacketslocally accordingto theirarrival time,withoutregardto whetherthisarrival
time is lateor early.

Second,whentraf�c is morebursty, e.g.,for Paretoon-off traf�c, theadvantageof CNSover
WFQ or EDF is evenmorepronounced.For example,in Figure5, wheneachserver supports
295Paretoon-off traf�c �o ws(45target�o wsand250crosstraf�c �o ws),theend-to-enddelay
experiencedby the target traf�c is 52 msecfor CNS, 111 msecfor WFQ, and109 msecfor
EDF. Thereasonfor this is that the heavy-tailedburst durationsof this traf�c placea heavier
burdenon the schedulerduring periodsof overload. Throughinter-server coordination,CNS
canbetterdistributethisoverloadamongnetwork nodesandreducea �o w'send-to-enddelay.
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Figure5. ParetoOn-Off Traf�c

7. CONCLUSION

In thispaper, wederivedanend-to-endschedulabilitycriterionfor aclassof work conserving
servicedisciplinestermedcoordinatedschedulers.Exploiting the coordinationproperty, we
showed that the “essentialtraf�c” for a �o w incurs only minimal distortion at downstream
nodes.Moreover, weshowedthatpacketscanbeallowedto violatelocalpriority indexes(such
as local deadlines)and still satisfy an end-to-endrequirementby “catchingup” with higher
priority downstream. We thendeviseda priority assignmentschemeandshowed that under
the scheme,coordinatedschedulerscanoutperformWFQ schedulers.Finally, we presented
numericalandsimulationresultsto quantifytheperformancegainsof coordination.
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